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Symposium 2-Sediment in Streams 
INTRODUCTION 

During the 15 years that have elapsed since 
the 1947 Sedimentation Conference, some very 
significant contributions have been made to the 
knowledge and understanding of sedimentation 
in streams. Perhaps the impetus for this prog- 
ress has resulted largely from the pressure 
placed on the planners and designers by the 
rapidly expanding river basin and watershed 
programs. 

The establishment of information on alluvial 
channels and the development of methodology 
for handling sediment problems in the field has 
been attained from investigations, evaluations, 
and experience in the field and concomitant re- 
search on specific elements of sediment trans- 
port phenomenon in both laboratory and field. 
The papers presented in this Symposium, re- 
flecting these advances, provide current infor- 
mation on (I) research on the mechanics of 
sediment transport in alluvial streams; (2) the 
relationship between channel roughness and 
sediment and water conveyance; (3) means of 
applying theories and equations on total sedi- 
ment transport in aspects of stable channel 
design; (4) local scour and channel aggrada- 
tion and degradation: and (5) engineering 
practice for handling sedimentation in channel 
rectification and control. 

One of the most notable results of the labora- 
tory investigations has been the confirmation of 
the observed discontinuity in the stage-dis- 
charge relations in alluvial channels. Equally 
significant in advancing the understanding of 

sediment transport phenomena has been the 
development of the Einstein bedload function. 
The interaction between streambed configura- 
tion (bed forms), the hydraulic factors, and 
the sediment transport has been clearly estab- 
lished from both laboratory and field data. 
Other significant advances reflected in the Sym- 
posium papers include (1) increased awareness 
of the need to consider the stream as a whole 
(hydraulic factors, discharge pattern, and total 
sediment load) in stable channel design; (2) 
development and application of radioisotope 
techniques in sediment transport research in 
the laboratory land in the field; (3) improved 
procedures for determining total sediment load ; 
(4) advanced designs for handling sediment 
loads at bifurcations: and (5) criteria or guides 
for design and installation of compatible con- 
trol works in alluvial channels. 

The papers also indicate that a number of 
important aspects of sediment transport need 
further attention through research and evalua- 
tion. Some of the unanswered questions for 
additional research are (1) the prediction of 
the resistance factors in natural streams by ap- 
plication of laboratory findings: (2) accurate 
measurement or calculation of total sediment 
transport for the wide variety of situations en- 
countered in the field ; (3) techniques for trans- 
position of data and findings from gaged to 
ungaged channels; (4) prediction of aggrada- 
tion and degradation ; and (5) extension of 
limited laboratory studies to encompass a 
greater range of hydraulic factors, grain size, 
and flow variability. 

SEDIMENT DIVERSIONS THROUGH DISTRIBUTARY CHANNELS 
NORMAL TO A MAJOR RIVER 

[Paper No. 261 
By GEORGE A. PRICE, JR., engineer, U.S. Amy Engineer District, New Orleans 

Synopsis transport capacity of Old River is somewhat 
This paper discusses sediment diversions in greater than the sediment diverted. This diver- 

three normally oriented distributary channels sionary channel has a history of gradual en- 
of the Lower Mississippi River. largement. 

Old River is a natural distributary, leaving The Old River Control Structure diversion 
the Mississippi River at river mile 302. The channel is on the right bank of the Mississippi 
sediment concentration diverted from the Mis- River at mile 312. The diversion will be regu- 
sissippi River is similar to the concentration in lated by a control structure. Data collected dur- 
the river for the periods studied. The sediment ing a trial operation of the control structure 
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indicated that the diversion channel is in ap- 
proximate equilibrium. The concentration of 
sediment diverted was similar to, but slightly 
less than, the concentration in the river, and the 
transport capacity was also slightly less. No 
significant channel changes occurred during 
the observation period. 

The Bonnet Carre Spillway is a gated flood 
outlet located on the left bank of the Mississippi 
River at mile 128, and is operated infrequently 
during major floods. Due to its wide and shal- 
low configuration, the sediment transport is 
considerably less than the sediment diverted; 
consequently, sediment deposition occurs. 

Introduction 
Distributary channels that are oriented per- 

pendicular to a sediment-bearing river fre- 
quently present the engineer with silting prob- 
lems that are much more severe than those that 
are encountered in the parent stream. Such a 
distributary may divert a heavier sediment load 
in proportion to the water discharge than is 
carried by the river. Unless the diversionary 
channel is capable of transporting the heavier 
sediment concentrations, rapid shoaling may 
result. 

This paper will discuss three normally 
oriented distributary channels of the Lower 
Mississippi River. In two of the examples the 
transport capacity of the distributary channel 
is adequate for the diverted sediment load; in 
one example the transport capacity is insuffi- 
cient to avoid heavy sediment deposition. 

Problems of this nature are important to the 
design of artificial diversions, as well as to an 
understanding of natural diversions of large 
rivers. 

Pertinent Factors 
The sand load transported by a stream is a 

function of the availability of material and the 
capability of the stream to transport it. Usually 
the supply of material in the bed is ample in 
comparison with the capability of the stream to 
transport it. Thus the bed material (sand) that 
is transported in suspension and as bedload is 
a function of the ability to transport the sizes 
of material found in the bed. 

The so-called wash load of silt and clay ma- 
terial carried in suspension is almost entirely a 
function of supply, since the ability of the 
stream to transport such material is relatively 
great. As a general rule the wash load that is 
transported is equal to the wash load entering 
the reach. 

In the case of a diversion channel, the amount 
of material entrained in the water that is di- 
verted from the river is also of importance. The 
diverted sediment concentration may differ 
from the average concentration in the river if 
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most of the flow is drawn from one part of the 
cross section. In the case of a bank diversion, 
the slow-moving water near the bank and near 
the bed is diverted more readily than faster 
flowing water. The concentration of sediment 
near the bed is usually higher than elsewhere in 
the cross section. 

If the entrained load matches the transport 
capacity of the diversion channel, no material 
will be removed from or deposited on the bed 
of the diversion channel. However, if the trans- 
port capacity of the diversion channel is signifi- 
cantly different, scour or deposit will occur. 

Distributary Channels Normal to the 
Lower Mississippi River 

Old River is a major distributary of the Mis- 
sissippi River, leaving the Mississippi at river 
mile 302 and joining the Red River 6 miles to 
the west to form the Atchafalaya River. Old 
River at present carries about 25 percent of the 
flow in the Mississippi River above the junc- 
tion; the other 75 percent is carried by the 
Lower Mississippi River past Baton Rouge and 
New Orleans to the Gulf of Mexico. Enlarge- 
ment of Old River and Atchafalaya River has 
been so rapid that it was feared that in one 
or two decades that route would become the 
principal outlet of the Mississippi River to the 
Gulf. Old River is scheduled to be permanently 
closed in the spring of 1963, when the Old River 
Diversion Channel and Control Structure are 
put into operation. 

The newly built Old River Cortrol Structure 
is on the right bank of the Mississippi River at 
mile 312. Its purpose is to regulate the volume 
of flow into the artificial diversion channel that 
parallels Old River and empties into Red River. 
The structure contains a 73-gate overbank sec- 
tion for floodflows and an 11-gate, low-sill sec- 
tion for low and medium flows. The entire 
structure is designed for a maximum diversion 
of 700,000 c.f .s. The low-sill structure was op- 
erated during several periods in 1961-62 in 
order to determine operational characteristics. 

The Bonnet Carre Spillway is a gated flood 
outlet located on the left bank of the Mississippi 
River at mile 128. Its purpose is to protect the 
city of New Orleans from flooding, and it has 
been used three times for that purpose. Its 
design capacity is 250,000 c.f.s. It is about 2 
miles wide by 6 miles long and empties through 
Lake Pontchartrain into the Gulf of Mexico. 

All three of the channels described are 
normally oriented distributaries of the Lower 
Mississippi River. Pertinent characteristics 
such as flow, velocity, depth, sediment concen- 
tration, and sediment load have been studied 
and will be described. The geographic locations 
are shown in figure 1. 
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OLD RIVER DIVERSION CONTROL 
STRUCTURE AhjD ‘CHANNEL 

BONNET CARRE’ 

FIGURE 1. -Map showing diversionary channels of lower Mississippi River. 



MISCELLANEOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE 

-LINE - 

lwissIssIPP/ RIVER 

FIGURE 2. - Old River diversion channel and control strutire. 
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Old R~iver Clnntrnl Chmrhre Diver&n bottom elevation of the diversion channel. The 
distribution of sediment concentration is also ,....I.L.U. 

The data selected for study were those ob- 
shown in figure 3. The area above the mean 

tained in June 1962 during a trial operation of 
concentration line contains lighter-than-aver- 

the control structure, and are for flows through 
age sediment concentrations, whereas the area 

only the low-sill diversion structure. A plan 
below the line contains heavier-than-average 

view of the diversion is shown in figure 2. At 
sediment concentrations. In this example the 

the. time of the observations, the Mississippi 
water diverted appears to come about equally 

River was about 50 ft. deep and 3,000 ft. wide, 
from areas of lighter- and heavier-than-average 

while the diversion channel was about 25 ft. 
sediment concentration. 

deep and 1,000 ft. wide. The pattern of surface Pertinent observed and computed data are 
flow into the diversion channel as obtained by given in table 1. Observed suspended sediment 
float observations is shown in figure 2. concentrations were obtained with standard 

In figure 3 we see the distribution of velocity field and laboratory procedures and show sepa- 
in the cross section of the Mississippi River rately the material suspended as sand (coarser 
above the diversion channel. The elevation of than 0.062 mm.), silt (finer than 0.062 mm.), 
the bottom of the diversion channel is shown and total. The volume of water diverted during 
for comparison. It may be assumed that flow is the period of observation was about 12 percent 
diverted from the left one-third of the cross of the river discharge, and the depth and the 
section and from depths extending below the velocity in the diversion channel were each 

0 500 1000 1500 2000 2500 MOO 3500 

FIGWE 3. - Cross section of Mississippi River above diversion channel. 
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about one-half the value of that obtained in the 
river. The sediment loads computed by the 
simplified Einstein procedure as modified by 
Colby and Hubbell include suspended load and 
bedload. The computed concentrations likewise 
include suspended and bedload material. The 
computed concentrations were considered to 
represent the transport capability of the 
stream. 

The data indicate that the concentration of 

sediment diverted from the river is consistently 
less, by a small amount, than the concentration 
in the river. The transport capacity of the diver- 
sion channel was also slightly less, due to lesser 
depths and velocities. Accordingly, the diver- 
sion channel appeared to be in approximate 
equilibrium during the period studied. Surveys 
confirmed that no overall changes occurred dur- 
ing that period, although there ware some 
localized scour and fill. 

TABLE l.-Sediment data, vicinity of Old River Diversion Channel, 1962 
MIWSSIPPI RIVER ABOVE DIVERSION, Coocar& LA. 

F.P.8. Ft. P.p.m. P.P.nr. 
31 May .......... 4.1 

i: 
442 

P.p.l.35 I P.P .m. 
401 468 408 

7June .......... 4.4 389 334 423 :i 324 
14June .......... 4.3 :ir 1,189 117 .l,OlZ 
21June .......... 5.0 E ... ..1,148 ................ ..!O?. 186 
29June .......... 4.4 51 688 39 646 

‘;;;I 
108 

(;;;I 

DIVERSION CHANNEL IN ENTRANCE TO CONTROL STRUCTWE 

31May .......... 1.9 362 39 323 
7June .......... 2.2 i: 296 263 

‘g$ 
Et 

(;a;) 

14June .......... 2.0 
2l 

989 it 962 954 
21June .......... 2.3 758 

1,;;; 
it 757 

29June .......... 2.1 22 ....... .......... ..zt. ..... ..737. (610) 35 (575) 
1 Figures in parentheses are estimated. 

Old River 
Two periods of data were selected for study, 

one in 1953 when observations were made at the 
junction of Old River with the Mississippi 
River and a period in 1962 with observations at 
Barbre Landing in Old River, 6 miles west of 
the junction. (Refer to fig. 1 for the locations.) 

The depths and velocities in both streams 
were similar. Old River diverts about 25 per- 
cent of the discharge, and the width is cor- 
respondingly narrow. The distribution of ve- 
locity in the Mississippi River just above the 
diversion is shown in figure 4. Flow is diverted 
from about the left one-third of the cross sec- 
tion. The distribution of sediment concentra- 
tion is also shown in figure 4. The area above 
the mean concentration line contains lighter- 
than-average sediment concentrations, whereas 
the area below the line contains heavier-than- 
average concentrations. The water diverted ap- 
pears to come about equally from areas of 
lighter and heavier sediment concentrations. 

Pertinent observed and computed data are 
shown in table 2. Data are presented for the 
two locations in Old River and for Red River 
Landing on the Mississippi River immediately 
below the diversion. The observed sediment 
concentrations are shown for sand (coarser 
than 0.062 mm.), silt (finer than 0.062 mm.), 

and total. The computed concentrations are 
shown for the same classes of material, but in- 
clude bedloads. 

The 1953 observations that were made at the 
point of diversion show some sediment concen- 
trations higher and some lower in Old River as 
compared to the Mississippi River; but gen- 
erally similar. The 1962 observations in Old 
River at Barbre Landing, 6 miles west of the 
point of diversion, show~generally heavier con- 
centrations in Old River than in the Mississippi 
River. It was concluded on the basis of the data 
studied that the sediment diverted at the junc- 
tion is similar to the concentration in the river, 
but the sediment transport capacity of Old 
River is greater than the sediment diverted and 
additional material is entrained in Old River 
between the point of diversion and the observa- 
tion point located 6 miles to the west. The en- 
largement of Old River has been confirmed by 
comparative surveys extending over a number 
of years. 

The permanent closure of Old River is sched- 
uled during the spring of 1963. Its function will 
be replaced by a navigation lock and the con- 
trolled diversion structure mentioned earlier. 
These works were constructed for the express 
purpose of controlling the flow into and hence 
the enlargement of the Old River-Atchafalaya 
River outlet. 
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TABLE Z.-Sediment data, vicinity of Old River, 1953 and 1962 
M~ISSIPPI RIVER BELOW OLD RIVER. TED RIVER LANDING. LA. 

F~wm 4. - Cross section of Mississippi River above Old River. 
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= AIR LINE HIGHWAY 

FKURE 5. -Bonnet Came Spillway. 
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Bonnet Carre Spillway 
The Bonnet Cure Spillway, described earlier, 

was operated for a period of 38 days at the 
height of the Mississippi River flood of 1950. 
The floodway diversion lowered the blood crest 
at New Orleans by 2 ft. to assure safe passage 
of the flood. Over 10 million acre-feet of water 
was diverted through the floodway. A sketch 
of Bonnet Carre is shown in figure 5. 

The floodway diversion channel was about 2 
miles wide and the depth of flow about 10 ft. 
deep. The Mississippi River just above the di- 
version was about 2,500 ft. wide and 60 ft. deep. 
The average velocity in the floodway was 1 to 
1.5 f.p.s., and it was about 6 f.p.s. in the river. 

The concentration of suspended sediment in 
the river as measured at Baton Rouge, La., 
about 100 miles upstream, was 664 p.p.m. aver- 
age for the 3%day period. Measurements were 
not made in the Mississippi River directly above 
the diversion: however, the concentration at 
the weir at the floodway entrance was 1,068 
p.p.m. averaged over the period, 

Thus, it appeared that the water diverted 
carried a heavier suspension of sediment than 
did the river. However, this conclusion must be 
qualified by the fact that turbulence at the 
weir may have caryied some bedload into sus- 
pension and some ‘material may have been 
picked up in the forebay. A suction dredge was 
operating in the forebay, but was discharging 
its spoil into the river downstream. 

Approximately two-thirds of the diverted 
sediment load was lost in the B-mile length 
of the floodway. The concentration at the ter- 
minal end was only 400 p.p.m. A total of 5 

million cubic yards of deposit remained in the 
floodway after the operation. 

Conclusions 
While the data studied are not as complete as 

could be desired, they indicate: 
a. Of the three diversion channels studied, 

one had a sediment concentration similar to the 
concentration in the river, one had a somewhat 
greater concentration, and one a slightly less. 

b. In one example the diversion channel was 
in approximate equilibrium with the diverted 
sediment load, while one had a greater and one 
a lesser sediment transport ea$acity than the 
diverted load. 

c. The distribution of both sediment and 
velocity in the channel cross section is not uni- 
form, and the pattern of distribution may vary 
from point to point along the river. 

Accordingly! a diversion channel may be in 
equilibrium with the sediment load carried by 
the river but may not be in equilibrium with the 
sediment load diverted from the river. A very 
thorough study of all pertinent factors is re- 
quired in the design of a diversion channel that 
will be in equilibrium, or in determining what 
changes will occur in a channel that is not in 
equilibrium. Observations of the distribution 
of velocity and the distribution of sediment in 
the river at each location to be considered 
should be part of the basic study for selecting a 
suitable diversion site. Such studies will aid 
materially in obtaining a diverted sediment con- 
centration lighter or heavier than the average 
in the river, according to the requirements im- 
posed by other factors. 

A STUDY OF VARIABLES AFFECTING FLOW CHARACTERISTICS 
AND SEDIMENT TRANSPORT IN ALLUVIAL CHANNELS 

[Paper No. 271 
BY D. B. SIMONS’ and E. V. RICHARDSON, hydraulic engineers, U.S. Geological Survey, Fort Collins 

Introduction ture, bed material and fine sediment concentra- 
The U.S. Geological Survey has been study- tion, and forms of bed roughness investigated 

ing sediment transport and resistance to flow at and the flume in which each study was made are 
Colorado State University, Fort Collins, since indicated in table 2. 
1956. The study has largely been done in labo- The investigations conducted in flume 1 
ratory flumes with only limited collection of 
field data. 

The characteristics of the flumes used in the 
investigations are given in table 1. The prin- 
zipal studies have been completed in the 2-ft. 
2nd 8.ft. flumes. 

The characteristics (size and gradation) of 
FeeL Fee’ “7 

C+LbiC ,&I 
:he bed materials that have been studied, the l......... 150 

2” 
y$ wg;;d 

range of mean velocity, depth, slope, tempera- 2 
4”: 

2.5 O-2 o-7.5 
3 o-15 O-1.0 

‘Now chief, Civil Engineering Research Section, 41.. 200 
% K 
8 4 O-3 O-100 

Colorado State University, Fort Collins. 1 Under construction. 
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‘B = beginning of motion; 

1.30 
1.54 

:::tt 
1.54 
1.54 
1.57 
1.52 
1.27 
2.07 

0.7%32 0.435.09 
F,.,fr. 

0.005-0.95 
.73-4x0 .45-1.13 ,0051.022 
.53-4.93 .40-1.07 .005-1.007 
.65-6.18 .25-1.00 .01&1.01 

1.13-5.32 .30-1.33 .084-.96 
1.00-5.86 .43-1.11 .0129-1.28 

.86-5.73 .51-.63 .054-,983 

.89-6.21 .59-.91 .016-1.928 
1.02-5.93 .49-.52 .016-1.14 
1.066.34 .48-.52 .022-.98 
pples; SW =standing wwes; A = an< 

Bed material Fine sediment 
ConeMvation concentration Temperatvl 

‘aWe *ause range 

o%~oo ‘:“” ‘c. 
O-35:800 

16-19 
11-18 

042,400 10-17 
o-15,100 9-20 

1.6-17,700 O-42.000 II-22 
o-10,200 16-21 
0629,600 8-33 
o-50,000 0%102,000 16-23 
O-18,400 19.8-20 
O-22,500 18.3-23 

with the 0.19-, 0.27-, 0.28-, 0.45-, and 0.93~mm. 
bed materials were conceived principally to 
provide a better understanding of the gross 
mechanics of flow and sediment transport when 
a range of sizes of natural alluvial sands is usea 
with a gradation coefficient V, ranging from 
1.5 to 1.6 where 

Special studies have been completed to help 
understand : 

(1) The effect of temperature (viscosity). 
(2) The effect of large concentrations of fine 

sediment (bentonitic and kaolin clays). 
(3) Te%a;ffect of the gradation of bed ma- 

(4) ~e~a~~ of specific weight of bed ma- 

For each of the runs for the regular as well 
as the special studies, the basic data collected 
included velocity, depth, slope, the size eharac- 
teristics of the bed material, water temperature, 
bed roughness (obtained by direct measure- 
ment and by the sonic sounder measurements 
(1.3) ) , and bed material discharge. 

Forms of Bed Roughness 
Based upon the general studies, Simons and 

Richardson (16, 18) suggested the following 
regimes of flow and forms of bed roughness 
(fig. 1) : 
1. Lower Regime 

Ripples 
R&l: on dunes 

2. Transition 
3. Upper Regime 

Plane bed 
Standing waves 
Antidunes 

Resistance to flow is relatively large and bed 
material discharge is small in the lower regime, 

and, conversely, resistance to flow is small and 
bed material discharge large in the upper 
regime. 

The principal reasons for differentiating be- 
tween ripples and dunes are: 

1. Ripples are relatively small, have lengths 
from 0.25-1.50 ft. and a maximum amplitude of 
about 0.1 ft., move downstream more or less in 
the plane of the bed as a result of bedload move- 
ment, do not increase in amplitude with in- 
creasing depth, have a rather uniform length 
and amplitude, and do not form under the test 
conditions when the d,, of the bed material is 
larger than about 0.7 mm. 

2. Dunes are similar in appearance to ripples 
but are much more irregular in form and of eon- 
siderably greater length and amplitude than 
ripples. Also, dunes move through a channel at 
very different elevations with time and are less 
uniform thzn ripples. In general, the dimen- 
sions of the dunes are quite intimately related to 
the characteristics of the bed material, par- 
ticularly fall velocity, but also to slope and 
depth. Dunes can attain a maximum amplitude 
approximately equal to the mean depth of flow 
under ideal conditions. Dunes can occur with 
any size of bed material so long as the flow 
brings sufficient traetive forces to bear on the 
particles to move them at F, < 1. Dunes formed 
of material with a median diameter of about 2 
in., with lengths over 100 ft. and amplitudes of 
about 3 to 4 ft. have been observed on the lower 
Rio Grande. 

The relation between length of dunes and 
median fall diameter of bed material for nearly 
constant depth (fig. 2) shows that the length 
of dunes increases as size of bed material de- 
creases. Also, the data show that with the 
smaller sizes of bed material the dunes are less 
angular. 

The resistance to flow caused by the ripples 
exceeds that for dunes when dj, is smaller than 
about 0.30 mm. under flume conditions. The 
converse is true for d,, > 0.30. For field con- 
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- 7 r 

(a) TYPICAL RIPPLE PATTERN (el PLANE BED, 

- 

(b) DUNES WITH RIPPLES SUPERPOSED 

ditions (depths greater than about 2 ft.) the 
resistance to flow with dunes probably always 
exceeds that of ripples because of the small 
relative roughness associated with large depths 
and ripples. Consequently, resistance to flow 
caused by ripples and dunes is also a function 
of their lengths (22). 

Variables Affecting Bed Roughness 
Principal variables that affect the fall velocity 

and the fall diameter of a given bed material in 
natural flow, and hence the form of bed rough- 
ness, are temperature (viscosity), as reported 
by Al-Shaikh Ali,% and concentration of fine 
sediment (apparent viscosity), as reported by 
Haushild, Simons, and Richardson (10). Fig- 

2 AI~SHAIKR ALI, KHALID S. INFLUENCE OF TEMPERA- 
TURE ON SEDIMENT TRANSPORT AND RO”OaNESS IN M.L”- 
VIAL CHANNEL% Master’s thesis. On file, Colorado State 
University library, Fort Collins. 1961. 

~FAANESTOCK, R. K. DATA COLLECTED ON THE RIO 
GRAND& 1962. U.S. Geol. Survey, Gen. Hydrol. Written 
communication. 

FIGURE 1. - Forms of bed mughness in alluvial channels. 

ure 3 indicates the effect of large concentrations 
of fine sediment (bentonite and kaolin) and 
temperature on the fall velocity of a river sand 
with a standard fall diameter of 0.28 mm. 

A complete change in form roughness can be 
accomplished by the introduction of a large con- 
centration of fine sediment (an increase in ap- 
parent viscosity of the water-sediment mix- 
ture) and, under favorable conditions, by a 
large reduction in stream temperature (an in- 
crease in viscosity of the water). The fact that 
radical changes in bed form can be caused by 
large changes in stream temperature or large 
concentrations of fine sediment, or both, can 
easily be verified in the laboratory flumes. The 
same effect has been observed in the field. For 
example, the Loup River near Dunning, Nebr., 
has dunes as bed roughness in the summer when 
the stream fluid is less viscous; whereas, in 
contrast, the bed is essentially plane during the 
cold winter months. Similarly, two sets of data 
collected by Fahnestocka in a stable reach of 
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FIGUBE 2. - Relation of length of dunes to median fall 
diameterofbedmaterial. 

the Rio Grande at similar discharges show that 
when the water was cold the bed of the stream 
was plane, the resistance to flow was small, the 
depth was relatively small, and the velocity was 
large; whereas, when the water was warm the 
bed roughness was dunes, the resistance to flow 
was large, depth was larger, and the velocity 
was smaller (table 3). 

TABLE 3.-Rio Grande River data c&&d 0% a 
stable reach for two different stream temperatures 
at similar discharge 

Teruxmti Yeloeity Depth Slope Lll.~i~ roGEea. Manoing ~~-__~~ 
50.7.. “i!E? 2:!i5 0.00049 o%o Plane.. a.;14 
80.. 2.53 3.66 .00053 .30 Dunes.. ,034 

Changes in the form of bed roughness and, 
hence, the resistance to flow are reflected in 
depth and stage-discharge curves. Figure 4 
(19) shows a typical break in a depth-discharge 
relation caused by a change in bed form from 
dunes to plane bed. The Manning n for the dune 
bed was approximately 0.03 ; whereas, with the 
plane bed condition the Manning n was 0.012. 

“DARANANDANA, NIWAT. A PRELIMINARY STUDY OF 
THE EFFECT OF GRADATION OF BED MATErnAL ON FLOW 
PHENOMENA IN ALLUVIAL CHANNELS. Doctor of Philoso- 
phy dissertation. On file, library of Colorado State Uni- 
versity, Fort Collins. 1962. 

FIGUBE 3. -Variation in fall velocity of median particle 
she of Elkhorn River, Nebr., sand with changes in 
temperature in distilled water and with 5 percent by 
weight dispersions of kaolin and of bent&&. 

As a further verification of the significance 
of fall velocity, experiments were conducted in 
which an expanded clay (idealite) with a speci- 
fic gravity of about 1.7, a median sieve diameter 
of 0.7 mm., and a fall diameter of 0.35 mm. was 
used as a bed material. For a given flow con- 
dition this lightweight bed material was shaped 
into essentially the same bed form as was ob- 
served with the use of the 0.33 mm. sand as the 
bed material. 

To determine, in a preliminary way, the role 
of gradation of bed material with respect to re- 
sistance to flow and sediment transport in allu- 
vial channels, two sets of runs were completed 
by Daranandana, 1962,4 in flume 2, using two 
different bed materials and holding depth and 
temperature constant. The two bed materials 
had the same median fall diameter, but one was 

FIOUILE 4. -Typical depth-discharge relation involving 
lower and upper regime flow. 
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quite uniform (o = 1.27) and the other was 
graded (r = 2.07). The effects of gradation on 
form of bed roughness are qualitatively illus- 
trated in figure 5. 

To illustrate further the effect of gradation 
of bed material on resistance to flow in alluvial 
channels, figures 6 and 7 (after Daranandana 
(1962) ) relate fb to V and fb to S, respectively, 
for the runs made with the uniform and the 
graded bed material, d,, = 0.33 nun. These re- 
lations follow logically from figure 5. The large 
scatter in these relations, when the bed form is 
ripples and dunes and the bed material is 
graded, indicates that continual sorting and re- 
mixing takes place with time. This suggests 
that the representative fall velocity and grada- 
tion of the bed material also varies with time, 
which adds to the complexity of the mechanics 
of flow and transport in alluvial channels. 

Prediction of Form of Bed Roughness 
A completely satisfactory method of pre- 

dicting form of bed roughness has apparently 
never been developed. Various methods of pre- 
dicting form roughness [Albertson, Simons and 
Richardson (1) ; Simons and Richardson (16) ; 

Bed Forms 

Plane bed and 

begginning of 

motion 

Ripples 

PlO”@ bed 
UPPer regime 

Antidunes 

and Garde “1 have been proposed ; however, 
none of the methods are applicable for both 
laboratory and field conditions. A relatively 
simple relation (fig. 8) that relates stream 
power, median fall velocity of bed material, and 
form roughness gives an indication of the form 
of bed roughness one can anticipate if the depth, 
slope, velocity, and fall diameter of bed material 
are given. Flume data were utilized to establish 
the boundaries separating (1) plane bed and 
ripples, (2) ripples and dunes for all sizes of 
bed material, and (3) dunes and transition for 
the 0.93~mm. bed material. The lines dividing 
(1) dunes and transition and (2) transition and 
upper regime are based upon the following field 
data: (1) Elkhorn River (Beckman and Fur- 
ness (2) ) ; (2) Rio Grande 20 miles above El 
Paso (see table 3) ; (3) Middle Loup River at 
Dunning (Hubbell and Matejka (21)) ; (4) Rio 
Grande at Cochiti; (5) Rio Grande near Berna- 
lillo ; (6) Rio Grande - Angostura heading 
(Culbertson and Dawdy (7) ) ; (‘7) the canal 

5 GARDE, R. J. TOTAL SEDIMENT TRL~SPORT IN ALLLI- 
VIAL CHANNELS. Doctor of Philosophy dissertation. ,On 
$eiglibrary, Colorado State Umversity, Fort Collms. 

Uniform Sand Graded Sand 

IO) Resistonce lo flow of the uniform sand is greater +han graded sand 
I 

(b) Resistonce to flow of +he uniform sand 
l=O.&, h=a025’ 

is greater than gmdad sand 

(C) Resistance to flow Of the unifam sand 
1=400’ h=0,,4, 

is areofer than PrOded sand 

(d Resistance to flow of the graded sand is gre(l+er +++a” uniform sand 

(e) Resistance to flow of +he uniform sand is greafer than graded sand 

FIGUEE 6. -Comparison of resistance to flow for various bed forms for both sands. 
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VELOCITY ( f~,s.l 
FIGURE &-Comparison of total bed friction factor, friction factor pertaining to grains, and friction factor per- 

taining to form roughness for uniform and graded bed material sands. 

data reported by Simons; B and (8) canal data 
collected in Pakistan by Tipton and Kalmbaeh,’ 
Denver, and Harza Engineering Co., Chicago, 
during 1961-62. If only the flume data were 
used, the dividing line between dunes and 
transition would occur at about 10 percent less 
stream power than the field data indicates. 

In figure 8, note that the range of stream 
power for which dunes occur becomes smaller 
with decreasing fall diameter of bed material. 
Hence? when the median fall diameter of the bed 
material is relatively small, stable channels must 
be designed with care. For example, if large 
resistance to flow is anticipated, stable channel 
design concepts indicate a relatively small aver- 
age velocity, large depth, and steep slope. How- 
ever, the channel may not function as antici- 
pated. If the stream power is sufficiently large, 
the bed form will not be dunes but will be plane, 
which will result in a small resistance to flow, a 
high average velocity, a small depth, and an 
unstable channel with high transport capacity. 
A good example is the Marala-Ravi Canal in 

6 SIMONS, D. B. THEORY AND DESIGN OF STABLE GHAN- 
NEW 1~ ALLUVIAL MATERIALS. Doctor of Philosophy 
dissertation. On file, library, Colorado State University, 
Fort Collins. 1957. 

7 Data collected by Tipton and Kalmbach, Inc., En- 
gineers, Denver, Cola, written communication. 196142. 

Pakistan.? This canal has bed material with a 
median diameter of 0.29 mm. and was designed 
to carry 15,500 c.f.s. When it was put into 
operation its bed depth was 9.1 ft., its slope was 
l/3,460, with an average velocity of 4.51 ft./see. 
The stream power for these conditions was 0.71, 
which was sufficient for a plane bed, channel 
instability, and a bed material discharge of 
132 tons per day per foot of width. 

The measurement, as well as the prediction of 
average velocity in alluvial channels, is a com- 
plex problem. When the velocity data are re- 
viewed it i$ immediately noted that error can be 
introduced into the measurement by any change 
in bed configuration during the measurement. 
Also, as the water-sediment mixture flows over 
the crests of the ripples and dunes, a separation 
occurs (see fig. 1). Taking measurements of 
velocities within the zone of separation shows 
that upstream velocities exist that are one-half 
to two-thirds average stream velocity and the 
boundary shear is sufficient to form ripples 
that are oriented opposite to the direction of the 
flow in the channel. 

Prediction of Average Velocity 
Various methods of determining average 

velocity and resistance factors for alluvial chan- 
nels have been suggested. The Manning and 
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Chesy equations developed for channels with 
rigid boundaries, the regime equations (2.2) 
quite commonly referred to when attempting to 
design stable alluvial channels, and Einstein’s 
and Barbarosa’s treatment (9) of alluvial river 
channel roughness have all been used to estimate 
channel resistance and average velocity. The 
latter two methods are probably the most suc- 
cessful of those cited. 

The flume data referred to in table 2 follow 
Einstein’s river curve, which relates V/V.” to 
+‘, with reasonable success within the range of 
V values for which ripples and dunes occur. 
However, for both large and small values of J/, 
the data departs somewhat systematically and 
radically from the proposed curve. Hence,. some 
modification is required when it is apphed to 
laboratory data (fig. 9). 

The occurrence of the separation zones down- 
stream of the ripples and dunes suggests that 
the cross sectional area through which the flow 
is assumed to occur should be reduced to elimi- 
nate the separate zones. This reduces the actual 

depth D to an effective depth D’ and increases 
the average velocity V to an effective velocity 
V’. Using these concepts of depth and velocity, 
Simons and Richardson (17) devised a useful 
method of predicting the average velocity in 
alluvial channels. The method involved estab- 
lishing a relation between V and V. for the 
plane bed runs for each median fall diameter 
and neglecting the difference in resistance to 
flow and relative roughness with and without 
sediment movement for the plane bed. The re: 
sultant relation (fig. lOa), which is essentially 
a straight line that passes through the origin, 
implies that for plane bed 

VLY V. and V =--$ vm 

With forms of bed roughness other than plane 
bed, the points relating V and J’S fall to the 
right of the relation for plane bad, indicating a 
greater resistance to flow, the magnitude of 
which is proportional to the displacement to 
the right of the line. Assuming that this dis- 

hifogm Gcded 
Plme bed L.R. 

0 A Ripples 
l . ounas 
0 d Transition 
* A Plane bed U.R. 
‘~3 A Antidunes 

SLOPE x IO2 
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FIGURE 8. -Relation of stream powa and median fall 
diameter of bed material to form of bed roughness. 

placement is related to the volume of the flow 
within the separation zones downstr&m of the 
ripples or dunes, a correction to depth and ve- 
locity can be made based upon the assumed 
magnitude of the separation zones which yields 
an effective depth D’ and velocity V’. Replotting 
the relation between V and V. for each run with 
similar bed roughness and using V’ in place of 
V and +g D’S in place of qm puts the new 
points essentially on the line representing plane 
bed conditions. This indicates that if the depth 
correction a D can be determined, making D’ - 
D -AD and V’ = V D/D’, a useful method of 
predicting average velocity results, provided the 
form of bed roughness and median fall diameter 
of the bed material are known. The complexity 
of predicting form roughness has already been 
discussed. Also, the usefulness of this method 
is limited when dealing with a situation where 
a small change in stream power will cause a 

~BXSHOP, A. A. SEDIMENT TRANSPORT IN ALLUVIAI. 
CHANNELS, A CRITICAL EXAMINATION OF EINSTEIN’S 
TBEORY. Doctor of Philosophy dissertation. On file, 
library, Colorado State University, Fort Collins. 1961. 

change in bed roughness and a large change in 
average velocity. 

The method applied to stable irrigation canals 
with dunes having median fall diameters of 
about 0.28 mm. is illustrated in figure 10a. The 
straight line passing through the origin is based 
upon plane bed flume runs of bed materials with 
median fall diameters of 0.27 and 0.28 mm. 
Figure lob relates the depth D to the correction 
AD, which is assumed to be related to the vol- 
ume of the separation zones relative to the total 
flow and slope of energy gradient. The method 
of estimating average velocity, using figure 10, 
is illustrated in table 4. Also in table 4 the 
estimated average velocity is given for com- 
parison with the measured average velocity. 
For most of the canals, agreement is within 10 
percent and illustrates the effectiveness of the 
method. 

Certainly the source of considerable error 
in determining velocity and sediment transport 
is in evaluating the magnitude and effect of 
each significant variable -only a few have 
been discussed here. Future fundamental 
studies of the variables, to define more precisely 
their effects on flow in alluvial channels, are 
essential. 

Bed Material Discharge 
The mechanics of sediment transport are 

very complex-many empirical and semi-em- 
pirical methods of estimating bed material dis- 
charge have been proposed. Of these many 
methods, two of the most commonly used are 
the Einstein method (8) and the modified Ein- 
stein method (6). Although the modified 
method is more accuratez its usefulness is 
limited because computatmns are based on 
actual suspended sediment and velocity data; 
hence, it is not particularly useful for design 
problems. 

The relation between measured bed material 
discharge and the bed material discharge com- 
puted by the Einstein (8) procedure is given 
in figure 11. It was found that agreement be- 
tween the computed and measured ‘sediment 
discharge varied appreciably with size of bed 
material and the form of bed roughness. Best 
results occurred in the transition zone connect- 
ing lower and upper regime flow. The largest 
variation occurred within the lower regime, 
particularly near beginning of motion and with 
ripples where bed material discharge was rela- 
tively very small. Success hinges on beginning 
with a known average velocity for each run. 
For design purposes, where it is necessary to 
estimate the average velocity, results would be 
less impressive. 

A study of the Einstein method by Bishop,% 
in which the flume data cited in table 2 was 
used, resulted in a rather simple method of 
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FIGURE 9. -Flume resistance data for various. sands in relation to Einstein’s bar resistance diagram. 

estimating bed material discharge. It involves : 
1. The use of the first nine steps as described 

by Einstein (8) to determine $/, except that R’ 
was determined by a more direct graphical 
n$:;d developed by Vanoni and Brooks (20) 

q’- PCPf d,, 
R’S 

2. Values of QT in yelation to J: can be de- 
termined from figure 12, from which the total 
bed material discharge q~ can be estimated from 
the relation 

m-4, ps g l&,3/2 43.2 w 

The +T-*‘ curves (fig. 12) are very similar 
to Einstein’s +s-+ curves, except that the 
transport intensity factor 

9 See footnote 8. 
‘0 See footnote 6. 

is calculated from the total bed material load, 
if is and ia are assumed equal to unity. The 
lower leg of each +T - $’ curve has been fit by 
the probability function defined by Einstein. 
However, A. and B* were found to vary sys- 
tematically with median fall diameter of bed 
material as shown in figure 13. The upper legs 
of each of the +T - $’ curves do not follow the 
probability relation and have been extended to 
fit the data empirically. The bed material dis- 
charge computed accordingly is compared with 
the measured bed material discharge in figure 
14. The relation is consistently improved 
throughout the entire range of flow conditions 
investigated. 

To illustrate the possible utility of Bishop’s 
methods for estimating bed material discharge 
in canals and rivers, the total bed material dis- 
charge was computed for the (1) canals in- 
vestigated by Simons,‘” (2) the Niobrara River, 
(3) the Loup River, (4) the Colorado River, 
(5) the Solomon River, and (6) the Rio Grande. 
The computed values are related to a compar- 
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0 Punjab Canal dota, Simons (19571 

Cond doto, Tipfon ~Kalmbock Inc. 
ird Vorioble S x 10 

SHEAR VELOCITY V, 8 V; FOR PLANE BED AND DUNE BED RESPECTIVELY 

Fmum lO.-Relation of V and V’ to V. and V’., respectively, for bed material with a median fall diameter of 
about 0.29 mm. for plane bed and dunes. 

able total bed material discharge obtained by 
(1) direct measurement of the total bed ma- 
terial load in the canals, (2) direct measure- 
ment at a contracted section for the Niobrara 
River, (3) by direct measurement at the tur- 
bulence flume (3) on the Loup River and by the 
modified Einstein method for the Colorado 
River, the Solomon River and the Rio Grande 
(fig. 15). The agreement is best for shallow 
streams but offers good possibilities for all 
streams. However, as is the case for the flume 
data the success achieved, when the method to 
field conditions is applied, is dependent on the 
accuracy with which the stream velocity can be 
estimated or measured. 

statistical analysis of their occurrence. 
2. Determination of the magnitude of lift and 

drag on sediment particles. 
3. Determination of fall veloeitv of gravel 

Future Studies 
A series of experiments are being considered, 

oriented toward : 
1. A study of the mechanics of the formation 

of bed roughness in alluvial channels and a 

particles. 
” - 

4. Measurement and evaluation of the role 
of turbulence on resistance to flow and sediment 
transport in alluviai channels. 

The study of bed roughness will be initiated 
in flume 3 with a lightweight bed material 
(Vestyron) u&d with a specific gravity of 
1.04-1.06. When this facility is used, dunelike 
roughness elements can be generated by the flow 
at very small Reynolds numbers. Actually, the 
individual motion .of a single particle can be 
t;i;Fd and studled over an appreciable dis- 

The magnitude of the lift and drag forces on 
particles is being studied, using individual beads 
mounted on a fine wire. The force on the bead 
is measured with calibrated semi-conductor 
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TABLE 4.-Comparisou of measured average vekwity to computed average velocity, using $gure 10 for 
stable canals with dune bed and median diameter of bed material of approzimataly 0.29 mm. 

2.6 
3.45 
2.24 
2.20 
3.74 
5.10 
5.42 
5.43 
4.91 
4.53 
6.36 
5.44 
2.46 
3.50 
3.73 
5.41 
4.16 
4.73 

10.80 
10.90 

7.0 
10.0 

9.0 
8.1 
8.7 
6.0 
9.1 
9.0 
9.3 

- 

&TX* AD 

0.33 0.9 
.22 .I5 
.31 .'I6 
.26 .50 
.17 .54 
.15 .66 
.15 .I0 
.14 .52 
.15 .64 
.15 .57 
.13 .53 
.16 .75 
.28 .?O 
20 
.20 :E 
.14 .54 
.20 .77 
.16 .65 
.13 1.25 
.12 1.20 

WEST PAX 

0.132 0.63 
,149 1.40 
.I5 1.27 
,158 1.15 
,183 1.39 
,193 1.04 
,181 1.46 
,182 1.45 
.20 1.57 

PUNJAE 

D’ 

1.7 
2.70 
1.48 
1.70 
3.20 
4.44 
4.72 
4.91 
4.33 
3.96 
5.83 
4.69 
1.76 
2.93 
3.07 
4.93 
3.39 
4.08 

it;: 

AN DATA, 1 
6.37 
8.60 
7.73 
6.95 
7.31 
4.96 
7.64 
7.55 
7.73 

ATA,Sn.lONS (see footnote 6) 

ATE% V’ 

0.135 2.44 
.138 2.40 
.122 2.10 
.119 2.05 
,132 2.30 
,146 2.50 
,151 2.60 
.154 
,145 iii 
,138 2.40 
,156 2.70 
.155 2.70 
.126 2.20 
,137 2.40 
,140 2.40 
,149 2.60 
.148 2.55 
,145 
.20 Z 
,194 3.35 

ION AND KAJXBACH, INC. 

0.169 2.92 
,203 3.51 
,193 3.34 
,188 3.25 
,208 3.60 
,175 3.03 
.211 3.65 
,210 3.64 
,223 3.85 

- 

5 

- 

strain gages. This method of measuring drag 
on a wire was originated by Sharp (15) to 
determine velocity in pipes and open channels. 

The measurement of turbulence in water has 
been a difficult task because of many factors - 
principally inadequate turbulence measuring 
equipment. However, preliminary work done 
in flume 3, using the electrokinetic probe re- 

Corn uted e 
1.59 
1.88 
1.39 
1.58 
1.97 
2.17 
2.26 
2.40 
2.18 
2.10 
2.47 
2.33 
1.57 
2.01 
1.95 
2.34 
2.08 
2.16 
3.08 
2.99 

x? footnote 

2.66 
3.02 
2.87 
2.79 
3.03 
2.51 
3.06 

;:2 

“V p-nt error 
1.4 
2.16 2:;:; 
1.53 - 9.15 
1.50 + 5.3 
2.28 -13.6 
2.27 - 4.4 
2.30 - 1.8 
2.25 + 6.7 

2.14 2.14 5 ::; 
2.49 + .8 

2.32 1.56 
2.16 

g 7;% 

1.88 + 3.1 
2.15 
2.12 r ff 

2.12 2.84 : 2; 
2.87 + 4.2 

2.74 - 2.9 
3.36 -10.1 
3.02 - 5.0 
2.86 - 2.4 

2.97 2.67 i ;:y 
3.10 - 1.3 
3.10 - 1.3 
3.15 + 1.6 

ported by Chuang and Cermak (5), indicates 
the feasibility of measuring turbulence in both 
pipes and open channels. The probe by Chuang 
(4) has also been used in flume 3 to measure 
the frequency of shedding of vortices down- 
stream of cylinders. The results thus obtained 
are in excellent agreement with those obtained 
by Roshko (11) in a wind tunnel with a hot wire 
anemometer. 

FIGUB& 11. -Measured sediment discharge compared to sediment discharge computed by Einstein’s function. 
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FIGURE 12. - Composite ,+d’ curves for various sands 
from flume data. 

Symbols and Units 
Symbol Definition 
A. Constant for &. . . . . . . . . 
B. constant for +. 
C/ 47 Chezy coefficient 
D Water depth 
AD Correction to depth.. 
D’ Effective depth (D - AD). 
dao Size of bed material far 

which 50 percent is finer, 
etc. 

fb Friction factor of the bed. 
F, . ,Fraude number 
ib Fraction of the bed mate- 

rial in a given size range. 
i. . . Fraction of bedload in a 

given grain size. 

“7tits 
. . . 

Feet 
Feet 
Feet 
Feet 

. . . 

. 
4, . . ,Corresponding suspended Pounds per second 

load rate. per foot 
qr . . . Total sediment discharge.. Tons per day 
R . Hydraulic radius . Feet 

R’ ,Hydraulie radius with re- 
spect to the grain. 

R” . Hydraulic radius with re- 
speet to channel irregu- 
larities. 

Feet 

Feet 

s . Slope 
V . Average velocity Feet per second 
V’ . Effective velocity . Feet per second 
7’. Shear velocity 1/g DS. Feet per second 
V’. ,Effective shear velocity. Feet per second 
w . . Width of channel.. Feet 
,,, . . . Density of fluid. Slugsper cubic foot 
pf Density of solids. Slugsper cubic foot 
i . . . . . Shear stress Poundsf;z square 

d Intensity of sediment 
transport. 

*. . Intensity of transport for 
individual grain size. 

*r Intensity of transport for 
total bed material load. 

q’ Intensity of shear on 
representative particle. 

q* Intensity of shear for 
individual grain. 
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FIGURE 14. -Measured sediment discharge compared to sediment discharge computed using mod&d &-a’ relation. 
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~BUES 15. - Comparison of bed material load estimated from laboratory curve with measured bed material load. 

DEEP RIVER VELOCITY AND SEDIMENT PROFILES 
AND THE SUSPENDED SAND LOAD 

[Paper No. 281 

By FRED B. TOFFALETI, U.S. Amy Engineer Diuision, Lower Mississi?lpi VaZZq/, Vicksburg, Miss. 

amya I*Ivez an. rived by a formula in common usage in analyt- 
3sippi River at ieal sedimentation studies shows these two to 
al velocity dis- be quite different. 
! data shows the Suspended sediment measurements are also 

average vertical velocity profile of the two 
streams to be almost identical at the respective 

made at regular intervals in the Atchafalaya 
River at Simmesport. Sampling procedure is in 

Synopsis locations. However, a comparison of this meas- 

A large number of velocity measurements 
have been made in the Atchaf-‘---- Dz---- “A 

wed vertical velocity distribution with that 

Simmesport and in the Missi: 
Vicksburg to define the vertic 
tribution. Examination of these 
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accordance with the Luby method for point 
measurement. An evaluation of the accuracy 
of this method is made by a study of 11 sets of 
measurements covering a wide range of flow 
conditions. The study indicates that the silt 
and clay portion of the suspended load was 
satisfactorily measured, but that there was a 
significant deficiency in measurement of the 
sand portion. A detailed study of the fine sand 
fraction of the suspended load in the 11 exam- 
ples indicated that the Luby sampling pro- 
cedure gave fine sand loads averaging about 30 
percent less than the apparent actual load. In 
some instances a part of this deficiency is at- 
tributable to abnormal or atypical samples, but 
even so, economic reasons forbid an adequate 
number of Luby point samples to measure ae- 
curately the sand load in large, deep rivers. 
The procedure used herein for evaluating the 
accuracy of sediment measurements would be 
useful in routine analyses for detecting abnor- 
mal or apparently erroneous samples and to ap- 
proximate the quantity of unmeasured load 
below the lowermost Luby measuring point. 

Introduction 
In recent years a considerable number of ve- 

locity and suspended sediment measurements 
have been made in the Atchafalaya and Lower 
Mississippi Rivers, two large and deep streams 
in the Lower Mississippi Valley. This paper 
presents the results of some of these meas- 
urements and a token comparison with theoret- 
ical and empirical procedures developed to pro- 
vide this information analytically. 

Vertical Velocity Distribution 
In the period 1955 through 1960 several hun- 

dred vertical velocity profiles were measured in 
the Atchafalaya River at the Simmesport dis- 

Propp~natf msstippi River at "ieksbvrg' Atehafalaya River at simmeapart* 
"S............... 0.915 0.917 

0.1.. 302 306 
.z............... .905 .912 
.3............... ,914 ,922 
.4............... ,931 938 
.L............ ,957 360 
LT............... 994 .991 
.7............... 1.045 1.042 
.s............... 1.121 1.120 
.s............... 1.244 1.233 
“B.............. 1.461 

1 Determined from 500 measurm~ents. 
a Determined from 473 measurements. 
JSurface mea~“rement taken at 0.5.ft. depth. 
‘Bottom measurement taken at 1%ft. above bottom. 

1 H. A. EINSTEIN. THE BED-MAD FUNCTION FOR SEDI- 
MENT TRANSPORT*TION IN OPEN CH.4NNEL FLOWS. U.S. 
Dept. Agr. Tech. Bul. 1026. 1950. 

charge range (fig. 1). Similar measurements 
were made in the Mississippi River at the 
Vicksburg discharge range in the period 1949 
through 1956. The results of these measure- 
ments in terms of velocity coefficients, or the 
relation of the mean velocity in the vertical to 
that at any given depth, are shown in figure 2 
and table 1. These data indicate that the aver- 
age vertical velocity profiles of the two streams 
are practically identical at the respective 
locations. 

These data were obtained over a period of 
several years in all seasons and include meas- 
urements over a wide range of stage, discharge, 
and water temperature. A grouping of the data 
in accordance with conditions of similarity, i.e., 
season and stage, provided no evidence of dis- 
tinguishing characteristics attributable to these 
variables. This approach indicated that the na- 
tural scatter or variations due to turbulence 
obscured the discernment of any seasonal or 
other effects. Table 2 shows the degree of vari- 
ation in the 500 sets of Vicksburg measure- 
ments by deviations from the average for each 
tenth of depth. In this tabulation the scatter is 
more pronounced in the upper and lower re- 
gions of tlow, particularly the latter. As will be 
seen later, this greater scatter at the extremi- 
ties of the velocity profile apparently affects 
sediment sampling in these areas. 

A log-log plot of the velocity coefficients in 
table 1 applied to any value of mean velocity 
gives the reasonably accurate vertical velocity 
distribution formula 

lJ,=l.l5U 3 
( ) 

0.155 
(1) 

in which y is distance above the bed, d is the 
depth of a mean-depth section, U is the average 
velocity of flow in the mean-depth section, and 
U, is the point velocity at g distance from the 
bed. This velocity distribution for any values 
of U and d shows that m, the number of velocity 
units per cycle of 10 of either y or y/d, can be 
expressed as 

u 
m=3.40 (2) 

Th; Von Karman coefficient expressed as k= 
e then becomes 

k=44.4\/sii 
u (3) 

in which S is the water-surface slope and zdr, 
the shear velocity, equals $%, g being the ac- 
celeration due to gravity. 

A comparison of the vertical distribution 
given by formula 1 above with that from form- 
ula 3 in USDA Technical Bulletin 1026 1 shows 
the two to be quite different. USDA formula 
3 gives velocities ranging from about 40 per- 
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FIGURE 1. -Location of the Simmesport and Vicksburg stream ga@ng sdti,,ns, 
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TABLE 2.-Summary of deviations from the awrage vebeit~ co@kient at each tenth of depth for the 
500 measurement.s in the Mississippi Rive7 at Vicksburg 

Pemgdee~tin 

-2o>-20 ...... 
-19 ........... 
-18 ........... 
-17 ........... 
-16 ........... 
-15 ........... 
-14 ........... 
-13 ........... 
-12 ........... 
-lI........... 
-10 ........... 

-9 ............. 
-8 ............. 
-7 ............. 
-6 ............. 
-5 ............. 
4 ............. 

1;::::::::::::: 
-l............. 

0 ............. 
+1. ........... 
+2 ............ 
+3. ........... 
i4. ........... 
+5 ............ 
+6 ............ 
+7. ........... 
+8, ........... 
+9. ........... 
f10 ........... 
+11., ......... 
+12 ........... 
+13 ........... 
i-14 ........... 
+15 ........... 
+16 ........... 
+A:. .......... 
+m. 
+19.. 

T 
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cent higher at the surface to about 100 percent 
higher near the bed. In this comparison the 
Technical Bulletin 1026 formula 3 was used in 
the form 

If this formula is stated as 

uv - =c+5.751og,, $ u* ( ) 
it is found that to reproduce the vertical veloc- 
ity distribution determined by formula 1 
would require C to be a negative number. Fur- 
ther, C/would not be a constant range of y 
values, bottom to surface. 

Although the procedure outlined in Technical 
Bulletin 1026 for determining sediment loads 
has previously been used in Atchafalaya River 
studies, the preceding comparison of formulas 
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indicates that use of the vertical velocity dis- 
tribution formula 3 for sediment studies of 
either the Atchafalaya or Lower Mississippi 
River would give loads greatly in excess of 
measured loads. 

Sediment Sampling and the Total Load 
Suspended sediment sampling was initiated 

in 1949 on the Lower Mississippi River at Bat- 
on Rouge, and in 1951 on the Atchafalaya River 
at Simmesport. In 1958 the Baton Rouge oper- 
ation was transferred to Red River Landing, 
about 72 miles upstream. Sampling is generally 
at 2-week intervals, more frequent during 
floods when possible, and less frequent during 
the low-water season. The Luby method for 
point sampling was adopted for these stations, 
with 40 samples taken in ,Mississippi River cross 
sections, a sample from 5 levels in each of 8 
verticals, and 25 samples in the Atchafalaya 
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River at 5 levels in 5 verticals. Bed material 
samples are also taken at each river station at 
each vertical of suspended sediment measure- 
ment. 

Over the period of observations, which in- 
cluded all types of water years, the measured 
suspended sediment in the Lower Mississippi 
River averaged 84 percent finer than 62 mi- 
crons -at Baton Rouge and ‘71 percent at Red 
River Landing. In the Atchafalaya River at 
Simmesport the average was 76 percent. Bed 
material samples from the Baton Rouge and 
Simmesport stations show the dominant ma- 
terial to be fine and very fine sand, and very 
little of the sand portion of the measured sus- 
pended sediment at these stations exceeded l/4 
mm. in size. The characteristics of these sus- 
pended sediments, then, are such that the Luby 
five-point method would be expected to give an 
overall total-load accuracy within 1 or 2 per- 
cent. A summary of the results of observations 
at the three stations discussed above is shown 
in table 3. 

sediment samples indicate generally that the 
material finer than 62 microns is fairly evenly 
distributed in the vertical, and that a major 
portion of this fraction of the load is in the 
size range of very fine silts and clays. As these 
fine materials comprise about ‘76 percent of the 
total load on a long-term basis, it is considered 
that this major portion of the total load is ac- 
curately measured. For an estimate of accura- 
cy of measurement of the suspended sands, the 
fine sand fraction (l/4 to ‘/a mm.) was selected 
for study. This is generally the dominant bed 
material and is found in transport at all levels 
in the channel section except at extremely low 
flows. 

Evaluation of Measured Load 
The discussion that follows attempts to eval- 

uate the accuracy of suspended sediment meas- 
urements and load determinations of the Atch- 
afalaya River at Simmesport. 

The laboratory analyses of the suspended 

Figure 3, A to K, presents 11 examples of fine 
sand distribution as determined from analyses 
of the point samples. These examples cover a 
wide range of discharge with water depths at 
the verticals varying from 83 to 46 ft. on the 
deep side of the channel, and from 54 to 26 ft. 
on the shallow side. The figures show meas- 
ured data for six levels in the verticals. The 
five measurements and average thereof on 
the extreme right in each figure show the re- 
sults of measurements made at 3 ft. from the 
bed in each vertical. This is a measurement 
somewhat below the lowest Luby point in each 
case and is not used in load computation. Its 
purpose is to attempt to define sediment distri- 

TABLE 3.-Summary of measured suspended sediment loads 1 

1951-52 ........ 
1952%53 

196,460 
........ 

1953-54 
135,230 

........ 
1954-55 

54,130 
........ 

1955-56 
93,360 

........ 
1956-57 

67,175 
........ 

1951-58 
225,414 

........ 
1358-59 ........ 

z;g,,";; 

1959-60 ........ 
1960~61........ 

;$;; 

48,890 
28,440 
13,110 
24,080 
15,450 
55,100 
48,082 
20,944 
24,153 
40,524 

I- 

L 
LOWER MISSISSIPPI RWER AT 

194sm50. ./ <AC,, p. 548,330 / __. -.. 1gJ;; 

13:X20 
IJJ”--JI ........ 
1951-52. 

O’,b,ZS” 
....... 

1952-53 
408,390 

........ 
1953-54 

212,580 
........ LOl.13" I 

1954-55 
............. %," 

1955-56 
211,490 39:930 

........ 161,220 25.920 / 

- 
- San 

lS56-51........ 
1951-56........ 

291,388 

1958%59........ 
325,174 

1959-60........ 
230,504 

1960-61........ 
318,234 
231,154 

‘The sand fraction is the material reta: 
+erial passing the No. 230 sieve. 

*Sampling at Red River Landing after 

in 

1 

53;043 
95,203 
18,693 
11,219 
11,411 

ed on the 

January 1958. 

sil: 

147,510 
106,190 

3% 
511130 

169,114 
1p; 

101:125 
92,848 

GE AND RED 

3% 
3341510 
183,660 

93,650 
111,550 
135,300 
238,345 
230,511 
151,811 

%$;," 
! (0.062 mm.) I. ‘I 

water-year Average 
CE%fxf., coax%& 

80,800 900 
56,960 880 
31,980 621 
50,425 686 
49,080 501 
74,059 
89,413 

1,126 
887 

55,129 553 
69,333 104 
16,814 643 

_ 

2 245,200 

82 z% 

ii: 
';g:;g~ 

:: 131:460 
127,530 

i:: 112,815 

66 
195,653 
129,253 

2 163,850 
168,133 

‘he silt fraction includes all of the 

828 
941 
154 
552 
449 
510 
468 
624 
616 
660 
118 
510 

fine lna- 
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FIQW 3. -Measured suspended fine sand at 6 levels at each of 6 verticals in cross section of Atehafalaya River 
at Simmesport, La.: A, for 501,000 c.f.s.; B, for 489,000 e.f.s.; C, for 444,000 e.f.s. 

bution nearer the bed than dictated by the 5 
point Luby method. Although, for the purpose 
k&d, it would be desirable to obtain samples 
closer to the bed than 3 ft., experience in sam- 
sling in deep turbulent flow has shown this to be 
;he lowest practicable sampling level from con- 
siderations of possible loss or damage to instru- 
nents. The plot in these figures is concentra- 

d-y ;ion veraus d/y rather than?, a more com- 
non procedure. This was done for convenience 
)f load computation, but it was also found that 
he vertical distribution could be defined by 
I/y as well as, or better than, by the convention- 
11 plot. The distribution is not satisfactorily 
lefinable by a single line in either case. 

The plot of measured points in figure 3 
hows a wide scatter in fine sand concentration 
,alues at all levels in each example, but in most 
‘f the examples the scatter appears to be some- 
vhat less at and near middepth. The reason 
or this may be due to fluctations in the velocity 
attern as indicated in table 2. The velocity 
oefficient is relatively stable at and near mid- 

depth, but fluctuates to an increasing degree 
toward each extremity of the vertical profile. 

In order to better define the vertical distribu- 
tion of ~fine sand, each common level of measure- 
ment across the channel was averaged. In 
essence, this produced an average vertical dis- 
tribution profile in a mean depth channel sec- 
tion. For comparison with the measured aver- 
age vertical distribution, a theoretical vertical 
distribution of fine sand is indicated by the 
dashed line in each example. The evaluation of 
the coefficient 2 for this theoretical distribution 
was determined by the expression 

z+& = $$ (4) 
in which V, is the settling velocity of fine sand 
grains in feet per second. By substitution for k 
from formula 3 

2)s u 
z= 252 Sd 

In about two-thirds of the examples presented, 
the measured data approximate this theoretical 
distribution from about middepth to 0.85 depth, 
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FICWE 3 (continued). - Measured suspended fine sand at 6 levels at each of 5 verticals in ~08s section of Atcha- 
falaya River at Simmesport, La.: D, for 416,000 e.f.s.; E, for 411,000 efs. 

or about one-third of the total depth. Several 
of the other examples, especially as shown in 
parts B and K of figure 3, have apparent sam- 
pling errors, or at least the questionable samples 
are not typical if a logical order of sediment 
density from surface to bottom is an accepted 
fact. In this regard it is not readily understood 
why the concentration at the points 3 ft. above 
the b?d should be generally out of line on the 
low side. In figure 3, D, E, and F the average is 
high, but in each of these cases the high aver- 
age is caused by a single sample of very high 
concentration. 

In evaluating the accuracy of the fine sand 
measurements, the average profiles of figure 3 
were each described by three lines. In fitting 
these lines to the average profiles it was as- 
sumed that the profiles approximated the true 
sediment distribution within the limits of the 
Luby points, except in cases such as shown in 
figure 3, B and K. One of the lines was fitted 
to points representing the profile in the approx- 
imate upper half of the channel section; an- 
other was fitted to profile points from approxi- 

mate middepth to the level d/y=11.24; and a 
third line extended from d/y=11.24 to, near 
bed at ~=3.680,,. The slope of the line to near 
bed was set as the equivalent of that of a % 
versus concentration plot of the middle line. Any 
slope or position of the middle line plotted with 
d/y values will intersect ad-yplot at d/y=11.24. 
The lower limit of suspendEd load was assumed 
to be at the level y = 3.68 D,,. For cases such 
as shown in figure 3, B and K, the middle line 
was assumed to be the dashed line, with exten- 
sion of this line in the case of figure 3, K, to in- 
clude all distribution from d/y=1124 to d/y= 
1. To illustrate this, in figure 3, E, the sediment 
distribution in the upper portion of the channel 
section would be described by a line passing 
midway between points 1 and 2 and through 
point 3. Between this line and a point on d/y= 
11.24, the distribution would be described by a 
line passing through points 4 and 5. From a 
point on this line at d/y-11.24, the distribu- 
tion to the lower limit of suspended material is 
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FIGURE 3 (continued). - Measured suspended fine sand at 6 levels at each of 6 verticals in cross section of Atcha- 
falaya River at Simmesport, La.: F, for 284,000 e.f.s.; G, for 254,000 c.f.s. 

on a line having a slope 0.756 times the slope of 
the preceding intersecting line. This distribu- 
tion line near the bed will then be at a slope 

d-y equivalent to a y plot of the line passing 
through points 4 and 5. 

The above-described procedure permits each 
of the sediment distribution lines to be formu- 
lated in terms compatible with formula 1 for 
vertical velocity distribution. It is then a rath- 
er simple mathematical process to compute the 
total fine sand load. The results of these com- 
putations and, a comparison with the loads de- 
termined by the measurements alone are shown 
in figures 4 through 14. These graphs show the 
respective fines sand load in tons per day per 
O.lO-ft. increments of depth at any level in the 
vertical over the entire width of a mean depth 
channel section. This type of plot is of special 
interest in that indicated loads from abnormal 
measurements are quite obvious at first glance. 
Also, it is immediately noticeable that there is 

a significant deficiency in sand load as deter- 
mined from the five-point Luby sampling pro- 
cedure. This deficiency is in the region near the 
bed, and is due to the relatively great distance 
of the lowest Luby point from the bed. In the 11 
examples presented, the individual bottom sam- 
ples are taken from 5 to 13 ft. above the bed. 

The procedure for computing the suspended 
fine sand load is shown by the following 
example : 

In figure 3, E, between the levels y=3.68 
0,,=0.0042 ft. and d/y=11.24 or y=4.3 ft., 
the fine sand concentration C, at any point is 

c,&jg d ~.5-=577,@.5=. 
( > Y 

From level y=4.3 ft. to d/y=2.1 or y=23.0 
ft. the fine sand concentration C, is 

c*=37.5 $ 
( > 

~.~78=767/yQ.~78, and 

from level 23.0 ft. to the surface the fine sand 
concentration C, is 
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FIOUBE 3 (continued) .- Measured suspended fine sand at 6 levels at each of 5 vertids in cnxs section of At&a- 
falaya River at Simmesport, La.: II, for 233,000 c.f.5.; I, for 218,000 e.f.s. 

These expressions for distribution of fine 
sand in parts per million are each multiplied by 
the velocity distribution formula 1, which for 
this case is Uy=3.48 y O.lss, and then multiplied 
by 4.146, to convert the distribution to tons per 
day over the width of channel. The resulting 
expressions are 

We can now determine the total or incre- 
mental sediment loads within the prescribed 
limits of each by integration. Resultant ex- 
pressions are: 

Sediment load &=14,683 y Oss7 1 
y=4.3 

1 y=O.O042 

Sediment load S,=29,353 g 0.317 1 y=23.0 

1 y=4.3 

Sediment load S, = 134,613 (~)0’zz5 1 y=23’o 
” ’ ] y=48.4 

To check the accuracy of fitting the distribu- 
tion lines to measured data, the computed load 
above the lowest measured value coincident with 
the computed load graphs in figures 4 through 14 
was added to the load encompassed by the meas- 
ured load graph below that point. This load in 
every case was within 3 percent of the total 
measured load, which indicates a satisfactory 
alinement of distribution lines above the lower- 
most Luby point. As the analytical treatment 
of the load below this level logically assumes 
that the concentration of sand will increase 
toward the bed, any significant difference in 
measured and computed load is generally in that 
portion of the load between the lowest Luby 
point and the bed. It is thus indicated in the 11 
examples presented that an upward adjustment 
of the measured fine sand loads in amounts from 
8 to 84 percent is warranted. The overall aver- 
age for the 11 cases is +32 percent. If these 
examples, which were selected at random, are 
typical and it is assumed that the total meas- 
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FIGURE 3 (continued) .- Measured suspended fine sand at 6 levels at each of 5 verticals in cross section of At&a- 
falaya River at Simmesport, La.: J, for 120,030 c.f.s.; and K, for 80,800 c.f.s. 

ured sand load in suspension is equally deficient, 
the unmeasured sand load in the lo-year period 
would total 106 million tons. The examples used 
in this study could well be typical, and it is rea- 
sonable to assume that measurements of all the 
sand load are equally short. 

Discussion 
It must be realized that in field operations an 

abnormal or atypical sample cannot be recog- 
nized. Also, when the samples are received in 
the laboratory a settling period of at least 2 
weeks is required before an analysis can be 
made. Therefore, since it is several weeks after 
a set of samples is taken before a load determi- 
nation can be made, averaging is depended on 
to equalize the deviations. The unreliability of 
such dependence is exemplified in the measure- 
ments at a flow of 489,000 c.f.s., as shown in 
figs. 3, B, and 5. In this case two samples at the 
lowermost Luby point in two of the five verticals 
are apparently in error and in sufficient amount 
to affect greatly the evaluation of measured 
load. The total sediment content of each of 
these samples was about one-half of that in the 
next two samples 13 ft. farther from the bed. 

The sand contents were 15 and 22 percent, re- 
spectively, of those in the next higher sampling 
level. It is considered that of the 117,774 tons 
per day difference between the computed and 
measured fine sand load, about 55,000 tons is 
attributable to the two abnormal samples. 

Conclusions 
The examination and analysis of the velocity 

and sediment profiles selected for presentation 
in this paper suggest the following conclusions: 

(1) The vertical velocity distribution formula 
3 in U.S. Department of Agriculture Technical 
Bulletin 1026 is not applicable to large rivers, 
such as the Lower Mississippi River and the 
Atchafalaya River. 

(2) In studies involving the velocity and sedi- 
mentation characteristics of large rivers, the 
treatment of entire channel sections as a unit 
is a satisfactory procedure. 

(3) Measurements of the suspended sand 
load by the Luby method are deficient. 

(4) As a supplement to point sampling by the 
Luby method, additional samples are required 
near the bed to define sediment transport in that 
region. A basic weakness in the Luby method 
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is that, regardless of the number of points and the cost would be prohibitive. 
measured, more samples will always be taken (5) The accuracy of point sampling should be 
above middepth than below. Therefore, an ex- evaluated by a plot of data as presented herein, 
cessive total number of samples would be re- and the measured loads adjusted as necessary 
quired for adequate sampling below middepth, to describe the apparent actual load. 
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0 AVERAGE OF FIVE 
POINT MEASUREMENTS 
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COMPUTED LOAD: 296,402 T/da! r 
-MEASURED LOAD: 242,553 

DIFFERENCE: 53,849 

UNMEASURED LOAD / 1 

PERTINENT DATA : APRIL 12.1962 

Q : 501,000 CFS s : 4.92 x to-5 
WIDTH : 1651 FT De5 : 7.38x IO-’ FT 

i : 6.28 FPS WATERTEMP.: 59’F 
d : 46.3 FT FINC SAND PORTlON 

OF BED U*TLRI*L : 71.7 1. 

FIGURE 4.-Computed, measured, and unmeasured suspended fine sand load at Simmesport, Atehafalaya River, 
April 12, 1962. 
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1,000 

AVERAGE OF FIVE 
POINT MEASUREMENTS 

COMPUTED LOAD: 258,489 T/da] 
MEASURED LOAD: 140,7 I5 

DIFFERENCE: I I 7,774 

UNMEASURED LOAD 

SUSPENDED FINE SAND LOAD IN TONS/DAY/O.IO FT. VERTICAL 

PERTINENT DATA : JUNE 5, 1961 

Q : 489,000 CFS s : 5.03 x lo-5 
WDTH : 1587 FT De5 : 6.75X lO-4 FT 

ii : 6.66 FPS WATER TEMP. : 7O’F 
d : 46.3 FT FINE SAND PORTlON 

OF BED YATERIAL : 81.6 % 

219 

FIGURE fi.- Compukd, measured, and unmeasured suspended fine sand load at Simmespoti, Atchafalaya River, 
June 5.1961. 
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5- 

PERTINENT DATA : MAY 24,1961 

Cl : 444,000 FT s : 4.65~ lO-5 
WIDTH : 1562 FT De5 : 6.98x lO+FT 

ii : 5.68 FPS WATER ‘TEUP. : 70’F 
d : 50.0 FT FINE SAND PORTION 

OF BED UATERIAL : 77.1 % 

FIWJW 6. -Computed, measured, and unmeasured suspended fine sand load at Simmesport, Atchafalays River, 
May 24, 1961. 
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ip. *ICOMPUTED LOAD: 99.803 T/W 
MEASURED LOAD: 82;SOO _ 

DIFFERENCE: 17.203 

SUSPENDED FlNE SAND LOAD IN TONS/DAY/O.IO FT. “ERTKAL 
PERTINENT DATA : MAY 18.1981 

Q :418,000 CFS s :4.45x 10-S 
WIDTH : 1541 FT Ds5 : 1.34X 10-3FT 

ii : 5.85 FPS WATER TEMP. : 89 OF 
d : 47.7 FT FlNE %ND PDRTlDN 

OF BED YATERIAL : 39.8 7. 

FIGUBB I.- Computed, measured, and unmeasured suspended fine sand load at Simmesport, Atchafalaya River, 
May X3,1961. 
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0 AVERAGE OF FIVE 
POINT MEASUREMENTS 

III1 

39 T/day 
00 

DIFFERENCE: 

SUSPENDED FINE SAND LOAD IN TONS,DAY,O.IO FT. VERTICAL 
PERTINENT DATA : APRIL 2 I, 1961 

Q : 41 1,000 CFS S : 4.45x 1o-5 
WIDTH : 1536 FT D : 1.13X 10-3FT 

i : 5.52 FPS WATERTE~%.: 61’F 
d : 48.4 FT FINE SAND PORT~CIN 

OF BED MATERIAL : 41.6 % 

FIGURE 8. - Computed, measured, and unmeasured suspended fine sand load at Simmesport, Atchafalaya River, 
April 21, 1961. 
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1 I,,,,, 

0 AVERAGE OF FIVE 
POINT MEASUREMENTS 

COMPUTED LOAD: 52, I96 T/day 
MEASURED LOAD: 39,300 

DIFFERENCE: 12,896 
/ 

SUSPENDED FlNE SAND LOAD IN TONS/DAY/O.IO FT. “ERT,CAL 

PERTINENT DATA : JUNE 23,1961 

Cl : 284,000 CFS S :3.74x 10-S 
WIDTH : 1333 FT D : 7.35X l0-4FT 

2 :4.77 FPS WATERTEM~~P.:~~~F 
d :44.7 FT FlNE SAND PORTlON 

OF BED MATERIAL : 66.3 % 

FIGURE %-Computed, measured, and unmeasured suspended flne sand load at Simmesport, Atchafalaya River, 
June 23, 1961. 
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00 

COMPUTED LOAD: 34,045 T/c COMPUTED LOAD: 34,045 T/c 
MEASURED LOAD: 26.900 MEASURED LOAD: 26,900 - 

@ AVERAGE OF FIVE 
POINT MEASUREMENTS 

‘0 LOAD EbUIViLLN’T m&i 
,ND,“,D”AL MLAS”REMENTf 

UNMEASURED LO 

1,000 , , 
SUSPENDED FINE SAND LOAD IN TONS,DAY,O.IO FT. VERTICAL 

PERTINENT DATA : NOV. 30. 1961 

Cl : 254,000 CFS S : 3.74 x 10-s 
WTDTH : I3 I2 FT D : 7.60X lO-4 FT 

ii : 4.36 FPS WATERTE&: 52’F 
d : 44.4 FT FINE SAND PORTION 

OF BED UATLRlAL : - 70 

F~cux+ 10. - Computed, measured, and unmeasured suspended fine sand load at Simmesport, Atchafalaya River, 
November 30,1961. 
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/~I It- ~-- / 

COMPUTED LOAD: 26,73 
22,901 MEASURED LOAD: 

DIFFERENCE: 5,83 
I lllll I I I 

I T/da 
0 

I I I I I II& I I I I LH-++UNMEASURED LOAD I I I 

SUSPENDED FINE SAND LOAD Ihl TONS/DAY/O.10 FT. “ERTlCAL 
PERTINENT DATA : JULY 14,196O 

Q : 233,000 CFS S : 3.42~ lO-5 
WIDTH : 1290 FT * De5 : 7.57 x IO- FT 

ii :4.28 FPS WATERTEMP.:84’F 
d : 42.2 FT FWE SAtaD PORTlOt 

OF BED UATERlAL z40.5 % 

I 11. -Computed, measured, and unmeasured Suspended fine sand load at Simmesport, Atehafalaya River, 
July 14, 1966. 
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9 *~COMPUTED LOAD: 13,s 398 T/dav 1 
MEASURED LOAD: 11,800 ’ 

DIFFERENCE: 2, I98 
, 

PERTINENT DATA : DEC. 14,1961 

Q : 218,000 CFS S : 3.36 x lO-5 
WDTH : 1305 FT De5 : 7.60~ 1O-4 FT 

ii : 4.01 FPS WATER TEMP.: 52’F 
d ~41.7 FT FINE SAND PORTlDN 

OF BED MATERIAL : - % 

FIGURE 12. - Computed, measured, and unmeasured suspended fine sand load at Simmesport, AtchafaIaya River, 
December 14, 1961. 
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AVERAGE OF FIVE ‘II/II POINT MEASUREMENTS 

COMPUTED LOAD: 5, I I7 T/day 
MEASURED LOAD: 4,665 

SUSPENDED FINE SAND LOAD IN TONS/DAY/O.IO FT. VERTICAL 
PERTINENT DATA : OCT. 26,1961 

Q : 120,000 CFS S : 2.91 x10-5 
W!DTH : 1224 FT Dss : l.OOX lO-3 FT 

U : 2.64 FPS WATER TEMP. : 66’F 
d :34.5 FT FINE SAND PORTION 

OF BED MATERIAL :20.6 % 

FIGURE 13. - Computed, measured, and unmeasured suspended fine sand load at Simmespofi, Atihaf&ya River, 
October 26, 1961. 
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UNMEASURED LOAD 
, 1 ,,/, 

/ I I I 

I ICI 100 
SUSPENDED FlNE SAND LOAD IN TONS/DAY/O.IO FT. VERTICAL 

PERTINENT DATA : AUG. I I, 1950 

Q : 80,800 CFS S : 1.96 x lO-5 
WIDTH : 1076 FT D,, : 7.96 x IO- FT 

G : 2.25 FPS WATER TEMP. : 87°F 
d ~33.4 FT FINE SAND PORTlON 

OF BED UATERIAL :54.9 % 

FIGURE 14. -Computed, measured, and unmeasured suspended fine sand load at Simmesport, At&&&ya River, 
August 11,196O. 
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Abstract 
A method is presented for the integration of 

suspended load discharge quickly and easily 
from measured or predicted distributions of 
velocity and sediment concentration. The pro- 
cedure is based on the assumptions that (1) the 
velocity distribution is logarithmic, and (2) the 
concentration follows the suspended load equa- 
tion. Each of these two functions is represented 
by two parameters, essentially an intercept and 
a slope. A further parameter is the lower limit 
of integration. 

In applying the formulas and graphs, the in- 
vestigator has complete flexibility of choice of 
all five parameters, because the integration pro- 
cedure is not interlocked with any other as- 
sumptions. 

The effect of the lower limit of integration is 
discussed, and a logical procedure is recom- 
mended for its selection. Unmeasured suspended 
load may also be easily estimated. 

Introduction 
The integration of the suspended load dis- 

charge of a stream is basically a mathematical 
problem. In the technical literature (3,4,5,6,7), 
these simple mathematical operations have 
often been clouded with various assumptions 
and assumed constants, which are not pertinent 
to the integration but rather are part of a more 
comprehensive analysis (such as the so-called 
“Modified Einstein Procedure” for estimating 
total sediment transport from measured sus- 
pended sediment samples). Since the integra- 
tion depends only on the concentration and ve- 
locity distributions over the depth, it is most 
convenient to express the result just in param- 
eters defining these disfributions. It is the 
purpose of this paper to describe only this inte- 
gration procedure, and thus to allow the reader 
flexibility to use any measurements or assump- 
tions he desires to define these profiles. 

Analysis1 
The total suspended load discharge per unit 

width, c&, may be expressed for a two-dimen- 

1 Most of the analyses and figure 2 were included in 
the author’s Ph.D. dissertation. The helpful guidance and 
counsel of Vito A. Vanoni, his thesis adviser, is most 
gratefully acknowledged. 

sional channel as the integral : 

where 
c= e(y) =eoneentration of suspended sedi- 

ment (either in volume or weight per 
unit volume) ; 

u= u(y) =stream velocity (=downstream 
velocity of sediment particles) ; 

g= distance above the bed ; 
yO= lower limit of integration ; and 
d= total depth. 

It is necessary to use a small abut finite lower 
limit y0 instead of 0 because the sediment very 
close to the bed is transported as bedload, for 
which the usual equations for e(y) and u(y) 
do not apply, and the sediment grains no longer 
move at the same speed as the water. 

The velocity distribution for two-dimensional 
flow may be expressed by the usual logarithmic 
velocity defect law in the form 

where 
urna.= u(d)=velocity at the surface (y=d), 

US= v’TJp=shear velocity, and 
k= van Karman’s constant. 

Integrating over the depth to determine the 
average velocity, G, 

If equation 2 is rewritten with C instead of urn=, 

u=ti.+$ (l+ln$), 

or if logarithms to base 10 are used, 

u=ti +$ + q%log,,$ (5) 

It may be noted that ~1 is related to ?i and the 
friction factor (f) by the Darcy-Weisbach 
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formula as applied to open channels, 
- 

U.-G Vf/S (‘3 

If the velocity distribution is plotted on semi- 
logarithmic graph paper, it is a straight line 
for which G is the intercept at u=d/e-0.37d, 
and 2.30uJk is the slope (units of velocity per 
cycle of y) as shown in figure l,a. Any loga- 
rithmic velocity distribution may thus be com- 
pletely described by these two parameters (U 
and U.//S) 

FIGURE l.- Definition of intercepts and slopes: a, 
Velocity distribution; b, concentration distribution. 

2U.S. CORPS OF ENGINQXS. S~IMENT TRANSPORTA- 
TION CHARACTEBISTICS STUDY OF MIISSO”RI RIVER AT 
OMAHA, NEBRASKA. 1951. Unpublished reports. 

3 BROOKS, N. H. LABO~~~Y STUDIES OF THE MECBIZN- 
ICS OF STREAMS FMv?ING OVER A iw0vABI.E BED OF FINE 
SAND. Ph.D. dissertation. On file, library of California 
fm;“te of Technology, Pasadena. 1954. (See pp. 188- 

The concentration distribution, c(y), for 
each sediment size fraction can usually be rep- 
resented adequately by the suspended load equa- 
tion (10,1Z)2 

C=( a d-Y 
e, d-a u )“’ (7) 

where 
co= e(a) =concentration at reference level 

y=a, and 
z= exponent. 

Take the reference level, a=d/Z, and equation 
7 simplifies to 

where 

c=Cmd ( 9 )‘, (8) 

G,U=C (d/2) =middepth concentration. 

If c is plotted versus (d-y)/y on logarithmic 
graph paper, equation 8 is a straight line for 
which c,,,.~ is the intercept at (d-y) /y=l, and z 
is the slope of the straight line in cycles of G 
per cycle of (d-y)/y, as shown in figure 1,b. 
These two parameters alone are sufficient to 
define the distribution. 

The exponent z in equation 7 or 8 has been 
shown theoretically by Ismail (8) (after nearly 
similar expressions given earlier by others) 
to be 

where 
(9) 

w= settling velocity of the grains, and 
p=&cm=ratio of eddy diffusion coefficient 

for sediment to the eddy viscosity 
(Cl). 

For a limited group of experiments with flat 
beds of 0.10 and 0.16 mm. sand, the writer 3 
has found the value of p to be very close to 
1.0 (0.93 to 1.08) ; however, in other laboratory 
investigations Vanoni (11) reports some larger 
deviations of observed exponents from the 
theoretical, based on p=l. In the field the fail- 
ure to obtain good correlation between theoret- 
ical and measured z-values, such as reported by 
Colby and Hembree (4) and Hubbell and Mat- 
ejka (7)) is probably due to difficulties of aeeu- 
rate determination of the various factors re- 
quired to compute the z-value by equation 9. 

If equations 4 and 8 are substituted into 
equation 1, the suspended load discharge is 

d 
d-y y)= [~~(l+ln~)ldy (10) 

It is convenient to simplify equation 10 by the 
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change of variable ~=y/d, giving: 

q,==cmaiid 
1 1 

s 
( 7 )’ [l+~(l+ln~)1cz7/, (11) 

‘10 
where ~=g,/d is now the lower limit. By writ- 
ing tkZ=q, the discharge per unit width, and 
separating into two integrals, equation 11 can 
be rewritten as : 

Einstein (6) discussed integration of sus- 
pended load, but his formulation was not as 
versatile as equation 12 above. Nevertheless 
the same integrals are involved and Einstein 
published tables of computed numerical values 
of them, which he has designated as 

1 1-l J,k70)= (+“d,, 
s 

(13) 

and 
70 

J* (~,w)=- 
1 l-7 

J 
CT Plnqdq (14) 

70 
Convenient graphs giving the values of the 
integrals, J, and J,, have also been published 
(4,7). Equation 12 may now be conveniently 
rewritten in terms of a transport function, T, 
as 

&=TW$, 2, d, (159 m 
where T is defined by 

T (kg, z, 70) = 

J, (z, 70) + [J, (n, +-JP (z,w) lg(15b) 

The left-hand member of equation 15a can be 
expressed in other ways. If the suspended load 
discharge concentration, Q./q, is denoted by E, 
then 

Q. F s- 
qc”,a Crnd (16) 

Furthermore, if it is preferred to use the inter- 
cept G. instead of c,,,& as the reference concentra- 
tion, then equation 16 becomes 

*see footnote 3. 

4. -z d-a -- 
QCrnd ca( a -1” (17) 

The right-hand member of equation 15b con- 
tains only the three parameters, k (zih) , z, and 
Q, as indicated by functional notation of T. The 
first two may easily be derived from measured 
data as explained above (see figure I$). For 
instance, 

k?&& 2.30. (intercept at y=0.37d) (18) 
* slope of velocity profile graph 

Note that it is not necessary to know U* and k 
separately if a velocity profile is available. As 
an alternative, one may use equation 6 and ob- 
tain 

k;=k\lS7f (19) 

The exponent .z is measured as the slope of the 
concentration graph, or computed (less reliably) 
from equation 9. The only further information 
needed is a value for 70, the lower limit of inte- 
gration. The selection of 70 is the subject of the 
following section. 

Lane and Kalinske (9) have also given a solu- 
tion for suspended load integration, but it is 
based on their exponential concentration distri- 
bution formula, derived by assuming a constant 
eddy diffusion coefficient over the depth. The 
writer 4 has also generalized their analysis in 
a manner similar to the above development, but 
it is not included here because the suspended 
load equation (equation 8) is preferred. 

Choice of Lower Limit of Integration 
The integrals J, and J, are convergent as 

710 + 0 only for .z<l. Therefore, for values of z 
near 1 or larger than 1, the integrals change 
significantly with the choice of 7)0. Not only is 
the divergence a problem, but physically the 
profile equations (equations 4 and 8) may not 
be accurate anyway for very small values of 7. 
Thus, the limiting factor in the validity of the 
integration procedure is probably the accuracy 
of the equations representing velocity and con- 
centration very close to the bed. Up to the 
present time no good way has been found to 
measure these profiles in the dense layer very 
close to the bed. 

Although there are a number of possible ways 
to choose the lower limit ~=y~/d, only three 
will be discussed here. Since the particles can 
scarcely be suspended closer to the bed than two 
particle diameters (20), Einstein (6) has sug- 
gested using ?,=2D/d. For cases where the 
streambed is flat, this is probably as reasonable 
as any assumption. On the other hand for dune- 
covered beds for which the individual grain size 
is far less than the equivalent Nikuradse sand 
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roughness for the surface, the extrapolated 
velocity profile will become negative near the 
lower limit suggested by Einstein. Thus, if qO= 
2D/d is used, the suspended load integral may 
actually include some negative load contribu- 
tions (cu) very close to the bed. 

Another possibility for the choice of Q is the 
level for which u=O, according to the logarith- 
mic velocity profile. In this ease from equa- 
tion 4, 

O=ti+F(l+ln&. 
Solving for 7o, 

-kk-, Y. 
7/0=e 

Admittedly, the profile equation is not intended 
to be applicable down to u=O, but stopping the 
integration there certainly prevents possible 
unintentional negative contributions to the in- 
tegral using ro=2D/d. In fact, for the v0 giv- 
ing u=O, the value of the transport integral 

s,: eu d, is a maximum ; all other choices of v0 
will mathematically result in smaller values of 
this integral as determined by equation 15. 

A third possibility for v,, is to let it be the 
level at which the concentration, by extrapola- 
tion of the fitted suspended load equation, be- 
comes equal to the concentration of the bed or 
of a size fraction in the bed, ch. For this ease, 
equation 8 gives 

cb=Cmd ( l--,0 
-)” 70 

and since v0 < < 1, 

70= (%$ 

It would certainly be physically unreasonable 
to use a smaller lower limit than this, as is 
sometimes the case when p=2D/d or U(Q) =0 
is used, for then the integration would include 
values of c > c8. 

The three possibilities outlined above may 
now be summarized as follows : 

(4 D d 1=20 (Einstein bed layer) (20) 

(b) 
-kp -1 

?p=e u(l)*) =o (21) 

(e) vp= (%)$ e(T/o) =cIs (2% 

Perhaps the most reasonable choice of the three 
is the largest all, because it has been shown that 
it is physically unreasonable to go lower than 

5 See footnote 3. 
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any one of the three. Further experimental in- 
vestigation is needed to verify whether this is a 
satisfactory approach, at least for approximate 
solutions. 

Because of its simplicity, choice (b) war- 
rants special attention. As equation 15 stands, 
qJp elnd is a function of the three parameters 

k $, z, and 70; but since 70 is a function of k $ 

by equation 21, ?., may be eliminated as an explicit 
parameter. The dimensionless transport given 
by equation 15 depends then only on z and 

k; and may be represented on a single chart. 

Figure 2 was constructed by the writers on 
this basis from the values of the integrals given 
by Einstein (6). 

For a given z in figure 2, the ratio qJp cmd 
increases when kg (or kdm) increases. This 
relation is partly the result of changing the 
shape of the velocity profile and partly the ef- 
fect of reducing the lower limit TV. The latter is 
especially important for the larger z values, for 
which the concentration profile is very steep 
and most of the suspended load moves near the 
bed ; in this case, a small change in the q0 value 
can change the value of the qs integral a large 
amount. In fact, since the value of ?. based on 
U(Q) =0 may not be the best value anyway, 
considerable error can be expected when Q./Q crnd 
gets very large on the chart. Consequently, the 
curves have not been extended for Q./Q crnd > 
50, or for z > 2. 

It may be observed from figure 2 that for .z 
< 0.3, 4.14 cmd may be considered equal to 1.0 
for all practical purposes. The slight drop be- 
low 1.0 for the curves for the smaller values of 
k; at small z is real and may be explained as 
follows. Although concentrations are larger to- 
ward the bed, velocities are greater toward the 
surface. Usually the nonuniformity of concen- 
tration is much more pronounced than for the 
velocity, resulting in a weighted average con- 
centratlon F greater than the middepth coneen- 
tration cmd. However, the situation is reversed 
for s?naZZ z (relatively uniform e) and small 
k$ (high roughness, steep velocity profile), 
and the average E does actually become less than 
Gld. 

Application of Results 
Examg5le of Use of Figure 2 

The use of figure 2 may be illustrated by the 
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following example. Suppose that from a meas- 
ured velocity profile for a wide stream 3 ft. 
deep it is found that G=u(0,37d) =3.5 ft./set. 
The slope of the velocity pr0file~1.25 ft./see. 

2.3%. per cycle= 7; therefore x =0.54. In addi- 

tion, when c is plotted on logarithmic paper vs. 
Cd-y) /y, the slope of the line of best fit is z=l.l, 
md the line intersects (d-q) /y=l at ~,,,~=0.05 
~./I.=50 p.p.m. Therefore, 

k z = g ~6.5, 

By figure 2, 

md hence, 

.Z=l.l 

4. - =4.5, 
4 Crnd 

: =4.5 c,ti=4.5 (50) =225 p.p.m. 

Since the discharge per unit width is 
q-acL(3.5) (3)=10.5 c.f.s./ft., 

the suspended load discharge per unit width is 
q.= g x10.5x62.4=0.15 lb./ft.-sec. 

Laboratory Ex++nents 
The writer has applied figure 2 to laboratory 

experiments in a 10.5-inch wide flume, and com- 
pared the results with measured total sediment 
loads. Two different bed sands were used, with 
mean sieve diameters of 0.145 mm. and 0.088 
mm., respectively. Only flat bed cases were used 
because no velocity and concentration profiles 
were measured for the dune bed cases. 

A detailed account of the experiments! includ- 
ing velocity and concentration profiles, 1s given 
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in the writer’s Ph. D. thesis,6 and a briefer de- 
scription including tabulation of the basic data 
(but not the profiles) is available in reference 
(2). 

concentrations are relatively small, as was often 
the case in the plotted concentration profiles, the 
error introduced in the total transportation rate 
is still small. 

A rigorous comparison of experimental re- 
sults with the calculated suspended load dis- 
charge is not possible, because the-measured 
sediment discharge concentration, C, includes 
also the bedload and because the centerline pro- 
files of concentration and velocity on which the 
integration is based are not truly representa- 
tive of the whole cross section. Nevertheless, 
with the high transportation rates associated 
with the runs for which profiles were obtained, 
the bedload is known to be small. Furthermore, 
it has been observed that the concentration does 
not vary substantially going across the channel 
at any given level. Since most of the load is 
carried close to the bed anyway, the distortion 
of the velocity distribution by the walls at the 
upper levels does not introduce a very large 
error. Consequently, the order-of magnitude of 
the measured concentration, C, should be the 
same as the calculated ratio of suspended load 
discharge to water discharge, 9./q. 

The basic experimental data required for the 
calculation of the integrals are listed in table 1. 

As indicated, the parameter kzwas determined 
from the intercept and slope of velocity distri- 
bution (on the centerline of the flume). The 
concentration distribution yields ema (intercept) 
and z (slope). The mean discharge concentra- 
tion was measured in a vertical part of the re- 
turn flow circuit at a point where all the load 
was suspended. 

When any of the integration procedures are 
used, it is important to have the suspended load 
equation fit the observed concentrations well 
only where the concentrations are large. If the 
curve deviates moderate amounts when the 

6 See footnote 3. 

The three values of To, which are listed in 
table 1, were calculated by equations 20 to 22 
and represent varir-is possibilities for the lower 
limit of integration. The values of the dimen- 
sionless ratio, q./q end, listed in table 1, were 

calculated from k 2, z, and TD by equation 15 
and appropriate charts in references (4)) (6)) 
or (7)) and may be compared with the meas- 
ured ratio C/c,,,&. (For column 2, the values of 
4.14 cmd were obtained directly from figure 2, 
except for rlln 7.) 

From an inspection of the table, it is clear 
that the agreement between the values is not 
perfect, but qualitatively quite good. When the 

TABLE l.-Integration for suspended sediment discharge for j&me ezperiments 1 

E%% 
“ehihi distribution 

Run NO. 
E 

Mea7d;lepth Mean = SLOPe 
21 ~yd~ 21 (my) k; 

Min. Feei n.,*ez. Pi.,Sec. 
3 0.145 0.243 2.32 1.01 4.98 
4 .145 .236 2.43 1.05 5.32 
6 .145 .I95 2.35 .99 5.45 

2: ,145 ,088 ,243 ,236 2.38 2.31 1.08 .90 6.01 5.03 
29 .08X ,280 2.36 1.07 5.05 

G./I. G./L. 
0.20 1.36 1.95 

:E 1.20 1.49 2.45 2.45 
,092 1.78 2.15 

3.0 .I6 4.85 
1.9 .83 3.45 

RuoNO. 1 

i 

1.36 
1.20 

G 
1.49 
1.18 

$I 
0.76 
0.83 

1 See footnote 3. 

values Of lower limit ?I, =$ 
2 V.'U~~~~~~~~~~~~(~~~~d). Fh"nd 
u* 01 (21 m 

-o-y zL<n,> =o 
LGi 

cm =a1 
w ca 2 L-J 

4.98 0.0039 0.00255 0.00145 6.6 6.8 6.6 9.7 
5.32 .0040 .0018 .0014 4.45 4.7 4.7 4.55 
5.45 :E%: .0016 .00325 10.5 ti 11.5 8.45 
6.07 .00084 .0044 40 39 23.5 
5.03 .0025 .0024 .00029 1.62 1.65 1.57 1.62 
5.05 .00205 .00236 .00033 1.83 1.85 1.75 1.82 

zca=1,450 5./l. 
~Values read directly from figure 2, except for run 7. 



SYMPOSIUM 2.-SEDIMENT IN STREAMS 235 

value of the exponent z is small (less than 1) 
and hence 9./q c,~ is small, the agreement of all 
the values is excellent; for the theoretical cal- 
culation it appears that any one of these choices 
of the lower limit would be satisfactory. 

However, for the higher z, values (greater 
than 1.3 or X4), the calculated Q./Q crnd is sig- 
nificantly larger than the experimentally deter- 
mined concentration ratio, c/c,,. The discrep- 
ancy results from the fact that when z is large, 
a major part of the load travels very close to 
the bed where the extrapolated concentration 
and velocity profiles may not be accurate. None 
of the choices of the lower limit gives a good 
value of q./q c,& when this ratio is large. 

A further example of the application of figure 
2 has been included as table 2 for the eoncentra- 
tion profiles obtained for individual sieve frac- 
tions for run 29. The exponent z ranges from 
0.53 to 1.27, and the values obtained from figure 
2 compare favorably with the measured ratio 
C/c,, for each sieve fraction. 

TABLE 2.-Integration of suspended sediment for 
individual sievejractionsjorrun29, when k ur5.05 

Tyler sieve fractiona over* 
Itern 150 110 200 250 ‘“&viy ____ ~-~ 

Z,exponent........ 1.27 1.03 0.93 0.76 0.83 
q</q c,,,d, by fig. 2... 5.3 2.82 2.26 1.65 1.85 
c/c,*, measured.... 3.92 2.66 1.92 1.43 1.82 

For all the present runs where the sand bed 
was smooth, the level 7,-2D/d (table 1) is 
higher than the level for which u(~,) =0, and 
thus it might be reasoned that the former would 
be a better choice. However, when the bed be- 
comes covered with dunes, the friction factor 
increases and the situation is reversed. For ex- 
ample, assume the typical values f~,=0.08 and 
k=0.30; by equation 19, 

and by equation 21, 1 ’ ” 
70+?-3.” -‘=0.018 

Snow v. is considerably more than 2D/d for any 
of the runs, and the use of 7,=2D/d in a case 
like this would include negative values of the 
integrand in the load integral. Since Barton 
and Lin (1) have shown in the laboratory that 
the suspended load equation can be applied rea- 
sonably well to flows over a dune-covered bed, 
then the use of 7. for which ~(7,) =O (and the 
chart in fig. 2) is recommended in place of the 
lower limit 1,=2D/d for such cases. 

One of the advantages of the diagram in fig- 
ure 2 is the avoidance of some of the computa- 

tional error accumulated in using the charts for 
J, and J,, and equation 15. First, in reading the 
charts, which are on logarithmic graph paper 
with 3.inch cycles in reference (4) or (7), in- 
terpolation is usually required, making it diffi- 
cult to obtain better than 2-place accuracy. 
Then making the calculation according to equa- 
tion 15 usually involves taking the difference 
between numbers of the same order of magni- 
tude, increasing the error further. 

Estinzatimz of umeasured Sus@e-nded Load 
In sampling natural streams for determina- 

tion of the suspended load discharge, a depth 
integrating sampler is frequently used. Since 
it samples the flow in proportion to the velocity 
at each level as it slowly traverses the depth, 
the concentration of sediment in the integrated 
sample is the weighted average concentration 
expressed as 

jcu dy 

e(Y,)= y1 7’ (23) 

L 
UdY 

where the value of E obtained is a function of 
yl, the lower limit of the traverse. The numer- 
ator is given by equation 10 with yz replacing 
yO, while the denominator can be considered the 
partial discharge q (Y,) which flows above Y=Y>. 
From equation 4, and changing to the dimen- 
sionless elevation 7, the partial discharge is 

d 
n(Y,)=SudY-2idS11+~(l+ln?)]dn 

Yt 71 (24) 
Integrating, 

fz (71) =a u--m-~; 71 ln 72 (25) 

Equation 23 may be written as 
4.(w) _ Qs (71) /Q E (71) = - - 
P (71) 4 (71-l /Q (2’3 

and substitution of equations 15 and 25 yields 

For the total suspended load transport with 
lower limit ?lO, equation 15 is 

E(w) -=T(k;,z,,,) 
Crnd (28) 
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Dividing equation 28 by equation 27_gives charge would be 2.00 times the measured load 
discharge. Above the level y=O.lOd, the water 
discharge is 93.5 percent of the wt$?, and the 
suspended sediment discharge is L 4,65=31 per- 

If the parameters k$, z, ?o and r,> are known or 

can be estimated, then the ratio of the desired 
concentration E(,,,) (for the total. suspended 
load) to measured concentration F(?,) can be 
readily determined by equation 29, where T is 
defined in equation 15b. 

The unmeasured suspended load transport is 
usually defined as 

Unmeasured q.=q[E(~,)+(~,)] 

=@(,d [$#ll (30) 

where q is the full discharge and the ratio is 
given in equation 29. Since the quantity QC(~,,) 
is called the measured suspended load transport, 
the term in brackets in equation 30 is the ratio 
of unmeasured to measured suspended load 
discharge. 

The previous example may be extended to il- 
lustrate the use of equation 29. Suppose that z 
is estimated to be 1.1 and that a depth inte- 
grated sample taken down to y=O.lOd has a 
mean concentration of 0.12 g./l. The mid- 
depth concentration cmd is now presumed un- 
known. Evaluation of equation 29 gives 

gf$= (l-0.10~$)O.lO log,,O.lO) 

T(6.5,1.1,,,) 
= T(6.5,1.1,0.10)’ 

If figure 2 (with Vo thus implied to be u(?,) =0, 
or T,=0.00055) is used, 

T (6.5,1.1,1,) =4.65. 
With the use of the charts for J, and Jp in (4) 
or (7) and the definition of T in equation 15b, 

T(6.5,1.1,0.10)=J,(1.1,0.10)+ 
~[J,(l.l,O.lO)-J*~1.1,0.10)1 

1 

Then 

=1.56+#.56-2.27) 
=1.45 

gp& (0.935)~=3.00, 

and finally 

Z(,,) =$=3.00 (0.12) =0.36 g/l. 

In this case the unmeasured suspended load dis- 

cent. 
Equation 25 may also be used to explain the 

anomology in figure 2 where the curve for 
kE=3 rises slightly above the ordinate 1.00 as 
z-) 0. For z=O, c=constant, and equation 11 
reduces to equation 24, that is 

I 
4. 

iid= s 
,1+% (l+ln?) ]d&@- 

ku ud 
/’ 

70 
u; 

=l-?“-@c In 70 

For k$=S, equation 21 gives 
,,=e-3-‘=0.0183 

and by equation 31, 

(31) 

Q. -=1.006, 
ud Crnd 

or 0.6 percent in error. This discrepancy is due 
to the fact that the average velocity is based on 
integration from zero (equation 3) rather than 
the finite lower limit Q. Since the error is SO 
small and becomes even smaller for larger 
values of k 5, no adjustment was made in fig- 
ure 2. 

Summary 
Equation 15 is recommended for integration 

of the suspended load transport. Numerical cal- 
culations may be made with the aid of published 
graphs of J, and J, (4,7) for any choice of Q, 
the lower limit of integration. The selection of 
the lower limit might reasonably be selected as 
the largest of the three choices given by equa- 
tions 20,21, and 22. Use of equation 21 for Q is 
mathematically the simplest, because the com- 
plete integration equation (equation 15) can 
then be represented in one chart (fig. 2). A 
numerical example and flume data illustrate the 
application of the equations and figure 2. 

From the integration equation the suspended 
load transport measured by a depth integrat- 
ing sampler can be corrected for the suspended 
load in the unsampled zone below the lowest 
point reached by the sampler during its trav- 
erse. 
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EFFECT OF TEMPERATURE ON RIVERBED CONFIGURATION: 
ITS POSSIBLE STAGE-DISCHARGE IMPLICATIONS 

[Paper No. 311 

By WALTER C. CAREY, assistant chief, Engineering Division, U.S. Amq Engineer District, New Orleans 

On the basis of field and other studies, it is 
concluded that the bed configuration of an allu- 
vial river varies in accordance with water tem- 
perature; that is, crossings and bends are low- 
ered and amplitudes of dunes or sand waves are 
reduced in some relationship with reduced water 
temperature (fig. 1) .I These several effects sub- 
stantially reduce resistance to flow, which, in 
turn, should produce the end result of a lowered 
water surface; that is, with colder water a given 
flow should move past any given point at a 
lower stage. 

Collection and Analysis of Basic Data 
The fathometer was the instrument used to 

collect the basic data; that is, continuous thal- 
weg profiles. Vertical and longitudinal controls 
were good. Longitudinal control was provided 
by taking fixes on navigation lights and control- 
ling boat speed by tachometer. Lateral control 
was somewhat less satisfactory. The longitu- 

‘The chief factor in the variation in wave size in 
figure 1 is volume of flow, and any effect of temperature 
is completely ohscured. Figure 1 serves here simply to 
show nature of waves. 

2 Another series of thalweg profile runs at a nominal 
stage of 12.5 feet Red River Landing gage has been 
completed. The analysis of these data was not completed 
at the time of this paper, however, and will be presented 
in a subsequent paper. 

3 The August 195,8 rise was notable in that it was the 
highest stage at Red River Landing in August in 30 
years. It thus provided a much needed basis (82”.83” F.) 
for comparison with lower temperature flows at the 
Same stage. 

4 Maximum temperature of record was 90” F., Aug. 
17, 1937; minimum temperature was 36”, Jan. 30, 1948. 

dinal scale for the first runs was 200 feet to the 
inch and 300 feet to the inch for the later runs. 
Either scale shows the riverbed in great detail. 

Seven thalweg profile runs, totaling nearly 
3,000 miles, were made from New Orleans to 
Old River (200 miles) and return at the nominal 
stage of 37 feet Red River Landing gage (fig. 
2).2 River temperatures ranged from 42” to 
83” F., the latter being for the August 19583 
run, which is the basis for comparison with all 
the other runs made at lower temperatures. 
(table 1). The temperature extremes encoun- 
tered in this field work are only moderately less 
than the all-time records at the Eagle Street 
water intake of the New Orleans Sewerage and 
Water Board.4 The temperatures at the intake 
were found to agree closely with those observed 
by the survey boat at various locations between 
New Orleans and Old River during the several 
thalweg profile runs. As nearly as is known, the 
only variable involved in these seven thalweg 
profile runs was temperature. 

Practical Implications 
Some practical implications of these conelu- 

sions are suggested by examining two unre- 
solved hydraulic anomalies: First, there is the 
fact that the 1950 flood, the principal criterion 
for determining the “project flood flowline” for 
the lower Mississippi, was out of step with some 
other historic floods. The fact that this flood 
crest passed New Orleans at a temperature of 
50” F. suggests the possibility of temperature 
as the factor that might account for this dis- 
agreement with other historic floods, the crests 



238 MISCELLANEOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE 

STUDY REACH i 

MISSISSIPPI RIVER 
MILE 161.0 TO 156.3 

SAILING-LINE PROFILE IOAPRIL 1956 

60 

FIGURE 1. - Segments of sailing-line (thalweg) profiles at 18.3 and 5.8 feet, respectively, Donaldsonville gage, show- 
ing sand-wave systems. 

of which arrived some weeks later than the 
1950 crest and with somewhat higher water 
temperatures. Similarly, water temperature 
may also account for the unexplained behavior 
of the Mississippi at St. Louis, MO., where it is 
reported that summer floods are substantially 
less in volume of flow as compared with spring 
floods reaching the same stage; that is, the river 
capacity seems to be greater with the colder 
water. 

Scope of Study 
This paper reports the results of field investi- 

gations concerning changes in riverbed config- 
uration and also presents certain official pub- 
lished discharge records,. arranged in such a 
manner as to provide addItiona support for the 
thesis of this paper. The full hydraulic im- 
plications of this empirical study are left for 

fuller exposition as a result of some future 
broad scale investigation and study of this as- 
pect of river flow. 

The riverbed statistics (tables 2 to 8), which 
provide the principal basis for this paper and its 
conclusions, were derived from measurements 
and studies made on the thalweg profiles result- 
ing from the seven field runs over the period 
August 1958 to February 1962. Although tem- 
perature is suggested as being the only known 
variable, the riverbed statistics do not seem to 
conform, or fall into order, to the degree that 
might be expected, if temperature were the sole 
influence. There is a possibility that some 
element is involved, such as a “lag” in riverbed 
configuration adjustment, necessitated as a 
result of flow or temperature changes. In a 
model, time could be allowed for such adjust- 
ments, but, on the natural river, the field obser- 
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FIGURE 2. -Reach of river on which seven thalweg profile mm were made, 19X7-62. 

vations must be made when and as feasible. 
Some of the riverbed data were obtained by 
using thalweg profile microfilms in a “viewer”; 
a much more convenient technique than using 
the fathometer rolls or reproductions of same. 

The resulting riverbed data are tabulated in 
two ways: 

(1) Tables 2 to 7: a detailed tabulation of 
comparative measurements and physical char- 
acteristics of the crossings at the times of the 
several thalweg surveys. Study of the stage and 

discharge hydrographs (figs. 3, 4, 5, 6, and ‘7) 
is suggested as a preliminary review to a study 
of the tables. 

The thalweg run in February 1959 was made 
at a stage substantially (6 or more feet) lower 
than other runs, and the data are accordingly 
not strictly comparable. The lowerings of the 
crossings and the reductions in sand wave 
amplitudes in tables 2 and 8 would have been 
substantially greater if the February 1959 run 
had been made at the same nominal stage (37 
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do&stream. 

298.0, Aug. 1958, 
upstream. 

298.0, Aug. 1958, 
downstream. 

: gP@ 

Peel 
-21.0 

-19.5 

-30.5 

-39.0 

-33.5 

-31.5 

- 9.0 

- 7.0 

-16.5 

-18.5 

-32.5 

-29.0 

-27.5 

-32.0 

- 6.0 

- 7.0 

-23.5 

-24.0 

- 0.5 

- 2.5 

: i 

e watior 
reel 

-1.25 

-0.75 

-9.5 

t1.0 

-17.25 

Feel 
Amplitude 12, 

length 350. 
Amplitude 11, 

length 80. 
Amplitude 12, 

length 250. 

Amplitude 15, 
length 225. 

Amplitude 11, 
length 225. 

Amplitude 11, 
length 275. 

Amplitude 16, 
length 1000. 

Amplitude 21, 
length 1250. 

Amplitude 13, 
length 350. 

Amplitude 8, 
length 195. 

Amplitude 22, 
length 350. 

Amplitude 23, 
length 350. 

Amplitude 10.0 

Amplitude 6, 
length 175. 

Amplitude 25, 
length 425. 

Amplitude 25, 
length 350. 

Amplitude 10, 
length 160. 

Amplitude 8, 
length 125. 

Amplitude 10. 
length 450. 

Amplitude 11, 
length 250. 

: 

81 

-2.5 

-8.0 

Smooth at bottom. Top 
with 2 to 6 ft. waves. 

Rough Waves 3 to 5 ft. 

Rough Waves 3 to 6 ft. Rough. Waves 3 to 6 ft. Smooth. 

Rough. Waves 3 to I ft. 

Rough. Waves 3 to 5 ft. 

-14.t 

Smooth. 

Rough at bottom third. 
Remainder smooth. 

Long undulations 3 to 
6 ft. with small waws 
1 to 2 ft. superimposed. 

Long undulations 3 to 
6 ft. with small 1 to 
2 ft. TVaYeS super- 
imposed. 

Smooth. 

-16.C Smooth. 

Long undulations 1 to 
2 ft. waves super- 
imposed. 

Long waves 3 to 6 ft. 

T 

R;guF5 $th waves 

Re2g$ y;,th small waves 

Rough. Waves 5 to 12 ft. 

Rough. Waves 4 to 10 ft. 

Rough. Waves. 

Top rough with 3 to 
10 ft. waves. Bottom 
smooth. 

Rough. Waves 3 to 12 ft. 

Rough. Waves 6 to 11 ft. 

Rough. Waves 4 to 12 ft. 

Rough. Waves 3 to 6 ft. Top rough with 3 to 
6 ft. waves. 

Rough. Waves 4 to 15 ft. 

Rough. Smooth at bottom. Top 
with wave 5 to 11 ft. 

Upstream end smooth, 
Downstream with waves 
3 to 8 ft. 

Rough. Waves 3 to 9 ft. Smooth with undulations. Rough. Waves 3 to 11 ft. 

Regular with 2 to 5 ft. 
long undulations. 

Smooth with long 
undulations. 

Waves 3 to 5 ft. and 
long undulations. 

Rough. Waves 2 to 3 ft. 

Rough upper end with very 
long vaves 5 to 16 ft. 
Lower end smooth. 

Rough. Very long waves 
7 to 17 ft. 

Rough. Waves 3 to 13 ft. 

Rough. Waves 3 to 6 ft. 

Smooth. 

Ro3ug$61JJdulations 

Smooth and steep. 

Rough. Waves 4 to 15 ft. 

Rough. Waves 4 to 14 ft. 

Smooth. 

Smooth. 

Rough. Very large waves 
6 to 19 ft. 

Rough. Very large waves 
5 to 25 ft. 

Rough. Waves 3 to 10 ft. 

Rough. Waves 3 to 8 ft. 

Rough. Waves 3 to 9 ft. 

Smooth and steep. 

Rough downstream two- 
thirds waves 3 to 8 ft. 
Upstream third smooth. 

Rough. Small wave3 1 to 3 ft. 

Rough. Waves 4 to 10 ft. 

Rough. Waves 3 to 11 ft. 



298.0, Feb. 1959, “p~tlW3”L 
298.0, Feb. 1959, downstream. 

- 7.5 Amplitude 12, 

length 
Rough. Waves 3 to 6 ft. 315. waves 2 to 3 ft. steep. 

- 1.5 -6.5 Amplitude 6, -1.5 Rough. Waves 
length 250. 

3 to 6 It. waves 1 to 2 ft. steep. 

I I I I I 
‘Because of the lower stage for the Feb. 9-18, 1959, run 

(see hydrographs), the differences in heights of crossings and 
‘Mean low water. 

wave amplitudes are only partially ascribable to temper- 
‘No definite waves. Smooth undulations. 

ature. 
‘Smooth. 

zAbove head of passes. 
“No waves. 

TABLE 3.-E&t of water temperature OTL riverbed c 
(82' to 83" F 

I :I 

110.0, Aug. 1958, 
uustream. 

110.0, Aug. 1958, 
downstream. 

110.0, Apr. 1960, 
upstream. 

110.0, Apr. 1960, 
downstream. 

FFsd 
Amplitude 6, 

length 100. 

-6O.C 

-65s 

-64S 

Amplitude 13, 
length 240. 

Amplitude 6, 
length 190. 

Amplitude 9, 
length 250. 

116.0, Aug. 1958, 
upstream. 

-41.0 Amplitude 7, 
length 125. 

116.0, Aug. 1958, 
downstream. 

-39.r Amplitude 8, 
length 165. 

116.0, Apr. 1960, 
upstream. 

116.0, Apr. 1960, 
downstream. 

-42.5 

-40.0 

Amplitude 8, 
length 150. 

Amplitude 6, 
length 100. 

140.5, Aug. 1958, 
upstream. 

-54.5 Amplitude 5, 
length 90. 

140.5, Aug. 1958, 
downstream. 

iErz: 
in 

!le”atiol 

Peel 

-3.0 

-1.00 

t4.0 

1 

1 

hmplitude 6, 
length 1’70. 

140.5, Apr. 1960, 
upstream. 

4mplitude 9, 
length 140. 

140.5, Apr. 1960, 
downstream. 

See footnotes at end 

-51.0 Pmplitude 11, 
length 250. 

of t :able. 

!OC 
‘3 - 

Rough. Waves 3 to 10 ft. 

Rough. Waves 2 to 6 it. 
Upstream third beginning 
to smooth out. 

figuration, Mississippi River, mile 110 to mile 298 
wvus April 21 to 27, 1960 (56’ to 61” F.) 

A.H.P.,’ August 4 to 18,1958, 

I e 
I 

k 

*:E:: in 
,mp,itvc 

Bea 

-2.ot 

- .51 

,..... 

,..... 

f4.50 

,f e, 

n 

Rough. Waves 4 to 6 ft. Upstream end rough. 
waves 3 to 5 ft. 
Downstream part 
smooth. 

Rough. Waves 6 to 1s ft. 

Rough. Waves 2 to 6 ft. 

Smooth. Waves 2 to 4 ft 

Almost smooth through- 
out. 

Rough. Waves 4 to 9 ft. 

Smooth to near ups&an 
end. Then waves 
2 to 3 ft. 

Downstream end undu- 
lating. Upstream 
end rough. Waves 
4 to 6 ft. 

Smooth with slight 
ripples. 

Rough. Waves 2 to 6 ft. 

Rough. Waves 3 to 10 ft. 
Steep drop at 
downstream end. 

Rough, Waves 3 to 6 ft. 

Rough. Waves 3 to 5 ft. 

Smooth and steep. 

Rough. Waves 4 to 10 ft. 

Upstream end rough. 
Waves 2 to 4 ft. 
Downstream end 
smooth. 

Upstream end smooth. 
Downstream end, 
waves 2 to 5 ft. 

Smooth at bottom. 
Rough at top. Waves 
2 to 5 ft. 

Rough. Waves 1 to 6 ft. 

Upstream end rough. 
waves 2 to 3 ft. 
~mo~o~;mn end 

Rough. Waves 2 to 13 ft. 

Rough. Waves 4 to 8 ft. 

Top rough. Waves 3 to 6 ft. 

Top rough. Waves 6 to 13 ft. 

Top rough. Waves 3 to 6 ft. 

Top rough. Waves 4 to 9 ft. 

Top rough. Waves 4 to 7 ft. 

Top rough. Waves 5 to 8 ft. 

Top rough. Waves 2 to 8 ft. 

Top rough. Waves 2 to 6 ft. 

Top rough. Waves 3 to 5 ft. 

Top rough. Waves 3 to 6 ft. 

Top rough. Waves 3 to 9 ft. 

Rop rough. Waves 2 to 11 ft. 



TABLE 3.-E&t of water temperature on riverbed conjigura btic 
(82” to 83” F.1 versus Am iz 9 

154.0, Aug. 1958, 
“PSt.%3lll. 

154.0, Aug. 1958, 
downstream. 

154.0, Apr. 1960, 
“DStE*“L 

154.0. Aor. 1960. 
do%n&am. 

163.0, Aug. 1958, 
upstream. 

163.0, Aug. 1958, 
downstream. 

163.0, Apr. 1960, 
upstream. 

163.0, Apr. 1960, 
downstream. 

167.0, Aug. 1958, 
upstream. 

167.0, Aug. 1953, 
downstream. 

167.0, Apr. 1960, 
upstream. 

167.0, Apr. 1960, 
downstream. 

183.0, Aug. 1953, 
upstream. 

183.0, Aug. 1958, 
downstream. 

183.0, Apr. 1960, 
“pStlX*“l. 

183.0, Apr. 1960, 
downstream. 

190.5, Aug. 1958, 
upstream. 

190.5, Aug. 1958, 
downstream. 

190.5, Apr. 1960, 
“p.3tR*“l. 

190.5, Apr. 1960, 
downstream. 

197.5, Aug. 1958, 
upstream. 

19’7.5, Aug. 1958, 
downstream. 

Feel 
-34.0 

-34.5 

-38.0 

-34.5 

-44.5 

-48.0 

-47.0 

-46.0 

-54.5 

-55.0 

-60.5 

-57.0 

-44.0 

-41.0 

-47.5 

-45.0 

-34.5 

-36.0 

-45.0 

-40.0 

-37.5 

-36.0 

Feel 
Amplitude 6, 

length 130. 
Amplitude 7, 

length 125. 
Amplitude 8, 

length 180. 

Amplitude 9, 
length ZOO. 

Amplitude 8, 
length 150. 

Amplitude 9, 
length 110. 

Amplitude 6, 
length 130. 

Amplitude 9, 
length 180. 

Amplitude 11, 
length 200. 

Amplitude 12, 
length 270. 

Amplitude 11, 
length 270. 

Amplitude 9, 
length 300. 

Amplitude 14, 
length 210. 

Amplitude 14, 
length 375. 

Amplitude 19, 
length 550. 

Amplitude 11, 
length 550. 

Amplitude 10, 
length 160. 

Amplitude 13, 
length 180. 

Amplitude 10, 
length 400. 

Amplitude 14, 
length 500. 

Amplitude 9, 
length 160. 

Amplitude 10, 
length 190. 

d 

a: 18 

I 

1 

1 

, 

/ 

I%, Mississippi River, mile 110 to mile 298 A.H.P.,1 August 4 to 
to 27, 1960 (56” to 61’ F.)-Continued 

18, 
?1 

1958, 

I 

Rough. Waves 3 to 5 ft. 

Smooth downstream half 
Waves 2 to 8 ft. 

Rough. Waves 4 to 9 ft. 

Rough. Waves 3 to 9 ft. 

Smooth downstream half 
Waves 3 to 5 ft. 

Smooth downstream half 

Rough. Waves 2 to 5 ft. 
Waves 3 to 5 ft. 

Rough. Waves 2 to 10 ft. 
steep slope. 

Rough. Waves 4 to 17 ft. Smooth, steep slope with 
slight ripples 1 ft. 

Smooth. Small waves 
2 to 3 ft. at top. 

Rough. Small waver 2 tc 
3 ft. on remnants of 
large waves 4 to 6 ft. 

Rough. Small waves 
2 to 4 ft. 

Smooth with ripples 
1 to 3 fL 

Rough. Waves 6 to 11 ft. Top rough. Waves 6 to 10 ft. 

Rough. Waves 5 to 9 ft. Top rough. Waves 6 to 12 ft. 

Rough. Waves 4 to 12 ft. Top rough. Waves 2 to 11 ft. 

Rough. Waves 4 to 12 ft. Top rough. Waves 4 to 9 ft. 

Rough. Waves 2 to 3 ft. Smooth. 

Rough. Waves 3 to 6 ft. 

Rough. Waves 4 to 17 ft. 

Rough. Waves 4 to 15 ft. 

Rough. Waves 3 to 6 ft. 

Rough. Waves 4 to 22 ft. 

Rough. Waves 3 to 17 ft. 

Smooth upstream half. 
Waves downstream 
2 to 6 ft. 

Smooth at bottom. 
Waves 2 to 6 ft. 

Rough. Waves 3 to 3 ft. 

Rough. Waves 5 to 3 ft. Top rough. Waves 6 to 10 ft. 

Rough. Waves 2 to 7 ft. 

Generally smooth with 
WaYeS 1 to 2 ft. 

Smooth at bottom. 
Rough with waves. 

Rough. Waves 3 to 6 ft. Top rough. Waves 4 to 13 ft. 

Rough. Waves 3 to 9 ft. Top rough. Waves 4 to 10 ft. 

Rough. Waves 3 to 14 ft. Top rough. Waves 3 to 14 ft. 

Rough. Waves 2 to 5 ft. Top rough. Waves 5 to 9 ft. 

Rough. Waves. Top rough. Waves 6 to 10 ft. 

Rough. Waves 2 to 4 ft. 

Rough. Waves 4 to 6 ft. 

Smooth, steep down- 
stream drop. 

Top rough. Waves 2 to 6 ft. 

Top rough. Waves 3 to 6 ft. 

Extreme upstream end rough, 
waves 1 to 8 ft. Middle 
portion and d?wnstream 
yn; ;mfo;th with waves 

Top rough. Waves 4 to 9 ft. 

Top rough. Waves 3 to 5 ft. 

Top rough. Waves 3 to 6 ft. 

Top rough. Waves 3 to 6 ft. 

Top rough. Waves 4 to 9 ft. 

Rough. Waves 6 to 10 ft. 

Rough. Waves 6 to 14 ft. 

Rough. Waves 4 to 19 ft. 

Top rough. Waves 3 to 11 ft. 



197.5, Apr. 1960, 
upstream. 

197.5, Apr. 1960, 
downstream. 

204.0, Aug. 1958, 
upstream. 

204.0, Aug. 1958, 
downstream. 

204.0, Apr. 1960, 
upstream. 

204.0, Apr. 1960, 
downstream. 

212.0, Aug. 1958, 
upstream. 

-38.0 Amplitude 12, 
length 200. 

212.0, Aug. 1958, 
downstream. 

-36.5 Amplitude 17, 
length 250. 

212.0, Apr. 1960, 
umtream. 

ZlZ:O, Apr. i960, 
downstream. 

223.5, Aug. 1958, 
upstream. 

223.5, Aug. 1958, 
downstream 

223.5, Apr. 1960, 
“pStR?UlL 

223.5, Apr. 1960, 
downstream. 

236.0, Aug. 
upstream. 

1953, 

236.0, Aug. 1958, 
downstream. 

236.0, Apr. 1960, 
upstream. 

236.0, Apr. 1960, 
downstream. 

241.0, Aug. 1958, 
upstream. 

241.0, Aug. 1953, 
downstream. 

241.0, Apr. 1960, 
upstream. 

241.0, Apr. 1960, 
downstream. 

See footnotes at end 

-35.6 -0.00 Amplitude 7, 

I I 

length 400. 

-33.0 Amplitude 12, 

-34.5 
length 170. 

Amplitude 10, 

-39.5 
length 190. 

Amplitude 12, 

-38.0 -5.00 
length 300. 

Amplitude 14, 
length 350. 

-48.0 Amplitude 8, 

-48.0 -10.15 
length 200. 

Amplitude 11, 
length 250 

-31.0 Amplitude 13, 
length 450. 

-32.0 Amplitude 15, 
length 475. 

-26.0 Amplitude 10, 

-32.0 
length 370. 

f2.50 Amplitude 7, 
length 150. 

-24.0 Amplitude 20, 
length 350. 

-26.5 Amplitude IO, 

-34.0 
length 100. 

Amplitude 21, 
length 1,070. 

-34.0 / -8.75 1 Arnci$d;;Nb, +t?.oo 

-23.0 Amplitude 3, 
length 130. 

-20.0 Amplitude 15, 
length 200. 

-21.0 Amplitude’ 
length 

-25.0 -4.50 Amplitude8 
length 

table. 

I -3.00 

+2.00 

....... 

....... 

....... 

-5.50 

-12.00 

Smooth at bottom. 
Rough with waves 
2 to 5 ft. at top. 

Smooth at bottom with 
1 ft. ripples. Rough 
at top. 

Rough. Waves 3 to 12 ft. 

Rough. Waves 3 to 9 ft. 

Rough. Waves 3 to 15 ft. 

Rough. Waves 2 to 6 ft. 

Regular at bottom. 
Waves 1 to 2 ft. 
Waves 3 to 6.ft. at top. 

Regular at bottom. 
Waxes 1 to 2 ft. 
Waves 3 to 7 ft. at top. 

Rough. Waves 2 to 4 ft. 

Smooth 

Rough. Waves 3 to 10 ft. 

Rough. Waves 4 to 12 ft. 

Smooth 1 ft. ripples. 

Rough. Waves 3 to 6 ft. 

Smooth. Waves 1 to 2 ft. 

Rough. Waves 4 to 7 ft. 

Upstream waves 3 to 
14 ft. Downstream 
Wa”eS 1 to 5 ft. 

Rough haves 3 to 19 ft. 

Slightly rough with 
waves 1 to 3 ft. 

Rough. Waves 4 to 3 ft. 

Rough. Waves 3 to 6 ft. 

Rough. Waves 2 to 7 ft. 

Rough. Waves 2 to 4 ft. TOP rough. Waves 1 to 6 ft. 

Rough. Waves 3 to 11 ft. TqjPtTJ;gf;,with waves 

Smooth at bottom. 
Waves 2 to 5 it. 

Smooth. 

Smooth and steep. Long 
undulations. 

Smooth, steep slope 
with 1 ft. ripples. 

Rough. Waves 3 to 8 ft. 

Top rough. Waves 6 to 12 ft. 

Top rough. Waves 5 to 10 ft. 

Top rough. Waves 4 to 12 ft. 

Top rough. Waves 3 to 14 ft. 

Top rough. Waves 5 to 12 ft. 

a 

Rough. Waves 3 to 10 ft. 

Rough. Waves 3 to 8 ft. 

Smooth at bottom. 
Rough at top. 

Rough. Waves 2 to 9 ft. 

Top rough. Waves 2 to 3 ft. 2 

Top rough. Waves 2 to 11 ft. 

Top rough. Waves 7 to 12 ft. g 

.N 

Rough. Waves 8 to 13 ft. 

g 

cs 
!2 

Rough. Waves 3 to 9 ft. 

Rough. Waves 3 to 10 ft. 

Rough. Waves 2 to IO ft. 

Rough. Waves 3 to 8 ft. 

Rough. Waves 5 to 7 ft. 

Rough waves upstream 
3 to 18 ft. Down- 
stream smooth, steep 
drop. 

Rough vaves, steep drop. 

Upstream part smooth. 
Waves 3 to 5 ft. 

Smooth except upstream 
gatrot,6T;h waves 

Smooth upstream. 
Sudden drop, t,hen 
rough waves 3 to 3 ft. 

Smooth, sudden drop. 

Rough. Waves 6 to 15 ft. 3 
Rough. Waves 3 to 10 ft. 3 

Rough. Waves 3 to 7 ft. 2 

Rough. Waves 9 to 17 ft. 3 

Rough. Waves 5 to 10 ft. 

Very long undulations 
5 to 21 ft. 

Very long undulations, 
5 to 24 ft. 

Rough. Waves 3 to 3 ft. 

Rough. Waves 5 to 12 ft. 

Smlo;;h with slight ripples 

Sy;:h with slight ripples 



TABLE 3.-Effect of water temperature on riverbed configuration, Mississippi River, mile 110 to mile 298 A.H.P.,l August 4 to 18, 1958, 
(82” to 8.3’ F.) versus April 21 to 27, 1960 (56” to 61” F.)-Continued 

crossing Location mile: 
A.H.P.,’ date, an.3 direetlol 

251.0. Aun. 1958. 
upstreaii. 

251.0, Aug. 1958, 
downstream. 

251.0, Apr. 1960, 
Up&Willl. 

251.0, Apr. 1960, 
downstream. 

258.5, Aug. 1958, 
upstream. 

258.5, Aug. 1958, 
downstream. 

258.5, Apr. 1960, 
upstream. 

258.5, Apr. 1960, 
downstream. 

269.5, Aug. 1958, 
upstream. 

269.5, Aug. 1958, 
downstream. 

269.5, Apr. 1960, 
upstream 

269.5, Apr. 1960, 
downstream. 

273.0, Aug. 1958, 
upstream. 

273.0, Aug. 1958, 
downstream. 

273.0, Apr. 1960, 
upstream. 

273.0, Apr. 1960, 
downstream. 

279.0, Aug. 1958, 
upstream. 

279.0, Aug. 1958, 
downstream. 

279.0, Apr. 1960, 
upstream. 

279.0, Apr. 1960, 
downstream. 

286.5, Aug. 1958, 
upstream. 

,gg: 

Fee, 
-12.5 

-16.5 

-20.5 

-20.0 

-20.9 

-18.0 

-29.0 

-27.0 

-30.5 

-39.0 

-40.0 

-43.5 

- 9.0 

- 7.9 

-15.0 ...... 

-5.75 

-32.5 

-29.0 

-26.5 

-22.0 

...... 

...... 

+6.50 

- 6.0 ...... 

t ( 

...... 

...... 

-5.75 

...... 

...... 

...... 

-9.00 

...... 

...... 

...... 

-7.00 

....... 

- 

-- 
Pee* 

Amplitude 14, 
length 275. 

Amplitude 14, 
length 250. 

Amplitude 12, 
length 300. 

Amplitude 12, 
length 250. 

Amplitude 16, 
length 500. 

Amplitude 15, 
length 500. 

Amditudea 
l&gth 

Amplitude3 
length 

Amplitude 12, 
length 250. 

Amplitude 15, 
length 225. 

Amplitude 5, 
length 75. 

Amplitude 9, 
length 250. 

Amplitude 16, 
length 1,000. 

Amplitude 21, 
length 1,250. 

An$it~de’ 

Amplitude8 
length’ 

Amplitude 22, 
length 350. 

Anmlitude 23. 
length 350: 

Amplitude 8, 
length 400. 

Amplitude 8, 
length 540. 

Amplitude 25, 
length 425. 

- 

d 

B 

-2.00 

-15.5c 

-6.50 

-18.50 

-14.50 

e 
e- 

, 

, 

Re2gy;; E.th waves 

Re&a6 $th waves 

Rough. Waves 2 to 12 ft. 

,f cr, 

-_ 

Rough. Waves 3 to 8 ft. 

Regular with small 
waves 2 to 3 ft. 

Regular with small 
waves 2 to 5 ft. 

Rough. Waves 2 to 7 ft. 

““2”; 6?,“” wa “es 

Rough. Waves 5 to 12 ft. 

Rough. Waves 3 to 6 ft. 

Rough. Waves 2 to 4 ft. 
steep slope. 

Rough. Waves 2 to 6 ft. 

Regular with 2 to 5 ft. 
long undulations. 

Smooth at bottom. Top 
with 2 to 6 ft. waves. 

Smooth upward slope. 

Smooth with ripples 2 ft. 

Rough. Waves 3 to 7 ft. 

Rough. Waves 3 to 5 ft. 

Rough. Waves 3 to 5 ft. 

Rough. Waves 3 to 6 ft. 

Long undulations 3 to 
6 ft. with small 1 to 
2 ft. waves super- 
imposed. 

odng slopes 

Leaving Slmx 

Rough. Waves 3 to 7 ft. 

Rough. Waves 5 to 14 ft. 

Rough. Waves 2 to 1 ft. 

Rough. Waves 2 to 6 ft. 

Rough. Waves 4 to 9 ft. 

Rough. Waves 4 to 10 ft. 

Smooth with small waves, 

Rough. Waves 2 to 5 ft. 

Top rough. Waves 3 to 
10 ft. Bottom smooth. 

Top rough, with 3 to 6 
ft. waves. 

Rough. Waves 3 to 6 ft. 

Top rough with 1 to 6 ft, 
waves. Bottom smooth. 

Smooth, with long 
undulations. 

Waves 3 to 5 ft. and 
long undulations. 

Smooth steep slope. 

Smooth with long 
undulations. 

Rough. Waves 3 to 6 ft. 

Smooth. 

Smooth steep slope. 

Smooth steep slope. 

-r 

Rough. Waves 5 to 14 ft. 

Rough. Waves 4 to 14 ft. 

Rough. Waves 4 to 12 ft. 

Rough. Waves 4 to 12ft. 

Rough. Waves 4 to 16 ft. 

Rough. Waves 4 to 16 ft. 

Smooth. 

Very smooth. 

Rough. Waves 4 to 12 ft. 

Rough. Waves 4 to 15 ft. 

Small wax% 1 ta 5 ft. 

Rough. Waves 3 to 9 ft. 

Rough upstream end with 
very long VJaVeS 5 to 
16 ft. Lower end smooth. 

Rough. Very long waves 
7 to 17 ft. 

Very smooth at top. 

Very smooth. 

Rough. Waves 4 to 15 ft. 

Rough. Waves 4 to 14 ft. 

Rough. Waves 4 to 8 ft. 

Rough. Waves 4 to 8 ft. 



286.5, Aug. 1958, 
downstream. 

286.5, Apr. 1960, 
upstream. 

286.5, Apr. 1960, 
downstream. 

298.0, Aug. 1958, 
upstream 

298.0, Aug. 1958, 
downstream. 

298.0, Apr. 1360, 
upstream. 

298.0, Apr. 1960, 
downstream. 

286.5, upsbream. 

286.5, downstream. 

‘Above head of pass, 
“Mean low water. 

- 

3% 

- 7.0 

-10.0 

- 8.0 

+ 0.5 

- 2.5 

- 8.5 

- 9.0 

Amplitude 25, 
length 350. 

Amplitude 15, 
length 2,000 

Amplitude 25, 
length 2,400. 

Amplitude 10, 
length 450. 

Amplitude 11, 
length 250. 

Amplitude 10, 
length 350. 

Amplitude 9, 
length 550. 

Amplitude 26, 
length 1,600. 

Amplitude 26, 
length 2,200. 

TABLE 4.-Effect of water temperatum 0% &erbed c 
(82’ to 83” F 

110.0, Aug. 1958, 
upstream. 

110.0, Aug. 1958, 
downstream. 

110.0, Mar. 1961, 
upstream. 

110.0, Mar. 1961, 
downstream. 

116.0, Aug. 1958, 
“pstream. 

116.0, Aug. 1958, 
downstream. 

116.0, Mar. 1961, 
upstream. 

See footnotes at end 

H 

-60.0 

-70.0 

-71.0 

-41.0 

-39.5 

-49.0 

of table. 

-5.00 

-1.00 

THE.91 

l&E 
THIS 
th. 
%“a% 

Long undulations 3 to 6 ft. with small 1 to 

2 ft. waves super- 
imposed. 

3 to Lognytydulations 

Rough. Waves 2 to 13 ft. Smooth. 

Rough. Waves’3 to 10 ft. Smooth with slight 
ripples. 

Long undulations 1 to 
2 ct. waves super- 
imposed. 

Long waves 3 to 6 ft. 

Smooth, ripples 1 ft. 

Smooth, ripples 1 ft. 

Rough. Waves 3 to 9 ft. 

Smooth and steep. 

Smooth and steep. 

Ripples and steep. One to four foot wzives at 
upstream end. Rough, with 
WaYa 1 to 9 ft. on 
downstream end. 

WERE THE LARGE& 
I 

FOUND ANYWHERE. 
R WAVES FOUND AT 
ICATION IN 1958. 

I 
B 

Rough. Very large waves 
5 to 25 ft. 

Very long, smooth waves, 
7 to 15ft. 

Very smooth surface between 
4 long wa”es, 13 to 25 ft. 
in amplitude and 1,200 to 
2,400 ft. in length. 

Rough. Waves 4 to 10 ft. 

figuration, Mississippi River, mile 110 to mile 298 A.H.P., August 4 to 18, 1958, 
wms March 20 to 25, 1961 (55’ to 58” F.) 

Peel 
Amplitude 6, 

length 100. 

Amplitude 13, 

lengtb,240 

(9 

Amplitude 7, 
length 125. 

Amplitude 8, 
length 165. 

Amplitude 8, 
length 100. 

Rough. Waves 3 to 11 ft. 

Smooth with waves 1 to 2 ft. 

d 

81 

/ CR 

-- 

...... Rough. Waves 4 to 13 ft. 

...... Generally smooth. 

...... Ripply. 

Smooth to near upper 
y$ r:p wa”es 

Lower end undulating. 
Upper end rough 
waves 4 to 6 ft. 

Waves 2 to 5 ft. Rough. 

Upper end rough. Waves 
3td;. Lower part 

Almost smooth through- 
out 

Generally smooth. 

Ge;;re;lly rough. Steep 

u\p; ,;.,wmes 

Rough waves 3 to 6 ft. 

-. 

Top rough. Waves 6 to 13 ft. 

Large irregularities- ampli- 
tude less than 6 ft. 

Large irregularities-ampli- 
tude less than 5 ft. 

Top rough. Waves 4 to 7 ft. 

Top rough. Waves 5 to 8 ft. 

Rough. Waves 3 to 8 ft. Rough. Waves 3 to I ft. 

T 



TABLE 4.-E&t of water temper&m on riverbed configuration, Mississippi River, mile 110 to mile 298 A.H.P., August .& to 18, 1958, 
(82” to 83’ F.) WTSUS March 20 to 25, 1961 (55’ to 58” F.)-Continued 

116.0, Mar. 1961, 
downstream. 

140.5, Aug. 1958, 
“p8tl-ELItl. 

140.5, Aug. 1958, 
downstream. 

140.5, Mar. 1961, 
upstream. 

140.5, Mar. 1961, 
downstream. 

154.0, Aug. 1958, 
upstream. 

154.0, Aug. 1958, 
downstream. 

154.0, Mar. 1961, 
upstream. 

154.0, Mar. 1961, 
downstream. 

163.0, Aug. 1958, 
upstream. 

163.0, Aug. 1958, 
downstream. 

163.0, Mar. 1961, 
upstream. 

163.0, Mar. 1961, 
downstream. 

167.0, Aug. 1958, 
upstream. 

167.0, Aug. 1958, 
downstream. 

167.0, Mar. 1961, 
upstream. 

167.0, Mar. 1961, 
downstream. 

183.0, Aug. 1958, 
upstream. 

183.0, Aug. 1958, 
downstream. 

-54.5 

-57.0 

-52.0 

-54.0 

-34.0 

-34.5 

-39.0 

-36.0 

-44.5 

-48.0 

-47.0 

-53.0 

-54.5 

-55.0 

-58.0 

-47.0 

-44.0 

-41.0 

*versgt 
utTerem 

in 
llevatiol 

Fed 
-8.7: 

+2.7i 

-3.21 

-3.75 

t2.2E 

Feei 
Amplitude 8, 

length 200. 

Amplitude 5, 
length 90. 

Amplitude 6, 
length 170. 

Amplitude 9, 
length 150. 

Amplitude 11, 
length 500. 

Amplitude 6, 
length 130. 

Amplitude 7, 
length 125. 

Amplitude 8, 
length 100. 

Amplitude 22, 
length 225. 

Amplitude 8, 
length 150. 

Amplitude 9, 
length 110. 

Amplitude 12, 
length 100. 

Amplitude 15, 
length 300. 

Amplitude 11, 
length ZOO. 

Amplitude 12, 
length 270. 

Amplitude 7, 
length 170. 

Amplitude 15, 
length 500. 

Amplitude 14, 
length 210. 

Amplitude 14, 
length 375. 

-i 
Condition 0: 

Rough. Waves 3 to 6 ft. 

Rough. Waves 3 to 5 ft. 

.,. Upstream end smooth. 
Downstream end 
WaYeS 2 to 5 ft. 

t4.50 

Rough. Waves 4 to 9 ft. 

Rough. Waves i to 10 ft. 

Slilgy$2 ;;gh. Waves 

Rough. Waves 3 to 7 ft. 

Rough. Waves 9 to 100 ft 

t8.50 

t5.00 

Rough. Waves 10 to 20 
ft. upstream end. 

Smooth upstream half. 
Waves 2 to 8 ft. 

Rough. Waves 4 to 9 ft. 

Rough. Waves 5 to 12 ft. 

Rough. Waves 10 to 15 ft. 

- .50 

Smooth. Small vaves 
2 to 3 ft. st top. 

Rough. Small wwes 2 to 
3 ft. on remnants large 
waves 4 to 6 ft. 

Rough. Waves 3 to 7 ft. 
waves 100 ft. long. 

Generally smooth 

Rough. Waves 2 to 3 ft. 

Rough, Waves 3 to 6 ft. 

Upper end rough. Waves 
2 to 4 Ct. Lower end 
smooth. 

Upstream end rough with 
2 to 3 ft. vmves. 
Downstream end 
smooth. 

Rough. Waves 4 to 8 ft. 

Rough. Wwes 5 to 10 ft. 

Rough. Waves 2 to 4 ft. 

Rough. Waves 4 to 6 ft. 

Rough. Waves 10 to 150 fi 

Rough. Waves 3 to 10 ft. 

Smooth downstream half. 
Waves 3 to 5 ft. 

Smooth downstream half. 
waves 3 to 5 ft. 

Gentle rounded waves. 

STtoagn;tough. Waves 

Rough. Waves 6 to 11 ft. 

Rough. Waves 5 to 9 ft. 

R~I$. Waves long and 

Smooth. Gets rougher at 
lower end. Waves 
5 to 9 ft. 

Smooth. 

Rough. Waves 3 to 6 ft. 

Rough. Waves 2 to 5 ft. 

Top rough. Waves 3 to 5 ft. 

Top rough. Waves 3 to 6 ft. 

Rough. Waves 3 to 8 ft. 

Rough. Waves 5 to 10 ft. 

Top rough. Waves 2 to 6 ft. 

Top rough. Waves 3 to 6 ft. 

Downstream part has a few 
waves. Top is smooth. 
Upstream end has a few 
wBYe% 

Rough. Small waves 2 to 4 ft. 

Top rough. Waves 3 to 5 ft. 

Top rough. Waves 3 to 6 ft. 

Rough wives 7 x 125 ft. 
Waves 4 to 8 ft. 

Rough. Waves 10 to 15 ft. 

Top rough. Waves 6 to 10 ft. 

Top rough. Waves 6 to 12 ft. 

Generally smooth. Very 
slight undulations- 
less than 1 ft. amplitude. 

Rough. Large waves. 

Rough. Waves 6 to 10 ft. 

Rough. Waves 6 to 14 ft. 



183.0, Mar. 1961, 
upstream. 

283.0, Mar. 1961, 
downstream. 

-46.0 Amplitude 12, 
length 125. 

-41.0 -1.00 Amplitude 14, -1.00 
length 220. 

190.5, Aug. 1958, 
UpStlX~lll. 

-34.5 Amplitude 10, 
length 160. 

190.5, Aug. 1958, 
downstream. 

190.5, Mar. 1961, 
“PStNUTl. 

190.5, Mar. 1961, 
downstream. 

197.5, Aug. 1958, 
upstream. 

197.5, Aug. 1958, 
downstream. 

197.5. Mar. 1961. 

-36.0 

-44.0 

-41.0 

-37.5 

-36.0 

-43.0 

Amplitude 13, 3~~~ ~~II~ . “,, 

-7.25 Amplitude 
length 4 

Amplitude 
length 1,“. 

Amplitude 10, 
length 190. 

Amplitude 8, 
length 300. 

197.WJt;J,61, / -40.0 / -4.75 , A1$it&d;2e510P 1 -0.50 1 

dokxtream. 

-33.0 

-34.5 

-44.0 

-50.0 -13.25 

212$“g.,l958, / -38.0 1.. .I 

212.0, Mar. 1961, 
upstream. 

212.0, Mar. 1961, 
downstream. 

-46.0 -4.75 

223.5. Aue. 1958. -31.0 
up&e& 

223.5, Aug. 1958, -32.0 
downstream. 

223.5, Mar. 1961. -53.0 
upstream. 

223.5, Mar. 1961, -51.0 -20.50 
downstream. 

236.0, Aug. 1958, -24.0 
upstream. 

See footnotes at end of table. 

Amplitude 12, 
length 170. 

Amplitude 10, 
length 190. 

Amplitude 4, 
length 200. 

Amplitude 11, 
length 300. 

Amplitude 12, 
length 200. 

Amplitude 17, 
length 250. 

Amplitude 10, 
length 200. 

Amplitude 8, 
length 200. 

Amplitude 13, 
length 450. 

Amplitude 15, 
length 4’75. 

Amplitude 15, 
length 600. 

Amplitude 14, 
length 350. 

Amplitude 20, 
length 350. 

-3.50 

-5.50 

+ .50 

Generally smooth. Long 
and flat. Very few 
waves. Waves 4 to 7 ft 

Rough. Upstream end 
yei; yyth. Waves 

Smooth upstream half. 
Waves downstream 
2 to 6 ft. 

Smooth at bottom. 
Waves 2 to 6 ft. 

R,,,,;S,,ll waves 

Rough. Waves 5 to IO ft. 

Generally smooth with 
WB”c35 1 to 2 ft.. 

Smooth at bottom. 
Rough with waves. 

Rough. Well defined 
undulations-2 to 8 ft, 
Mostly about 4 ft. 

Rough. 2 to 10 ft. wzives. 

Rough. Waves 3 to 12 ft. 

Rough. Waves 3 to 9 ft. 

Rough. No well 
developed wave system, 

Smooth. Gentle 
undulations. 

Regular at bottom, 
WaYeS 1 to 2 ft. 3 to 
6 ft. waves at top. 

Regular at bottom, 
waves 1 to 2 ft. 3 to 
7 ft. waves at top. 

Rough. Waves 5 to 10 ft. 

Rough. Waves 2 to 8 ft. 

Rough. Waves 3 to 10 ft. 

Rough. Waves 4 to 12 ft. 

Rough. Waves 2 to 10 ft. 

Rough. Waves 2 to 5 ft. 

Rough. Sloping and 
erratic. Waves 
15x200 ft. 

Rough. Waves 5 to 14 ft. 

Rough. Waves 5 to 8 ft. 

Rough. Waves 3 to 6 ft. 

Rough. Waves 6 to 15 ft. 

Rough. Waves 2 to 8 ft. 

Rough. Waves 2 to 5 ft. 

Rough. Waves. 

Rough. Waves 1 to 7 ft. 

Rough. Waves 5 to 10 ft. 

Smooth at bottom. 
waves 2 to 5 ft. 

Smooth. 

Ro+&th terrace 

Rough. Steep drop. 

Rough. Waves 3 to 8 ft. 

Rough,. Waves 3 to 8 ft. 

Rough. Not well defined. 

Rough. Waves 2 to 5 ft. 

Rough. Waves 2 to 9 ft. 

Rough. Waves 3 to 9 ft. 

Rough. Big waves over 
500 wide x 15 ft. high. 

Rough. Big wuves. 

Rough. Waves 3 to 8 ft. 

Generally smooth. A little 
rough on each edge. 

Smooth. 

Top rough. Waves 6 to 10 ft. 

Top rough. Waves 4 to 13 ft. 

Rough. Large waves 
8 x 300 ft. 

Rough. Large waves. 

Top rough. Waves 5 to 9 ft. 

Top rough. Waves 6 to 10 ft. 

Short. Generally smooth top. 
About 1,000 ft. long. 

21 

g 
Rough. Large waves. 22 

P 
Top rough. Waves 6 to 12 ft. 1 

Top rough. Waves 5 to 10 ft. i2 E 

Fairly smooth-no wa,ves. Pi 

Smooth-gentle undulations. 5 

Q 
Top rough. Waves 5 to 12 ft. 

5 

Top rough. Waves 7 to 12 ft. 

Short top with steep 
approaches in the form of 
lirige waves 1,600 ft. long. 

Smooth, Gentle undulations. 

Rough. Waves 8 to 13 ft. 

Rough. Waves 6 to 15 ft. 

Flat. Smooth top. 

Flat. Smooth. 

Rough. Waves 9 to 17 ft. 

6: 
r 



TABLE 4.-Effect of water temperature on riverbed configuration, Mississippi River, mile 110 to mile 298 A.H.P., August 4 to 18, 1958, 
(82” to 83” F.) W~SUS March 20 to 25, 1961 (55’ to 58” FJ-Continued 

236.0, Aug. 1958, 
downstream. 

236.0, Mar. 1961, 
upstream. 

236.0, Mar. 1961, 
downstream. 

241.0, Aug. 1958, 
upstream. 

241.0, Aug. 1958, 
downstream. 

241.0, Mar. 1961, 
upstream. 

241.0, Mar. 1961, 
downstream. 

251.0, Aug. 1958, 
upstream. 

251.0, Aug. 1958, 
downstream. 

251.0, Mar. 1961, 
upstream. 

251.0, Mar. 1961, 
downstream. 

258.5. Aue. 1958. 
upstream. 

258.6, Aug. 1958, 
downstream. 

258.5. Mar. 1961. 

258.5, Mar. 1961, 
downstream. 

269.5, Aug. 1958, 
upstream. 

269.5, Aug. 1958, 
downstream. 

269.5, Mar. 1961, 
upstream. 

269.5, Mar. 1961, 
downstream. 

- 
t < kh vi” 

B.L.W.~ 

fleet 
-26.5 

-46.0 

-47.0 -21.2! 

-23.0 

-20.0 

-35.0 

-37.0 -14.5( 

-12.5 

-16.5 

-30.5 

-32.0 -16.R 

-20.0 

-18.0 

-28.0 

-25.5 

-30.5 

-39.0 

-49.5 

-46.0 

-1.li 

-13.00 

Peel 
Amplitude 10, 

length 100. 
Amplitude 5, 

length 160. 

Amplitude 4, 
length 150. 

Amplitude 8, 
length 130. 

Amplitude 15, 
length 200. 

Amplitude 10, 
length 125. 

Amplitude 10, 
length 150. 

Amplitude 14, 
length 215. 

Amplitude 14, 
length 250. 

Amplitude 15, 
length 125. 

Amplitude 13, 
length 300. 

Amplitude 16, 
length 500. 

Amplitude 15, 
length 500. 

Amplitude 18, 
length 400 

Amplitude 16, 
length 300. 

Amplitude 12, 
length 250. 

Amplitude 15, 
length 225. 

Amplitude 15, 
length 300. 

Amplitude 9, 
length 275. 

B 

k;f$:: 
,mplitud 

Feel 

-10.5 

-1.50 

,..... 

* .oo 

+1.50 

-1.50 

Condition (I 

Approach slope 

Rough. Waves 4 to 7 ft. 

Rough. Varying to 
smooth and ripply. 
waves 5x150 ft. 

Rough. 2 to 4 ft. WBY~S. 

Slightly rough with 
WaYeS 1 to 3 ft. 

Rough. Waves 4 to 8 ft. 

Very rough. Well de- 
;;lyrd waves 5 to 

Rough. Waves 10 ft. 

Rough. Small waves 
upstream part. Larger 
waves downstream part. 

Regular with small 
wa”eS 2 to 3 ft. 

Regular with small 
WaYeS 2 to 5 ft. 

Very long, varying from 
flat to very rough. 
Waves 5 to 15 ft. 

Very long. Rough. 
Waves very large. 

Rough. Waves 5 to 12 ft. 

Rough. Waves 3 to 6 ft. 

Rough. Waves 5 to 7 ft. 

Smooth and ripply. No 
wave form. Steep drop, 

Smooth. Steel drop. 

Upper part smooth. 
Waves 3 to 5 ft. 

Smooth ?xcept upper 
y&t Ff$ WaVes 

Sli&y,rough. Steep 

Smooth. Steep drop. 
Gentle undulations. 

Short and less rough than 
approach. No wave form. 

Smooth on top. 

Rough. Waves 3 to 7 ft. Rough. Waves 5 to 14 ft. 

Rough. Waves 5 to 14 ft. Rough. Waves 4 to 14 Ct. 

Rough. Waves 
15x125ft. 

Rough. Large waves 
12 7.300 ft. 

Rough. Waves 4 to 9 ft. 

Rough. Waves 4 to 10 ft. 

Fairly smooth. Undula- 
tions. Rough with 
steep drop at end. 

Faifly smooth undula- 
t,,;,s. Steep drop at 

Top rough with 3 to 10 
ft&toes. Bottom 

Top rough with 3 to 
6 ft. waves. 

Rough. Waves 5 to 15 ft. 

Smooth. Generally 
undulating. 

Rough. Waves 5 to 10 ft. 

Smooth with slight ripples 
1 ft. or less. 

Smooth. Gentle undulations. 

Rough Waves 3 to 8 ft. 

Rough. Waves 5 to 12 ft. 

Short and smooth. Rough on 
both approaches. Down- 
stream Tli*ves 3 to 9 ft. 

Rough, Large waves. 

Rough. Waves 4 to 16 ft. 

Rough. Waves 4 to 16 ft. 

Very large Waves 
11 x 700 ft. 

Rough. Large waves 
15 x 300 ft. 

Rough. Waves 4 to 12 ft. 

Rough. Waves 4 to 15 ft. 

Rough. Waves 5 to 1 ft. 

Rough. Waves 3 to 9 ft. 



2'73.0, Aug. 1958, 
“pSt*WlL 

273.0, Aug. 1958, 
downstream. 

2'73.0, Mar. 1961, 
upstream. 

273.0, Mar. 1961, 
downstream. 

219.0, Aug. 1958, 
“pSt*C&Ull. 

279.0, Aug. 1958, 
downstream. 

2’79.0, Mar. 1961, 
upstream. 

279.0, Mar. 1961, 
downstream.. 

286.5, Aug. 1958, 
upstream. 

286.5, Aug. 1958, 
downstream. 

286.5, Mar. 1961, 
“PStEtllll. 

286.5, Mar. 1961, 
downstream. 

298.0, Aug. 1958, 
upstream. 

298.0, Aug. 1958. 
downstream. 

298.0, Mar. 1961, 
upstream. 

298.0, Mar. 1961, 
downstream. 

- 

- 9.c 

- 7.c 

-26.5 

-29.1 

-32.5 

-29.0 

-39.0 

-35.0 

- 6.0 

- 7.0 

-31.0 

-30.0 

- .5 

- 2.6 

-18.0 

-25.0 

-19 

-6 

-24, 

-20. 

I.75 

25 

, 

i 

.o i 

! 

1 

i 

50 1 

Amplitude 16, 
length 1,000. 

Amplitude 21, 
length 1,250. 

Amplitude ‘i, 
length 200. 

Amplitude 15, 
length 300. 

Amplitude 22, 
length 350. 

Amplitude 23, 
length 350. 

Amplitude 15, 
length 400. 

Amplitude 15, 
length 550. 

Amplitude 25, 
length 425. 

kmplitude 25, 
length 350. 

4mplitude 6, 
length 100. 

kmplitude 3, 
length 200. 

lmplitude 10, 
length 450. 

knplitude 11, 
length 250. 

Amplitude 8, 
length 125. 

Amplitude 11, 
length 150. 

- 

-7.5, 

-1.5( 

18.00 

-1.00 

Regular with 2 to 5 ft. 
long undulations. 

Smooth with long 
undulations. 

Smooth at bottom. Top Waves 3 to 5 ft. and 
with 2 to 6 ft. waves. 

Rough. Waves 3 to 8 ft. 
long undulations. 

Smooth. 

Rough. Waves 3 to 8 ft. 
Upper part generally 
smooth. 

Rough. Waves 5 to 15 ft. Smooth. 

Rough. Waves 3 to 7 ft. 

Rough. Waves 3 to 5 ft. 

Rough. Waves 9 ft. 

Rough. Waves 3 to 8 ft. 

Rough. Waves 3 to 6 ft. 

Smooth. 

Smooth undulations. 

Smooth upper part. 
Lower part rough. 
Waves 2 to 4 ft. 

Long undulations 3 to 
6 ft. with small waves 
1 to 2 ft. s”Del- 
imposed. 

Long undulations 3 to 
6 ft. with small waves 
1 to 2 ft. super- 
imposed. 

Rough. Small waves 
2 to 4 ft. 

RoqutkS%;ge waves 

Long undulations 1 to 
2 ft. with waves 
superimposed. 

Long WR”ex 3 to 6 ft. 

Rough. Waves 3 to 11 ft. 

Rough. Very large v,aves 
6 to 19 ft. 

Long undulations 
3 to 5 ft. 

Rough. Very large vaves 
5 to 25 ft. 

W;yoa ~“a;,ower end, 

Smooth at upstream end, 
Very rough down- 
;tyoaFf;;d. Waves 

Rough. Waves 3 to 9 ft. 

Smooth and steep. 

Rough. Steep, Larger 
waves at bottom. 
waves 1 to 4 ft. 

Rough. Small waves at 
upper end. General 
undulations. - 

Rough upper end with very 
long wave, 5 to 16 ft. 
Lower end smooth. 

Rough. Very long waves 
7 to 11 ft. 

Smooth. 

Rough. Waves 4 to 15 ft. 

Rough. Waves 4 to 14 ft. 

Rough, Large waves 
15x400 ft. 

Rough. Smooth upper part. 
Lower part rough. 

Top generally smooth. 

Upstream part rough. 
Downstream part smooth. 

Rough. Waves 4 to 10 ft. 

Rough. Waves 3 to 11 ft, 

Rough. Waves 3 to 8 ft. 

Rough. Waves 2 to 6 ft. 



TABLE 5.-Effect of water temperature 0% riverbed configuration, Mississippi River, mile 110 to mile 298 A.H.P., August 4 to 18, 1958, 
(82” to 8.P F.) wmus May 8 to 12, 1961 (64” to 66’ F.) 

110.0, Aug. 1958, 
upstrtwn. 

110.0, Aug. 1958, 
downstream. 

110.0, May 1961, 
upstream. 

110.0, May 1961, 
downstream. 

116.0, Aug. 1958, 
upstream. 

116.0, Aug. 1958, 
downstream 

116.0, May 1961, 
“p*tXUIl. 

116.0, May 1961, 
downstream. 

140.5, Aug. 1958, 
upstream. 

140.5, Aug. 1958, 
downstream. 

140.5, May 1961, 
“pstrem. 

140.5, May 1961, 
downstream. 

154.0, Aug. 1958, 

l5%%~1958, 
do&stream 

154.0, May 1961, 
upstream. 

164.0, May 1961, 
downstream. 

163.0, Aug. 1958, 
upstream. 

163.0, Aug. 1958, 
downstream. 

163.0, May 1961, 
upstream. 

163.0, May 1961, 
Annm.t?oam 

e, -- 
Peel 

-63.0 

-60.0 

-70.0 

-72.6 

-41.0 

-39.5 

-36.0 

-36,O 

-54.5 

-57.0 

-48.0 

-49.0 

-34.0 

-34.5 

-21.0 

-25.0 

-44.5 

-48.0 

-42.0 

-43.0 

-9.50 

+4.26 

+I.25 

+8.25 

+3.15 

FId 
Amplitude 6, 

length 100. 

Amplitude 13, 
length 240. 

Amplitude 15, 
length 300. 

Amplitude I, 
length 100. 

Amplitude I, 
length 125. 

Amplitude 8, 
!ength 165. 

Amplitude 12, 
length 300. 

Amplitude 15. 
length 300. 

Amplitude 5, 
length SO. 

Amplitude 6, 
length 170. 

Amplitude 17, 
leqth 500. 

Amphtude 10, 
length 300. 

Amplitude 6, 
length 130. 

Amplitude 7, 
length 125. 

Amplitude 12, 
length 250. 

Amplitude 13, 
length 1,300. 

Amplitude 8, 
length 150. 

Amplitude 9, 
length 110. 

Amplitude 8, 
length 250. 

Amplitude 8, 
Len!& 300. 

d 
P 

...... 

...... 

+1.5c 

Condition 0 
Approaoh dope 

Rough. Waves 4 to 6 ft. 

Rough. Waves 6 to 18 ft. 

Rough. Waves 2 to 4 ft. 

Rough. Waves 1 to 3 ft. 

...... 

...... 

...... 

+6.00 

Smooth to near upper 
g. 3’p waves 

Lower end undulating. 
U per end rough, 
v? aves 4 to 6 ft. 

Rough. Waves 1 to 8 ft. 

Ri,pp~l~f;ough. Waves 

...... Rough. Waves 3 to 5 ft. 

...... Upstream end smooth. 

...... 

+8.00 

Downstream end 
vmves 2 to 5 ft. 

Rough. Waves 2 to 8 ft. 

Rough. Waves 2 to 10 ft. 

...... Slif!;;,‘% ro;gh. Waves 

...... Rough. Waves 3 to 7 ft. 

...... Rough. Ripply. 

+6.OC 

...... 

...... 

...... 

-0.5c 

Ripply. 

Smooth upstream half. 
Waves 2 to 8 ft. 

Rough. Waves 4 to 9 ft. 

Rough. Waves 3 to 5 ft. 

Rough. Waves 3 to 6 ft. 

Upper end rough. Waves 
3b5,h’. Lower part 

Al;“yt smooth through- 

Rough. Waves 10 to 15 ft. 

Rough. Waves 4 to 7 ft. 

Rough. Waves 3 to 6 ft. 

Upper end smooth. 
Lower end rough. 

Ripples. 

Upper end rough. 
waves 2 to 4 ft. Lowe1 
end smooth. 

Upstream end rough 
with 2 to 3 ft. WBV~B. 
Downstream end 
smooth. 

Rough. Waves 1 ta 6 ft. 

Rough. Waves 2 to 10 ft. 

Rough. Waves 2 to 4 ft. 

Rough. Waves 4 to 6 ft. 

-I- 

Rough at lower end. 
waves 2 to 4 ft. 
Short and steep. 

Rough. Waves 2 to 5 ft. 

Smooth downstream half. 
wsves 3 ta 5 ft. 

Smooth downstream half. 
waves 3 to 5 ft. 

Rough. Irregular. Short 
and steep. 

Smooth. Steep. 

Top rough. Waves 3 to 6 ft. 

Top rough. Waves 6 to 13 ft. 

Rough. Waves 2 to 15 ft. 

Smooth-ripply. 

Tap rough. Waves 4 to 7 ft. 

Top rough. Waves 5 to 8 ft. 

Rough. Waves 3 to 6 ft. 

Rough. Waves 3 to 15 ft. 

Top rough. Waves 3 to 5 ft. 

Top rough. Waves 3 to 6 ft. 

Rough. Waves 5 to 15 ft. 

Rough. Waves 2 to 10 ft. 

Top rough. Waves 2 to 6 ft. 

Top rough. Waves 3 to 6 ft. 

Rough. Waves 2 to 12 ft. 

Rough. Waves 2 to 10 ft. 

Top rough. Waves 3 to 5 ft. 

Rop rough. Waves 3 to 6 ft. 

Rough. Waves 3 to 15 ft. 

Rough. Waves 3 to 10 ft. 



167.0, Aug. 1953, 
“pSt~~LUll. 

167.0, Aug. 1958, 
downstream. 

167.0, May 1961, 
“pStCS%ll. 

167.0, May 1961, 
downstream. 

183.0, Aug. 1958, 

18%$it~l958, 
downstream. 

183.0, May 1961, 
upstream. 

183.0, May 1961, 
downstream. 

190.5, Aug. 1958, 
upstream. 

190.5, Aug. 1958, 
downstream. 

190.5, May 1961, 
upstrealn. 

190.5, May 1961, 
downstream. 

197.5, Aug. 1958. 
“P~tEUll. 

197.5. Aue. 1953. 
d&n&am. 

197.5, May 1961, 
upstream. 

197.5. Mav 1961. 
do&w&m. 

204.0, Aug. 1958, 
“pstret3lll. 

204.i.~AuY.l~58, 

204.0, May 19iX. 
upstream. 

204.0, May 1961, 
downstream. 

212.0, Aug. 1958, 
UpStream. 

212.0, Aug. 1958, 
downstream. 

212.0, May 1961, 
upstream. 

212.0, May 1961, 
downstream. 

See footnotes at end 

-54.6 ........ 

-55.0 ........ 

-46.0 ........ 

-48.0 +7.75 

-44.0 ........ 

-41.0 ........ 

-44.0 ........ 

-47.5 -3.25 

-34.5 ........ 

-36.0 ........ 

-32.0 ........ 

-32.0 f3.25 

-37.6 ........ 

-36.0 ........ 

-30.0 ........ 

-29.0 +7.25 

-33.0 ........ 

-34.6 ........ 

-31.0 ........ 

-33.0 +1.75 

-38.0 ........ 

-36.5 ........ 

-29.0 ........ 

-27.0 +9.25 

Amplitude 11, 
length 200. 

Amplitude 12, 
length 270. 

Amplitude 12, 
length 500. 

Ampbtude 20, 
length 500. 

Amplitude 14, 
length 210. 

Amplitude 14, 
length 315. 

Amplitude 15, 
length 650. 

Amplitude 25, 
length 750. 

Amplitude 10, 
length 160. 

Amplitude 13, 
length 180. 

Amplitude 9, 
length 300. 

Amplitude 18, 
length 500. 

Amplitude 9, 
length 160. 

Amplitude 10, 
length 190. 

Amplitude 20, 
length 1,100. 

Amplitude 20, 
length 750. 

Amplitude 12, 
length 170. 

Amplitude IO, 
lqth 190. 

Ampbtude 14, 
length 800. 

Amplitude 14, 
length 600. 

Amplitude 12, 
length 200. 

Amplitude 17, 
length 250. 

Amplitude 23, 
length 1,100. 

Amplitude 24, 
length 1,000 

Smooth. Small waves 
2 to 3 ft. at top. 

Rough. Waves 6 to 11 ft. Top rough. Waves 6 to 10 ft. 

Rough. Small waves 2 to Rough. Waves 5 to 9 ft. Top rough. Waves 6 to 12 ft. 
3 ft. on remnants 
large waves 4 to 6 ft. 

R,~,S,,ll waves Rough. Very large Rough. Waves 2 to 3 ft. 
waves 12 ft. 

f4.50 Ro;g$$r~ waves Ripply and step. Rough. Waves 7 to 20 ft. ........ I I Rough. Waves 2 to 3 ft. Smooth. Rough. Waves 6 to 10 ft. 

........ Rough. Waves 3 to 6 ft. Rough. Waves 3 to 6 ft. Rough. Waves 6 to 14 ft. 

Long-rough. Smooth. Gentle 
undulations. 

+6.00 Rough. Large waves. Rough. Waves 2 to 4 ft. 

Smooth upstream half. 
~~fl.ownstream 

Rough. Waves 5 to 3 ft. 

Smooth at bottom. Rough. Waves 3 to 6 ft. 
Waves 2 ta 6 ft. 

Long, gently undulating. Rough. Waves 2 to 12 ft. 

+2.00 Rough. Waves 2 to 10 ft. Lung. Smooth and 

Generally smooth with 
undulating. 

Rough. Waves 2 to 5 ft. 
waves 1 to 2 ft. 

Smooth at bottom. Rough. Waves. 
Rough with waves. 

Rough. Waves 2 to 10 ft. Irregular, steep, no 
order to surface. 

+10.5 Rough. Waves 2 to 15 ft. Rough. Waves 2 to 4 ft. 

Rough. Waves 3 to 12 ft. Smooth at hottom. 
waves 2 to 5 ft. 

Rough. Waves 3 to B ft. Smooth. 

Rough. Ripples at start. Steep. Undulations. 
waves 7 to 12 ft. 

C3.00 R$k%&es 5 to 15 ft. Ripply. 

Regular at bottom. Rough. Waves 3 to 8 ft. 
waves 1 to 2 ft. 3 to 
6 ft. waves at top. 

Regular at bottom. Rough. Waves 3 to 8 ft. 
Waves 1 to 2 ft. 
3 to 7 ft. waves at tip. 

Rough. Waves 4 to 15 ft. Rough. Waves 1 to 11 ft. 

+O.OO Rough. Waves 2 to 15 ft. Rough. Waves 1 to 10 ft. 

Gentle undulations. 

Smooth. 

Top rough. Waves 6 to IO ft. 

Top rough. Waves 4 to 13 ft. 
E 
s 

Rough. Waves 2 to 3 ft. .F 
Rough. Large waves. I 

Top rough. Waves 5 to 9 ft. cz 

Top rough. Waves 6 to 10 ft. ii 

Top rough. Waves 1 to 13 ft. 

Top rough. Waves 6 to 12 ft. 

Top rough. Waves 5 to 10 ft. 

Rough. Waves 5 to 12 ft. 

m 

Rough. Waves 5 to 15 ft. 

Top rough. Waves 5 to 12 ft. 

Top rough. Waves 7 ta 12 ft. 

Fe;,~l~;mooth waves 

Rough. L&e waves 
10 to 20 ft. 



TABLE 5.-Efffxt of water temperature on riverbed configuration, Mississippi Rim, mile 110 to mile 298 A.H.P., August 4 to 18, lg&g, 

(82” to 8.3” F.) WTSUS May 8 to 12, 1961 (64” to 66” F.)-Continued 

223.5. AUK. 1958, 
“pStP2LUll. 

223.5, Aug. 1958, 
downstream. 

223.5, May 1961, 
“p~t~%Ull. 

223.5, May 1961, 
downstream. 

236.0, Aug. 1958, 
upstream. 

236.0, Aug. 1958, 
downstream. 

236.0, May 1961, 
upstream. 

236.0, May 1961, 
downstream. 

241.0, Aug. 1958, 
UpStEFillL 

241.0, Aug. 1658, 
downstream. 

241.0, May 1961, 
upstream. 

241.0, May 1961, 
downstream. 

251.0, Aug. 1958, 
upstream. 

251.0, Aug. 1958, 
downstream. 

251.0, May 1961, 
upstream. 

251.0, May 1961, 
down&am. 

258.5. AUP. 1958. 

downstream. 

269.5, Aug. 1958, 
upstream. 

269.5, Aug. 1958, 
rln”rnr~*on,,. 

I $,pP; 

Pee, 
-31.0 

-32.0 

-26.0 

-36.5 

-24.0 

-26.5 

-28.0 

-32.0 

t d 

+ .25 

-4.15 

-23.0 

-20.0 

-36.0 

-34.0 -13.50 

-12.5 

-16.5 

-12.0 

-15.0 +1.00 

-20.0 

-18.0 

-13.0 

-32.0 -12.50 

-30.5 

-39.0 

Fed 
Amplitude 13, 

length 450. 
Amplitude 15, 

length 475. 
Amplitude 12, 

length 900. 
Amplitude 18, 

length 300. 
Amplitude 20, 

length 350. 
Amplitude 10, 

length 100. 
Amplitude 14, 

length 350. 
Amplitude 10, 

length 400. 

Amplitude 8, 
length 130. 

Amplitude 15, 
length 200. 

Amplitude 8. 
length 100. 

Amplitude 10, 
length 250. 

Amplitude 16, 
length 500. 

Amplitude 15, 
length 500. 

Amplitude 13, 
length 200. 

Amplitude 15, 
length 300. 

Amplitude 12, 
length 250. 

Amplitude 15, 
leneth 225. 

- 
Condition 0, 

Rough. Waves 3 to 10 ft. 

Rough. Waves 4 to 12 ft. 

Ro5u~.ll;~t~ waves 

11.00 R~~;‘;ar~ waves 

Smooth with wwes 
1 ta 2 ft. 

-3.00 

Rough. Waves 4 to 7 ft. 

Rough. Waves 1 to 10 ft. 

Rough. Waves 2 to 10 ft. 

Slightly rough with 
waves 1 to 3 ft. 

Rough. Waves 4 to 8 ft. 

-2.50 

Rough. Ripply. 

-2.50 

ReZguz6 y:h waves 

ReZg$r6 y;th waves 

Approach rough. Large 
WBv?S 2 to 10 ft. 

Ripply to rough. 

-1.50 

Regular with small 
waves 2 to 3 ft. 

Regular with small 
waves 2 to 5 ft. 

Rough. Waves 2 to 8 ft. 

Rough. Waves 2 to 7 ft. 

Rough. Waves 5 to 12 ft. 

Rough. Waves 3 to 6 ft. 

OEaing slopes 

Rough. Waves 2 to 9 ft. 

Rough. Waves 3 to 9 ft. 

Undulating. Smooth. 

Ripply. 

Rough. Waves 3 to 8 ft. 

Rough. Waves 5 to 7 ft. 

Undulating. Steep drop. 

Rough. Steep. Large 
waves. 

Upper part smooth. 
Waves 3 to 5 ft. 

Smooth txcept upper 
y&t -pf Wa”eS 

Rough. Steep descent. 

Rough. Steep descent. 

Rough. Waves 3 to 7 ft. 

Rough. Waves 5 to 14 ft. 

T 

Smooth. Gentle undu- 
lations. 

Undulating. Smooth. 

Rough. Waves 4 to 9 ft. 

Rough. Waves 4 to 10 ft. 

Smooth. Undulating. 

Smooth. Undulating. 

Top rough with 3 to 10 
ft~;t~ Bottom 

Top rough with 3 to 6 ft. 
waves. 

Rough. Waves 8 to 13 ft. 

Rough. Waves 6 to 15 ft. 

Rough. Large waves. 

Smooth. Large wives. 

Rough. Waves 9 to 17 ft. 

Rough. Waves 5 to 10 ft. 

Rough. Waves 7 to 14 ft. 

Rough. Large waves 4 to 12 ft. 

Rough. Waves 3 to 8 ft. 

Rough. Waves 5 to 12 ft. 

Rough. Waves 2 to 8 ft. 

Rough. Waves 3 to 10 ft. 

Rough. Waves 5 to 14 ft. 

Rough. Waves 4 to 14 ft. 

Rough. Frequent undulations. 

Rough. Waves 2 to 4 ft. 

Rough. Waves 4 to 16 ft. 

Rough. Waves 4 to 16 ft. 

Rough. Waves 2 to 1 ft. 

Smooth. Undulating. 

Rough. Waves 4 to 12 ft. 

Rough. Waves 4 to 15 ft. 



__“.“, _.A”., &““A) 
upstream. 

269.5, May 1961, 
downstream. 

273.0, Aug. 1958, 
upstream. 

273.0, Aug. 1958, 
downstream. 

273.0, May 1961, 
upstream. 

273.0, May 1961, 
downstream. 

279.0, Aug. 1958, 
upstream. 

279.0, Aug. 1958, 
downstream. 

219.0, May 1961, 
upstream. 

279.0, May 1961, 
downstream. 

286.5, Aug. 1958, 
upstream. 

286.5, Aug. 1958, 
downstream. 

286.5, May 1961, 
upstream. 

286.6, May 1961, 
downstream. 

298.0. Aug. 1958, 
upstream. 

298.0, Aug. 1958, 
downstream. 

298.~tivI~f,1961, 

Z$?.O, Mzzy 1961, 
aOWn8mearn. 

’ Above head of passes. 
2 Mean low water. 
8 No wave patter”. 

-.,I_> 

-53x 

- 9.0 

- 7.0 

-18.0 

-15.0 

-32.5 

-29.0 

-30.0 

-34.5 

- 6.0 

- 1.0 

-22.0 

-23.0 

- .5 

- 2.5 

-11.0 

-16.0 

., 

, 

, ., 

- 

-8.50 

-1.50 

-16.0 

-15.50 

bmp”~““e 13, 
length 250. 

Amplitude 18, 
length 200. 

- 

Amplitude 16, 
length 1,000. 

Amplitude 21, 
length 1,250. 

Ampbtude 13, 
length 700. 

Amplitude IO, 
length 150. 

Amplitude 22, 
length 350. 

Amplitude 23, 
length 350. 

Amplitude 20, 
length 400. 

Amplitude 20, 
length 500. 

Amplitude 25, 
length 425. 

Amplitude 25, 
length 350. 

Amplitude 13, 
length 1,000. 

Amplitude 17, 
length 800. 

Amplitude IO, 
length 450. 

Amplitude 11, 
length 250. 

(“1 

‘I Steep. Rough. Irregular. Rough. Waves 5 to 13 ft. I Rough. Waves 2 to 5 ft 

Steep. Rough. Irregular. Rough. Waves 5 to 15 ft. 

...... 

+x00 

...... 

...... 

.. ... 

-4.50 

...... 

...... 

...... 

-2.50 

...... 

...... 

...... 

-10.00 

...... 

...... 

...... 

...... 

Rough. Waves 2 to 5 ft 

Regular with 2 LO 5 ft. 
long undulations. 

Smooth with long 
undulations. 

Smooth at bottom. Top Waves 3 to 5 ft. and 
with 2 to 6 ft. waves. 

Ripply. Constant ascent. 
long undulations. 

Rough. Waves 2 to 6 ft. 

Ripply. Rough. Waves 2 to 10 ft. 

Rough upper end with very 
long waves 5 to 16 ft. 
Lower end smooth. 

Rough. Very long waves 
1 to 17 ft. 

Rough. Large waves. 

Rough. Waves 2 to 10 ft. 

Rough. Waves 3 to 7 ft. 

Rough. Waves 3 to 5 ft. 

Rough. Waves 3 to 6 ft. 

Smooth. 

Rough. Large wives. 

Rough. Waves 2 to 15 ft. 

Rough. Ripply. Steep. 
Waves 1 to 18 ft. 

Smooth. Undulating. 

Rough. Waves 4 to 15 ft. 

Rough. Waves 4 to 14 ft. 

Rough. Waves 5 to 13 ft. 

Rough. Waves 5 to 20 ft. 
3 

Long undulations 3 to 
6 ft. with small waves 
I to 2 ft. superimposed. 

Long undulations 3 to 
6 ft. with small waves 
1 to 2 ft. superimposed. 

R~~~3Sf~ll waves 

Rough. Waves 
17 x 406 ft. 

Lo;g;;duFtions 

Lo~~o”;~~lations 

Rough. Irregular pattern. 

Gentle. Undulating. 

Rough. Waves 3 to 9 ft. 

% 
Rough. Very large waves 

6 to 19 ft. !Q 
I 

R”s”~;&~~;,Y large waves tz 
er 

Long undulations 
1 to 2 ft. with wwes 
superimposed. 

Long waves 3 to 6 ft. Smooth and steep. 

Ripply. Gentle 
undulations. 

Ripply. Gentle 
undulations. 

Ripply. Gentle 
undulations. 

Ripply. Gentle 
undulations. 

Rough. Large waves. 

Rough. Large waves. 

Rough. Waves 4 to 10 ft. i! 

Rough. Waves 3 to 11 ft. 

Ripply. Gentle undulations. 1 m 

Ripply. Gentle undulations. 
- - 



TABLE 6.-E&t of water temperature on riverbed e’ O%j 

110.0, Aug. 1958, 
upstream. 

110.0. Aug. 1958, 
d&n&earn. 

110.0, June 1961, 
upstream. 

110.0, June 1961, 
doxktream. 

116.0, Aug. 1958, 
upstream. 

116.0, Aug. 1958, 
downstream. 

116.0, June 1961, 
upstream. 

116.0, June 1961, 
downstream. 

140.5, Aug. 1958, 
upstream. 

140.5, Aug. 1958, 
downstream. 

140.5, June 1961, 
upstream. 

140.6, June 1961, 
Downstream. 

154.0, June 1961, 
downstream. 

163.0. Aw. 1958. 
up&&“. 

163.0, Aug. 1958, 
downstream. 

163.0, June 1961, 
upstream. 

163.0, June 1961, 
downstream. 

-60.0 

-63.0 

-67.0 

-41.0 

-39.5 

-32.0 

-34.0 

-54.5 

- 57.0 

-50.0 

-52.0 

-34.0 

-34.5 

-28.0 

-23.0 

-44.5 

-48.0 

-46.0 

-46.0 

i-2 
e, 

- 

-3.50 

+7.25 

+4.15 

+8.15 

+ .25 

Peel 
Amplitude 6, 

length 100. 

Amplitude 13, 
length 240. 

Amplitude 22, 
length 394. 

Amplitude 25, 
length 600. 

Amplitude 7, 
length 125. 

Amplitude 8, 
length 165. 

Amplitude 18, 
length 591. 

Amplitude 10, 
length 220. 

Amplitude 5, 
length 90. 

Amplitude 6, 
length 170. 

Amplitude 15, 
length 400. 

Amplitude 16, 
length 612. 

Amplitude 6, 
length 130. 

Amplitude 7, 
length 125. 

Amplitude 12, 
length 294. 

Amplitude 11, 
length 283. 

Amplitude 8, 
length 150. 

Amplitude 9, 
length 110. 

Amplitude 11, 
length 98. 

Amplitude 13, 
length 303. 

d 

B 

(iguration, Mississippi River, mile 110 to mile 298 A.H.P., August 4 to 18,1958, 
) vemus June 1 to 6, 1961 (YOO to 73” F.) 

I 

Rough. Waves 4 to 6 ft. 

ki4.00 

Rough. Waves 2 to 13 ft. 

Rough. Waves 2 to 10 ft. 
Steep approach slope. 

Rough. Waves 5 to 25 ft. 

+6.50 

Smooth ta near upper 
end. Then waves 
2 to 3 ft. 

Lower end undulating. 
Upper end rough. 
Waves 4 to 6 ft. 

Smooth at start. Waves 
2 to 8 ft. at top. 

Rough. Waves 2 to 10 ft. 

Rough. Waves 3 to 5 ft. 

1-10.00 

Upstream end smooth. 
Downstream end 
waves 2 to 5 ft. 

Rough. Waves 2 to 11 ft. 

Rough. Waves 2 ta 12 ft. 

f5.00 

+3.50 

Slightly rough. Waves 
1 to 2 ft. 

Rough. Waves 3 to 7 ft. 

Irregular waves 2 to 6 ft. 

Rough. Waves 5 to 8 ft. Smooth. Rough. Waves 4 to 11 ft. 

Smooth upstream half. 
Waves 2 to 8 ft. 

Rough. Waves 4 to 9 ft. 

Rough. Waves 2 to 9 ft. 

Rough. Waves 4 to 13 ft. 

Upper end rough. Waves 
3 to 5 ft. Lower part 
smooth. 

Almost smooth through- 
out. 

Rough. Waves 1 to 6 ft. 

Rough. Waves 3 to 6 ft. 

Rough. Waves 3 to 6 ft. Top rough. Waves 5 to 8 ft. 

Smooth. 

Irregular waves 2 to 3 ft. 

Rough. Waves 5 to 18 ft. 

Smooth. 

Upper end rough. Waves 
2 to 4 ft. Lower end 
smooth. 

Upstream end rough 
with 2 to 3 ft. waves. 
Downstream end 
smooth. 

Top rough. Waves 3 to 5 ft. 

Top rough. Waves 3 to 6 ft. 

Rough. Waves 5 to 11 ft. Rough. Waves 5 to 15 ft. 

Rough. Waxes 4 to 12 ft. Rough. Waves 10 to 16 ft. 

Rough. Waves 2 to 4 ft. 

Rough. Waves 4 to 6 ft. 

Irregular waves 1 to 3 ft. 

Top rough. Waves 2 to 6 ft. 

Top rough. Waves 3 to 6 ft. 

Rough downstream. Waves 
2 to 12 ft. Upstream H 
is smooth. 

Smooth downstream half, 
Waves 3 to 5 ft. 

Smooth downstream half, 
waves 3 to 5 ft. 

Smooth. 

Smooth. 

Top rough. Waves 3 to 6 ft. 

Top rough. Waves 6 to 13 ft. 

Rough. Waves 5 to 22 ft. 

Smooth. 

Top rough. Waves 4 ta ‘7 ft. 

Top rough. Waves 3 to 5 ft. 

Top rough. Waves 3 to 6 ft. 

Rough. Waves 3 to 11 ft. 

Rough. Wwes 6 to 10 ft. 



-“I.“, ‘lug. 1500, 

upstream. 
167.0, Aug. 1958, 

downstream. 

167.0, June 1961, 
upstream. 

167.0, June 1961, 
downstream. 

183.0, Aug. 2958, 
upstream. 

183.0, Aug. 1958, 
downstream. 

183.0, June 1961, 
upstream. 

183.0, June 1961, 
downstream. 

190.5, Aug. 1958, 
“pSt.W%lIl. 

190.5, Aug. 1958, 
downstream. 

190.5, June 1961, 
upstream. 

190.5, June 1961, 
downstream. 

197.5, Aug. 1958, 
upstream. 

197.5, Aug. 1958, 
downstream. 

191.5, June 1961, 
upstream. 

197.5, June 1961, 
downstream. 

204.0, Aug. 1958, 
upstream. 

204.0, Aug. 1958, 
downstream. 

204.0, June 1961, 
“*stream. 

204.0. June 1961, 
downstream. 

212.0. Aug. 1958, 
upstream. 

212.0, Aug. 1958, 
downstream. 

212.0, June 1961, 
upstream. 

212.0, June 1961, 
downstream. 

--04.: 

-55s 

-4l.C 

-43.c 

-44s 

-4l.C 

-50.0 

-49.0 

-34.5 

-36.0 

-37.0 

-41.0 

-37.5 

-36.0 

-36.0 

-37.0 

-33.0 

-34.5 

-42.0 

-41.0 

-38.0 

-36.5 

-40.0 

-35.0 

, 

1 

, 

, 

I 

I 

/ 

+7.25 

,..,.. 

,..... 

-7.00 

-3.75 

+ .25 

-1.75 

- 25 

, 

, 

2 

2 

1 

i 

1 

Amplitude 11, 
length 200. 

Amplitude 12, 
length 2’70. 

Amplitude 28, 
length 392. 

Amplitude 20, 
length 404. 

Amplitude 14, 
length 210. 

Amplitude 14. 
len@h 375. 

Amphtude 17, 
length 654. 

Ampbtude 24, 
length 378. 

Amplitude 10, 
length 160. 

Amplitude 13, 
length 180. 

Amplitude 16, 
length 792. 

Amplitude 15, 
length 438. 

Ampbtude 9, 
length 160. 

Amplitude 10, 
length 190. 

Amplitude 17, 
length 594. 

Amplitude 16, 
length 279. 

knplitude 12, 
length 170. 

Amplitude 10, 
length 190. 

4mplitude 15. 
length 392. 

4mplitude 16. 
length 286. 

kmplitude 12, 
length 200. 

4mplitude 1’7, 
length 250. 

4mplitude 14, 
length 1,078. 

4mplitude 25, 
length 1,691 

..... 

..... 

t12.5c 

..... 

..... 

+6X 

...... 

...... 

...... 

+4.oc 

...... 

...... 

...... 

+7.00 

...... 

...... 

...... 

+4.50 

...... 

...... 

...... 

f5.00 

Smooth. Small waves 
2 to 3 ft. at top. 

Rough. Small waves 
2 to 3 ft. Temnank 
large WaVeS 4 to 6 it. 

Rough. Waves 2 to 28 ft. 

Rough. Waves 6 to 18 ft. 

Rough. Waves 2 to 3 ft. 

Rough. Waves 3 to 6 ft. 

Rough. Waves 3 to 17 ft. 

Rough. Waves 7 to 24 ft. 

Smooth upstream half. 
Waves downstream 
2 to 6 ft. 

Smooth at bottom. 
Waves 2 to 6 ft. 

Rough. Waves 2 ta 15 ft. 

Irregular. 

Generally smooth with 
WaYeS 1 to 2 ft. 

Smooth at bottom. 
Rough with waves. 

Rough. Waves 2 to 11 ft. 

Rough. Waves 2 to 12 ft. 

Rough. Waves 3 to 12 ft. 

Rough. Waves 3 to 9 ft. 

Rough. Waves 2 to 10 ft. 

Bottom rough. Upper 
part smooth. 

Regular at bottom, 
waves 1 to 2 ft. 3 to 6 
ft. waves at top. 

Regular at bottom, 
wavss 1 to 2 ft. 3 to 7 
ft. WaYeS at top. 

Rough. Waves 2 to 6 ft. 

Rough. Waves 2 to 6 ft. 

Rough. Waves 6 to 11 ft. 

Rough. Waves 5 to 9 ft. 

Ir~gtloll~itpJave 

Rough. Waves 2 to 6 ft. 

Smooth. 

Rough. Waves 3 to 6 ft. 

Smooth. 

Rough. Waves 5 to 8 ft. 

Rough. Waves 5 to 8 ft. 

Rough. Waves 3 to 6 ft. 

Smooth. 

ILT;~l~jt~ 

Rough. Waves 2 to 5 ft. 

Rough. Waves 

Ir~gl&rrjtvaves 

Rough. Waves 2 to 6 ft. 

Smooth at bottom. 
waves 2 to 5 ft. 

Smooth. 

Rough. Waves 3 to 8 ft. 

Rough. Waves 3 to 8 ft. 

Ir,gl&r~t%ve 

Rough. Waves 3 to 9 ft. 

Top rough. Waves 6 to 10 ft. 

Top rough. Waves 6 to 12 ft. 

Rough. Waves 8 to 20 ft. 

Rough. Waves 8 to 20 ft. 

Rough. Waves 6 to 10 ft. 

Rough. Waves 6 to 14 ft. 

Alpot6szMh. Waves 

Rough. Waves 9 to 24 ft 

Top rough. Waves 6 to 10 ft. 

Top rough. Waves 4 to 13 ft. 

Rough. Waves 7 to 16 ft. 

Rough. Waves 7 to 15 ft. 

Top rough. Waves 5 to 9 ft. 

Top rough. Waves 6 to 10 ft. 

Rough. Waves 4 to 17 ft. 

Rough. Waves 6 to 16 ft. 

Top rough. Waves 6 to 12 ft. 

Top rough. Waves 5 to 10 ft. 

Rough. Waves 5 to 15 ft. 

Rough. Waves 10 to 16 ft. 

Top rough. Waves 5 to 12 ft. 

Top rough. Waves 7 to 12 ft. 

Rough. Waves 8 to 14 ft. 

Top rough. Waves 15 to 25 ft 

See footnotes at end of table. 



TABLE 6.-E&t of water temperature on riverbed configuration, Mississippi River, mile 110 to mile 298 A.H.P., August 4 to 18, 1958, 
(82’ to 83’ F.) vemu~ June 1 to 6, 1961 (70’ to 73” F.)-Continued 

228.5, Aug. 1958, 
“pStEF%“l. 

223.5, Aug. 1958, 
downstream. 

223.5, June 1961, 
upstream. 

223.5,June 1961, 
dOW”StR~“l. 

236.0, Aug. 1958, 
upstream. 

236.0, Aug. 1958, 
dow”stFeeam. 

236.0, June 1961, 
upstream. 

236.0, June 1961, 
downstream. 

241.0, Aug. 1958, 
upstream. 

241.0, Aug. 1958, 
downstream. 

241.0, June 1961, 
upstream. 

241.0, June 1961, 
downstream. 

251.0, Aug. 1958, 
upstream. 

251.0, Aug. 1958, 
downstream. 

251.0, June 1961, 
“p*tF?kUll. 

251.0, June 1961, 
downstream. 

258.5, Aug. 1958, 
upstream. 

253.5, Aug. 1958, 
downstream. 

258.5, June 1961, 
upstream. 

253.5, June 1961, 
downstream. 

269.5, Aug. 1958, 
upstream. 

“h $ptg 

Feel 
-31.0 

-32.0 

-33.0 

-32.0 

-24.0 

-26.5 

-32.0 

-41.0 

-23.0 

-20.0 

-33.0 

-38.0 

-12.5 

-16.5 

-22.0 

-22.0 

-20.0 

-18.0 

-34.0 

-32.0 

-30.5 

t i! 
e, 

‘EE 
in 

W&i.> 
Feel 

-1.oc 

.11.2i 

,.... 

-14.0( 

-1.5( 

-14.01 

, 

) 

1 

Feel 
Amplitude 13, 

length 450. 
Amplitude 15, 

length 475. 
Amplitude 13, 

length 491. 
Amplitude 17, 

length 500. 

Amplitude 20, 
length 350. 

Amplitude 10, 
length 100. 

Amplitude 21, 
length 306. 

Amplitude 18, 
length 1,300. 

Amplitude 8, 
length 130. 

Amplitude 16, 
length ZOO. 

Amplitude 13, 
length 229. 

Amplitude 18, 
length 400. 

Amplitude 14, 
length 275. 

Amplitude 14, 
length 250. 

Amplitude 16, 
length 300. 

Amplitude 15, 
length 444. 

Amplitude 16, 
length 500. 

Amplitude 15, 
length 500. 

Amplitude 16, 
length 1,060. 

Amplitude 16, 
length 355. 

Amplitude 12, 
length 260. 

*verhge 
iflerenee 

in 
nIplit”& 

fleet 
,..... 

+1.00 

+4.50 

+4.00 

,,.... 

+1.00 

+1.00 

I Condition 0 

Appioaeh slope 

Rough. Waves 3 to 10 ft. 

Rough. Waves 4 to 12 ft. 

Rough. Waves 2 to 7 ft. 

Rough. Waves 2 to 10 ft. 

Rough. Waves 2 to 9 ft. 

Rough. Waves 3 to 9 ft. 

Smlo;;h2~v.“h wives 

Rough. Waves 4 to 7 ft. 

Rough. Waves 3 to 21 ft. 

Rough. Waves 3 to 11 ft. 

Smooth at top. Lower 
part has waves 
3 to 5 ft. 

Rough. Waves 3 to 8 ft. 

Rough. Waves 5 to 7 ft. 

Rough. Waves 3 to 19 ft. 
Lower half is smooth. 

Smooth. 

Slightly rough with 
MaYeS 1 to 3 ft. 

Rough. Waves 4 to 8 ft. 

Rough. Waves 2 to 9 ft. 

Rough. Waves 2 to 8 ft. 

Upper part smooth. 
Waves 3 to 5 ft. 

Smooth except upper 
ga;; 6”;;: wa”es 

Smooth. 

Smooth and steep. 

R;g$,; y;,th waves Rough. Waves 3 to 7 ft. 

Ro2g$.; $th waves Rough. Waves 5 to 14 ft. 

Rough. Waves 1 to 3 ft. Smooth. 

Rough. Waves 1 to 6 ft. 

Regular with small 
WaYeS 2 to 3 ft. 

Regular with small 
WaVeS 2 to 5 ft. 

Rough. Waves 2 to 10 ft. 

Rough. Waves 4 to 9 ft. 

Rough. Waves 4 to 10 ft. 

Smooth. 

Rough. Waves 1 to 3 ft. 

Rough. Waves 5 to 12 ft. 

Smooth. 

Top rough with 3 to 10 
fti:t.~ Bottom 

Rough, Waves 8 to 13 ft. 

Rough. Waves 6 to 15 ft. 

Rough. Waves 4 to 13 ft. 

Rough. Waves 7 to 11 ft. 

Rough. Waves 9 to 17 ft. 

Rough. Waves 5 to 10 ft. 

Rough. Wwes 3 to 14 ft. 

Rough. Waves 6 to 18 ft. 

Rough. ‘cvaves 3 to 8 ft. 

Rough. Waves 5 to 12 ft, 

Rough. Waves 1 to 13 ft. 

Rough. Waves 9 to 18 ft. 

Rough. Waves 5 to 14 ft, 

Rough. Waves 4 to 14 ft, 

Upstream part rough. Waves 
5 to 15 ft. Downstream 
part smooth. 

Rough. Waves 5 to 15 ft. 

Rough. Waves 4 to 16 ft. 

Rough. Waves 4 to 16 ft. 

Rough upstream. Waves 
7 to 16 ft. Downstream 
part smooth. 

Rough. Waves 6 to 17 ft. 

Rough. Waves 4 to 12 ft. 



269.5, Aug. 1958, 
downstream. 

269.5, June 1961, 
upstream. 

269.5, June 1961, 
downstream. 

273.0, Aug. 1958, 
upstream. 

273.0, Aug. 1953, 
downstream. 

273.0, June 1961 
upstream. 

273.0, June 1961, 
downstream. 

279.0. Aue. 1958. 
up&?&l. 

279.0, Aug. 1958, 
downstream. 

2?9.0. June 1961. 
upstream. 

279.0, June 1961 
downstream. 

286.5, Aug. 1958, 
upstream. 

286.5, Aug. 1958, 
downstream. 

286.5, June 1961, 
upstream. 

286.5, June 1961, 
downstream. 

298.0, Aug. 1958, 
upstream. 

298.0, Aug. 1958, 
downstream. 

298.0, June 1961, 
upstream. 

298.0, June 1961,. 
downstream. 

~.. 

- 2.5 

(9 

-21.0 
- 

-39.0 

-61.0 

-59.0 

- 9.0 

- 7.0 

-28.0 

-23.0 

-32.5 

-29.0 

-44.0 

- 50.0 

- 6.0 

- 7.0 

-32.0 

-28.0 

- .5 

I / 

-25.2! 

Amplitude 15, 
length 225. 

Amplitude 12, 
length 200. 

Amplitude 9, 
length 222. 

-3.00 

Rough. Waves 3 to 6 ft. Top rough with 3 to 6 ft, 
waves. 

-17.5( b 

-16.2[ 

-23.56 , 

- 

Amplitude 16, 
length 1,000. 

Amplitude 21, 
length 1,250. 

Amplitude 15, 
length 695. 

Amplitude 14, 
length 304. 

Amplitude 22, 
length 350. 

Amplitude 23, 
length 350. 

Amplitude 20, 
length 556. 

Amplitude 18, 
length 665. 

Amplitude 25, 
length 425. 

Amplitude 25, 
length 350. 

Amplitude 15, 
length 953. 

Amplitude 17, 
length 380. 

Amplitude 10, 
length 450. 

Amplitude 11, 
length 250. 

Arflepphde 

Amplitude 6, 
length 548. 

Irl&yititpJave Rough. Waves 3 to 6 ft. 

Rough. Waves 2 to 5 ft. Rough. Waves 3 to 10 ft. 

,..... Regular with 2 to 5 ft. 
long undulations. 

Smooth with long 
undulations. 

Smooth at bottom. Top Waves 3 to 5 ft. and 
with 2 to 6 ft. wwea. long undulations. 

Rough. Waves 3 to 6 ft. No system. 

-4.00 Rough. Waves 3 to 9 ft. No svstem 

Rough. Waves 3 to 7 ft. 

Rough. Waves 3 to 5 ft. 

Imgular. Waves 
2 to 3 ft. 

-4.00 Rough. Waves 3 to 16 ft. 

Rough. Waves 3 to 6 ft. 

Smooth. 

Smooth. 

Smooth. 

,.... Long undulations 3 to 
6 ft. with small waves 
1 to 2 ft. super- 
imposed. 

Lo;ptou;cll,lations 

-9.00 

Long undulations 3 to 
6 ft. with small waves 
& to 2 ft. super- 

R;:~%&es 3 to 6 ft. Rough. Long waves, 
5 to 15 ft. 

Rough. Waves 2 to 9 ft. 

Long undulations 1 to 
2 ft. with waves 
superimposed. 

Long waves 3 to 6 ft. 

Rough. Waves 2 to 9 ft. 

Rough. Waves 3 to 9 ft. 

>ID 1 NO T RECORD POSITIO> 

Irregular. Waves 1 to 3 f~ 

JO 

t. 
- 

Smooth and steep. 

‘N UPSTREAM RUN. 

Rough. Waves 2 to 6 ft. 
- 

Rough. Waves 4 to 15 ft. 

Rough. Waves 2 to 5 ft. 

Rough. Waves 2 to 6 ft. 

Rough upper end with very 
long v,aves 5 to 16 ft. 
Lower end smooth. 

Ro7uP.lpfry long waves 

RougDh. Waves 5 to 15 ft. 

Rough. Waves 3 to 14 ft. 

Rough. Waves 4 to 15 ft. 

Rough. Waves 4 to 14 ft. 

Rough. Waves 2 to 20 ft. 
Some smooth stretches. 

3 

Upstream half is rough. 2 
Waves 6 to 18 ft. 
Downstream half is smooth. !Q , 

Rough. Very large waves 
6 to 19 ft. L4 

er 

Rough. Very large waves 
8 

5 to 25 ft. 5 

Lz 
Smooth. zi 

Rough. Waves 6 to 17 ft. E 

Rough. Waves 4 to 10 ft. 

Rough. Waves 3 to 11 ft. 

Rough. Waves 2 to 5 ft. 

= IMean 1ow water. 
8 No definite wakes. Smooth undulations. 



TABLE ‘7.-Effect of water temperature 0% riverbed confkmration. Mississiwvi River. mile 110 to mik 298 A.H.P., August 4 to 18, 1958, 
(82” to 83” F.) &us Febrwg 16 t; i9, 196; (46” to 47” F.) 

110.0, Aug. 1958, 
upstream. 

110.0, Aug. 1958, 
downstream. 

110.0, Feb. 1962, 
upstream. 

110.0, Feb. 1962, 
downstream. 

116.0, Aug. 1958, 
“pL+?kUTl. 

116.0, Aug. 1968, 
downstream. 

116.0, Feb. 1962, 
upstream. 

116.0. Feb. 1962, 
downstream. 

140.5, Aug. 1958, 
upstream. 

140.6, Aug. 1958, 
downstream. 

140.5, Feb. 1962, 
upstream. 

140.5, Feb. 1962, 
downstream. 

154.0, Aug. 1958, 
upstream. 

154.0, Aug. 1958, 
downstream. 

154.0, Feb. 1962, 
UpStP%iIIl. 

154.0, Feb. 1962. 

dotistream. 

- 

1 ‘1 
:w pair 
VI.l..w.: 

FOd 
-63.0 

-60.0 

-18.8 

-72.2 

-41.0 

-39.5 

-48.3 

-39.6 

-54.5 

-57.0 

-49.9 

-54.1 

-34.0 

-34.5 

-39.2 

-38.7 

-44.5 

-48.0 

-56.1 

-41.7 

i-i 

e 

-14,ot ) 

-3.7t 

,.... 

.“‘i 

t3.z 

,.... 

-4.15 

,.... 

-2.65 

wave amplitude 
an.3 length 

Feet 
Amplitude 6, 

length 100. 

Amplitude 13, 
length 240. 

Amplitude 9, 
length 287. 

Amplitude 7, 
length 119. 

Amplitude I, 
length 125. 

Amplitude 8, 
length 165. 

Amplitude 13, 
length 287. 

Amplitude 14, 
length 29’7. 

Amplitude 5, 
length 90. 

Amplitude 6, 
length 170. 

Amplitude 11, 
length 191. 

Amplitude 16, 
length 293. 

Amplitude 6, 
length 130. 

Amplitude 7, 
length 125. 

Amplitude ‘I, 
length 223, 

Amplitude 13, 
length 147. 

Amplitude 8, 
length 150. 

Amplitude 9, 
length 110. 

Amplitude 11, 
length 239. 

Amplitude IO, 
length 234. 

- 

d 

B 

G 

r 
I 

- 

+ 

+ 

+: 

+: 

erage 
?re”ee 
in 
iituch - 
-~ 
se* 

1.50 

6.00 

7.50 

3.50 

,... I 

1.00 

Condition 0 

Appmach slope 

Rough. Waves 4 to 6 ft. 

Rough. Waves 6 to 13 ft. 

Smooth. General 
irregularities. 

Smooth to irregular. 

Smooth to near upstream 
yt$ rp WBYes 

Downstream end undu- 
lating. Upstream end 
rough. Waves 4 to 6 ft. 

Rough. Waves 1 to I ft. 
high. 

Rough. Waves 2 to 14 ft. 

Rough. Waves 3 to 5 ft. 

Upstream end smooth. 
Downstream end, 
waves 2 to 5 ft. 

Upstream end rough. 
waves 2 to 4 ft. 
I&oomhream end 

Upstream end rough. 
Waves 2 to 3 ft. 
Downstream end 
smooth. 

Rough. Waves 7 ft. high. 

Rough. Waves 3 to 15 ft. 
high. 

Rough. Waves 2 to 6 ft. Rough. Wwes 3 to 7 Ct. high. 

Ro%k: Waves 2 to 8 ft. Top rough. Waves 5 to 15 ft. 

“I~~$, ;“gh. Waves Rough. Waves 2 to 4 ft. 

Rough. Waves 3 to 7 ft. Rough. Waves 4 to 6 ft. 

Smooth, becoming rough 
with waves 2 to 5 ft. 

Rough. Waves 2 to 5 ft. 

Smooth downstream half I 
Waves 2 to 8 ft. 

Rough. Waves 4 to 9 ft. 

Rough. Waves 2 to 10 ft. 

Rough. Waves 2 to 7 ft. 

f em 
I 

Upstream end rough. 
Waves 3 to 5 ft. 
Downstream part 
smooth. 

Almost smooth through- 
out. 

Smooth. General 
irregularities. 

Rough. Waves 2 to 6 it. 

Top rough. Waves 3 to 6 ft. 

Top rough. Waves 6 to 13 ft. 

Smooth. 

Smooth. 

Up3str;;Ttyd, waves Top rough. Waves 4 to 7 ft. 

Rough. Waves 3 to 6 ft. Top rough. Waves 5 to 8 ft. 

Generally smooth 

Irregular. 

RN& Waves 5 to 13 ft. 

Rough. Waves 6 to 14 ft. 

Rough and irregular. Rough with waves 2 to 4 ft., 
wava 2 to 7 ft. 

Rough. Waves 3 to 13 ft. 
close together. 

Rough. Waves 2 to 6 ft. 

Smooth downstream half. 
Waves 3 to 5 ft. 

3moath downstream half. 
Waves 3 to 5 ft. 

Rough. Waves 2 to 6 ft. 

Top rough. Waves 3 to 5 ft. 

Top rough. Waves 3 ta 6 ft. 

Rdugh with larger WBWS, 
5 to 11 ft. 

Smooth and steep. Irregular. Waves 
2 to 4 ft. 

Top rough. Waves 3 to 5 ft. 

Top rough. Waves 3 to 6 ft. 

Top rough. Waves 2 to 6 ft. 

Top rough. Waves 3 to 6 ft. 



167.0, Aun. 1958. 
upstream. 

167.0, Aug. 1958, 
downstream. 

167.0, Feb. 1962, 
upstream. 

167.0, Feb. 1962, 
downstream. 

183.0, Aug. 1958, 
‘upstream. 

183.0, Aug. 1958, 
downstream. 

183.0, Feb. 1962, 
upstream. 

183.0. Feb. 1962. 

190.5, Aug. 1958; 
upstream. 

190.5, Aug. 1958, 
downstream. 

190.5, Feb. 1,962, 
upstream. 

190.5, Feb. 1962, 
downstream. 

197.5, Aug. 1958, 
upstream. 

197.5, Aug. 1958, 
downstream. 

197.5, Feb. 1962, 
upstream. 

197.5, Feb. 1962, 
downstream. 

204.0, Aug. 1958, 
upstream. 

204.0, Aug. 1958, 
downstream. 

204.0, Feb. 1962, 
upstream. 

204.0, Feb. 1962, 
downstream. 

212.0, Aug. 1958, 
upstream. 

See footnotes at end of table. 

-54.5 

-55.0 

.,.... 

-52.7 ,..... 

-54.2 +1.30 

-44.0 

-41.0 

-45.8 

-40.4 

,..... 

,..... 

- .60 

-34.5 

-36.0 

-42.0 

-46.6 

,..... 

-9.05 

-37.5 

-36.0 

-40.2 

-39.8 -3.25 

-33.0 

-34.5 

-41.5 

-39.2 

,..... 

-6.60 

-38.0 

Amplitude 11, 
length 200. 

Amplitude 12, 
length 210. 

Amplitude 20, 
length 447. 

Amplitude 22, 
length 733. 

Amplitude 14, 
length 210. 

Amplitude 14, 
length 375. 

Amplitude 13, 
length 447. 

Amplitude 15, 
length 510. 

Amplitude 10, 
length 160. 

Amplitude 13, 
length 180. 

Amplitude 12, 
length 255. 

Amplitude 15, 
length 210. 

Amplitude 9, 
length 160. 

Amplitude 10, 
length 190. 

Amplitude 16, 
length 187. 

Amplitude 14, 
length 150. 

Amplitude 12, 
length 110. 

Amplitude 10, 
length 190. 

Amplitude 14, 
length 249. 

Amplitude 17, 
length 270. 

Amplitude 12, 
length 200. 

...... 

...... 

+9.50 

...... 

...... 

...... 

+ .oo 

...... 

...... 

+2.00 

...... 

...... 

+5.50 

...... 

...... 

...... 

+4.50 

...... 

Smooth. Small waves 
2 to 3 ft. at top. 

Rough. Small waves 
2 to 3 ft. on remnants 
of large waves 
4 to 6 ft. 

Rough. Waves 6 to 11 ft. Top rough. Waves 6 to 10 ft. 

Rough. Waves 5 to 9 ft. Top rough. Waves 6 to 12 ft. 

Rough. Starting out with 
small waves becoming 
larger at top of 
crossing. 

Rough. No small walies. 
Large WaYes 10 to 
16 ft. 

Rough. Waves 10 to 20 ft. 

Rough. Waves 3 to 12 ft. Rough. Waves 3 to 10 ft. Rough. Waves 6 to 22 ft. 

Rough. Waves 2 to 3 ft. 

Rough. Waves 3 to 6 ft. 

Smooth upstream half. 
Waves downstream 

2 to 6 ft. 
Smooth at bottom. 

Waves 2 to 6 ft. 
Rough. Waves 2 to 7 ft. 

Rough. Waves 3 to 13 ft. 

Generally smooth with 
WaYes 1 to 2 ft. 

Smooth at bottom. 
Rough with waves. 

Regular at bottom. 
Upper part waves 
2 to 9 ft. 

Rough, Waves 2 to 5 ft. Top rough. Waves 5 to 9 ft. 

Rough. Waves. Top rough. Waves 6 to 10 ft. 

Rough .Waves 3 to 16 ft. Waves 2 to 1 ft. 

Rough. Waves 3 to 14 ft. Rough. Waves 3 to 12 ft. Rough. Waves 5 to 11 ft. 

Rough. Waves 3 to 12 ft. 

Rough. Waves 3 to 9 ft. 

Rough. Waves 6 to 11 ft. 

Rough. Waves 2 to 11 ft. 

Regular at bottom. 
waves 1 to 2 ft. 
Waves 3 to 6 ft. at 
bP. 

Smooth. Rough. Waves 6 to 10 ft. 

Rough. Waves 3 to 6 ft. Rough. Waves 6 to 14 ft. 

Smooth. Large waves 5 to 13 ft. 

Smooth. Rough. Large waves 8 to 

Rough. Waves 5 to 8 ft. 

15 ft. Lower half smooth. 

Top rough. Waves 6 to 10 ft. 

Rough. Waves 3 to 6 ft. Top rough. Waves 4 to 13 ft. 

Rough, Waves 3 to 11 ft. Rough. Waves 6 to 12 ft. 

Rough. Waves 3 to 13 ft. Rough. Waves 5 to 15 ft. 

Smooth at bottom. 
Waves 2 to 5 ft. 

Smooth. 

Regular, smooth, no 
wave svstem. 

Top rough. Waves 6 to 12 ft. 

Top rough. Waves 5 to 10 ft. 

Rough. Waves 3 to 14 ft. 

Irregular. Waves 2 to 5 ft. Generall$ smooth, some 
wa”e8 2 to 5 ft. 

Rough. Waves 3 to 8 ft. Top rough. Waves 5 to 12 ft. 



TABLE 7.-Effect of water temperature 0% riverbed conjigura 
(82” to 8.3” F.) ~ewus Febrw 

212.0, Aug. 1958, 
downstream. 

212.0, Feb. 1962, 
upstream. 

212.0, Feb. 1962, 
downstream. 

223.5, Aug. 1958, 
“p3tWi”l. 

223.5, Aug. 1958, 
downstream. 

223.5, Feb. 1962, 
“pStWt”l. 

223.5, Feb. 1962, 
downstream. 

236.0. AUP. 1958. 
upstream. 

236.0, Aug. 1958, 
downstream. 

236.0, Feb. 1962, 
“pSt~Wll. 

236.0, Feb. 1962, 
downstream. 

241.0, Aug. 1958, 
upstream. 

241.0, Aug. 1958, 
downstream. 

241.0, Feb. 1962, 
upstream. 

241.0, Feb. 1962, 
downstream. 

251.0, Aug. 1958, 
upstream. 

251.0, Aug. 1958, 
downstream. 

251.0, Feb. 1962, 
upstream. 

251.0, Feb. 1962, 
downstream. 

258.5, Aug. 1958, 
upstream. 

258.6, Aug. 1958, 
downstream. 

- 

I 9 
!iSh *oil 
M.L.W.: 

Feel 
-36.5 

-40.4 ..... 

-41.3 -3.6( 

-31.0 

-32.0 

-27.0 

-30.8 

...... 

+2.6( 

-24.0 

-26.5 

-35.9 

-30.6 

-23.0 

-20.0 

-30.7 

-31.0 

-12.5 

-16.5 

-28.1 

-20.0 

-18.0 

...... 

...... 

...... 

-8.OC 

...... 

...... 

...... 

- 9.40 

...... 

...... 

...... 

...... 

...... 

Feel 
Amplitude 17, 

length 250. 

Amplitude 13, 
length 280. 

Amplitude 14, 
length 450. 

Amplitude 13, 
length 450. 

Amplitude 15, 
length 475. 

Amplitude 16, 
length 498. 

Amplitude 17, 
length 602. 

Amplitude 8, 
length 130. 

Amplitude 15, 
length 200. 

Amplitude 8, 
length 222. 

Amplitude 7, 
length 211. 

Amplitude 14, 
length 275. 

Amplitude 14, 
length 250. 

Amplitude 
length 

Amplitude 21, 
length 421. 

Amplitude 16, 
length 500. 

Amplitude 15, 
length 500. 

a 
&zc 

in ,mp,ituc 
Feei 

-1.oc 

,..... 

,..... 

+2.50 

+1.00 

-4.00 

YL, Mississippi River, mile 110 to mile 238 A.H.P., August 4 to 18, 1958, 
16 to 19, 1962 (46’= to 47” F.)-Continued 

hpproaeh slope 

Regular at bottom. 
Waves 1 to 2 ft. 
Waves 3 to 7 ft. at 
top. 

Irregular small waves 
becoming fewer and 
larger nearing top. 

Rough. Waves 2 to 12 ft. 

Rough. Waves 3 to 10 ft. 

Rough. Waves 4 to 12 ft. 

Rough. Waves 2 to 9 ft. 

Rough. Waves 1 to 11 ft. 

Smooth. Waves 1 to 2 ft. 

Rough. Waves 4 to 1 ft. 

Rough. Waves 3 to 10 ft. 

Rough. Waves 2 to 5 ft. 

Slightly rough with 
waves 1 to 3 ft. 

Rough. Waves 4 to 8 ft. 

Irregular waves 2 to 8 ft. 

Rough. Waves 2 to 6 ft. 

WENT THROUGH PR ,dF 

Rough. Waves 3 to 8 ft. 

Rough. Waves 3 to 8 ft. 

Iry&ritlVB” 

Rough. Waves 2 to 9 ft. 

Rough. Waves 3 to 9 ft. 

Regular. No wave 
system. 

Rough. Waves 6 to 17 ft. 

Rough. Waves 3 to 8 ft. 

Rough. Waves 5 to 7 ft. 

Ro,ug$l~~~ wa.ves 

Smooth. 

Upstream part smooth. 
Waves 3 to 5 ft. 

Smooth except upstream 
part, with waves 
3 to 6 ft. 

Smooth. 

Smooth. 

Rough. Waves 3 to 7 ft. 

Rough. Waves 5 to 14 ft. 

‘IT ISLAND CHUTE I 

Top rough. Waves 7 to 12 ft. 

Top rough. Large waves 
6 to 13 ft. 

Rough. Waves 7 to 14 ft. 

Rough. Waves 8 to 13 ft. 

Rough. Waves 6 to 15 ft. 

Rough. Waves 2 to 7 ft. 

Irregular. Waves 2 to 10 ft. 

Rough. Waves 9 to 17 ft. 

Rough. Waves 5 to 10 ft. 

Rough. Waves 3 to 8 ft. 

Rough. Waves 2 to 16 ft. 

Rough. Waves 3 to 8 ft. 

Rough. Waves 5 to 12 ft. 

Smooth. 

Rough. Waves 2 to 4 ft. 

Rough. Waves 5 to 14 ft. 

Rough. Waves 4 to 14 ft. 

:TEAD OF RIVER. 

Rough. Waves 3 to 10 ft. Rough. Waves 4 to 10 ft. Rough. Waves to 21 ft. 

Regular with small 
waves 2 to 3 ft. 

Regular with small 
wavss 2 to 5 ft. 

Rough. Waves 4 to 9 ft. Rough. Waves 4 to 16 ft. 

Rough. Waves 4 to 10 ft. Rough. Waves 4 to 16 ft. 



258.5, Feb. 1962, 
upstream. 

258.5, Feb. 1962, 
downstream. 

269.5. AUP. 1958. 
upstrea;n. 

269.5, Aug. 1958, 
downstream. 

269.5, Feb. 1962, 
“p8ti-~Zll. 

269.5, Feb. 1962, 
downstream. 

273.0. Aue. 1963. 
do;inst;&& 

273.0, Feb. 1962, 
“p.3t*~~lll. 

273.0, Feb. 1962, 
downstream. 

279.0, Aug. 1958, 
upstream. 

279.0, Aug. 1958, 
downstream. 

279.0, Feb. 1962, 
upstream. 

279.0, Feb. 1962, 
downstream. 

286.5, Aug. 1958, 
upstream. 

286.5, Aug. 1953, 
downstream. 

286.5, Feb. 1962, 
“pSt~&Xll. 

286.5, Feb. 1962, 
downstream. 

298.0, Aug. 1958, 
upstream. 

298.0, Aug. 1958, - 2.5 
downstream. 

Amplitude 11, 

298.0, Feb. 1958, 
length 250. 

-11.0 Amplitude 8, 
upstream. 

2s8”! Feb: ~F2, -6.75 
length 153. 

-4.5 
UOWIlSW~Ull. 1 ’ ,engcn WI. ’ -5.00 

ATplitude ,. ^^ 3, 

‘Above head of passes. 
*Mean low water. 

Amplitude 
length 

Amplitude 16, 
length 421. 

-6.65 

Amplitude 12, 
length 250. 

Amplitude 15, 
length 225. 

Amplitude 18, 
length 634. 

Amplitude 17, 
length 332. 

Amplitude 16, 
length 1,000 

-36.5 

-30.5 

-39.0 

-39.3 ..,... 

-43.5 f4.00 

- 9.0 

- 7.0 

- 8.3 

-19.1 -6.00 

-32.5 

-29.0 

-24.8 

-32.0 -2.50 

- 6.0 

,...., 

-5.10 

Amplitude 21, 
length 1,250. 

Amplitude 13, 
length 507. 

Amplitude 12, 
length 2’77. 

+2.35 

Amplitude 22, 
length 350. 

Amplitude 23, 
length 350. 

Amplitude 23, 
length 1,110. 

Amplitude 18, 
length 970. 

Amplitude 25, 
length 425. 

- 7.0 Amplitude 25, 
length 350. 

-23.7 

-24.0 -19.50 .,. 

+ 0.5 

-19.85 

Amplitude 6, 
length 349. 

Amplitude 5, 
length 208. 

Amplitude 10, 
length 450. 

.I 

- 

AT MOUTH OF PROFIT ISLAND CHUTE. DID NOT GET CROSSING. 

Smooth. Irregular. Rough. Waves 4 to 16 ft. 

Rough. Waves 5 to 12 ft. 

Rough. Waves 3 to 6 ft. 

Rough. Waves 5 to 10 ft. 

Rough. Waves 3 to 10 ft. 

Tap rough. Waves 3 to 
10 ft. Bottom smooth. 

Top rough, with 3 to 
6 ft. waves. 

Generally smooth. 

Rough. Waves 4 to 12 ft. 

Rough. Waves 4 to 15 ft. 

No real “top”, B single large 
wa.ve, 

Smooth. Rough. Waves 5 to 17 ft. 

Regular with 2 to 5 ft. 
long undulations. 

Smooth, with long 
undulations. 

Rough upstream end with 
very long umves 5 to 16 ft. 
Lower end smooth. 

R~g$;;~~ long waves 

Smooth. 

Smooth. 

Smooth at bottom. Top 
with 2 to 6 ft. waves. 

Irregular. waves 
2 to 3 ft. 

Rough. Waves 6 to 12 ft. 

Rough. Waves 3 to 7 ft. 

Rough. Waves 3 to 5 ft. 

Irregular. Waves 
2 to 9 ft. 

Rough, Waves 3 to 6 ft. 

Smooth. 

Smooth. 

Rough. Waves 3 to 12 ft. Irregular. 

Long undulations 3 to 
6 ft. with small 1 to 
2 ft. waves super- 
imposed. 

Long undulations 3 to 
6 ft. with small 1 to 
2 ft. waves super- 
imposed. 

Irregular. waves 
2 to 6 ft. 

Rough. Waves 2 to 5 ft. 

Long undulations, 1 to 
2 ft. wayes super- 
imposed. 

Rough. Waves 3 to 9 ft. 

Very smooth. 

Very smooth. 

Rough. Waves 4 to 10 ft. 

Long waves 3 to 6 ft. Smooth and steep. Rough. Waves 3 to 11 ft. 

Rough. Waves 2 to 3 ft. Rough. Waves 3 to 1 ft. Rough. Waves 2 to 3 ft. 

SXIE. Irregular. Rough. Waves 2 to 3 ft. 

Waves 3 to 5 ft. andi 
long undulations. 

Smooth at top. Irregular 
at bottom. 

Irregular. Waves 
2 to 4 ft. 

Rough. Waves 4 to 15 ft. 

Rough. Waves 4 to 14 ft. 

Ro6”f;2iafrtgge xwves 

Rough. W&es 10 to 18 ft. 

LognTtzndulations 3 to Rough. Very large waves 
5 to 26 ft. 

Smooth. 

Smooth. 



TABLE 8.-Summary of data of effect of water temperature on riverbed configuration, Mississippi R&T, de io$ to 298 A.H.P., August 4 g 
io 18, 1958 (82’ to 83’ F.), WTSUS tenzperatures of other thalweg T-UW 

‘“Y” 
mPt& 

met, 
__ : + 2.00 

+ .50 8 

+ 5.00 
E 

+ 2.00 g 

- 4.50 cl 

g 

+ 1.00 6 

fl0.50 
:! 

s 

- 

-. 
Aug. 4-18,1958. 

June l-6,1961., 

May 8-12,1961. 

Apr. Zl-27,196O 

Mar. 20-25.1961 

Feb. 16-19,1962 

Feb. 9-18, 1959. 

Temp. 
y:;y 

82-83 

IO-73 

64-66 

56-61 

55-58 

46-41 

42-43 

Hi h 
f 

MX%. 
@et1 

-61.6 

-67.0 

-11.0 

-64.5 

-70.5 

-75.0 

-67.0 

Aug. 4-18,1958. 82-83 -40.3 

June l-6,1961,, 70-73 -33.0 

May 8%12,1961. 64-66 -36.0 

Apr. 21-27, 1960 56-61 -41.3 

Mar.20-25,196l 55-58 -49.0 

Feb. 16-19,1962 46-41 -44.0 

Feb. S-18,1959. 42-43 -44.5 

Aug. 4-18,1958, 

hne 1-6, 1961. 

May 8-12,1$61, 

Apr. 21-21, 1960 

Mar.ZO-25,196l 

Feb. 16-19, 1962 

Feb. %18,1959. 

Aug. &18,1958. 

lune l-6, 1961, 

May &3-12,196l. / 

82-83 -55.8 

70-13 -51.0 

64-66 -48.5 

56-61 -51.8 

55-58 -53.0 

46-47 -52.0 

42-43 -58.5 

82-83 -34.3 

70-73 -26.0 

64-66 -26.0 

1 

1 ” 

, 

/ 

Ditr~e”~ 
.,e::tioti,, 
eTeet8 

- 3.5c 

- 9.50 

- 3.00 

- 9.00 

-14.00 

- 5.50 

+ 7.25 

+ 4.25 

- 1.00 

+ 8.75 

+ 3.75 

- 4.25 

+ 4.75 

t 7.25 

t 4.00 

t 2.75 

t 3.75 

- 2.75 

+ 8.75 

+ 8.25 

Amplitudei;;I 
length, 
Amplitudek;;~ 
lengtl!, 
~~g;~tu”. 11, 

200. 
Amp&de. 7, 
length, 220. 

(‘1 

Amplitude, 8, 
lengt$ 203. 
,;g;pde, 6, 

, 190. 

length, 125. 
AmplitudeiO$ 
length, 
Amplitude, 13: 
length, 292. 
Amplitude, 5$ 
length, . 

Amplitude, 5, 
length 130. 
Amplitude, 15, 
length, 506. 
Amplitude, 14, 
length, 400. 
Amplitude, 10, 
lengt$ 195. 
;Eg;p”, 10, 

~~g~$ude,;%; 

‘(9 

kn$tude 6, 

Ampliiude,liT 
length, 289: 
Amplitude, 13, 
length, 715. 

- 

-- 
, 

maerem in 
z%d 

(fee) 

+14.oc 

+ 1.5c 

- 2.oc 

- 1.50 

- 5.50 

..,... 

+ 6.50 

+ 6.00 

- .50 

+ .50 

+ 6.00 

- 4.50 

f10.00 

+ 8.00 

+ 4.50 

+ 4.50 

+ 1.50 

- 5.50 

t 5.00 

t 6.00 

!nZ 
%Y 

Th$VVN” 

May &12,1961. 

Apr. 21-27, 1960 

Mar. ZO-25,196l 

Feb. 1619, 1962 

Feb. S-18,1959. 

Temp. 
y% 

64-66 

56-61 

55-58 

46-47 

42-43 

L97.5 Aug. P13, 1958. 82-83 

June l-6,1961,. IO-73 

May 8-12.1961. 64-66 

Apr. 2lG27, 1960 56-61 

Mar.20-25,196l 55-58 

Feb. X-19, 1962 46-41 

Feb. 9-18, 1959. 42-43 

104.0 Aug.4-18, 1958. 

June l-6,1961, 

May 8-12.1961, 

Apr. 21-27, 1960 

Mar. 20-25.1961 

Feb. 16-19, 1962 

Feb. 9-18,1959. 

12.0 Aug. 4-18.1958. 

June l-6,1961. 

May 8-12,196l. 

Apr. 21-27, 1960 

Mar. 20-25,196l 

-. 

/ 

-32.0 

-42.5 

-42.5 

-44.3 

-37.8 

-36.8 

-36.5 + 0.25 

-29.5 + 1.25 

-36.8 + .oo 

-41.5 - 4.15 

-40.0 - 3.25 

-38.5 - 1.75 

82-83 -33.7 

70-73 -41.5 

64-66 -32.0 

56-61 -38.8 

55-58 -47.0 

46-41 -40.4 

42-43 -38.8 

32-83 -37.3 

70-73 -37.5 

64-66 -28.0 

56-61 -48.0 

55-58 -42.0 

DiRerem in 
,:%% 

OEM 
+ 3.25 

- 7.50 

- 7.25 

- 9.05 

- 2.50 

- 1.75 

+ 1.75 

- 5.00 

-13.25 

- 6.60 

- 5.00 

- 0.25 

+ 9.25 

-10.75 

- 4.75 

Amplitude, 11, 

k$kude% 
length, )339: 
Amplitude, 14, 
length, 650. 
Amplitude, 13, 
length, 325. 
Amplitude, 8, 
length, 250. 
Amplitude, 15, 
length, 260. 
Amplitudei 
length, 
Amplitudei;;; 
length, 
Amplitude, 20; 
length, 1335. 
Amplitude, 23, 
length, 1050. 
Amplitude, 10, 

- 3.00 yi$ 

- .50 -0 
P 

+ 5.50 $n 

- 2.00 j 

+ 4.50 Ii 

f 3.00 5 

+ 2.00 q 

% - 3.50 E 

f 4.50 3 

- 3.50 i 

t 5.00 

t 9.00 

- 5.00 

- 5.50 



Apr. 21-27, 1960 56-61 -36.3 

Mar. 20-25.1961 55-58 -37.5 

Feb. G-19,1962 4647 -39.0 

Feb. S-18, 1959. 42-43 -35.8 

163.0 Aug. 4-18,1958. 82-83 -46.3 

June l-6,1961.. 70-73 -46.0 

May 8-12,1961. 64-66 -42.5 

Apr. Zl-27,196O 56-61 -46.5 

Mar. 20-25,196l 55-58 -50.0 

Feb. 16-19,196Z 46-47 -48.9 

Feb. S-18,1959, 42-43 -48.5 

167.C ) Aug. 4-18,1958.. 82-83 - 54.8 

June 1-6, 1961, 70-73 -47.0 

May 8-12,196l.. 64-66 -47.0 

Apr. 21-27,196O. 56-61 -58.8 

Mar. ZO-25,196l. 55-58 -52.5 

Feb. 16-19,1962. 46-47 -53.5 

Feb. 9-18, 1959.. 42-43 - 54.3 

183.0 Aug. 4-18,1958. 82-83 

June l-6,1961,, 70-73 

May S-12,1961, 64-66 

Apr. Zl-27,196O 56-61 

Mar. ZO-25,196l 55-58 

Feb. 16-19, 1962 46-47 

Feb. S-18.1959. 42-43 

190.5 Aug. 4-18.1958. 82-83 

June l-6,1961,. 70-73 

See footnotes at end of table. 

-42.5 

-49.5 

-45.3 

-46.3 

-43.5 

-43.1 

-43.9 

-35.3 

-39.0 

- 2.00 Amplitude. 9, + 2.01 

- 3.25 
length, 190. 
Amplitude, 15 
length, 

1631 + 8.5C 

- 4.75 Amplitude, 10, + 3.5C 
length, 185. 

- 1.50 Amplitude, 4, - 3.00 
length, 88. 

+ 0.25 

+ 3.75 

- 25 

- 3.75 

- 2.65 

+ 7.25 

+ 7.75 

- 4.00 

+ 2.25 

+ 1.30 

+ .50 

+ 3.50 

- .50 

- 1.00 

+ 5.00 

+ 2.00 

f12.50 

+ 4.50 

- 1.50 

- .50 

+ 9.50 

- 2.50 

Amplitude, 14, 

- 1.00 Amplikde, 13, - 1.00 

- .60 r;;$,de,l::; + .OO 

- 1.25 Amplikude4:~ 
lengtl?. i15: 

- 1.50 

;;gul$udei;2 

- 3.75 Am&&ude,l~; + 4.00 
t . 

Feb. 16-19, 1962. 46-47 -40.9 

Feb. S-18, 1959.. 42-43 -41.5 

223.5 Aug. 4-18,1958. 82-83 -31.5 

June l-6,1961.. 70-73 -32.5 - 1.00 

May 8-12, 1961, 64-66 -31.3 + .25 

Apr. 21-27.1960 56-61 -29.0 + 2.50 

Mar. 20-25,196l 55-58 -52.0 -20.50 

Feb. 16-IS,1962 46-47 -28.9 + 2.60 

Feb. S-18, 1959. 42-43 -33.5 - 2.00 

236.0 

241.0 

251.0 

Aug. 4&18,1958.. 82-83 

June l-6,1961.. 70-73 

May 6-12,1961.. 64-66 

Apr. 21-27, 1960. 56-61 

Mar. ZO-25,196l. 55-58 

Feb. 16-19, 1962. 46-47 

Feb. 9-18, 1959.. 42-43 

Aug. 4-18,1958.. 82-83 

June l-6,1961. 70-73 

May 8-12,196l.. 64-66 

Apr. 21-27, 1960. 56-61 

Mar. ZO-25,196l. 55-58 

Feb. 16-19, 1962. 46-47 

Feb. S-18,1959.. 42-43 

Aug. 4-18,1958.. 82-83 

Junel-6.1961... 70-73 

May 8-12,1961., 64-66 

Apr. 21-27, 1960. 56-61 

-25.3 

-37.0 

-30.0 

-34.0 

-46.5 

-33.3 

-30.8 

-21.5 

-36.0 

-35.0 

-26.0 

-36.0 

-30.9 

-24.5 

-14.5 

-22.0 

-13.5 

-20.3 

- 3.60 

- 4.25 

-11.25 

- 4.75 

- 8.75 

-21.25 

- 8.00 

- 5.50 

-14.00 

-13.50 

- 4.50 

-14.50 

- 9.40 

- 3.00 

- 7.50 

+ 1.00 

- 5.75 

Amplitudei; 

k$$ude. 20; 

Amp&de,:?:; 
length, 
Amplitude, 23; 
length, 1175. 
Amplitudei5$ 
length, 
Amplitude, 16; 

!%$kude3!: 
length, 515: 

+ 4.50 = 

- 3.00 s 

.P 
+ 8.00 [ 

-10.50 8 

+ 1.00 i! 

- 2.00 3 

z 
v) 

+ 4.00 

- 2.50 



TABLE R.--Summary of data of effect of water temperature on riverbed configuration, Mississippi River, mile 103 to 298 A.H.P., August 4 
to 18, 1958 (8~~ to 83’ F.), DWSUS temperatures of other thalweo runs-Continued 

25 

Mar.20-25,1961 

Feb. 16-19, 196: 

Feb. 9%18,1959 

Aug. 4-18,195X 

June l-6,1961. 

May S-12,1961, 

Apr. 21-27, 196( 

Mar. 2Om25,1961 

Feb. U-19, 196: 

Feb. 9-18, 1959, 

Aug. 4-l&1958. 

June l-6,1961.. 

May S-12,1961. 

Apr. 21-27, 196( 

Mar. 20-25,1961 

Feb. 16m19,196i 

Feb. 9%18,1959. 

AU&~-18,1958. 

June l-6,1961. 

May S-12,1961. 

Apr. 21-27, 196( 

Mar. ZO-25,1961 

Feb. 16-19,196s 

1. 

I. 

1. 

1. 

t. 

,. 

!. 

1 

t. 

!, 

-31.3 

(9 

-19.8 

82-83 -19.0 

70-73 -33.0 

64-66 -31.5 

56-61 -28.0 

55-58 -26.9 

46-47 ('1 

42-43 -21.3 

82-83 -35.0 

70-73 -60.0 

64-66 -52.0 

56-61 -41.8 

55-58 -47.8 

46-47 -41.4 

42-43 -35.5 

82-83 - 8.0 

IO&l3 -25.5 

64-66 -17.0 

56-61 -31.8 

55-58 -27.8 

46-47 -13.7 

-14.00 

-12.00 

- 9.00 

- 7.75 

('1 

- 1.25 

-25.25 

-17.25 

- 7.00 

-13.00 

- 6.65 

- .75 

-17.50 

- 8.50 

- 5.75 

-19.75 

- 5.70 

Amplitude, 14, 
length, 213. 

(‘1 

Amplitude, 9, 
length, 125. 

-Sniooth 

Amplitude, 17, 
length, 350. 

('1 

t;g;W, 7, 
163. 

Amplitude, 12, 
length, 288. 
Amplitude, 17, 
length, 483. 
Amplitude, 11, 
length, 250. 

Amplitude, 19, 
length, 1125. 
Amphtude, 14, 
length, 500. 
Amplitude, 14, 
length, 425. 

(5) 

Amplitude, 11, 
lengtl?, 250. 
k;g;fu". 13, 

, 392. - 

+ 1.00 

- 1.50 

-15.50 

- 1.50 

(“1 

- 4.00 

- 3.00 

+ 2.00 

- 6.50 

- 1.50 

+ 4.00 

- 2.50 

- 4.00 

- 4.50 

-18.50 

- 7.50 

- 6.00 
- 

279.0 

286.5 

298.0 

- 
i 

Th%zmn Temp. 
r(:;y 

Feb. 9-18, 1959.. 42-43 

Aug. 4&18,1958.. 82-83 -30.8 

June l&6,1961.. 70-73 -47.0 -16.25 

May S-12,1961.. 64-66 -32.3 - 1.50 

Apr. 21-27, 1960. 56-61 -24.3 + 6.50 

Mar. 20-25,196l. 55-58 -37.0 - 6.25 

Feb. 16-19, 1962. 46-47 -28.4 + 2.35 

Feb. 9-18, 1959.. 42-43 -30.0 - 1.00 

Aug. 4&18,1958.. 82-83 - 6.5 

June l-6,1961.. 70-73 -30.0 -23.50 

May S-12,1961.. 64-66 -23.5 -16.00 

Apr. 21-27, 1960. 56-61 - 9.0 - 2.50 

Mar. 20-25,196l. 55-58 -30.5 -24.0 

Feb. 16-19,1962. 46-47 -26.4 -19.85 

Feb. 9-18, 1959.. 42-43 -23.8 -17.25 

Aug. 4-18,1958., 82-82 - 1.0 

June l-6,1961, 70-73 -21.0 

May 8%12,1961. 64-66 -16.5 

Apr. 21-27, 1960. 56-61 - 8.8 

Mar. 20-25,196l. 55-58 -21.5 

Feb.16-19,1962. 46-47 - 7.8 

Feb. 9-18, 1959.. 42-43 - 7.5 

-15.50 

- 7.75 

-20.50 

- 6.75 

- 6.50 

I 

v 

Amplitude, 22, 
length, 350. 
Amphtude, 19, 
length, 611. 
Amplitude, 20, 
length, 450. 
Amplitude, 8, 
length, 470. 
Amplitude, 15, 
length, 475. 
Amplitude, 21, 
length, 1040. 
Amplitude, 8, 
length, 175. 

Amplitude, 25, 
length, 338. 
Amplitude, 16, 
length, 667. 
Amplitude;;$ 
length, . 
Amplitude, :!O, 
length, 2200. 
Amplitude, 7, 
length, 150. 
Amplitudei 
length, 
AmplitudegO:; 
length, . 

Amplitude, 10, 
length, 350. 
fw&huie, 6, 

i9 
543. 

Amplitude, 9, 
lengtt?, 400. 
AmphtudeJ$ 
length, 
Amplitudeil;; 
length, 
Amplitude, 9; 
length, 313. 

- 4.00 

- 2.50 

-14.50 

- 7.50 

- 2.50 

- 14.5 

- 9.00 

-10.00 

- 5.00 

-18.00 

-19.50 

-16.00 

- 1.00 

- 1.00 

- 5.00 

- 1.50 

4 No data -boat went through Profit Island Chute instead of river. 
5 Smooth -no WBYB. 
0 No WaYe pattern. 



TABLE 9.-ikiississ~ppi River stage, discharge, and temperature data arranged to demonstrate effect of temperature on discharge for the period 
involved in thalweg profile rims, August 1958 through February 1962, at Red River Landing’ 

Date. 3/7/615/8/613/9/613/10/61 
Temp. “F.. 54.. 54.. 53.. 64.. 
Discharge c.f.8. 126.. 143.. 156.. 769.. 
Date......... Z/23/59 Z/23/59 Z/25/59 4/11/60 
Temp. “F.. 46.. 46.. .46.. 60.. 
Discharge c.f.s. 681.. 688.. 690.. 713.. 
Date......... 4/9/60 4/S/60 4/10/60 3/S/59 
Temp. OF.. 54.. 54.. 55.. 54.. 
Discharge c.f.s. 643.. 666.. 688.. 706.. 
Date.. 3/14/59 3/n/59 3/10/59 Z/23/59 
Temp. OF.. 55.. 51.. 56.. 46.. 
Discharge c.f.s. 641.. 651.. 681.. 692.. 
Date.. l/26/58 l/27/53 3/l/62 3/Z/62 
Temp. ‘F.. 84.. 84.. 50.. 51,. 
Discharge c.f.s. 616.. 622.. 650.. 610.. 
Date.. l/24/53 S/23/53 Z/25/62 Z/24/62 
Temp.'F..... 84..... 83..... 48..... 48.v.. 
Discharge c.f.s. 580.. 595.. 649.. 663.. 
Date.. 5/5/60 5/5/60 7/W/58 7/28/58 
Temp.'F..... 66..... 66..... 84..... 84..... 
Discharge e.f.s. 565.. 558.. 629.. 637.. 
Date.. 6/11/61 6/16/61 a/23/58 S/22/58 
Temp.'F..... 76..... 75..... 83..... 33..... 
Discharge c.f.s. 545.. 558.. 612.. 625.. 
Date.. 
Temp.'F.... 

5/4/60 5/4/60 
66..... 66..... 

Discharge c.f.s. 600. 617.. 
Date......... .,,.,... .,...,,. 6/16/61 6/15/61 
Tern~.~F..... 75..... 75..... 
Discharge c.f.s. 563.. 514.. 
Date......... 
Tern~.~F..... 
Discharge c.f.s. 

1 Except for February 1959 run, when later rise in March WBS used. 
1 Discharges are in thousands cubic feet per second from published Mississippi River Commission records. 

3/16/61 3/16/6 
54..... 54.... 
833.... 847... 
3/6/62 3/6/G 
46..... 46.... 
797.... 814... 
Z/4/62 4/22/6 
42..... 59... 
792.... 809... 
4/N/60 2/4/62 
57..... 42.... 
178.... 805.w 
2/N/62 Z/18/6 
41..... 46.v.. 
768.... 131... 
S/16/58 4/29/6 
84..... 64.u.. 
138.... 165.. 
4/30/60 6/13/6 
64..... 75.... 
740.. 611.. 
8/3/58 
84..... 
725.... 
6/13/61 
75..... 
657.... 

P’ 
898.. 

P!: 
364.. 
3/S/6: 
46..., 
363.., 

P63 
795... 

P1 
793... 

TP' 
711... 

51 : 
* 

2 2 
1 

1 ! 
, 
8 

L ! 
, 
I 

i' , 
: 
: 

il 

s/19/61 
58..... 
317... 
S/9/62 
16..... 
382.. 
j/3/61 
j3..... 
320.... 
j/11/61 
Xi..... 
115.... 

P/6: 
722.... 
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feet) as the other runs. A glance at the actual 
values in the tables suggests that strong con- 
firmation for the thesis of this paper could have 
been supplied. It is because of this reasoning 
that the results of the February 1959 run were 
not discarded: It was felt they serve a limited 
purpose if their limitations are kept in mind. 

(2) Table 8: a summary tabulation of the 
major riverbed data presented in the tables 
above and arranged in order of temperature. 

The most important riverbed statistics are 
considered to he the height referred to mean low 
water (M.L.W.) of the highest point of each of 
the crossings and the amplitude of the largest 
sand wave on each of the crossings. The tabula- 

FIGURE 4.- 1959 flood: Stage and discharge hydra- 
graphs, Mississippi River, Red River Landing, La. 

u*/ >“/I IEW O/I, 

FIGWE 3. - 1933 stage and discharge hydrographs, 
Mississippi River, Red River Landing, Ls. 

tions show a general lowering of crossings with 
reduced water temperature and a general reduc- 
tion in amplitude of the largest sand waves: 
Both of these statistics vary from crossing to 
crossing for each of the comparisons. Also, in 
a few cases, the crossings were not lower for the 
colder water. Finally, the lowering of crossings 
was more consistent than the reduction in 
amplitude of the maximum sand waves. The 
sand wave changes are complicated by the fact 
that, up to a certain stage (near bank full), 
sand waves become larger (see fig. 1) ; after 
which they tend to smooth out,J until possibly 
another series of (perhaps basically different 
type) waves or dunes tends to form again at 
high flood stages. 

indications that we are dealing with a natural 
river flowing in a channel carved through 
somewhat heterogeneous formations containing 
important anomalies. That is to say, if the 
river flowed through homogeneous formations, 
with no anomalies, it would have a uniform 
alinement, like the channels in the Tyler-Friad- 
kin models, and every crossing would behave in 
exactly the same way under the influence of 
varying temperature. Also, the comparisons as 
given are based upon crossings only. This is 
done for two reasons: First, it is believed that 

It is suggested that these deviations from a 
general trend may also, to some extent, be 

Sin which respect, the river conforms with Vanoni 
and Brooks’ experience in their flume studies (see foot- 
note 8) where they found that increased flow caused 
the ripples or dunes to disappear and the model bed to 
become smooth. 

FIWJRE~.-I~~O flood: Stage and discharge hydra- 
graphs, Mississippi River, Red River Landing, La. 
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FIGURE 6. - 1961 flood: Stage and discharge hydrographs, Mississippi River, Red River Landing, La. 

the crossings, being submerged weirs in effect, 
have the greatest influence on flow; and, second, 
it is more difficult to control the lateral position 
of the survey boat when running around bends. 
It may be mentioned that the basic data (thal- 
weg profiles) indicate that the bends also deepen 
under the effect of colder water. 

As already indicated, another basis for the 
thesis of this paper is afforded by a special 
presentation, based upon certain official pub- 
lished discharges of the Mississippi River Com- 
mission at Red River Landing (mile 300.6 
A.H.P.)6 at an approximate stage of 37 feet. 
Table 9 presents these data. Study of this table 
indicates that failure to observe temperature 
in discharge observations and to make. proper 
allowance for its effect on flow in alluvial rivers 
may introduce an element of error into dis- 
charge measurements and computations. 

6 Just below Old River, after the Mississippi has di- 
vided; one part going down the Atehafalaya and the 
other part going down the Mississippi past New Orleans 
to the Gulf. 

7 This effect is confined to alluvial rivers; that is, there 
is no reason to expect any similar effect on the flow in 
canals, pipes, etc. 

*See U.S. Army Engineer Division, Missouri River, 
Report E-68, Dec. 1957, “Laboratory Studies of Rough- 
ness and Suspended Load of Alluvial Streams,” by Vito 
A. Vanoni and Norman H. Brooks. 

Mechanisms by Which Water Tempera- 
ture Affects Bed Configuration 

Throughout the field of civil engineering, the 
primary effect of water temperature is ignored; 
that is to say, the change in viscosity of water 
in the normal range of temperatures has such 
a slight effect upon the.manner in which water 
behaves that it can be, and is, ignored. 

This fact undoubtedly is the reason for the 
failure to explore the possible secondary effect 
of temperature on flow in alluvial rivers;T that 
is, the effect of viscosity on the “fall velocity” 
of a particle of sediment and all the subsidiary 
phenomena that stem from this basic phe- 
nornenon. This “fall velocity” essentially deter- 
mines or controls the ability of the water to put 
into suspension or motion certain sizes and 
quantities of sediment and ultimately, there- 
fore, everything having to do with systematic 
variations in riverbed configuration. 

Working with this major factor that affects 
riverbed configuration is another recently dis- 
covered factor-that muddy water has less 
resistance to flow than clear water and the 
muddier the water (within reason) the less the 
resistance.* Vanoni and Brooks’ explanation, it 
may be noted, is that sediment particles dampen 
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FIGURE 7.- 1962 flood: Stage and discharge hydro- 
graphs, Mississippi River, Red River Landing, La. 

turbulence, hence the more particles of sedi- 
ment the less turbulence, hence the less resist- 
ance to flow. 

The present discovery and the Vanoni-Brooks 
discovery work together to account for the over- 
all effect of temperature on riverbed eonfigura- 
tion and, in turn, the effect on resistance to how. 

Conclusions 
The author in recent rereading of various 

papers dealing with flow in rivers, movement 
of sediment and related subjects, notes that 
several writers were moving in the direction of 
recognizing the broad effect of temperature : In 
each instance, however, they veered off course 
just about the time when recognition might have 
been made. These other observers, however, 
did not have the fathometer at their disposal as 
a ready means of obtaining the many miles of 
thalweg profiles necessary for an empirical 
study of this phenomenon. Nevertheless and 
despite the foregoing, the existence of this hia- 
tus in river hydraulics seems remarkable in the 
light of the fact that the full implications of the 
effect of water temperature on the fall velocity 
of sediment particles should clearly point to- 
ward the conclusion that everything pertaining 
to riverbed variation and to the quantities and 
sizes of sediment put into suspension or motion 
is affected to a major degree by water tempera- 
ture. As a final concluding note, it would ap- 
pear that, when the general thesis of this paper 
is further confirmed by more exhaustive em- 
pirical or laboratory investigations, it may be 
that hydrologists will adopt the practice of 
noting discharge at a “standard temperature.” 
Perhaps tables of “correction factors” will be 
prepared to enable those making discharge 
computations to reduce the results to a standard 
temperature basis. 

METHODS AND THEIR SUITABILITY FOR DETERMINING 
TOTAL SEDIMENT QUANTITIES 

[Paper No. 321 
By JOHN R. SHEPPARD: hydmulie engineer, Sedimentation Section, Hydrology Branch, 

Bumau of Reclamation, Denue~ 

Abstract 
Despite the many advances made in the last 

15 years in the investigation and development 
of hydraulic and sedimentation phenomena, the 
hydraulic engineer must still use his experience 
and empirical data to estimate total sediment 
quantities. In the development of water re- 
sources projects, sedimentation is a question 
that must be answered in one way or another. 
The answer may be that sediment is of little 
concern or that a considerable amount of proj- 
ect investigation funds may be required for 
proper evaluation. In any event, some method 
must be used with the available data to derive 
the answer. 

The Bureau of Reclamation uses several 
methods to estimate total sediment quantities 
that are dependent on the type of data available 
as well as the suitability of the method to the 

1 Died June 14,1964. 

level of project development. Every effort is 
made to collect adequate field data for the 
proper level and to use that corresponding 
method in deriving the best estimate if possible. 

The methods of determining total sediment 
quantities and a discussion of the suitability of 
each include : (1) The use of yield rates, (2) the 
use of suspended sediment sampling data with 
estimated bedload, (3) suspended data with 
bedload equations, (4) suspended data with the 
Modified Einstein procedure, and (5) suspended 
data with Colby curves of unmeasured load and 
velocity. A group of Colby curves for a number 
of western streams are presented. 

Introduction 
The quantity of total sediment load carried 

by a stream is a necessary determination in 
many phases of water resource development. 
Even if sediment appears to be no problem in 
planning for a project, it is wise to investigate 
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and estimate the quantities involved. The lack 
of sediment load, as well as too much sediment 
load, can create problems. Clear water releases 
below storage dams, or increased flows in con- 
veyance or drainage channels may cause degra- 
dation or erosion of the channel from the lack 
of a sufficient sediment load. 

The sediment load carried in a watercourse 
has been.defined by various component parts. 
Measured and unmeasured sediment loads are 
defined and divided by the inability of a sus- 
pended sampler to sample near the streambed. 
Wash load, suspended load, saltation load, and 
bedload are defined by the predominant mode of 
transport of sediment particles. The total sedi- 
ment load is generally understood as the sum of 
the component loads and is the whole quantity 
of sediment carried by any and all mode of 
transport by a stream. 

Sediment may be carried by water in any 
type of conveyance such as pipelines, canals, 
penstocks, etc. The basic determination of 
sediment load in project development is that 
total load carried by a natural stream. For the 
purpose of this paper, the total sediment load 
quantities will be those natural loads of an 
alluvial-type stream that either supplies the 
water resource for the project or is involved in 
the project collection, conveyance, or distribu- 
tion of water. 

To the practicing engineer involved in the 
hydrology of a project, the determination of 
sediment load quantities is the first and basic 
step in analysis of sedimentation effects and 
problems associated with the project features 
and project operation. Estimates of reservoir 
storage depletion by sediment, stability studies 
of conveyance or drainage channels, design’ of 
sediment excluding devices at diversion struc- 
tures, channel degradation estimates below 
storage structures, studies of channelization 
design, and other feature studies require the 
determination or estimate of the total sediment 
load and its characteristics. The practicing 
engineer may find it necessary to estimate sedi- 
ment load quantities for past, present, or future 
conditions and to evaluate the estimate on the 
basis of suitability for the level of project devel- 
opment being investigated. The importance of 
sediment effects on the total project also must 
be considered in determining the suitability of 
the method used to derive the total sediment 
estimate. 

A number of methods are described in this 
paper that have been used by the Bureau of 
Reclamation to estimate total sediment load 
quantities for project planning and project 
operation investigations. Each method has a 
suitability for certain levels of investigation, 
which is discussed. To some extent the method 

selection is also dependent on the type of data 
available and the expense of a data collection 
program. 

Sediment Yield Rates 
Sediment yield rates express the average 

sediment production of ,a drainage basin area 
in terms of a volume or weight per unit area 
for a unit time period. The usual units are acre- 
feet per square mile per year or tons per acre 
per year. Values of yield rates are based on 
sediment volumes from reservoir or stock pond 
resurveys, gross erosion rates with sediment 
delivery ratios, or sampling results on streams. 
The yield rates derived for storage loss or 
erosion rates generally are comparable to total 
sediment load quantities. 

Yield rates are used primarily for small 
drainage areas where the vegetative cover, 
soils, and rainfall characteristics are uniform. 
Yield rates are, therefore, used in areas where 
the sediment produced is a function of drainage 
basin character rather than stream hydraulics. 
As such, yield rates can be estimated for drain- 
age basms of similar characteristics. 

The use of yield rates is limited to small 
structures in most cases because of drainage 
basin size or to appurtenant structures of larger 
projects. Yield rates are used in cases of tribu- 
tary cross-drainage sediment contribution to 
canals where the intermittent flow of the tribu- 
tary does not warrant a siphon or other cross 
drainage structure. Yield rates are often used 
in the preliminary or reconnaissance level of 
project development, because no other data are 
available and a data collection program has not 
been initiated. 

The successful use of yield rates is more 
dependent on the experience of the engineer 
than upon his technical proficiency in hydrau- 
lics. The experience gained by the observation 
of varied drainage areas with different types 
of soils and geology, different types of erosion, 
and diff went types of vegetation, when combined 
with rainfall patterns and derwed yield rates, 
is invaluable. 

There are many sources of basic yield rate 
figures, such as the publications of the Soil Con- 
servatron Service, Department of Agriculture, 
on rates of sediment production for various 
sections of the United States. Any type of 
stock pond or reservoir resurvey data can pro- 
vide rates of sediment yield, such as the file of 
reservoir sedimentation data summary sheets 
maintained by the Subcommittee on Sedimenta- 
tion, Inter-Agency Committee on Water 
Resources. This file contains data from all Fed- 
eral agencies who are members of the Subcom- 
mittee. State and local governmental agencies 
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may also publish reports that contain data for 
establishing yield rates. 

Suspended Sediment Sampling Data 
The largest amount of basic data for estimat- 

ing total sediment load is the records of sus- 
pended sediment sampling measurements on 
many of our streams. These records report the 
observed concentration of suspended sediment 
particles in terms of parts per million by weight 
or in terms of suspended load in tons per day 
in conjunction with the observed or measured 
discharge of water. 

With the sampling equipment presently used, 
suspended sediment sampling measurements do 
not measure the total sediment load or even the 
total suspended load. The construction of all 
samplers in general use at the present time pre- 
vents the nozzle from approaching the stream- 
bed by a definite distance when the sampler is 
resting on the bed of the stream. Because the 
concentration of suspended particles of sand 
size or larger increases with depth, a portion of 
the suspended load is not sampled; and the 
amount unsampled is proportionate to the un- 
sampled depth and the total depth of the stream. 
The measured suspended load and the unmeas- 
ured load are the usual terms that define the 
total load by the combination of transported 
load in the two zones of flow. 

To derive the average suspended load from 
the available suspended sampling data, the 
Bureau of Reclamation generally uses the flow- 
duration, sediment-rating curve method (14). 
The basic sediment-rating carve is a correlation 
of water discharge a,nd suspended concentration 
or sediment load in tons per day. It was first 
developed by Campbell and Bauder (1). A flow- 
duration curve is a correlation between water 
discharge and the percentage of time the dis- 
charge occurs. Integration of the sediment- 
rating curve and flow-duration curve will give 
an average suspended sediment load. 

The basic data for the sediment-rating curve 
and the flow-duration curve do not have to be 
from the same time period. Because discharge 
records are usually available over a longer time 
period than suspended sediment records, this 
method allows the expansion of a relatively 
small amount of sediment data to the longer 
period of discharge, provided no event or con- 
trol has been imposed on the stream to change 
the basic sediment-water discharge relation. 

The above description is a simple presenta- 
tion of the method that represents a complex 
relation. Considerable deviation from a simple 
curve expressing the discharge-sediment rela- 
tion is the rule rather than the exception, and 
may be due to a number of causes. A sediment- 
rating curve does not necessarily represent the 

transport capability of a stream but more often 
represents the water-sediment production capa- 
bility of the drainage area. Sufficient data to 
define the average runoff conditions will pro- 
duce an average curve that can be used with 
confidence. The water-sediment relation may 
change with the type of runoff, i.e., snowmelt 
or rainfall, and should be subdivided into more 
than one curve for different “seasons” of the 
time period. Operational changes on controlled 
streams may also produce different water-sedi- 
ment relationships requiring subdivision of the 
sediment-rating curve and flow-duration time 
periods (22). Conservation measures on the 
watershed or control measures on the stream 
can produce a pronounced effect on the flow- 
duration and water-sediment relation. 

The suitability of suspended load determina- 
tions is primarily dependent on the quality and 
length of the sediment and discharge data 
records available. Although a small amount of 
sediment data can successfully be used to esti- 
mate long-period conditions, those data can be 
biased by the conditions prevailing during the 
sediment sampling period. Sediment data col- 
lected during a low runoff period (compared to 
the long-period average) may give average 
loads that are high. Conversely, data collected 
during a high runoff period may result in aver- 
age sediment loads that are too low. The suit- 
ability is also dependent on the discharge range 
through which the sampling was conducted in 
relation to the discharge range of the long- 
period flow-duration. In determining the aver- 
age long-period sediment load, the major part 
is produced by the less-frequent, high dis- 
charges. The extension of the sediment-rating 
curve through this discharge range, because 
the sampling measurements did not include 
discharges in the range, can give results that 
are unreliable. 

In project planning, the suspended sediment 
loads determined with data that may be biased 
can be estimated or corrected for the beginning 
levels of project investigation. As the project 
plan develops to higher .levels, additional sam- 
pling programs may be desirable to correct the 
bias or obtain data through the greatest pos- 
sible range of discharges. 

The major part of available suspended sam- 
pling data is found in U.S. Geological Survey 
Water Supply Papers, although other Federal, 
State, or local agencies may conduct sampling 
programs to fill their needs. 

Reports of published and unpublished sedi- 
ment data inventories are issued periodically 
by the Subcommittee on Sedimentation, Inter- 
Agency Committee of Water Resources. 

With the determination of suspended load 
estimates, unmeasured load estimates are 
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necessary to determine total sediment load 
quantities. Various methods are presently used 
that include estimating bedload, bedload equa- 
tions, total load methods, and extension of total 
load method results. 

Estimating Bedload or Unmeasured Load 
E. W. Lane and W. M. Borland presented a 

paper dealing with estimating bedload, which 
is a suitable guide (8). The following discus- 
sion and table are quoted from that paper. 

The usual method of determining the amount of bed- 
load correction is to assume that it is a certain percent 
of the load determined from the suspended load sedi- 
ment samples. The percentages which have been used in 
the past have been based on judgment, which in many 
cases have been little better than a guess. Opinions 
differ considerably on the correct value of this percent- 
aae to assume. For different streams, Dercentzwes 
Which have been used by various engineers range from 
0 to 100 percent, and it is probable that the correct value 
for these streams covers a range of at least this magni- 
tude. Verv few ouantitative measurements of the total 
load have been &de to serve as a guide in making aecu- 
rate estimates of bedload, but there are certain general 
relations which, if kept in mind, will greatly na~~-ow the 
limit of error which in engineer is likely to make in 
estimating the bedload. There are three major variables 
which affect the amount of bedload a stream may carry. 
They are as follows: 

1. Size of bed material or the fall velocity of these 
particles. 

2. Slope of the stream or the average stream velocity. 
3. Nature of the channel, including the depth, size, 

shape, and roughness of its bed and banks. 
A minor factor is temperature, including the effect 

of ice. To aid in the evaluation of the effect which these 
variables have on the bedload the following criteria are 
set forth: 

Criterion 1. The smaller the actual concentration of 
suspended material, the higher usually will be the per- 
cent of bedload. This is a very important factor in 
estimating hedlosd. 

Criterion 2. The smaIler the difference in the particle 
sizes of the bedload material and the suspended load 
material, the higher will be the percentage of hedload to 
the total load. 

Criterion 3. The ratio of bedload to suspended load 
is apt to be larger for low or medium stages than it is 
for high stages. Thus, a stream in which the Aow does 
not fluctuate widely, is likely to carry a larger percent 
of hedload. This criterion does not necessarily apply to 
very steep mountainous streams which move boulders 
at flood stage. In such cases, the bedload ratio may in- 
crease with an increase in discharge. 

Criterion 4. Streams with wide shallow channels 
carry a higher proportion of sediment as bedload than 
streams with deep nawow channels. 

Criterion 5. Stream channels with a high degree of 
turbulence tend to have smaller amounts of bedload. 

A clue to the magnitude of the bedload eorreetion can 
often be found in the nature of the souree of the sedi- 
ments involved. The three common types of erosion 
which produce sediment are: 1. Sheet erosion, 2. gully 
erosion, and 3. bank cutting. Sediment produced by 
sheet erosion tends to be fine; and, therefore, streams 
carrying sediment derived from this source tend to have 
a small amount of bedload. However, if the topsoil is 
predominantly sandy and the drainage-ways are corn- 
paratively small, then shallow-sheet erosion may pro- 

duce considerable bedload. Gully erosion and bank cut- 
ting are likely to produce ccarser material and, there- 
fore, more bedload than is obtained from sheet erosion. 
However, if the material below the surface layer of the 
ground is fine or is composed of material which breaks 
dawn into fine material, as does shale, gully erosion or 
bank cutting do not produce a large amount of bedload. 
Since bedload is composed of the coarser particles, in 
order to have an appreciable amount of bedload, these 
coarser particles must be found in abundance on the 
watershed and must be so located that they can be easily 
moved in to the drainage-ways of the stream’s channel 
system. 

For some purposes it is desirable to estimate the 
bedload movement at a given time, and for others it is 
necessary to estimate chhe average movement over a 
period of years. Most of the conditions previously dis- 
cussed deal more particularly with the conditions at a 
given time. When the average bedload over a period of 
time is concerned, the flow variability must be consid- 
ered. Most of the sediment load of streams is carried 
during high-flow periods since at these times both the 
discharge and the sediment concentration are high. At 
times of high flow, however, the depth of flow and tur- 
bulence are greater and tend to lower the bedload eon- 
tent of the stream (at least in the case of the sand sizes, 
the amount of which is likely to be of greater magnitude 
than the coarser material). The bedload correction in 
times of high flow is, therefore, likely to be a smaller 
part of the suspended load than in times of low flow; 
consequently? with a more variable flow the bedload 
correction ~111 be smaller, when expressed as a percent 
of the total quantity of measured suspended load for the 
period of flow involved. 

From the foregoing discussion it can be seen that a 
great many factors ar‘e involved in the estimation of 
bedload and that it is difficult, if not practically im- 
possible, to draw up a simple rule or formula which 
will give quantitative answers to all eases. Probably 
the best answer to the problem devised to date is that 
suggested by Thomas Maddock, Jr., and given in Table 
1. This table takes into account only a portion of the 
variables previously mentioned, but those omitted can 
be given consideration in determining that part of the 
suggested bedload range to adopt. 

Bedload Equations 
Numerous bedload equations have been pro- 

posed over the years, such as Einstein (4), 
Schoklitsch (I.?), Kalinske (7)) Meyer-Peter 
and Muller (11)) Straub (27), and many others. 
It is necessary for the practicing engineer to 
have some knowledge of the data, methods, 
derivation, and limitations of the various bed- 
load formulas before they’ are applied to a 
particular situation. Most of the formulas are 
based on results of the tractive force flume 
studies of Gilbert: Kramer, the U.S. Waterways 
Experiment Station, and others. The Schok- 
litsch (2.3) formula, however, was developed 
for coarser materials on European streams and 
was verified by measurements on these streams. 
The main deterrent to verification of most of 
the formulas in natural stream channels is the 
lack of suitable methods for measuring the 
actual bedload movement. The Geological Sur- 
vey has made several studies where natural or 
artificial contracted sections have been used 
and the created turbulence was sufficient to 
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TABLE I.-Maddock’s classification for determinino 
bedloah 

Less than 1,000. 

1,000 to 7,500. 

1,000 to 7,500.. 

Over 7,500.. 

over 7.500.. 

Gravel, rock, 
or consoli- 
dated clay. 

Sand. 

Gravel, rock, 
or consoli- 
dated clay. 

Sand. 

Gravel, rock, 
or consoli- 
dated clay. 

Similar.. Sir 25 CI 150 
to bed 
EMtid. 

Small..... 5tol2 SE 
:i%s: 

Si: Similar.. 10 to 35 
to bed 
material. 

25 25s;;y$ 5 to 12 
sand OI / 
less. 

Similar. 5 to I5 
to bed 
material. 

25s;;d=o;t. 2to8 

less. 

force most of the normal bedload into suspen- 
sion where it could be sampled (3,6). Such 
contractions are not available on a sufficient 
number of streams of varied character to estab- 
lish comprehensive criteria for bedload formula 
use, however. 

Several formulas that apply to a situation 
can be used and the separate results compared. 
In this way the limitations and variance of each 
is developed by experience. As an example, the 
Schoklitsch formula, using a mean depth of 
section, and the Meyer-Peter and Muller for- 
mula, using the maximum depth of section, 
generally result in comparable bedload values 
for a given set of conditions. This is likely the 
result of data used in formula derivation; 
Schoklitsch based on natural European streams 
and Meyer-Peter and Muller based on labora- 
tory flume studies. 

An additional problem is created by the use 
of bedload formulas to represent the unmeas- 
ured load of a natural stream. Most basic data 
on which the formulas are based are the quan- 
tities of transported material. The flume experi- 
ments when conducted through a series of 
discharges did not consider. that higher dis- 
charges would carry an increasing part of the 
bed material as suspended load. A formula 
based on such data could compute more than 
the unmeasured load because, if all other eondi- 
Cons were the same, the bed material in sus- 
pension would be computed as unmeasured load 
and also sampled as measured load. 

Even though there are limitations to the use 
of bedload formulas, they are adaptable to 
changing hydraulic conditions in the stream 
channel and can be used to estimate loads for 
a variety of problems associated with project 
development and planning. 

Comprehensive Total Load Methods 
There are several methods, used in present 

practice, that compute the total load of a stream 
as an integrated load of both suspended and bed 
transport. E. M. Laursen developed parameters 
by descriptive analysis that are involved in 
sediment transport and established relation- 
ships between the parameters from approxima- 
tions and empirical definitions (9). However, 
use of the Laursen computational procedure has 
not been successful on some major natural 
streams without revision (20). 

The Modified Einstein procedure is another 
computational method which results in an esti- 
mated total sediment load (3, 25) The unique 
feature of this method, and possibly one of the 
main reasons for its acceptance among field engi- 
neers, is the use of field sampling measurement 
data in the computation. The Laursen eompu- 
tation used hydraulic and sediment param- 
eters to result in a total sediment coneentra- 
tion. The Modified Einstein procedure uses the 
sampled concentration of suspended sediment 
and expands or integrates to determine the rest 
of the total load. The total load results by 
the Modified Einstein procedure are correlated 
to observed data, but the Laursen method com- 
putes what can be directly measured. 

The Modified Einstein method can be used 
only in the middle range of sediment transport; 
i.e., where the transported materials are 
primarily the same in suspension and along the 
bed. To integrate the suspended load through 
the full stream transport depth, including bed- 
load movement, the same size of particles must 
be found in both modes of transport. If the 
suspended particles are appreciably smaller 
than the bed material, the particles are prob- 
ably transported as wash load. In such a case, 
separate computations of bedload and suspended 
load are war&ted instead of a comprefiensive 
total load method. 

The necessary data and measurements 
required for a Modified Einstein computation 
are greater than those for a suspended sediment 
sampling program, because sampling of the 
streambed material and a size analysis of both 
bed and suspended particles are necessary. 
Perhaps the largest increase in cost of a total 
load program in comparison to a suspended 
sampling program is in the time and expense 
necessary to make the Modified Einstein com- 
putations. An engineer or engineering tech- 
nician will require 2 to 4 hours to make one 
computation by hand. The Bureau of Reclama- 
tion has developed the Modified Einstein pro- 
cedure for use on an IBM 650 electronic com- 
puter, thus saving engineering time but still 
requiring additional expense (16). From these 
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considerations, it should be clear that a total 
sediment load program can be economically 
justified only for problems of considerable 
importance or for project planning on the 
higher design levels. 

The end result of a Modified Einstein compu- 
tation is a total sediment load for one discharge 
value similar to the suspended sediment load 
for one discharge value of a suspended sediment 
sampling. The methods used to derive average 
loads as described for suspended sediment sam- 
pling data are, therefore, equally adaptable to 
total load data. The same limitations and quali- 
fications are also applicable. 

The critical determination that affects the 
total sediment load in a Modified Einstein com- 
putation is the rate of change of particle con- 
centration with depth denoted as the 2 value. 
Einstein (5) has expressed the concentration 
at any distance y from the bed, C,, as a func- 
tion of a known concentration at distance a as 
follows : 

Various methods have been developed to 
determine the Z values for various size frac- 
tions of the total load. Einstein (5) proposed 
the use of the formula : 

VS 
z = 0.4u. 

Point sampling measurements have shown 
the Z value from this form of equation is too 
high. Corresponding 2 values have been deter- 
mined at natural sections for measurements at 
contracted sections by the U.S. Geological Sur- 
vey. The U.S. Bureau of Reclamation has 
attempted point sampling measurements on the 
Colorado River, which have not beensuccessful. 
The Modified Einstein procedure determines Z 
values by computing a concentration C, near 
the bed level by the bedload function and inte- 
grating across the unmeasured depth to agree 
with the measured suspended concentration. 
None of these methods have proved completely 
successful. Until some method is devised to 
predict the Z value for other size fractions 
from the 2 value of one size fraction and this 
method agrees with sampling data, the Modified 
Einstein computation will continue to contain 
inconsistencies. 

The Corps of Engineers sampling program 
on the Missouri River has been devised to com- 
pute total suspended load by the collection of 
an equal transit rate sample for the whole 
stream and a point sample in each vertical. 
These two samples define a measured Z value 
for extending the suspended concentration to 
the bed, but the method does not include any 

bedload transport. This method has been 
adopted because, in the Missouri River, bedload 
is not a large part of the total transport. Some 
major streams of concern to the Bureau of 
Reclamation, such as the lower Colorado River, 
carry an average of 40 percent unmeasured 
load, and the approximation by the Modified 
Einstein procedure is considered a better esti- 
mate for these streams than a total suspended 
load value. 

In any case, much more investigation is 
needed to establish the factors affecting the 
rate of concentration change with depth in 
natural streams. The Modified Einstein method 
is still useful as it is, because the 2 values for 
the size fractions that make up the major part 
of the total transport can be determined to some 
degree of accuracy, although the relation be- 
tween the various Z values is somewhat vague. 

Velocity and Unmeasured Load Curves 
B. R. Colby presented a relation of unmeas- 

ured sediment load to mean stream velocity as 
an approximation for determining total sedi- 
ment load (2). The Bureau of Reclamation 
has checked this relation on a number of 
streams where Modified Einstein computations 
were available to derive such a curve The main 
premise of the Colby relation is that most of 
the variables used in the Modified Einstein pro- 
cedure have a relation or are affected by the 
mean stream velocity. The unmeasured load 
should, therefore, show a strong correlation 
with mean velocity. The stream width has been 
eliminated in this correlation by using the 
unmeasured load per foot of width. 

Available total load results by the Modified 
Einstein procedure were used to determine 
individual curves of mean velocity vs. unmeas- 
ured load per foot of width for the following: 

Rio Grande : 
Albuquerque, N. Mex. 
Belen, N. Mex. 
San Felipe, N. Mex. 
Bernalillo, N. Mex. 
Cochiti, N. Mex. 
Miscellaneous measurements. 

Colorado River : 
Northerly International Boundary. 
Adobe Ruin. 
Taylor’s Ferry. 
Palo Verde Dam. 
p;e;3yheel. 

R: S. 41. 
Needles Bridge. 
R. S. 33. 
Columbus, Tex. 
Bay City, Tex. 
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Guadalupe River : 
Victoria, Tex. 

Sabine River : 
Bon Weir, Tex. 

Trinity River : 
Romayor, Tex. 

Brazes River: 
Richmond, Tex. 

Elk Creek : 
Hobart, Okla. 

Figure 1 shows a composite plot of the 
derived curves for the listed gaging stations, 
although the individual curves cannot be 
discerned. 

The 57 Modified Einstein computation results 
for the Rio Grande at Cochiti, N. Mex. (fig. 2) 
were processed for a statistical correlation to 
approximate a curv; zf ;tn following form: 

From the correlation,-it was found that 90 
percent of the deviation of unmeasured sedi- 
ment load from the curve could be explained by 
velocity variation. From statistical variation, 
18 of the points would be expected to fall out- 
side one standard deviation from the curve. 
For the Coehiti correlation, only 14 of the 57 
values fell outside one standard deviation. 

In recent studies of sediment movement in the 

Lower Colorado River at the northerly Inter- 
national Boundary, the flow - duration, total 
sediment load curve method of computing the 
yearly loads, was checked by using suspended 
sediment data and a derived curve of mean 
velocity vs. unmeasured load per foot of width 
based on 50 total load computations (fig. 3). 
Over a period of 5 years, the total accumulated 
sediment load determined by the two methods 
differed by only 3.5 percent. 

Based on the previous studies and additional 
experience with unmeasured load curves, the 
Colby relation appears to be a valuable tool for 
use in total load estimates. The basis of the 
relation is total loads as determined from Modi- 
fied Einstein computations, and any application 
should be in a situation where the Modified 
Einstein method is applicable. It does allow a 
total load investigation with less data than 
necessary to establish a total sediment load rat- 
ing curve and can approximate conditions for 
similar streams where no data are available. 
However, sufficient data should be collected to 
define such curves based on the level of project 
development being investigated. 

Additional unmeasured sediment load curves 
are shown in figures 4, 5, 6, 7, 8, and 9 for 
several of the listed gaging stations. It is hoped 

Floun~ 1. - Composite plot of relation between unmeasured sediment load and mean vebcity. 



SYMPOSIUM 2.-SEDIMENT IN STREAMS 279 



280 MISCELLANEOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE 



SYMPOSIUM Z.-SEDIMENT IN STREXMS 281 



282 MISCELLANEOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE 



SYMF’OSIUM 2.-SEDIMENT IN STREAMS 283 



284 MISCELLANEOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE 



SYMPOSIUM 2.-SEDIMENT IN STREAMS 285 



MISCELLANEOUSPDBLICATION ~0,lJ.S.DEPAFXMENT OFAGRDXJLTLlRE 



SYMPOSIUM Z.-SEDIMENT IN STREAMS 287 

that in the future, the series of curves shown 
in figure 1 may be studied to determine varia- 
tion in slope and position with additional stream 
or sediment characteristics. 

Conclusion 
The determination of total sediment quanti- 

ties during the investigation phase of a water 
resource project is an important and often vital 
part of the design and operation of the project. 
Sediment can produce problems with major or 
minor structures where the transport of water 
is involved. This paper has been prepared as a 
guide to the methods geeserally used in Bureau 
of Reclamation practice to determine total sedi- 
ment quantities in natural streams. The main 
purpose has been to present these methods not 
in complete detail, but in the frame of ideas for 
a practical determination of quantities. Suffici- 
ent references have been included if the reader 
wishes to study the methods in detail. 

The prediction of greatly increased water 
resource needs for the future carries with it 
the implication of continued and increased con- 
cern with transported sediment. The methods 
presented in this paper may help in this 
concern, although new investigations, advance- 
ments, and studies will be necessary to provide 
the practicing sedimentation engineer with the 
necessary tools. 
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SEDIMENT CONTROL AT A HEADWORKS USING GUIDE VANES 
[Paper No. 331 

BY E. J. C-=“N, head, Sedimat Investigations Uffltt, and P. F. ENGER, hydraulic engineer, Hydmulies Branch, 
Division of Research, Bureau of Reclamztion, Denvw 

.Synopsis face guide vanes, to compare the performance 
The Bureau of Reclamation has in progress a of each type, and to evaluate the effectiveness 

general study program concerning the control of each type in reducing sediment intake into 
at canal headworks of coarse sediments diverted a canal diverted from a large river. Thirty- 
from alluvial streams. The study described in 
this paper was conducted as one phase of the 

seven tests were made on one type of canal 
entrance with a standard river and diversion 

general program. Its purpose was to develop discharge. 
satisfactory arrangements of bottom and sur- Tests indicated that both bottom and surface 
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vanes, as shown in figures 7 and 9, are effec- 
tive in reducing sediment intake into a canal 
diverted from a large river. With either bottom 
or surface vane operation, it was possible to 
reduce the quantity of sediment entering the 
model canal to approximately one twenty-third 
of the quantity entering without the vanes in 
place. 

Because the vanes are not overly sensitive to 
the tested variables, including length, spacing, 
placement, and depth, the information in this 
paper should be of value in design work. For 
intake conditions similar to those used in these 
tests, guide vanes having dimensions propor- 
tional to those given in figures ‘7 and 9 should 
prove beneficial. Results of these tests show 
that guide vanes to control sediment movement 
can be developed by means of model tests. 

Introduction 
Sediment removal from canals, laterals, and 

farm ditches is costly maintenance, so that it 
is desirable, if possible, to exclude or reduce 
the amount of sediment going into a canal head- 
works that takes water from a sediment-laden 
stream. Guide vanes placed near a headworks 
or sluiceway entrance have been studied’ as 
one effective method of controlling sediment 
movement near the intake. They are used to 
control localized secondary currents (figs. 1 and 
2) by diverting bottom water with its relatively 
heavy sediment load away from the canal head- 
works, and top water with its relatively light 
sediment load through the canal headworks. 

Studies to develop and evaluate the effective- 
ness of bottom guide vanes for a particular 
arrangement of intake were made for the San 
Acacia Diversion dam and are reported in the 
Bureau of Reclamation, Hydraulics Branch 
Report Hyd479.z A bottom vane arrangement, 
determined by model tests at the Denver labora- 
tory that resulted in satisfactory performance 
is described in this paper. At the conclusion of 
the San Acacia tests, the model was used to 
extend the data on surface and bottom guide 
vanes as a research project. Dimensions 
referred to in this paper are for the San Acacia 
dam. Prototype dimensions are used in the 
narrative because they are easier to visualize. 
Some prototype dimensions are shown in terms 
of a model scale of 1: 20, in parentheses on the 
figures, but most of the dimensions are model 

1 POTAPOV, M., and PYCHKINE, B. METHODS OF TRANS. 
VERSE CIRC”LlTlON AND ITS *PPLIC*TION TO HYDROTECH- 
NICS. Moscow Academy of Sciences, U.S.S.R. Transla- 
tion 46 of Service des Etude et Reeherches Hydrauliques, 
Paris. 1947. 

2 BUREAU OF RECREATION. HMRAULIC MODEL STUDY 
TO DETERMINE n SEDIMENT CONTROL ARRANGEMENT FOR 
SOCORRO MMN CANAL HEADwoRKS--S*N ACACIA DIVE& 
SION DAM, MIDDLE RIO GRANDE PROIECT, NEW MEXICO. 
Hydraulics Branch Report Hyd-479. March 1962. 

dimensions and show the actual size of the test 
facility. 

Although the scope of these studies is limited, 
the research indicated that efficient guide vanes 
can be developed by means of model studies and 
that additional research would provide valuable 
generalized design information. 

Experimental Work and Data Obtained 
The model (figs. 3 and 4) was constructed 

in a test box lined with sheet metal. The proto- 
type spillway consisted of 12 river bays with 
20-foot by ‘7-foot 6-inch gates and an adjacent 
sluiceway area. A movable bed extended 
approximately 600 feet upstream from the dam 
axis. The canal headworks was approximately 
160 feet upstream from the dam axis and dis- 
charged into a canal of S-foot bottom width 
and 2 :I side slopes. The low-flow channel used 
in the San Acacia study (fig. 3) with the five 
entrance conduits, was not onerated in these 
tests. 

Such major features as river gates, conduits, 
slide gates, and sampling equipment were gen- 
erally constructed of sheet metal. Treated wood 
was “used for piers between radial gates, and a 
part of the canal was constructed of metal lath 
covered with concrete. 

A fine sand of near uniform size gradation 
(fig. 5,A) was used to form the movable bed and 

to represent sediment bedload in the model. 
The average diameter of the model sediment 
was approximately 0.2 mm. (millimeter). Fig- 
ure 5,B, shows the settling velocities of the 
model sand. 

Two pumps were used to supply water and 
sediment to the model. No. 1 pump, positioned 
at the downstream end of the model (fig. 3), 
recirculated sediment-laden water through the 
model. No. 2 pump drew clear water from a 
laboratory reservoir and supplied a small 
quantity of water to replace sampling and other 
losses. This water was introduced into the 
upstream end of the model and maintained a 
constant head on pump No. 1. Excess water 
discharged over a weir at the downstream end 
of the model. Discharges and water surface 
elevations in the canal were maintained con- 
stant by the use of slide gates at the down- 
stream end of the canal. Backwater was main- 
tained on the radial river gates by the use of 
the slide gates installed for this purpose down- 
stream from the diversion dam spillway (figs. 
3 and 4). 

Samples of water and sediment discharging 
from the canal, the sluiceway, and the river 
gates were obtained by passing a hand-operated 
sediment sampler through the discharging 
water (fig. 4,B). The sediment-laden water 
flowed through the sampler to a volumetric col- 
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FIGURE 1. -Bottom guide lane method of producing secondary currents for sediment control. 
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FIGURE 4.-p, Overall vjew of mopel; and B: sample 

lector calibrated to indicate the amount of 
water and sediment in liters. After the sedi- 
ment had settled into the small funnel at the 
bottom of the collector, its volume was deter- 
mined. Thus, the concentrations of sediment 
passing through the sluiceway or the canal 
could be readily determined at any time during 
a test. 

During a test some sediment deposited and 
remained in the canal. To account for these 
deposits that, had-entered the cana!.but had not ._ 
been accounted for in the sampling process, 

the volume of sediment remaining in the canal 
was also measured. The sediment concentration 
was therefore based on the discharge and the 
average sediment concentrations that passed 
through various parts of the model, taking into 
account the amount of sediment deposited in 
the canal. 

For all tests, the water surface elevation just 
upstream from the dam was held at 4,668.‘7 
feet; the tailwater elevation below the radial 
river gates was held at 466’7.6, to correspond 
to the tailwater used in the San Acacia model 
study. The canal intake gate was calibrated 
while holding the headwater at normal eleva- 
tion 4,668.7 and maintaining the canal water 
surface at the calculated normal elevation for 
the discharge. A standard test discharge, simi- 
lar to that used on the San Acacia model study, 
consisting of 8,760 cubic feet per second in the 
river and 174 cubic feet per second diverted to 
the canal, was used throughout the study (1:20 
model scale). 

When contours of the movable bed configura- 
tion at the end of a test were desired, levels 
were obtained and appropriate plots made. To 
help evaluate results, both black and white and 
color photographs of sediment deposits and bed 
conditions were obtained for each test. Tests 
were compared on the basis of a ratio of the 
concentration of sediment entering the canal 
headworks to that moving in the river upstream 
from the headworks : 

F+ 
NS 

where : 
R = Concentration ratio ; 
C, = Concentration in parts per million, by 

weight, of sediment in water enter- 
ing the canal headgates; 

C,, = Concentration in parts per million, by 
weight, of sediment in the river 
water upstream from the canal head- 
works. 

Thus, lower values of the ratio indicate a more 
satisfactory sediment exclusion device. 

To develop a satisfactory set of vanes fey the 
standard test discharge, it was assumed that 
for a given number of vanes having an estab- 
lished cross section, a satisfactory vane spacing 
for a given vane angle, location, length, and 
elevation would still be satisfactory if one of 
the other factors was varied. Accepting this 
assumption for all the variables involved al- 
lowed the following test plan to be adopted : 

1. Determine satisfactory vane spacing. 
2. Determine satisfactory vane angle. 
3. Determine satisfactory placement of vanes 

with respect to canal headworks. 
4. Determine satisfactory vane length. 
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5. 

6. 
7. 

Determine satisfactory vane elevation or 
vane depth. 

Determine effect of the number of vanes. 
Determine effect of vane cross section. 

A graphical method of correlation analysis 
presented by Ezekiel3 was used in analyzing re- 
sults. In this method,, a number of variables, 
such as the concentration ratio, any of the vane 
variables, concentration of total sediment mov- 
ing in the river, and concentration of sediment 
moving near the headworks, are considered in 
the evaluation of a particular arrangement. 
The concentration ratios are first plotted as a 
function of the variable of immediate interest; 
for example, depth of vane (fig. 6). All points 
on the plot are numbered for future reference. 
The best average straight line is fitted to the 
points in graph 1, solid line. Deviations of 
points 1, 2, 3, and 4 from the fitted line (devia- 
tion 1) are then plotted as a function of the 
next most important variable ; in this example, 
concentration of sediment moving in the river, 

CM/SEC. SETTLING “ELOClTY 

(a) (b) 
FIGURE 5. -A, Sand gradation analysis; and B, settling velocities in hydraulic model study. 

3 EZEKIEL, MORDECAI. METHODS OF CORRELATION AN- 
ALYSIS. Ed. 2. 1941. John Wiley and Sons, Inc. 

C,,. From this plotting, a new curve is fitted 
to the points (graph 2 of fig. 6)) which is a cor- 
rection cm-Ye to indicate the effect of the river 
concentration on the concentration ratio. De- 
viations from graph 2 (for example, deviation 
2) are then plotted as a function of the vari- 
ables of next importance ; in this example: con- 
centration of sediment in the sluiceway 1s C.. 
From the resulting correction curve, C, is 
shown to be of minor importance. This process 
is continued until all the independent variables 
desired have been introduced. 

In the example, the concentration of sediment 
in the sluice was the last variable considered. A 
second approximation of the relation of the con- 
centration ratio to the depth of vane may be 
determined by plotting the deviations from the 
last correction curve as deviations from the first 
approximation curve. A curve is fitted to the 
new points, and, if considerable change results 
or if a large number of points are available, it 
may be desirable to repeat the entire evaluation 
process. 

Although a straight line of best fit can 
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FIGURE 6.-Example of graphical method used for analysis of depth of vane, concentration of sediment in the river 
water upstream from canal headworks, and concentration of sediment in sluiceway. 

usually be drawn to fit the points, this method 
is not limited to straight lines. If only a few 

for these analyses (usually three OF four), the 

points are involved a straight-line curve is easy 
conclusions drawn are necessarily limited. 

and rapid to use. However, if too few points Control Tests 
are involved results may be inconclusive. As 
only a limited number of points were available 

Five tests were conducted without vanes but 
with a 160-foot by 40-foot 3-inch slab, at eleva- 
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tion 4,661.0, near the canal headworks on which 
the bottom vanes were later constructed. The 
standard discharges were used in the control 
tests and the river discharge was passed 
through all the river gates, which were opened 
equally. The duration of the five control 
tests averaged approximately 6 hours, and the 
control tests were spaced throughout the overall 
testing period. The control tests are tests 4 and 
19 in the bottom guide vane series and tests 20, 
24, and 36 in the surface guide vane series. 
Results are shown in table 1. 

TABLE l.--Results of control tests with slab and 

Nwn5el 
4...... 

P.p.m. 
7.0 

P.P.wL 
1,601 385 4.16 

19.. 4.4 1,635 345 4.74 
20...... 3.4 1,589 1,331 1.20 
24...... 4.1 886 835 1.06 
36...~.. 5.0 622 861 .72 

The average concentration ratio obtained 
from the control tests was 2.38. This value is 
therefore the datum used to determine the im- 
provement resulting from the various guide 
vane arrangements. In the control tests, sedi- 
ment deposits in the canal decreased the effec- 
tive cross section of the canal and resulted in a 
gradual decrease in discharge as the test pro- 
gressed. The average decrease in discharge 
was approximately 34 percent. When the vanes 
were in place, ‘no appreciable decrease in canal 
discharge occurred. 

Tests Conducted with Bottom Vanes 
Bottom VaneSpacing 

Four tests were made to determine a satis- 
factory vane spacing for tests using bottom 
vanes. These are shown in table 2 as tests 1, 2, 
3, and 5 (test 4 was a control test). Vane ar- 
rangements for the tests are shown in figure 7, 
and the test data are summarized in table 2. 

TABLE 2.-Results of tests to determine 
satisfactory vane spacing with bottom vanes 

Concen- 
tn.@” Coqen- cy;;Fn- 

?“$a; IIours test vane cdse*ment tratmn 
Te.8 spacing 

eondvcted 
““z;riy ?f sedilr&ent ‘“9 

m the nmar 
headworks cd 

Nwnk Fi.An. l..... 26.2 16-8 P.p.m. 41 P.pn. 
233 

2..... 
0.176 

51.2 12-o 
3..... 31.2 260 ifi 

161 ,093 
349 ,097 

5..... 31.2 20-O 44 262 ,168 

For these tests the four vanes used were 50 
feet long, their top elevation was at 4,665.0 feet, 
and they were placed at an angle of 40” to the 

direction of flow with the downstream end of 
the downstream vane on the canal headworks 
centerline. 

In these tests the concentration ratio was 
considerably improved from the 2.38 average of 
the control tests. A multiple correlation of the 
data indicated the spacing of 26 feet on centers 
in test 3 to be most satisfactory. For this spac- 
ing the concentration ratio was reduced to 0.097 
for 349 p.p.m. sediment concentration in the 
river. The 26-foot spacing was used in all fol- 
lowing tests. 

Although the value 0.093 in table 2 appears 
to be more satisfactory than the value 0.097, 
the multiple correlation methods indicates 0.09’7 
to be better. This results from a number of 
variables being involved in the correlation. For 
instance, although the concentration in the river 
was 349 p.p.m. for test 3, it was only 161 p.p.m. 
for test 2. However, even the difference between 
0.093 and 0.176, the highest concentration ratio 
obtained in this test series, is not great when 
compared to the control concentration ratio of 
2.38. 

Angle Between Bottom Vanes and Direction of Flow 
Tests 3, 6, and 8 were utilized to determine a 

satisfactory angle between the vanes and the 
direction of flow. The standard test discharge 
was set, and the multiple correlation method 
was used for analyzing results. For all three 
tests the vane length was 50 feet, vane spacing 
was 26 feet on centers, the tip of the down- 
stream vane was on the canal centerline, and 
vane top elevation was 4,665.0 feet (fig. 7). No 
noticeable decrease in discharge occurred in 
the canal for these tests. Results of the tests 
are shown in table 3. 

TABLE 3.-Results oft&s to determine a satisfactory 
mole between the wmes and direction of flow, 

headwdrE a,“* 
.w‘naer 

3..... 31.2 40" 
P.?J.rn. 

2 
-%9 

6..... 29.0 35O 367 "I;; 
3..... 51.4 45" 33 310 ,106 

In the previous series of tests the concentra- 
tion ratio was not sensitive to vane spacing ; in 
these tests the concentration ratio was not 
overly sensitive to the angle at which the vanes 
were placed in the river. However, from a 
multiple correlation analysis of the data, the 
45” angle was considered to be most satisfac- 
tory. All angles tested indicated considerable 
improvement in the concentration ratio as com- 
pared to the ratio obtained when no vanes were 
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installed. The 45” angle indicated an improve- 
ment in &from 2.38 to 0.106. 

Bottom Vane Location 
Tests 7, 8, and 9 were utilized to determine a 

satisfactory placement or location of vanes with 
respect to the canal headworks. The standard 
test discharges of 8,760 cubic feet per second 
in the river and 1’74 cubic feet per second in the 
canal were used, and the multiple correlation 
method was used in analyzing results. For all 
tests, the vane length was 50 feet, vane spacing 
26 feet, vane elevation 4,665.0 feet, and the 
angle of the vane with the direction of flow was 
45”. Test results are summarized in table 4. 

TABLE 4.-Results of test, s tl 
placement of wmes with r 

3 determine satisfactory 
‘eq ?ect to canal headworks - 

I 
Test 

7.. 

8... 

9... 

-G z 

- 

-~ 

- 

8 

B 

c :oneel- 
tlation 
ratio, 
A 
G”, 

0.047 

,106 

.074 

Visual observations of trial locations indi- 
cated that placing the vanes either farther up- 
stream or downstream from the canal head- 
works would reduce the efficiency of the vanes. 
The multiple correlation analysis of the three 
tests indicated that placing the vanes 5 feet 7 
inches upstream from the canal centerline was 
the most satisfactory arrangement. 

Bottoln Vane Length 
Tests 7, 10, and 11 were used to determine a 

satisfactory vane length. The standard test dis- 
charge was set and the following conditions 
were constant for the three tests: vane spacing 
26 feet on centers, vane elevation 4,665.0 feet, 
angle of vane with direction of flow 45”, and the 
tip of the downstream vane 5 feet 7 inches up- 
stream from the centerline of the canal head- 
works. Table 5 summarizes results of these 
;ests. 

Plots and analysis of data indicated the 50- 

foot vane length to be most satisfactory. The 
results showed a considerable improvement 
over the average concentration ratio of 2.33 
with no vanes in place. 

Tests 7, 12, 13, 14, and 15 were utilized to 
establish a satisfactory vane top elevation for 
the test discharge. For this series of tests, vane 
length was 50 feet, vane spacing was 26 feet on 
centers, angle of vane with direction of flow was 
45”, and the tip of the downstream vane was 
placed 5 feet ‘7 inches upstream from the center- 
line of the canal headworks. Four vanes were 
used in all tests. Table 6 summarizes results of 
these tests. 

TABLE G.-Results of tests to determine a satisfactory 
top elevation, bottom vane 

Humb” Peei 
T.... 26.8 4,665.0 

12.... 29.0 4,663.g 
13.... 29.5 4,664.5 
14.... 49.0 4,666.Z 
15.... 23.9 4,666.8 

- 

-- 

- I - 
The vanes installed for test 12 appeared to 

be too low and allowed considerable sediment to 
pass over them. An average decrease in dis- 
charge of approximately 5 percent occurred in 
the canal during test 12. No significant de- 
crease in discharee. occurred during the other 
tests of this series. 

Analyses of the data indicated the most satis- 
factory surface elevation to be between 4,665.g 
and 4.6662 feet. The elevation selected as most 
satisfactory, after these and additional test 
data were analyzed, was 4,666.l feet. However, 
in some succeeding tests the value 4,665.g was 
used. 

Number of Vanes 
Test 16 was used to establish whether fewer 

than four vanes would produce sufficiently 
strong secondary currents to reduce sediment 
intake into the canai. 
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Three vanes were tested in a manner similar 
to that for four vanes. The 50-foot-long vanes 
were placed with the tip of the downstream 
vane 5 feet 7 inches upstream from the canal 
headworks. Vane top elevation was 4,665.g; the 
vanes were 26 feet on centers and placed at an 
angle of 45” with the direction of flow. The 
standard discharges were set, and tests of 18.5 
and 7.0 hours were conducted. The canal dis- 
charge remained constant during the tests, and 
the resulting average concentration ratio was 
0.067. 

From visual observations and comparison of 
tests 16 and 14, it was concluded that four vanes 
produced a more satisfactory concentration 
ratio than three vanes. 

Effect of Vane Cross Section 
Tests 17 and 18 were utilized to determine the 

effect of vane cross section on the concentration 
ratio. In previous tests, the vanes in the model 
were constructed of sheet metal, equivalent to a 
thickness of approximately 1 inch in a proto- 
type structure 20 times as large as the model. 
A prototype vane would be somewhat thicker, 
particularly a concrete vane, and tests were re- 
quired to evaluate the effect of vane thickness. 
Vanes 8 inches thick were therefore investi- 
gated. Figure 7 shows cross sections of the 
vanes used in these tests. 

Four 50-foot-long vanes were used in these 
tests, spaced 26 feet on centers, placed at an 
angle of 45” with the direction of flow? and with 
the tip of the downstream vane 5 feet ‘7 Inches up- 
stream from the canal headworks centerline. 
Vane top elevation for test 17 was 4,665.g feet 
and for test 18 was 4,666.l feet. The test dis- 
charges of 8,760 cubic feet per second in the 
river and 174 cubic feet per second in the canal 
were used for the tests. 

In test 17, a set of four bottom vanes with 
sharp-edged lips extending 2 feet 613/,, inches 
upstream, shown in figure 7, were tested during 
runs of 18.7, 6.2, 17.0, and 6.9 hours. The canal 
discharge remained constant, but no significant 
improvement was shown over vanes made with 
a rectangular cross section. The average con- 
centration ratio was 0.110. 

Rectangular vanes 8 inches thick (fig. 7) 
were installed for test 18, and runs of 16.9 and 
6.7 hours were conducted. 

The canal discharge remained constant dur- 
ing both runs, and the resulting average con- 
centration ratio was 0.094. The ‘rectangular 
vane cross section used for this test appeared 
to be more satisfactory than the cross section 
used in test 17 and would certainly be easier to 
construct in a field installation. 

Photographs of the sediment deposits that 
resulted in the canal when no control was used 

and when the vanes of test 18 were used are 
shown in figure 8. 

Summary of Bottom Vane Tests 
From these tests it was concluded that bottom 

vanes are effective in reducing heavy sediment 
intake into a canal supplied by water diverted 
from a large river. The most efficient bottom 
vanes developed were a group of four 50;foot- 
long vanes installed upstream from the intake 
at an angle of 45” to the direction of flow. The 
vanes were spaced 26 feet on centers, the down- 
stream tip of the downstream vane was located 
5 feet 7 inches upstream from the canal head- 
works centerline and vane top elevation 

(a) 
Without Bottom Guide Vanes 

With Bottom Guide Vanes 

FIGURE %-Sediment deposits in canal (a) without 
bottom guide vanes and (6) with bottom vanes in hy- 
draulie model study. 
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was at 4,666.l. This arrangement reduced the 
concentration ratio for the test discharge from 
2.38, the average for the five control tests with 
no vanes in place, to less than 0.1. This ratio 
reduction means, in effect, that the vanes al- 
lowed only l/23 of the usual amount of heavy 
sediment to enter the canal. Tests conducted 
during the San Acacia model study 4 indicated 
that the vanes were also of benefit when the 
ratio of river to canal discharge was varied. 

If the standard test discharge used in these 
tests is only considered! the dimensions of the 
variables, location, spacmg, angle, length, depth, 
number, and cross section were not critical with 
respect to performance. Minor changes in the 
dimensions tested could be made,. therefore, 
without changing performance slgnifieantly. 
Surface vanes were next investigated to deter- 
mine whether they were more or less efficient 
than bottom vanes. 

Tests with Surface Vanes 
Surface vane spacing 

Tests 21, 22, 23, and 25 were used to deter- 
mine the effect of spacing of surface vanes 
(tests 20 and 24 were control tests). Vane ar- 
rangements for the tests are shown in figure 9 
and the test data are given in table 7. 

____ 
N”‘rnber 

21.... 29.9 
zz.... 4.8 
23.... 5.8 
25.... 3.0 

Four vanes 50 feet long and 2 feet 81/2 inches 
deep were placed with their bottoms at eleva- 
tion 4,667.68; vane tops were at the normal 
water surface. The vanes were placed at an 
angle of 140” (measured from the same ref- 
erence as the bottom vanes), with the down- 
stream end of the downstream vane at the canal 
headworks centerline. In this test and all tests 
conducted with surface vanes, the vane thick- 
ness was 8 inches. The vane spacing was varied 
in each test as indicated in column 3 of table 7. 

The test ratios all showed considerable im- 
provement over the 2.38 average concentration 
ratio of the control tests and indicated that the 
concentration ratio was not greatly affected by 
the spacing of the vanes. However, a multiple 
correlation of the data showed that a spacing of 

&See footnote 2. 

approximately 18 feet 4 inches would be the 
most efficient for these vanes. From this series 
of tests it was concluded that surface vanes 
could be used effectively to reduce the sediment 
entering a canal headworks. 

Surface Vane Angle 
In the bottom vane tests, the vanes were in- 

stalled to guide bottom water away from the 
right bank into the river. When surface vanes 
are used to produce the same flow conditions 
they must be pointed toward the bank (looking 
downstream). In this position the vanes create 
secondary currents that move the bottom water 
away from the riverbank into the river. This 
action helps to exclude sediment from the head- 
works (fig. 2). Tests 23, 26, 27, and 28 were 
used to test various vane angles. 

For all four tests the vanes were 50 feet long, 
vane spacing was 26 feet on centers, the down- 
stream tip of the downstream vane was at the 
canal centerline, and the vane was 2 feet 8% 
inches deep, with bottom elevation at 4,667.68 
feet (fig. 9). Tests were made using the stand- 
ard test discharges, and the multiple eorrela- 
tion method was used for analyzing results. 
Results of the tests are shown in table 8. 

NVnzk 
23.... 5.3 140" 
x... 4.3 145” 
27.... 3.0 135” 
28.... 5.0 130” 

Although the concentration ratio was not 
very sensitive to the angle at which the vanes 
were placed, a correlation analysis indicated 
the 130” angle to be most satisfactory. 

Tests 27, 29, and 30 were used to test surface 
vane placement (location). For all tests, the 
vane len&h was 50 feet, vane spacing was 26 
feet on centers, angle of the vane was 135’, 
vane depth was 2 feet 81/s inches, and vane hot- 
tom elevation was 4,667.68 feet (fig. 9). The 
standard test discharges of 8,760 cubic feet per 
second in the river and 174 cubic feet per 
second in the canal were used, and the multiple 
correlation method was used m analyzing data. 
Test results are summarized in table 9. 

These three tests indicated that the vanes were 
remarkably insensitive to exact location. Con- 
centration ratios were very similar for all three 
tests. However, visual observations indicated 



FIGURE 9.- Location of surface guide vanes for tests 21 to 23,25 to 35, and 37. 
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that moving the surface vanes farther up- 
stream or downstream would have reduced their 
efficiency. 

TABLE Y.--Results of tests to determine satLC&cto~y 
pkmment of surface vanes with respect to cad 
headworks 

%! 

27.. 

29.. 

30.. 

t 
co 

-- 
2 

0.081 

,079 

.075 

Surface vane Lengths 
Tests 29, 31, and 32 were used to show the 

effect of varying the length of surface vanes on 
their efficiency in controlling sediment move- 
ments. The standard test discharges were used 
and the following conditions were maintained 
constant: Vane spacing was 26 feet on centers, 
angle of vane was 135”, the tip of the down- 
stream vane was placed 5 feet ‘7 inches up- 
stream from the canal centerline, the vanes 
were 2 feet 81/z inches deep, and vane bottom 
elevation was 4667.68 feet (fig. 9). Table 10 
summarizes results of these tests. 

TABLE lO.--Results of tests to determine a satisfac- 

The analysis indicated that a surface vane 
longer than 40 feet did not improve the con- 
centration ratio! and that a vane less than 40 
feet long was shghtly less efficient. 

Surface Vane Height 
Tests 29, 33, 34, and 35 were utilized to 

establish a satisfactory height of surface vanes. 
For this series of tests the vane length was 50 
feet, vane spacing was 26 feet on centers, and 
the angle of the vanes was 135”. Four vanes 
were used, and the tip of the downstream vane 
was placed 5 feet 7 inches upstream from the 
centerline of the canal headworks. Table 11 
summarizes results of these tests. 

TABLE Il.-Results of tests to d, 
tory surface mm I, 

/ I 
I 

-__-- 
.vu”lbpr FLln. 

29x.. 5 2-85s 
33.... 

!?:::I 
; ;rl:g 
5 l-11% 

..- 

- 

I- 

In all cases, the vanes were effective, but 
analysis indicated the most effective depth to 
be 1 foot 113h inches. 

Number of Surface Vanes 
Test 37 was conducted to establish the effect 

of fewer than four vanes (test 36 was a control 
test). Three 50.foot-long vanes were placed 
with the tip of the downstream vane 5 feet 7 
inches upstream from the canal headworks. 
Vane depth was 2 feet 8% inches, spacing was 
26 feet on centers, and vanes were placed at 
an angle of 135”. The standard discharges were 
tested and the resulting concentration ratio was 
0.074, almost identical with the ratio 0.079 of 
test 29 in which four vanes were used. 

Summary of Surface Vane Tests 
From the tests with surface vanes, it was con- 

cluded that surface vanes are effective in re- 
ducing heavy sediment intake into a canal sup- 
plied with water diverted from a large river 
and are about as efficient as bottom vanes. The 
dimensions of the vane variables, location, spac- 
ing, height, angle, length, and number were not 
critical with respect to the performance of the 
set of vanes. Installed in the same relative posi- 
tion as the bottom vanes but angled so as to 
divert top water into the canal headworks (bot- 
tom vanes are angled so as to divert bottom 
water away from the headworks) the surface 
vanes produced approximately equivalent results 
to bottom vanes and reduced the concentration 
ratio for the test discharge from 2.38, the 
average for the control tests, to less than 0.1. 
All tests on the surface vanes were conducted at 
standard discharges of 8,760 cubic feet per sec- 
ond in the river and 174 cubic feet per second 
diverted to the cana!. 

Photographs showing the surface vanes in 
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place for test 21 and the resulting deposits in 
the canal following the tests are shown in figure 
10. 

Surface Vanes in Place for Test 21 

(b) 
Sediment Deposits in Canal After Test 21 

FIGURE 10. - Surface vanes in place (a) and sediment 
deposits in canal (b) after test 21. 

Comparison of Vanes and Discussion 
Both surface and bottom guide vanes reduced 

the concentration ratio c&( concentration of 
sediment entering the canal to concentration of 
sediment in the river upstream) from 2.38, the 
average of the control tests, to less than 0.1. In 
other words, the sediment entering the head- 
works was only l/23 the amount that entered 

when no vanes were used. A comparison of the 
vane variables that produced the most satis- 
factory results for the bottom and surface vanes 
is shown in table 12. Although the results of 
tests with both types of vanes showed that the 
vanes were not overly sensitive to the variables 
tested (within the test range), the surface 
vanes appeared to be the least sensitive to lo- 
cation, length, and numbers of vanes. The 
angle at which the bottom vanes worked best 
was 45”. Also, the ratio, height of vane di- 
vided by the water depth above the slab, may 
be less for the surface vanes. The lesser height 
of the surface vanes appears to result in less 
total projected vane area in the flow prism. 
However, as some sediment was always present 
on the supporting slab when the bottom vanes 
were in place (fig. 11) the y/d ratio and pro- 
jected area shown for the bottom vanes in table 
12 is no doubt too large. Few generalizations 
can be made from these tests because only one 
arrangement of canal intake and only one dis- 
charge were tested. The tests demonstrated, 
however, that satisfactory vane arrangements 
can be developed by the use of the testing and 
analysis principles discussed. 

The most effective set of bottom vanes tested 
consisted of four 50-foot-long vanes installed 
upstream from the canal headworks. The vanes 
were placed along the right bank of the river 
model at an angle of 45” to the direction of Row. 
Vane spacing was 26 feet on centers, vane top 
elevation was 4,666.l feet, and the downstream 
tip of the downstream vane was located 5 feet 
7 inches upstream from the canal headworks 
centerline. The bottom vanes tested are shown 
in figure 7. 

The most effective set of surface vanes, in- 
dicated by the tests, included either three or 
four vanes 40 to 50 feet long placed near the 
canal headworks (table 12). The vanes were 
installed along the right bank of the river model 
at an angle of 130” (same reference datum as 
bottom vanes). Vane spacing was 18 feet 4 
inches on centers and vane height was 1 foot 
11% inches. The surface vanes tested are 
shown in figure 9. 

Both bottom and surface vanes were found 
to be extremely valuable in helping to gain con- 
trol of heavy sediments by creating localized 
secondary currents to reduce the sediment in- 
take into a canal. Consideration should be given 
to their use where flow conditions are similar to 
those tested in this study. For example, where 
a relatively small discharge is being diverted 
from a relatively large flow and it is desired 
that the small discharge have a relatively light 
sediment load, either bottom or surface vanes 
may be used with the dimensions (or propor- 
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Bottom...., 

‘y=height of vane; d-de 

TABLE 12.4ptimum dimensions of variables of bott 

“m*‘e 

45’ 

130” 

Tip of downstream 
vane 5 ft. 7 in. 
upstream from 
canal (centerline) 

Tip of downstream 
Vane from 7 feet, 
11 inches down- 
stream from canal 
(centerline) to 
5 feet, 7 inches 
upstream from 
canal (centerline). 

No signifi- 
cant 
change. 

FIGURE 11. -Bottom vanes after test 18, showing sediment deposits partially covering vine ?.R!B. 
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tional dimensions) given in this paper. Further 
invedjgation in a model should be made, how- 

termine the general performance of vanes in 
confined spaces and their possible use on in- 

ever, if discharges are significantly different creasing sediment loads .in canal sluiceways. 
than those tested. The effect of varying discharges should also be 

Further research should be conducted to de- investigated. 

SOME ASPECTS OF THE PROBLEM OF SCOUR AT 
BRIDGE CROSSINGS 

‘[Paper No. 341 
By EMMETT M. LAURSEN, professor end head, Department of Civil Engineering, The Univemity of Arizona 

General Aspects of the Problem 
As an agent of geological change? a stream is 

ever-changing. As an agent of sednnent trans- 
portation, a stream is always tending toward 
equilibrium. However, as conditions change 
(such as the flow of the stream, the sediment 
supply to the stream, and the overall slope avail- 
able), the equilibrium toward which a stream is 
tending will vary. In a natural stream the flow 
will contract and expand, and the streambed 
will be molded so that the capacity to transport 
sediment at every point is equal to the supply 
of sediment to that point. If a road crosses an 
alluvial valley, the embankment and the struc- 
tures interfere with the natural pattern of flow. 
Generally there is a severe contraction of the 
flow and, consequently, severe remolding of the 
streambed - scour around the piers and abut- 
ments. 

Ideally, the analysis of scour should start 
with a determination of the flow pattern and 
the boundary stresses, then proceed to a de- 
termination of the sediment transportation 
from point to point as a function of the bed ma- 
terial characteristics and the flow. The rate of 
scour then would be the difference between the 
transport capacity and the supply. As the scour 
progresses the boundary would change, chang- 
ing the flow pattern and the stresses on the 
boundary. This would result in a change in 
capacity and supply from point to point and, 
thus, a change in the rate of scour. Eventually 
a stable condition, or limit, would be attained. 

Unfortunately, the boundary geometries en- 
countered are such that the flow pattern and the 
boundary stresses cannot be specified, and, 
moreover, their relation to the rate of sediment 
transport is not yet weli established. However, 
in a few simple cases conditions can be de- 
scribed reasonably well with a minimum of 
conflict of opinion. The more complex geom- 
etries can then be approximated from these 
simple cases. Laboratory experiments tend to 
verify the analyses, but field investigations are 
needed for confidence in usage. 

Clear-Water Scour and Scour by a 
Sediment-Transporting Flow 

So many of the past investigations of scour 
seem to have confused the ease of clear-water 
scour and scour with a sediment supply; it is 
worth while to make the distinction between 
these two cases. The simplest case of scour is 
that of a long contraction in which the transi- 
tion between the two widths atid such niceties as 
dune formation are ignored. Given two widths, 
a depth of flow (and slopes to compensate for 
the resistance to flow) the velocity of flow can 
be so low that there is no movement of the sedi- 
ment anywhere, no matter how small the sedi- 
ment or how great the contraction. There is 
clear water flowing in both reaches under these 
conditions. The flow pattern is that of the fixed 
boundary and, if the flow is subcritical, the 
depth of flow in the ctintraction is less than 
that in the approach reach. Therefore, the ve- 
locity and the boundary shear in the contraction 
are greater than in the approach reach. If the 
depth of flow is kept constant in the approach 
channel and the rate of flow is increased, the 
critical tractive force will be attained first in 
the contraction. Any further increase in the 
rate of flow will result in a boundary stress that 
will cause movement in the contraction and, 
therefore, scour. The greater the flow, the 
greater must be the scour, since it will continue 
until the depth is increased and the velocity 
decreased so that the boundary stresses again 
are critical for movement. 

It should be readily apparent that in clear- 
water scour, the velocity and the sediment size, 
together with the geometry of the location, are 
important factors in determining the depth of 
scour. 

If the discharge is increased to such an extent 
that in the approach flow the boundary shear 
is much greater than the critical tractive force 
of the sediment, there will be a continuous 
supply of sediment into the contraction. If the 
rate of movement is high enough, the critical 
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tractive force of the boundary sediments will 
have little influence. The bed in the contraction 
will be scoured until the boundary stresses are 
able only to transport the material supplied to 
the contraction. Now if the geometry were to 
remain the same for a higher discharge, the 
velocities everywhere should be increased pro- 
portionately and the shears also should in- 
crease everywhere proportionately. Therefore, 
the sediment transport rate at every point 
should increase in the same proportion; there 
should be no difference in the depth of scour 
no matter what the velocity or, using the same 
argument, what the sediment size. Few quali- 
fications are necessary for this argument to be 
a good approximation. The Froude number 
should not be changed so greatly as to result in 
a change of the geometry of the free surface. 
The mode of movement and, therefore, the re- 
lation between the flow and sediment transport 
should be the same in the approach and in the 
contraction, and the rate of movement should 
be sufficiently high that the critical tractive 
force can be ignored. These qualifications are 
usually well satisfied for rivers in flood, and 
they have not given difficulty in laboratory 
experiments. 

It should be clear that there is a difference 
between clear-water scour and scour by sedi- 
ment-transporting flow and that conclusions 
reached from experiments on either one cannot 
be simply transposed to apply to the other. 

The Iowa Investigations 

of 
Beginning in 1948, a series of investigations 

scour around bridge piers and abutments 
were conducted at the Iowa Institute of Hy- 
draulic Research, sponsored by the Iowa State 
Highway Commission and the U.S. Bureau of 
Public Roads. The first investigations were 
qualitative studies of typical pier and abutment 
geometries; followed by studies of the effect of 
sediment size and of velocity (8). 

The experimental results of the second phase 
of the investigation indicated the lack of effect 
of these two factors on the depth of scour. It 
was noticed in the course of this phase of the 
investigation that the flow pattern was entirely 
different from that of two-dimensional flow. 
The sediment approaching the scour hole came 
straight down the flume and dropped into the 
scour hole. The sediment movement and the flow 
outside of the scour hole did not seem to pay any 
attention to the obstruction. The flow approach- 
ing the scour hole ducked down into the scour 
hole and came out as a spiral roller. 

The third phase of the Iowa experiments in- 
volved the embankment on the flood plain that 
forces the overbank flow back into the main 

channel. Again the same characteristics were 
noted and served eventually as the basis for an 
approximate analysis of the scour phenomena. 
The results have been published elsewhere and 
will be merely summarized here (5, 6). The 
analysis begins by extending the ideas of Straub 
for the long contraction (10). The definition 
sketch (fig. 1) shows an appt%ach reach with 

FIGURE 1. - Definition sketch of long contraction. 

an overbank flow that does not transport any 
sediment and a contraction that constricts not 
only the flood-plain but the normal channel (see 
p. - for list of symbols). If the Manning 
formula to describe the flow in the two reaches 
and a total sediment load relation proposed by 
the writer (4) are used,. the following expres- 
sion for the depth ratio 1x1 the two reaches can 
be obtained : 

FXXJRE 2. - Scour in a long eontraction. 

Figure 2 presents in graphical form the depth 
of scour as the difference between the two 
depths of flow as a function of a pure channel 
contraction or a pure overbank contraction, 
neglecting any effect of the n values, or kinetic 
~terms. This solution for the long co&action 
can be extended to the overbank constricted by 
an embankment with the definitions shown in 
figure 3. Here the width of ~the approach chan- 
nel is the length of the embankment plus 2.75 
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FIOURE 3. - Definition sketch of overbank mnstriction. 

times the depth of scour at the abutment (i.e., 
the width of the scour hole), and the width of 
the contraction is 2.75 times the depth of scour 
at the abutment. The scour in the contraction 
is taken as a fraction l/r of the scour at the 
abutment. Substitution of these definitions into 
the solution for the long contraction gives a 
relation for the depth of scour at the abutment 
of an overbank constriction. 

Successive trials of w are made until w is ap- 

0 

:! AA 

FIWJRE 4. - Scour at an overbank constriction, 

proximately 2.75 d,; QW is the flow in the width 
w. The results of the laboratory experiments 
are shown in figure 4 and a value of T of 4.1 
gives rather good agreement between analysis 
and measurement. The points plot slightly 
above the line, but this is due to the fact that 
the flow on the overbank was actually greater 
than measured, because of crossflow in the ap- 
proach. A similar relation can be obtained for 
the encroachment abutment. 

&= 2.75$ ($ $+l)1.‘o-1 1 (3) 

Good agreement with experiment is obtained 
with an T of 11.5, as shown in figure 5. The 

FIGURE 5. -Scour at an encroaching abutment. 

solution for the encroaching abutment can be 
adapted to the pier alined with the flow if the 
half width of the pier b/2 is substituted for the 
length of the encroaching embankment. In 
figure 6 the analytical relationship is compared 
to a design curve drawn conservatively on the 

d,/b 

FIGUBE 6. - Scour around basic bridge pier. 
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basis of the experiments with the piers. Geom- can again be applied to the pier and abutment 
etry variations, such as a skewed crossing or by defining the depth of scour in the long con- 
pier, or variations in the mode of movement traction as a fraction of that at the pier or abut- 
can be compensated for by correction factors. ment and the width of the contraction as the 

A similar analysis has been performed for 
the case of clear-water scour (7). For the case 
of sediment-transporting flow, the conditions 
imposed were those of continuity of the water 
discharge and of the sediment transportation. 
For the case of clear-water flow, continuity for 
the discharge is again imposed, but, in place of 
the sediment-transport rate, the shear in the 
approach and in the contraction is specified. 
The shear is evaluated from the Manning for- 
mula and Strickler’s definition of n. In the con- 
traction the boundary shear is equated to the 
critical tractive force. The definition sketch for 
the long contraction is shown in figure ‘7. The 

////I//// 
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4 
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I A(\\\\\\\\\\\~\\\\\\\ 

.:‘......z....::. . . . . . . . . . . . . . . . . ‘-..;.. ._..,..,. ,,._____.. “. FIGURE 7. -Definition sketch of long contraction. 

expression for depth of scour for this case of the 
long contraction can be obtained, considering 
the kinetic terms (the velocity heads and the 
loss in the transition) as : 

or neglecting the kinetic terms, a much simpler 
expression is obtained : 

This latter relation is shown in figure 8. It is 
readily apparent that not only the geometry 
but the velocity of flow and the sediment size 
are important in determining the depth of 
scour. The solution for the long contraction 

BI’BE 

FIGURE S.-Effect of shear ratio and width ratio on 
scour in a long contraction. 

width of the scour hole. If the kinetic terms 
are neglected, the expression for the depth of 
scour for the abutment is : I,* 

where 7d/7F=V,2/120 D2’8y01’3. 
In terms of pier geometry the half-width b/2 
is substituted for the length of the embankment. 
The results are shown graphically in figures 9 
and 10. 

This approximate analysis of clear-water 
scour gives results that seem “right.” Compari- 
son with experiments from Poona (3)) Chatou 
(2)) and Fort Collins (9) are promising. 

Implications of the Investigations 
Several possibilities would seem to be im- 

plied, based on the results of the experiments 
and analyses. It would seem clear that the flow 
through a waterway opening is highly nonuni- 
form, that dividing the total discharge by the 
nominal opening does not give a realistic “ve- 
locity” of flow which will result in a safe design. 
Unless the scour is so deep that scour holes 
overlap, the scour at the piers will not be af- 
fected by the overall contraction of the flow. 
The flow around the abutment is the flow inter- 
rupted by the embankment on the flood plain and 
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FIGURB 9. -Clear-water smur at an abutment. 

* 
b 

FIGURE 10. - Clear-water 8mur at a pier. 

the length of the bridge itself is of small eon- 
sequence. These conclusions are certainly to 
be taken as first approximations, because the 
geometry of a real crossing is much more com- 
plex than that of the schematic laboratory 
models. Moreover, abutments set back on the 

1 SCHNEIBLE, D. E. AN INVESTIGATION OF THE EFFECT 
OF BRIDGE-PIER SHAPE ON TAE RELATIVE DEPTH OB SCO”R. 
Master’s thesis. On file, library, State University of 
Iowa. 1951. 

flood plain may be protected from scour because 
of the cohesive nature of the sediments. The 
typical layout with a cleared area upstream of 
the embankment, perhaps even a parallel ditch, 
tends to concentrate the overbank flow on the 
flood plain and, therefore, results in a different 
flow pattern from that of the laboratory. How- 
ever, the concept that scour around bridge piers 
and abutments is a local phenomena should be 
considered in any criterion for waterway open- 
ing requirements. 

Riprap and mattings have often been used in 
the past to protect against scour. The question 
has always been what size riprap should be 
used. The experiments and the analyses imply 
that riprap can be designed on the basis of clear- 
water scour and that the deeper the riprap is 
placed below the bed of the stream, the smaller 
it can be. An idea of the area1 extent of the rip- 
rap can be gained from Schneible’s experiments 
with a rigid mat extension of the pier placed 
below the bed of the stream.’ 

An ability to predict SCOUT for a given geom- 
etry for different floods permits design from an 
“insurance” concept. There will be a certain 
depth of scour for a 50-year flood that has a 
certain chance of occurrence (one minus the 
chance of nonoccurrence) in the life of a bridge. 
The scour will be deeper for a loo-year flood, 
but there will be a smaller probability of oc- 
currence. The possible loss weighted by the de- 
crease in probability of occurrence can be bal- 
anced against the extra cost for rare floods, 
which can be either in the form of deeper foun- 
dations or riprap protection. 

The scour in the long contraction is generally 
much less than a local scour around the piers or 
abutments. If the long contraction scour can 
be obtained by proper design of guide dikes up- 
stream of the bridge, the cost of such dikes may 
be less than the cost of deeper foundations. 
Much shorter bridges are a possibility. A clue 
to the proper design of the guide dikes may be 
the constant-pressure transition curve (1). 

Further Investigations Needed 
The understanding of scour in the field is not 

yet at the point that predictions based on analy- 
ses and laboratory experiments can be used 
with complete confidence. What is needed is a 
variety of field measurements of scour to verify 
the relationships proposed or to point out defi- 
ciencies in those relationships. It is to be ex- 
pected that the complexity of the field has not 
been adequately evaluated in the schematic 
laboratory and analytical models. The field 
measurements should be made in situations of 
simple geometry that can be correlated with 
the laboratory models and in situations of com- 
plex geometry that go beyond the schematic 
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laboratory models. One might expect that as a 
result of these field measurements further ex- 
perimental studies would be indicated. Judg- 
ment will always be an important factor. The 
floods to be expected are those of rare occur- 
rence. The field conditions of the future can 
change drastically from those of today. How- 
ever, it is better to have judgment related to 
these questions than directly to the question of 
how deep a bridge foundation should be placed. 

List of Symbols 
a An exponent in an approximate sediment trans- 

port equation (4,5, 6). 
b . Width of a pier. 
B . . Width of flow section; subscript 1 refers to 

approach channel, subscript 2 refers to eon- 
tracted channel. 

d. Depth of scour measured from original stream 
bed. 

D . Diameter of sediment particles. 
K . . Loss coefficient through constriction. 
2 . . Effective length of constrictine embankment. 
72 . . . Manning coefficient; subscript 1 refers to ap- 

preach channel, subscript 2 refers to con- 
tracted channel. 

Q . , Rate of flow or discharge; subscript t refers 
to total flow, subscript e refers to flow in 
normal channel, subscript w to the flow in 
the channel over a width w measured out 
from the abutment. 

r Ratio between depth of scour at pier or abut- 
ment to depth of scour in fictitious long 
contraction. 

zu . . Width of the fictitious long contraction equal 
to 2.75 d.. 

21 Depth of flow; subscript 1 refers to approach 
channel, subscript 2 refers to contracted 
channel, subscript 0 refers to depth of flow 
near oier or abutment. 

TM Shear &so&&d with sediment particle. 
rr . Critical tractive force of sediment particle. 
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DISCONTINUOUS DEPTH-DISCHARGE RELATIONS FOR 
SAND-CHANNEL STREAMS AND THEIR EFFECT ON 

SEDIMENT TRANSPORT 
[Paper No. 351 

By DAVID R. Dawou, U.S. Geological Survey, Menlo Park, Calif. 

Abstract A discontinuity occurs in the depth-discharge 
A discontinuity occurs in the depth-discharge relation of many sand-channel streams. For a 

relation of many sand-channel streams. For given depth, there may be no unique relation 
:he higher part of the relation, after the dis- with velocity. This is due to the fact that the 
zontinuity, Froude number and Chezy C resist- 
mee coefficient remain constant. The Chezy C 

form of bed roughness and, hence, resistance to 

approximately doubles, owing to the discon- 
flow are a function of fluid, sediment, and flow 

;inuity. A concomitant increase on the order 
characteristics. 

)f eight times occurs in the transported sands. Laboratory studies (10) have been used to 
Phe effect of heavy loads of suspended fine ma- define the various regimes of flow in terms of 
:erial on these relations is discussed. configuration of the sand-bed channel. Those 

which apply to the field case are as follows : 
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Ripple . . . . . . Small, uniform sand waves, 
with little sediment move- 
ment. 

Dunes . . . . . . . . Much larger, more irregu- 
lar sand waves, with a 
ereat deal of turbulence. 
- Upper regime : 

Plane bed . .Dunes are smoothed out. 

Standing waves 

Antidunes . . 

Both the water surface 
and the bed are plane, 
with little turbulence. 

Both the water surface and 
the bed are characterized 
by standing waves, often 
termed “sand waves.” 

. The “sand waves” move up- 
stream, until at some. crit- 
ical ooint they break, then 
re-f&m. - 

The discontinuity occurs between the dune 
regime and the plane bed regime. The rough- 
ness of the channel in the lower regime is about 
twice the roughness for upper regime. For up- 
per regime, roughness may be considered essen- 
tially a grain roughness, whereas for lower 
regimes. there is both grain and form rough- 
&S (81. 

The general approach to the determination 
of roughness is through the Chezy formula : 

V = C\IRS 
which means that the velocity (V) at a cross- 
section varies as the square root of the hydraulic 
radius (R), if slope (S) and roughness (C) are 
constant. The usual adaptation to rigid chan- 
nels of this relation is the well-known Manning’s 
formula, where 

C=1.5R”6 

In this relation, velocity vrries as the two-thirds 
power of hydraulic radius, if slope and Man- 
ning’s n are constant. If slope can be con- 
sidered as a constant with only statistical varia- 
tion, a comparison of the variation of velocity 
with hydraulic radius can be used to study the 
variation of roughness. 

Figure 1 shows such plots for four U.S.G.S. 
gaging stations on sand-channel streams. On 
each graph, the trend for the upper measure- 
ments is represented by a curve of relation. 
Each of these curves can be expressed as 

V = l&T’/’ 
where k represents a constant in the relation. 
According to this relation, the Froude number 
remains constant, because 

F = k/g’jz 
If the energy slope remains constant at a given 
stream site, each curve also represents a con- 
stant value of the Chezy roughness coefficient 

C for 
C = k/W 

contains only constant terms. 
These stations are excellent examples of the 

non-uniqueness described by Brooks (3). This 
type of rating was described by Einstein and 
Chien in their discussion of Brook!, but they 
believed this type to occur rarely, d ever, in 
nature. It is now general knowledge that dis- 
continuities are not rare in nature, but occur in 
many sand bed channels with “sufficient” slopes 
and depths (7). The stream gager in the field 
has long known that stage-discharge relations 
for many sand bed channels “went to Hell in a 
handbasket.” Colby (5) in his Pigeon Roost 
report was the first to present a meaningful 
statement of the problem of nonuniqueness in 
the field. 

If order can be applied to these data, as 
stated before, then the upper regime flows (plane 
bed and standing waves) should have resistance 
that is almost entirely due to grain resistance. 
Lower regime flows should have the same 
grain resistance plus an added form resistance. 
Streeter (22) relates the Darey-Weisbach re- 

sistance coefficient, j (= F = 8 (;) ‘) , to 

the Reynolds number, Re (= e ) , through a 
relative roughness concept. Sage values of re- 
sistance computed from this plot are given in 
table 1. These velocities computed on the basis 
of pipe curves in table 1 average about 15 per- 
cent too high. 

TABLE 1. -Values of resistance computed from 
Reynolds number-resistance plot forpipe flow for 
certain stations 

Bernalillo, 
N. Ma.. 1.23 

Byhalia, Miss.. 1.12 
Logan, N. Ma.. 1.16 
Kaycee, Wyo.. 1.26 

I- 

Bernalillo, 
N. Mex.. 3.45 

Byhalia, Miss.. 3.14 
Logan, N. Mex.. 3.69 
Kaycee, wyo.. 4.0 

- 

-- 

-~ 
_. 

- 
12:400 k%; 

24.1 20.1 +20 

23.6 25.6 27.4 18.9 +25 - 7 
4,000 23.5 18.1 t30 

One might suppose lower regime flows could 
be determined from the Einstein and Barba- 
rossa bar-resistance plot. In figure 1, D, the 
rating computed from the bar-resistance plot 
for Bernalillo is compared with the measured 
discontinuous rating. The computed rating goes 
through the discontinuity as a smooth curve. 
Perhaps this is because the upper end of the 
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curve is based on data from the Elkhorn River 
near Waterloo, Nebr., which has both upper and 

lower regime flows (2). The bar resistance 
plot did not anticipate and therefore does not 

:“,, 1 2 4 10 
VELOCITY IN FEET PER SECOND 

A 
VELOCITY IN FEET PER SECOND 

B 

3 I I I Ill 
1 2 4 10 

VELOCITV IN FEET PER SECOND VELOCITY IN FEET PER SECOND 
c D 
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handle the discontinuity. The bar resistance re- 
lation was developed for long reaches, and it is 
here applied to a section. A section plot for 
lower regime, perhaps including normal fixed 
boundary cobblestones and gravel reaches, 
might be sufficient. Resistance for upper regime 
flows seems possible through the pipe resistance 
type of approach. 

The major problem still remains for the 
fluid mechanician to explain the mechanics and 
predict the. occurrence of the discontinuity. 
The field man can fairly accurately tell regime 
of flow at the time of measurement by the ap- 
pearance of the stream surface. The ofice en- 
gineer, somewhat less accurately, can use the 
appearance of a gage-height record for the same 
purpose. When these methods leave doubt, only 
intuition is left. As is shown by the plots, in- 
tuition can be wrong by an order of two. The 
intuitive method of guessing Manning’s n is of 
no help, for the bed configurafion after a flood 
event is of no help in determining regime at 
peak flow nor in determining if peak gage- 
height and peak discharge coincided. 

For the gaging stations shown, the diseon- 
tinuity is quite abrupt. There is a concomitant 
discontinuity in the shear-transport relation. 
Figure 2 shows a relation for the Rio Grande 
near Belen, N. Mex., Casa Colorado reach, of 
the Bagnold (2) shear against total sediment 
transport functions. The data are for measured 
suspended load only. By one interpretation 
(6)) Bagnold predicts a rather abrupt eightfold 
increase of total load and explains it as develop- 
ment of a suspended load component. Bagnold’s 
table 3 actually predicts a.3.54- to 3.9-fold in- 
crease for a 0.3 mm. sand, with a constant 
resistance coefficient. If C/ dgdoubles in ad- 
dition, the prediction becomes a 7.1- to ‘7%fold 
increase. Bagnold had flume data for total load 
only. I believe, but for a scale factor, Bagnold’s 
flume results apply to the field case, and the two 
curves are for lower and upper regimes. The 
lower regime is with dunes on the bed. If, for 
dune flow, suspended load about equals bedload, 
Bagnold’s curve seems to apply. If! in upper 
regime flows, bedload is negligible with respect 
to suspended load, as indicated by Simons (un- 
published manuscript), then total load at Casa 
Colorada for both upper and lower regimes is 
about twice what Bagnold predicts. Interest- 
ingly, the slope of Bagnold’s relation seems to 
be correct, because 

+=K, g%‘UKJ$l* 
then if V=K,RlIz 

then +K, ( ; )3=K,V3 

which is Colby’s (4) empiric:1 formula relating 
total load to velocity. Colby’s formula takes 
care of the discontinuity, for if velocity for a 

FIGURE 2. - Bagnold shear-transport functions: Rio 
Grande near Belen, N. Men., Casa Colorado reach. 

given depth doubles at the discontinuity, then 
load should increase by a factor of eight, as pre- 
dicted by Bagnold and somewhat borne out bye 
field data. However, velocity must be known in 
order to use the Colby formula, so that it begs 
the major question. 

All discussion so far has concerned stations 
with little or no fine-material load. The addi- 
tion of a charge of fine sediment has definite 
effects on the discontinuity in both the velocity 
and transport relations. Figure 3 shows the 
V-R relation for South Fork Powder River near 
Kaycee, Wyo. At this site large amounts of 
suspended fine material have been measured 
(23). Concentrations by weight of up to 120,- 
000 p.p.m. of suspended material smaller than 
0.062 mm. have been measured, and concentra- 
tions over 20,000 p.p.m. are common. A similar 
station is Canadian River near Logan, N. Mex. 
(fig. 4). On the other hand, Rio Grande at 
Bernalillo seldom has over 3,000 p.p.m. of sus- 
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pended fine material except during times of 
local tributary flow (6), Middle Loup at St. 
Paul seldom has over 3,000 p.p.m. of suspended 
fines at any time (I.?), and it is believed Huer- 
fano River and Pigeon Roost Creek have similar 
amounts of suspended fines. 

The effects of suspended fine sediment on bed 
form, and thus on the V-R relation, have been 
shown by flume studies (11). Apparently these 
effects combine to eliminate the abrupt discon- 
tinuity and produce a gradual change as evi- 
denced by South Fork Powder and Canadian 
Rivers. The major effect of the fine material 
seems to be in changing the shape, and thus 
lowering the form resistance, of the dunes in 
the dune regime. The break occurs sooner, 
seems to be more gradual, and the data are 
decidedly less scattered, particularly for meas- 
urements in upper regime. 

The slope of the average line for upper re- 
gime flows seems to be closer to two-thirds than 
to one-half for both the Kaycee and Logan sta- 
tions. This would give them a constant Man- 
ning’s n, and would indicate they more nearly 
approximate the pipe relation. Streeter (12, p. 
408) states “a twofold change in (relative 
roughness) will cause a probable variation in f 
of less than 10 percent.” This compares with a 
12 percent change if Manning’s n is constant. 

FIGURE 3. -Velocity-hydraulic radins (V-R) relation 
for South Fork Powder River near Kaycee, Wyo. 

FIGURE 4. - Velocity-hydraulic radius (V-R) relation 
far Canadian River near Logan, N. M&T. 

Therefore, probably neither Manning’s n nor 
Chesy C is constant, but each is a fair approxi- 
mation under certain conditions. Perhaps an 
alternative approach is through the use of the 
data to define a curve on a relative-roughness 
plot. This approach might result in not only a 
more rational discussion but also perhaps a bet- 
ter understanding of the definition of resistance 
to flow. 

Conflicting evidence concerning the effect of 
suspended sediment on resistance to flow has 
been presented in the literature. Vanoni and 
Nomicos (14) conclude that sediment dampens 
the turbulence and thus reduces resistance to 
flow. Simons (personal communication) con- 
cludes that fine sediment increases antidune ac- 
tivity in upper regime flows and thus increases 
resistance. More or less valid arguments, de- 
pending upon the viewpoint of the individual, 
may be presented for and against either case. 
The available field data seem to indicate neither 
increase nor decrease of resistance for “in re- 
gime” flows. If resistance were a function of 
the amount of suspended sediment, then vari- 
ation of suspended sediment should add one 
more unexplained variable to the V-R plot, thus 
increasing scatter about the mean line. Rather, 
the damping (or, perhaps better, suppression) 
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of turbulence seems to decrease scatter. Heur- 
istically, one might argue the damping of tur- 
bulence tends to eliminate some instability phe- 
nomenon, which is characteristic of upper re- 
gime flows. Although resistance to flow seems 
to decrease with stage (perhaps because of a 
relative roughness factor), this does not sup- 
port Vanoni’s conclusion. Therefore, at this 
point one may believe almost anything coneern- 
ing the effect of suspended sediment on resist- 
ance to flow and quote evidence in the litera- 
ture to support his stand. 

The addition of fine material load to the 
stream also has an effect on the shear-transport 
relation. Knapp (9) stated a condition for sedi- 
ment that added rather than consumed energy. 
If this condition is met, “there is no limit to 
the concentration of such material that can be 
transported in suspension.” This condition is 
similar to Bagnold’s ratio of mean velocity of 
the sediment times slope to fall velocity (1, p. 
277). Fine materials are those which meet 
Knapp’s condition. There is not an unlimited 
supply of these in the bed. Therefore, they add 
energy to the stream, and this energy is ex- 
pended in the transport of sand-size particles, 
which consume energy. The extra sand trans- 
port capacity with a fine material charge is 
borne out by both field and flume data. 

In conclusion, in order to estimate velocity 
or transport in a sand channel stream, the re- 
gime of flow must be predicted. At this time it 
cannot. Further, it seems that in order to de- 
termine transport in the presence of a high con- 
centration of fine material, one must measure 
it, a rather discouraging prospect. 
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FLOW ON LOCAL SCOUR AT 
OBSTRUCTIONS IN A CHANNEL 

[Paper No. 361 
BY W.umx L. MOORE, professor and chainnan, and FRANK D. Mnsc~, associate professor, Department of Civil 

Engineering, The University of Texas 

Introduction scour hole is formed. In some instances the 
It has long been recognized that an obstruc- scour hole has developed to unexpected depths, 

tion, such as a pier or bridge abutment, placed causing undermining of piers and failure of 
in an alluvial channel will disturb the flow and 
result in removal of some of the bed material in 

bridge structures. In other instances piers 

a localized region near the obstruction so that a 
have been extended to depths much greater 
than necessary to prevent undermining, which 
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has resulted in excessive construction expense. 
Frequently, the obstructions cause a eontrac- 
tion in the flow channel. Variations of the ge- 
ometry of the contracted region due to local 
scour can influence the flow cauacitv of the con- 
tracted region. 

A number of excellent laboratory investiga- 
tions have been made of these loeal~scour prob- 
lems (3 4 5 6’7 20) These have provided infor- , , , 9 > 
mation on the shape of the scour pattern, on 
methods for predicting the depth of local scour, 
and in some instances on methods for control- 
ling the depth of scour by selecting favorable 
shape parameters or by installing special scour 
control devices. 

In these studies some limited observations 
were made of the details of the flow pattern at 
the obstruction. The spiral vortex forming in 
the scour hole at a circular pier is well known. 
In this paper an attempt will be made to de- 
velop a better understanding of some of the 
characteristics of the three-dimensional flow 
patterns occurring at such obstructions, which 
may lead to a better basis for devising methods 
to control the local scour. 

Secondary Flows 
For the purposes of this paper a secondary 

flow will be considered as one for which the ve- 
locities differ markedly from those indicated by 
the simple two-dimensional methods of analysis 
commonly applied to determine the flow around 
an object. Figure 1 shows the results of the 
simple analysis for flow past a cylindrical pier 
with a uniform approach velocity. If the axis 
of the pier is placed vertical, the velocities will 
all be in horizontal planes and their magnitudes 
given by potential flow theory except in the 
wake zone and in the boundary layer. Along the 
upstream element of the cylinder, which is the 
stagnation line, the velocity is zero and the 
pressure is a maximum equal to the dynamic 
pressure pU,,‘/2 for the approach velocity U,. 

Moving from the stagnation line around the 
cylinder, the tangential component of velocity 
increases to a maximum of about twice the free- 
stream velocity at the maximum breadth point. 
In this vicinity the flow separates from the cyl- 
inder, producing the wake zone of relatively 
10% velocities. The normal pressure on the sur- 
face of the cylinder decreases from its maxi- 
mum at the stagnation line to zero, or the static 
pressure, at 8=30° for an inviscid fluid and a 
somewhat greater angle for a real fluid. The 
normal pressure then continues to decrease and 
becomes negative, that is, less than the free- 
stream pressure by an increasing magnitude, 
until the separation point is reached. Within 
the wake zone the negative pressure may be 
considered as essentially constant and of the 

SXA-A -rANGENTIAL VELocm 

SEPARATION POINT 

WAKE ZONE 

SEC.A-A NORMAL PRESSURE 

FIGURE 1. -Cylindrical pier with uniform appmach 
velocity. 

same magnitude as at the separation point. For 
these conditions the tangential velocity Ut will 
be given by 

$=2sin0;(0<8<5) (1) 

where U, is the free-stream velocity and 0 the 
angle measured from the direction of the ap- 
proaching flow. The variation in piezometric 
head around the surface of the cylinder is given 
by 

ah=h-h .-~(l-4sinz 8) ;(0<0<+)(2) 

where the piezometric head h is the sum of the 
pressure head and elevation head, or 

h=++y (3) 

Now consider the case where the approach 
velocity is not constant along the length of the 
cylinder but is larger at the upper end, as shown 
in figure 2,A. Since U, is now a function of y, 
it is clear that along the stagnation line the pie- 
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cylinder where 77, is zero, the downward veloc- 
ity along the stagnation line V, is equal to the 
surface velccity of the stream, U,,,, orb’,= 

(6) 

iA1 I 

FIGURE 2. - Cylindrical pier with nonuniform approach 
velocity. 

zometric head is also a function of y. If equa- 
tion 2 is differentiated with respect to y and 
0=0 is substituted, it gives 

ah a U,’ 
ay -( > ay 2g 

; (O=O) (4) 

This gradient of piezometric head in the y di- 
rection implies an acceleration of the fluid 
along the stagnation line in the negative 2/ di- 
rection. If, for simplicity, we neglect viscous 
effects and consider a stream line running 
downward along the stagnation line of the cyl- 
inder, Euler’s equation states that 

(5) 

which with equation 4 yields 

(6) 

This may be integrated along the stagnation 
line, which is a secondary flow stream line, to 
yield 

v,s _ uozr”ax uo2 
a7 %7 2g (7) 

the constant of integration having been deter- 
mined by setting VW=0 where U.=V, max, which 
occurs at the top of the cylinder. This gives 
the interesting result that at the bottom of the 

U, max at v/=0. 
These concepts give the essentia: basis for a 

mechanism producing a strong downward ver- 
tical jet along the cpotream nose of the pier and 
account for the fact that the maximum depth 
of the scour hole occurs at the most upstream 
point of’the pier rather than at the maximum 
breadth points, as would be indicated by the ve- 
locity pattern for two-dimensional flow. As 
shown in figure 2,A, this downward secondary 
flow contributes to the formation and the sus- 
taining of the spiral vortex in the scour hole 
around the upstream side of the pier. 

What would happen if the cylinder rested on 
a rigid bed ? In this case the downward second- 
ary flow would not reach a maximum at the 
base of the cylinder but would encounter a sec- 
ond stagnation point at the bed, resulting in an 
increase in pressure and causing the central 
stream line to turn upstream. It would con- 
tinue upstream until the resistance of the on- 
coming flow reduced the velocity to zero, where 
the streamline would split and move around the 
cylinder. This upstream flow at the base of eyl- 
inders in a boundary layer has been observed 
by dye traces (2.2) and also in studies of cy- 
lindrical total-pressure probes in flows with a 
transverse gradient of total pressure (11). The 
stream line pattern on the central plane is 
shown in figure 3 for the streamline with maxi- 
mum approach velocity and for one streamline 
starting at a slightly lower level. It is clear that 
the actual pattern will be a function of the ve- 
locity distribution in the approaching flow. The 
pattern presented in figure 3 is not intended to 

ENTWL KANE 

FIGURE 3. - Cylindrical pier with nonuniform approach 
velocity - rigid bed. 
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imply that water moving along the surface of 
the stream approaching a bridge pier will ac- 
tually ljlunge downward along the stagnation 
line all the way to the bottom. Due to unsteadi- 
ness present in the flow, this ideal picture 
would not be realized and any particular fluid 
particle starting on the central plane would un- 
doubtedly slide around the pier before being de- 
flected a great distance in the downward direc- 
tion. Baines (I) has described a similar flow on 
the upwind side of models of tall buildings 
tested with a velocity gradient in the approach- 
ing flow. 

As seen in figure l,C, the pressure for the en- 
tire forward part of the cylinder is increased, 
causing the piezometric head in this region to 
be larger than the static head. The magnitude 
of the piezometric head decreases in the down- 
ward direction because of the velocity xradient . - 
in the F ll-imary flow. 

Behir Id the static pressure point, where the 
pressure is reduced and the piezometric head is 
less than in the free stream. the negative DES- 
sures are greater near the tbp, cau&g a gradi- 
ent of piezometric head in the reverse direction 
that induces an upward flow in the wake zone. 
The entire pattern may be visualized as shown 
in figure 2,B, where line 1 represents a sheet of 
vorticity wrapped around the leading edge of 
the cylinder with downward flows, as indicated 
by crosses on the inside of the line, and upward 
flows as indicated by circles on the outside of 
the line. Two other sheets of vorticity, indicated 
by lines 2, attached near the static pressure 
elements of the cylinder would have opposite 
sense with downward flows on the outside of the 
lines and upward flows on the inside. Upward 
flow in the separation zone has been observed 
by Masch (13). 

This problem of secondary flows has been 
analyzed in detail by Lighthill (8,9) for the 
simplified case of the flow of inviscid fluid with 
a constant velocity gradient past an infinitely 
long cylinder with no separation. A refinement 
of this analysis by Toomre (14) takes into ae- 
count the viscous effect of the boundary on the 
secondary flow, which gives the secondary flow 
field in the plane of symmetry in front of the 
cylinder as shown in figure 4. In this figure, R 
is the Reynolds number, V, the secondary flow 
velocity parallel to the cylinder, a the radius of 
the cylinder, and A the velocity gradient in the 
expression 

The velocity U, is a reference velocity at some 
arbitrary level. 

As an example of the result of this analysis, 
consider a stream 10 feet deep with a surface 
velocity of 8 feet per second and a velocity near 
the bottom of 3 feet per second that corresponds 

FIG- 4.-P~rofiles of viscous secondary flow in the 
plane of symmetry in front of circular cylinder. 

to A7 0.5. From figure 4, V,/uA=-4, yielding 
Vu= 6 feet per second downward velocity near 
the upstream element of a &foot diameter cyl- 
inder. This simplified analysis for an infinitely 
long cylinder thus gives results with a reason- 
able order of magnitude. 

Hawthorne (2) presents mathematical solu- 
tions for the secondary flow at sharp-nosed 
struts and airfoils in a velocity gradient flow. 
He also describes limited scour experiments in 
a sand bed, which support his analysis. 

For a bridge abutment the secondary flow 
pattern may be visualized as sketched in figure 
5. Line 1 again represents a sheet of vorticity 

/tl + I I -+ I 

FIGURE 5. -Secondary flow at a bridge abutment. 



318 <MISCELLANEOUS PUBLICATION 970,U.S.DEPARTMENT OF AGRICULTURE 

wrapped around the forward part of the abut- 
ment with downward velocities, represented by 
crosses inside the line. This line of vortieity 
would curve upward and end at the water sur- 
face near the bank. Line 2 represents a sheet of 
vorticity of opposite sense attached to the abut- 
ment near the static pressure element with 
downward velocities, represented by crosses, 
outside the line and upward velocities repre- 
sented by circles inside the line. 

Relation Between Secondary Flows and 
Observed Scour Patterns 

The implications of these secondary flows 
on local scour patterns at obstructions are 
examined, and the flows compared with the 
scour patterns observed in the laboratory. 
From earlier discussion, it is apparent that the 
strongest secondary flow is downward along the 
most forward element of the cylinder. This cor- 
responds to the point of maximum observed 
scour depth in laboratory studies (fig. 6). 
Further, it will be noted that the two trailing 
sheets of vorticity as shown in figure Z,B, imply 
strong downward secondary flows in the re- 
gions corresponding to the scour tails extend- 
ing downstream on each side of the scour hole. 
The vorticity represented by line 2 implies in- 
ward flows along the bottom, accounting for the 
piling up of sediment downstream and inside of 
the two scour tails as has been observed in the 
laboratory. 

In the case of the abutment, the secondary 
flows indicated by figure 5,B, imply that the 
deepest scour would occur between the two 
sheets of vortieity and that material would be 
moved toward the abutment by the vortex sys- 
tem represented by line 2. This pattern has also 
pgegeunreoFd in the laboratory as shown in 

Proposals for Control of Scour 
The concepts of secondary flows as the cause 

of scour suggest several possible methods for 
limiting the scour depth at piers. Four basi- 
cally different ideas will be discussed briefly, 
each one of which raises a host.of questions that 
must be answered before a suitable design 
could be chosen. 

Hqvizontal Fins 
Horizontal fins placed below the streambed 

and extending outward from the pier have been 
proposed and investigated as a means of limiting 
scour hole development. Based on the concepts 
of this paper, it appears that the lateral extent 
of these fins might be reduced by putting a lip 
at the outer edge to deflect the secondary flows 
back toward the surface and away from the 
bottom. It would also seem that a fin or a 

shoulder placed above the streambed would be 
helpful in breaking up the downward secondary 
flows and thus reducing the scour. However, 
with the fin placed above the bed, the secondary 
flows may develop again below the fin due to the 
high velocity gradient present near the stream- 
bed. 

A Pier Located Upstream from tbe Main Pier 
An auxiliary pier placed upstream has been 

proposed before, mailily with the idea of creak 
ing a scour hole upstream and far enough away 
to prevent damage to the main structure. Based 
on the concepts of this paper, it follows that 
such an upstream pier could be quite small, thus 
reducing its own scour hole. It could be rather 
short so the top would be submerged; the only 
requirement being that the pier be long enough 
to destroy the velocity gradient in the flow ap- 
proaching the nose of the main pier. It is be- 
lieved that the secondary flow concepts will be 
helpful in understanding and predicting the 
action of such a scour control device. 

A Sharp Leading Edge 
Because a blunt-nosed pier gives a large] 

region of retarded flow, it also results in L 
larger and stronger secondary downward flou 
at the nose, thus increasing the tendency tc 
scour. A sharp nose with gradually tapering 
sides will produce a less intense secondary flown 
and reduce the maximum depth and extent oj 
scour. 

A Sloped Leading Edge 
It is known that if a cylinder is placed in : 

flow with its axis swept back in the direction o: 
flow, a flow will be induced along the leadinl 
edge in the direction of the sweep-back. Thi, 
raises the intriguing possibility that a pie 
swept backward and upward at the proper anglr 
could produce a secondary flow just equal an, 
opposite to that induced by the velocity gradien 
in the approaching flow. It would appear tha 
this swept-back leading edge would be neede’ 
only near the streambed where it could stop th 
downward flow along the leading edge before i 
attacked the bed of the stream. The effective 
ness of this swept-back leading edge woul 
probably depend upon its angle, its locatio 
relative to the streambed, the sharpness of it 
leading edge, and on how far it extended belo1 
the streambed. 

Discussion 
The concepts of secondary flow as develope 

here give some possibilities for the developmer 
of effective methods of scour protection fc 
piers. Research is currently under way at tk 
University of Texas to investigate in detail tt 
nattire of the secondary flows that develc 
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around obstructions in velocity gradient fields 
where the bed is rigid. Plans are being made 

secondary flows on movable beds and of devices 

for a systematic study of the effects of these 
to control the depth of SCOUP by controlling the 
secondary i%ws. 

(8) 

MAX DEPTt 
OF SCOUR 

FLOW ,’ 
FIGURE 6. -Observed seourpattem at a round-nosed pier. 
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+ 
V 

FIGURE 1. -Observed scour at a bridge abutment. 
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Abstract 
A laboratory study in a 60-f& flume was 

made to determine the hydraulic and sediment 
transport characters of an alluvial stream when 
the discharge is constant and the depth varies. 

1 The experimental research reported herein was per- 
formed in 1951-58 at the California Institute of Tech- 
nology under sponsorship of the Agricultural Research 
Service, U.S. Department of Agriculture, as part of 
Contract USDA-12-14-lOO-995(41). This support is 
gratefully acknowledged. 

2 The writers would like to express their appreciation 
to Professor Vito A. Vanoni for the valuable criticism 
and many helpful suggestions that he offered during 
the investigation. The writers also wish to extend their 
gratitude to R. Hugh Taylor, Jr., for his assistance in 
performing the experiments and reducing the data. 

These experiments supplement those of Vanoni 
and Brooks in which the discharge was varied 
with the dtipth constant. 

For the given unit discharge (0.50 c.f.s./ft.) 
and bed sand (mean diameter 0.14 mm.) it was 
found that two different velocities and sedi- 
ment transport rates are possible for certain 
values of slope or bed shear stress; however, 
this multiplicity occurs only in the range of 
slope or shear stress where major changes in 
bed configuration and roughness oeeur. 

Stream morphology is discussed in light of 
these and other laboratory results, with empha- 
sis on which variables are independent and 
which are dependent. 



SYMPOSIUM Z.-SEDIMENT IN STREAMS 321 

Background and Objectives 
In 1955 Brooks (2) reported a laboratory 

study of the mechanics of open-channel flow 
over a sand bed. The results of this investiga- 
tion led him to question some widely held con- 
cepts about the relation between the sediment 
transport rate, depth and velocity of flow, and 
slope of alluvial channels. Brooks’ conclusions, 
as restated by Vanoni and Brooks (19), are as 
follows: 

1. In the laboratory flumes it was found that neither 
the velocity nor the sediment transport rate could be 
expressed as a single-valued function of the bed shear 
stress, or any combination of depth and slope, 01‘ bed 
hydraulic radius and slope. This contradicts assump- 
tions which have commonly been held for some years to 
the effect that knowledge of the slope, channel geometry, 
and bed material of a stream were sufficient to pre- 
determine its flow and sediment-transporting charac- 
teristics. 

2. The cause of the non-uniqueness cited in conclu- 
sion no. 1, above, is the extreme variation in channel 
roughness caused by the variable nature of the bed 
configuration. In general, the flows at low velocities 
were accompanied by high, rugged dunes, while those 
at high velocity were associated with flat beds, with 
sand wave uhenomena occurriw at intermediate v- 
locities. 

3. On the basis of experiments to date, it appears that 
the depth and velocity may logically be used as inde- 
pendent variables, along with the grain size of the bed 
material. Knowine these auantities. it is found for the 
flumes that the dope, bea shear, &i&ion factor, and 
sediment discharge are all uniquely determined. It was 
also found possible to consider-then water and sediment 
discharges as independent variables, and from these to 
determine the death. velocitv. friction factor. and slone. 

4. An examina’tio~ of the?esults of these experiments 
yielded the following qualitative relationships: 

a. For constant di&&rge, 4. an increase hi the sedi- 
ment discharge, qa. requires a decrease in the depth, d. 

b. For a given slope and discharge, two depths of flow 
are nossible. When oI is low. the bed is covered with 
dun&,, d is large, a& the ;eiocity, U, ii small. When 
qr is hxgh, the bed is flat, d is small, and U is large. 

c. If 4 is to be increased without changing qs then an 
increase in d is necessary, although this increase is 
relatively less than in 9. 

d. For a given p, the largest values of the bed friction 
factor, jh, are associated with the lowest values of qz, 

e. When U is increased with d constant. fa penerallv 
decreases, the slope S and the bed shear’ L&city U, 
may either increase or decrease, and the sediment dis- 
charge concentration, C, increases until the sand wave 
stage is reached. 

f. When d is increased with U constant, fb and C 
hnth rln*r..<o “““.. “-“_“I”_. 

g. 3The bed shear velocity, U.a, changes less than 
any other quantity. It may be expected, therefore, that 
U-a is not a good variable from which to determine the 
flow and sediment transport characteristics. 

The discussion of Brooks’ paper (2) was, for 
the most part, vigorously skeptical. In his clos- 
ing discussion (2) , Brooks presented the results 
of a new, larger group of experiments [also re- 
ported by Vanoni and Brooks (29)] some of 
which were designed to answer sDec:lfic obiec- 

3 Conclusion 4g is based primarily on the experiments 
by Vanoni and Brooks (19). 

tions raised by the discussers. The new investi- 
gation covered a wider range of velocity at two 
different constant depths and used three sands 
with wider size distributions than the two fairly 
uniform sands he originally used. The results 
of the new experiments were in complete agree- 
ment with Brooks’ original conclusions, which 
were pertinent. Those regarding the variation 
of sediment transport rate, slope, and friction 
factor with velocity for a constant discharge 
were neither proved nor disproved, because of 
the manner in which the runs were scheduled : 
the depth was fixed for each series of runs and 
the discharge was varied. 

The objective of the experiments reported 
here was to verify Brooks’ conclusions for the 
case of constant discharge. The main point to 
be resolved was whether two (or possibly three) 
different depths of flow are possible for a given 
discharge and slope. This question was the sub- 
ject of considerable controversy in the discus- 
sion of Brooks’ paper and was not settled by the 
later experiments (2, p. 58.2 and p. 594). In the 
present inquiry, eight runs were conducted at a 
constant unit discharge of 0.50 c.f.s. per foot. 
For a more detailed description of these experi- 
ments the reader is referred to a report by Ken- 
nedy (10). 

At the end of the paper stream morphology 
is discussed in the light of these experimental 
flume results. 

Apparatus and Procedure 
Only a summary description of the apparatus 

and procedure will be presented here. Complete 
details and thorough discussions of the appa- 
ratus, the techniques used in measuring the 
various quantities, and the procedure used in 
reducing the data have been given by Brooks 
(2)) and by Vanoni and Brooks (18). 

The experiments were performed in a 33.5- 
inch wide, 60-foot long flume. The flow circuit 
of the flume is closed, so the water and sediment 
are continuously recirculated and the mean 
depth of flow in the open channel is controlled 
by the amount of water in the system. The en- 
tire flume is mounted on a truss that is pivoted 
near one end and supported by a jack at the 
other end so the flume slope can be set at any 
desired value and easily adjusted during the 
course of a run. A point gage mounted on a car- 
riage that moves along rails on the flume was 
used to measure the elevations of the water 
surface and sand bed relative to the flume. 
Water surface elevations were measured during 
the run at 4-foot intervals along the flume, and 
bed elevations were measured after the pump 
had been stopped and the bed leveled in 4-foot 
reaches with a special leveler. The discharge 
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FIGURG 1. -Sieve analyses of the bed material. 

was measured with the venturi meter located 
in the return pipe. To determine the total sedi- 
ment transport rate, 12 or more samples of 1 
liter each were siphoned through special sam- 
plers from the vertical section of pipe above the 
pump in the flow circuit. The individual l-liter 
samples were then passed through filter paper, 
and the sediment retained was dried and 
weighed. A sieve analysis was performed on the 
composite of all samples for each run. 

Sand Characteristics 
The sieve analysis of the bed sand, plotted on 

logarithmic-probability paper in figure 1, shows 
that the geometric mean sieve diameter, D,, was 
0.142 mm., and the geometric standard devia- 
tion, c~, was 1.38. This is compared in figure 1 
with the sieve analysis of the same sand when 
it was being used previously in the same flume 
by Vanoni and Brooks (19). There was a slight 
increase in D,, no change in C0, and a significant 
decrease in the amount of fine material. For 
example, at the conclusion of the present experi- 
ments there was only about ‘76 percent as much 
material finer than the 170~mesh (0.088 mm.) 
sieve as during the experiments by Vanoni and 

Brooks, and for the smaller sieve sizes the losses 
were even greater. Most of the loss probably oe- 
cured when the flume was periodically drained 
to be refilled with clean water. This coarsening 
of the bed material will be cited later to explain 
a discrepancy in the transport rate between the 
results of the present experiments and those of 
Vanoni and Brooks. 

Experimental Results 
The principal measured and computed quan- 

tities from the laboratory experiments are sum- 
marized in tables 1 and 2. Quantities with sub- 
script b refer to the bed section, as computed 
from the sidewall correction procedure, de- 
scribed by Vanoni and Brooks (19). Table 1 is 
self-explanatory except for the quantity, fb/fb’, 
the friction factor ratio. In this quantity, fb’ is 
the friction factor predicted by the Moody pipe- 
friction diagram, using the geometric mean 
sieve diameter of the bed material, I),, as the 
equivalent sand roughness, and 4% where ~b is 
the bed hydraulic radius, in place of the pipe 
diameter for the characteristics length. Thus, 
fb’ is the friction factor predicted by the Moody 
diagram for flow of clear water over an imm.o- 
F;i$ flat sand bed. The friction factor ratlo, 
b b’, is a measure of the effect of dunes or 

other bed features on the friction factor of the 
flow and serves as a partial quantitative de- 
scription of the bed configuration; it should be 
approximately unity for flow over a flat bed. 
The use of this friction factor ratio in analyz- 
ing the roughness of alluvial channels was first 
suggested by Vanoni and Brooks (19). De- 
tailed discussions of the friction factor ratio 
and its significance have been presented by 
Kennedy (11) and Taylor and Brooks (18). 
Values of fdfb‘ obtained here are consistent 
with previous investigations (18). 

The various types of bed configuration listed 
in column 18 of table 1 have been discussed by 
Brooks (2) and by Vanoni and Brooks (19). A 
dune-bed configuration, illustrated in figure 2, 
occurred for all runs of this investigation with 
velocity less than 1.5 f.p.s. The average wave 
lengths and heights of dunes of these runs are 
listed in table 2. The lengths were obtained by 
counting the number of dune crests along a 
measured line segment parallel to the flume. 
Dune heights were computed from measured 
elevations of troughs and crests of representa- 
tive dunes. 

Discussion 
Variation of Frictim Factor and Bed Shear Stress 
The variations of slope S, bed shear velocity 

U*b, and bed friction factor fb, with changing 
mean velocity U, are shown in figure 3. These 
relations were obtained by first fitting a curve 
to the fb data, and then computing values of S 
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TABLE 2.-Summary of data from 
dune ?neasllrl?ments 

Run NO. Average length AYerage height 

m. n. 
3-l.............. 

":Z 
0.049 

3-4.............. ,064 
3-z.............. .48 ,070 
3-7 .42 ,066 
3-5D.. 50 ,061 

and U*b corresponding to points on the fb curve ; 
thus, the three curves are consistent with each 
other. Between the points for the run with a 
sand wave, the curves are shown as dashed 
lines because there is some question of whether 
or not uniform equilibrium flows over a sand of 
this size can exist at these intermediate veloci- 
ties. For instance, for run 3-5, the amount of 
water was adjusted to yield a uniform depth of 
0.30 ft. with mean velocity of 1.67 f.p.s. over 
the full length, but instead the sand wave phe- 
nomenon produced a depth of 0.34 ft. over the 
dune section and 0.25 ft. over the flat-bed sec- 
tion. 

In figure 3 it is seen that the bed friction fac- 
tor increases from 0.086 to 0.119 as the velocity 
increases from 0.91 to 1.14 f.p.s. With further 
increase in velocity, the bed friction factor de- 
creases to 0.023 at a velocity of about 2.1 f.p.s. 
An initial increase of bed friction factor with 
velocity for this sand has also been observed by 
Vanoni and Brooks (19) for runs at a nearly 
constant depth of about 0.54 ft., but not for 
runs at a depth of about 0.24 ft. Thus, it ap- 
pears that for some depths there is a velocity 
for which the roughness of the dune configura- 
tion is a maximum. 

An important point in these experiments is 
the fact that the bed friction factor varied by a 
factor greater than 5 from 0.119 down to 0.023. 
The variation in fb was due primarily to changes 
in the roughness of the bed as its configu- 
ration changed. As the velocity was increased 
above a certain value (about 1.2 f.p.s. for these 
experiments), the shape and arrangement of 
the dunes changed in such a way that the 
roughness of the bed decreased. When the bed 
became flat, the only roughness was that of the 
individual sand grains and was near the irre- 
ducible minimum. However, a small further de- 
crease in the friction factor could have oc- 
curred at higher velocities with larger sediment 
concentrations. The suspended sediment ap- 
parently modifieS the turbulence structure of 
the flow and thereby reduces the friction factor. 
This effect has been described by Vanoni and 
Brooks (19) and by Vanoni and Nomieos (21). 

The large variation in the bed friction factor 
has an important effect on the relation between 
U and S, and between U and U*Z,. As shown in 
figure 3, for a constant discharge the slope in- 
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FIGURE 2. - Dune configuration of run 3-2. Flow direction left to right. Full 33.6inch width of the flume is shown. 
Bed friction factor, fs=O.lOZ. 

creases with velocity throughout most of the 
dune regime, then decreases at the upper end 
of the dune regime. In the flat bed regime, the 
slope again increases with velocity. Conse- 
quently, an identical value of slope, 5LO.00198, 
was observed for two different runs: Run 3-7 
(U=1.45 f.p.s., q,=2.12 Ib./min.-ft., dune bed) 
and run 3-6a (U-2.13 f.p.s., qs=2.95 lb./min.- 
ft., flat bed). These two runs confirm, for this 
sand and this unit discharge, Brooks’ conclu- 
sion No. 4b that for a given discharge and slope, 
two different velocities are possible. This type 
of nonuniaueness is illustrated schematicallv in 
figure 4. - 

Brooks’ conclusion No. 4b regarding the mul- 
tiplicity of velocity as a function of slope for 
constant discharge is valid only for a certain 

range of velocity and a corresponding range of 
slope. Since this multiplicity is a result of ma- 
jor changes in the bed configuration, two or 
more values of velocity for a given slope can oc- 
cur only in the range of U and associated range 
of S from slightly less than that at which the 
transition from dunes to sand wave occurs to 
slightly greater than the velocity at which the 
bed configuration changes from sand wave to 
flat. For the constant discharge experiments re- 
ported here, this range of slope is S-O.0018 to 
0.0021. The multiplicity of U as a function of 
UV, for a constant Q noted in the present experi- 
ments and shown in figure 3 is also limited to 
the range of U and corresponding range of UV. 
where major changes in the bed configuration 
OCCUI‘. 
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FIGURE 3. -Variation of slope, bed shear velocity, and 
bed friction factor with mean velocity and depth for 
constant-discharge experiments (q = 0.50 c.f.s. per 
foot). 

Thus, for the laboratory stream, the velocity 
for a given discharge cannot, in general, be ex- 
pressed as a single-valued function of slope or 
bed shear velocity. However, each of the quan- 
tities S, U+, and fb can be expressed as a single- 
valued function of the velocity, or in the case of 
these constant discharge runs, as a function of 
the depth. This is consistent with Brooks’ con- 
clusion No. 3. However, for velocities between 
1.45 and 2.1 f.p.s,., the nature of the variations 
of S, U-b, and fb 1s obscured by the sand waves 
that formed. 

The bed shear velocity, U*b, varied from a 
minimum of 0.095 f.p.s. to a maximum of 0.153 
f.p.s., a factor of only 1.61. The maximum fb 
was over five times greater than the minimum, 
and the slope varied by a factor of approxi- 

FIGURE 4. -Schematic diagram of two different equi- 
librium Aows with same slope and discharge. 

mately four in the velocity range investigated. 
This comparison supports Vanoni and Brooks’ 
conclusion No. 4g that Ueb is the least sensitive 
parameter that can be used to determine the 
;z$aulic and transport characteristics of a 

t 

FIGURE 6. -Variation of sediment discharge concentra- 
tion and sediment transport rate with mean velocity 
and depth for constant discharge experiments (q = 
0.60 e.f.s. per foot). 
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Sediment Transport Rate 
In figure 5 values of sediment discharge eon- 

e&ration, C=q,/q, are plotted against mean 
veloeity. Corresponding values of the sediment 
discharge per unit width, g., are shown on the 
ordinate scale at the right of the figure. The 
water temperature during the run is noted by 
each point. 

After run 3-4 was completed, a heater was 
installed on the flume to control the water tem- 
perature. For run 3-5 and successive runs the 
water temperature was maintained at approxi- 
mately 25” C. Runs 3-1, 3-2, and 3-4, per- 
formed before the heater was installed, had 
somewhat lower temperatures. 

This temperature change is no doubt respon- 
sible for the apparent discontinuity in the 
velocity-sediment concentration relation be- 
tween run 3-2 (U=1.35 f.p.s., C=1.42 gin/l., 
T=18.4”C.) and run 3-7 (U=1.45 f.p.s., C= 
1.13 gm./l., T=25.1” C.). The results of ex- 
periments with fine sand by Nomicos reported 
by Vanoni and Brooks (19) showed, for a con- 
stant discharge, that C and q. generally de- 
crease with increasing temperature. The drop 
in C between run 3-2 and run 3-7 is of the mag- 
nitude that Nomicos’ experiments would indi- 
cate. Therefore, to put all transport data on a 
quantitatively comparable basis, the eoneentra- 
tions and sediment discharges for the runs at 
the three lowest velocities should be reduced 
about 25 to 35 percent. 

With this adjustment (not shown), figure 5 
indicates that C and 4. are single-valued func- 
tions of velocity for this constant discharge and 
that as the velocity is increased, these quanti- 
ties also increase. This is consistent with 
Brooks’ conclusion No. 4a that for a constant 
discharge an increase in Q. requires a decrease 
in d. As implied in Brooks’ conclusion No. 4d, 
the high values of fb are generally associated 

with the low values of gS; however, the maa% 
mum fb was not observed for the run with the 
lowest g., because of the slight initial rise of the 
fb versus U curve (fig. 3). 

The slight decrease in the geometric mean 
size of the sand that occurred between the time 
of Vanoni and Brooks’ (19) experiments and the 
present investigation (see fig. 1) had a marked 
effect on the sediment transport rate, as may be 
illustrated by the comparison of Brooks and 
Vanoni’s run 2-2 and run EL6a of the present 
investigation. Table 3 gives a summary of the 
data for each of these runs, along with the 
transport rate of the individual sieve fractions 
and the cumulative transport rates of the ma- 
terial coarser than each sieve size. These two 
runs had identical velocities and depths, and 
temperatures that were nearly the same. For 
the material coarser than the 0.124 mm.-sieve 
the differences in the transport rates of the in- 
dividual sieve fractions are insignificant in view 
of the temperature difference between the two 
runs, but for the finer sieve fractions the differ- 
ences are striking. For each of these finer sieve 
fractions, significantly more material was trans- 
ported in run 2-2 than in run 3-6~~ This was 
because of the greater availability of fine ma- 
terial in the bed sand of run 2-2, as shown in 
the comparison of the sieve analyses of the bed 
materials in figure 1. The geometric mean sieve 
diameter, D,, of the transported material of run 
2-2 is accordingly much smaller, and the geo- 
metric standard deviation U0 is larger, due to 
the extension of the frequency distribution 
toward the smaller sizes. 

These two experiments point out the impor- 
tant effect the sand size distribution has on the 
sediment transport rate of the flow, and thus the 
necessity of accurately knowing the size distri- 
bution of both bed material and the load in ana- 
lyzing, interpreting, and comparing the trans- 
port data for sediment-laden flows. 
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Remarks on Stream Morphology 
In view of recent laboratory results (2, 2,10, 

11,12, 15,16,17,18,19, Zl), one may well ask 
which stream variables are functions of which 
other variables. For simple physical systems 
there is no confusion. For example, for a simple 
pendulum the length L may be considered a 
function of the period T and the acceleration of 
gravity g; but on the other hand T may just as 
well be considered a function of L and g. It 
makes no difference, because the relation is 
unique either way. However, if in a complex 
system there are many variables with several 
interlocking relationships, involving multiple- 
valued functions, the analysis may easily be- 
come confused. Selection of some variables, as 
independent and others as dependent, then be- 
comes very useful for avoiding confusion and 
clarifying what functional relations are re- 
quired. 

As used here the term “independent” means 
that which is imposed on the system externally, 
and “dependent” means that which results when 
equilibrium is reached. “Unique” means that 
there is only one set of values of the dependent 
variables corresponding to the imposed values 
of the independent variables, whereas “multiple- 
valued” means that there may be two or more 
sets of values of the dependent variables and 
that there is no basis for selecting one or the 
other purely 01z the basis of the chosen inde- 
wndent vaviableB. 

A frequent error in applying dimensional 
analysis to sediment transport in streams is the 
failure to recognize all the variables and all the 
interdependencies between them simultane- 
ously. For a most elementary alluvial stream 
flowing with uniform depth and velocity, the 
pertinent variables are as follows: 

Q=discharge of water; 
Qs=dis;;;;yd;f sediment (of sizes found in 

b = width ; 
d=mean depth; 
r= hydraulic radius ; 
U=mean velocity ; 
S=s!ope of energy line=slope of water 

surface ; 
f=Darcy friction factor; 
u=kinematic viscosity of fluid (including 

any change due to suspended clays, 
etc.) ; 

p=mass density of fluid; 
4 Logarithmically normal distributions are implied for 

the diameter and fall velocity of the sediment particles 
comprising the bed, as is frequently the case for natural 
streams. 

‘If all particles were spherical, w would be deter- 
mined by other variables on the list (D., ,,,, ,,, “, g) ; for 
n?nspherical particles an indication of the shape is thus 
gwen by w and the other variables considered together. 

LF= mass density of sediment particles ; 
,=geometric mean size of bed material: 

~O=geometric standard deviation of sizes of 
bed material;4 

w=geometric mean settling velocity of 
particles;5 

g=aeceleration due to gravity. 
The above variables are interrelated in sev- 

eral ways, as follows : 
1. Continuity : 
2. Definition off: 

3. Roughness function : 

4. Sediment transport 
function : 

5. Width-depth relation: 

6. Hydraulic radius-depth 
relation : 

Einste;n and 
Barbarossa 
(9) 

Shen (15) 
Brown (3) 
Chien (4) 
Vanoni, Brooks, 

and Kennedy 
(20) 

Leopold and 
Maddock 
(13) ; for 
flumes,b= 
constant 

r=d for wide 
channels ; r/d 
depends on 
shape of cross 
section in 
general. 

The third relation predicts the roughness, m- 
eluding the effect of bed forms. The fourth 
gives sediment transport in relation to the other 
variables. Since there are no universally ac- 
cepted formulations of relations 3 and 4 above, 
some general references are given instead of 
explicit equations. In the field, the width and 
shape of the cross section that govern relations 
5 and 6 are self-adjusting to the variables listed 
above, plus some other geomorphic factors 
which are not listed above, such as bank re- 
sistance, hydrologic flow regime, and geologic 
history. 

Since there are 15 basic variables and 6 de- 
pendencies, there are 9 independent and 6 de- 
pendent variables. In a laboratory flume (or 
canal) with fixed walls, there are only 5 de- 
pendent variables, because width is predeter- 
mined by the channel geometry and does not 
depend on the flow; i.e, we delete relation 5 
above. Therefore, if 9 variables (10 in flumes) 
are selected or specified, the other 6 variables 
(5 in flumes) should be physically determined 
by the system. In flume experiments this is 
found to be the case, but for rivers the relations 
are not so clear because it is not possible to con- 
trol the variables at will for test purposes. In 
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Charactetit 
system Properties Of hid. Of Row syste 

sediment. gra”ity, etc. 
combi~:~:~tited) 

mmbinati0ns listed) IJniqve mr mme ranges 

v,P,PaJgmw Q/Lb QJJ7Af 

Flumes. QsQ.,b d,r,U,S,f : 

:: U,&b Q.Q.zr3.f x 
dS,b Q,Qa,r,U,f 

:: 
r,&b Q,Q,,d,U,f : 
Q,S,b Qs&,u,f x 

Field: v,P,Pa,Dbp4g 
2: 

Qa,br,U,S,f x 
Q,Q,,b,r,U,f 

Short term. 
:: kfs 

Q,Q,,b,d,U,f _. _. _. _. i: 
F;“;d&t?f x 

Long term Y,P.Pa.B Q,Q. 29, ,,, x 
(“graded stream”). 
very long term. v,p,p,,g, geology, Climate, D,,o,w 

Q,Qd&,U, x 
man-made works Sd’,,~,,w 

table 4 an attempt has been made to summarize 
experience to date in flumes and to indicate the 
implications for the field. Various alternate 
classifications of the variables are found by 
reading across on any line of the table. 

As indicated in table 4 some choices of inde- 
pendent variables do not define a unique result. 
Thus, for the six cases with “2 in the “mul- 
tiple-valued” column, the choice of independent 
variables is not really correct. For example, as 
shown in the preceding sections, specifying dis- 
charge Q and slope S in laboratory flumes will 
not always define uniquely the flow condition of 
the stream. Instead there may be several pos- 
sible flow conditions, including one with low 
velocity, high depth, high roughness, low trans- 
port, and a dune bed, and another with high 
velocity, low depth, low roughness, high trans- 
port, and a flat bed. Each flow can easily be 
generated in a flume and will remain stable over 
a long period of time, because there are other 
constraints such as depth regulation, continuity 
of sediment transport. and continuity of the 
energy grade line. 

One might be temDted to say that the prob- 
lem should be form&ted in two parts: one for 
dune bed cases, one for flat bed cases, etc. Since 
within each regime there will probably then be 
no multiplicity, one might think that the non- 
uniqueness problem could thus-be avoided. But 
experience shows that the bed form itself is 
strongly related to the velocity and cannot be 
deduced solely from the independent variables 
listed for “multiple-valued” cases in table 4; 
thus we are back where we started from with 

flume kxpehment, one sets the flume to-some 
estimated slope and then waits to see if the 
energy gradient of the established flow matches 
that of the apparatus; if it does not, then the 

apparatus slope must be adjusted to the energy 
slope. Alternatively, the energy slope can some- 
times be made to match that of the flume by 
successive adjustments of the discharge or 
depth in a closed circuit flume, or the discharge 
and the sediment feed rate in an open circuit 
flume. 

In the field the identification of independent 
and dependent variables, or cause and effect, is 
clouded by long-term intercorrelations naturally 
established; parameters cannot be varied at will 
but have certain values produced by the system 
itself. For example, at a given time and place 
one may find by sampling that the bed sand for 
a given stream has a certain mean diameter D,, 
which is indeed “imposed” on that stream for 
any conditions occurring in the near future 
(“short term”). But from a broader point of 
view, it must be recognized that the stream it- 
self established the D, value through years of 
transport, sorting, and abrasion. Therefore, for 
the short term the bed sand size D? is an mde- 
pendent variable, but on the geologm time scale 
D, is certainly & dependent variable. Similarly, 
the slope of an alluvial river changes very 
slowly, but at any time the slope is indeed a 
slope that is compatible with the geology and 
general hydrologic flow regime because these 
factors over geologic time have established the 
slope. 

The time scale under consideration is also im- 
portant in classifying Q and Q, as dependent or 
independent variables. Streams are seldom? if 
ever,. in a steady state (because of finite time 
reqmred to change bed forms and depth), and 
transitory adjustments are accomplished by 
storage of water and sediment. Water storage is 
relatively short (hours and days) and occurs 
simply by a rise of river stage or overbank flood- 
ing; sediment storage (plus or minus) occurs 
by deposition or scour. Over the short term Q., 
the sediment transport rate, in any reach, will 
depend on Q and the associated value of d re- 
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quired to give continuity in the water surface 
and energy grade line at the ends of the reach 
at any moment. Thus, for the short term, Q, 
may be considered a dependent variable, with 
departures of the sediment inflow from the 
equilibrium transport rate being absorbed in 
temporary storage (for perhaps months or 
years). 

However, in the long term the river must 
assume a profile and other characteristics for 
which, on the average, the inflows of water and 
sediment equal the outflows; consequently, for 
this case (called a “graded stream” by Mackin 
(G)), Q and Q, are listed in table 4 as the inde- 
pendent variables. In this instance, Q and Q. 
need not necessarily be particular single values 
but also may be considered to represent related 
sequences of values with fixed statistical char- 
acteristics. For the very long term, streams’re- 
spend to the geology of the region, the climate, 
and the properties of matter. From this point 
of view, every characteristic of a river is de- 
pendent on something else. 

Even for the short term in the field the oc- 
currence of discontinuous rating curves for 
streams (5, 7) suggests that depth and slope 
are not always sufficient to define the instan- 
taneous discharge. In fact, the authors are of 
the opinion that alluvial rivers naturally evolve 
into the ranges of variables (slope, depth, ve- 
locity) where relations are multiple-valued due 
to changes in bed form. If generally so, this is 
indeed fortunate, for alluvial streams respond 
to flood flows by reducing their hydraulic rough- 
ness as well as by increasing stage. If the 
roughness did not change, then far greater in- 
creases in stage would be required to allow pas- 
sage of floods! Similarly, high roughness with 
low flows is beneficial, since it provides adequate 
depth for navigation with as little flow as pos- 
sible. 

Until recently sediment transport equations 
have almost universally been built around the 
idea that bed shear is an essential parameter. 
[See summary as of 1950 in (3).] Yet table 4 
shows that T and S, and hence the shear r=pgrS, 
do not uniquely determine the flow or the sedi- 
ment transport rate. The experiments reported 
in the preceding sections show that the shear 
velocity changes least of any variables, and 
thus is certainly a~poor starting place for a 
transport calculation. Colby (6) has recently 
suggested that stream velocity is a far better 
variable with which to correlate sediment trans- 
port. 

In this regard, Einstein (8) and Laursen 
(12) have recently used 8, the grain resistance, 
in place of T in formulas for sediment transport. 
But 7’ is given by 

where f’ is a friction factor expected for flow 
over a flat bed, and may be taken from the pipe- 
friction diagram or the Prandtl-K&rm&n re- 
sistance equations (in the ways indicated by 
Einstein and Laursen) Since f’ is not related 
to the total friction factor f for the actual flow, 
i is not a measure of the total shear but is for 
all practical purposes a parameter reflecting the 
velocity. Thus, there has been a subtle shift 
toward computing sediment transport from ve- 
locity rather than from total shear stress. 

Summary and Conclusions 
The present experiments corroborate, for 

this sand and unit discharge, Brooks’ conclu- 
sion No. 4b that for a given slope and discharge 
two different depths of flow are possible in a 
laboratory flume. This conclusion is valid, how- 
ever, only for slopes in the range where major 
changes in the bed configuration occur. It was 
also found that for runs at a constant discharge, 
the velocity cannot in general be expressed as a 
single-valued function of shear velocity. How- 
ever, in the range investigated, if the velocity is 
used as the independent variable, then the slope, 
bed friction factor, and bed shear velocity are 
uniquely determined ; i.e., they are single-valued 
functions of velocity. 

For these runs at a constant discharge, an 
increase in the sediment discharge required an 
increase in the velocity and a corresponding de- 
crease in the depth; this is in agreement with 
Brooks’ conclusion No. 4a. The results of these 
experiments qualify Brooks’ conclusion No. 4d 
that the largest bed friction factors are associ- 
ated with the smallest sediment transport rates, 
because, with increasing velocity, the bed fric- 
tion factor first increased slightly, then de- 
creased. However,, the sediment discharge in- 
creased steadily with increasing velocity. 

A comparison of the results from the current 
experiments and the earlier experiments of 
Vanoni and Brooks indicated that even very 
slight changes in the size distribution of the bed 
material can have a sigtiificant effect on the 
sediment discharge rate and the size distribu- 
tion of the transported material. 

Table 4 shows various possible choices of in- 
dependent and dependent variables for describ- 
ing alluvial streams in laboratory flumes and in 
the field, and indicates which relations are 
unique and which are non-unique. In the field it 
is necessary to differentiate between long term 
and short term points of view. Whereas sedi- 
ment discharge, Q,, may be considered one of 
the independent variables for a particular reach 
of river in the long term, it is more likely to be 
a dependent variable for the short term. A 
graded river adjusts itself to the flow of water 
and sediment in the long term, but during short 
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periods the sediment inflow to a reach can be 
far out of balance with the equilibrium trans- 
port rate, resulting in short term sediment 
storage. 

Literature Cited 
(1) BARTON, J. R., and LIN, P. N. 

1955. A STUDY OF SEDIMENT TRANSFORT IN AL- 
mvw~ cx.4iwim.s. Cola. State Univ., 
Civil Engin. Dept. Rpt. 55 JRBZ. 

(2) BROOKS, N. H. 
1958. MECHANICS OF STREAMS WITH MOVABLE 

BEDS OF FINE SAND. Amer. See. Civil 
Engin. Trans. 123: 526.549; and Dis- 
cussion, pp. 550-594. (First published as 
Proc. Sea. 668. Aoril 195,5.) 

(3) BROWN, C. _ _ 
195’0. SEDIMENT TRANSPORTATION. Ch. 12. In 

Engineering Hydraulics, H. Rouse, Ed., 
Wiley and Sons. 

(4) CHIEN, N. 
1956. PRESENT ST*T”S OF RESEARCH ON SEDI- 

MENT TRANSPORT. Amer. Soe. Civil En- 
(5) coLBy B,e Trans. 121: 833-868. 

1960. DISCONTINUOUS R.4TING CURVES FOR PIGEON 
ROOST *ia CUFFAWA CREEKS IN NORTHERN 
MISSISSIPPI. U.S. Dept. Agr., Agr. Res. 
Serv. ARS 41-36. 

(6) 

(7) 

(8) 

(9) 

(10) 

1961. 

DAWDY, 
1961. 

EFFECT OF DEPTH OF FLOW ON DISCHARGE 
OF BED MATERIAL. U.S. Gal. Survey, 
Water Supply Paper 1498-D, p. D-3. 

no R 
DEPTH-DISCHARGE RELATIONS OF ALL”vIAL 
STREAMS-DISCONTINUOUS RATING CURVES. 
~i~~w&eol. Survey, Water Supply Paper 
__“~ _. 

EINSTEIN, H. A. 
1950. THE BED-LOAD FUNCTION FOR SEDIMENT 

TRANSPORTATION IN OPEN CHANNEL FLOWS. 
U.S. Dept. Agr. Tech. Bul. 1,026. 

EINSTEIN, H. A., and BARBAROSSA, N. L. 
1952. RIVER CHANNEL ROUGHNESS. Amer. See. 

Civil Enein. Trans. 117: 1121-1146. 

ROUGHNESS AND S”SPENDED LOAD OF AL- 
LUVIAL STEFA~~ Calif. Inst. Tech&. 
W. M. Keck Lab. Hydraul. and Water 
Resources Rpt. KH-R-3. 

(11) 

(12) 

(13) 

(14) 

(15) 

(17) 

(18) 

(19) 

KENNEDY, J. F. 
1961. STATIONARY vf*vYEs AND ANTID”NES IN 

ALLUVIAL CHANNELS. Calif. Inst. Tech- 
ml. W. M. Keek Lab. Hydraul. and 
Water Resources Rpt. KH-R-2. 

LAURSEN, E. 
1958. THE TOTAL SEDIMENT I&m OF STREAMS. 

Amer. Sac. Civil Engin. Jour. Hydraul. 
Div. Proc. 84, HYl, paper 1530. 

LEOPOLD, L. B., and MADDOCK, T., JR. 
1953. THE HYDRAULIC GEOMETRY OF STREAM 

CHANNELS AND SOME PHYSIOGRaPHIG IM- 
PLICATIONS. U.S. Geol. Survev Prof. 
Paper 252. 

MACKIN, J. H. 
1948. CONGEPT OF TIIE GRADED RIVER. Geol. Sot. 

Amer. BuI. 59:463-512. 
SHEN. s. w. 

1962. DEYELOPMENT OF BED ROUGHNESS IN AL- 
LUVIAL CHANNELS. Amer. Sot. Civil En- 
~5~~8roc., Jour. Hydraul. Div. 88, HY3: 

SIE wxvs, D. B., and RICHARDSON, E. V. 
I ~962. RESISTAACE TO FLOW IN ALLUVIAL CHAN- 

NELS. Amer. Sot. Civil Engin. Trans. _^_ -. _ ^^__^^^ 

-and RICHARDSON, E. V. 
1961. FORMS OF BED ROUOHNESS IN ALLUVIAL 

CHANNELS. Amer. Sot. Civil Entin. 
Proc. Jour. Hvdraul. Div. 87. HY3: 

TAYLOR, 
1962. 

VANONI 
1957. 

(20) 

(21) 

Sediment Ser. 11. 
-BROOKS, N. H., and KENNEDY, J. F. 

1961. LECT”RE NOTES ON SEDIMENT TRANSPOR- 
T*TION *ND ~~*iwim smmmY. Calif. 
Inst. Teehnol. W. M. Keck Lab. Hydraul. 
and Water Resources, Rpt. KH-R-l. 

__ and Nomcos, G. N. 
1960. RESISTANCE PROPERTIES OF SEDIMENT- 

LADEN STREAMS. Amer. See. Civil En- 
gin. Trans. 125: 1140-1175. 

SPIRAL MOTION, SEDIMENT TRANSPORT, AND 
RIVER DEVELOPMENT 

[Paper Na 381 
By WILLIAM F. TANNER, associate professor, Department of Geology, Florida State University 

Abstract the inside). Outside of each line of vortices, a 
In fluids, spiral motion is common. standing spiral wave may develop (also down 
Turbulence behind a falling grain arises from on the outside, up on the inside). Two waves 

three vortex centers, spaced around the perim- 
eter at about 120” intervals, which shed vortices 

make an ogive behind the obstruction. A rough- 

in sequence. Shedding of an individual vortex 
ness element on the channel wall creates one 

tends to rotate the grain in a predictable diree- wave. Two waves, from opposite walls, cross 
Con, which, in turn, produces a spiral path. near mid-channel in the “rooster tail.” In shal- 

At F’roude numbers above one, shallow water low water, spiral waves arise at low velocities, 
passing an obstacle exhibits a vortex trail, hav- and erode the bed, without any vortex trail 
ing a spiral nature (down on the outside, up on being present. 
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A larger spiral overturn (helical: or second- 
ary flow) operates to divert the mam stream of 
water in the direction of the slow (i.e., rising) 
side. In deep alluvial streams, this process may 
be responsible for meandering; in wide, shallow 
streams, it may induce a system of higher order 
spirals that, taken together, account for the 
braided pattern. 

Introduction 
Spiral motion in fluids is common. It appears 

to be important in a variety of processes in the 
atmosphere and in the hydrosphere (16). It 
definitely plays a part in the shaping of stream 
channels and water current beds, and it may be 
significant in the transportation of sediment. 

Above a certain transition zone (commonly 
defined as near R-3,000), fluid flow is gener- 
ally turbulent. The rotational motion within 
this turbulence can be combined with transla- 
tion, or straight-line movement, to produce a 
spiral pattern of sorts and, hence, provide a 
basis for the general statement that spiral 
motion in fluids is common. It is the purpose 
of the pres.ent paper, however, to present more 
specific observations of spiral flow. 

Single Grain Studies 
Individual grains falling through a fluid 

medium have been the subject of study for a 
century or more (2, 7). Terminal velocities 
have been established for certain single grains, 
under specified conditions. More refined experi- 
ments have shown that this terminal velocity 
depends greatly on the shape and surface of the 
grain. Rarely has it been observed, however, 
that even with a single smooth spherical grain, 
settling through a stilled medium, it is difficult 
to obtain straight-line motion. 

Investigation of behavior of falling gmins can 
be carried out conveniently by means of “scaled 
up” models, which are large enough to permit 
detailed examination of flow patterns. For 
example, we may wish to use a model, 4 cm. in 
diameter, to represent a quartz grain 0.4 mm. 
in diameter. The model ratio of length is thus 
specified as L= 100. Inasmuch as the model 
and the prototype both operate in the earth’s 
gravitational field, the acceleration of gravity is 
the same for both and the model ratio of gravi- 
tational acceleration is unity. This, however, 
specifies a rigid relation between the dimensions 
length and time, inasmuch as acceleration is a 
length per time squared. Substituting 100 for 
~5, and solving the equation (LT-Z=l), we 
determine a model ratio of time as T=lO. The 
sealed-up model must be 100 times as wide as 
the prototype and must take 10 times as long 
to settle an equal distance. Settling velocities 
can be controlled by altering the mass of the 
model. In the experiments described here a 

Ping-pong ball nearly full of water has been 
used as the model (fig. 1). 

One additional fact must be stated: the 
Reynolds regime for the model must be similar 
to that of the prototype. Inasmuch as length 
has been specified (arbitrarily), time has been 
derived from length and mass derived from 
velocity; only fluid viscosity remains to be 
determined. The experimenter is free to vary 
fluid viscosity as he wills, provided he does not 
alter settling velocities beyond his ability to 
correct by means of adjusting mass. A wide 
range of fluid viscosities, from 1,600 cp. to 1 cp. 
(centipoises), has been used. 

The model that meets all of these require- 
ments has interesting behavior indeed. For 
Reynolds regimes in the range of turbulence, 
no straight-line fall has been produced. Straight- 
line fall has been obtained only with very heavy 
metals (i.e., steel) moving through very viscous 
liquids (i.e., l,OOO-1,600 cp.). Reynolds num- 
bers for these models have been R=l or less. 
Laminar motion of fluid elements has been 
established by use of dye patches on the surface 
of the model grain. 

At Reynolds numbers in the neighborhood of 
R=lO, turbulence appears behind the falling 
model. (If we wish to maintain the fiction that 
R=3,000 is an unbreakable limit, we must in- 
troduce a factor of roughly 1,000, which we 
might identify as a “grain fudge factor,” into 
the Reynolds number definition.) This turbu- 
lence can be studied by dye tracer methods. 
Turbulence has occurred in all models that have 
been run in the range of R=lO to R=l,OOO. 

Three vortex centers commonly appear on the 
trailing side of the falling model. These are 
spaced around the periphery of the model at 
about 120” intervals. Vortices are shed, in se- 
quence, from each of the three centers. Addi- 
tion of roughness elements to the model surface 
tends to hasten the development and increase 
the size of the vortices. 

The K&rm&n vortex trail (7), commonly 
observed in the wake of a boulder protruding 
above the surface of a rapidly flowing stream, 
arises from two vortex centers that exist in the 
plane of the water surface. The turbulence 
pattern behind the falling model is analogous to 
the water-surface vortex trail, except that it 
is three-dimensional (and has three centers) 
instead of two-dimensional (and having two 
centers). 

The motion in the vortices is such that a fila- 
ment of fluid directly behind the falling model 
tends to move in the same direction as the 
model. In the water-surface KBrm& vortex 
trail, behind an obstruction to flow, this filament 
actually may move in an upstream direction. 
Development and detachment of a single vortex, 



332 MISCELLANEOUS PURJXATION 970, U.S. DEPARTMENT OF AGRICULTURE 

@ 

FAL 

@ 

@ lR>I 
@ 

FALL @ 

I@ 

@ 

.LING GRAIN 

VORTEX 

VORTEX 
CENTERS 
-(TOP VIEW) 

FIQIJEE 1. - Settling ~elocdties and r&mea 

I I NON-COHERENT 
BANKS 

FLOW 

FIGURE 2. -Vortex and wave patterns of streamflow for 
Froude numbers above 1. FIGURE 3. - Directions of scour patterns. 



SYMPOSIUM 2.-SEDIMENT IN STREAMS 333 

located to one side of the downward-moving 
particle, tends to rotate the model and to modify 
its direction of fall. When a second vortex 
develops, the rotation and fall direction are 
modified again. Continuous shedding of vor- 
tices combines these modifications into smooth 
movements, which are seen by an observer as a 
spinning effect and a spiraling effect. 

The spiral can be noted from the side, but is 
most obvious when seen from above. The spin 
can be made clear by painting a bright equa- 
torial band on the model grain. 

Coarse to medium sand-sized particles, if 
spherical and smooth, settle with Reynolds num- 
bers in the neighborhood of R-10 or R=lOO 
and spiral and spin. Dye studies show turbu- 
lence in their wakes. If the grain shape is 
altered from a sphere and the surface is rough- 
ened suitably, the spiral path can be obtained 
with fine or very fine sand. Straight-line, or 
laminar-flow, settling appears to be limited 
under natural conditions to silt-sized particles. 

Because the two settling mechanisms are so 
vastly different, a single settling velocity curve 
cannot be constructed for all common sediment 
sizes. Settling velocities of coarser particles 
are approximated by the impact law; for finer 
particles, by Stokes’ law, as is well known. 

It is possible that this difference between the 
two size ranges is important in understanding 
the relative ease with which the coarser grains 
are placed in motion. Turbulence at the bottom, 
with attendant momentary increased velocities, 
might be significant in the scour mechanism, 
in a way analogous to the spinning and spiral- 
ing of the falling model. Bed velocities that 
would be needed would be approximately 1 
cm./sec. for coarse sand sizes and 10 cm./sec. 
for fine sand sizes. Bed velocities in this range 
should be fairly common. 

The Spiral Wave 
At Froude numbers above one, shallow water 

flowing past an obstacle exhibits the K&m&n 
vortex trail. Motion within individual vortices 
is both down and downstream near the bound- 
ary between the vortex trail and the main flow, 
and up and upstream near the boundary between 
the two sets of vortex elements. This pattern is 
responsible for the pointed deposits of sand 
which accumulate, in some cases, behind cobbles 
and boulders (fig. 2). 

Outside of the vortex trail, a standing spiral 
wave may develop. In a plan view, the wave is 
gently convex. Two standing waves that arise 
from a single obstruction combine to make an 
ogive pattern with its tip near the upstream 
edge of the boulder. The motion in each wave 
is down on the outside (convex side), up on the 
inside (concave side). Because of the general 
downstream motion, flow of a single parcel of 

water follows a spiral path. Maximum local 
velocity should be found in the strip of down 
flow. Scour can be expected, in favorable 
instances, along this strip (17). Maximum 
scour should develop near the apex of the ogive, 
immediately upstream from the obstruction. 
Scour of this type has been observed in natural 
high-gradient streams and in flumes and small 
models. In some cases, the spiral wave develops 
without the benefit of any obvious obstruction ; 
the precise mechanism, in this instance, is not 
clear. In shallow water, it is not necessary that 
a vortex trail be present. The latter is a 
Reynolds regime effect; the spiral wave a 
Froude regime manifestation. Vortex trails 
without spiral standing waves appear when the 
Froude number is less than 1, but the Reynolds 
number is on the order of R =lOO to R =l,OOO. 

A roughness element on a channel wall may 
generate a single-spiral standing wave, which 
forms half of the ogive pattern, and vanishes 
in the downstream direction. Two roughness 
elements, on opposite channel walls, may give 
rise to two spiral waves that cross in midstream. 
At the junction of these waves, a spout, or 
breaking wave or “rooster tail,” may appear 
(4). In the models that have been studied to 
date, the geometry of the rooster tail appears 
to have been related to the width-depth ratio. 
The characteristic width that is used is not 
necessarily the channel width, inasmuch as 
spiral waves may be produced by adjacent 
roughness elements on the channel bed (i.e., 
two adjacent cobbles or boulders). 

The rooster tail is commonly associated, over 
sand beds, with violently breaking antidunes 
and patches of turbulent suspended sand. Indi- 
vidual grains pass through these patches with 
momentary delays. 

In water 1 cm. deep, a velocity of about 30 
cm./sec. is enough to initiate a spiral wave, 
which may, in turn, erode the bed. The critical 
point at which both vortices and the spiral wave 
may appear is roughly defined by F=l and 
R = 10; this occurs in water where the char- 
acteristic length is about 0.35 cm. and the 
velocity is about 50 cm/see. 

The Larger Spiral 
Spiral flow on a larger scale, at Froude num- 

bers less than F=l, and without benefit of a 
standing wave, is common in moving fluids. 
Retardation of part of a moving parcel of air 
or water, perhaps because of roughness, results 
in veering and overturning (1). The current 
tends to bend toward the decelerated side. The 
slower part of the fluid rises, and the faster 
part sinks [also note Shen (9)]. A general 
spiral develops, which is damped out in a map 
distance equal to some tens of times the water 
depth (14). The velocity gradient, from the 
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bed toward the thread of maximum current 
motion, is steep on the fast, descending, outer 
side, and is gentle on the slow, ascending, inner 
side (5). 

The various effects that have been listed here 
(deceleration and acceleration, veering, over- 
turning) appear to arise simultaneously. They 
appear in initially straight streams when the 
Froude number is less than F=l and the 
Reynolds number is greater than R =lOO; it 
is possible that they also appear at somewhat 
lower Reynolds numbers. These effects do not 
depend on the presence or absence of mobile 
sediments of any kind (10). 

Inasmuch as the descending part of the cur- 
rent is significantly faster than the ascending 
part and inasmuch as the velocity gradient is 
much steeper where the water descends, active 
scour occurs here. This scour is directed both 
downward, toward the channel bed, and later- 
ally, toward the channel wall (fig 3). 

Where a spiral cell begins to dissipate, the 
current is not flowing directly down the gravity 
slope. This fact predisposes the next ensuing 
spiral cell to veer and overturn, in such a way 
that direct downslope motion will be estab- 
lished. In other words, spiral flow alternates in 
direction. This oscillation accounts for the off- 
set pattern of scour holes in a straight channel. 

Lateral scour, at each scour site, is the crux 
of the meandermg process. Ultimately a “most 
efficient” curvature will develop, after which 
the meander geometry stays within certain 
limits but “slides” down the length of the stream 
valley. 

Actual circulation within a stream channel 
is much more complex than stated above. Sec- 
ondary and higher order cells complicate the 
picture greatly (3, 5). However, the basic flow 
pattern is as indicated, and it has been confirmed 
over a period of many years by various workers 
under a variety of conditions. The chief remain- 
ing question is, which comes first, the spiral cell 
or the meander loop? This question must be 
answered in favor of the spiral cell, which is 
frequently observed in straight channels. 

Where streambanks are composed of more- 
or-less coherent materials (such as sand with 
a small admixture of clay or organic matter), 
a deep channel is maintained and meandering 
arises unless velocities are too low. Where 
streambanks are composed of noncoherent mate- 
rials (loose sand ; gravel), a deep channel can- 
not be maintained, and the width-depth ratio 
of the water becomes fairly great. Under these 
conditions a single spiral cell occupies only a 
relatively small part of the total channel width 
and induces second and higher order cells in 
nearby parts of the current (6, 11, 1.2). Any 

two adjacent cells have opposite senses of spiral 
and curvature. 

If two cells face each other (concave facing 
concave), an elliptical, or diamond-shaped, area 
of rather slow, rising water appears between 
them (13). This area is a site of potential depo- 
sition; in it, a diamond-shaped bar can be built. 
If two adjacent cells are back-to-back (convex 
against convex), a narrow, swift, descending 
current appears, resulting in scouring of the 
streambed. Because of the time lag in the 
process of inducing higher order cells, adjacent 
spirals are generally staggered rather than be- 
ing located precisely face-to-face or baek-to- 
back. This staggering of the diamond-shaped 
bar pattern produces the phenomenon known 
as braiding. 

Other Spirals 
Spiral flow has been observed in connection 

with dust devils, sand dunes, tidal flat ripple 
marks (15)) and possibly sand “waves” on the 
sea floor. It also occurs under a variety of 
artificial conditions, including Reiner’s “tea- 
pot effect” (8, p. 26)) the bath tub vortex, and 
in surface tension and other models. Some of 
these effects appear to be significant in the 
transportation of sediment and the shaping of 
land forms, but are not of interest in connection 
with river studies. 
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CHANNEL DESIGN FOR MODIFIED SEDIMENT REGIME 
CONDITIONS ON THE ARKANSAS RIVER 
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Synopsis 
The Arkansas River in Arkansas and eastern 

Oklahoma is being developed for navigation, 
flood control, hydroelectric power generation, 
and other uses by means of a series of naviga- 
tion locks and dams and upstream storage reser- 
voirs. Entrapment of sediment in the upstream 
storage reservoirs and in the larger ones of the 
main stem navigation pools will reduce the pres- 
ent 100.million-ton-per-year sediment load on 
the lower river by about 90 percent and will in- 
duce extensive degradation of the streambed 
downstream from the dams. The project plan 
provides for taking advantage of the degrada- 
tion by spacing out and reducing the number of 
low-lift navigation locks and dams from that 
which would be required to match the natural 
river profile. The navigation channel in the 
upstream ends of the pools, to be developed 
initially by dredging and contraction work in 
advance of natural degradation, was designed 
to conform to the modified regime conditions by 
application of relations correlating the channel 
geometry and slope? streambed composition, 
water discharge, sediment load capacity of the 
channel, and sediment supply. 

Description of Project 
The Arkansas River in Arkansas and eastern 

Oklahoma is being developed for navigation, 
flood control, hydroelectric power generation 
and other uses. The plan of development for 
the multiple-purpose project is shown on figure 
1. Included in the project are a number of 
large storage reservoirs that serve or will serve 
variously for flood control, hydroelectric power, 

water supply for navigation, domestic and 
industrial water supply, and sediment detention. 

The navigation feature of the project pro- 
vides for a channel following the Verdigris 
River from Catoosa, Okla. (near Tulsa), down- 
stream to the Arkansas River, thence along the 
Arkansas River downstream to the vicinity of 
Arkansas Post, Ark., from which point the 
route will follow a canal to the White River! 
then down the White River to the Mississippi 
River. The authorized minimum navigable 
depth is 9 feet over minimum widths of 250 
feet in the Arkansas and White Rivers and 150 
feet in the Verdigris. A depth of 12 feet is 
authorized for dredging in canals and on limit- 
ing shoals. The waterway will be canalized by 
a series of navigation locks and dams. Four of 
the navigation dams on the main stem will 
have moderately high heads ranging from 30 
to 54 feet. Two of these will include provisions 
for hydroelectric power generation initially, 
and the other two will be so designed as to per- 
mit possible future addition of power facilities. 
The remaining navigation locks and dams will 
be relatively low-lift structures (generally 20 
feet or less) with pools confined within the 
river channel. The low-lift dams will he gated 
and the gate sills will be at approximate stream- 
bed level, with the result that essentially open 
river conditions will prevail at the higher flows 
in excess of approximately half-bankfull 
capacity. 

Stabilization and rectification of the rapidly 
shifting channel of the Arkansas River bv 
mean&f stone and pile revetments and dikes 
is an additional niajor feature of the project. 
The stabilization and rectification work will 
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FIG- 1. -General plan and profile of the multiple-purpose plan for the Arkansas River and tributaries in 
Arkansas and eastern Oklahoma. 

extend from Short Mountain Lock and Dam to 
the vicinity of Arkansas Post and will be con- 
tinuous throughout except in the larger main 
stem pools and in a number of short naturally 
stable reaches. The project design contemplates 
taking advantage of the expected degradation 
of the channel downstream from the larger 
main stem dams and provides for special meas- 
ures for dredging and channel contraction in 
the upper ends of the navigation pools in the 
interest of increasing depths, so as to permit 
spacing dams farther apart than could other- 
wise be done. A description of the design pro- 
cedures used to determine the degree of con- 
traction and amount of dredging required to 
produce and maintain a channel of the required 
navigable depth and to conform to the modified 
regime conditions is the principal subject of 
this paper. 

Construction Schedule 
The entire Arkansas River multiple-purpose 

project is scheduled for completion in 1970. 

Construction of the low-lift navigation locks 
and dams, which will begin in 1964, will be 
carried on generally in upstream order so as 
to provide a completed navigation channel sue- 
cessively to Pine Bluff, Little Rock and Fort 
Smith, Ark., and the vicinity of Tulsa, Okla. 
Oologah, Pensacola, Fort Gibson, Tenkiller 
Ferry, Heyburn, Wister, Blue Mountain, and 
Nimrod Reservoirs are existing. Dardanelle, 
Keystone, Eufaula, and Markham Ferry Reser- 
voirs are under construction, with filling of the 
pools expected to begin in 1964. The bank 
stabilization and channel rectification work is 
about 50 percent complete. The final phases of 
the contraction and dredging in the head of 
each pool will be completed in coordination with 
the completion of the next upstream navigation 
lock and dam. As will be brought out later, the 
sequence of construction of the reservoirs and 
the locks and dams is a major factor in the 
design for the contraction and dredging work. 
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Stream Characteristics 
streantflow 

Average flows in the reach of the main stem 
of the Arkansas River to be traversed by the 
navigation route range from about 20,000 e.f.s. 
at Muskogee, Okla., to 42,000 at Little Rock. 
Representative maximum unregulated peak 
flows are 700,000 c.f.s. at Muskogee, 875,000 
in the vicinity of Fort Smith, Ark., 720,000 at 
Dardanelle, and 700,000 at Little Rock. Regula- 
tion by the storage reservoirs will reduce these 
peaks to 560,000, 516,000, 492,000, and 448,000 
c.f.s., respectively, the reductions ranging from 
25 to 41 percent of the unregulated peaks. 
Minimum monthly unregulated flows down- 
stream from the Canadian River range from 
519 c.f.s. at Muskogee to 874 at Little Rock. 
Corresponding minimum monthly regulated 
flows will range from about 3,700 to 4,600 c.f.s. 
Bankfull channel capacities are about 160,000 
c.f.s. in the vicinity of Fort Smith and 250,000 
at and downstream from the vicinity of 
Dardanelle. 

Slopes 
Natural river slopes average about 1 foot per 

mile between Muskogee and Fort Smith, 0.9 
between Fort Smith and Dardanelle, 0.8 be- 
tween Dardanelle and Little Rock, 0.7 between 
Little Rock and Pine Bluff, and 0.6 between 
Pine Bluff and the mouth of the river. 

Chmmel Dimensions 

Natural channel widths in the pertinent part 
of the Arkansas River between Short Mountain 
Dam site and Arkansas Post range from about 
800 feet at some localized naturally stable areas 
to 3,000 feet in a number of unstable “wild” 
reaches. Bank heights range from about 20 to 
30 feet above mean low water. Depths in pools 
are generally from 5 to 20 feet below mean 
low water, and limiting depths on many cross- 
ing shoals are less than 3 feet at mean low 
water and 1 foot or less at extremely low stages. 

Sediment 
The large sediment load carried by the 

Arkansas River presents the major problem in 
the planning and design of the project. The 
natural suspended sediment load downstream 
from the mouth of the Canadian River ranges 
from 95 million tons per year at Short Moun- 
tain Dam site to 105 at Little Rock. About 24 
percent of this is suspended bed-material load 
consisting of sand sizes contained in the stream- 
bed in appreciable quantities. About 50 percent 
of the suspended load is contributed by the 
Canadian River, 25 by the Arkansas River 
upstream from Tulsa, and the other 25 by the 
other tributaries in eastern Oklahoma and 

Arkansas. Bedload, or the material rolling or 
sliding generally in contact with the bed, is 
estimated, on the basis of calculations by bed- 
load formulas and from some rough measure- 
ments, to be about 5 percent of the suspended 
bed material load. The streambed is composed 
predominantly of fine to medium sand, with 
smaller percentages of very fine sand and of 
material coarser than medium sand, including 
appreciable percentages of gravel ranging up 
to 1 or 2 inches in size. 

Effect of Reservoirs on Sediment 
As part of the design studies for the project, 

computations were made to estimate the amount 
of deposition in each of the reservoirs and in 
the pools of the moderate-head main stem dams 
and the sediment outflow from the dams. 
In effect, the loads were routed downstream 
through the pools and the open river reaches 
between pools, taking into account the loads 
contributed by the tributaries and scoured from 
the streambed and unstabilized banks of the 
open river reaches. This routing of flows was 
carried as far downstream as Dardanelle Dam 
and covered a period of 50 years. The computa- 
tions indicated a sediment outflow of about 10 
million tons per year from Dardanelle Dam, 
which is one-tenth the natural load transported 
past this site. About 8 million tons per year of 
the sediment outflow would consist of the silt 
clay fractions and 2 million tons per year would 
be sand. The details of the computation proced- 
ures are beyond the scope of this paper. How- 
ever, in summary, the sediment deposition in 
and outflow from the large run-of-river main- 
stem pools were estimated from curves of rela- 
tion between the detention time in the reser- 
voirs and the ratio of sediment deposition to 
sediment inflow. These relationship curves were 
developed from data of existing reservoirs. 

Channel Degradation 
With such a large reduction in sediment load 

as that indicated by the studies described in the 
preceding paragraph, extensive degrading of 
the streambed can be expected to take place 
downstream from Dardanelle, Ozark, and Short 
Mountain Dams as the river attempts to replen- 
ish its sediment load by scour of the streambed. 
As the degradation proceeds downstream from 
each of these dams, the stream slope will flatten 
and the material in the streambed will coarsen, 
with the result that the transport capacity will 
reduce until a condition of equilibrium is estab- 
lished between the transport capacity of the 
channel and the reduced sediment outflow from 
the dams. Additional lowering of the stream- 
bed in some places will result from the shorten- 
ing of the length of the river by the develop- 
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merit of artificial cutoffs and bend easing as 
part of the bank stabilization and channel ree- 
tification work. This shortening will amount 
to 23 miles between Arkansas Post and Darda- 
nelle Dam and 7 miles between the head of 
Ozark Reservoir and Short Mountain Dam. 
The degradation not only will make available 
a large increase in head for generation of power 
at the main stem power dams but also will make 
it possible to increase the spacing between and 
reduce the number of the low-lift navigation 
dams from those that would be required to 
match the natural river profile. Natural degra- 
dation will progress slowly downstream and 
would be retarded and eventually arrested by 
the formation of an armouring layer of gravel 
on the bed surface, such as has been observed 
in degrading streams elsewhere and in sedi- 
ment transport flume studies. Therefore, dredg- 
ing and contraction work will be performed in 
the heads of the navigation pools in advance of 
the natural degradation, in order to provide a 
channel of the required navigable depth by the 
time the navigation locks and dams are com- 
pleted in the separate sections of the river. The 
dredging will prevent the gravel armouring 
from inhibiting degradation. Any armouring 
that occurs after dredging will be beneficial in 
stabilizing the dredged channel and in prevent- 
ing excessive degradation which could be detri- 
mental to the locks and dams. 

Channel Design Procedure 
General 

In establishing the damsites and pool eleva- 
tions, it was. necessary to compute the dimen- 
sions and bottom grade elevations of dredged 
channels in the upstream ends of the pools that 
would have the required navigable depth below 
the flat pool level and which could be maintained 
in equilibrium by a reasonable amount of con- 
traction works. The start of navigation will be 
the most critical time for obtaining navigable 
depths. Therefore, the sediment load as modified 
by the reservoirs at that time will be the eon- 
trolling equilibrium condition for channel de- 
sign. Continued degradation after the initial 
dredging will improve navigable depths. The 
term “equilibrium” defines the condition under 
which, for a given discharge or sequence of 
discharges, the sediment transport capacity of 
a channel is equal’to the sediment supply and 
neither scouring nor filling of the channel bot- 
tom will take place as long as that discharge or 
sequence of discharges and corresponding sedi- 
ment supply remains the same. 

The channel design procedures, therefore, 
required the development and application of 
functional relations correlating the geometry, 
slope, and roughness of stream channels; the 

grain-size composition of the bed; water dis- 
charge ; sediment transport capacity ; and sedi- 
ment supply. Inasmuch as the silt clay fractions 
arc not contained in the streambed in appreci- 
able quantities and as these sizes can be 
expected to pass on through the open river chan- 
nel and small navigation pools as wash load 
without appreciable deposition, the design pro- 
cedures considered only the bed-material load 
or sand fraction. The relations and their appli- 
cation with particular reference to the channel 
reach between Arkansas Post and Dardanelle 
Dam are described. 

In brief,, the procedure involved the selection 
of the crltlcal sediment supply that the design 
channel must transport with each of several 
water discharges; the trial assumption of a 
contracted channel width ; the determination of 
the depth and slope required to transport the 
given discharge and sediment supply; and the 
corresponding channel bottom grade elevation. 
If the resulting channel bottom elevation did 
not provide the required navigable depth below 
the flat pool level, a new channel width was 
assumed and the process was repeated until the 
navigable depth was attained. If the required 
contracted channel width was less than approxi- 
mately 1,000 feet, the pool elevation axd dam 
site were revised as necessary. 

Other major factors governing the pool 
elevations and locations for the dams were the 
effects of the pools on surface drainage and 
ground water levels on adjacent lands, the effect 
of channel alinement on navigation conditions 
in the approaches to the locks,, availability of 
sufficient channel width to provide space for the 
lock and an adequate spillway, and, to a lesser 
exter$ the foundation and abutment conditions. 
ProvIsIon of adequate harbor facilities was a 
factor at some localities. 

Natural Sediment Load 
A rating curve of suspended bed-material load 

of various sand sizes versus discharge at Little 
Rock for natural conditions is shown on figure 
2. This curve was based on numerous measure- 
ments over a period of several years at a bridge 
at Little Rock. This curve was used to deter- 
mine the sediment supply in the part of the 
river downstream from Little Rock to which 
it was assumed that load reduction effects of 
the reservoirs would not have progressed by 
the time of start of navigation. 

Development of Relatim Between Channel Depth 
and Slope and sediment Load 

For flexibility in the channel design studies, 
it was considered desirable to express the rela- 
tion between stream and channel character- 
istics: discharge, and bed-material sediment 
load, m generalized terms, so that the effects of 
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FIGURE 2. -Rating curve of suspended bed-material sediment load versus discharge for the Arkansas River at 
Little Rock, Ark. 

changes in the various parameters involved 
could be valuated. A functional relation devel- 
oped empirically by Emmett M. Laursen’ was 
used as the framework for developing a gener- 
alized working curve for use in the Arkansas 
River channel studies. Laursen’s relationship 
was adopted for use, because it is expressed in 
terms that permit separating readily the effects 
of the various parameters which are generally 
considered to govern the relation between the 
bed-material sediment load, the hydraulic char- 
acteristics of the streamflow, and the charac- 
teristics of the bed material. In addition, being 
empirical, the Laursen relationship is suscep- 
tible of being adjusted to fit Arkansas River 
observations in a manner similar to the adjust- 
ment to fit Missouri River data described by 
D. C. Bondwant.* An average relationship 
curve, based on data collected in three sets of 
detailed sediment load and velocity measure- 
ments made on the Arkansas River in the vicin- 
ity of Dardanelle and Morrilton and plotted in 
the form used by Laursen, is shown on figure 3 

lL~u~s~~, E. M. TAE TOTAL SEDIMENT mm OF 
STF.EA~~ Amer. Sot. Civil Engin. Proc. 84, HYl (Paper 
153~0). 1968. 

2 BONDURANT, D. C. DISCUSSION OF REFERENCE LISTED 
IN FOOTNOTE 1. Amer. SW. Civil Engin. Proe. 84, HY6: 
64.74. 

together with the curve from Laursen’s paper. 
As the Arkansas River sediment load measure- 
ments included the suspended load only, the 
plotted data have been adjusted to approxnnate 
the total bed material load by adding in values 
read from the curve designated “bedload” on 
Laursen’s graph. The bedload, or load moving 
in contact with the bed, represents only a very 
small part of the total bed material load. The 
curve based on Arkansas River data falls in 
the general range of data presented by Mr. 
Bondurant for the Missouri River at Omaha. 
Thecurves in figure 3 are plotted as a relation be- 

tween the expressions % and 
($)‘“& 

~I ~~ I 
-. where d&p 1s the shear velocity at the stream- 

bed in feet per second, T,, is the boundary shear 
or tractive force at the streambed in pounds per 
square feet, G’ is the boundary shear associ- 
ated with the sediment particles in the stream- 
bed, 7C is the critical tractive force for begin- 
ning of movement of the sediment particles, 
p is the mass density of fluid (1.94 for water), 
w is the fall velocity of sediment in feet per 
second, c is the concentration of sediment in 
percent by weight, cl is the diameter of sediment 
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particle (mean diameter of fractional size 
range) in feet, and D is the depth of flow in 
feet. 

Additional pertinent equations are as follows : 
?PVZ 

~,=,DS=28.25~ 

re=4d 
a=27 qc 

where y is the specific weight of water (62.4 
lb./cm ft.), S is the energy gradient in feet/ 
feet, n is the Manning roughness coefficient, V 
is the mean velocity (q/D), d, is the median 
size of sediment particles in streambed in feet 
(considered representative of the grain rough- 
ness of the bed), Q is the discharge per foot 
width in cubic feet per second per foot, and 
4$ is the sediment load in tons per day per foot 
width. Data on grain sizes and corresponding 
fall velocities for the various size classes con- 
sidered in this study are given in table 1. 

1Mrn. 
Very fine sand. 0.062-0.125 o.% 

Ft. FL,*& 
0.000285 0.021 

Fine sand.. .125- ,250 S767 .000580 .068 
Medium sand.. .250- JO0 .3533 .001168 .I5 
Coarse sand.. .500- 1.00 ,707 .00232 .26 

For use in the channel design studies dis- 
cussed in this paper: the Laursen sediment load 
relationship as modified by the Arkansas River 
data was converted into a more directly usable 
general relationship between bed material sedi- 
ment load per foot width (qz) and the boundary 
shear (70) or equally applicable product of 
depth and slope (DS). This relationship is 
shown on figure 4,B, a separate curve being 
given for each grain-size class range from very 
fine sand to coarse sand, inclusive. This rela- 
tionship was developed for each grain-size class 
if various combinations of depth and velocity 
are assumed ; corresponding values of (4)“#, 

\/TO/P F-9 - 7e 
,W’ and r0 or DS are computed ; 

the corresponding value of c is obtained from 
the modified Laursen relationship on figure 3; 
and the corresponding value of q. is computed. 
The values of d&P and TV or DS were com- 
puted from the assumed depths and velocities 
by means of the equation given above when TV is 
expressed in terms of Manning’s flow formula. 
With a constant Manning’s n, the curves of load 

versus DS or To shown on figure 4,B for each 
grain size were uniquely defined for all combi- 
nations of depth and velocity or equivalent com- 
binations of depth and slope. The sediment load 
versus DS curves were computed initially by 
the use of an arbitrarily assumed Manning’s n 
value of 0.023 in the determination of r0 and 
DS. Similar sets of curves were computed for 
various other n values. By comparison of the 
various sets of curves, a relationship giving the 
relative variation of load with variation in 
Manning’s n was developed and is shown as a 
solid line in the graph on figure 4,A. 

Subsequently, it was found that for the chan- 
nel studies discussed in this paper the load 
curves of figure 4,A would correlate somewhat 
better with backwater computations and data 
from the total discharge versus total bed ma- 
terial load relation of figure 2 if a basic n value 
of 0.028 were assumed. The value of 0.028 also 
agreed more closely with n values determined 
for the Arkansas River data used in modifying 
the Laursen relationship. An adjusted curve 
of relation between relative load and n values 
for a basic ?z of 0.028 is shown as a dashed line 
in figure 4,A. The curve agrees closely with in- 
dependently determined load correction factors 
obtained by correlating average DS and n 
size for the Arkansas River downstream from 
values from figure 2. The independently de- 
termined load correction factors are plotted for 
comparison as circled points on figure 4,A. In 
effect, the correction factors serve to establish 
the position of curves of load per foot width 
versus DS for any n value parallel to the basic 
curves for each grain size.’ 

The curves for the various grain-size classes 
shown on figure 4,B were computed in such a 
way that each curve gives the load per foot 
width that would result for a streambed com- 
posed entirely of each of the individual size 
classes. In determining the load for a bed com- 
posed of a sand mixture, the load value for each 
size class is weighted by the percentage factor 
by which that size class is represented in the 
bed mixture, and the weighted load values for 
the various sizes are then summed to obtain 
the total bed material load. A bed material size 
(CL) of 0.25 mm. was used as the representa- 
tive size for grain roughness in the bed in com- 
puting the curves of figure 4,B. This size was 
approximately the average median bed material 
values from backwater computations with load 
Dardanelle Dam under present conditions. 
Other sets of curves based on other median bed 
material sizes can be developed for general use 
at other locations having different bed com- 
position and for use in such studies as degrada- 
tion studies, which require consideration of 
varying bed grain roughness and varying bed 
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FIGURE 3. - Laursen sediment load function. 
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FIGURE 4. -A, Load correction factors for variations in Mannings “n” (main river channel) ; B, relation between 
bed traetive force, To, or product of depth and slope, DS, and bed-material sediment load per foot width. 

grain size distributions. However, in the com- 
putation of the equilibrium bed profile for 
dredging in the studies covered by this paper, 
the bed material has been assumed to be con- 
stant at the present average composition. In 
addition, it was found that with the present 
average bed composition, the fine sand load 
curve is approximately representative of the 
total bed material load. The fine sand load 
curve of figure 4,B has, therefore, been adopted 
as the basic working curve for these studies. 

Modified Bed Material Load 
The modified sediment outflow from Dar- 

danelle was estimated for a 50-year period as 
mentioned previdusly. The computed bed ma- 
terial load outflow ranges from 2.4 million tons 
per year at start of operation to 1 million tons 
per year about 12 years after all upstream 
reservoirs-have been in operation. Thereafter 
it increased again to about 2 million tons per 
year as the storage capacity in the upstream 
reservoirs are depleted after 50 years. From a 

practical standpoint, these changes in sediment 
outflow during the 50-year period are negligible. 
Although a greater percentage of the sand load 
would pass through the spillway as the reser- 
voir capacity was depleted, the inflowing sand 
to Ozark and Dardanelle Reservoirs will be re- 
duced in a compensating manner with coarsen- 
ing of the upstream riverbed, which will be 
the main source of supply. The sediment load 
outflow for any discharge was available during 
the 50-year period for use in the channel studies. 

In separate studies for estimating the amount 
and time sequence of degradation downstream 
from Dardanelle Dam, the increase in bed ma- 
terial load downstream from Dardanelle was 
estimated by reaches for a distance of about 40 
miles, or about halfway to Little Rock, during 
the 25-year period after impoundment of the 
reservoir. Of particular interest herein is the 
modified bed material load at the time of start 
of navigation. The minimum depths for navi- 
gation should prevail at that time because,. with 
the degrading tendency under reduced sedunent 
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load, the bed level should be progressively low- 
ered thereafter with the passage of time. For 
the purpose of studying the navigation channel, 
the sediment load 6 years after closure of Dar- 
danelle Dam has been assumed to conform to 
start of navigation. The total bed material load 
plotted versus distance downstream from Dar- 
danelle in the sixth year is shown in figure 5 
for two di&zharges for purpose of illustration. 
The load of sand progressively increases down- 
stream to the vicinity of Little Rock, where it is 
estimated that essentially complete recovery of 
the original or natural load will have occurred 
in t.he sixth year. This means that at the time, 
degradation of the channel will be in progress 
between Dardanelle and Little Rock,, but little 
significant degrading could be oecurrmg down- 
stream from there, since the river would be 
carrying a capacity load of bed material. The 
use of the natural and modified sediment load 
curves in estimating the future channel is 
described subsequently. 

The channel Studies required separation of 
the channel and overbank discharges both for 
purpose of making backwater computations and 

Loo0 
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in estimating the movement of the sediment 
load. Highwater marks and crest stages have 
been obtained at various times in the past, 
which, in conjunction with stages at gaging sta- 
tions along the river, permitted drawing of 
water surface profiles for a range in discharges. 
When backwater for rises were computed.near 
bankfull stages, main channel (n,) values were 
determined, and by use of those values the 
overbank discharges could be computed for 
rises exceeding bankfull. Work of this nature 
has been done at various times since 1943. 
These data were reviewed and additional esti- 
mates of main channel n values were made by 
means of trial backwater computations to check 
observed profiles based on more recent floods. 
As few high-water soundings are available, the 
cross section elements used to compute the n 
values were based largely on low-water surveys. 
The channel (n.) values adopted increased as 
the discharge decreased from 0.025 for 435,000 
c.f.s. to 0.033 at 50,000 c.f.s., as shown on figure 
6. Manning’s n values determined for use in the 
studies described herein are somewhat higher 
than those customarily used for streams of this 
type, owing to the fact that weighted average or 

JRAL LOAD FOP 130,OW C.F.S. 1 I 
I I I 

-- 

- 

) 160 140 120 100 
RIVER MILES ALONG NAVIGATION CHANNEL ABOVE MISSISSIPPI FWER 

- 

- 

- 

- 

- 
- 

- 

FIGURE 5. - Estimated variation of modified sand load with distance downstream from Dardanelle Dam. 
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FIGURE 6. -Variation of the main channel Manning3 
“n” values with total discharge an the Arkansas River 
in the vicinity of Little Rock. 

effective depths and corresponding effective 
widths have been used in these studies as dis- 
cussed later. The corresponding cross section 
conveyance factor 2 (ADZIS) is somewhat larger 
than the conventional AP3 values computed 
from the total area and mean depth or hydraulic 
radius. Higher n values are naturally asso- 
ciated with larger conveyance factors in Mann- 
ing’s formula. 

The overbank was divided into areas that dif- 
fered in ground cover or land use, and overbank 
(no) values were assigned for these areas by a 
study of the latest aerial mosaics and published 
data on roughness coefficients for flood plain 
areas.3 4 j Typical n, values were in the range 
of 0.04 for sandbars with scattered low brush, 
0.06 for pastureland with low grass and seat- 
tered timber, and 0.13 for moderately thick wil- 
low growth. A high degree of accuracy in the 
overbank (no) values was not essential since 
the percentage of total flow carried by the over- 
bank is small. For example, under present con- 
ditions between Little Rock and Pine Bluff, 93 
percent of a total flow of 250,000 c.f.s. and 89 

3 BRADLEY, J. N. HYDR~UIJCS OF BRIDGE WATERWAYS. 
U.S. Dept. Commerce, Bur. Pub. Roads, Hydraul. De- 
sign Ser. 1,34 pp. 1960. 

4 RAMSER, C. E., and BARTZ, H. .I. THE FLOW OF WATER 
IN THE MAIN 0wERSmN FLOODWAY OF THE YTTLE RIYER 
DRAINAGE DISTRICT IN SOUTHEAST MISSOURI. U.S. Dept. 
Agr. Bur. Pub. Roads, Mimeo. Paper. 1924. 

5 RAMSER, C. E. FLOW OF WATER IN DRAINAGE CHAN- 
NELS. U.S. Dept. Agr. Tech. Bul. 129. 1929. 

percent of a total flow of 435,000 c.f.s. are car- 
ried by the main channel. 

Adjustment of gross Sections to Stabilized and 
Realined River Channel conditions 

The ultimate objective of the Arkansas River 
channel studies was to estimate the cross SAC- 
tion elements of the river at the time of start 
of navigation with the channel realinement of 
all dams and stabilization works in place. HOW- 
ever, it was necessary to proceed a step at a 
time, starting with the available cross sections 
of the river. The first step was to adjust ten- 
tatively available cross sections of the existing 
channel for realinement of the river with the 
normal bank stabilization works in place. The 
X36-mile reach of the Arkansas River between. 
Dardanelle and Arkansas Post was divided into 
about 200 subreaches approximately one-half to 
2 miles in length, and a typical cross section was 
developed for each subreaeh and the convey- 
these cross sections were of three general types : 
Crossing sections, sections representative of the 
upstream part of a bend, and sections repre- 
sentative of the downstream part of a bend. 
Where recent surveyed ranges were available, 
an average section for surveyed conditions was 
developed for each subreach and the convey- 
ance factors of the cross section for a range of 
flows was computed by 2 (ALW) where A is the 
area and D is the average depth in subsections 
of the cross section. Figure 7 illustrates how a 
typical cross section was divided into subsec- 
tions at the major breakpoints. 

These average cross sections for surveyed 
conditions were then modified to reflect the 
changes that could be expected as a result of 
stabilization and rectification work fixing the 
banks, modifying the radius of curvature of 
bends, contracting the channel to concentrate 
the flow in wide and shallow, or braided, sec- 
tions into a single deep channel, and modifying 
the slope of the river by the construction of 
cutoffs. These modifications were based on 
studies of characteristics of existing stable 
reaches of the stream, their shape, width, maxi- 
mum depth, and sediment carrying capacity. 
Design curves used as a guide for maximum 
depths in bends as a function of radius of cur- 
vature and depths of crossings as a function of 
width are shown on figure 8. The plane of refer- 
ence for the depths on this figure is the con- 
struction reference plane (C.R.P.) used in the 
construction of bank stabilization structures. 
The C.R.P. corresponds to the water surface 
profile for a flow of approximately 10,000 c.f.s. 

As a first approximation it was assumed that 
the subreaches would have approximately the 
same conveyance factor for various discharges 
after stabilization and rectification as at the 
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present time; therefore, the value of B (AlW) 
was kept approximately the same when the 
cross section was adjusted for improved chan- 
nel conditions. For example, where the concave 
bank in a bend was stabilized and an appre- 
ciable change was made in the radius of curva- 
ture of the stream, the cross section was modi- 
fied to conform generally to an existing stable 
section of comparable radius of curvature and 
the depths were refined so that 2 (ALW3) re- 
mained essentially constant. In subreaches 
where the channel had changed significantly 
since the latest survey, hypothetical sections 
were developed from the latest aerial mosaics, 

FIGURE 8. -Relations between radius and curvature 
and maximum depth in bends and between channel 
width and maximum depth in crossings. 

earlier surveys, and the characteristics of simi- 
lar stable sections. 

Backwater Computations 
Backwater computations were made for a 

range of discharges up to the maximum modi- 
fied discharge of record by the use of the ten- 
tative cross sections described above. Separate 
channel and overbank distances were deter- 
mined as required for reaches represented by 
the respective cross sections. The Manning 
formula is applicable in the form shown below. 
Plots of water surface elevation versus the ap- 
plicable ratios in the formula were prepared 
for convenience in making the computations. 

r Qt LP 1' 

AoL&2’3 L, I” 
0 1 -+- - no Lo 

Where Q is the discharge, L is the length of 
reach, A is the cross-sectional area. D is the 
effective mean depth, and n is t6e friction 
factor. The subscript t is total, c is the movable 
bed part of the cross section, o is the nonmov- 
able bed part. 

The primary departure from the usual method 
of computing backwater is the use of the “effec- 
tive mean depth” and “effective width.” As 
described subsequently herein, the shape of the 
cross section of the channel must be defined 
in terms of the water surface width and mean 
depth. The channel shape varies widely from 
near-rectangular on crossings to triangular in 
sharp bends. Therefore, the depths and widths 
were weighted according to the concentration 
of discharge across the section or by the convey- 
ance factor (AD’/“) of subareas to obtain effec- 
tive mean depths and widths. As illustrated in 
figure ‘7, each cross section was divided into sub- 
sections at major breakpoints in the bottom and 
the overbank and channel were also separated. 
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The factor ALP3 was computed for each sub- 
section and multiplied by the depth in the sub- 
section (D ALP3). The effective depth is then 
computed as shown in the tables in figure 7 as : 

and the effective width = 2 (AD2’3) 
p/3 

For a perfectly rectangular channel the con- 
ventionally determined actual mean depths and 
actual surface widths are the same as the effee- 
tive values. The effective mean depth and effec- 
tive width in effect define an equivalent rectan- 
gular section and the nonrectangular sections. 

Adjustment of Cross Sections for Continuity of 
Natural Sediment Load 

In an alluvial stream like the Arkansas River, 
the channel cross section at any location is de- 
veloped by the flow pattern under the prevail- 
ing discharge, the bed material load, and the 
type of material comprising the bed. Most of 
the available cross sections were obtained from 
surveys made at low stages, and the riverbed 
configuration reflected the accumulated effect of 
the random flow conditions that existed imme- 
diately before the survey was made. Surveys 
made at the same locations have indicated that 
the bed elevation may vary as much as 20 feet 
because of differences in antecedent flow condi- 
tions. Also, the riverbed surveyed at a given 
high stage may range widely, because the dis- 
charge and sediment load were not constant for 
a sufficient period to develop a typical shape for 
that stage. Therefore, to afford an adequate 
and systematic basis for study of the channel, it 
was considered necessary to adjust further the 
channel depths of the realined channel for uni- 
form flow and constant natural sand load con- 
ditions for each of the several discharges rang- 
ing up to about the maximum modified flood of 
record. The method used involved the combina- 
tion of the basic relation of bed material load 
per foot width of channel, as described pre- 
viously, with the Manning flow formula. 

The Manning formula was arranged in the 
following form : 

D- 

Where D is the effective mean depth of the 
movable bed part of the main channel, qc is the 
discharge per foot of width of main channel, or 
movable bed channel, S is the hydraulic slope 
(assumed to be the same or the water surface 
slope), n, is the channel roughness factor for 
the applicable river discharge, and DS is the 
product of the mean depth and slope. The con- 

stant 5,280 is introduced in the equation to per- 
mit use of the slope S in feet per mile and DS in 
feet squared per mile. 

An example for adjusting the mean depth at 
a cross section to equilibrium conditions for a 
uniform load is shown below. 
Given : 

Total river discharge, e.f.s. . . 250,000 
Main channel discharge, c.f.s. 241,000 
Effective width of main channel, 

feet . . 1,385 
PC, c.f.s. . . . 
Total natural sand load for n= 

0.0264 from figure 2, tons/day 
G, sand load per foot of main chan- 

nel width, assuming all sand car- 
ried by main channel, tons/day. 

4. for n, of 0.028 = 512 x 0.865 = 
512 x 111.157, where the load cor- 
rection factor 1.157 is obtained 
from the circled point for n= 
0.0264 on figure 4,A.. 

DS from fine sand curve on figure 

‘i 

174 

‘10,000 

512 

4,B, sq. ft./mile. . .T.. 
Effective mean depth adjusted, 

5,230 x (174)~ (0.0264)2 
2.21 x 20.5 

443 

20.5 

The step for computing qs for n, = 0.028 out- 
lined above is equivalent to and substitutes for 
making use of a separate load curve for an n 
value of 0.0264 to determine DS. As discussed 
previously, the separate load curve, if shown, 
would be parallel to the basic fine sand curve for 
n = 0.028 on figure 4,A,, and its position is de- 
fined relative to the baac curve by the load cor- 
rection factor 1.157 for an n value of 0.0264. In 
effect, the basic curve is used only to establish 
the slope of the functional relationship between 
load per foot width and DS. 

If the main channel is contracted, as with 
dikes, the sand load per foot of width is in- 
creased, and from figure 4,B it results in an in- 
crease in DS, which appears in the denominator 
of the equation. However, the discharge per 
foot of width of the movable bed (q) , which ap- 
pears in the numerator, will increase more, so 
that the depth is always increased for a con- 
traction of the channel. Furthermore, a reduc- 
tion in sand load per foot width results in a 
reduction in DS (fig. 4,B), which also results 
in an increase in the depth. Attention is in- 
vited to the assumption that all the sand load is 
carried by the main channel. Although the 
finer silt and clay particles are uniformly dis- 
persed, the heavier sand load is largely concen- 
trated in the deeper channel. As stated pre- 
viously, about 90 percent of all the flow is 
carried by the main channel. Computations for 
a typical cross section indicate that more than 
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991/s percent of the sand load is carried in the 
main channel. 

The effective mean depth adjusted for uni- 
form flow of water and sand was determined 
for each cross section used in the backwater 
computations. However, to compute the bed 
elevation, an actual rather than effective depth 
must be subtracted from the water surface. 
The actual mean channel depth was known for 
the basic plotted cross sections by dividing the 
cross-sectional area by the surface width. The 
effective mean depths were also computed for 
the basic cross section. The ratio of the actual 
and effective mean depths determined from the 
basic cross sections times the adjusted effective 
mean depths gave the adjusted actual mean 
depths. 

Subtraction of the actual mean depth from 
the water surface profiles obtained by the back- 
water computations would afford a separate 
mean bed profile for each of the discharges. 
However, the bed elevation of the deeper part 
of the river comprising the navigation channel 
is needed rather than the mean bed level across 
the entire main channel. The highest bed eleva- 
tion in the lowest 250 feet width of channel was 
adopted for measuring navigable depths, since 
this is about the minimum width for navigation. 
As the shape of the cross section depends on 
the direction of flow and the flow pattern, the 
depth in the 250-foot width cannot be computed 
analytically. Therefore, empirical relationships 
were developed between mean depth and the 

depth in the deeper 250-foot width, based on 
the surveyed cross sections, as shown on figure 
9. Figure 9, left, shows the mean depth versus 
the depth for 250 feet with channel width as 
parameter for a near-rectangular-shaped cross 
section. The actual adjusted mean depth and 
the actual adjusted surface width were used to 
enter the figure. The correction factors for 
shapes other than rectangular ones were ob- 
tained from figure 9, right. 

With the final actual depths for the 250-foot 
width of realined channel under uniform nat- 
ural sediment load condition obtained, those 
depths were subtracted from the water surface 
profiles estimated by backwater computations 
to obtain the bed elevations. The water sur- 
face profiles and corresponding bed elevations 
for 50,000 and 250,000 c.f.s. are shown for illus- 
tration for pool No. 7 on figure 10. The effect 
of discharge on the bed profile depends on the 
shape of the cross section. In general, the 
larger discharge tended to lower the computed 
bed profile in bendways or where the overbank 
flow is relatively small and to raise the bed level 
on crossings, which is in accordance with obser- 
vations of the Arkansas River and other alluvial 
streams. 

water Surface Slope 
In the above solution no changes or correc- 

tions were made in the water surface slopes or 
elevations from those computed in the back- 
water computations. However, for continuity 
of sediment load with the depth (D) computed 

40 i i i i i i 

FIGURE !3-Left, relation between mean channel depth, width, and depth to the highest point in the lowest 250- 
foot width of near-rectangular cross sections; right, adjustment factors for determining depth to the lowest 
25,0-foot width for moss sections of shapes other than near-rectangular. 
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and DS known, a new slope can be obtained as : 

Slope = g 

If an increase in depth is determined, the slope 
will always be reduced, provided the channel 
friction factor n, remains unchanged, and a 
correction in slope is then necessary that will in 
turn change the water surface elevations from 
those obtained by the backwater computations. 
The bed elevations are shown on figure 10. 
However, the channel n. values were assumed 
to increase over those to date, because of the 
extensive revetment and dike system provided 
under the normal bank stabilization plan. 

Estimates made indicated that an increase in 
n, value of about 5 percent would compensate 
for the computed flattening of the slope and 
raise the water surface profiles back up to 
those determined by backwater computations. 
The channel model study at the Waterways Ex- 
periment Station, as subsequently described, 
indicated an increase inn, values and an increase 
in slope for high flows as a result of channel 
contraction. Therefore, no correction was made 
in the slopes where contraction works alone 

were involved in channel deepening as is the 
case for the data described above. Note that 
au assumption of flatter slopes and the related 
lower water surface profiles would have re- 
sulted in lower bed elevations than shown, 
which would not have been conservative with 
respect to establishing the normal pool eleva- 
tions for navigation. However, the falls through 
the reaches were computed by the ratio DS/D 
for use in a subsequent step. 

Adjustment of Cross Section Elements for 
Modified Sediment Load with Dams in Place 

With the channel elements determined for 
natural load conditions for the improved chan- 
nel as described above, the next step was to 
make further channel adjustments to obtain 
the controlling riverbed profiles under modified 
sediment load conditions at the time of start of 
navigation (6 years after closure of Dardanelle) 
and with the navigation locks and dams in 
place. As described previously, the load would 
be reduced downstream to the vicinity of Little 
Rock. First, locations for the dams were as- 
sumed, then the new equilibrium bed elevation 
was computed in the Z50-foot width of channel 

FIGURE 10. - Streambed and water surface profiles in Arkansas River Pool No. 7 for basic conditions and corn- 
puted modified regime conditions. 
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computed. 

under the modified sediment loads at time of 
start of navigation. The basic method used 

While the spillway gates would be fully open 

was the same as described above. A variation 
from the previous computations was the ad- 

for the discharge of 250,000 c.f.s., the constric- 

justment of the fall through each reach for 
the flattening of the water surface slope, 
owing to reduced sediment load. This was 

tion caused bv the tiers. lock. and embankments 

done by computing the fall through each 
subreach by the equation S = T, using the 
DS value corresponding to the reduced load, 
subtracting this value from the fall computed 
from the same formula as described in the 
preceding paragraph, and subtracting this dif- 
ference from the fall determined by backwater 
computations for the basic cross sections. This 
gave the adjusted fall in each reach for the re- 
duced sediment load and the accumulation of 
falls gave the adjusted water surface profile. 
With the new water surface known and the 
depth computed, the bottom elevation under 
modified sediment load for 250.000 c.f.s. was 

As previously indicated, the equilibrium bed 
is the nonscouring or filling configuration 
created by a certain flow pattern or direction of 
flow under a specified discharge, load, and bed 
material size. As the equilibrium bed varies 
with discharge, computations were required for 
several discharges to determine which created 
the highest or controlling bed elevation at the 
respective cross sections. The equilibrium bed 
also depends on the bed material sizes, whereas 
the computations do not provide for any change 
in the material forming the bed. Any natural 
degradation would tend to coarsen the bed ma- 
terial. However, since it is planned to dredge 
in the head of each pool, thus removing part 
of the bed surface, the bed material at the new 
bed elevation under equilibrium status would 
not depart greatly from that for the original 
cross sections. The effect of the coarsening of 
the bed where no dredging was performed was 
taken into account in computing the reduced 
bed material load, as previously described. 

would create a swell&ad at each dam. The 
higher elevations as indicated on figure 10 with 
the dams in place are caused by this swellhead. 

Adjustment of Cross Section Elements for 
Sfiecial Contraction Dikes 

As mentioned previously, in addition to the 
regular bank stabilization and realinement 
works, special contraction dikes are planned 
for several miles downstream from each dam 
to increase the concentration of flow and cause 
deepening of-the channel. The special dikes are 
similar to the regular dikes except that on 
crossings a trace width as small as 1,000 feet 
was provided, as compared to about 1,400 feet 
for the regular training dikes. 

The last step in the computations was to de- 
termine the depths and riverbed elevations for 
the additional contraction of the main channel. 
With the reduced widths selected, the resulting 
increased depths and lower bed elevations were 
computed by the procedure used before. As 
before, no flattening of the slope was used in 
those computations where channel deepening is 
caused by contraction alone. The depths were 
subtracted from the water surface determined 
previously for thereduced sediment load con- 
ditions. It is apparent that the effect of the 
reduced sediment load on channel depths and 
water surface slopes had to be computed before 
the effect of the additional channel contraction 
could be determined, rather than combining the 
computations into a single step. The final equi- 
librium bed elevation is shown as a dashed line 
on figure 10. 

navigation, because of the slow natural degrada- 
tion process and also as armouring by the 
coarser material would theoretically prevent 

Dredging 

ever fully reaching the prescribed depth by 

Dredging 

natural scour. A dredge can operate more effi- 
ciently by excavating a deeper and narrower 

Dredging in the head of pools where depths 

cut than would normally conform to the rela- 

Dredging in the head of pools where depths 

tively shallow depth of material above the equi- 
librium bed level. Therefore, the proposed 

would be critical for navigation is required to 

dredging would remove in a relatively narrow, 

would be critical for navigation is required to 

deep cut, a volume of material equivalent to that 

attain the equilibrium bed at time of start of 

between the cross sections of the bed at time of 

attain the equilibrium bed at time of start of 

start of navigation and the equilibrium bed 
cross section, so that the river could readily 
mold it to the estimated equilibrium shape. A 
typical dredge cut is indicated on the cross sec- 
tion on figure 11. The bed protile at time of 
start of navigation without dredging and the 
final equilibrium bed profile are shown on figure 
10, the difference in the profiles indicating the 
material to be dredged as noted. Ample space 
for spoiling of the dredged material is avail- 
able in dike systems and on the relatively high 
convex bars within the river channel. Place- 
ment of the spoil in this manner will provide 
further contraction to the main channel flow 
and thus further encourage deepening of the 
channel by scour of the bed. Since dredging 
would be undertaken during low water the bed 
profile at time of start of navigation is shown 
for a small discharge or low water, and since 
the crossings that are the shallowest part of the 
river would tend to be highest during high dis- 
charges, the equilibrium bed profile is com- 
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puted for a high discharge. For purposes of 
illustration, the equilibrium bed is shown for 
the discharge of 250,000 e.f.s. 

Regulation of the Pools 
Another factor related to computing the 

riverbed level is the plan of regulation of the 
pools and the backwater created by the locks 
and dams. No detailed plan of regulation has 
been studied for each of the pools, but most of 
the bed material load will be carried by the 
higher flows when all spillway gates will be 
fully open, resulting in essentially open river 
conditions. However, the locks and dams will 
cause some backwater even with all gates open 
and a higher computed water surface will tend 
to raise the bed level correspondingly, since the 
computed depths are subtracted from the water 
surface to obtain the bed elevations. In other 
words, backwater would eventually cause suffi- 
cient deposition to attain a higher equilibrium 
bed than otherwise and the mechanics of the 
method followed simulated that situation. The 
effect of backwater at the dams is shown in the 
example on figure 10. 

When pooled stages prevail in conjunction 
with the smaller discharges there will be a 
tendency for deposition to occur, but not only is 
the natural bed material carried at such times 
small, but the supply from upstream will be 
cut off at Dardanelle and the relatively slack- 
water condition in the navigation pools will 
reduce the tractive force on the bed so that 
only a relatively small load can be initially en- 
trained from the riverbed to create a deposi- 
tion problem farther downstream. Therefore, 
the smaller flows under pooled conditions arc 
expected to have little influence in forming the 
riverbed. 

Channel Model Tests at Waterways ExPerimmt 
station 

A generalized model study was conducted at 
the Waterways Experiment Station of a 10.mile 
reach of the Arkansas River between Little 
Rock and Pine Bluff to investigate the effects of 
various types of control works on channel sta- 
bility and sediment transport with normal sedi- 
ment load. The model was constructed to a 
horizontal scale of 1:150 and a vertical scale of 
1:36, resulting in a geometric distortion of 4.17. 
To provide satisfactory sediment transport in 
the model, a supplementary slope of 0.27 ft. 
per mile was used, giving a slope scale of 5.‘7:1. 
The overbank areas were molded in concrete, 
and the movable bed portion was originally 
molded to October 1957 prototype conditions, 
using sand with a median diameter of 0.2 mm. 
The time scale was such that a prototype day 
was reproduced in 10 minutes in the model; the 
rate of introducing bed material and the dis- 
charge scale were varied with stage. 
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After adjustment of the model, a base test 
was made with the channel rectified and stabil- 
ized according to the normal bank stabilization 
plan for the river; that is, the concave banks 
were revetted and the crossings contracted to 
1,200 or 1,400 feet. The efficacy of plans of 
supplemental improvement were then compared 
to conditions in this base test. Several runs 
were made for each plan in an attempt to ob- 
tain equilibrium sediment load conditions., each 
run being one reproduction of the experleneed 
1957 discharge hydrograph. 

Because of time limitations most plans were 
not tested to stability, and the effects of the 
various features tested were not fully developed. 
Certain arbitrary assumptions were also made, 
such as the use of a specific discharge hydro- 
graph for testing and the lower tailwater con- 
trol to reflect the effect of a dredged channel 
used in some runs. However the results do in- 
dicate that by proper local contraction addi- 
tional depths can be attained, and the tests pro- 
vide general indications of the type of effects 
produced by the various regulative measures 
investigated as follows : 

(1) Installation of a large dredge cut with- 
out an appreciable reduction in sediment load 
and construction of control structures would 
not be effective, as the dredged cut would soon 
refill. 

(2) Regulating structures, which increase 
the radius of curvature of a bend, provide a 
more uniform channel cross section and im- 
prove the alinement of the channel over the 
crossings. 

(3) In bends, longitudinal dikes provide a 
more efficient channel than spur dikes, improve 
flow conditions and channel cross section, and 
reduce the amount and extent of shoaling in 
the crossings. 

(4) Extending training works on a concave 
bank downstream into the crossing improves 
the alinement of the channel through the cross- 
ing, reduces shoaling in the crossing, and im- 
proves flow conditions in the next bend down- 
stream by reducing the tendency .for a point 
bar to develop there. 

(5) Dredged spoil and willow growth on 
convex bars improve the alinement, depth, and 
shape of channel through the bend. Such spoil 
banks require only minor protection except at 
the upstream end. 

(6) Contracting the channel to 1,000 feet 
through the crossings increases navigation 
depths and improves channel alinement. This 
degree of contraction and the placing of dredged 
spoil and willow growth on convex bars simul- 
taneously increased water surface slopes at high 
flows significantly. 

(7) Backwater computation for model test 
conditions indicated that channel 1z values were 
greater in reaches with spur dikes than in un- 
controlled or revetted reaches, but that with 
longitudinal structures along the channelward 
ends of spur dikes the effect of the dikes on the 
channel roughness would be minimized. Back- 
water computations indicated that constricting 
the crossings to 1,000 feet with channel-line 
structures in bends and simulating accretion 
and willow growth on convex bars increased 
n values to approximately those which obtained 
for spur dikes. Low-level longitudinal groins 
did not produce any discernible increase in n 
value. 

(8) Spur levees were tested along with other 
factors, so their effect was not isolated. How- 
ever, they would be effective only during infre- 
quent extremely high flows and would not sup- 
plement other structures in maintaining a 
navigable channel during normal flow periods. 

(9) Low-level spur groins in crossings to 
provide additional contraction to 600 feet at 
low flows increased the depths over the cross- 
ings, but as some of them were transverse to 
the direction of flow they produced considerable 
backwater and undesirable shoaling upstream. 

(IO) Low-level longitudinal groins in eross- 
ings to provide additional contraction to 600 
feet at low flows were effective in fixing the 
location and alinement of the crossings and 
produced some lowering of the controlling 
elevations over the crossings. As they were 
parallel to the flow, they offered practically no 
resistance. 

Complete details of this model study are 
given in U.S. Army Engineer Waterways 
Experiment Station Technical Report 2-608, 
August 1962, entitled “Development and 
Maintenance of Navigation Channel, Arkansas 
River, Arkansas and Oklahoma.” 

A similar model study of the reach of river in 
the vicinity of a specific damsite on the lower 
Arkansas River is currently underway at the 
Waterways Experiment Station in Vicksburg, 
Miss., using a movable bed of granulated coal. 
Results of this study to date confirm the feasi- 
bility of developing and maintaining a deepend 
channel by means of a reasonable amount of 
contraction by dikes and revetments. 

Flume Tests on tbe Armowing Effect of Gravel at 
St. Antbony Falls Hydraulic Laboratory 

As mentioned previously, when the bed ma- 
terial load now carried by the river is reduced 
by the storage projects, the degradation process 
will be retarded by formation of an armouring 
layer of the coarser sized material forming the 
bed. This not only affects the riverbed eleva- 
tion resulting from natural scour, but also is a 
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primary factor in the modified bed material 
load that is used to compute the equilibrium 
riverbed level as previously described. While 
an effort was made to account for the armour- 
ing effect of gravel in determining the loads, 
there is no generally accepted engineering 
analysis for the problem. Therefore, early in 
1959, controlled flume tests were undertaken at 
the St. Anthony Falls Hydraulic Laboratory. 

A sand-gravel mixture comparable to that on 
the lower Arkansas River was used in the flume 
studies. All tests were made by introducing 
clear water into the flume, or for zero sediment 
inflow. The studies were of two types: Small- 
scale exploratory tests and full-scale tests. In 
the small-scale tests observations were made of 
the degradation process on a bed initially com- 
posed of a homogeneous sand-gravel mixture. 
For each run the initial tractive force was 
greater than critical for all material in the bed, 
and as degradation proceeded, the slope flat- 
tened and the tractive force decreased to that of 
the critical value for the top layer of material 
that had accumulated on the bed when stability 
was reached. The initial tractive force was in- 
creased for each succeeding run, and the armour 
layer, approximately 1 grain-diameter thick, 
progressively coarsened. 

In the full-scale tests an 18.inch sand bed was 
covered with an armour layer of 20-mm. gravel 
3.grain-diameter thick, and the tests were 
largely devoted to observations of the natural 
development and healing of a scour hole in the 
bed, of phenomena at flow having a tractive 
force about critical for the armour material, 
and of the effect of an obstruction at the bound- 
ary on the gravel layer. The tests indicated that 
if excessive tractive force is localized and the 
mean value is less than critical for the armour, 
a scour hole will stabilize and armour itself; 
that if the mean tract& force is about critical 
for the armour material some of the fines will 
be leached out as the gravel is transported, the 
bed will be lowered, but the gravel blanket will 
remain essentially intact; and that if the trac- 
tive force is appreciably above critical for the 
armour, the gravel blanket will be disrupted 
and destroyed. 

Results of Channel Studies 
The estimated bed profiles for the 250-foot 

minimum width of navigation channel between 
Arkansas Post and Dardanella Dam under pres- 
ent conditions and for the computed equilibrium 

bed conditions with all works in place for the 
adopted plan of development are shown on fig- 
ure 12. It will be noted that the equilibrium 
bed provides a minimum depth of 12 feet below 
the normal pools. The 8 low-lift locks and dams 
shown in the reach of the river between Dar- 
danelle Dam and the vicinity of Arkansas Post 
compare with an earlier plan considered which 
included 13 low-lift locks and dams in the same 
reach with locations and pool elevations matched 
to the natural profile of the river. Thus, taking 
advantage of the degrading tendencies of the 
river after construction of the large dams made 
it possible to eliminate five locks and dams in 
this reach of river. Similarly, two locks and 
dams are being eliminated in the reach between 
Short Mountain Dam and the head of Ozark 
Reservoir. By a relocation of Ozark Dam site 
in conjunction with dredging and contraction, 
it now appears possible to eliminate a low-lift 
lock and dam previously considered between 
Ozark Dam and the head of Dardanelle Reser- 
voir. Thus, a total of 8 low-lift navigation locks 
and dams out of a previous total of 18 are being 
eliminated by taking advantage of degradation 
with dredging, contraction works, and adjust- 
ment of dams&s. As the cost of the dredging 
and contraction work is far less than the cost 
of locks and dams, a considerable overall reduc- 
tion in project costs will be realized with added 
benefits through an increase in head for hydro- 
electric power generation at Dardanelle, Ozark, 
and Short Mountain Dams. 

It is to be expected that a considerable amount 
of maintenance dredging will be required in the 
early years of the project, because of local shift- 
ing of material into the dredged channel from 
bars and from the undredged part of the main 
river channel. However the maintenance 
dredging can be kept to a t&nimum and depend- 
able navigation can be assured by dredging the 
initial channel to sufficient depth and width to 
provide space for deposition of the shifting bed 
material and by use of advance maintenance 
dredging. The greater is the extent of initial 
dredging, the less is the amount of material 
available for shoaling. As indicated before, 
navigable depths will improve and maintenance 
dredging requirements will diminish as time 
goes on as the effects of reduction in load prog- 
ress downstream, as degradation continues. as 
a stabilizing armouring of the bed with coarser 
material develops, and as the supply of material 
in the streambed diminishes. 
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FIGURE 12. - Profiles for existing conditions and computed modified regime conditions between Arkansas Post and 
Dardanelle Dam. 

CHANNEL RECTIFICATION STRUCTURES 
[Paper No. 40, 

Abstract 
Channel rectification structures are utilized 

to prevent erosion of the banks, guide the flow 
along a desired alinement, restrict the flow to 
an effective waterway, or various combinations 
thereof. In most instances, these structures in- 
volve solid or permeable revetments or guide 
structures of varied types of materials and 
construction. There are few, if any, rational 
methods for design of such projects, and it is 
usually necessary to plan the layout wholly on 
the basis of experience and judgment. There is 
no attempt herein to present design criteria; 
rather, the areas of influence of various corn- 
ponents are noted, the deficiencies in knowledge 
are pointed out, and the desirability of a com- 
prehensive investigation to develop rational de- 
sign is suggested. 

Rectification Structures 
Structures for channel rectification have been 

constructed of numerous types of materials and 
in a number of different ways. In general, each 
of these types of materials, varying from broken 
concrete and other trash-old auto bodies, 
rock, woven mattresses, piling or varied strue- 
tural units- to solid paving or solid guide 
walls, should be adequate if properly applied at 
the right places. However, if improperly ap- 
pbed, they may be of no benefit or may even 
increase the damage they are meant to prevent. 
On the other hand, if applied properly but in 
excessive quantity or in locations where not 
actually needed, they result in an excessive 
waste of construction funds. 

Rectification structures may be normally 
classified as either revetment or guide struo 
tares, although there may be a considerable 
overlap in their functions. Structures utilized 
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for stabilization of the bed of a channel will not 
be considered herein. 

Revetments 
Revetments may be placed either as an 

armoured blanket on a channel bank or as a 
guide structure to provide a smooth alinement 
and induce sedimentation to fill the bank line. 
The latter case will be considered with guide 
structures. 

The purpose of a blanket revetment is to pro- 
tect a channel bank against erosion. For this 
DWDOS~. it should ideallv Dossess the followinz _ _ 
charaet&istics : 

” _ 

1. It should be ulaced on a bank that has 
been properly al&d and graded to a stable 
slope. 

2. It should have adequate strength to resist 
movement by the flow or breakage by ice or 
debris. 

3. It should be sufficiently tight to prevent 
leaching of the underlying soil materials. 

4. It should be sufficiently flexible during 
construction to conform to any irregularities in 
the bank. 

5. It should be mobile, in that it should settle 
into any areas of breakage or subsidence in a 
manner to be self-healing. 

6. It should be permanent. 
7. It should be susceptible to placement by 

reasonable methods. 
8. Under certain circumstances, a hydrau- 

lically rough surface is preferable to one that 
is smooth. 

The criterion for grading and alinement is 
most essential for larger streams, particularly 
those with easily erodible banks, but is bene- 
ficial in any case. The grading primarily pro- 
vides a slope that can be more readily stabilized. 
A proper alinement eliminates eddies and de- 
flections of the current. On smaller streams 
grading and alinement may not be economically 
feasible, and, if the banks are reasonably re- 
sistant, may not be necessary. The planner who 
will probably have noted instances of ungraded 
and unalined banks being adequately stabilized 
by trash dumps will have no guide lines except 
his own opinion of the resistant character of 
the banks. 

Adequate strength is required in all cases. In 
the case of rock or similar materials, transport 
formulas, adjusted for bank slope factor, can 
be utilized to determine the size of the material 
required. A further adjustment might be used 
to reflect the keying action inherent in a well 
graded mixture of material sties; however, 
there are no criteria available, and the uncer- 
tainties involved in transport computations 
make such adjustment inadvisable. Adequate 
strength of other materials, in place as revet- 
ment, is almost wholly a matter of judgment. 

Leaching of the soils through the interstices 
of a revetment is a very common cause of fail- 
ure, particularly if these soils are primarily 
sandy. Once a pocket has progressed to the 
extent that a local failure of the blanket occurs, 
the failure is apt to spread rapidly. Leaching 
can be inhibited or prevented by a tight blanket, 
a filter layer, or by a well graded mixture of 
rocks such that all voids are filled. 

Most materials utilized for a blanket revet- 
merit permit sufficient flexibility iti placement 
to conform to bank irregularities ; however, any 
failure to do so will almost certainly result in 
ultimate failure of the blanket. 

The question of mobility to the extent that a 
blanket will be self-healing will, if adhered to 
rigidly, eliminate many materials that might 
actually be adequate under the proper circum- 
stances. As a general rule, however, it is an 
important criterion. Continuous pavement of 
concrete or asphaltic materals, for example, 
might be the most satisfactory armor under 
conditions where damage by ice or debris is not 
a factor, but once a break does oeeur at a loca- 
tion exposed to high velocity flow the armor is 
more apt than not to peel off in large strips. 
Hand-placed riprap, in addition to requiring 
expensive hand labor, tends to bridge over a 
failure until it becomes too extensive to be 
readily repaired. The most satisfactory ma- 
terial in this respect is dumped rock or even 
miscellaneous trash. 

Permanence is not a problem with rock, 
broken concrete, and similar materials. Lumber 
and brush are relatively permanent where con- 
tinuously submerged, but deteriorate rapidly 
where subjected alternately to wetting and 
drying. In locations where vegetation can be 
established once the bank is stabilized, the vege- 
tation may adequately replace the deteriorated 
part of the revetment. 

A reasonable method of placement would be 
defined largely in terms of the magnitude of 
the project. 

The benefits of a hydraulically rough surface 
are not universal, and, in any event, are of 
value only within certain limits. They derive 
from the difference in velocity distribution as 
between rough and smooth boundaries; i.e., 
velocities immediately adjacent to the rough 
boundary will be less than those adjacent to the 
smooth boundary. In the Missouri River, for 
example, the high velocity flow normally occur- 
ring along the concave bank of a bend moves 
about 50 feet riverward after rock revetment 
is placed. As a concurrent feature, the deepest 
scour in the section occurs riverward of the 
toe of the revetment rather than at the toe. 
There are. numerous examples of depths in 
bends of 15 to 20 feet below the toe elevation 
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of the revetment and several examples where 
this excess is greater than 30 feet. In none of 
these locations, however, has there been any 
undercutting or failure of the revetment. 

An approximation of the range in which this 
effect would be of value can be made by compu- 
tations of the two-dimensional velocity profile, 
but, sinee.the rough boundary is generally slop- 
ing, the three-dimensional effect is more com- 
plicated. As the horizontal effect on the Mis- 
souri River is about 50 feet (with the revetment 
toe normally about 9 feet below the low water 
profile), it is probable that the benefits of the 
rough blanket surface would be limited to cases 
where the toe depth is not more than 15 feet 
below the low water profile. The greater tur- 
bulence generated at the rough surface in- 
creases the tendency for leaching ; thus, a tight 
blanket becomes more important. 

There are no universal design rules for 
blanket revetment. Normally the revetment 
should extend to the top of a low bank or to a 
level 8 or 10 feet above the low water profile; 
however, this latter value would vary with the 
size of the stream. Woven or other mattress is 
usually extended to the thalweg of the stream, 
but other types of revetment are usually stopped 
at the intersection of the bank with the 
streambed. If the project is of sufficient mag- 
nitude, it is advisable to either ~excavate a 
trench to extend the mattress several feet below 
the normal bed or to add excess toe material 
that can settle to heal undercutting. In loca- 
tions where the flow hits the bank at an angle 
greater than about 30”, a mattress extending 
to the thalweg is advisable, regardless of the 
type of upper bank blanket. 

Permeable Training Structures 
Permeable revetments and permeable train- 

ing structures are similar in purpose and con- 
struction, their primary function being to guide 
the flow to a desired alinement and concur- 
rently, to cause sedimentation in a desired loca- 
tion landward of the structure. They have been 
constructed of piling, fencing, steel or timber 
cross frames (jacks), brush, and other avail- 
able material. There are two schools of thought 
insofar as the design principles of such struc- 
tures are concerned : (1) that the units are con- 
sidered as roughness elements that cause a 
reduction of the velocity of the flow through the 
structure and (2) that the structure should 
primarily guide the flow while concurrently per- 

I EINSTEIN, A. A. REPORT ON THE INVESTIGATION OF 
THE FUNDAMENTALS OF THE ACTlON OF RIYER TRAINING 
STRUCTURES. Calif. Univ. [Rpt. not published.] 1950. 

z CARLSON, E. J., and ENGER, P. F. USE OF STY,, JET- 
TIES FOR BdNX PROTECTION *ND CHANNELIZ*TION IN 
RNERS. Presented at Amer. Sac. Civil Engin., Hydraul. 
Div. Mtg., August 195,6, Madison, Wis. 

mitting a part of the flow to pass through into 
a relatively quiescent area to deposit its sedi- 
ment load. Both are correct, for the two fune- 
tions are interrelated, and the one that pre- 
dominates is a matter of the overall layout. 

The most rational analysis of the action of a 
permeable structure is, perhaps, that presented 
by Einstein ‘- “When the division takes place 
between the water masses which move along 
the jacks and those which pass through the line 
of jacks, all the water has entered a local zone 
near the structures of slightly higher pressure. 
In entering this zone, all water particles lose, 
according to momentum theory, a given con- 
stant part of their velocity.” Einstein computed 
that if the jacks were fully effective it would 
require 140 jacks (composed of 18 foot timbers) 
to turn a flow of 50,000 c.f.s., flowing at a ve- 
locity of 5.7 feet per second, around a 90” bend. 
He estimated, however, that since the jacks are 
only partially effective due to their splitting ac- 
tion, the actual requirement would be in excess 
of 500 units. He concluded that secondary ef- 
fects, particularly those of the sand deposits 
behind the jacks, were a major part of their 
function. 

For a different attack, Carlson and Enger 2 
measured the head loss in a model. Actually, it 
can be observed in the field that a permeable 
structure which is essentially parallel to the 
flow acts as a permeable rough boundary and 
that as the angle to the flow increases, this 
effect decreases and the structure acts more as 
a roughness element in the line of the flow. In 
either event, there appears to be a pressure 
gradient as discussed by Einstein. 

The preceding discussion cannot be said to 
solve anything in particular except to point out 
the fact that the designer knows very little about 
the tool with which he is working. The lack of 
knowledge may well result in either an unsuc- 
cessful project or one in which a necessarily 
conservative approach generates excessive costs. 
The average project utilizing permeable struc- 
tures will include guide lines to assist in turn- 
ing the flow and to cause a reduction in the 
velocity of the flow passing through it. Between 
this frontal line and the existing bank there will 
be tielines, either solid or permeable, which will 
be expected to reduce further the velocity of the 
flow in the sedimentation area, to prevent the 
buildup of a secondary flow system, and to re- 
turn flow from the sedimentation area to the 
channel. In projects that have continued over 
a period, experience will have developed criteria 
for the optimum angles of the guide lines, the 
size and spacing of the units therein, and the 
number and locations of the tielines required, 
but this experience will not be too helpful if 
transferred to a system on an entirely different 
scale. 
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Groins 
Groins are generally structures placed nor- 

mal to the current or at moderate upstream or 
downstream angles thereto, and may be likened 
to some extent to the tiebacks in a permeable 
system without the frontal lines. As such, they 
are not considered to be desirable if constructed 
as shortsegments along a straight or concave 
bank, but there have been some recent indica- 
tions that a series of groins, or tieback, struc- 
tures with a downstream extension (L-head) 
may permit deletion of a part of the frontal line. 
In other words, instead of being continuous the 
frontal line might extend only one-half or two- 
thirds of the distance’ from one tieline to the 
other. 

Any structure extending into and normal to 
the flow will have several generally undesirable 
effects. The primary such effect is the forma- 
tion of a relatively deep scour hole immediately 
at and downstream from the outer end of the 
structure. A second such effect is the ever- 
present daoger of destruction of the root end of 
the structure, and a third is the fact that a 
system of groins along a straight or concave 
bank can increase the overall roughness coeffi- 
cient of the reach by as much as 25 percent. 
When a downstream extension is placed at the 
outer end of the structure, however, the struc- 
ture begins to approach the characteristics of a 
frontal system with tiebacks. Some field trials 
under way indicate that, if the downstream leg 
extends to one-half to two-thirds the distance 
to the next structure and if the structures are 
properly placed in a straight reach or flat bend, 
both the deep scour and the excessive roughness 
will be partially or perhaps wholly eliminated. 
This means only that adequate guidance might 
be provided by a discontinuous rather than a 
continuous frontal line; however, the evidence 
to date is inadequate to provide any rational 
proportions or justify use except on an experi- 
mental basis. There is little doubt that even a 
short L-head improves the action of a groin, as 
such. 

Research Needs 
An observer noting numerous examples of 

successful revetment and training structures 
might have reason to consider the foregoing dis- 
cussion unnecessarily pessimistic. He might 
also recognize that the ultimate success of a 
permeable system is dependent upon auxiliary 
factors such as the effect of the sediment deposit 
itself and the vegetation that becomes estab- 
lished thereon, a,nd, so recognizing, discount 
any need for refinement in the initial structure. 
He might even be right on both counts. 

The planner who must prepare the project, 
however, finds that there is a general similarity 

in the layout of such projects, but beyond that 
point he is largely dependent upon intuition. 
This is hardly a proper concept of engineering; 
therefore, several areas in which some investi- 
gation would be beneficial are suggested. 

In terms of blanket revetment, the most 
fruitful research would appear to be in the 
area of the required strength; i.e., for example, 
the size of rock required, with and without 
grading, on various bank slopes, to resist a 
given flow velocity. The required thickness of 
blanket also needs analysis. 

There are uncertainties as to the proper 
depth to which a revetment should extend. The 
“toe trench” rock revetment utilized on the Mis- 
souri River for 20 years without a failure of 
consequence is also used successfully on the 
Arkansas River, yet the writer has been in- 
formed that on the latter stream there will 
frequently be a slip in the original toe rock and 
that a second step to add additional rock is 
utilized to obtain a permanent structure. To 
date, the reason for this difference has not been 
established. ‘The general dimensions are similar 
in both cases. 

It has also been noted in a small model that 
the existence of large dune formations leads to 
excessive scour, owing to deep eddy action at 
the toe of the dune. This question is probably 
of academic interest only, since dunes of the 
relative size noted are not apt to occur in nat- 
oral streams, but it should be investigated 
further. 

Investigation of the basic action of permeable 
guide structures without regard for secondary 
influences are needed, for these secondary in- 
fluences cannot be effective until engendered 
by the basic structure. Such an investigation 
would be required to measure the varied effects 
of the structure in all positions from normal to 
the flow to parallel to the flow, and would need 
to consider the size and spacing of units in rela- 
tion to flow area as well as frictional effects. A 
complete velocity pattern should be developed 
for analysis by momentum or other hydraulic 
theory; the ultimate purpose is to permit a 
theoretical analysis to determine the most eco- 
nomical and effective layout and spacing of the 
frontal line and the various tieback lines re- 
quired in the deposition area. 

The transport function should be investigated 
further, to determine the proportions of sedi- 
ment diverted under varied arrangements of 
the frontal line and varied conditions of trans- 
port or of sediment load in the stream. 

There should be a simultaneous empirical 
analysis, since this approach would probably 
yield the most immediately useful results. The 
relative effect of the secondary influences would 
be a necessary study here, as the designer 
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would, in most cases, desire to reduce the theo- an effort to improve their action and eliminate 
retieal structure somewhat in accordance with some of their deficiencies. In the locations 
anticipated secondary actions. tested ; i.e., the concave bank of a flat bend, the 

In one recent instanee!3 a model study was improvement has been impressive. The cost of 
conducted for an individual project design. prototype testing, however, will eliminate ex- 
Considering the fact that the initial cost of tension beyond the point of satisfactory action 
structure in the field can vary from a minimum in a particular location. The questions of opti- 
of perhaps $5 per lineal foot of structure to mum height and relative length for general ap- 
well over $30 per lineal foot, it seems obvious plication will remain unanswered insofar as the 
that the elimination of a single tieline or of a field installation is concerned, but they could be 
hundred feet or so of a frontal line would more resolved in a model at moderate cost. 
than pay the cost of the model. It is surprising Unquestionably many other facets of the 
that more such analyses have not been made. problem could be discussed ; however, if the pre- 

Mention has been made of field investigations ceding material develops some thought and en- 
of an L-head structure. Actually, the L-heads genders some realistic analyses, the writer’s 
were added to a series of perpendicular dikes in purpose will have been served. 

THE RIO GRANDE COMPREHENSIVE PLAN IN NEW MEXICO 
AND ITS EFFECTS ON THE RIVER REGIME 

THROUGH THE MIDDLE VALLEY 
[Paper No. 411 

By ROBERT C. WOODSON and JOHN T. MARTIN, engineers, U.S. Army Engineer District, Albuquerque, N. Mm. 

Synopsis 
The Rio Grande comprehensive plan in New 

Mexico consists of a system of reservoirs on the 
main stream and tributaries. The reservoirs 
are located upstream from the head of a reach 
of about 180 miles of rehabilitated floodway 
through the Middle Valley. 

Sediment detention and regulation of flood- 
flows by the reservoirs are expected to prevent 
further aggradation and inhibit excessive deg- 
radation through the rehabilitated floodway. 

The comprehensive plan in New Mexico con- 
sists of a system of reservoirs (Abiquiu, Jemez, 
Cochiti, Galisteo) on the Rio Grande and tribu- 
taries at and near the head of the Middle Valley 
and the rehabilitation of the Rio Grande Flood- 
way constructed by the Middle Rio Grande Con- 
servancy District in 1935. The Rio Grande 
Floodway confines the river throughout most of 
the Middle Valley, which comprises a reach ap- 
proximately 180 miles long. Locations of the 
elements of the plan are shown on figure 1. 

The reservoirs are for flood and sediment 
control. The levee improvements and channel 
stabilization are necessary in the interest of 
flood control, major drainage, and water sal- 
vage. 

In the Cochiti-Rio Puerto reach of the flood- 
way, the Rio Grande occupies a wide shallow 
channel between the levees of the floodway. The 

3 CARLSON, E. J., and DODGE, E. A. CONTROL OF AL- 
LUVIAL RIVERS BY STEEL JETTIES. Amer. See. Civil En- 
gin. Prae., Waterways and Harbors Div. Jour. 38 
(WW4) : 53-81. Nov. 1962. 

channel has no banks, and the average level is 
generally at or above the level of the areas be- 
hind the levees. 

The levees constructed as a part of the flood- 
way by the conservancy district were subject 
to attacks by the river. Early attempts to 
protect them by means of pile jetties demon- 
strated the need for a more effective system of 
levee protection. Deterioration of the floodway 
due to aggradation and the high losses of water 
which were occurring indicated the need for 
regulation of floodflows, sediment retention, and 
channel stabilization. 

In 1948 the Corps of Engineers and the Bu- 
reau of Reclamation jointly recommended the 
comprehensive plan of improvement for the 
Rio Grande in New Mexico. The dams would be 
constructed by the Corps of Engineers and the 
floodway rehabilitation would be constructed 
jointly by the Corps of Engineers and the Bu- 
reau of Reclamation. The plan was authorized 
for construction in 1948, except for a main 
stream reservoir that was to provide control of 
floods originating principally in Colorado. 

A restudy of the problem of main stream con- 
trol was made by the Corps of Engineers in 1958 
and two additional reservoirs were authorized 
by the Flood Control Act of 1960, one on the 
main stem at Cochiti at the head of the Middle 
Valley and the other on Rio Galisteo. 

The Jemez and Abiquiu Reservoirs and the 
floodway improvements in the Coehiti to Rio 
Puerto reach are constructed, and the Cochiti 
and Galisteo Reservoirs are in the preconstrue- 
tion planning stage. The Cochiti to Rio Puereo 
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FIGURE 1. -Rio Grande floodway, Middle Valley, N. Mex 

reach comprises about 105 miles of the total 
floodway length. This discussion primarily con- 
cerns the plan of development and its effects in 
this reach. 

The Middle Rio Grande Conservancy District 
was organized in 1925 under the laws of the 
State of New Mexico for the primary purposes 
to improve drainage, irrigation, and flood con- 
trol for about 128,000 acres-of land, including 
urban population centers within the Middle 
Valley. The district was subdivided into four 
divisions : Cochiti, Albuquerque, Belen, and So- 
corro. The principal works were begun in 1930 
and completed in ‘1935. Because of the inability 
of the district to finance a flood control system 
involving a number of reservoirs, the basic flood 
control element adopted for the Middle Valley 
was a floodway. Figure 1 indicated the extent 
of the floodway through the Middle Valley. 

In general, the levees were located parallel to 
the then existing meander pattern of the river. 
Because the bends in the river are moderate, no 
significant attempts were made to straighten 

the river by cutoffs. The width of the floodway 
between levees is about 1,500 feet and the aver- 
age height of the levees is about 8 feet. The 
adopted design flow for this reach was 40,000 
cubic feet per second except at the city of Albu- 
querque where extra height of levee was pro- 
vided for a design flow of 75,000 cubic feet per 
second. 

Below the Rio Puereo the levees were con- 
structed only on the west side of the river to the 
village of San Antonio, a distance of about 50 
river miles. The design capacity of the flood- 
way in this reach was 50,000 cubic feet per 
second. 

The method of computing aggradation or deg- 
radation consisted of determining the volu- 
metric changes in the valley between surveys of 
the range lines from 1936 to 1953, inclusive. 
The computations were made for the channel 
area, the flood plain area, and the combined 
channel and flood plain area. The channel area 
consists of that part of the floodway that does 
not contain vegetation but is characterized by 
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sandbars and low flow channels. The flood plain umes of any two surveys represents the change 
area is designated as the remaining areas be- in volume by aggradation or degradation that 
tween levees or bluffs subject to overtlow only occurred in the time interval between the SW- 
during periods of high flows. This area usually veys. Some adjustments were made to the sur- 
contains growths of trees, shrubs, grass, and veys prior to the 1952-53 surveys because of 
weeds of varying density. differences in methods used and in range num- 

Volumes were computed by multiplying the bering. A summary of the results of the aggra- 
average depth of ground surface below an es- d&ion and degradation study for the greatest 
tablished base plane at each range by the area period (193653) between surveys is shown in 
between ranges. The difference between vol- table 1. 

TABLE l.-Aggradation and degradation, Cochiti to San Antonio, N. Ma., 1936-53 

River and division Plane area Net ebange~ R&tg 

*ercs A”dL Ft.,Y,. 
‘Channel............................ 2,051 -1,515 -0.043 

Cochiti (22.5 river miles). .I Flood plain. 2,049 y; + .a52 
Channel and flood plain.. 4,106 + .a04 
‘Channel............................ 4,286 +1,153 + .a17 

Albuquerque (39.9 river miles), Flood plain:. 
rechannel and flood plain.. 

4,183 
3,470 1%; : :E 

Channel............................ 7,104 -2:515 - ,020 
Belen (52.6 river miles) Flood plain,. 

\ Channel and flood plain.. 
5,575 
3,219 

=3,;0"; : :K 

Socorro* (29.0 river miles 
jCha”nel............................ 4,203 +2,614 + ,031 

1 
Flood plain 4,264 + ,021 
Channel and flood plain.. t:E 8,467 , + ,029 

’ + =aggradation; - =degradation. 
ZTerminates at San Antonio. 

The period used in table 1 begins shortly similar to the flood of 1929, which can be rea- 
after the completion of the floodway and the di- 
version dams constructed by the Middle Rio 

sonably expected, it is believed this trend to- 

Grande Conservancy District and reflects the 
ward degradation would be sharply reversed. 

full effects of these structures. It also includes 
The river channel at the present time is ag- 

the high flow years of 1941 and 1942. 
grading above the junction of the Rio Puerto 
about the same rate as it is degrading below. 

From table 1 it can be seen that the Rio 
Grande within the Middle Valley is still an ag- 
grading stream, and construction of the flood- 
way has not halted aggradation. Aggradation 
has occurred in amounts varying from practi- 
cally zero in the Cochiti Division at the upstream 
end of the valley to a maximum of about 0.04 
of a foot per year in the Albuquerque Division. 
The indicated channel degradation that is oc- 
curring in the Belen Division is not believed in- 
dicative of a long-term trend. The Rio Puerto 
enters the Middle Valley at the lower end of this 
division. The Rio Puerto is the largest 
sediment-contributing tributary of the Rio 
Grande in New Mexico and contributes well over 
50 percent of sediment load entering the valley. 
The indicated channel degradation is believed 
to be the result of the river cutting through a 
large sediment plain deposited in the Rio Grande 
by the Rio Puerto below the mouth during the 
major flood of 1929. It is known that during 
this flood a large part of the flow came from the 
Rio Puerto, together with an enormous flow of 
sediment. The 1929 flood occurred before the 
beginning of the period of measurements re- 
flected in table 1. In the event of another flood 

In all, about 190 miles of levees were con- 
structed, together with a small number of levee 
protection works. The levees, together with the 
natural bluffs along the river, confined the river 
within the floodway throughout the Middle Val- 
ley. In addition to the flood control works, four 
major diversion dams and several hundred 
miles of drains, canals, and related works also 
were constructed. 

The work of the conservancy district did 
much to improve distribution of irrigation wa- 
ter and reduce waterlogging of lands within the 
district. However, after the major flood year of 
1941, it was clearly evident that the floodway 
would not afford the protection that it was de- 
signed to provide. The mean daily peak of this 
flood was only 22,500 cubic feet per second; 
however, this long duration flood covered a 
period of about 2 months with flows about 
?O,OOO cubic feet per second for 5 days and 
above 10,000 cubic feet per second for 43 days. 
The levees were breached in 25 places and ac- 
tive flood fighting was necessary at 80 different 
locations along the river. Extensive flood dam- 
age was experienced. 
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Subsequent to this flood? the Corps of Engi- 
neers made a comprehensive investigation for 
flood control along the Rio Grande in New 
Mexico with a view to developing a more ade- 
quate plan for flood and sediment control. Be- 
cause of the effects of the river regime on the 
agricultural economy and the need for further 
improvement of the irrigation works of the con- 
servancy district, the U.S. Bureau of Reclama 
tion began cooperative studies with the Corps 
of Engineers. Emphasis was placed on deter- 
mination of aggradation or degradation that 
had occurred in the Middle Valley after the con- 
struction of the works of the conservancy dis- 
trict. Considerable speculation had existed as 
to whether or not the trend toward aggradation 
was continuing and to what extent it had taken 
place. 

I I i I I I 

Fortunately in 1936, shortly after the Rio 
Grande floodway was placed in operation by 
the Middle Rio Grande Conservancy District, 
the Soil Conservation Service of the U.S. De- 
partment of Agriculture established and sur- 
veyed river cross sections or ranges across the 
floodway within the entire Middle Valley. The 
ranges were to be resurveyed at later dates so 
that changes in riverbed elevations could be de- 
termined. These ranges were located approxi- 
mately at 2-m& intervals. Additional ranges 
were established by the Corps of Engineers in 
1944, which reduced the interval between 
ranges to one-half mile. The ranges were sur- 
“eyed in 1936, 1940,1941,1942,1944, and 1952- 
53. A cooperative study of aggradation and deg- 
radation based on these surveys was made by 
Bureau of Reclamation and the Corps of En- 
gineers. 

FIGU~ 2. - Rate of change -Albuquerque Division 
(193643). 

degradation in the channel and flood plain. A 
further fact revealed by the surveys, but not 
shown in table 1, is that there has been no ma- 
terial net change in the relation of areas of 
channel and flood plain since 1936. 

The rate of change for the period covered by 
the surveys within the Albuquerque division is 
illustrated in figure 2. The high runoff years in- 
fluenced the rate of change in both the channel 
and the flood plain. The occurrence of a high 
runoff year like 1941 was instrumental in keep- 
ing the 1936-53 aggradation rate in the channel 
to a low amount while increasing aggradation 
rate in the flood plain. Another factor that is 
partially shown on figure 2 is the influence of 
the relative order or cycle of flows upon the rate 
of change. An example is the change that re- 
sulted from the 1942 runoff, which was a high 
flow year after the still higher flow in 1941. The 
aggradation rate in the flood plain was about 
the same for 1941 and 1942, whereas the chan- 
nel change was practically zero. It is doubtful 
that the change in 1942 would have been the 
same if it had followed a series of low runoff 
years. The conclusion reached, from the plot- 
ting of figure 2, is that within the limits of the 
Middle Valley there is a definite relation be- 
tween the annual runoff and the aggradation or 

Simultaneously with the survey of the river 
ranges in 1936, the Soil Conservation Service 
began an extensive program of sediment sam- 
pling that has been carried on through the 
cooperation of other Federal agencies, includ- 
ing the Corps of Engineers and the Bureau of 
Reclamation. The purpose of the sediment sam- 
pling program was to determine the origin, quan- 
tities, and characteristics of sediments trans- 
ported by the Rio Grande. When this program 
was begun, except for the station at San Mar- 
eial, less than 20 samples of water had been 
analyzed for sediment content. To date about 
70 thousand integrated samples from the main 
stem of the river and tributaries have been col- 
lected and analyzed. The majority have been 
collected within the Middle Valley. 

Flows are very turbulent which makes sus- 
pended sediment samples from the Rio Grande 
more nearly indicative of the total load than 
similar samples from other rivers. The sus- 
pended sediment samples contain a considerable 
amounts of sand, which increases with increases 
in rate of flow. For example, the sand load in 
the samples at Coehiti averages about 3 percent 
of the total load from flows less than 500 cubic 
feet per second, and 34 percent in 32 samples 
from flows between 2,000 and 3,000 cubic feet 
per second. The amounts at Bernalillo are 17 
percent in 29 samples from flows less than 500 
cubic feet per second, and 29 percent in 16 sam- 
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pies from flows between 2,000 and 3,000 cubic through 1954 at the principal stations within 
feet per second. Table 2 shows sediment flows the Middle Valley. 

TABLE 2.-Discharge and sediment summary, 1936-54 

Division an.3 statiohn Drainage 
area - 

SP. mi. 
Ccchiti division. .Cachiti. 11,440 

Angostura............................. 
Albuquerque division, Bernalillo. :t~~~ 

Albuquerque.......................... 
Isleta................................. 

$3”; 

B&n division. > Belen.. 15:291 
Bemardo.............................. 

‘SanAcacia............................ 
15,929 

SanAntonio........................... 2::: 
Socom division., San Martial. 24:55x 

Head Elephant 
Butte Reservoir.. 24,600 

I 

AC~~,i. *"t/l. 
1,212,400 2,930 
1,165,900 3,342 
;,;m;,;g 

$;;;I;;; 

3,764 3,921 

plm;:m; 
3,925 3.616 

1;068:900 

10,182 3,446 

9,645 
1,061,500 7,626 

1,063,900 5,838 

The significant increases in sediment flow 
from Angostura to Bernalillo are due to the in- 
flow from Jemez Creek, which enters between 
these two stations. The large increase between 
Bernard0 and San Acacia is due to the Rio 
Puerto, which enters between these stations. 
The sediment inflow at Coehiti is derived prin- 
cipally from the Rio Chama. 

The general trend toward aggradation indi- 
cated by the surveys of river ranges also is con- 
firmed by the sediment discharge compilation 
in table 2. For example, in the reach between 
Bernalillo and Bernardo, which is between two 
of the major sediment contributors to the Mid- 
dle Valley, Jemez Creek and Rio Puerto, the 
annual inflow of sediment is 3,923 acre-feet and 
the outflow is 3,446 acre-feet, despite an ap- 
proximate increase in drainage area of 1,900 
square miles. 

The plan for rehabilitation of the floodway 
follows in general the original levee alinements. 
However, the design capacities for the floodway 
were materially reduced except in the reach be- 
low the Rio Puerto. This is due to the high 
degree of control provided by the reservoirs 
above the Rio Puerto. The design capacity 
above the Rio Puerto is 20,000 cubic feet per 
second except at Albuquerque, where the eapac- 
ity is 42,000 cubic feet per second. Below the 
Rio Puerto, the design capacity is 60,000 cubic 
feet per second. 

The most noteworthy improvement of the 
floodway is the provision of a rectified channel 
within the floodway from Cochiti to the Rio 
Puerto. The purpose of this channel is to pro- 
vide protection to the levees and decrease the 
existing channel area in the interest of reduc- 
ing water losses and improving water and sedi- 
ment transport capacity. The original river 
:hannel, which averaged about 800 feet in 
width, was narrowed to a uniform width of 
ibout 550 feet. This was accomplished by an 

arrangement of jetties projecting from the 
levees on both sides of the river to the channel 
and lines of jetties paralleling the channel. 

An interesting feature of the channel rectifi- 
cation work from a sedimentation standpoint 
is the use of the Kellner jetty system. In the 
past many types of levee protection and channel 
rectification works have been used on the Rio 
Grande. These have been generally of the more 
rigid types, utilizing timber piling in combina- 
tion with woven wire or wire baskets of brush 
or rockfills. Jetties employing piling have 
proved generally unsatisfactory for conditions 
prevailing on the river. Channel scour often 
undermines the piles and destroys their retard- 
ing ability. The Kellner jetty system is partic- 
ularly adapted to heavy silt-laden streams sub- 
ject to considerable variation in channel scour 
during periods of high riverflow. These steel 
jetties are composed of permeable and ex- 
tremely flexible multiple-units that readily con- 
form to channel scour. They permit sediment- 
laden flows to penetrate the jetty where 
velocity and energy are reduced. Sediment is 
deposited behind the jetty, thereby building up 
an area or bank behind the jetty. Vegetation 
grows rapidly on the accumulated sediment, 
which further increases the retarding effects. 
The system is particularly adapted to the pro- 
tection of levees, riverbanks, and bridge 
abutments. 

The single or standard unit of the system is 
called a *‘Jack” and connected together they 
form a jetty. A series of lines of jetties form a 
jetty field. The layout of a jetty field involves 
two types of lines of jetties, the diversion lines 
and the tiebacks, or retard lines. The diversion 
lines, usually two in number, are placed roughly 
parallel to the levee or bank of the river. The 
retard lines extend from the diversion line back 
to the levee, or bank. They are usually placed 
at an angle of roughly 67.5” to the diversion line 
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at any desired spacing between lines. As in- 
stalled on the Rio Grande, the spacing of retard 
lines at river bends is usually about 250 feet. 
Single diversion lines and wider spacing of re- 
tard lines are used in less critical areas. 

The Kellner Jetties Corp. pioneered the de- 
velopment of the system. General principles 
usually followed in the layout of a jetty field 
and the design at curves are based on model 
studies of the retarding effects of the jetties 
and of experience. More detailed information 
is contained in the Corps of Engineers’ “Report 
on Measures for Bank Protection, Use of Kell- 
ner Jetties on Alluvial Streams,” June 1953, re- 
vised August 1962, and the Bureau of Reclama- 
tion’s publication. “Use of Steel Jetties for Bank 
Protection and Channelization in Rivers,” by 
Enos J. Carlson and Phillip F. Enger, Hydraulic 
Engineers. This type of jetty is comparable in 
cost to the more rigid types, but the effective 
life is much longer. There are installations 
with service records of 30 years with a reason- 
able life expectancy of 50 years. Figures 3 and 
4 illustrate the standard unit and its use in a 
typical jetty field utilized by the Corps of En- 
gineers and the Bureau of Reclamation on the 
Rio Grande floodway. Figure 5 shows the pro- 
gressive effectiveness of a jetty field in causing 
deposition and growth of vegetation to change 
the regime of the river. 

Studies were made by the Bureau of Recla- 
mation to estimate the combined effects of con- 
struction of the flood and sediment control res- 
ervoirs and the channel rectification work on 
the river regime within the Middle Valley. The 
effects on floodflows were readily determined 
by routing studies. The effects on channel ag- 
gradation and degradation were more compli- 
cated ; however, the data collected from the sed- 
iment studies and survey of the river ranges 
were believed sufficient for a reasonable esti- 
mate of anticipated effects. The procedure fol- 
lowed in general is as follows. The river was di- 
vided into convenient reaches that were treated 
as units with similar characteristics within the 
reach, such as slope, width, and riverbed ma- 
terial. From the suspended sediment sampling 
and flow records, the suspended load was deter- 
mined. Bedload, or the load not measured by 
sampling, and the total load were then deter- 
mined by the use of the modified Einstein 
method developed by the U.S. Geological Sur- 
vey and the Bureau of Reclamation. This was 
the basic condition without dams or rectified 
channel. 

If the same reaches but with modified condi- 
tion of rates of flow and sediment inflow due to 
the construction of the dams and the rectifica- 
tion work are used, the capacity of the reach to 
transport sediment was determined by applica- 

NOTES: 
(I) Unit is usually l6’x4’x4’x?angle iron laced 

with No. 6 wire. 
(2) Cables ore usually !‘+. 
(3) Above unit is placed l2i’ on ctrs, 

horn 3. -Standard unit Kellner jack. 

tion of the Lane-Kalinske formula for sus- 
pended sediment load and the average of the 
Kalinske and Schoklitsch formulas for the un- 
measured load. The results were then adjusted 
by a factor to conform to the results obtained 
by the application df the modified Einstein 
method. This factor was determined by compar- 
ing the results obtained with the use of these 
formulas in the unmodified conditions with the 
results in the same reaches obtained by the 
modified Einstein method. Samples of stream- 
bed material were obtained at the river ranges 
and from these, composition of the riverbed ma- 
terial in each reach was estimated for several 
divisions of grain sizes, each of which is sub- 
ject to transport at different rates of flow. The 
amounts of sediment entering the reach were 
subdivided in a similar fashion. Assumptions 
were made as to depths of scour of streambed 
material. The sizes smaller than sand were as- 
sumed to pass through the reach. With the abil- 
ity of the stream to transport the various sizes 
and the total amount of the various sizes in the 
riverbed and entering the reach available for 
transport known, outflow from the reach was 
determined. This process was repeated for each 
successive year and the net differences in inflow 
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WRE ROPES ONLY 

FIGURE 4. -Typical Kellner jetty field-Rio Grande, N. Mex. 

and outflow of sediment indicated aggradation 
or degradation for the reach. 

The results indicate that the sediment inflow 
at Bernalillo will be reduced by the reservoirs 
about ‘75 percent after about 20 years and that 
the present trend of aggradation will be re- 
versed. Indications are that degradation will 
begin at Cochiti and will extend downstream at 
least to the Rio Puerto. Progressive coarsening 
of the streambed will inhibit degradation. It 
appears unlikely that the stream will degrade 
more than about 3 feet in the Bernalillo to Albu- 
querque reach. It is probable during the first 
10 to 15 years after the reservoirs are all com- 
pleted and in operation that considerably more 
degradation will be apparent in certain loca- 
tions. This will be due to the confinement of the 
clear water releases by existing bars, etc., while 
the 550-foot channel is being flushed out. After 
this flushing has taken place, the energy of the 

clear releases will be more evenly distributed 
over the full width of the channel; flows will 
have less sediment transportability. As a re- 
sult, it is anticipated by the authors that this 
will tend to inhibit excessive degradation at any 
one place. 

The Corps of Engineers and the Bureau of 
Reclamation have a cooperative agreement to 
share the costs of periodic photogrammetric 
resurveys of the entire Middle Rio Grande Val- 
ley. The initial condition survey was made dur- 
ing the spring of 1962. Low level contact prints, 
controlled aerial mosaics, and cross sections to 
a scale of 1 inch equals 500 feet at approxi- 
mately 500-foot intervals will be obtained. 
These data will be analyzed to check the theo- 
retical estimates of sediment movement, inelud- 
ing location of aggradation and degradation. 
Also, the photographs will show the progressive 
changes in vegetal growth. 
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FIGURE 5. - Emergency flood control work on Rio Grande near Bernalillo: A, December 1952 looking downstream 
Prior to installation of bank protection works; B, August 1953, at the same location after &stallation of &llner 
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jetty field in June 1953; C, September 1955’, about 2 years after completion of emergency work; D, April 1958, 
about 5 years after completion of bank protection works. 
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METHODS AND CRITERIA FOR BANK PROTECTION 
ON THE LOWER COLORADO RIVER 

[Paper No. 421 
By FRANK K. XIX, hydraulic engineer, Bureau of Reclamation 

Introduction 
Bank and bed stabilization along the Lower 

Colorado River has a history extending back 
over 50 years. The Bureau of Reclamation first 
became actively engaged in the problem in con- 
nection with the revetment of the levee system 
protecting the Yuma project near Yuma, Ariz. 
This work was accomplished in the early years 
of this century. 

Other individuals and agencies, notably the 
Palo Verde Irrigation Distri$, were also en- 
i;fz,“.d in bank stabilization actlvlties at an early 

The closure of Hoover Dam in 1935, with its 
high degree of control over the flow of the 
Lower Colorado River, instituted a new river 
regime in which channel stabilization has be- 
come increasingly important (fig. 1). The ne- 
cessity for dealing with the problems inherent 
to the new regime led to the creation of the 
Colorado River Front Work and Levee System 
by Public Law 469-79th Congress, Second 
Session. The basic responsibilities of the Bu- 
reau are set forth in the following quotation 
from the Act : 
(a) operating and maintaining the Colorado River 
Front Work and Levee System in Arizona, Nevada, and 
California; (b) eontructing, improving, extending, op- 
erating, and maintaining protection and drainage works 
and systems along the Colorado; (c) controlling said 
river, and improving, modifying, straightening, and 
rectifying the channel thereof; and (d) conducting in- 
vestigations and studies in eonneetian therewith. 
Under the authority of this Act the Bureau, 
through Region 3, has engaged in a variety of 
activities planned to produce eventually a stable 
channel from Hoover Dam to the Mexican 
Boundary. 

River Characteristics 
Historically, the Lower Colorado River car- 

ried enormous loads of sediment. Practically all 
of the sediment originated in the upper basin 
above the present site of Hoover Dam. The 
lower basin was apparently actively aggrading, 
with the sediments of the river gradually build- 
ing up the bed and banks of the stream and 
raising the floor of the canyons and valleys. 

This natural regime was abruptly terminated 
by the construction of Hoover Dam and the 
formation of Lake Mead. This lake has ample 
capacity to store the sediments originating in 
the upper basin and as a result, the release 
from Hoover Dam is almost completely sedi- 
ment free. The introduction of this clear water 
into a channel which had been graded and 

molded by flows containing sediment coneen- 
trations of up to 50,000 parts per million caused 
a rapid readjustment in the channel charac- 
teristics. 

A factor that causes the Lower Colorado 
River and its problems to be somewhat unique 
is its location within one of the most arid re- 
gions in the United States. In the entire 440 
miles of river from Hoover Dam to the Gulf of 
California there are only two perennial streams, 
the Bill Williams and the Gila, and neither 
of these normally contribute an appreciable 
amount of either water or sediment inflow. As 
the result of no inflow and the diversion of 
water for irrigation at many points along the 
river, the flow diminishes downstream from 
Hoover Dam until, more often than not, it dries 
up completely at or just below the southerly 
International Boundary. 

The sediment pattern is somewhat more com- 
plex. Since there is essentially no sediment in- 
flow to the river, all of the sediment that moves 
through the Lower Basin is derived by scour 
from the alluvium of the bed and banks. Add- 
ing to the complexity is the effect of the various 
dams along the lower river. Below Hoover Dam, 
the river is divided into a series of reaches, or 
divisions, by Davis! Parker, Headgate Rock, 
Palo Verde, Imperial, Laguna, and Morelos 
Dams. These dams affect the sediment pattern 
more or less according to their functions. Stor- 
age dams such as Davis and Parker intercept 
any sediment picked up by the river and reintro- 
duces clear water into the river downstream. 
The diversion dams mark the points of deple- 
tion of the flow and in some cases increase the 
sediment load downstream by diverting larger 
portions of water than of sediment or by re- 
turning sediment to the river. Each of the 
reaches between these dams differ somewhat in 
the character of the channel and in the control 
problems associated with these conditions. 

The unique circumstance that practically all 
of the sediment load of the Lower Colorado 
River is derived from the bed and banks of the 
stream itself, gives an added urgency to the 
channel stabilization program and also makes 
possible as an ultimate solution the creation of 
an essentially sediment-free conveyance chan- 
nel from Hoover Dam to the lowest diversion. 

Yuma Area 

The early attempts at bank protection and 
stabilization works in this basin were intended 
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to counteract the strong meandering tendencies 
of the natural river. Early bank protection 
works by the Bureau in the Yuma area were 
required to protect the Yuma Levee. The levee 
was rarely overtopped, but the massive snow- 
melt floods that occurred each spring often 
changed the channel alinement until the direct 
flow of the river was against the levee. When 
this occurred the levee was undermined and 
collapsed. These conditions led to the use of 
heavy quarry-run rock for riprap to protect the 
levee where it was subject to direct attack by 
the river. Eventually this riprap was extended 
to protect the entire levee. The material was 
not selected as to size but, due to the handling 
problems involved, stone of about one-half cubic 
yards was about the practical maximum size. 

After the completion of Hoover Dan?, no more 
floods occurred and little if any mamtenanee 
work was done on the levee. With the authori- 
zation of Morelos Dam, the Mexican diversion 
structure located in the river below Yuma, the 
flood hazard in this area was restudied. Al- 
though the present flood potential is consider- 
ably less than in the natural river, it was still 
sufficient to require the reconstruction of the 
Yuma Levee. The levee was reconstructed, in 
part, to new grade and alinement to meet cur- 
rent conditions. The levee section was increased 
and heavy riprap placed as indicated. The maxi- 
mum size of the riprap was limited to one-half 
cubic yard and was graded down to not less 
than one-tenth cubic yard. The rock was placed 
by dumping on the shoulder of the levee and 
pushing it over the slope with a bulldozer. 

The design flood used for the levee rehabili- 
tation was not only smaller in magnitude than 
pre-Hoover Dam floods but is also not expected 
to be of as long duration. For this reason, only 
part of the levee was riprapped. Where riprap 
was required by the proximity of the river it 
was placed in blankets either 5 or 10 feet thick 
measured normal to the embankment slope. 
The thicker blanket was used only where the 
alinement of the river threatened to direct the 
full force of current directly against the levee. 

Mohave Valley 

About 1944, the change in regime induced by 
Hoover Dam and Parker Dam resulted in what 
has been referred to in numerous reports and 
publications as the “Needles Situation.” The 
backwater from Havasu Lake behind Parker 
Dam extends into the lower end of Mohave Val- 
ley, an area that appears to have been slowly 
aggrading even under natural conditions. The 
clear water released from Hoover Dam scoured 
large quantities of sediment from the stream- 
bed and deposited this material in the lower end 
of Mohave Valley. The buildup of sediment was 

so rapid that by 1942 the channel was lost and 
the river flowed through a series of sloughs. 
The rise in water surface accompanying this 
aggradation flooded part of the city of Needles, 
Calif., and threatened the main line and yards 
of the Santa Fe Railroad. 

As a permanent solution to this problem, the 
Bureau obtained a dredge, and in 1949 began 
work to reopen a channel from Needles to Top- 
ock. It was realized that to prevent continued 
excessive deposition in this channel the river 
would have to be denied access to the unlimited 
source of sediment in the upper valley. To 
achieve this objective it would be necessary to 
dredge a channel 32 miles in length through the 
valley and protect the banks of the channel 
from erosion. 

The rectified channel was designed to carry 
an average flow of 15,000 c.f.s., and levees were 
provided to contain floodflows varying from 
50,000 c.f.s. at the upper reach to 75,000 c.f.s. at 
the lower reach of the channel. 

Bed stability of the rectified channel could 
not be achieved directly because of the exces- 
sive natural grade through the valley. In the 
design of the channel it was advantageous to 
adopt a sinuous alinement to reduce the gradi- 
ent as much as possible as well as for other 
purposes. By designing to the minimum prac- 
ticable grade and by confining and deepening 
the channel, it was possible to obtain conditions 
under which the bed of the channel can eventu- 
ally adjust to stability without having to move 
excessive amounts of bottom material. 

Because of the emergency conditions at 
Needles, the first concern was to open a free- 
flowing channel through the deposition area. 
As a result the dredge was put to work to open 
a pilot channel just wide enough to capture the 
flow of the river. The river was expected to 
widen this channel by bank erosion until the de- 
sign width was reached. Bank stabilization 
would then be provided as needed to prevent the 
formation of overwide sections. 

Various methods of bank stabilization were 
tried with something less than complete suc- 
cess. One of these early methods that was tried 
was a permeable structure designed to cause 
deposition of the river’s sediments in desired 
areas. These structures were constructed of 
railroad rails jetted into the bed at 3. to 5-foot 
intervals supporting g-inch mesh wire fencing. 
Initially these structures were reasonably sue- 
cessful, because the river was still carrying a 
fairly high sediment concentration. However, 
as the channelization activities began to reduce 
the sediment load of the river, it was found that 
these structures no longer performed satisfac- 
torily. It soon became evident that with the ve- 
locities of 3 to 6 feet per second encountered 
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of Lower Colorado River. 
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along these banks, the sediment concentration 
in the flow had to be about 700 parts per million 
to obtain adequate deposition. When the con- 
centration of sediment dropped to about 300 
parts per million or less, the fence itself actually 
caused some erosion to take place. Jetties 
formed by Kelner-type jacks were also tried, 
but with about the same results. In time, all 
these structures were replaced with rock groins 
or hard points spaced along the erosion areas. 
These hard points have been successful in con- 
trolling the bank erosion but produce a rough 
scalloped bank line that may not in all cases be 
desirable. In addition, such protection does per- 
mit some additional bank cutting, which may 
produce an objectionable amount of sediment 
in some circumstances. 

In later channelization work in the Mohave 
Valley, a different method of bank stabilization 
was used that proved highly succ ssful. Be- 
cause the channel above Needles was to consist 
of a series of curves, each with a radius of 
10,000 feet, and the channel would be dredged 
to nearly full width, it was decided to place rip- 
rap on the concave sides of all bends. This would 
have resulted in stabilized banks amounting to 
about one-half of the total length of bank. 

Several methods of placing riprap were tried 
before the final method was adopted. Because 
the bank material was almost entirely nonco- 
hesive sand and silt that was easily erodible, it 
was possible to place the riprap material on the 
ground in the form of a windrow and let the 
river cut the bank away until the windrow was 
reached (fig. 2). As the river undercut the rip- 
rap windrow, the material began to drop down 

FIGURE 2. - Riprap material on the ground in the form 
of a windrow. 

the cutbank and gradually brought the cutting 
action to a halt. 

Because of the rather large fluctuation of 
flow in this channe!, from about 3,000 to 24,000 
c.f.s., and the erodlbility of the bank material, 
it was found that the plan to riprap only the 
concave bank would not achieve complete sta- 
bility. As a result, it was necessary in practi- 
cally all cases to stabilize both banks. 

In practice, the windrows were built in ad- 
vance of the dredge cut on the desired final bank 
line. The material used for riprap was quarry- 
run stone with a maximum size of one-fourth 
cubic yard and with the fines limited to approxi- 
mately 5 percent. This material was applied at 
the average rate of about 11/s to 2 cubic yards 
per linear foot of bank, depending upon the 
height of the bank. The dredge then opened the 
channel between the windrows to nearly full 
width. The material between the dredge cut 
and the windrow was allowed to erode away 
and the riprap stabilized the channel bank at 
the desired location. The final bank line result- 
ing from this procedure presents a neat appear- 
ance and has good flow characteristics. 

Experience has shown this method of bank 
protection to be quite successful. Several years 
have elapsed since this material was place+, and 
replacement or addition to the original nprap 
has rarely been necessary. It can be expected 
that some future maintenance will be required, 
but judging from past performance this will 
not require the replacement of a large amount 
of rock. 

Palo Verde Valley 

The Bureau of Reclamation has recently be- 
gun a program of bank stabilization between 
the Palo Verde Diversion Dam and Taylors 
Ferry. This division includes about 27 miles of 
river and is part of the degradation reach below 
Parker Dam. The present bed of the channel is 
entrenched from 12 to 14 feet below the pre- 
scour bed. The bed seems to have reached a 
reasonably stable condition. Either degrada- 
tion or aggradation may still occur, depending 
upon flow conditions, but these fluctuations are 
minor and there is no noticeable trend toward 
continued degradation. 

Despite the general stability of the bed, this 
reach continues to produce sediment at the rate 
of about 650,000 tons per year. Since the bed 
shows little average change, it is apparent that 
most of this sediment is produced from bank 
scour. Other observations bear this out, since 
there are at least 65,000 linear feet of bank in 
this division which show visible signs of active 
bank scour. 

Although these banks usually cut away 
rather slowly, only a few feet a year, in one 
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case measurements show that one bank cut back 
300 feet in 1 year. 

In addition to bank erosion, there are other 
channel control problems within this division. 
Alinement is poor in several places with overly 
sharp curves that encourage active bank ero- 
sion. Although the river in the division as a 
whole has degraded, there have developed short 
aggrading reaches in which the channel is over- 
wide and badly braided. Unquestionably the 
problems of misalinement, overwidth channels, 
and braiding could have been corrected more 
advantageously by channelization ; however, 
physical and economic considerations made this 
solution impractical. As a result, the present 
program was devised not only to stabilize ac- 
tively eroding banks but also to improve aline- 
merit and other irregularities as much as 
possible. 

The plans for each section of bank to be sta- 
bilized is developed individually to fit the par- 
ticular circumstances at that point. To date 
one contract has been completed to stabilize 
about 18,000 linear feet of bank. Included are 
three structures, designated C-2, A-l, and A-2, 
that, while not entirely typical, at least illus- 
trate the three main types of stabilization 
structures planned for this division. 

The area selected for the start of this pro- 
gram has the most severe bank erosion in the 
division. The severity of the erosion is caused 
by a series of very sharp bends associated with 
the development of a new meander pattern 
growing from a cutoff of an older meander. 
These bends have radii of only 2!500 to 3,500 
feet, whereas, experience on this river indicates 
that for reasonable stability, bends should have 
radii in excess of 5,000 feet. 

In view of the excessive curvature of these 
banks, a rather high rate of application of rip- 
rap was selected. The structure designated G2 
is on the California side of the river on the bend 
where 300 feet of bank cutting was measured in 
1 year. The bend has a radius of approximately 
2,500 feet. It was decided to stabilize this bend 
at its present location. The bank was trimmed 
to a slope of about 11/ to 1, corresponding to the 
observed bank angle common to this area. Dur- 
ing the trimming process, minor points and ir- 
regularities were also smoothed but otherwise 
the bank alinement was not changed. Since 
the bank material is “sugar sand,” a fine cohe- 
sionless sand and silt, a l-foot blanket of pit-run 
gravel was placed on the bank as bedding for 
the riprap. The gravel -natural “wash gravel 
-was not graded but was limited to 4.inch 
maximum size. Finally, quarry-run stone was 
placed on the bank at the rate of 5 cubic yards 
per linear foot. Specifications limited the maxi- 
mum size of the riprap to one-fourth cubic yard, 

and rock spalls or gravel inclusions were not to 
appreciably exceed the amount required to fill 
the voids. Both the gravel bedding and riprap 
were placed by dumping at the edge of the bank 
and pushing the material over with a bulldozer. 

In the case of structure A-l, it was decided 
that erosion should not be completely stopped. 
The bend in this area was such that it appeared 
advisable to allow erosion to continue for a 
time to obtain a better shaped bank line. A 
desirable alinement was selected, and, where the 
present bank coincides with this alinement, the 
bank was treated similarly to that in structure 
C-l. Where the final bank line will be back of 
the natural bank, the riprap material was placed 
in a windrow along the desired bank line. Since 
the bank is higher and the curvature greater 
than the banks in Mohave Valley, the amount 
of rock in the windrow was increased to 4 cubic 
yards per linear foot. In a way, this type of 
structure defeats the avowed purpose of sedi- 
ment abatement in this division. For this rea- 
son, such a procedure would only be used when 
the long-range benefits of improved alinement 
seem to be worth the temporary disadvantage 
of a limited amount of continued sediment 
production. 

Structure A-2 represents a different method 
of achieving both bank stabilization and im- 
proved alinement (fig. 3). This bank combined 

FIGURE 3.-EmbanLcment for bank protection and 
alinement. 

a sharp bend, radius about 3,500 feet, with an 
even sharper hook at the lower end. Inciden- 
tally, this is a form of bank development that is 
fairly common in this part of the river. The 
corrective action that was adopted in this case 
was to build a new bank in the river itself. The 
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entire structure was designed to ease the curva- 
ture of the bend as much as practicable and to 
close off most of the downstream hook. The part 
of the design structure that coincided with the 
existing bank was treated in the same manner 
as the other bank structures. The new bank or 
training structure was constructed of unclassi- 
fied gravel material to a top width of 20 feet. 
Although levee-shaped, these structures are not 
intended to act as levees and are built only to an 
elevation that will give a reasonable freeboard 
at a flow equal to the normal maximum release 
through the Parker powerplant. The river side 
of the structure was riprapped in the same 
manner as the regular banks. 

As yet, these structures have not been in 
place long enough to judge their performance. 
Certainly in time there will be some shifting of 
the riprap material particularly if as expected 
the channel deepens adjacent to the structure 
and undercuts the toe of the riprap (fig. 4). 

FIGURE 4. - Riprap being placed by bulldozer. 

Future plans in this division call for several 
thousand feet more of bank stabilization. The 
planned structures will generally follow the 
similar procedures of using riprap on the bank, 
through the use of training structures, and 
more rarely, windrows to achieve some measure 
of improvement in alinement. Since the initial 
structures were placed on extreme bends, the 
riprap on these structures are greater in thick- 
ness than will be required on later structures. 
The height of the banks in this area caused by 
the general degradation of the channel will re- 
quire somewhat more riprap than was used in 
the Mohave Valley, and it is expected that the 
minimum application in Palo Verde will be 21/s 
to 3 cubic yards per linear foot. 

Future Work 
The pressing need to conserve as much as pos- 

sible the available water in the Lower Colorado 
River Basin requires the continued improve- 
ment of the conveyance characteristics and the 
reduction of the sediment load in the river. 
Channelization has been authorized in the Ci- 
bola Valley but has been delayed, pending the 
settlement of the Arizona-California State 
boundary. Studies are presently being made for 
requirements of channel corrective work in the 
Parker valley and below Imperial Dam. Bank 
stabilization will be an important feature of the 
channelization work in all of these areas because 
of the nature of the alluvium that forms the bed 
and banks of the stream. 

In Cibola Valley (between Taylors Ferry and 
Adobe Ruin), the channelization will consist of 
dredging a new channel about 16 miles in 
length. The new channel encompasses a fairly 
stable reach of the river in which there is a 
transition from degrading tendencies at the 
upper end to aggrading tendencies at the lower 
end. Despite the general stability of the bed, it 
will be necessary to protect the banks of the 
new channel to prevent enlargement of the 
channel width. The stabilization will be ac- 
complished in a manner similar to that used in 
the Mohave Valley, except that in this case it is 
undesirable to permit as much bank material to 
erode away before the riprap is launched. Con- 
sequently, the channel will be dredged to as 
near completed width as possible; perhaps even 
to the extent of partially launching the rock. 

Continued activities in the Palo Verde area 
will extend bank protection to more of the active 
sediment-contributing banks in this area. Al- 
though this work will in general follow the pro- 
cedures presently in use, the requirement for 
improving river alinement where possible will no 
doubt require some revisions and additions. 

Conclusions 
During the long period in which the Bureau 

of Reclamation has been engaged in bank and 
channel stabilization activities on the Lower 
Colorado River, many methods of stabilization 
have been tried with varying degrees of success. 
From this experience the most effective type of 
bank protection for the conditions encountered 
on this river has been determined to be quarry- 
run rock riprap. This material is especially 
suited to the stabilization of new banks created 
by channelization and raw banks caused by bank 
erosion. 

New and economical procedures have been 
developed for placing this type of riprap, which 
results in neat appearance and low maintenance 
of the bank line. However, the use of these 
methods, particularly the use of windrows, re- 
quire that the bank material be noncohesive and 
readily erodible in order to launch the riprap 
prop,erly. 
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DESIGN OF STABLE CHANNELS IN ERODIBLE MATERIALS 
[Paper No. 431 

By PAUL D. DOUBT, head, Design Section, Engineering Division, Soil Conservation Service 

The methods of permissible velocities, re- 
gime theory, and tractive force theory have 
been applied with various degrees of intensity 
for the design and maintenance of stable chan- 
nels. The first two methods are empirical while 
the tractive force theory is analytical. Some 
empiricism has been used in the application of 
the tractive force theory that has unfortunately 
led to the questioning of the validity of this 
theory. This paper is given with the hope that 
it will clarify the logical application of these 
hydraulic principles and reduce the empiricism 
used in applying the tractive force theory, by 
th;$zussion of three premises : 

, the tractive force theory is logically 
a dynamic theory ; 

Second, the water surface profile must be 
computed to evaluate the tractive 
for&s ; 

Third, the tractive force depends on the ac- 
tual depth of flow and on the rough- 
ness coefficient of the earth materials 
in the wetted perimeter. 

The design of an earth channel consists of the 
following three facets: (1) capacity, (2) sta- 
bility, (3) economical proportions of the chan- 
nel and its associated structures. 

Hydrological or delivery studies determine 
the maximum discharge for a channel. This 
maximum discharge is the design discharge 
used for determining the size of the channel. A 
:hannel is first designed for size to satisfy the 
:apacity requirement. The second phase of de- 
sign checks the channel for stability and, if 
wcessary, alters the design. The choice of the 
xonomical proportions for the channel and its 
tssociated structures is coupled with the de- 
signs for capacity and stability. Thus, the de- 
dgn of a stabilized channel often reqmres trial 
solutions. 

In this presentation only the facet of stability 
lesign is considered. A channel is considered 
{table if, for all discharges equal to or less than 
:he design discharge along with their associ- 
lted sediment loads, the channel banks will not 
!rode or silt and its beds will not degrade or ag- 
:rade beyond the designed limits. 

Channels are classified into two major groups 
according to the functions for which they are 
lesigned. The procedure for determining the 
,tability in both groups is the same. 

One of these major groups consists of chan- 
gels designed to convey only clear water. The 
ssumption that there is no aggradation of 
hannel bed or sides is used in the design of this 

group of channels. Thus, no encroachment on 
channel capacity occurs. The channel is de- 
signed to prevent degradation of channel bed 
and sides. 

The other group of channels is designed to 
convey clear water and to convey the sediment- 
water complex. These channels are designed to 
meet their capacity requirements for the maxi- 
mum aggraded condition. They are designed to 
meet their stability requirements for the condi- 
tions of maximum degradation and clear water 
flow. These channels usually require stabilizing 
structures. 

Understanding the ways that a grain of sedi- 
ment is transported facilitates the establishment 
of the various laws of sediment movement. 
Sediment is transported by water in three 
ways. One of these ways is the combination of 
the other two. The behavior of a particle of 
sediment can be observed in a model flume hav- 
ing a noncohesive sand and gravel bed. As the 
velocity of flow increases from zero, the pebble 
or grain begins to vibrate or oscillate in its rest 
position. Transportation of a particle takes 
place in the following sequence : 

1. Increasing the velocity of the water causes 
the pebble to be dragged or rolled from its 
rest position along the bed in traction. 

2. A greater velocity causes the grain to 
jump or skip along the bed. It is called 
movement in saltation. 

3. A still greater velocity causes the grain to 
be carried in suspension. 

The particles carried in saltation are trans- 
ported alternately in traction and suspension. 

The sediment load is often divided into two 
groups according to the way sediment is trans- 
ported past a section. 

1. The bedload is the rate of sediment trans- 
portation by traction. 

2. The swpended load is the rate of sediment 
transportation by suspension. 

Since it is difficult to measure the rate of the 
sediment transportation by saltation, such sedi- 
ment is included in either suspended load or 
bedload. 

The ratio of bedload to suspended load varies 
widelv at different locations and for different 
stages. The bedload is usually a small percent- 
age of the sediment load, but it is as important 
as the suspended load. It is the bedload that is 
chiefly deposited in shoals and on the beds of 
deltas and alluvial fans at the mouths of rivers. 

Tractive force is the force created by the 
movement of the water over the wetted perim- 
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eter of the channel and causes sediment move- 
ment in traction. It acts in the direction of 
flow. This force acts over the area of the earth- 
water interface rather than on the individual 
particles. 

An upward force component created by the 
motion of a complex current causes transport 
in suspension. 

The design of a stable channel requires the 
determination of the location of the en&&ire 
sections for each kind of material in which the 
evaluation is made of (1) the maximum actual 
tractive force for the bed and the sides; and (2) 
allowable tractive force for each kind of ma- 
terial in the bed and the sides. 

The location of evaluative sections for each 
kind of materials according to their physical 
properties is determined from the water sur- 
face profile. The determination of the location 
and definition of evaluative sections will be dis- 
cussed later. 

The value of the allowable tractive force 
(safety factor = 1) is the maximum tractive 
force that the materials can safely withstand be- 
fore erosion occurs. In designs the safety factor 
should be greater than 1. 

Determination of Tractive Forces 
The hypotheses that sediment movement of 

sands and gravels in traction is caused by the 
frictional forces at the boundary is well sub- 
stantiated by experimentation and observations. 

Manning’s roughness-coefficient m is used to 
evaluate the frictional force of the earth ma- 
terial in the wetted perimeter of the channel. 
The relation suggested by Lane 1 is 

where & = the size (inches) of the earth ma- 
terials in the wetted perimeter of which ‘75 per- 
cent (by weight) is smaller. 

Manning’s roughness-coefficient 1zt must not 
be confused with Manning’s coefficient n. The 
coefficient 11. is used to evaluate energy losses 
caused by friction, bends, vegetation, and ed- 
dies in a channel conveying water. It is used to 
determine the water surface profile and is never 
less than Manning’s roughness-coefficient 1~~. 

The evaluation of the total tractive force a& 
ing on the peripheral materials of the channel 
is a dynamic problem and not a static problem. 
Thus, tractive force is evaluated by determin- 
ing the frictional force that is caused by rough- 
ness of the earth materials in the wetted perim- 
eter and that produces the energy loss at the 
earth-water interface. The energy loss at the 
interface is easily evaluated, since the rate of 

1 LANE, EMORY W. DESIGN OF STABLE CHARNELS. 
Amer. See. Civil Engin. Trans. 120. 1955. 

energy loss caused by the earth materials in the 
wetted perimeter is known to be 

where 

WA2 Q’ 
s*=( 1.486) 2 a* F’S (2) 

st=rate of energy loss at the interface of the 
earth material and the flowing body of 
water, foot-pounds per pound of water 
per foot length of channel ; 

Q=actual discharge, cubic feet per second ; 
a=actual flow area, square feet ; 
r=actual hydraulic radius, feet; 

nt=Manning’s roughness-coefficient for the 
earth material in the wetted perimeter. 

The weight of the body of water that flows 
past a section in the time interval t is ym Q t 
pounds where YuJ = 62.4 = unit weight of water, 
pounds per cubic foot. 

t=time interval, seconds. 
The total work done W is the energy loss at 

the interface. It is the product of st and the 
weight of the body of water, or 

W=st ym Q t (3) 
where W= work done, foot-pounds per foot 
length of channel. 

The total frictional force F that produces this 
energy loss is obtained from the relation 

W=FD=F$t (4) 
where F=the total frictional force, pounds per 
foot length of channel. 

D=z &the distance the body of water is 
moved in the time t, i.e., the dis- 
tance the force F acts,,feet. 

Equate equations 3 and 4 and obtam 
Q FTt=8tY,oQt 01 

F -,w.sa (5) 
The average unit frictional force on the 

wetted perimeter is obtained by dividing the 
total frictional force by the wetted perimeter p or 

f=yu? St T (6) 
The unit frictional forces vary in magnitude 

along the’ wetted perimeter (fig. 1). They are 
equal to the unit tractive forces but are oppo- 
sitely directed. 

Lo.97 h d at 

FIGURE 1. -Distribution of actual tracthe forces in a 
trapezoidal channel. 
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The maximum tractive force in a trapezoidal 
section is generally obtained by relating it to 
the tract& force of an infinitely wide channel. 
Certain assumptions along with the relation 
given in equation 6 are used to obtain the trac- 
tive force of an infinitely wide channel. 

To evaluate tractive forces in an infinitely 
wide channel of homogeneous earth material, 
assumptions are made that all energy losses 
(1) occur on the bed, and (2) are distributed 
uniformly over its bed. 

The first assumption is reasonable for sub- 
critical flow. The second assumption is appli- 
cable because the bed of an infinitely wide ehan- 
nel has a uniform distribution of tractive forces. 
The unit discharge o in an infinitely wide chan- 
nel has a cross sectional flow area equal to the 
depth of flow d. Equation 6 becomes 

f=Tm=yu,dst (7) 
where 

T,-tractive force on the bed of an infinitely 
wide channel, pounds per square foot ; 

d=actual depth of flow, feet; 
si=rate of friction loss resulting from flow 

over the bed materials. 
The relations of the maximum actual trac- 

tive force on the bed and sides of a trapezoidal 
section to the tractive force on the bed of an 
infinitely wide section are based on experi- 
mental data and analysis.2 

The maximum actual tractive force is the 
maximum tractive force for the evaluative sec- 
tion. The locations of evaluative sections are 
determined for each earth material in the chan- 
nel bed and sides. For prismatic channels, the 
evaluative section is the section having the 
smallest depth of flow. This occurs at the far- 
thest downstream section in a reach of ae- 
celerated flows and the farthest upstream sec- 
tion in a reach of retarded flow. In general, the 
evaluative section is that section having the 

d largest value of KZ a=(l.4*~&?-‘“~ 
The location of the evaluative section de- 

pends on the hydraulic characteristics of the 
channel and water surface profile computations 
are required. 

The parameter d is evaluated by water sur- 
face profile determinations. This value is ob- 
tained by use of Manning’s coefficient n, which 
is frequently greater than Manning’s roughness- 

2 BUREAU OF RECLAMATION. PROGRESS REPORT ON RE- 
SULTS OF STUDIES ON DESIGN OF STABLE CHANNELS. Hy- 
~oax,l. Lab. Rpt. IXYD-352, 36 pp., illus. 1952. Denver, 

3 See footnote 1. 
4 NECE, R. E., GIVLER, C. A., and DRINKER, P. A. 

MEASUREMENT OF BOUNDARY SHEAR STRESS IN AN OPEN 
OHANNEL CURVE WITH A SURFACE PITOT TUBE. Mass. Inst.. 
Technol. Tech. Note 6. 1959. 

coefficient nt corresponding to the earth ma- 
terials in the wetted perimeter of the channel. 

The evaluation of st at a section in a reach is 
a2 Q’ 

s'=(1.486)2aZ?-+'3 
The relation of the maximum actual traetive 

force in natural channels to infinitely wide chan- 
nel can often be estimated by approximating the 
actual section with a trapezoidal section. 

The actual depth of flow d and the value of st 
associated with the natural channel are used to 
determine the traetive force T, in the cor- 
responding infinitely wide channel 

T,=yw d st (7) 
Values of maximum tractive forces for chan- 

nels with curves are based on judgment coupled 
with very limited experimental data3 4 Channel 
curves cause the maximum tractive force to in- 
crease. The maximum tractive forces, in a 
channel with a single curve, occur on the inside 
bank at the upstream end of the curve and near 
the outer bank downstream from the curve. 
Compound curves further increase the maxi- 
mum traetive forces. 

Allowable Tractive Force Tab 
For noncohesive materials z of gradation &, 

T,t,=O.4 L&j. . ..a.25 S D,j 5 5.0 (8) 
The allowable tractive force for channel 

sides T, is less than that of the same materials 
in the bed of the channel, because the gravity 
force aids the tractive force in moving the ma- 
terials. The allowable tractive force for ehan- 
nel sides composed of noncohesive granular ma- 
terials,* on considering the effect of the side 
slope z and the angle of repose with the hori- 
zontal *R, is 

T-=0.4 K D,, . . . . 0.25 5 D,, 5 5.0 
where 

K=JF (9) 

Thus, the ratio of TAT,* is K. 
When the unit weight y. of the constituents of 
the material having a grain size larger than DiE 
is significantly different from 160 Ib./ft3, the 
allowable tractive forces Tab and T,,, are to be 
multiplied by the factor r 

~JL2!!Iz!x 
97.6 (10) 

where y.=unit weight of the constituents of 
material with a grain size greater than D,,, 
lb./ft.$ 

ym=62.4=unit weight of water, 
pounds per cubic foot. 

The evaluation of allowable tractive forces 
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for cohesive 5 6 materials has not been as suc- 
cessful as the evaluation of the allowable trac- 
tive forces for sands and gravels. There is some 
doubt regarding the parameters required to de- 
fine the allowable tractive force of cohesive 
soils. If the tractive force principle is appli- 
cable, it appears that the plasticity index, void 
ratio, percent clay, along with other possible 
parameters, may enter into the relation. The 
time required for degradation of highly plastic 

5 DUNN, I. S. ,~.ACTIVE RESISTANCE 0~ COKESIVE CHIN- 
y;. Jour. So11 Mech. and Foundatmns Paper 2062. 

6 SMERDON, E. T., and BEASLEY, R. P. GRITIG~ TRAG 
TIVE FORCES IN COHESWE SOILS. Agr. Engin. 42, 1961. 
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soils is indeterminable, because of the scarcity 
of reliable information. 

Existing natural channels show that, as the 
plasticity index for materials in the channel 
sides is increased, the allowable steepness of 
channel sides is increased, provided the channel 
bed is not degrading. 

The allowable tractive force for soils within 
the range of plasticity index I, < 10.0 and D,, 
< 0.25 are difficult to determine. Materials of 
this region are extremely vulnerable to erosive 
forces. Channel banks or beds composed of this 
type of materials will usually require protec- 
tion. Their design without revetment, lining, or 
structures is generally impossible. 

CRITERIA AND METHODS FOR USE OF CHECK DAMS IN 
STABILIZING CHANNEL BANKS AND BEDS 

[Paper No. 441 
By W. R. FERRELL and W. R. BAR% engineers, Los Angeles County Flood Control DisCrict 

Introduction 
Erosion of our mountain masses is a vary 

slow process and goes on practically unnoticed 
in many parts of the United States. However, in 
regions where there is a high demand for new 
lands suitable for development a,nd other use by 
man, the process becomes of prime concern. The 
importance of stream erosion is amplified by the 
fact that the areas most directly affected, such 
as the alluvial fans at canyon mouths, provide 
not only the room for expansion but also actu- 
ally are considered as premium building sites. 

Although the effects of mountain erosion are 
now becoming of greater concern in this coun- 
try, particularly in southern California, such 
erosion has been recognized and dealt with in 
the Alpine regions of Europe for centuries. In 
Europe, many applications of channel stabiliza- 
tion principles were developed and placed into 
practice with strong reliance on hand labor and 
the use of on-site materials. In 1954 the Los 
Angeles County Flood Control District and the 
U.S. Forest Service in Los Angeles County un- 
dertook what probably was the most concerted 
effort ever made in this country to determine 
the most effective and efficient means of reduc- 
ing mountain channel erosion, using modern 
materials and techniques. A comprehensive 
report of the findings of this study, which in- 
cluded a review of preceding practices in Europe 
and the United States, was published by the 
Flood Control District in 1959 under the title 
“Report on Debris Reduction Studies for Moun- 
tain Watersheds.” This study was greatly fa- 
cilitated by research work conducted in this area 
by the U.S. Forest Service in the 1940’s under 
the Los Angeles River Watershed “Memoran- 

dum of Understanding.” The plan set forth in 
the report provides for a $20,000,000 stabiliza- 
tion program that is currently under way. As 
the work progresses, the design and construc- 
tion techniques established in the report are 
continually updated as experience dictates. 

Evidence of Need for Stabilization 
In various parts of the United States the need 

for bank and bed stabilization may vary, de- 
pending upon physiography, land use, and eco- 
nomic justification. In the semiarid Southwest, 
and especially the coastal plains and valleys of 
southern California, alluvial fans below the 
canyon mouths have aggraded for centuries, fed 
by sheet erosion and channel downcutting with 
its accompanying bank sloughing within the 
mountains. The complete occupancy of these 
fans below the smaller frontal canyons has 
necessitated a comprehensive system of debris 
dams, debris basins, and lined channels to desilt 
mountain streams and convey the desilted flows 
to spreading basins or to the ocean. 

Trapping silt and debris in the basin is only 
part of the job. These erosion products must 
then be removed and disposed of, and along with 
the excavation and hauling costs comes the 
problem and expense of locating and purchasing 
disposal sites. The latter must also be located 
near the canyon mouths to reduce haul dis- 
tances. 

In the larger canyons, reservoirs built and 
maintained for the purpose of flood protection 
and water conservation become silted to the 
point where storage necessary for flood regula- 
tion or worthwhile conservation activities be- 
comes inadequate. Desilting is an expensive and 



frustrating operation that involves sluicing and these natural features ; these are (1) the entire 
subsequent removal from downstream works or channel reach being considered must be stabil- 
mechanical excavation and disposal similar to ized, either by existing natural conditions such 
that of a debris basin. It can readily be seen as exposed bedrock, natural dams, etc., or by 
that competition for available land in the foot- 
hill zone is entered into by both public agencies 

the stabilization system proposed ; and (2) the 
structures should be so located that the spillway 

and private citizens. height above natural streambed does not exceed 
Primarily as a .result of a medium-sized 17 feet nor is less than 10 feet. This rule is 

storm in the 1961-62 storm season! the Los An- based on economic considerations of structure 
geles County Flood Control District excavated design, as will be discussed later. The impor- 
1,235,600 cubic yards of debris from its debris tance of keeping the proper balance between site 
basins at a cost of $1,044,600, or about $0.85 conditions, continuous stabilization, and desir- 
per yard, which does not include various extras able structure height cannot be overemphasized. 
such as disposal site costs. In actuality the total The distance upstream that stabilization can 
costs are currently running close to $1.50 per economically be justified must be estimated for 
yard. The great increase in cost is manifest the initial layout. In southern California it has 
when compared to the 1938 cost of $0.33 per been found that this economic limit is reached 
yard. Figure 1 shows Puddingstone diversion when the channel gradient approaches 20 per- 
dam before and after 328,000 cubic yards of cent; however, in special cases a 25 percent 
debris had been removed. During the same limit may be permissible. Other considerations 
storm the storage loss in 11 of the District’s may modify the termination point, such as ac- 
major flood-regulating and water conservation eess road costs. 
reservoirs was computed to be 1,720 acre-feet The definition of a stabilized reach as used 
(2768,500 cubic yards). These figures would above is that state of channel regime at which 
be increased manyfold for a capital storm. The all downcutting is halted and bank erosion is 
need for stabilization to reduce erosion in reduced to an absolute minimum. To accom- 
southern California,, therefore, is based primar- 
ily on economic considerations. 

plish this requires that the successive stabiliza- 
tion structures be so placed that the debris im- 

Design of Stabilization System 
pounded by one will create an artificial gradient 
that terminates at the toe of the next structure 

Through experience and experimentation a upstream (fig. 2). This gradient has been 
procedure has been developed that reduces to a found to be approximately 0.7 of the natural 
minimum the time required to prepare plans gradient and is the figure used for design and 
for a stabilization system. The planning con- layout purposes. Figure 2 is a cutaway sketch 
sists of three basic phases: field engineering, showing this stabilized condition. 
office engineering, and economic analysis. The 
field engineering phase is very important in the 

Experience has shown that accurate topo- 

development of a stabilization system because 
graphic maps with a 2-foot contour interval, 

every effort must be made to utilize desirable 
including all terrain lying within 30 feet ver- 

features provided by nature. The engineer. is 
tically of the channel bottom, are highly desir- 

guided by two basic rules in the utilization of 
able for use in connection with the field layout, 
and a precise profile along the streamline itself 
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FIGURE 1. - Puddingstone diversion dam after 196142 storm season (A) and after debris was removed (B) . 
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FIGURE 2. -Cutaway view of channel stabilization system. 

is necessary. The use of topographic maps based 
on aerial photographs as aids in planning has 
shown poor results, especially where vegetation 
covers the canyon bottom at the time of the 
photograph. Small falls of 5 to 15 feet in 
height, critical in the design of a channel sta- 
bilization system, are usually unaccounted for 
in this process. After tentative field location of 
all structures has been completed on the basis 
of the foregoing, the office engineering phase 
commences. Accurate topographic maps enable 
the office engineer to locate the best site for the 
structures, to establish required rights of way, 
and to determine project benefits. 

A detailed study of various types of construc- 
tion materials that have been used extensively 
for stabilization structures, and some new ones 
yet untried, was made as a part of the previ- 
ously mentioned comprehensive study published 
in 1959. On the basis of cost, required height, 
ease of construction! availability of backfill ma- 
terial! access possibilities, and maintenance, 
certain types of construction materials were 
found to be particularly well suited for specific 
situations. The materials, in order of general 
preference, are concrete crib, metal bin, rubble 
masonry, and such miscellaneous materials as 
corrugated metal arch, timber crib, and soil 
cement. Study of the site, access, and size of 

watershed will usually indicate the need for a 
structure of either concrete crib or metal bin 
(fig. 3). Concrete crib is used at all locations 
where access is not a prime consideration, as it 
offers several additional and desirable features 
in the form of structural stability, longevity, 
and construction flexibility. The metal bin type 
is often used in regions where access is difficult 
and expensive, and airborne operations are 
indicated. 

Important features in the design of concrete 
crib structures include the basic concept of a 
stable, yet most economical unit possible for a 
given height of structure and design depth of 
flow over the spillway. To insure safety against 
the most common cause of check dam failure 
that occurred in the past, namely, undercutting 
at the toe and abutments, all foundations not on 
bedrock are designed as continuous reinforced 
concrete spread footings. A cutoff wall is pro- 
vided at the downstream edge to protect against 
undercutting and to eliminate foundation piping 
by insuring a hydraulic gradient of less than 
unity at all points under the structure. 

Additional safety against erosion at the toe 
from the pounding of desilted flows passing over 
the spillway is provided in the form of a trans- 
verse sill placed downstream at a distance equal 
to the spillway height plus 5 feet, with the in- 
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FIOURE 3. -Typical stabilization structures: Left, eoncrete crib; and right, metal bin. 

terspace filled with boulders. These sills become 
largely inoperative once the debris cone from 
the structure downstream reaches design eleva- 
tion. Spillways are gunited to provide a tough 
wearing-surface against the abrasive action of 
sand and gravel, and a gun&d low-flow chute is 
provided down the face of the structure. The 
abutments are stepped as the canyon sidewalls 
permit, based on the module of the cribbing (6 
feet). Economic analysis of various structure 
sizes has indicated that the structure height 
should not be less than 10 feet from streambed 
to spillway, or foundation costs will comprise 
too great a part of the total. The maximum 
height is generally limited at 1’7 feet by the al- 
lowable bearing value of concrete at the “column 
points” formed by the intersection of crib mem- 
bers where structure loads are transmitted to 
the foundation. For higher structures these 
“column point” areas must be increased by the 
use of double crib members or by special over- 
sized members. This has been found too costly 
with respect to additional benefits, except in 
special cases. Figure 4 shows a typical concrete 
crib structure. 

The use of metal bins for stabilization struc- 
tures has involved the same careful approach, 
but with extra precautions taken to insure slid- 
ing stability (fig. 5). This is necessary, because 
metal bin structures are placed at existing 
streambed grade with no possibility of keying 
action such as is provided by the cutoff wall in 
the case of the concrete crib. The metal bin 
type construction is not subject to a rigorous 
analysis. Therefore, to solve unanswered de- 
sign questions, a special test structure packed 
with pressure gages, piezometers; and strain 
gages was constructed at a typical canyon. site 
in cooperation with the Metal Products Division 
of Armeo Steel Corp. The structure was loaded 
to the theoretical point of failure and observa- 
tions of settlement, horizontal movement, and 
structure stress and strain were made during 

the loading program. This research has pro- 
vided assurance that the design criteria devel- 
oped for metal bin dams will provide the utmost 
in economy but with no sacrifice in stability. 

If the particular area to be stabilized is within 
a very small headwater area or a small tributary 
branch to a main channel, such materials as soil 
cement, timber crib, or corrugated metal arch 
may be found desirable. Each reach of channel 
requires analysis in all respects, with the ap- 
propriate choice of structure type based on the 
above criteria. Design manuals, which include 
nomographs and charts, have been developed to 
facilitate a full design of each structure. (See 
fig. 6 for an illustration of rapid design proce- 
dure.) After the design is completed, the cus- 
tomary computation of volumes and quantities 
of materials is made, followed by the cost esti- 
mate. Added at this time must be the cost of 
delivering materials to the site, namely, the 
provision of access, the cost of which must be 
distributed appropriately over the structures 
served. In many watersheds the presence of 
high falls, narrow canyon passages, or long 
reaches of stable channel will necessitate a 
change from concrete crib construction, where 
access roads are used for delivery of equipment 
and materials, to metal bin structures which 
utilize helicopters for this purpose. Taken into 
account must be the cost of building access roads 
as opposed to that of airlifting materials to the 
site. Also, hillside road construction can some- 
times create more erosion products than are 
eliminated by the planned stabilization system. 

Right-of-way acquisition is left for considera- 
tion at this time because of the several factors 
that affect the boundaries of lands required. It 
has been this flood control district’s experience 
that property owners often are willing to coop- 
erate after they realize that the stabilization of 
channels through their lands will work to their 
advantage and access roads will in many cases 
be open to them. Easements for construction 
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FIGURE 4.-Cmbination photograph and cutaway drawing of a concrete crib structure designed for the Cooks 
Canyon project. 
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and operation and maintenance of structures 
within their lands are often obtained at little or 
no cost. However, since some expenditures are 
likely to be incurred in connection with right-of- 
way, this item must be considered in the total 
cost estimate. The topographic map of the 
channel bottom area discussed previously is 
used to define the limits of right-of-way needed. 
The general criterion is to acquire easements or 
fee title if necessary for the channel bottom and 
the side slopes to a distance of 5 feet above the 
computed high-water line. In some cases rightr 
of-way must also be obtained for access roads. 

The final step in the design phase is the eeo- 
nomic analysis. An evaluation of the benefits 
realized from the installation of a stabilization 
system are needed for a determination of the 
benefit-cost ratio. All benefits are not readily 
apparent, and experience has shown that fur- 
ther research is necessary (and is being con- 
ducted) to provide the parameters necessary 
for their conversion to dollar values. Those 
benefits that can be converted are: 

(1) The value of the new debris storage ca- 
pacity available above existing streambed be- 
hind each of the structures of the system. The 
debris that will be impounded results mainly 
from sheet erosion and small side canyon flush- 
ing, since channel downcutting and its associ- 
ated bank sloughing will have been halted. 

(2) The net reduction in erosion from the 
watershed. This is the long-time reduction that 
is achieved by virtue of the halting of channel 
downcutting and associated bank erosion. This 
benefit has been very difficult to evaluate, be- 
cause a progressive reaction takes place oppo- 
site to the process of accelerated erosion; that 
is, as the channel bottom stabilizes and ag- 
grades, the side-slope scars are able to stabilize 
at the toe, thus allowing native vegetation to 
reestablish and eventually heal the scar area 
completely. 

(3) The value of water conservation. Water 
is conserved as a result of the recurrent filling 
during storms of the voids within the porous 
debris deposits behind each structnre and their 
subsequent draining during dry periods. This 
amounts to a considerable volume of temporary 
storage for water that otherwise might tax 
downstream conservation facilities during storm 
periods and thus be lost for conservation use. 
Studies have shown the voids available for this 
temporary storing of water will average around 
35 percent of the total volume. 

The monetary value of the benefits accruing 
is ascertained on the basis of (1) unit costs to 
remove debris from downstream facilities in 
order that they remain operable; and (2) the 
cost to the district of purchasing water from 
outside sources for ground water replenish- 

ment. The present figures being used for debris 
removal and purchased water are $1.50 per cubic 
yard and $14.00 per acre-foot, respectively. 

Among the intangible benefits for which no 
attempt has been made to arrive at a monetary 
value are (1) the promotion of vegetation on 
the stabilized bank slopes that can take place 
once the halting of side-slope sloughing has 
been accomplished; and (2) the change in shape 
and character of the channel bottom, which, as 
the V-shaped canyons aggrade and become U- 
shaped, give vegetation an opportunity to estab- 
lish itself in the channel bottom area. These 
benefits provide areas for recreational use high 
in esthetic value. 

Once the monetary value of the benefits has 
been established, the ratio of benefits to cost is 
determined on the present worth basis, capital- 
ized over a 50.year period. Fifty years is con- 
sidered to be a conservative period in view of 
the ruggedness of the materials used. However, 
experience has proved that an annual mainte- 
nance cost will be incurred and therefore must be 
included in the benefit-cost analysis. A benefit 
to cost ratio of one or greater is normally con- 
sidered justification for proceeding with the 
project. This position is reinforced by the above- 
discussed intangible benefits that help meet the 
expanding need for new recreation areas and 
the protection of existing facilities. 

Construction Procedure 
In order to make maximum use of both labor 

and equipment, the construction of stabilization 
structures must be organized on an assembly 
line basis. While the structure at one end of, a 
system is in the cleanup stage, site clearing is 
under way further along the line of progress, 
and structures in between will be in inter- 
mediate stages such as foundation-excavation, 
foE,ndation-pouring, crib member placement, 

Routing over access roads and selection of 
staging areas should be carefully planned to 
limit traffic interference with construction. 
This is especially important since the roads are 
generally one lane wide, and may often pass 
over the abutments of partially completed 
structures. 

Experience has shown that the costs of ob- 
taining complete foundation analyses, although 
required if final structure design drawings are 
prepared prior to construction, are high and 
unnecessary. Every effort should be made to 
work with nature, and this is particularly true 
at this point where much excavation can be 
saved by timely decisions in the field during 
construction as to foundation depth and step- 
ping, with subsequent savings all along the line. 
To provide this flexibility, it is desirable the,+ 9 
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well-qualified project engineer be on the job, 
empowered to make such revisions as field con- 
ditions indicate. 

Once a site has been located on the ground, a 
system of wires, set across the canyon by a sur- 
vey crew to mark the positions of the toe and 
heel of the dam, will greatly facilitate construc- 
tion. Plumb bobs, marking abutment breaks, 
the spillway, or other special features, are sus- 
pended from these lines, permitting rapid 
checks during excavation and initial construc- 
tion. Vertical control is established by tempo- 
rary bench marks with elevation checks as 
required. 

Equipment should be carefully chosen with 
respect to the type of structure to be built. 
When the concrete crib construction is utilized, 
D-8 or D-9 dozers,. often augmented by explo- 
sives for site clearmg and foundation excava- 
Con, are frequently needed. A backhoe is nor- 
mally used for cutoff walls and minor abutment 
excavations, whereas a crane of l/2- or s/-yard 
capacity is necessary for handling heavy crib 
members and placing concrete. 

To conserve labor, forms only for the founda- 
tion are specified for most concrete pours, and 
screeding is done with a specially constructed 
aluminum rail fitted with handles. Reinforcing 
steel is bent in prescribed fashion at a staging 
area before transport to the site. 

Fill material for concrete crib structures is 
specified as clean rock in the downstream bays 
only, and pit-run material from the channel bot- 

tom is used for upstream bays. This procedure 
is used to reduce settlement and leaching from 
the downstream bays and also to reduce the 
total quantity of clean rock required. However, 
in some canyons the volume of rock needed will, 
still make quarrying necessary, which greatly 
increases costs and should be kept to a mini- 
mum. Figure 7 shows typical construction de- 
tails, and figure 8 shows three views of con- 
struction progress on a typical structure. 

Metal bin structures, due to their use in less 
accessible locations, require relatively small, 
compact, and often self-contained equipment. 
Often a good deal of undesirable and expensive 
hand labor is required at present, but plans to 
develop highly versatile equipment, transport- 
able by air, are being considered to reduce costs. 

Operation and Maintenance 
Depending upon the types of structures in- 

cluded in the project, certain repair work will 
be required periodically, particularly in the 
vicinity of the spillway. When repairs are 
made, such special equipment and materials as 
self-contained hand portable tools and epoxies 
should be used. 

Access routes to the sites, whether trail or 
road, should be kept passable to assure rapid 
attention to necessary repairs. Experience has 
shown that annual inspections are needed after 
each storm season to assure correction of main- 
tenance problems. 



FIGURE I.-Design and details for concrete crib check dam construction. 
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FIGURE 3. -Construction progress on a typical structure. 
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BANK STABILIZATION OF MISSISSIPPI RIVER BETWEEN THE 
OHIO AND MISSOURI RIVERS 

/Paper No. 451 
By A. J. TIEFENBRUN, civil engineer, U.S. A,rrny Engineer District, St. Louisl 

Synopsis 
Regulation, control, and stabilization of chan- 

nel achieved on an alluvial river are dependent 
upon the specific demands of navigation and 
flood control. The earliest plan of improvement 
in the middle Mississippi consisted of closing 
dams or solid dikes constructed of brush and 
stone to confine the flow to a single channel. 
Experiments with various types led to the adop- 
tion of the permeable structure consisting of 
oile dikes and crib dikes. Although dikes cause 
leposition and accompanying accretions, in 
nany instances the dike system may induce a 
reavy attack on the opposite bank downstream. 
Wess banks are protected, large scale caving 
vi11 occur. Standard bank protection consists of 
m underwater part (lumber mattress and stone 
,allast) and upper bank part (riprap paving). 
,n addition to controlling the trace of the chan- 
nel at low water, bank protection must be ade- 
luate to prevent meandering at high stages. 
experimental stone foundation has been used 
n the repair of revetments where the river at- 
ack is mild and the toe of the bank is above or 
Lear the low water plane. This type of founda- 
ion has proved more stable and less costly than 
umber mattress foundation. Sediment from 
lpstream overbank areas and from bank erosion 
till are factors in regulating river works, but 
heir contribution is diminishing. Indications 
re that we are now entering a stage in the mid- 
le Mississippi where impermeable dikes may 
e needed. Present methods of river regulation, 
ontrol, and stabilization have proved effective 
nd at the lowest possible cost. However, new 
nproved methods are constantly being searched 
or. Improvement over present methods will 
robably come under the impact of increasing 
avigation demands and the trend for greater 
tilization of flood plain areas. 

Bank Stabilization 
The methods and degree of regulation, con- 

tol, and stabilization of channel achieved on an 
lluvial river are dependent upon the specific 
1 The author obtained some of his information from 
rpers entitled- 
“Navigation Work of the Corps of Engineers on the 
iddle Mississippi River and Its Relation to Flood 
OWS,” by J. C. DeBolt, U.S. Army Engineer District, 

Louis. 1947. 
“‘Bank Protection on Mississippi and Missouri Riv- 
s,” by J. H. Jackson, Corps of Engineers. 1935. 
“Protection of Beds and Banks of Inland Waterways, 
?ep Water Channels and Drainage Canals,” by H. D. 
wl, Carps of Engineers. 1940. 

demands for navigation and flood control during 
a particular era. The outstanding example of 
progressive degrees and methods of stabiliza- 
tion for an alluvial river is the Mississippi. 
Here, the bank stabilization program dates 
back well over a century. In order to under- 
stand the nature of the land through which this 
river flows, the erosive effect of the river cur- 
rent action on its banks, and the natural changes 
in the river’s regimen, a brief description is 
given of the moreimportant physical character- 
istics of its basin. 

The Mississippi River drains an area of 
1,240,OOO square miles and extends from the 
Appalachian Range on the east to the Rocky 
Mountains on the west and from the lower St. 
Lawrence watersheds on the north to the Gulf 
of Mexico on the south. For general considera- 
tion, the Mississippi may be divided into three 
mayor reaches or sections-the upper, middle, 
and lower Mississippi. The river above the 
mouth of the Missouri is commonly called the 
upper Mississippi, and from the mouth of the 
Ohio to the Passes the lower Mississippi, the 
reach between the two being referred to as the 
middle Mississippi. The several reaches present 
an almost endless diversity in topography and 
geology. 

The evolutionary life of the Mississippi River 
is closely associated in geologic history with the 
Glacial Age in North America. The Continental 
Ice Cap in its extreme advances reached as far 
south as the Ohio River, once considered to be 
the mouth of the Mississippi. For a time, before 
the Gorge of Niagara opened to pass the waters 
of the Great Lakes, drainage of these lakes 
reached the Mississippi through the Illinois 
River. In a similar way, drainage in southern 
Canada poured into the Mississippi valley until 
the ice had receded to the Hudson Bay and drain- 
age to the north was then possible. As a result of 
these geological actions and this period of 
glacial drainage, the bed of the Mississippi 
River was worn down by the erosive action of a 
much greater volume of water than that of 
present day ordinary flow. At present, the river 
follows a winding course between low banks in 
a very wide flood plain bordered by high bluffs of 
sedimentary rock. 

My detailed observations and discussion will 
be confined to that reach of the Mississippi be- 
tween the Ohio and Missouri Rivers. In the 
middle Mississippi, the distance between bluffs 
averages about 5 miles, except in the vicinity of 
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Sawyer Bend, opposite the northern boundary 
of St. Louis, where it attains a maximum width 
of about 12 miles. As a result of filling of the 
old rock-bound valley with glacial outwash, the 
present river, in general, flows in a bed of gla- 
cial material with bedrock at a considerable 
depth below the streambed. In its natural state, 
the river between high banks was relatively 
wide and shallow, with the channel being bifur- 
cated by numerous bars and islands with their 
accompanying chutes and sloughs. At low wa- 
ter, channel depths varied from 3 to 10 feet 
over widths ranging from 125 feet to 2,500 
feet. At flood stage, depths varied from 25 to 
60 feet and widths from 2,500 feet to as much 
as25,OOO feet. 

The middle Mississippi, in its length of ap- 
proximately 195 miles, has an average gradient 
of 0.6 foot per mile. Discharges at St. Louis, 
where records exist for over 100 years, show ex- 
tremes of about 20,000 cubic feet per second in 
1933 and 1,300,OOO cubic feet per second in 
1844, the ratio of these extremes being 1 to 65. 
Average discharge of the river is approximately 
175,000 cubic feet per second. As would be ex- 
pected, variations in stage are considerable, 

ranging from minus 6.2 feet in 1940 to a maxi- 
mum of 41.3 feet in 1844 as measured at St. 
Louis. Average annual duration of bankfull 
stage ranges from about 5 days at St. Louis to 
about 36 days at the mouth of the Ohio River. 
Practically all of the silt borne in the middle 
Mississippi originates in the Missouri River; 
only about ‘7 percent is contributed by the upper 
Mississippi. The material of the riverbed is 
mainly sand and silt, and that of the banks is 
about 70 oercent sand. 20 nereent silt. and 10 
percent clay. 

_ 

The river shows a marked tendencv to mean- 
der in the alluvial valley and is seldom found in 
the geographical center of the flood plain. Sev- 
eral major local changes in its alinement have 
occurred since it was first mapped by man. 
One of the most notable occurred in 1881, a 
rather cataclysmic one, when the Mississippi 
broke into the channel of the Kaskaskia River 
and changed its course so radically that St. 
Marys, MO., originally on the main bank, was 
left 5 miles distant from the river, and Kaskas- 
kia, the first capital of Illinois, was changed 
from the left bank to the right bank of the 
river (fig. 1). The entire characteristic of the 

I L ‘L I”? 0 I s 

KASKASii’A ISLAND 
SURYE” OF 1876 
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FIGURE 1. - Kaskaskia Island before elmnnel change. 
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river in the vicinity was altered and formed an 
II-mile section of relatively young stream in 
comparison to the river above and below. Great 
difficulty was encountered in establishing a new 
and usable trace (fig. 2). 

A notable characteristic of the river is the 
instability of its banks. Experience has shown 
that there is severe attack on the hanks where 
the radius is less than 6,000 feet and moderate 
where the radius is not less than 10,000 feet. 
An increase in velocity and angle of impinge- 
ment will increase the erosive action. Direction 
of current in a bend changes as the stage in- 
creases. At low water, the point of maximum 
attack is usually at or near the head of the bend, 
and as the stage increases, it moves down- 
stream, and at extremely high water it is 
usually at or near the foot of the bend. As the 
bank of a river is eroded, a portion or projee- 
tion is frequently left intact, which, for some 
reason, is more resistant to attack than the 
bank adjacent thereto. Here the current is de- 
flected away from the bank, causing a whirl or 
suction eddy to develop along the bank below 
the projection. As a result, the attack on the 

bank is greatly increased in the area immedi- 
ately below the projection. Lower ends of bank 
protection also often act as a false point after 
some caving has taken place below it. Should 
an eddy current then develop, there is danger 
of the bank cutting behind the protection work 
and thus destroying it from below. This type 
of caving normally accompanies high river 
stages. The low water caving is normally uni- 
form and fairly free from eddy action. 

The rate of progress and the extent of bank 
caving depend upon the material of which the 
bank is composed and its drainage, the curva- 
ture of the bank and its general direction with 
reference to the line of attack, the velocity of 
the current, the position and depth of the ehan- 
nel with relation to the bank, and the stage of 
the river. The period of greatest caving occurs 
normally during receding stages. However, 
the greatest aggregate of caving results from 
the continuous attack of the river during low 
and moderate stages. It very rarely happens 
that both banks cave in the same locality at the 
same time, and, as a general rule, erosion on 
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one bank is followed by an accretion on the ened to take the channel entirely away from St. 
other. Louis. To prevent this, Robert E. Lee, then a 

The first Federal work for improvement of Lieutenant in the Corps of Engineers, recom- 
the Mississippi River was authorized by Con- mended closing of the eastern channel by a dam 
gress in May 1824 and provided for the removal from the head of Bloody Island to the Illinois 
of snags between New Orleans and the Missouri shore and the construction of a longitudinal de- 
River. This project, interrupted during the fleeting dike at the foot of Bloody Island to wash 
Mexican and Civil Wars, has been carried on as away the shoal connecting it with Duncan’s 
required ever since. The first work in the nature Island. These works consisted of training walls 
of permanent improvements, “a pier to give of wood piling, brush, and stone. 
direction to the current of the Mississippi River 
near the City of St. Louis,” was authorized by 

The dike from the foot of Bloody Island was 

Congress in the Acts of 4 July 1836 and 3 March 
constructed in 1838 and proved effective in 

1837. 
deepening the channel over the shoal. Robert 
E. Lee, however, abandoned his first proposal 

At that time, the Mississippi River opposite for damming the eastern channel and, instead, 
St. Louis was divided into two channels by recommended construction of a longitudinal 
Bloody Island. For some time, Duncan’s Island, 
immediately downstream and adjacent to the 

dike from a point opposite Venice, Ill. Although 

right bank, had been growing rapidly, as well as 
useful in preventing the existing unfavorable 
condition from becoming worse, the dike was 

the shoal connecting it with Bloody Island. Dur- not in itself a cure for the condition. Subse- 
ing extreme low water, steamboats coming from quently, a dam was built across the channel east 
the South had to use the eastern channel and, of Bloody Island, made a roadway, and finally 
turning the head of Bloody Island, drop down to 
the city landing. The course of the river was 

closed the eastern channel. The project included 
revetting the western shore of Bloody Island. 

tending more and more to the east and threat- (See fig. 3.) 

FIGURE 3. - Channel changes, St. Louis Harbor. 
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In a report on Harbor of St. Louis, dated 3 
February 1844, Captain T. J. Cramm states: 

It is well attested, by observation on the different 
reaches of a river, whether its banks be of alluvium or 
of rock, that where the bank is concave, or hollowing 
toward the river, on that side will be found the deepest 
water, the strongest current, and the least tendency to 
deposit; and where the bank is convex, or rounding to- 
ward the river, on that side will be found the shoalest 
water, the weakest current, and the greatest tendency 
to deposit. ..It is greatly to be regretted that the 
original founders of the town of St. Louis disregarded 
these circumstances when selecting the site of the city 
upon a reach where the bank was mnvex instead of con- 
cave toward the river. 

There has been and there will probably con- 
tinue to be difference of opinion regarding the 
effect of bank revetments. In the past, some 
opposed them primarily because they did not 
believe they would be effective and because of 
the enormous expense they involve, as well as 
the difficulty of maintaining them. The advo- 
cates of rev&n&, however, argue that by pre- 
venting the caving of banks, the supply of ma- 
terials for building up shoals below is largely 
reduced and navigation is thereby improved. 
Congress, in the R,iver and Harbor Act of 1886, 
imposed on the Mississippi River Commission 
the following condition: “That no works of bank 
protection or revetment shall be executed in 
said reaches or elsewhere until after it shall be 
found that the completion of the permeable con- 
tracting works and uniform width of the high- 
water channel will not secure the desired sta- 
bility of the river banks.” This limitation was 
based on the belief that the river, if once regu- 
lated, would not scour its nritural banks. The 
Senate Committee in 1898 expressed the opinion 
that: “In view of the great cost, comparatively 
great taking into consideration the results, it 
would be more judicious to limit revetment to 
levee and harbor protection.” 

When engineers consider the hydrography 
and the direction of currents, the Mississippi 
when low is not the same river as when high, 
and the problem of permanent improvement in- 
volves reconciliation of these differences. The 
type of structures used in contracting and train- 
ing an alluvial river ranges from simple expedi- 
ents using locally available material to carefully 
planned and constructed permanent works. The 
comprehensive plan for regulation of the mid- 
dle Mississippi River was approved 31 March 
1881 and provided for continuous improvement 
downstream from St. Louis, utilizing revetment 

2 The existing project for the middle Mississippi River 
provides for obtaining and maintaining a -minimum 
channel depth of not less than 9 feet, a minimum width 
of not less than 300 feet at low water, with additional 
width in bends from the mouth of the Ohio River to the 
northern boundary of St. Louis; thence 200 feet wide 
with additional width in bends to the mouth of the 
Missouri River; to be obtained by regulating works 
(piling dike and bank protection) and by dredging. 

and permeable dikes, to reduce the width of the 
river to 2,500 feet. This authority has served 
as a basis for all subsequent river regulating 
works.” As previously indicated, the earliest 
plan of improvement in the middle Mississippi 
consisted of closing dams to cut off sloughs and 
minor watercourses in order to confine the flow 
to a single channel. Originally, these clostire 
structures were low, solid dikes consisting of 
alternate layers of brush and stone to a height 
of about 8 feet above low water. 

Although some success was obtained with 
solid dikes, experiments with various other 
types of structures had shown that timber 
hurdles or screens would produce a more rapid 
deposition of sedimentary matter. These early 
experiments indicated that the true role of a 
dike was to train the river by encouraging it to 
deposit sediment where desired, thus utilizing 
the force of the river itself to improve channel 
conditions. Consequently, when the existing 
project was adopted, the permeable dike was 
substituted for the solid structure (fig. 4). 

The permeable piling dike consisted of two 
rows of single piling, well braced and connected 
by stringers. This type was improved gradually 
until 1893, when it was replaced by dikes of two 
or more rows of ,3-pile clumps bound together 
with longitudinal stringers for better distribu- 
tion of strain, the number of rows of clumps 
depending upon the depth and swiftness of 
water. In practically all cases, a foundation 
mattress of willows or lumber was sunk with 
stone on the line of the dike to prevent bed scour, 
the piling being driven through the mattress to 
a penetration of 20 to 25 feet. (See figs. 5, 6, and 
7). This type of dike construction was used in 
constricting the major portion of the middle 
Mississippi River into a single navigation chan- 
nel. Currently, there are 487,500 linear feet of 
pile dikes operative in the middle Mississippi 
River. During the early stage of the project, 
dikes were spaced at distances approximately 
2% times their length. As time went on, the 
spacing was decreased to two times their length, 
and at present, spacing is about 1Y’ times their 
length. Where pile dikes could not be used, due 
to underlying rock ledges, crib dikes have been 
successfully employed (figs. 8 and 9). 

Curtain or screen mattresses, hung on the up- 
stream faces of the pile dikes, have been used at 
times to increase the rate of fill caused by the 
dikes. These screens have been used extensively 
since 1940 and have proved very successful, 
when used in series, in deepening the channel 
by inducing deposit between dikes (fig. 10). 
Permeable dikes were built throughout their 
lengths with tops at about the 20-foot stage, 
St. Louis gage. Most dikes in the middle Mis- 
sissippi River acquire a considerable amount of 



fill behind them before the end of 5 years. 
Contracting the river in a short time often 

creates changes that are too radical for the 
river to adjust itself to in the time allotted. This 
often results in the failure of the dikes or en- 
tails excessive maintenance work before fills 
accumulate in the dike system. The success of 
these improvemen+ requires, in general, cpn- 
s&&on of a contmuous system of regulatfng 

Although dikes cause deposition and aecom- 
panying accretions, in many instances the dike 
system may induce a heavy attack on the oppo- 
site bank downstream. If unchecked, this ero- 
sion of the banks could eventually result in an 
unsatisfactory alinement and a channel condi- 
tion as bad as that which the dike system was 
installed to correct. Furthermore,.in an alluvial 
stream like the middle Mississippi, meandering 
is inevitable if the velocity is sufficient to erode 
the banks. This potential condition is every- 
where present, so that unless the banks are pro- 
tected, large-scale caving will occur. 

The standard bank protection consists of an 
underwater part and upper bank part. The un- 
derwater part is made of woven mattress of 
lumber or willows laid parallel to the river bank 
and sunk to the bed of the river with stone bal- 
last (fig. 11). The upper bank part consists of 
paving extending from the edge of the bank at 
about mean low water to approximately the 20- 
foot stage on the St. Louis gage. It consists of a 
lo-inch layer of riprap stone from 3 to 150 
pounds in weight laid on a 6-inch layer of 
crushed stone. The bank upon which the stone 
is to be laid is graded to a uniform slope of about 
1 vertical on 3 to 4 horizontal in such a manner 
that it presents a smooth surface (fig. 12). 
From 18’73 to 1963, approximately 157 miles of 
bank revetment have been constructed on the 
middle Mississippi Rive:, of which about 115 
miles are currently a&ve. An additional 15 
miles of revetment are required to complete the8 
bank stabilization program. 

The order of executing work in the improve- 
ment of any stretch of river is not tied and 
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FIGURE 5. -Details of mattress and paving for piling dikes. 

depends essentially upon conditions at the site. 
Work ordinarily should begin with the aline- 
merit and fixing of crossings in which the first 
step would be to fix the outer bank at the lower 
end of the upstream bend in order to aline the 
flow of the crossing. This is followed by bank 
protection to hold the desired curvature at the 
upstream end of the lower bend. The order of 
contraction and bank protection in the adjoin- 
ing bends would depend upon the rate at which 
the outer bank attains the desired alinement. 
Normally, work should begin at the upstream 
end of a reach, construction thus taking advan- 
tage of the current. Certainly, bank protection 
work must proceed downstream because of the 
method of construction. In the construction of 
dike systems, however, local conditions may per- 
mit construction work to begin at any point or 
several points simultaneously. 

Riverbanks fail as a result of attack from 
without and within, i.e. erosion or subsidence. 
Erosion results from direct current action of 
the flowing water against the banks, from wave 
wash, and eddy action. The banks of the river 

are subject to seepage caused by drainage after 
heavy rains or by falling river stage. Excess 
moisture seeps through the banks carrying 
particles with it and causing the material to dis- 
integrate. The training and protective works 
must be so designed that they will be effective 
not only at low water but at medium stage. 
Experience has shown that in the middle Missis- 
sippi the ideal shape of a bend, both for bank 
protection and for dependable navigable depths, 
is one having a radius of about 14,000 feet. 
Shaping the bank into a smooth general curve 
is essential to remove any obstructing points, 
otherwise eddy action is almost certain to 
develop and endanger the protection works. In 
the St. Louis district the tendency of the chan- 
nel to shift in reaches can best be controlled by 
construction of contraction works and revet- 
ments to introduce a slight sinuosity into 
reaches, which will tend to fix the deep water 
channel along the outer banks of the minor 
bends thus created. 

In addition to controlling the trace of the 
channel at low water, bank protection must be 
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FIGURE 6. -Mattress and paving for piling dikes under construction. 

adequate to prevent a tendency to meander and 
form new channels at high stages. As a rule, a 
comparatively smooth flow begins in the cross- 
over immediately downstream from a rock bank 
and comes into the bend parallel to the bank 
line to be protected. In this case, the starting 
point of the revetment is located at the down- 
stream end of the rock bank. Where a crossing 
approaches a bend at such an angle as to allow 
direct current attack against the revetment, the 
revetted bank is difficult to maintain. In such 
cases, the best results are obtained by contrac- 
tion works upstream from the bend, to train 
the channel flow so as to enter the bend on a 
tangent to the curve. Where the head of the 
bend does not begin at a rock bluff, the bank 
line is shaped into the desired curvature by the 
direct attack of the current which caves away 
the bank until flow is eased into a parallel posi- 
tion with the bank. In such cases, the starting 
point for revetment should be selected well 
above the point where the main current begins 
to flow along the concave bank. In some 
instances, a few short spur dikes shouid be 
built upstream to take the brunt of the attack 
in the event the crossing may shift and take 
position upstream from the head of the revet- 
merit. 

Major causes of failure of bank protection 
aside from ice damage are (1) erosion of the 
bed and saturation of the banks during 
extremely high river stages-the high veloci- 
ties tend to pull material through the small 
openings in lumber or willow mattress thus 
undermining the revetment to some extent 
which, together with the over-saturated condi- 
tion of the bank as the river recedes, causes a 
sloughing or settlement of the revetment ; (2) a 
sharp. severe attack at various stages that 
causes bed erosion and undermines the fourida- 
tion mattress with resultant sliding or slough- 
ing; and (3) extremely low river stages tend 
to undermine the bank paving because of the 
increase in velocity at some localities. The com- 
position of the soil has much to do with the 
stability of bank protection. 

Revetment must be sufficiently flexible to 
permit its conformity to the bank and bed and 
to allow its adjustment to changes that may 
develop. The type of revetment and its effec- 
tiveness are largely dependent upon the manner 
in which banks have been prepared to receive 
it. The principal aim is to obtain a well rounded, 
curvature, leading, tangentially to and from 
straight or curved reaches. Drainage should 
be provided and the bank graded to a uniform 
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FIGURE 8. -Details of crib dike. 
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FIGURE 10. -Screen mattresses for piling dikes. 

lope of about 1 on 3. Where the bank material During the past few years, the number of 
s unstable, the slope may be decreased to about revetment slides and the high cost of repair 
on 5. Because of its flexible nature, riprap is showed the need for developing a more stable 

enerally more suitable and of longer life than and economical foundation. Experimental stone 
ther types of paving. foundations were constructed at the base of 
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FIGURE 11. -Woven mattress for bank protection 

deteriorated revetments. The foundation con- 
sisted of approximately 1 ton per foot of ballast 
or quarry-run stone at the toe of the revetment 
slope. In every case where stone foundation had 
been substituted for the lumber mattress, there 
has been no evidence of deterioration or failure. 
This type of foundation has proved more stable 
and less costly than lumber mattress. The 
method has been adopted and is now being used 
throughout the middle Mississippi. 

Sediment from upstream overbank areas and 
from bank erosion still are factors in river- 
regulating works, but their contribution is 
diminishing. The upper Mississippi has never 
been considered a heavy silt-laden river, where- 
as, the Missouri in the past has transported 
enormous quantities of silt into the middle 
Mississippi. Observations made since 1910 
show that the average silt load at St. Louis has 
diminished about one-third. This is attributable 

in a large part to the extensive water resource 
developments constructed and land treatment 
measures undertaken in the Missouri valley 
since the turn of the century. Indications are 
that we are now entering a stage where imper- 
meable dikes are needed. Acting as baffles, they 
scour out the riverbed at low stages when very 
little sediment is in the river. At higher stages, 
when the silt load is greater, they serve as sedi- 
ment traps more effectively than the timber 
dikes. Rock fill dikes are generally cheaper 
when the height is less than about 23 feet. At 
greater heights, due to the volume of stone re- 
quired, pile dikes become more economical. 
Other factors, however, such as repair and 
maintenance costs and general effectiveness, 
must be considered. In some areas, stone dikes 
have a distinct advantage over timber pile 
dikes, due to their low cost, greater efficiency, 
apd virtual indestructibility. 
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FIGURE 12. -Paving for bank protection. 

It is evident that the degree, methods, and 
materials used for river regulation, control, and 

methods are constantly being searched for in 
the light of more intensive consideration of the 

stabilization were compatible with the specific 
navigation and flood control needs of each era. 

12-foot waterway. Improvement over present 

The present methods have proved effective 
methods of protection will probably come under 

and at the lowest possible cost. Materials are 
the impact of increasing navigation demands 

readily available and maintenance costs are 
and the trend for greater utilization of flood 

relatively low. Nevertheless, new and improved 
plain areas. Neither the potential of the river 
nor the needs of man have yet been satisfied. 

DOWNSTREAM PATTERN OF RIVERBED SCOUR AND FILL 
[Paper No. 461 

By WILLIAM W. EMMETT, hydrologist, and LUNA B. LEOPOLD, chief hydrologist, U.S. Geological Survey 

Introduction 
Progress has been made in describing river- 

bed scour and fill at a given stream section. One 
needs only the data routinely collected at a 
stream-gaging station to observe scour and fill 
at that station. However, similar progress has 
not been made to determine whether or not the 
scour and fill observed at a given section extends 
over a relatively long reach of channel. Gaging 
stations are generally located too far apart to 
draw any conclusions as to scour processes 

between stations. It remains necessary then to 
establish a sufficient number of cross sections 
along a channel to describe the downstream pat- 
tern of riverbed scour. 

This paper presents recent observations of 
channel scour and fill over relatively long 
reaches of three streams in the western United 
States. Separate sections have been devoted to 
those observations on an ephemeral channel 
and those on perennial streams. 

The authors acknowledge with thanks the 
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work of Leon A. Wiard, Robert M. Myrick, and 
other colleagues of the U.S. Geological Survey 
for data important to the present discussion. 

Ephemeral Streams 
Geographic Setting and Basic Measurements 

The Arroyo de 10s Frijoles is a sandy ephe- 
meral channel located about 4 miles northwest 
of Santa Fe, N. Mex. Physiographie and 
hydraulic characteristics of channels in this 
locality have been previously studied.’ Only a 
summary of those characteristics pertinent to 
the present paper are presented here. 

Normally, flows are the result of runoff from 
local thunderstorms during the summer months. 
The flash flood is typical. Peak flow occurs with- 
in several minutes after the initial flood wave. 
Throughout the study reach, the channel 
increases in size from a z-ill near the watershed 
divide to a width of about 100 feet downstream. 
The bed is composed of medium sand and a 
moderate amount of gravel. This material 
extends downward many feet, far deeper than 
the scour that occurs. The medium sand grain 
diameter is about 0.5 mm. 

Scour and fill data from the Arroyo de 10s 
Frijoles were collected by means of scour chains 
during the 5 years, 1958-62. Determination of 
the amount of scour and fill using the chain 
method is a simple procedure. The chains are 
buried vertically in the streambed with the top 
link at or slightly above the bed surface. After 
a flow, the elevation of the streambed is resur- 
veyed and the bed is dug until the chain is ex- 
posed. If a scour has occurred, a part of the 
chain will be lying horizontally. The difference 
between the previous streambed elevation and 
the elevation of the horizontal chain is the depth 
of scour. The difference between the existing 
bed elevation and the horizontal chain is the 
depth of fill. If no scour has occurred, the depth 
of fill is the increase in bed elevation. 

Scour chains, each 4 feet in length, were in- 
stalled along a reach of nearly 6 miles. The 
location of the chains usually followed the low- 
water channel. Thus, a flow in any reach of the 
channel could be expected to pass over the chain 
location. Over most of the study reach, chains 
were placed on 1,000.foot intervals. In one 
reach of 2,000 feet, chains were placed at lOO- 
foot intervals. This spacing was believed suffici- 
ent to determine any downstream trend in the 
scour pattern in this arroyo. At seven of the 
chain sections, additional chains were installed 
across the width of the channel and provided an 
indication of any lateral variation in scour. 

lLEO~o~~, L. B., and MILLER, J. P. EPHEMERLL 
STRSAMS--HYDRAULIC FaCTORS *ND THEIR REIATION TO 
THE DRI\INMx NET. U.S. Geol. Survey Prof. Paper 
282-A. 19% 

Observations of Scour and Fill 
On the average, there are about three flows 

down the arroyo each year. Scour and fill data 
are available for most flows in the 5-year period. 
However, since some chains were installed be- 
fore others, an equal length of record does not 
exist for each chain location. In addition, some 
chains, usually those in the uppermost or lower- 
most reaches, were not surveyed after each flow. 
These missing segments of data disallow a true 
accumulative value of scour and fill. However, 
the net change in bed elevation since the time 
of the initial survey may still be obtained. 

By 1959, the majority of the chains had been 
installed along the arroyo. Scour and fill data 
for a sample flow, for the year 1962, and for the 
period 1958-62 are shown on figure 1. For each 
flow on this figure, the lower dashed line repre- 
sents the depth of scour and is plotted against 
distance along the channel. The upper dashed 
line represents the depth of~fill. The heavy solid 
line represents the net change in bed elevation 
after scour and fill. The upper part of figure 1 
shows the drainage area studied and the general 
location of the chains by chain number. 

The nature of the flash flow does not always 
flood the entire length of the arroyo with each 
storm. It may be that the flow-producing rain 
was so located that only lower reaches received 
runoff. Or, for a smaller storm near the head- 
waters, a part, or possibly the entire flow, may 
be absorbed mto the ground by percolation 
before it reaches a downstream section. A third 
possibility is that a particular chain section may 
be left dry or the section has very little scour 
because it was not in the low-water path of 
flow. For a single storm then, it is likely that 
there may be a considerable variation in the 
recorded depth of scour from section to section. 
This is further exemplified in the reach centered 
around station 25,000 feet where the chains are 
placed on loo-foot intervals. Despite individual 
variations, a general consistency prevails among 
the data; that is, at most all sections along the 
channel, there is a scour and subsequent fill. 
All flows produce this same pattern with the 
magnitude of scour primarily dependent upon 
hydraulic factors of individual flows and these 
are related to the intensity and total amount 
of rainfall. 

In the data for some flows, short reaches do 
not indicate a scour. An example is in the 
reach between stations 2,000 to 3,000 feet for 
the flow of July 5, 1962 (top profile, fig. 1). In 
these reaches, the combined action of previous 
aggradation and of the chain sagging in the 
vertical had left the top link of the chain some 
distance below the bed elevation. Thus, scour 
may and probably did occur, but not to the 
depth necessary to register on the chain. After 
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the flow of July 5,1962, extra length was added 
to the top of the chains to compensate for the 
channel aggradation. In addition, closer watch 
was maintained to check against the chains los- 
ing length by sagging. 

Three reaches of the channel are the objects 
of special study and at which flow rates are 
measured by indirect means, that is, from slope 
of the high-water marks, estimated roughness, 
and measured cross-sectional areas of flow. 
These reaches are centered around stations 
2,850 feet, 9,700 feet, and 25,000 feet. It is also 
within these reaches that the chain sections are 
located to determine the cross-channel pattern 
of scour. The mean depth of scour at a section 
may be determined by averaging the values 
from the several chains at each of the sections. 
In a comprehensive report describing various 

hydraulic and geomorphic processes in the 
Arroyo Frijoles locale the authors have related 
these mean values of scour to discharge per unit 
width of channel. The results of this study are 
summarized on figure 2. Despite considerable 
scatter among the data, the mean scour depth 
appears to be proportional to the square root 
of discharge per unit width of channel. 

An increasing depth of scour is not observed 
in any single profile as in those shown in figure 
1, because during individual flows discharge 
rarely increases downstream as drainage area 
increases. This follows from the local nature 
of most thunderstorm rains and because of the 
importance of water loss by infiltration into the 
bed during flows of short duration. 

Probably for similar reasons, the depth of 
scour is apparently independent of the channel 
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FIGURE 2. -Depth of scour as a function of unit discharge. 

width. Channel widths average about 4 feet 
between stationing 0 to 1,000 feet, 20 feet be- 
tween stationing 1,000 to 9,000 feet, 45 feet 
between stationing 9,000 to 13,000 feet, ‘75 feet 
between stationing 13,000 to 16,000 feet, 50 feet 
between stationing 16,000 to 21,000 feet, and 
80 to 90 feet from stationing 21,000 feet 
throughout the rest of the study reach. In addi- 
tion to the increase of width downstream, local 
variations occur on the order of threefold to 
fivefold. No systematic relationship could be 
established between local depth of scour and the 
corresponding channel width. Further, since 
slope decreases downstream as width increases, 
the magnitude of scour also appears to be inde- 
pendent of slope. 

Seven sections provided data to study lateral 
variation in scour across the width of the chan- 
nel. Two of these sections, chosen as representa- 
tive of a particular reach, are illustrated in 
figures 3 and 4. 

Figure 3, illustrating a section at station 

25,000 feet, indicates a slight aggradation for 
the 5-year period. The whole width of channel 
scours during nearly every flow, but the amount 
of scour and fill varies across the width. 

Figure 4 illustrates a section near station 
9,700 feet. Again, considerable variations exist 
among the yearly records. The 5-year average 
indicates little net change across the width of 
the channel. Of particular interest is the lateral 
distribution in depth of scour. A fourfold 
decrease in depth of scour is usually noted 
across the 40-foot width of channel. This differ- 
ence may be attributed to the higher streambed 
elevations near the right bank, but even this 
part of the width scours at times and then fills. 
The data indicate that some flows may have 
missed these chain locations entirely and cer- 
tainly, for all flows, the depths of flow were 
much shallower on the right side of the channel. 
The chains at higher elevations are thus expect- 
ed to indicate less scour. 

The scour chains provide an economical and 
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FIGURE 4. - Scour and net change in bed elevation 
at stationing 9,700 feet for a Eryear period. 

simple way of recording net scour and fill for 
individual flows. It is important that elevations 
be determined from a reliable bench mark in 
the immediate vicinity of the chain cross see- 
tion. We use a 4-foot length of iron reinforcing 
bar driven nearly flush at each end of the cross 
section, and one of these is also used as local 
bench mark for elevation surveys. This~ iron 
pin is labeled by a brass tag on which elevation 
and section number are stamped. 

The chain should have a wide or open link so 
that sand will pack in the chain link. The 
bottom of the chain is anchored to a rock or a 
metal head to keep it from pulling out. 

The disadvantage of the method is that one 
does not know when during the flow the scour 
or fill occurred nor the relative simultaneity of 
scour or fill at different chains. 

Perennial Streams 
Geographic Setting and Basic Measurements 

The Rio Grande de1 Ranchos is a small peren- 
nial stream on the west slopes of the Sangre de 
Cristo Range about ‘7 miles south of Taos, 
N. Mex. Peak discharges occur in the spring 
and are normally produced by snowmelt. The 
study reach consists of a straight reach of 250 
feet followed by a curved reach of ‘700 feet, as 
can be seen in figure 5. The streambed is pre- 

dominantly gravel and quite uniform in size 
from section to section. Median particle size 
ranges from 21 to 33 mm. with the minimum 
median size found in the curved reach. The 
riffle or bar at strition 1 + 00 is a predominant 
feature of the straight reach. A total of seven 
sequences of pool-riffle occur within the study 
reach. Channel width at bankfull stage varies 
from 17 to 36 feet. 

Data were collected by Leon A. Wiard and 
his associates on the Rio Grande de1 Ranchos 
during and immediately after the 1961 snow- 
melt. A total of 32 measurement stations were 
established along the study reach. At each 
measurement station, channel cross sections 
were obtained by level and rod during the peak 
flow and at a low flow by depth measurements 
in connection with velocity observations. Depth 
measurements were referenced to the earlier 
survey by known water-surface elevations. 
High-flow discharge was 130 e.f.s. and low-flow 
discharge was 25 c.f.s. The data then consist 
of 32 cross-sections surveyed during spring high 
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flow (near bankfull stage) and again at low 
flow in the succeeding summer. 

The Popo Agie River is a larger perennial 
stream in western Wyoming. The study reach 
is located about 1 mile northeast of Hudson, 
Wyo., and consists of a curved reach of 2,000 
feet followed by a straight reach of 2,100 feet 
(fig. 6). Peak flow is normally associated with 
the spring runoff from snowmelt. The stream- 
bed is predominantly gravel, ranging in size 
from fine gravel to large cobbles. Seven 
sequences of pools-riffles were observed within 
the study reach. Channel widths at near bank- 
full stage vary from 86 to 160 feet. 

Data were collected at 15 stations along the 
4,100.foot reach. Channel cross sections at these 
stations were obtained during the peak flow in 
the spring of 1961 and at a low flow later that 
summer. A second set of data was collected 
during the rising stage in the spring of 1962 
and during a lower, but falling stage that sum- 
mer. The high-flow observations were obtained 
by depth measurements referenced to known 
water-surface elevations. Low-flow cross sec- 
tions were surveyed with rod and level. High- 
flow discharge in 1961 was 1,400 c.f.s. and 
low-flow discharge in 1962 was 310 c.f.s. 

Figures ‘7 and 8 are typical of the cross-sec- 
tional measurements obtained. For each stream 

a section is shown from the curved reach and 
another from the straight reach. 

For both streams and for each measured cross 
section, the plotted cross sections at high and 
low flow were superimposed and provided the 
basis for a scour-fill study. Areas were pla- 
nimetered from these plots to show the differ- 
ence in bed between high and low flows. 

Low-flow measurements were taken after the 
high-flow measurements. It is believed, how- 
ever, that the order in which the measurements 
were obtained is not of prime importance. Our 
studies indicate that the cross-sectional configu- 
ration of a stream before a high flow is reason- 
ably similar to that some time after the high 
flow. 

The 1961 Popo Agie data and the Rio Grande 
de1 Ranchos data represent high-stage measure- 
ments obtained during peak flow and the low- 
stage measurements during the stable low flow. 
Under these conditions, the changes occurring 
in streambed elevation were similar in that the 
bed elevation was scoured during the high flow. 

The 1962 Popo Agie data were collected dur- 
ing a different condition of flow. Here, high- 
stage data were collected during the rising 
stages of the peak flow and the low-flow data 
were collected before the stable low flow. In 
addition, the collection of these data was in the 
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FIGURE T.-Typical cross sections, Rio Grande de1 
Ranchos, 1961. 

aftermath of an unusually large flood from an 
early spring thaw. Because of streambed con- 
ditions left by the flood and because of the river 
stages at the times of this survey, these data are 
inconclusive in describing a scour pattern and 
are omitted from the present discussion. 

Observations of Scour and Fill 
On figures 9 and 10, profiles of the streambed 

and water surfaces are plotted against distance 
along the channel. Below these profiles is a 
plot of the net changes in cross-sectional areas 
of the bed and, separately, the cross-sectional 
area of flow. Values are considered scour if the 
bed elevations at high flow are lower than those 
at low flow. Thus, a negative area within this 
curve represents the total volume of material 
per foot of length soured from the streambed. 
A positive area represents the total volume of 
material brought in from upstream and tempo- 
rarily deposited as a fill. 

It is apparent that at the time of the high- 
stage measurements a scour generally extended 
over the entire reach. No marked difference in 
the magnitude of scour occurs between pool and 
riffle. Likewise, it appears to make no differ- 

ence as to whether the measurements were 
observed in the straight or curved reach. The 
few sections where fill did occur could not be 
related to their location within the reach. 

It might be expected that scour should be 
greatest at sections of smallest flow area which, 
for constant discharge, have the highest mean 
velocity. To test this hypothesis, flow areas at 
both high and low stages are plotted at the 
bottom of figures 9 and 10. No systematic 
correlation between the flow area and magni- 
tude of scour is apparent. Since discharge is 
constant at a given stage, this plot may also be 
considered the mirror image of a comparison 
of velocity to magnitude of scour. 

The absolute magnitude of flow area may not 
provide an ideal comparison for the influence of 
area. Some cross-sectional areas at low flow 
are larger than others at high flow. The relative 
increase in flow area from a low stage to a high 
stage would more accurately describe the 
changes that a particular section experienced. 
Superimposed as a dashed line on the flow area 
plot is the relative increase in cross-sectional 
flow area. Efforts to relate this relative increase 
to the magnitude of scour were also unsuccessful. 

FIGURE 8. -Typical moss-sectional data, Pop Agie 
River, 1961. 
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Similar comparisons were made for other 
physical dimensions of the stream. Data for 
channel widths and depths were given the same 
analysis as for flow areas. No meaningful cor- 
relation could be established between these 
channel properties and the magnitude of scour. 

Discussion 
At some time during a period of high flow, 

the channel bottom of fine gravel or sand 
streams may scour. At present it is not possible 
to list the characteristics of channels in which 
this occurs. One tends to think that the scour- 
ing action is limited to streams in semiarid 
areas, but the~experience of the U.S. Geological 
Survey at stream-gaging stations shows that 
scour occurs during high flow in some rivers in 
all physiographic and climatic regions. 

The extent of the scouring action appears to 
encompass the entire reach, without regard to 
any of the physical dimensions of the stream, 
and applies to pool as well as riffle and to curved 
as well as straight reach. 

Values of scour indicate a large volume of 
sediment being lifted from the streambed. The 
data collected might lead one to imagine that 
this volume of sediment would appear as a block 
of material being picked up as a unit off the 
streambed and being carried downstream at a 
velocity approximating that of the water near 
the bed. But the interaction or interference be- 
tween grains tends to reduce the mean speed of 
the particles which then move at a mean veloe- 
ity very small relative to the velocity of the flow. 
This conclusion is not only suggested by the 
theory of queues but has been verified experi- 
mentally by Langbein.* 

2 LANGBEIN, W. B. Unpublished data. 
3 LANE, E. W., and BORLAND, W. M. RIVER BED SCOUR 

DURINO FLOODS. Amer. Sm. Civil Engin. Trans. 119: 
1954. 

There is an apparent disparity between the 
observed magnitude of scour and rates of 
accumulation of sediment in reservoirs. Lane 
and Borland 3 showed that the volume of sedi- 
ment computed by multiplying observed mean 
scour depth at a few cross sections by average 
channel width by channel length is much larger 
than the observed accumulation of sediment in 
a downstream reservoir. They argued that the 
observed scour was nonrepresentative of the 
whole reach and at unmeasured points fill was 
simultaneous. Particularly, they said, scour 
occurs only at the narrow sections of rivers 
where observations are usually made, whereas 
at wide sections, if observations were available 
they would show simultaneous filling. 

The present data dispute that argument. We 
measured, albeit in reaches of modest length, 
scour in narrow as well as wide sections, in 
riffles as well as pools, and in curves as well as 
straight reaches. The observations are deficient, 
as pointed out earlier, in not showing what was 
happening in the reach at any one instant of 
time. Nevertheless, if scour followed by fill 
in a narrow section were contemporaneous with 
fill followed by scour in wide sections, the latter 
should show no scour or much less than that 
occurring elsewhere. Rather, the magnitude of 
scour was of the same order in all types of 
sections. 

We interpret the process, then, quite differ- 
ently from Lane and Borland. Scour is associ- 
ated with dilation of the grain bed through the 
scour depth, but individual particles may move 
intermittently, and at a speed much less than 
that of the water. The volume of material 
scoured and moved may be large, but because 
of its low mean speed downstream, the whole 
volume does not move entirely out of a long 
reach but, in effect, is shifted downstream only 
a limited distance. 

REPUBLICAN RIVER CHANNEL DETERIORATION 
[Paper No. 471 

By WILLIAM L. NORTHROP, chief, Water Control Section, U.S. Army Engineer District, Kansae Cit$/ 

Synopsis 
A loss of two-thirds of the operational chan- 

nel capacity of the Republican River below the 
Trenton and Harlan County Dams since design 
of the projects has caused increased damage 
from local flooding and, if not rectified, will 
reduce the effectiveness of flood control storage 
provided in the reservoir system. A study was 
inaugurated to determine the cause of the loss 
and, if practicable, to recommend corrective 
measures. Many factors were involved, such 
as the sediment load, bed material, uncertainties 
in streamflow records due to shifting channels, 

a long drought period, reservoir regulation 
effects, agricultural encroachments, and an 
unexpected clogging of the channel by woody 
growth. A summary of the sediment and 
hydrologic factors is presented. It is concluded 
that, when assuming the initial operational 
capacity, the implications of a temporary in- 
crease in channel capacity due to a cycle of wet 
years were overlooked. Channel losses were 
caused principally by agricultural encroachment 
and clogging by phreatophytes. It appears 
practicable to restore that part of the channel 
capacity lost due to clogging by mechanical 
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removal of the woody growth and prevention of 
regrowth. Retention of woody growth on seleet- 
ed banks, construction of some cutoffs, and 
installation of light bank protection, will be 
required to control caving banks. 

Introduction 
Loss of operational channel capacity on the 

Republican River has caused increased damage 
from floods originating below the Harlan County 
and Trenton Dams and, if not rectified, will 
reduce the effectiveness of flood control storage 
provided in the reservoirs. Operational capaci- 
ties of 10,000 c.f.s. below Trenton Dam and of 
15,000 c.f.s. below Harlan County Dam were 
assumed in reservoir design studies on the 
basis of discharge data and flood damage infor- 
mation available in the 1940’s. Subsequently, 
in making experimental releases from both 
projects in 1957, it was found that flows exceed- 
ing 3,500 and 4,000 e.f.s., respectively, would 
cause initial damage. Investigations have now 
shown that: (1) the original determinations of 
capacity were optimistic, in that channel 
enlargements due to a wet cycle, 1935-4’7, should 
have been discounted; (2) woody growth began 
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to establish itself in the sandy bed of the stream 
in the early 1950’s, simultaneously with the 
beginning of a 4-year drought period and, con- 
trary to past history, had grown to sufficient 
height by 1957 to partially block the channel; 
and (3) farm crops planted to lower levels since 
1950 have reduced the stage of initial flood dam- 
age by more than 1 foot. The total length of 
caving banks between Harlan County Dam and 
the mouth of the Republican River has been 
reduced from 121 miles in 1951 to 20 miles in 
1961 due primarily to woody growth established 
on the banks during the drought period; how- 
ever, the clogging of the channel by woody 
growth and increasingly unfavorable channel 
alinements seem to have aggravated some of 
the remaining caving bank areas. 

Basin Description 
Geografiby 

The Republican River rises in northeastern 
Colorado and flows northeast, east, and south- 
east through Colorado, Nebraska, and Kansas 
to join the Smoky Hill River at Junction City, 
Kans., to form the Kansas River. Principal 
features are shown in figure 1. The basin is 
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nearly 400 miles long from west to east, and it 
has a total area of 24,955 square miles. The 
western part is fan-shaped up to 120 miles wide, 
and it makes up about four-fifths of the basin 
area. The eastern part is a relatively narrow 
corridor, 160 miles long and 20 to 30 miles wide. 
The gross drainage area includes sandhills of 
the upper basin, estimated to cover 7,170 square 
miles, which do not contribute surface runoff. 
The main stem valley below Trenton Dam is 
relatively wide and a large percentage is used 
for agricultural purposes. An elaborate irriga- 
tion system associated with the reservoir proj- 
ects is in the final stage of development. The 
Republican River is a heavy sediment bearing 
stream with a shifting sand bed and banks of 
easily erodible soil. Woody growths, principally 
of willows and cottonwoods beginning about 
half bank level and extending outward and onto 
back channel areas, have been recognized as 
characteristic growth. Caving banks on the 
outside of bends have plagued valley residents 
since the land was brought under cultivation. 

Climate 
Almost all of the Republican River basin lies 

west of the 97th meridian, which is generally 
accepted as the boundary between the semiarid 
plains to the west and the more humid region to 
the east. The climate is characterized by ex- 
tremes. The mean temperature is 51” F., but ex- 
tremes of minus 43’ and plus 118’ F. have been 
recorded within the basin. The normal growing 
season ranges from 150 days in the western sec- 
tion to 190 days in the eastern. The annual pre- 
cipitation is 16 inches in Colorado and increases 
easterly to 30 inches in the lower basin. The 
rainfall rarely is well distributed, as there are 
localized cioudbursts and prolonged droughts in 
the weather picture. In May 1935, a maximum 
rainfall of 24 inches in less than 24 hours was 
reported at one location in the upper Republican 
River basin. At other times, droughts and dust- 
storms have prevailed. The average annual 
snowfall of 27 inches normally does not eontrib- 
ute to flood runoff, 

streamjlow 
The variable climate produces wide fluctuations 
in streamflows. Observed discharges of the Re- 
publican River at Clay Center, Xanu., during 
the 1934 drought were 1 c.f.s. on 9 to 11 August; 
and, within a year, the discharge reached 
195,000 e.f.s. on 3 June during the 1935 Aood. 
A recurrence of such extremes is not expected 
now that there is an appreciable degree of up- 
stream reservoir control, but these values illus- 
trate the climatic conditions that prevail in the 
basin. Presently, there are 48 stream-gaging 
stations operated in the basin by the U. S. Geo- 
logical Survey. The average streamflow at the 

Clay Center gage (98 percent of the gross drain- 
age area) is 1,079 c.f.s., or the equivalent of 
0.57 inches of annual runoff. 

A comprehensive plan for flood control and 
irrigation is nearing completion in the Repub- 
lican River basin. The U.S. Bureau of Reelama- 
tion has completed five multiple-purpose reser- 
voirs in the upper basin areas, one on White 
Rock Creek in the lower basin, and has a seventh 
project under construction. The U.S. Army 
Corps of Engineers has completed the Harlan 
County Reservoir and has the Milford Reservoir 
under construction. Extensive irrigation proj- 
ects in the valley of the main stem and tribu- 
taries are associated with all reservoir projects. 
The two principal reservoirs directly related to 
;%o;mnnel capacity problem are described 

Hat&m County Dam 
Harlan County Dam and Reservoir on the Re- 

publican River in south-central Nebraska has a 
flood control allocation of 500,000 acre-feet and 
an irrigation, conservation, and sediment re- 
serve pool of 350,000 acre-feet. The dam con- 
trols the runoff from an uncontrolled area of 
9,277 square miles below the Trenton, Enders, 
Red Willow, and Medicine Creek Dams of the 
Bureau of Reclamation. 

Trenton Dam 
Trenton Dam on the Republican River was 

completed in 1953. The conservation pool and 
sediment reserve of 120,200 acre-feet form 
Swanson Lake, which has an area of 4,974 
acres. In addition, the reservoir has a flood con- 
trol allocation of 133,800 acre-feet. The gross 
drainage area at the damsite is 7,766 square 
miles, of which 5,891 square miles lie below 
Bonny Reservoir. 

Flood Danzages 
Since the turn of the century, the Republican 

River basin has experienced many damaging 
floods. By far the most devastating flood of 
record occurred in 1935, causing an estimated 
$9,000,000 in damage at that time and level of 
development. This flood originated in the head- 
water areas and converted a relatively narrow 
channel, meandering through a pleasant green 
valley, to a sandy waste 1,000 to 3,000 feet in 
width. The channel damage decreased as the 
flood crest attenuated downstream. In 1947, a 
flood, originating principally between the Tren- 
ton damsite and the Harlan County damsite, 
also caused extensive damage. Since construc- 
tion of the reservoir projects, the principal flood 
damage potential has been eliminated. How- 
ever, floods originating below the dams have 
caused average annual damages of about $300,- 
000 along the main stem since 1953. 
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Reduction in Channel Capacity 
At the time Harlan County and Trenton 

Dams were being designed and constructed, the 
Republican R,iver had a relatively large channel 
capacity and gave some indications of further 
increase. A review of the discharge measure- 
ments at pertinent stations indicated a capacity 
below Harlan County Dam of 15,000 to 20,000 
c.f.s. The nominal flood stage at Bloomington, 
which was then 1.2 feet higher than at present, 
was apparently used to establish the upper limit 
of regulated reservoir releases. Likewise, a 
value of 10,000 c.f.s. was used below Trenton 
Dam. After the reservoirs were constructed in 
the early 1950’s, a severe drought period fol- 
lowed and it was not until the spring of 1957 
that the occasion arose for making substantial 
reservoir releases. At this time, less than a 
third of the assumed channel capacity was 
found to be available below Harlan County Dam 
and limitations were equally serious below Tren- 
ton Dam. 

Stage-discharge relations developed from 
U.S. Geological Survey streamflow measure- 
ments at Bloomington, Nebr., shown on figure 2, 

FIGWE 2. - Stage-discharge relations in 1942 and 1960, 
Republican River near Bloomington. 

illustrate generally the changes that have been 
experienced in channel capacity between Tren- 
ton Dam and the Kansas-Nebraska State line. 
Deterioration below the State line gradually 
diminishes. It is recognized that single-line rat- 
ing curves at all Republican River stations are 
an oversimplification, due to shifting channels 
and occasional forced movement of gaging 
equipment. Nonetheless, by analysis of flow 
records and field observations, it has been estab- 
lished that the usable channel capacity for non- 
damaging reservoir releases below Harlan 
County Dam, which had been assumed to be 

15,000 e.f.s. in 1943 to 1945, was reduced to 
4,000 c.f.s. in 1957. It is evident that about half 
the ll,OOO-c.f.s. loss in operational capacity is 
due to lowering the flood stage a little more than 
1 foot since that time,. and the remaining loss 
is an actual reduction m the carrying capacity 
of the channel. The reduced flood stage reflects 
the extension of agricultural crops to lower land 
during the dry years of the 1950’s. This was 
accelerated, no doubt, by the construction of 
Trenton and Harlan County Dams, which many 
people in the valley assumed would eliminate 
all flood problems and permit cultivation of 
previously unused low areas. 

Flow Velocities 
Reductions in channel capacity, as indicated 

by an analysis of the rating curves over a pe- 
riod of time, can be observed also by a close in- 
spection of measured velocities at the discharge 
stations. At two stations, Bloomington and 
Guide Rock, measurements at the same sections 
were made before and after the deterioration in 
channel capacity. The situation at Bloomington 
is shown on figure 3. Maximum velocities have 
been reduced from 8.7 to 6.7 feet per second and 
the area of high velocities has been reduced 
substantially. In areas now blocked by woody 
growth, velocities have been reduced from 5.0 
to 1.0 feet per second. Discharges at approxi- 
mately the same gage height were 8,130 c.f.s. 
in 1951 and 3,760 c.f.s. in 1961. 

Channel Areas 
Surveys of degradation ranges below the res- 

ervoirs indicate considerable change in channel 
configuration. Some sections have increased in 
total area and others have decreased. In most 
sections, a discernible trend is toward a well- 
defined narrow central channel and an increase 
in low island and shore bar heights. Summary 
data on the ranges below Harlan County Dam 
indicate very little average change in cross- 
sectional area for the entire reach between 1951 
and 1957, although individual sections have 
changes up to 15 percent of the area (table 1). 
Changes were fairly well distributed between 
the upper and the lower half of the sections. 
Similar data for the ranges below Trenton Dam, 
shown on table 2, indicate a net loss between 
1949 and 1958 of ‘7 percent in the average total 
channel area and a loss of 19 percent in the 
average lower half. Of the entire average loss 
87 percent occurred in the bottom half of the 
channel and loss at one location was 40 percent 
of the entire section. 

Woody Growtb 
In 1952, a profuse growth of willow seedlings, 

mixed with eottonwocdseedlings in some places, 
was observed on many islands and shore bars in 
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FIGURE X-Measured velocities of Republic River near Bloomington, 1951 and 1961. 
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TABLE l.- Summary of degradation range surveys below Harlan Countu Dam’ 
Bankfull a.re.~ I aalf- 

1957 
Sk ,I. sn. ,r. 
5,027 5,365 
4,221 4,326 
3,248 3,150 
5,477 5,613 
3,234 2,770 

2,595 3,088 
3,339 3,508 
3,720 3,531 
3,533 4,166 
3,077 2,864 

2,458 2,371 
3,508 
3,848 

3,115 
4,250 

2,176 2,568 

50,685 
3,620 

sq. ,L 

3% 
1,213 
1,824 

728 

1,776 
1,746 
1,646 
1,053 

886 

717 
1,033 
1,520 

826 

8 152 I 
1,297 

Change 1961 mange 1951 
~~__~ 
SP. ,i. a. I*. 
+338 ..?'!.. &'k 
f105 1'587 
-98 
+136 

1:304 

-464 
1,832 
1,003 

+4% ..3.455. 
+169 

1,645 

3:429 
-53 

-189 
1,512 

-102 
f633 4,093 

1,859 
-73 659 

-213 ._...... 1,086 

-87 800 
-3% .._ 
f402 

1,484 

+392 
1,283 

688 
____ 
1,224 
+87 

. . . . . . . . . . 
1,301 

3; 
2;; 
-8 
-275 

l-2. ...... 237.9 1.5 
3-4 ....... 236.5 3.9 
5-6 ....... 235.2 4.2 
7-S ....... 232.8 6.6 
9-10 ...... 231.7 7.7 

11-12 ...... 229.3 10.1 
13-14 ...... 227.2 12.2 
15-16 ...... 224.6 14.8 
17-18 ...... 221.9 17.5 
19-20 ...... 215.0 24.4 

21-Z. ..... 208.5 30.9 
23-24 ...... 190.6 48.8 
2~26 ...... 177.7 61.7 
27-28 ...... 160.1 , 79.3 

1,673 -70 
1,486 -160 
1,070 +17 

-83 
-451 

:%3 
19,461 
3,533 

1 Dam at 239.4 river miles. 
ZMaximum depth used 12 feet. ZMaximum depth used 12 feet. 
J Change from 1957. J Change from 1957. 

-59 
-4.2 

1 
- 

the main channel below Harlan County Dam. 
Prior to this time, the channel had remained 

attached to this new growth at the time, as it 

essentially free of woody growth for many 
was assumed that the next flood would clean the 

years, although these species have always grown 
channel. As it happened, a prolonged drought, 

in back channels and in many places near or 
depletion of streamflow by irrigation, and the 

above top of bank level. Little significance was 
initial filling of the two main stem reservoirs 
resulted in little or no floods activity along the 

TABLE Z.-Summary of degd~ 
8. 

rtio 1% range surveys below Trenton Daml keeping maximum depth down to 
‘eet, which in several cams is below bankfull Of 

1949 I- 1958 
sq. ,t. 

2,200 
sa. A 

3,341 
2,071 

1,992 
2,56? 
2,094 

2,255 
2,758 

1,76C 
2,8Of 

1,880 1,77c 
1,602 
1,492 

1,498 

2,060 
1,380 
1,790 

2,381 2,608 
2,811 
3,259 

2,788 

3,127 
2,560 
2,605 

2,596 2,414 
2,882 2,694 
2,958 
2,734 

3,040 
2,136 

3,250 
3,970 

2,985 

3,110 
3,185 
2,880 

4,820 5,170 
3,973 
3,554 

3,753 

3,140 
2,134 

3,280 
4,360 
3,830 

2,810 2,133 

Change 
sq. A. 

- 29 
-774 

r:g 

‘l;‘iY 
-104 
-112 
-270 

7”;; 
-699 
-522 
-182 
-188 
+ 82 
-598 
-265 
-785 
-230 

2;;; 
-1,420 
+2;“50” 

-677 

a. A 
408 

iii. 
549 

1,248 
633 
500 
380 
420 
612 

1,165 
480 
775 

~I 501 
1,010 
,866 
625 

1,087 
1,100 
1,045 
2,110 
1,660 

510 
1,380 
1,975 

706 

s4. ,r. 
- 63 
-487 
f223 
-473 
- 12 
-389 
- 93 
- 57 
-Ii8 

z “t 
-420 
-530 
-457 
-220 
+ 81 
-455 
-258 
-255 
-180 

"g 
-730 

:;2l 
-214 

23,024 
886 

-4,466 
- 172 

SP. ,t. 
471 

1,086 
457 

1,022 
1,260 
1,;;; 

437 
548 
578 

1,160 
900 

1,305 
958 

1,230 
785 

1,080 
1,345 
1,355 
1,225 
1,990 
1,695 
1,240 

:% 
'920 

7 ....... 366.1 
8 ....... 363.8 
9 ....... 360.2 

10. ...... 358.4 
13 ....... 354.4 
13a ...... 353.9 
14 ....... 348.8 
14a ...... 347.1 
15 ....... 345.6 
16 ....... 341.9 
17. ...... 334.7 
18 ....... 330.5 
20. ...... 323.9 
22. ...... 317.7 
23 ....... 313.6 
23a ...... 312.6 
24.. ..... 312.1 
25 ....... 310.7 
26 ....... 308.1 
27 ....... 305.7 
28 ....... 301.9 
28a ...... 298.0 
29. ...... 296.2 
31....... 290.1 
32 ....... 284.6 
34 ....... 276.1 

8.4 
10.7 
14.3 
16.1 
20.1 
20.6 
25.7 
27.4 
30.9 
32.6 
39.8 
44.0 
50.6 
56.8 
60.9 
61.9 
62.4 
63.8 
66.4 
68.8 
72.6 
76.5 
78.3 
84.4 
90.1 
97.8 

Tot&. 
Average 
‘Dam at 374.5 river r 

74,235 
2,855 

69,011 
2,654 

-5,124 
- 197 

27,490 
1,057 

nile 
L - 

!S. 
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DISCHARGE 50 C.F.S. 17 OCT. 1961 SLOOMlNGTON STAGE 0.9 FT. 

OlSCHARGE 436 C.F.S. 
BLOOMINGTON STAGE 2.6 FT. 

24 MARCH 1951 

REPUBLICAN RIVER 

RIVER CHANNEL 
WILLOW ENCROACHM EN1 

FIGURE 4. -Willow encroachment in the Republican River, 1951 and 1961. 
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river to the Kansas-Nebraska State line until 
1957. By 1955, local residents expressed concern 

area has been occupied for a major part of its 

about the willow growths blocking the channel. 
length by woody growth. 

At that time the growth had reached a height of Bank Erosion 
4 to ‘7 feet and the area of younger growth had Comparisons of the 1951 and 1961 aerial pho- 
extended from Trenton Dam to the downstream tographs between Harlan County Dam and Clay 
reaches in Kansas. By 1957, the older growth Center show that the willow growth has had the 
was 7 to 15 feet high and accretions of sand up overall beneficial effect of reducing bank erosion 
to 3 feet in depth had formed in the growths from 121 miles to 20 miles. This reduction in 
thus increasing the height of the islands and the extent of caving banks is attributed prin- 
bars. Much of the channel area is now covered eipally to the growth that was established on 
by willows and cottonwoods of a size that could the banks during the 1950 drought period. Re- 
be dislodged only by the most extreme floods or duced current velocities due to growth in the 
by mechanical means. Deposit of sand in the channel have also been beneficial from this 
larger growth has increased to 5 feet in depth viewpoint, except in instances where deposits 
at some locations. Fortunately, aerial pictures in the growth have increased velocities next to 
of the channel below Harlan County Dam were the banks. Instances may be found where the 
made in 1951, and between Trenton Dam and concave (eroding) side of river hanks have filled 
Harlan County Reservoir in 1958. In 1961, the in with willows and sand accretion. In tenta- 
reach below Harlan County Dam was photo- tively establishing the outside limits for ehan- 
graphed again. Measurements were made of the nel restoration purposes, a deviation from the 
area of growth between high banks. Figure 4 
shows a typical reach of channel in 1951 and 

1951 channel has been made, when possible, to 

how it has been changed by 1961. Figure 5 
take advantage of the protective cover provided 

shows that 40 to 60 percent of the 1951 channel 
by recent willow growth. At many critical lo- 
cations, local interests have successfully used 

FIGURE 5. -Percentage of channel occupied by willows in Repnbliean River. 
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old car bodies and other types of improvised 
light revetment to prevent further erosion and 
induce sedimentation. The areas of active bank 
erosion that remain will present a problem so 
long as corrective measures are not taken. A 
substantial part of serionsly eroding bank areas 
can be greatly improved or eliminated by com- 
pleting cutoffs that can be made at comparative- 
ly low cost. Some areas would be improved by 
removal of woody growth from the main chan- 
nel. It is anticipated that light revetment such 
as car bodies, and continued encouragement of 
bank growth will be required in addition to cut- 
offs and channel clearing to completely eliminate 
undesirable caving banks. 

Hydrologic History 
Records 

Fragmentary records of stream discharge of 
the Republican River are available dating back 
to 1894. Several gaging stations were estab- 
lished in the 1920’s and good records are avail- 
able since the mid-thirties, Major floods have 
often washed out gage installations, and actual 
current meter measurements of floods much in 
excess of flood stage were virtually impossible 
prior to construction of high bridges in the last 
20 years. Although the quality of records has 
improved as access to stations during floods be- 
came possible, due allowances must be made in 
considering changes in channel capacity. 

Flood Peaks and Runoff 

The erratic hydrologic history of the Repub- 
lican River is illustrated by the annual maxi- 
mum discharges and annual runoff values given 
on figure 6 for the station at Bloomington. 
From the beginning of the record in 1929 
through 1951, more than half of the peak annual 
maximum discharges at this station were in the 
10,000 c.f.s. range, 4 years exceeded 15,000 c.f.s., 
and 2 years, 1935 and 194’7, were 260,000 c.f.s. 
and 140,000 e.f.s., respectively. With a few ex- 
ceptions, the annual runoff volumes varied 
about as the peak values. There was an abrupt 
break in the pattern after 1952 when the peak 
discharge varied from 1,000 to 5,000 c.f.s. Low 
discharges after this time were the result of 
Harlan County Reservoir regulation following 
initial filling of the conservation pool in 1957. 
The record low annual runoff volumes be- 
ginning with water year 1953 and extending 
through 1956 is explained by sustained drought 
conditions during this period. 

Channel capacities 

The channel capacity that can be related to 
the gage at Bloomington is roughly approxi- 

mated by the top line on figure 6 for the present 
state of valley envelopment. Comparison with 
the peak disci arges and runoff volumes also 
shown in the ?gure indicate a rough correlation 
with channel ,apacity. There was a gradual im- 
provement in channel capacity from the 4,000 
to 5,000 c.f.s. range prior to the 1935 flood to 
16,000 c.f.s. after the 1947 flood. Subsequently, 
there was a comparatively rapid deterioration 
to 4,000 c.f.s. in 1957. A small, but discernible, 
improvement is indicated in the last few years, 
which had near normal volumes of flow. During 
the study of Republican River channel condi- 
tions, similar diagrams were prepared for other 
stations. The improvement between 1935 and 
1947 is not so regular and pronounced at some 
of the other stations, but the deterioration be- 
tween 1952 and 1957 is evident. A particular 
exception was noted for the reach below Tren- 
ton Dam where the improvement since 1960 was 
lacking. In fact, deterioration is still in prog- 
ress at Cambridge about midway between Tren- 
ton Dam and Harlan County Reservoir. Analy- 
sis of records from 1917 to 1934 at Culbertson 
(,near Trenton Dam) and Wakefield (near Clay 
Center) indicate that there had been a fairly 
stable channel during this earlier period. One 
investigator found evidence that a flood which 
may have been comparable to the 1935 flood oc- 
curred in 1826. If channel scour comparable to 
1935 condition occurred in 1826, the 1917.to- 
1934 stabilized channel,, with 4,000 to 5,000 c.f.s. 
capacity, would be indrcation of what could be 
expected to develop eventually without reser- 
voirs to change the flow regimen. 

Flow Dz.wation 

Duration studies were made for all stations 
with substantial records. Curves for three sig- 
nificant periods of record, 193452,1953-56, and 
1957-61, are shown in figure 7 for the station at 
Bloomington. These curves confirm the ex- 
tremely low flows during the drought period 
1953-56, and show that floods since 1956 are 
somewhat less than the normal experienced 
prior to 1952. The analysis of flows below Tren- 
ton Dam indicated the same tendency during the 
drought period in the 1950’s. Whereas the 
drought period was also evident at the lowest 
station, Clay Center, the variation from normal 
was not as pronounced. 

Pool operation 

Impoundment of flow in the conservation 
pools of several headwater reservoirs began 
about 1950. Harlan County Reservoir was 
placed in operation for conservation storage in 
October 1952, and Trenton Dam (Swanson 
Lake) began conservation operation late in the 
calendar year 1953. Lovewell, a small tribu- 
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FIGURE 6. -Hydrologic history of Republican River at Bloomington, 1930.60. 
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tary reservoir in the Iower basin, began im- 
poundment in 1957, and Milford Reservoir, 
now under construction, is scheduled to begin 
impoundment of conservation storage in 1966. 
Initial filling of Harlan County Reservoir and 
Swanson Lake was completed in the spring of 
1957. Releases to the channel up to about 350 
c.f.s. were made at both projects for irrigation 
during initial filling. Beginning in 1957, reser- 
voir releases have been limited to about 2,500 
c.f.s. at Trenton Dam and 4,000 c.f.s. at Harlan 
County Dam, due to reduced downstream chan- 
nel capacities. Usually the channels are not 
used to full capacity, as some margin of safety 
is desirable for unpredictable local inflow, and 
some uncertainty usually exists as to the exact 
capacity that should be used. Substantially 
more volume of flood storage has been available 
to release from the Harlan County Reservoir 
since 1957 than from the Trenton Dam. Pre- 
liminary studies indicate a channel capacity of 
7,000 c.f.s. and 10,000 c.f.s., respectively, below 
Trenton Dam and Harlan County Dam would 
be desirable for effective regulation of the Re- 
publican River reservoir system. Capacity, in 
addition to these values, would, of course, be 

desirable if a practicable method can be devised 
to make it available. 

Sediment 
Channel Characteristics 

The Republican River is a naturally mean- 
dering sand-bottom stream with slopes gradu- 
ally increasing from 31/s feet per mile at the 
mouth to 9 feet per mile at Trenton Dam. The 
river valley averages about 1 mile in width and 
is formed generally of sandy soil that is easily 
eroded. Streambanks are usually well defined 
and average about 8 feet in height between 
Trenton Dam and Harlan County Dam and 
about 12 feet in height downstream from Har- 
lan County Dam. Banks well below the average, 
with adjacent low bottom land, are found at 
irregular intervals. The banks are prone to 
erode on the outside of bends when not protect- 
ed by natural vegetation or by artificial meas- 
ures. The channel has made many natural cut- 
offs, usually during extreme high water. The 
back channels normally are soon occupied by a 
growth of willows and cottonwoods, which ac- 
celerate the entrapment of sediment and closure 
of the channels to normal river flows. A few 
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natural islands are to be found, but for the 
most part ai! inbank flow is carried in one chan- 
nel. Bottom widths average 600 feet below 
Trenton Dam and 450 feet between Harlan 
County Dam and the mouth. The sand bed is 
shaped into islands and shore bars that fluctuate 
in size and location from one flood to the next 
when not held in place by vegetation. Woody 
growth and related sediment accumulations on 
low islands and bars, as described previously, 
has impaired bankfull channel capacity and has 
in some instances accelerated caving banks in 
the remaining active areas. 

Sediment Data 
Sediment data have been collected on the 

main stem of the Republican River at eight lo- 
cations. These data have been used to estimate 
sediment loads shown in table 3. 

Stmnmbed Material 
Early in 1961, about 150 wrface ,;amples of 

the streambed material were collected along 200 

TABLE 3.-Sediment load qf Republican River 
at selected stations 

Trenton,Nebr. 1,230,OOO : 
Orleans, N&r. 5,600,OOO 
Harlan County 

Dam, Nebr.. 
Bloomington, 

Nebr.. 
Guide Rock, 

~,?‘OO,OOO 

Nebr.. I. 
Hardy, Nebr. .I, 
Co-yxrdia, 1 

450,000 

415,000 

‘Estimated by Straub’s equation i, 
Report. 

laad in tons 

15,000 ,........ 
920,000 310,000 

11,000 

60,000 160,000 

390,000 200,000 
725,000 

1,420,000 

2,580,000 380,000 

Missouri River 308 

below the 

miles of the river channel below Harlan County 
Dam. The samples were divided equally be- 
tween (1) the low-water channel, (2) bars not 
exceeding 2 feet above low water, and (3) bars 
2 to 5 feet above low water. Lenses of silt, 
which constitute roughly a fifth of the material 
in islands and bars built up by sediment de- 
posits, are usually found at lower levels and are 
not reflected in the surface samples. As shown 
in table 4, the surface of the high bars and 
islands contain a significantly higher percentage 
of the fine sands. The bed of the low-flow ehan- 
nel was probed with a l/&inch rod ‘7 feet in 
length. The bottom of the sand was not reached 
except in some instances where the channel was 
adjacent to the hills that define the alluvial 
plain. In these instances penetration was lim- 
ited to 4 or 5 feet. It appears from field obser- 
vations that bed material between Trenton and 
Harlan County Dams is of a similar nature. 

Htgb Bar and Island Com#osition 

Typical high bars and islands formed by sedi- 
ment deposits in vegetative growth were sam- 
pled to the low-flow elevations at 10 locations, 
and sections exposed by erosion were observed 
at other places. The samples were found to be 
composed of sand similar to the surface samples 
previously described, except layers of silt were 
found at random locations in the vertical see- 
tion. Most islands and many of the bars are 
protected by stranded driftwood that will re- 
quire removal if a willow-clearing program is 
to be effective. Sieve analyses of the samples are 
summarized in table 5. 

It was found expedient to sample and analyze 
the sand and silt layers separately. A field esti- 
mate indicates the silt layers constitute about 
20 percent of the high bar and island material. 
The weighted average size-distribution shown 
above was based on this observation. While 
there were variations from place to place, no 
definite trend in size-distribution was estab- 
lished in relation to river mileage or other iden- 

TABLE 4.-Summary of Republican r&erbed material samples, 1961 
I 

Increments............ 0 
SummationL. 0 

Low bars: 
Increments 
Summation’. 

High bars: 

.I 

.l 

Increments............ 
Summationl...... :; 

Average: 
Increment. 
Summations. :: 

iSummation is percent cmrser. 

1.9 7.1 14.5 46.7 
;;:2" 

3.3 0 
2.3 9.4 23.9 70.6 100.0 100.0 

1.5 
i:: 

12.9 40.5 32.0 4.9 0.4 
2.0 21.2 61.7 93.7 98.6 100.0 

"::: 2.0 2.7 4.5 7.2 30.0 37.2 :ti , 18.6 99.8 100.0 0.2 

1.3 10.6 39.2 9.1 0.2 
1.8 

% 
17.6 56.8 

E?:: 
99.8 100.0 
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TABLE 5.-Particle-size distribution of sediment devosits of Revublican River 

421 

sample 
sand 

Fine 
gravel 

(4.8 mm.) V-Y 
@TZ",., 

coaree Medium 
0.0 mm.~ PI.44 mm.1 WE ~~~_ 

Average of sand samples: 
Increments. 2.0 2.0 10.0 37.0 32.0 
Summations. 

9.0 
2.0 4.0 14.0 51.0 83.0 

Average of silt samples: 
92.0 

Increments............ .._ 2.0 11.0 
Summation'...................................... 

16.0 
2.0 19.0 35.0 

silt I Ch" 

6.0 1.0 1.0 
93.0 99.0 100.0 

47.0 5.0 13.0 
82.0 87.0 100.0 -- 

- 2.0 3.0 

tifiable features. Schematic sections of a typical 
island are given on figure 8. 

considerable significance in determining meth- 

Willw Root System 
ods that might be adopted for removal of objec- 

Since the composition of the root system has 
tionable islands and bars, a study was made to 
determine its nature. The principal woody 

/ I I I I I 
0 100 200 300 400 

SECTION A-A 

FIGURE 8. -Schematic sections of typical island in Republican River. 
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growth on the islands was found to be willows. 
The sides of selected islands were excavated 
from top to bottom to expose the root systems. 
The entire volume between low water and top 
of island was well-filled with roots varying from 
threadlike size to a half-inch in diameter. Many 
of the willows apparently started just above 
low water and the center stem extends upward 
to the surface with roots branching off at all 
levels, while others obviously started at higher 
levels and have extended small roots down to 
low water. Figure 9, showing typical root sys- 
tems, was prepared from photographs of the 
exposed roots. 

U.S. DEPARTMENT OF AGRICULTURE 

sections for regulated releases up to 3,500 c.f.s. 
Analysis of the discharge measurements and 
related stream slopes indicated average “n” 
values of 0.20 and 0.036 for willow-covered bars 
and for sand, respectively. The results of these 
tests were used to compute a rating curve at 
Bloomington for both actual conditions and 
with willows removed from the main channel, 
as shown on figure 10. This computation method 
does not include an allowance for the probable 
increased efficiency due to better flow configura- 
tion with the willows removed and the sand bed 
smoothed out by floodflows. It was not pram- 
tieable to extend the tests to evaluate this factor. 

The increase in channel capacity resulting 
from willow removal is dependent on willow 
area, channel area, and channel capacity. It 
appears reasonable to assume that the ratio of 
the percentage of increase of capacity in a 
reach resulting from willow removal to the 
percentage of willows in the reach is constant. 
On this basis, the results in the test reach can 
be applied to other reaches and the effects of 
willow removal for the entire Republican River 
can be evaluated. 

Engineering Studies 
Gf?Xt?ld 

Serious concern over Republican River chan- 
nel deterioration began in the spring of 1957 
when the reduced channel capacities became ap- 
parent. Several reconnaissance-type field stud- 
ies and analyses of available office data were 
made during the period 1957-60 to evaluate the 
situation as it was related to reservoir regula- 
tion requirements. In December 1960 the prob- 
lem was called to the attention of the Missouri 
River Division Board of Sediment Consultants 1 
and suggestions of the board members were fol- 
lowed in the collection of field data and the 
analysis of available information, with a view 
to formulating recommendations for corrective 
action, if such should be indicated. 

Findings 
Principal factors related to the loss of chan- 

nel capacity and possible future restoration as 
indicated by the studies are summarized as fol- 
lows : 

A. The loss of channel capacity appears to 
have been caused by three principal factors : 

(1) Extensive use of former low wasteland 
since 1951 for farm crops from Trenton Dam to 
the mouth of the Republican River has lowered 
the maximum upper level of regulated release 
over 1 foot and accounted for roughly 50 per- 
cent of the loss. 

(2) Partial blocking of the main channel, dis- 
ruption of the flow pattern by permanent woody 
growth on former low bars and islands, and de- 

FIGURE 9. -Willow root development. 

Roughness Coeficients 
A typical 51/s-n& reach of the channel below 

Harlan County Dam, extending from Blooming- 
ton downstream, was selected for field tests to 
evaluate channel-roughness factors, including 
the effect of willows that cover many of the 
islands and bars. The channel between high 
banks was about 60 percent occupied by wil- 
lows. Occasional cottonwoods were noted. 
Twenty cross-sections were established, three of 
which were located at degradation ranges. Dis- 
charge measurements were made at six of the 

1 The Missouri River Division of Sediment Consult- 
ants Board is composed of H. A. Einstein, L. G. Straub, 
and Vito Vanoni. 
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DISCHARGE IN THOUSANDS OF C.F.S. 

FIGURE 10. -Republican River stage-discharge relations near Bloomington, 1951 and 1961. 

posits of bed material up to 5 feet in depth in 
the woody growth have accounted for the rs- 
maining loss of channel capacity. 

(3) Initial filling and subsequent regulation 
of the Swanson I,ake (Trenton Dam) and Har- 
lan County Reservoir for flood control have 
eliminated or greatly reduced the natural flood 
peaks that served to flush the channel and in 
that way has contributed, to an undetermined 
extent, to the loss due to woody growth and de- 
posits on the islands and bars. 

natural conditions by bankfull streamflow after 
clearing of the woody growth, decay of the 
roots, and the removal, where present, of snags 
or resistant obstructions at the heads of the 
islands and bars. 

D. Much of the channel capacity, which was 
lost during the past decade, could be restored by 
removal of the woody growth and maintenance 
of the denuded areas. 

B. There is evidence that the former enlarge- 
ment of channel capacity to 15,000 c.f.s. or more 
below Harlan County Dam was due to a combi- 
nation of the 1935 flood and the succeeding 12 
years of a sustained wet cycle. It is likely that 
a repetition of the 18261934 climatic and 
streamflow cycle would have caused the chan- 
nel to assume the same 4,000 to 5,000 c.f.s. ea- 
pacity available before the 1935 flood. Essen- 
tially the same reasoning applied to the channel 
below Trenton Dam. 

E. Removal of woody growth from bars and 
islands between the high banks and completion 
of the more obvious cutoffs will alleviate exist- 
ing caving banks to the extent that remedial 

~measures can be taken with light treatment, 
such as plantings and dumping of car bodies. 

Conclusion 

C. The grain-size of the sandbars and islands, 
the root structure of the willows, and the con- 
figuration of the bars and islands indicate that 
the channel would be readily eroded to former 

Hydrologic data, sediment information, and 
aerial mapping accumulated prior to recogni- 
tion of the channel deterioration proved inval- 
uable. These data combined with the results of 
a short period of intensive field work made pos- 
sible a fruitful engineering study and evalua- 
tion of the problem. This experience again 
emphasized the advisablity of analyzing in ad- 
vance the potential channel changes that may be 
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expected when the flow regimen is changed. As paper was prepared originally for the Repub- 
a result of the studies, it was possible to ret- 
ommend corrective measures in this particular 

lican River Review Report which is nearing 

situation. It is anticipated that the results of completion in the Kansas City District. Many 

the study also will be of value in planning and individuals in the Planning and Reports Branch, 
administering water-control programs in the under the direction of Willis G. Fish, contrib- 
surrounding areas with similar channel, flow, uted to the studies. The writer is especially in- 
and climatic characteristics. debted to Alexander M. Gow and Charles A. 
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DEGRADATION STUDY OF THE MIDDLE MISSISSIPPI RIVER, 
VICINITY OF ST. LOUIS 

[Paper No. 481 
By THOMAS F. MAHER, hydraulic engineer, U.S. Amy Engineer District, St. Louis 

Synopsis 
The results of a study of the relation in time 

between hydrographic surveys and stage and 
discharge observations in the vicinity of St. 
Louis, MO., are presented. An attempt has been 
made to include as much basic data as are ob- 
tainable. Data for the analysis were obtained 
from the files of the U.S. Army Engineer Dis- 
trict, St. Louis. Analysis of results shows ac- 
celerated degradation was brought about by 
works of man. 

Degradation Study 
St. Louis, MO., lies on the right, or west, bank 

of the Mississippi just downstream of the con- 
fluence of the Missouri River. The drainage 
area above St. Louis is divided into two major 
river basins, the Missouri and upper Missis- 
sippi, which have a combined area slightly in 
excess of 700,000 square miles. Approximately 
530,000 square miles lie in the Missouri River 
basin and the remaining 170,000 square miles 
in the upper Mississippi River basin. 

The flood seasons in the Missouri and upper 
Mississippi basins occur during the period, 
March to July. Except for periods of drought, 
the low water season is generally in the winter 
months, December through February. 

The mean discharge of the Missouri River is 
about 82,000 cubic feet a second with an esti- 
mated maximum of about 900,000 in 1844 and a 
minimum of about 4,000 in 1940. The mean dis- 
charge of the upper Mississippi River is about 
95,000 cubic feet a second with an estimated 
maximum of 565,000 in 1851 and 1858. Mini- 
mum discharge occurred in 1948 with a dis- 
charge of about 8,000 cubic feet a second. The 
mean discharge at St. Louis, MO., is about 175,- 
000, with an estimated maximum of about 
1,300,OOO in 1844 and a minimum of about 20,- 
000 in 1933. 

Fragmentary and intermittent river stage 
records were kept in St. Louis, MO., between 
1837 and 1860. Complete gage records are avail- 
able for the year of 1844, when the greatest 
flood of record occurred. The first continuous 
records of stage were initiated in 1861, when 
the present Market Street gage was established 
at mile 179.6 above the mouth of the Ohio River. 
Stage and flow records stated herein are re- 
ferred to the Market Street gage. 

The earliest streamflow measurements taken 
at St. Louis were made by the city engineer of 
St. Louis in 1866. However, flow measurements 
were estimated as early as 1837. Since 1866, 
streamflow measurements have been made by 
the city of St. Louis, Mississippi River Commis- 
sion, U.S. Corps of Engineers, and the U.S. Geo- 
logical Survey. Although discharge measure- 
ments have been taken at several localities in 
the area, the results are all referred to the 
Market Street gage. 

Hydrographic surveys covering parts of the 
area under discussion, from which it is possible 
to chart the changes in bed and bank config- 
uration, are available since 1837. The first com- 
prehensive su~ey yas plade by Lt. Robert I$. 
ka;;ronnectlon v&h ins work on the St. Lams 

Data from historic maps reveal that the Mis- 
sissippi River at Vine Street in St. Louis was 
3,100 feet wide in 1803. Due to shifting and 
cutting of the Illinois channel currents east- 
ward of Bloody Island, the river gradually en- 
larged to 3,200 feet in 1808, 3,700 feet in 1837, 
3,900 feet in 1843, and reached a maximum of 
4,200 feet in 1849. Because of the large com- 
merce resulting from the steamboats of the 
era, it became necessary to preserve the chan- 
nel in front of the city of St. Louis, which was 
deteriorating rapidly. The magnitude of the 
interests of this wealthy and rapidly growing 
city demanded that the river, throughout the 
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entire length of the 13 miles of the city river 
front, be made to flow in a permanent channel 
having stable banks. To effect this, the city and 
private corporations began work in 1838 on a 
series of dikes from the Illinois shore, intended 
to confine the river in a definite channel. The 
Federal Government recognized the magnitude 
of the work and initiated work based upon the 
plan proposed by Lt. Robert E. Lee. Limit lines 
finally adopted for the St. Louis Harbor were 
1,500 feet at low water (L.W. 1863 = zero on 
gage) and 2,000 feet at bankfull (30 feet on 
gage). The river at St. T,onis as it existed in 
1837 is shown on figure 1. On figure 1 is also 
shown the river at the present time in dashed 
lines. It will be noted by comparison the con- 
traction from about 4,000- to 2,000-foot width. 

In order to show the change in channel regi- 
men resulting from the contraction work, eom- 
parative cross sections are shown on figure 2. 
The cross sections are at approximate mile 180 
just downstream at Eads Bridge. For the ear- 
lier sections the deeper water is on the Illinois 
side, whereas after completion of the contrac- 
tion works in about 18’75, there is a gradual and 
marked deepening of the Missouri channel. The 
Missouri channel was at elevation 380f in 1837 
and is at elevation 360- in 1963. To illustrate 
this bed lowering further, channel thalweg pro- 
files are plotted and shown on figure 3. The 
channel profiles extend from about mile 175 to 
mile 185 and show the overall lowering of the 
bed from 1837 to date. 

Individual cross sections or channel profiles 
are not always conclusive as to what is happen- 
ing in a channel, because the surveys performed 
may not be phased with the phenomenon. Dis- 
charge measurements over a long period, re- 
ferred to a permanent gage, will portray chang- 
es in channel regimen. On figure 4 is shown the 
stage for a constant discharge of 40,000 cubic 
feet a second from 1837 to date. In 1837,40,000 
cubic feet a second passed the St. Louis-Market 
Street gage at a plus 6-foot stage, whereas in 
1963 this same discharge passes at stage of 
minus B-foot. This is a lowering of 12 feet in 
about 120 years. The rate of lowering has been 
almost constant since 1875. Table 1 shows a list 
of selected discharge measurements. 

It is not the intention of this paper to claim 
that there is no filling of the channel due to 
bedload movement. The purpose is to show the 
general long term trend. There have been nu- 
merous occasions in the past when the bed ele- 
vation has fluctuated markedly, the cause being 
attributed to hydrologic conditions in the up 
stream basins. ,One documented fluctuation 
occurred in the winter of 1951-52 after the 
great Kansas River basin flood of 1951. This 
flood carried tremendous amounts of bedload 
material, which was deposited not only in the 
channel but in the extensive overbank areas 
below the junction of the Kansas and Missouri 
Rivers. Due to the flatter slopes of the Missis- 
sippi in relation to the Missouri, large channel 
depositions occurred in the Mississippi below 

FIGURE 1. - Presenbday and 1837 channel configurations. 
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FIGURE 2. -Cross sections of Mississippi. downstream of Eads Bridge, 1837, 1843, 1889, 1907, and 1946. 
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FIGURE 3.-Bed profiles of Missouri channel, 1837,1889,190?, and 1946. 
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FIGURE 4. - Stage-time graph for 40,000 e.f.s., Mississippi River at St. Louis, 1837-1955. 

the mouth of the Missouri. In the winter, gen- feet. A channel profile showing extent of and 
erally, the upper Mississippi flow contribution comparisons with previous profile is shown on 
at St. Louis is greater than the Missouri ; con- figure 6. 
sequently, in January 1952, this deposition In conclusion, it will be interesting to find out 
moved through the St. Louis Harbor. Figure 5 what affect the main stem Missouri basin res- 
shows comparative cross sections at mile 180.2, ervoirs will have on the rate of long term 
prior to and when the dome was moving down- change in the degradation of the channel at 
stream. The height of the dome was about 20 St. Louis, MO. 
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FIGUBE 5. - Cross sections of Mississippi River at mile 180.2, prior to and after 19581 flood. 

FIGURE 6. - Longitudinal channel profile, Mississippi River, 1944 and 1952. 
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TABLE l.-Discharge measurements. St. Louis, MO. 

Date 
Measasyeoyt 

- stage 

k? 
8S 
0. 

.t 
1.: 
2.: 

-- 

oat 

14 Dec. 1880.. 
27 Jan. 1881. 

5Feb. 1900.... 
7 Jan. 1901. 

16 Jan. 1902.. 
ZZDec.1903..... 
21 Dec. 1904.. 
22Dec.1904..... 

3Jan.1905..... 
16Dee.1910..... 
1lDee.1910..... 
31Dec.1910..... 
16 Jan. 1913.. .~. 
15.Jan.1914..... 

8Jan.1923..... 
26Dec.1929..... 
31Dec.1930..... 
3.Jan.1931..... 
4Jan.1931..... 

21Oet.1932..... 
lJan.1934..... 

31 Aug. 1934.. 
31 Aug. 1936.. 
16 Dec. 1937.. 
lSDec.193?..... 
2 Oct. 1939. _. 
5 Feb. 1940.. 

13 Feb. 1940.. 
4Feb.1948..... 

28Jan.1954..... 
27 Jan. 1956. 

8Jan.1959..... 
31Jan.1961..... 

‘Discharge per f, 
low stages. 

.4 

.r 
1.i 

-1.2 
-1.: 

- :i 
- .l 

-“8 
-1:3 
-1.5 
-1.0 
- .l 
-3.2 
-3.0 
-4.0 
-4.7 
-3.5 
-3.5 
-3.3 
-4.7 
-2.5 
-3.9 
-4.4 
-3.9 
-3.9 

about 5,0 

; 
, 

1 Meter. 
5 Meter (ice). 
; Eedk;pat. 

t R”%t? 
I 
, E: 
1 DO. 
I DO. 
L 

E: 
, DO. 

DO. 
i Floats. 

DO. 
DO. 
DO. 

Meter. 
g;;;;; 

DO. 
DO. 

E: 
DO. 

2: 

2 
DO. 
DO. 
DO. 

;o 6,000 c.f.s. at extreme 
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EFFECT OF A RIVER CONSTRICTION 

Abstract 
The Susquehanna River at Middletown, Pa., 

is constricted considerably by a long embank- 
ment. The resulting downstream deposition has 
caused recorded progressive changes in the 
river course. Almost a mile of riverbank has 
already suffered substantial accretion that is 
expected to extend further downstream for 
miles with subsequent changes in the course of 
the river. 

The Constriction and the Prior Condition 
of the 

Susquehanna River at Middletown 
The Susquehanna River is constricted at Mid- 

dletown, Pa., by a runway (levee) completed in 
1957 (fig. 1). The total width of the river at 
Sassafras Island, originally 4,610 feet, is now 

r 

FIGURE 1. -Plan of Susquehmna River at Middletown, 
Pa., 1969. 

4,050 feet, which represents a narrowing of 
about one-eighth. The width of the channel be- 
tween the left, or north, bank and the island has 
been reduced from 2,260 to 1,700 feet, corre- 
sponding approximately to a 25 percent reduc- 
tion in width of that channel. The conditions 
in the slack water region just downstream from 
the constriction are the topic of this investiga- 
tion. The study area is shown in figure 1. 

The first aerial photograph of record is for 
the year 1937 (fig. 2). Noted should be the soli- 
tary island at the left bank between the intake 
and discharge channels of the electric generat- 
ing station, and Swatara Creek (at the right of 
the photograph). This island will be named 
either “The Battery” or “Original Island” here- 
inafter. Subsequent aerial photographs taken 
in 1947, 1950, 1955, and 1956 show no discern- 
ible change in the river. Just upstream from 
the mouth of Swatara Creek in figure 3, there is 
a bar formation that should be borne in mind 
for subsequent discussion. 

The incomplete constriction (white) appears 
first in figure 4, which was taken at a rather 
low flow (3,160 c.f.s.) on September 5, 1957. 
Here can be detected the first change in the slack 
water area; namely, a shoal about 200 or more 
feet riverward from the upstream end of the 
original island. The island and the bar at the 
mouth of Swatara Creek appear connected as 
part of the same river-developed formation 
also visible on figure 3, which was taken in 1950 
at a flow of 6,780 c.f.s. This formation will play 
a role in the rationale to be developed later 
about the probable future configuration of the 
Susquehanna River. 

Conditions Subsequent to the 
Constriction 

The rapidity of the deposition in the front of 
the plant and just downstream from the levee 
after its completion is definitely demonstrated 
by figure 5, photographed in 1959, at a discharge 
of 3,950 c.f.s. As this is not an accurate aerial 
survey photograph, the magnitude of the accre- 
tion may be surmised from the 200-foot width 
of the runway at the lower left. The shoal men- 
tioned above as barely appearing in figure 4 is 
now new land attached to the head of The Bat- 
tery. The discharge from the plant,, now 
trapped between the accreted land, the island, 
and the original shoreline, flows toward Swa- 
tara Creek. Formerly, this discharge flowed 
away from the shore out into the Susquehanna 
River. In figure 5 can be seen the bar extending 
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FIGURE 2. -Condition of Susquehanna River, November 23, 1937; discharge, 32,800 c.f.s. 

from the toe of the embankment. Somewhere verse ranges (fig. 6). The first surveys in 1957 
between this bar and the deposition will be the were not along these ranges, but by 1961 the 
final or fully developed future left bank line of ranges were established as a basis for future 
the river. measurements. The ranges T-O to T-26 became 

The photographic record of figure 5 is sub- necessary when it appeared certain that the left 
stantiated by surveys determining the riverbed or north bank was changing at least as far as 
elevation in the deposition area along trans- Swatara Creek, a distance of about four-fifths 

FIGURE 3. - Susquehanna River, August 13,196O; discharge, 6,780 ~2s. 
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FIGURE 4. - Susquehanna River, September 6,1967; discharge, 3,160 e.f.s. 

of a mile. The T-ranges were used for the first 
time in August 1962. 

The changes in bed elevation are exemplified 
by transverse profiles G and I (fig. ‘7). The ear- 
liest bed elevations of record are for April 1923. 
Systematic measurements of the deposition 
started in 1957. It is possible to reason from 
profiles G and I that a trough exists between 
600 and 800 feet from the original shore and 
that this trough might not fill in. As there are 
only about four annual measurements as evi- 
dence of this trough, its permanence is not yet 
assured. 

As the most data are available for ranges A 
to I, the area enclosed by these served as a basis 
for computation of the magnitude of the sedi- 
ment accumulation. The mean total height of 
the deposit over this area is 0.15 foot for the 
period 1923-57, or an average annual deposit of 
only 0.004 foot. For the period 1957-62 the av- 
erage accumulation is a total of 2.52 feet, or a 
mean annual deposit of 0.51 foot. The annual 
rate of deposit after the appearance of the con- 
stricting levee is about 130 times the mean rate 
for the 34.year period preceding the constric- 
tion. 

The rapid occupation of the riverbed in front 
of the power plant by the accumulating sedi- 
ment is represented graphically in figure 8, 
which shows the riverward advance of the shore 
line. Between ranges A and D the 1962 shore 
line is 550 feet riverward from the original 
shore line, and on range K it is 500 feet from 
the original shore line. This is a yearly advance 
of approximately 100 feet. 

The measurements just described are not only 
a record of the effects of the constriction, but 

might serve two other purposes. First, although 
a prediction of the probable future course of the 
Susquehanna River will be ventured later, ob- 
viously only a model study could yield a truly 
reliable ultimate picture and for this purpose 
the measurements are indispensable. Second, it 
should be possible to relate the amount of sedi- 
ment deposited to that transported in suspen- 
sion by the Susquehanna River. It is reasonable 
to postulate that the sediment is deposited dur- 
ing the receding spring or snowmelt floods. 

Probable Future of the River at 
Middletown 

Before venturing to predict the future con- 
figuration of the river, particularly of its left 
bank, one should compare figure 2 portraying 
the preconstrietion river and figure 9 depicting 
the river in June 1962. The shape of the deposi- 
tion between the levee and the original island 
resembles closely the kind occurring down- 
stream from river contraction works, such as 
spur dikes erected to induce deposition to pro- 
tect or build up a riverbank. The shrubs on the 
bar at Swatara Creek are making it into a per- 
manent island as is clearly evident on figure 10. 
That this bar could be suspected of acting as a 
spur dike is obvious in figure 11, where there 
are two smaller bars downstream from it. The 
Middletown Rapids stretch across the bottom of 
the photograph from the left bank to Hill Island 
(refer to fig. 1). 

The foregoing conditions are made clearer by 
figures 12 and 13. The runaway width (200 
feet) affords a sense of scale, but again it must 
be noted that these photographs are not accu- 
rate aerial survey photographs. The condenser 
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discharge water from the power plant Aows be- 
tween the original shore and the island, toward 
the bar at Swatara Creek. 

With the aid of figure 14, which area extends 
eastward from the constriction to Swatara 
Creek and then southward to the Middletown 
Rapids, one may venture a prognosis of the 
long-range effect of the constriction on the pat- 
tern the river will follow. The shoreline in front 
of the plant will advance riverward at a decreas- 
ing rate, but probably not as far as the bar (fig. 
5) extending downstream from the levee toe. 
The trough between the advancing shoreline and 
this bar could remain open. The riverward edge 
of the deposition in front of the plant might be 

a line from the toe of the embankment to the 
downstream tip of The Battery (original 
island). 

Just as the bar at the toe of the levee showed 
shrub growths in the summer low-water of 
1962, it is likely that the two long bars to the 
south in figure 14 will eventually trap some sedi- 
ment when a lengthy low-water period happens 
and shrubs will develop on them. It is not too 
farfetched to conceive a chain of almost con- 
nected islands from The Battery to the bar for- 
mation at Swatara Creek to the two islands at 
the south. The discharge water will join Swa- 
tara Creek and flow southeast between the left 
or east bank and the suggested chain of islands. 

FIGURE 5. - Deposition at Middletown, August 3,196S; discharge, 8,SM) ~3.8. 
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FIGURE 6. - Susquehanna River, Middletown; transverse ranges in deposition area. 

The most conjectural part of this rationale is 
what the discharge water will do to the Swatara 
silt load. It is imaginable that the bar at Swa- 
tara Creek will grow northward to join the orig- 
inal shore, so that the discharge water would 
flow into the Susquehanna River at the down- 
stream (east) tip of The Battery. Then Swa- 
tara Creek would have its own channel between 
the chain of islands and the cast bank. 

The prognosis of island formation extends 
only to the Middletown Rapids where the flow 
is accelerated and below which no investigations 
have been undertaken. Nevertheless, that the 
effect of the deposition at Middletown is reach- 
ing surprisingly far downstream is substanti- 
ated by the local observation that the main river 
current during the last 2 or 3 years seems to be 
between Hill and Shelley Islands (see fig. l), 
whereas it was formerly between Shelley and 
Three-Mile Islands; that furthermore and con- 
sonantly the northwest side of Shelley Island is 
eroding. The reach between Hill and Shelley 
Islands is about 2% miles around the bend from 
the downstream end of the constricting levee. 
As would be expected, the constriction itself is 

causing erosion of the bank of Sassafras Island 
facing it. 

The separation phenomenon associated with 
the outer or concave side of a bend is obviously 
also an important factor in the deposition pro& 
ess. The river bend at Middletown has a cen- 
tral angle of about 130” (see fig. 1). The entire 
reach of the left or concave bank from the plant 
to the rapids upstream from Fall Island is in the 
separation zone below the runway where an 
intricate and connected system of slowly rotat- 
ing eddies or rollers will provide a region for 
sediment deposition. That the constriction has 
enlarged the width of the separation zone is 
clear. 

River Data 
As an appendix some river data will be given. 

The slope of rock bottom is about 0.05 percent, 
or 0.05 feet in 100 feet. At a Susquehanna River 
discharge of 5,020 e.f.s., the water surface slope 
on September 26, 1961, was approximately the 
same, though some slopes of 0.03 feet in 100 
feet were observed. The water surface slopes 
were measured out in the river just beyond 
the bar at the toe of the levee. 
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For the period 1957-62, the Susquehanna low the mean is 625 c.f.s. with a maximum of 9,340 
water discharge in the summer varies from and a minimum of 84. 
about 2,500 to 9,000 c.f.s. The peak of the The plant usage of water ranges from a mini- 
spring snowmelt floods varies from about 170,- mum of 38.4 to a maximum of 366 c.f.s. The 
000 to 376,000. maximum usage is an inappreciable 15 percent 

The 42-year average discharge of Swatara of the lowest Susquehanna River summer dis- 
Creek is 572 c.f.s. For the water year 1960-61, charge of 2,500 e.f.s. A condenser discharge 

TRANSVERSE PROFILE G 
285 ax? 

SUSQUEHANNA RIVER DEPOSITION 
I EGFND MIDDLETOWN, PA. 

-4/1923 
-----g/1957 TRANSVERSE PROFILES G AND I 

--o-6/1962 

FIGURE 7. - Susquehanna River deposition at Middletown; transverse profiles G and I. 
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FIGURE 8. - Susquehanna River, Middletim; advance of shoreline. 

FIGURE 9. - Susquehanna River, June 26,1062; discharge, 6,860 c.f.s. 
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water flow of 366 could have considerable in- water flow of 366 could have considerable in- Water Branch, U.S. Geological Survey, Harris- Water Branch, U.S. Geological Survey, Harris- 
fluenee on the Swatara Creek. burg, Pa., gave me important information on the rformation on the 

The Susquehanna River suspended load meas- suspended loads of the Susquehanna River and ds of the Susquehanna River and 
wed at Harrisburg, Pa., ranges from approxi- wed at Harrisburg, Pa., ranges from approxi- Swatara Creek and the geology of the area. Swatara Creek and the geology of the area. 
matelv 7.000 tons oer dav at a discharge of mately 7,000 tons per day at a discharge of H. E. Bodden, superintendent of the Craw- H. E. Bodden, superintendent of the Craw- 
45,000 c.f.s. to 650,000 tons per day for 400,000 ford Station of Metropolitan Edison Co. at Mid- f Metropolitan Edison Co. at Mid- 
c.f.s. Swatara Creek at Middletown carries an dletown, and D. G. Steck rendered me very D. G. Steck rendered me very 
approximate average of 660 tons per day. substantial assistance at the deposition area by 
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FIGURE 10. - Closeup of bar at Swatara Creek on Suaquehanna River, June 26, 1962; discharge, 6,860 e.f.8. 
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FIGURE ll.- Susquehanna River, September 15, 1961; discharge, 5,640 e.f.s. 
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FIGURE 13. -Bars at Swatam Creek, September 16,X961; discharge, 6,340 c.f.8. 
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FIGURE 14.-Left bank of River susceptible to change, September X3,1959; discharge, 2,670, e.f.s 
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SOME ECONOMIC CONSIDERATIONS IN RIVER CONTROL WORK 
[Paper No. 511 

By PAUL A. OLIVER, chief, Division of Construction and River Conhol, Region 3, Bureau of Reclamation 

The name “Colorado River” and the term 
“muddy water” have long been linked in the 
minds of many Americans. When translated 
from the Spanish and applied to the description 
of rivers, the name “Colorado” means “reddish 
in color.” Many will appreciate the humor of 
the expression “too thick to drink and too thin 
to plow” as often applied to the Colorado River. 
Prior to the closure of Hoover Dam these and 
many other terms justly described the river 
from its source to its mouth. However, since 
the closure of Hoover Dam in 1935 and the sub- 
sequent completion of Parker and Imperial 
Dams in 1938 and Davis Dam in 1953, these 
terms can no longer be justly applied.to the 
river below Hoover Dam (fig. 1). 

The changed regimen of the river resulting 
from the construction of this stairway of dams 
has been dramatic. For many years prior to the 
construction of Hoover Dam the river carried 
great quantities of sediment brought in from 
the drainage areas during the periods of flood- 
flow. Some of this material was deposited in the 
river channel; some was carried to the delta 
located at the upper end of the Gulf of Cali- 
forma. During the seasons after floodflows, 
part of the bed material was picked up and 
moved to deposits farther downstream. The 
net result was a gradual rise in the riverbed 
elevation in the lower reaches. Subsequent to 
the construction of Hoover Dam, the sediment 
load from the upper river has been trapped in 
Lake Mead and clear water released below the 
dam. This water, freed of the sediment load, 
rapidly scoured the deposit that was laid down 
during the earlier years. After the construc- 
tion of the dams downstreamt additional de- 
positories for the scoured materials were formed 
and correspondingly more reaches of the river 
became subject to the erosive action of the clear 
water. The dramatic effect of the changed regi- 
men upon the downstream sediment load can be 
expressed well in tabular form. Table 1, pre- 
pared from data given in Geological Survey 
papers, shows flows and sediment transport for 
two stations on the river. The Grand Canyon 
station, 267 miles above Hoover Dam, repre- 
sents the near virgin condition, while the Yuma 
station, some 300 miles below Hoover Dam and 
located near the head of the Colorado River 
Delta, reflects the altered regimen. 

To describe all economic aspects of river eon- 
trol for the entire reach of river between Hoover 
and the Delta would require more space than 
allowed here; however, some aspects are worthy 
of consideration. In this report, remarks will 

be confined to aspects of river control in the 
Needles area, the Blythe area, and in the Yuma 
area. 

It c 
at 
-i- 
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River Problems, Needles Area 
The problems in the Needles, Calif., area 

arising out of the changed regimen of the river 
are worthy of note, not only because they were 
the first to occur but because they were the 
most dramatic and costly to date. The Bureau 
of Reclamation studies indicate that from the 
time of closure of Parker Dam in 1938 until 
October 1944 a total of 84 million cubic yards 
of sediment eroded below Hoover Dam. Surveys 
showed that 6’7 percent of the total originated 
in the reach between Hoover and the site of 
Davis Dam and that the yearly contribution of 
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this reach averaged 500,000 cubic yards by 
1944. Although a large part of the material 
eroded was deposited in Havasu Lake, some 48 
percent of the total eroded up to December 1944 
was deposited in the flood plain between Needles 
and Topock. 

By 1941, however, the backwater arising from 
the filling of Havasu Lake had formed a pool 
over the Aat bottom lands upstream of Topoek. 
With the reduced velocities, the rate of deposi- 
tion increased and, by the progressive creation 
and exposure of sandbars and growth of phrea- 
tophytes, the deposition was accelerated until 
by 1944 an almost impenetrable swampy jungle 
existed in the 12.mile reach between Needles 
and Topock. 

As the backed-up waters reached the vicinity 
of Needles, lands and homes in the riverfront 
section of the town within the levee were inun- 
dated first by seepage and finally by backwater 
encroachment. Early in 1944 it became evident 
that the levee in front of Needles would soon 
be overtopped. Had this happened, inundations 
would have reached a stage endangering the 
municipal water supply, the California Pacific 
Utility Light and Gas Plant, and the Santa Fe 
Railroad Division Point facilities including the 
terminal, shops, roundhouse, powerplant, ice- 
plant, and some 12 miles of double track main 
line. 

To cope with this emergency, the Congress 
appropriated funds for raising the levee and for 
the purchase of land and homes that had been 
inundated in the city of Needles. Under the 
provisions of the Interior Department Appro- 
priations Act of 1945: a total of $340,000 was 
made available, of which not to exceed $100,000 
was to be expended for the purchase of land 
subject to seepage or overflow and for improve- 
ments thereon. 

The history of changes in water surface ele- 
vation at Needles and at Topock, some 12 miles 
below Needles, is shown on the hydrograph, 
figure 2. The hydrograph shows that the rise 
that had been taking place at Topock prior to 
the construction of Hoover Dam continued at a 
gradual rate until Havasu Lake was formed. 
Within a short time thereafter the elevation of 
the water surface rose an additional 6 to 10 
feet to about elevation 448.0 feet, On the other 
hand, the rise at Needles was halted almost 
complr&ely after the closure of Hoover Dam and 
the level remained constant until 1941, when a 
rapid rate of rise began. This rapid rate con- 
tinued at an average of 1.2 feet per year until 
the end of 1944 and elevation of 475.5 feet was 
reached. The level then proceeded to drop slow- 
ly until June 1951, when it was about 2.7 feet 
lower than at the end of 1944. 

In 1942, an effort was made to scour the bars 

upstream from Topoek by lowering the level of 
Havasu Lake. It was found, however, that 
although obstructions in the upper reservoir 
were removed during the lowering of the lake, 
little or no effect was noted on the gages above 
Topock and in the Needles area. The density of 
the growth in the swamp area had already 
reached such proportions that it was considered 
uneconomical to hold Havasu Lake at a low 
elevation long enough to reestablish a natural 
channel in the river. This decision was also 
reinfoxed by the fact that the gages at Needles 
responded directly to any change in release out 
of Hoover, and consequently it could be expect- 
ed that additional sediment would act to reduce 
the effect of lowering Havasu Lake. 

In an engineering study, completed in 1944, it 
was determined that the most practicable solu- 
tion of the problem at Needles would be to 
dredge a channel and to open the way for the 
river to flow from Needles to Topock at a 
slope designed to provide for transport of all 
sediment. The completion of the dredged chan- 
nel in 1951 between Needles and Topoek and the 
subsequent adjustment of the river to this new 
route has resulted in the lowering of the water 
surface at Needles about 5 feet. In the years 
1951-60, the dredge worked upstream and com- 
pleted the channelization from Needles to a 
point some 8 miles downstream from Davis 
Dam. Concurrently with the dredging of the 
channel a program of bank line revetment and 
stabilization was accomplished. As a result of 
this dual program the erosion of material along 
the new channel is largely confined to that in 
the bed of the river. The dredging operation 
was conducted so as to take advantage of the 
larger deposits of gravel in the cut to establish 
sills for grade control, and the bottom is gradu- 
ally becoming armored in other reaches with 
heavier material as the finer sediments are 
removed by the river. 

Studies made in support of an extension of 
channelization upstream from Neodlcs indicated 
that a total of 112,261,OOO cubic yards of sedi- 
ment would be eroded from this reach of river 
if left in its natural state. Continued deposition 
of this material in the upper 12 miles of Havasu 
Lake would have caused a restoration of high- 
water conditions at Needles. As a result of 
channelization, the total suspended load, in tons 
per day at 15,000 c.f.s., has decreased at the 
Needles station on an average from 14,000 tons 
per day in 1956 to 5,000 in 1962. 

In order to reduce the possibility of a later 
buildup of sediment downstream at Topock and 
to reduce the amount of material carried into 
Havasu Lake, it was decided to create a settling 
basin immediately upstream from Topock in the 
newly dredged channel and to station a small 
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FIGURE l.--location map 
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of Lower Colorado River. 
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dredge at this point for removal of sediments 
arriving at that point. A E-inch dredge was 
acquired in 1957, and since that time it has 
been working back and forth in this settling 
basin, removing the sediments arriving therein. 
Material removed is being deposited in the 
swamp area where it acts to reduce to some 
extent the open water area and tule growth. 
By 1965 reduction in sediment transport should 
allow the moving of this dredge to immediately 
below Topock, where a new program directed to 
channelization can be initiated. 

It is expected that completion of the work in 
this region will produce a channel slope from 
Davis Dam to Havasu Lake that will be ade- 
quate to carry the relatively clear water flow 
anticipated at that time. Work to date in the 
stream between Davis Dam and Topock has 
resulted in the estimated annual salvage of 
some 65,000 acre-feet of water, and cost of the 
reehannelization has totaled $7,500,000. The 
estimated cost of channelization through To- 
pock Gorge is $5,000,000, and the additional sal- 
vage in water should total another 60,000 acre- 
feet per year. 

The studies mentioned previously predicted a 
cost-benefit ratio for work for the area between 

FIGURE 2. -Discharge and water surface 

Davis Dam and Topock as summarized below. 
Recognition was given in these supporting 
studies of an inseparable relationship between 
work in this area and work to be done in the 
Topock Gorge. 
Period: Benelit.cost ratio 

100-year.. 2.18 to 1 
SO-year. 1.78 to 1 

A revised program has since been developed 
for the Topock Gorge (below Topock), and a 
new overall cost-benefit ratio remains to be 
determined. In the original benefit study, no 
consideration was given to flood control and 
sediment reduction, as it was found that the 
benefits from other factors greatly exceeded 
the expected project costs, even though the 
relatively conservative values for irrigation use 
were applied to the salvaged water. It is expect- 
ed that use of values attributable to municipal 
and industrial use will be considered in the later 
studies, and, if needed, the benefits from sedi- 
ment reduction and flood control will be evalu- 
ated. Although flood benefits were not eonsid- 
ered, an idea as to the threatened cost of 
damage to the Santa Fe Railroad should be 
mentioned. If the uncontrolled rise in river 
levels opposite Needles had been left to continue 
and thereby to force the relocation of the Santa 
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elevation at Needles and Topock gate. 

Fe Railroad facilities, the cost of the relocation, 
estimated in 1947 by the chief engineer for the 
company, would have been somewhere between 
10 million and 12 million dollars. 

Not only has much of the agricultural area 
that was inundated by the high water been re- 
developed, but there have been ancillary bene- 
fits arising from expansion of the recreational 
use of the riverfront lands. With the advent of 
clear 50” to 60’ temperature water below Davis 
Dam, the fish and wildlife interests have intro- 
duced trout into the stream and a new type of 
settlement pressure has been the result. Where 
previously the lands were utilized only for farm- 
ing, several full sections have been subdivided 
into smaller acreages for homesite and trailer 
park development. 

The increased recreation pressure has result- 
ed in the development of several bypassed inlets 
and lagoons along the new channel into small 
boat and trailer park marinas through State, 
county, city, and private enterprise. The mild 
winter climate that prevails has also had its 
influence. All these factors have acted to in- 
crease the rate of development and accordingly 
the value of lands along the river. Records in 
the assessor’s office attest to the increase in 

prices paid for river frontage. Prices rose from 
approximately $10 to $20 per front foot in the 
Tg$1950’s to more than $100 per front foot by 

River Problems, Blythe Area 
The town of Blythe, Calif., and its principal 

source of economic support, the Palo Verde Irri- 
gation District, lie about nndway in the~l50-mile 
reach between Parker and Imperial Dams. Aft- 
er the closure of Parker Dam in 1938, difficulty 
opposite in nature to that at Needles developed 
at the Palo Verde Irrigation District intake, 65 
miles downstream from Parker Dam. Degrada- 
tion of the riverbed lowered the water surface 
to such an extent that by 1944 gravity diversion 
into the District’s canal was no longer possible. 
In 1944, the Congress approved funds for con- 
struction, operation, and maintenance of a tem- 
porary rock weir designed to restore operating 
levels at the intake. This weir, which was com- 
pleted in 1945, initially required a total of 40,000 
cubic yards of rock to raise the water surface to 
the required level for gravity diversions. 

However, before the weir was replaced in 1967 
with a permanent structure, the original total 
of rock placed had been increased by nearly 
200,000 cubic yards as a result of need for re- 
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pairs and reinforcement. The permanent &rue.- 
ture consisting of a rockfill dam, headworks, 
and a levee and drain system was constructed 
in accordance with the provisions of a repay- 
ment contract between the United States and 
the Palo Verde Irrigation District. Under this 
contract the United States agreed to construct 
the diversion dam, spillway, and intake works 
at a cost not to exceed $4,538,000 and to loan 
the District $500,000 for use in revising its 
distribution system to conform to the new di- 
version works. In addition to furnishing the 
necessary right-of-way and agreeing to operate 
and maintain the completed works, the District 
agreed to repay $1,175,000 in addition to the 
$500,000 as its share of the cost. 

As a result of the combination of degradation 
and aggradation and the sill effect of the Palo 
Verde Diversion Dam, a degree of stability now 
exists in the riverbed for the 150-mile reach 
between Parker and Imperial Dams. The re- 
duced slopes and the exposure of armoring beds 
of coarse gravel in the upper reaches have 
served to greatly ,reduce scour, while the de- 
creased erosive force of sediment laden water 
has been the principal factor in reduction of 
scour in the downstream part. 

Despite the quasi stability of the bed, an 
active erosion and sedimentation problem of 
considerable magnitude exists in this 150-mile 
reach. Degradation of the upper 90 to 100 miles 
has resulted in rather severe entrenchment, 
and, as the clear water is continually attacking 
the high banks, the sediment contribution is 
rather large. Water loss is also quite high in 
this 150 miles as a result of the excessive 
amount of braided, shallow, and excessively 
wide channel areas existing through the reach. 
Water losses are magnified in the downstream 
part where the river is contributing to high- 
water tables and excessive growth of phreato- 
phytes. 

Reconnaissance studies recently completed in- 
dicate that reduction in sediment transport and 
salvage of water in this reach can amply justify 
a channel improvement program, which it is 
estimated could cost $16,000,000. As a result 
of comprehensive studies, part of this program 
is already underway and further studies neces- 
sary to firm up the estimates for additional 
works are in progress. The complete program 
is expected to halve the 3 plus million cubic 
yards per year total of sediment now moving 
from this reach into the Imperial Dam reser- 
voir and into the sediment control facilities of 
downstream irrigation districts. The confine- 
ment of the flow in a properly designed channel 
with stabilized banks and a gradient that will 
provide improved drainage of irrigated acreages 

should reduce the present average annual water 
loss by approximately 90,000 acre-feet. 

Recreational and senior citizen groups are 
already taxing the marina and trailer park facil- 
ities in this area, and plans for the expansion of 
these facilities are being pressed by State, 
county, and private interests. It can be expect- 
ed that upon the completion of the programed 
river control improvements, further expansions 
and attendant benefits to the local economy will 
result. 

River Problems, Yuma Area 
The Yuma area now marks the end of the line 

for the Colorado River. The last available water 
is diverted from Imperial Dam 17.5 miles up- 
stream from Yuma for the irrigation of about 
800,000 acres of land lying in the United States 
and from Morelos Dam 8.3 miles downriver from 
Yuma for the irrigation of about 400,000 acres 
in Mexico. 

After closure of Imperial Dam in 1938, re- 
leases from Hoover Dam exceeded the down- 
stream diversion requirements for several years 
and,, as a result, the clearer water leaving Im- 
perial Dam caused a degradation of the river- 
bed opposite the intake to the Alamo Canal, 
which supplied water to Mexico. By 1944 it 
became impossible to divert the required 
amounts, and service to Mexico was supplied 
by diversion from the All-American Canal to 
the Alamo Canal under special arrangements 
each year until 1950, when Morelos Dam was 
put into service by the Mexican Government in 
conformity with provisions of Article 12a of 
the February 1944 Treaty with the United 
States. 

In the low-water years beginning 1953, a 
serious river regulation situation has developed. 
Referring again to the table on page 1, the 
average annual flow in the river at Yuma has 
dropped below a million acre-feet per year. This 
flow, plus returns to the river at points down- 
river, makes up to the guaranteed 1.5 million 
acre-feet that this country delivers to Mexico 
under the Treaty of 1944. Since 1953, in only 
2 years have flows passed the Yuma gaging sta- 
tion in sufficient quantity to cause degradation 
of the channel. Stored water has been insuffi- 
cient in the remaining years to provide regula- 
tory flow sufficient to move downriver all sedi- 
ment returned to the river below Imperial Dam 
and general aggradation of the riverbed re- 
sulted. 

Since 1950 the Alamo Canal immediately 
below the inlet works at Morelos Dam has been 
maintained as a settling basin and cleaned peri- 
odically by dredging. By 1956, however, the 
spoil area had been built up so high that the 
E&inch dredge maintaining the desilting basin 
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could no longer economically pump the silt to 
the designated area and the Mexicans have since 
deposited some 61,000 cubic yards of dredged 
material in a relatively short stretch of river 
below Morelos Dam. 

Efforts to remove the channel constricting 
deposit hydraulically by means of large releases 
of stored water have met with only limited suc- 
cess and such efforts have been abandoned. Ne- 
gotiations are now in progress to have the 
material removed by mechanical means and for 
the Mexicans to seek other spoil areas on land 
for future operations. 

The limited releases from Imperial and the 
practically nonexistent flows below Morelos have 
resulted in an alarming decrease in carrying 
capacity of the floodway below Imperial Dam. 
An attempt this winter (1962-63) to improve 
the channel by release of some 270,000 acre-feet 
of stored water in regulatory flows has met with 
only nominal success, and a program of channel 
rehabilitation is planned by both the Bureau of 
Reclamation and the International Boundary 
and Water Commission. 

This program will include the stationing of a 
12-inch dredge, now under construction, in a 
swampy area below Imperial Dam where a de- 
silting basin is planned. The silt released below 
Imperial will be trapped in the basin and de- 
posited by the dredge in the adjacent swamp 
area. Clearing of the floodway will be initiated 
in the next fiscal year, and, in the following 
years, an overall program will be directed toward 
construction of a low-flow channel and a well 
designed Roodway between Imperial and More- 
10s Dams. The International Boundary and 
Water Commission, United States Section, is 
negotiating with the Mexican Section to pro- 
vide an extended international program of chan- 
nel clearing and floodway maintenance in the 
40.mile reach of river below Morelos Dam. 

The daily scheduling of water to arrive at 
Imperial Dam for delivery to the 1,200,OOO 
acros of land in the United States and Mexico 
is being subjected to considerable scrutiny in 
view of the recent history of low runoff, the 
impending closure of Glen Canyon Dam, and 
the need for filling Lake Powell. The fact that 
the final control for flows reaching Imperial is 

at Parker Dam 150 miles away along a badly 
deteriorated channel causes continuing concern 
to water-scheduling people. In 1961, the best 
year of operations, delivery of 7,000,OOO acre- 
feet of water was made at Imperial Dam and 
the flow deviated only 5,000 acre-feet from the 
amount scheduled for arrival. 

Cause for concern arises from the fact that 
even with this close limit on delivery, some 
300,000 acre-feet of water over and above that 
ordered by Mexico under the Treaty was de- 
livered at Morelos. As most of the yearly over- 
delivery generally consists of cutbacks in Amer- 
ican orders and unforeseen changes occurring in 
the 3 days required for flow to reach Imperial 
Dam from Parker Dam, reregulation at Imperi- 
al is imperative. It is believed that this can be 
accomplished through construction of an off- 
stream storage reservoir in a side canyon 11/z 
miles upstream from Imperial Dam. Feasibility 
studies show that a 15,000 acre-foot storage 
reservoir, having a 500 c.f.s. pumpbaek storage 
facility, will economically salvage a substantial 
part of the 300,000 acre-feet of overdelivery 
presently being wasted to the Gulf of Cali- 
fornia. The estimated cost of construction of 
this offstream reservoir and pumping plant is 
$7,000,000. 

The economic expansion of the southwestern 
part of the United States is directly related to 
the availability of a dependable supply of water. 
Although the limit of supply of stored water in 
the Colorado River Basin is near, the fact is 
recognized that there is a vast possibility for 
economies in the use of this resource. This pa- 
per describes some potential sources of salvage; 
however, the Bureau of Reclamation estimate 
of the total potential salvage along the river 
and in dependent irrigated areas is in the realm 
of l,OOO,OOO acre-feet. This total could no doubt 
be augmented somewhat in practice if a sincere 
effort is directed, at all points from storage 
dams to the last irrigator on the lateral, toward 
economic use of water. The Bureau of Recla- 
mation, as representative of the Secretary of 
the Interior in custodianship of the Colorado 
River, welcomes the responsibility of leading 
an all-out effort toward the salvage of water 
now being lost. 

SEDIMENT DEPOSITS ON THE CONE AREA OF 
BIG SAND CREEK, AT VALLEY HILL, MISS. 

[Paper No. 521 
By FRED BAYLEY, JR., U.S. Amy Engineer Disbiot, Vicksburg, Miss. 

Synopsis hills in large cone-shaped fills as the streams 
Hill tributaries of the Yazoo River system in enter the flat alluvial valley. Big Sand Creek in 

Mississippi carry a tremendous sediment load. north-central Mississippi is typical of these. It 
This tends to be deposited near the foot of the affords a rare instance where estimates of sedi- 
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ment rates can be based on actual field measure- 
ments of deposits. Sediment deposits on the 
cone area have been computed from a compari- 
son of range profiles obtained in 1920 with 
those made in 1947 and 195’7. This paper de- 
scribes the watershed, the range profiles, and 
the amount of sediment deposits. Between 1920 
and 1947, these deposits amounted to nearly 
l,OOO,OOO cu. yd., or 583 acre-ft. per year, equiv- 
alent to over 5 acre-ft. per square mile per year. 

General 
The line of hills along the eastern side of the 

Mississippi Delta rises abruptly about 150 ft. 
in elevation in a very short distance. The 
streams, heavily laden with sediment, enter the 
alluvial valley where the flat slopes drastically 
reduce the sediment-carrying capacity. Thus, 
a major part of the sediment load is dropped 
near the foot of the hills to form the cones 
peculiar to the area. These cones rise consider- 
ably above the surrounding land and fan out in 
a westerly direction. Sediment deposits on the 
cone area of Big Sand Creek, a hill tributary of 
the Yazoo River, are typical. The magnitude 
and rate of these deposits were computed from 
range profiles made in 1920 and those obtained 
27 years later, in 1947, and 10 years thereafter, 
in 1957. This paper briefly describes the water- 
shed, the range profiles, and the amount of sedi- 
ment deposits. Figures 1 and 2 show the sand 
bottom and the caving banks of Big Sand Creek. 
Figure 3 shows typical sand deposits around 
cabins. 

Watershed Conditions 
Big Sand Creek lies in Carroll and Mont- 

gomery Counties, Miss., and flows in a westerly 
direction, entering the Yazoo River at Green- 
wood, MISS. Figure 4 shows the drainage basin. 
The hill area of the stream, which lies east of 

FIGURE 1. - Channel of Big Sand Creek 2.6 milea west 
of Carrollton. 

FIGURE 2. -Bank of Big Sand Creek near Valley Hill. 

,n ,, 

FIGURE 3. -Typical sand deposits. 

Valley Hill, is about 18 miles long and contains 
110 square miles. Elevations in this area vary 
from 150 ft., mean sea level, near Valley Hill, 
to 520 ft., mean sea level, at the northeast di- 
vide. Soils in the upland part are within the 
loess resource area. The loess is quite deep in 
the western part and decreases in thickness to 
the east. 

The streams and large gullies have eroded 
through the loess into the sands and clays of 
the underlying Coastal Plain formation. The 
easy erodability of these soils is a large factor 
in the huge amount of scdimcnt deposits in the 
delta area. Practically the entire upland water- 
shed is affected by sheet and gully erosion, 
which is most severe in the area east of Carroll- 
ton. 

The delta area extends west of the bluff line 
near Valley Hill and contains the alluvial cone 
on which the range profiles were made. The 
local drainage district constructed a channel 
and levee system in the delta part in 1922-23 
in an attempt to carry flows from the hills to 
the Yazoo River. The carrying capacity of these 
levees rapidly deteriorated because of large 
sediment deposits in the floodway, until at the 
present time they are crevassed by flows ex- 
ceeding about 5,000 c.f.s. The levees are eon- 
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strueted of sandy material and crevasses occur 
almost every year, with several in some years. 
The poor soil cover in the upland area is eon- 
ducive to rapid runoff, with factors as high as 
90 percent occurring during winter and spring 
rains. Floodflow slopes in the hill area range 
from 5 to 60 ft. per mile. The maximum flow 
of record is estimated as 33,000 e.f.s. at Valley 
Hill, the western edge of the hill area. The 
average annual precipitation is 52 in. The maxi- 
mum hourly rainfall at Greenwood is 2.7 in., 
and the maximum 24.hour amount is 11.8 in. 

Range Profiles 
During a drainage survey for local interests 

in 1920, the Elliott and Harman Engineering 
Co. of Peoria, Ill., obtained ground profiles in 
a north-south direction on four section lines in 
the delta area of Big Sand Creek. Figure 5 
shows the location of these profiles. During field 
surveys in 1947 for the Greenwood Protection 
Works, the Vicksburg Engineer District re- 
surveyed these ranges. Figure 6 shows the 
deposition between the 1920 and 1947 surveys. 
These deposits were, to a large extent, the re- 
sult of sediment dropped by crevasse flows 

through numerous and widespread breaks in 
the Big Sand levees near the hill line during this 
period. The four ranges were profiled again in 
195’7. The 1957 profiles are not shown in figure 
6, since they did not differ greatly from the 
1947 survey. 

Sediment Deposits 
Table 1 gives the amounts of sediment de- 

posits on the cone area as computed from the 
range profiles and field investigations. Amounts 

1920-47 (27 years): 
upper area.. 13,151,ooo 
Lower area...... 12,254,ooo 

1947-57 (10 years): 
upper *rea.. 
Lowerarea...... 

Total......... 
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FIGURE 5. - Location of range profiles in delta area of Big Sand Creek. 

of sediment deposits shown in table 1 for the 
upper area were computed directly from the 
range profiles. Amounts for thelower area were 
computed from depths of deposits obtained by 
field reconnaissance. Deposits on the cone are 
composed mainly of fine sands, silts, and clays. 
No estimates of deposits in the lower area were 
obtained in 195’7; however, deposits in this area 
for the period 1947-57 are considered to be 
minor. 

A major part of the difference between the 
rates of deposits on the cone area for the two 
periods is attributed to the improved mainte- 
nance of the levee system. During the latter 
period crevasses were limited in extent and 
were closed as soon as possible, thereby prevent- 
ing long periods of flow through the crevasses 
and thus most of the sediment was transported 
to the Yazoo River. Evidence of this is indi- 
cated by comparative thalweg profiles of the 
Yazoo River in figure 7, which show consider- 
able fill between 1940 and 1962. However, Big 
Sand Creek is only one of many small tribu- 
taries that, in addition to the major tributaries, 
contribute to the sediment load of the Yazoo 
River. 

Estimates made in connection with the Mis- 
sissippi River and Tributaries Project Review 
by the Soil Conservation Service in a report for 
the Mississippi River Commission entitled, “Re- 
port on Present and Anticipated Floodwater 
and Sedimentation Conditions, Yazoo Headwat- 
er Project, Part II, Big Sand Creek,” dated 
August 195’7, agree closely with the estimates 
made by the Vicksburg District from actual 
measurements. The estimates were based on 
empirical formula, analytical computations, and 
experience. The following tabulation shows the 
source of sediment and annual delivery rate to 
the delta area of Big Sand Creek as estimated in 
the Soil Conservation Service report. 

Estimated Estimated 
source 1 91084 d;;,~~E~ 

emaion 

Acr&,W. Acre-/L hr. 
Sheet......................... 648.5 129.1 
Gully and roads. 

“3% 
199.1 

Streambank. 392.3 

Total....................... 1,312.6 721.1 
‘Does not include any material from streambed since 

channel beds are believed in equilibrium. 



SYMPOSIUM Z.-SEDIMENT IN STREAMS 

FIGURE 6. - Range profiles of Big Sand Creek, 1920 and 1947. 

Summary 
Big Sand Creek is one of the few areas where 

it was possible to obtain actual measurements of 
deposits on the ground as a basis for estimates 
of sediment loads. Although the estimates ob- 
tained are not highly accurate, they are reason- 
able and certainly serve to indicate the magni- 
tude of the problem. The reduced rate of deposit 
in the cone area during the 1947-57 period is 

attributable to the fact that levees were main- 
tained to reduce crevasse flow greatly and the 
opportunity for deposit in the cone area. Thus, 
a far greater part of the sediment load was 
transported to the Yazoo River than was the 
case during the earlier period. This has contrib- 
uted to the filling in the Yazoo River in the 50- 
mile reach below Greenwood, as shown in fig- 
ure 7. 
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FIGURE 7. - Thalweg profiles of the Yazoo River, 1940 and 1962. 

IMPROVEMENT OF THE NAVIGABILITY OF THE COLUMBLA 
RIVER BY DREDGING AND CONSTRICTION WORKS 

Synopsis 
The Columbia River navigation channel from 

its entrance at the Pacific Ocean to the Port- 
land-Vancouver area is maintained to dimen- 
sions of 35 by 500 feet by the removal of 12.2 
million cubic yards of sediment each year. Con- 
stant improvement of the navigability of this 
loo-mile waterway has been made by the eon- 
struction of permeable groins, removal of sedi- 
ment by hopper and pipeline dredges, and use 
of dredge spoils for river constriction works. 
The controlling depth of the river was 12 feet 
in 1885; it is now 36 feet. 

This paper reviews some work performed 
between 1957 and 1961 without giving details 
of earlier works on the river. The information 
is factual: not theoretical, and is based on hy- 
drographx surveys of the river. The use of 
permeable groins and dredged sand in redirect- 
ing the river and improving channel depths on 

one bar is reviewed. The use of advance main- 
tenance dredging to guarantee the availability 
of project depth all year,, rather than just after 
completion of dredging, is considered. The suc- 
cess of this program in obtaining greater chan- 
nel depths on a year-round basis is reviewed. 

Several problems bearing on the maintenance 
of this navigation project are presented. 

Introduction 
The Lower Columbia River navigation chan- 

nel from its mouth at the Pacific Ocean to the 
mouth of the Willamette River in the Portland- 
Vancouver area is an authorized project 35 feet 
deep by 500 feet wide. The channel is 98.5 
miles long and dredging of approximately 
9,800,OOO cubic yards of river sediment is re- 
quired annually through 26 river bars whose 
total length approximates 50 miles. In addition 
to this, an average of 2,400,OOO cubic yards is 
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dredged from the Columbia River entrance bar 
each year. However, the term “river sediment” 
is slightly misleading, as the material dredged 
from the lower Columbia River consists almost 
entirely of fine to medium sand with very little 
silt to no clay. Absolute density of the material 
averages 2,700 grams per liter. The average 
length of the 26 river bars is 8,200 feet; the 
shortest is 2,000 feet and the longest is 14,000 
feet. The other 48.5 miles of the channel under 
discussion is self-maintaining to river depths 
greater than 35 feet for a width of at least 500 
feet. The river in its natural state had a con- 
trolling depth of 12 feet at St. Helens Bar (mile 
86) in 1885. 

River Constriction Works 
It is recognized that the shoaling pattern on 

any river bar is a result of the interrelation of 
many factors. Principal among these factors in 
the Columbia River are: 

(1) Characteristics of the annual river run- 
off, or “freshet,” and its effect on the amount of 
bank erosion upstream. 

(2) Action of river constriction works up- 
stream and their tendency to pass material onto 
the bar being investigated. 

(3) Action of river constriction works on the 
subject bar and the resultant shape and area of 
the river cross section. 

(4) Placement of the navigation channel in 
relation to the thalweg of the natural river. 

(5) Placement of the channel in relation to 
bends in the river. 

(6) Type of sediment being transported by 
the stream. 

It is not intended to present information 
where all the above variables have been held 
constant. However, by holding certain of these 
variables constant and changing others, a radi- 
cal change in the channel over several years un- 
doubtedly will be attributable to recognizable 
causes. 

For purposes of comparison of shoaling, the 
years 1957 and 1961 were used because of the 
similarity of the flood pattern. Figure 1 shows 
the river hydrograph at Vancouver, Wash., for 
these 2 years. For purposes of comparison, 
since the freshets were similar, factor (1) 
mentioned above can be considered to have 
been constant when comparing shoaling in 1957 
and 1961. No constriction works were installed 
for a distance of 20 miles upstream of St. Helens 
Bar between 1957 and 1961, so factor (2) was 
considered to be constant. Since the channel 
alinement was not changed and there is little 
change in the nature of the material from year 
to year, factors (4)) (5)) and (6) were likewise 
constant. Therefore, any change in shoaling on 
St. Helens Bar between 1957 and 1961 is pri- 

FIOUBE 1. - Comparative flood-stage-discharge hydro- 
graphs, Columbia River at Vancouver, Wash., for 
195'7and1961. 

marily attributable to the change in river cross 
section caused by the addition of river constric- 
tion works. 

Figures 2 and 3 are aerial photographs of St. 
Helens Bar, taken in 1957 and 1961. Through 
the years several permeable groins (i.e., pile 
dikes) have been constructed on this bar. In 
1959 three additional groins totaling over 1,000 
lineal feet were constructed, and in 1959 and 
1960 hydraulic fill totaling 1,250,OOO cubic yards 
was placed to supplement the permeable groins 
on the right bank in redirecting the river. Al- 
though this sand closure was breached the fol- 
lowing year (see fig. 3), the effect of it on the 
navigation channel has been considerable. In 
1957 the infill of sand onto this bar during the 
freshet was 856,000 cubic yards; in 1961, it 
was 364,000 cubic yards. It is believed this 
reduction in infill was a direct result of con- 
structing the additional length of permeable 
groins and placing the 1,250,OOO cubic yards of 
sand over and between these groins in the inter- 
vening years. As can be seen from the aerial 
photographs, the river cross section at this 
point was narrowed considerably and the river 
diverted completely by the groins and fill rather 
than partially diverted, as was the case with 
permeable groins only. Unfortunately, the hy- 
draulic fill was only raised to elevation 22 feet 
and was topped by the freshet in 1961. It was 
breached in several places but was still effective 
in 1962. These breaches will be filled and the 
entire closure raised to flood-free elevation as 
material is available from maintenance dredging. 

Slaughters Bar at mile 66 is 20 miles below 
St. Helens Bar. The intermediate bars between 
these two contain 30 permeable groins located 
so that a great deal of material is believed to 
pass through these bars. Slaughters Bar repre- 
sents the natural settlement place for some of 
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FIGURE 2. -St. Helens Bar, Columbia River, November 1957. 

the material because its cross section is too wide 
to support a 35 by 500-foot channel. As shown 
in figure 4, comparison of a naturally main- 
tained section at the head of this bar at mile 
67.0 with a middle section at mile 66.0 with 
shoals above 35 feet discloses that at least 300 
feet of excessive width should be eliminated 
from the section at mile 66.0 to make it self- 
maintaining. If this were accomplished, the 
increased velocities generated thereby would 
cause the bottom to scour to a pattern similar to 
that shown for mile 67.0. However, due to 
strong objections from local interests, it has 
not been feasible to narrow this section by 
creating a middle ground or island built from 
dredge spoils and stabilized by permeable groins. 
While bars above Slaughters Bar are improving 
each year, it is significant that the trend on 
Slaughters Bar is toward worsening conditions. 
Table 1 demonstrates the trend of shoaling of a 
section of this bar. 

It can be seen that as other reaches of the 
river are improved by constriction works, it 
may have an adverse effect on the navigability 

TABLE l.-Shoaling on a section of Slaughters Bar 

**sE%E 1 n,;fL;, In6u ha.3 Channel Year during freshet 
sq. Ii. FL. cu. Id. 

19512.. 258,000 37 225,000 
1953........... 110,000 
1959........... 1,050,000 z 3 
1960........... 1,347,ooo 
19612.......... 1,577,ooo i:: 3;0,000 

1 Meaning total area within the navigation channel that 
is shallower than 35 feet. 

2Similar freshet pattern. 
“Not calculated. 

of unimproved areas downstream subject to 
shoaling. It is assumed this is due to the in- 
creased inflow of bedload. It is not known if a 
reliable quantitative relation can be established 
between the amount passing through an up- 
stream bar and the amount of material deposited 
on a lower bar under the conditions present in 
the Columbia River. The important question 
here is whether or not an increased bedload 
made up of material passing through upstream 
bars requires a much greater velocity to keep 
it moving. In other words, a bedload equal to X 
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FIGURE 3. - St. Helens Bar, Columbia River, November 1961 

is passed through a bar by action of velocity V. 
When X is increased, will V necessarily have to 
be increased to prevent further shoaling on the 
downstream bar? The answer to this is not 
clear for the Columbia River. 

Advance Maintenance Dredging 
Experience indicates that nearly all of the 

shoaling on the Columbia River takes place dur- 

ing the several weeks of the spring runoff or 
freshet. This means that after the river level 
returns to normal there is nearly 50 miles of 
river shoaled above project depth. This presents 
a critical situation from the standpoint of navi- 
gation, as the deeper draft ships are forced to 
delay arrival and sailing times so high tides can 
be utilized. During low river stages tides affect 
the project channel approximately 8 feet at the 
seaward end and 2.5 feet at Portland. Dredging 
capacity of the district is taxed immediately 
following the freshet in order to deepen the 
channel in the shortest possible time. 

It has been customary to dredge project depth 
plus 2 feet allowable overdepth, OP to 3’7-foot 
depth on the Lower Columbia River. Maximum 
shoaling during the average freshet is 6 to 8 
feet, leaving a controlling depth of approxi- 
mately 30 feet on some bars. So that the ehan- 
nel may be at project depth the year around and 
in order that dredging may be scheduled on a 
year-around basis, Portland District, during 
the last several years, has endeavored to per- 
form what is called advance maintenance 
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dredging. This means that rather than dredg- 
ing to 3’7 feet, the channel is excavated to a 
depth of 40 or 42 feet; i.e., project depth, plus 3 
to 5 feet of advance maintenance dredging plus 
2 feet of allowable overdepth dredging, to allow 
for the inaccuracies of the dredging process. 

It can be seen under this plan that after 6 to 
8 feet of infill, there would still be left the 

project depth of 35 feet, and all shoaling would 
have taken place below project depth. The ad- 
vantages of this plan are obvious. A good 
example of this practice is maintenance of Wil- 
low Bar at river mile 97. Table 2 shows results 
of the advance maintenance program from 
1957 to 1961, inclusive: Table 3 shows eondi- 
tions at bars after freshets of 195’7 and 1961. 

1 Each sounding represents approximately 7,500 sq. ft. 
p Similar flood patterns. 

TABLE 3.-Columbia R&r bars-comparison of condition after fresh& of 1957 and 1961 

1. Desdemona 
2. Flavel. ............... 
3. Upper Sands ........... 
4. Tongue Point .......... 
5. Miller Sands ........... 
6. Pillar Rock ............ 
7. Brook&Id ............. 
8. Skamokawa. .......... 
9. Puget Island ........... 

10. Wauna ................ 
11. Westport.. 
12. Eureka. ~, 
13. Gull Island.. 
14 St&-Fisher. 
15 Walker Island.. 
16. Slaughters.. 
17. Lower Dobelbower 
18. Upper Dobelbower.. ~. 
19. Kalama 

20. Lower Martin Island .... 
21. Upper Martin Island. .. 
22. St. Helens., ........... 

23. Warrior Rock .......... 
24. Henriei. ............... 
25. Willow ................ 
26. Morgan. .............. 

Average 994 32.3 

‘All bars from Nos. 10 to 26 were dre 
to a maximum of 37 feet wit ;h rr minor she 

- 

i 

Shoal area 

sooo %i 
100 
690 
610 

1,810 
180 
710 
490 
250 

2,080 
710 
750 
200 

3,350 
1,420 
1,930 
1,540 
1,390 
2,120 

120 
700 

2,240 

140 
780 

1,210 
120 

37 

i;’ 
32% 

_- 
1 

eet 
: re 

Id to 37 f, 
of 34 fee1 

‘.OOD 8& ft. 
480 
150 

336: 
2,080 

325 
900 
280 
200 
680 

0 
150 
120 
420 
340 

2,920 
310 
310 
750 

10 
1,380 

100 

160 
1,320 

12”: 

53s 

34 

i; 

36 
p 

35 

34.2 

,Bars l-9 are hopper dredged. Shoal areas may 
remain after dredging due to inaccuracies 
of the dredging method. 

Dredged to -40 feet in 1960. 
Dredged to +,feet m 1960. 

Drcdgcd to -42 feet in 1960. 

Dikes extended in 1959. 
DO. 

N;;&ig.in 1960; also dredged to -42 feet 

NwXky in 1959; also dredged to -42 feet 

Not dredged in 1960. 
Dredged to -42 feet in 1960. 
Not dredged in 1960. 

Reflects effect of both dikes and advance 
maintenance dredging. 

the previous year unless otherwise noted. Bars 1 to 9 were dredged 
maining at the completion of dredging. 

It is apparent from the preceding tabulations tain this channel to authorized depth, it is of 
that advance maintenance dredging aceom- interest to compute the benefit-to-cost ratio of 
plishes its objective of making greater depths making the increased depths available. It is 
available on a year-around basis. Although it is obvious that overdepth must be originally 
recognized that there is an obligation to main- dredged and its cost amortized over the life of 
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the project. Calculations show that approxi- 
mately 10 million cubic yards of advance main- 
tenance dredging would need to be accomplished 
initially so that all shoaling would take place 
below project depth. Based on an assumed cost 
of 22.5 cents per cubic yard and on a proposed 
life of 30 years, this dredging would cost about 
$75,000 per year (no interest included). In 
addition to this, it seems reasonable that annual 
dredging costs would increase due to the greater 
shoaling taking place; i.e., because velocity 
equals flow/area, it follows that an increase in 
cross section will bring about increased shoaling 
due to the decreased velocities. Means of esti- 
mating this increased shoaling are not presently 
available for this project. It has been determined 
that, in general, 5 feet of advance maintenance 
dredging will increase the total river cross sec- 
tion at a typical bar by about 5 percent. For 
purposes of economic evaluation, it is assumed 
that the shoaling will be increased by that 
amount. 

Experience shows that an expenditure of 
$l,SOO,OOO (1957 dollars) is required to keep 
the channel to depth of 35 feet for 215 days per 
year and to depths of 29 to 31 feet for 150 days 
per year. The additional cost to keep the ehan- 
nel to 35 feet all year is as follows: 
(1) Initial cost amortized at 30years, with 

n0 interest: 
10,000,000 cubic yards at 22.5 cents per cu. yd. = $75,000 
(2) Increased annual dredging costs: 

5 percent x $1,300,000 z $90,000 
Total increased annual cost to obtain 35-f& 

project depth year araund.. $165,000 
It is assumed that various increments of this 

sum would maintain channel depths as follows: 

30 ._...,,...................... $0 
31 ._........._................. 33,000 
32 . . . . . . . 66,000 
33 ..,....,,__._.......,.,__.... 99,000 
34 . . . . . . . . . . 132,000 
35 . . .._..... 165,000 

The determination of the benefits to naviga- 
tion largely depends on how much time deep 
draft ships are required to wait for the tides to 
aid in traversing the project during the 150 
days after the freshet. No detailed study was 
made of subsidiary benefits, such as eliminating 
the necessity to stop off in other ports, as the 
reason for the study was only to ascertain 
whether advance maintenance dredging is eco- 
nomically justified. 

On the Columbia and Lower Willamette Riv- 
ers project., deep-draft vessel traffic during the 
5 months m calendar year 1961 when project 
depth was not available, was as follows : 

.33-34 ._.._.,_..,.................. 5 
33-31 _.___..............._........ 151 
3!M9 ,...,,,._,................... 113 
28-27 ..,......_...........,....... 160 

As was stated above, controlling depth is 30 
feet for 5 months per year when only $l,SOO,OOO 
is spent for dredging. 

It is further estimated that under these con- 
ditions each vessel noted above loses 3 hours per 
trip awaiting a favorable tide during the 5- 
month period. It is also assumed that reduced 
ship draft of 2 feet for squat and 2 feet for 
safety were suffered. If this wait of 3 hours, as 
developed above, is eliminated, benefits will ac- 
crue as shown in table 4. 

TABLE 4.-Benefits accrued from maintaining 
channel depths of Columbia River 

Total dollars.. ./. .I. .I 293,400 
‘Vessel hour assumed to cost $200. 

Figure 5 shows these values plotted. Also 
plotted is the cost to attain these various depths 
as described above. Dredging advance main- 
tenance at all depths up to 35 feet is justified. 
The benefit/cost ratio to maintain 35 feet all 
year is 293,400/165,000 or 1.78:1. 
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Advance maintenance dredging in addition to 
the benefits to navigation is advantageous. A 
large pipeline dredge requires a relatively deep 
infill bank for efficient dredging. Figure 6 
demonstrates the reason for this. To assure an 
efficient dredging program, the pipeline dredge 
should work against the heaviest possible bank. 

FXURE B.-Production curve for X-inch-pipeline dredge 
Claekamas pumping through Z,GQO-3,000 feet of dis- 
charge line, Columbia River. 

One means of doing this is to dredge advance 
maintenance and allow bars to shoal for 1 or 
more years. That is, a bar which normally 
shoals 2 to 3 feet per year could be dredged to 
6 feet of overdepth every other year. The cross 
section would be slightly increased, which would 
in turn increase the tendency of the bar to infill 
the following year. However, dredge produc- 
tion may be increased greatly or at least enough 
to more than offset this increased shoaling. An 
increase of dredging bank from 3 feet to 6 feet 
increases production of the dredge Claekamas 
from 1,250 to 1,550 cubic yards per hour (fig. 
6). Since dredge cost is virtually constant, re- 
gardless of production, this would reduce unit 
costs by 24 percent. 

From the standpoint of dredging efficiency, 
it is unfortunate that shoaling does not take 
place by consistent and level buildup on river 
bars. The shoaling is mostly in sand waves and, 
therefore, a 32.foot sounding may be followed 
closely by one of 42 feet. This is clearly shown 
in the reproduction of a section from a fatho- 
gram shown in figure 7. It is obvious that this 
situation does not lend itself to pipeline dredg- 
ing. The trailing suction hopper dredge is one 
method of eliminating these waves. It is be- 

Fnxm~ 1. -Fathogram along centerline navigation 
channel, showing sand wave shoaling. 

lieved that, if available, trailing suction hopper 
dredges can be utilized to great advantage to 
remove the scattered high spots in a channel. 
This allows the rest of the bar to build up 
toward a heavier bank, which in turn assures 
later efficient use of pipeline dredges. 

Use of River Sediment 
We tend to lose sight of the fact that river 

sediment can be and in many places is a most 
valuable natural resource. Effectual usage of 
dredged sand depends upon the location and the 
foresight and planning of the engineers dealing 
with the sedimentation problem. In the Colum- 
bia River, dredge spoils are utilized for river 
control and constriction works and for develop- 
ment of recreational areas. 

The use of sand for river control and constric- 
tion works certainly represents the highest and 
best use of sediment on the Columbia River proj- 
ect. The use of sand for constriction works has 
generally been in conjunction with the perme- 
able groin building program. Permeable groins 
of untreated piling are used almost exclusively 
for river training in this area. Several perme- 
able training groins have been built on river 
bends, where permeable spur groins are not 
sufficient to turn the river. 

Normally, in constructing these groins, two 
rows of piling are driven with staggered pat- 
tern, so the effective spacing is 2*/, feet. The 
two rows are separated by a waler which is 
securely bolted to all piling. The cutoff eleva- 
tion varies between +6 and +10 feet on Colum- 
bia River datum. A rock blanket is placed after 
the piling is driven to protect the structure from 
scour. Because of the permeability of these 
groins, it is almost always desirable to fill be- 
tween the groins with dredge spoils to supple- 
ment natural accretion. The ultimate effect is 
like that of a long training groin following the 
desired curvature of the river and moving the 
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bank line channelward. This is believed to be 
the most economical solution to the problem of 
dredge spoil disposal. However, when the spur 
groin method is used on sharp bends, excessive 
scouring and erosion of the toe of the slope of 
the sand fill presents a problem. 

Constricting the river by placing sand fill 
without the benefit of spur groins has been fair- 
ly successful in some areas. However, to be 
fully effective, sufficient sand must be available 
to bring the fill to floodfree elevation and must 
be placed continuously channelward from nor- 
mal high waterline. Even then, the toe of slope 
and the side of slope is endangered during sub- 
sequent freshets. The fill at St. Helens Bar 
(fig. 3) is thought to be a good example of 
the combined use of permeable groins and 
dredge spoils to obtain river control. 

The use of river sand for recreational uses 
has been limited to establishing beaches or 
nourishing existing beaches for use by fisher- 
men, picnickers, and boaters. Cooperation with 
State, county, and municipal groups has result- 
ed in nmnero~s public fishing and recreational 
beaches being created in past years in those 
reaches where use of dredge spoils is adaptable 
to this activity. 

Conclusion 
The Portland District has made great strides 

in improving the navigability of the Columbia 
River during the past years. River constriction 
structures and the use of dredge spoils as well 
as advance maintenance dredging have brought 
about a marked improvement to the ship chan- 
nel. 

There are several major problems whose solu- 
tion is not readily apparent but must be ac- 
complished to insure continued improvement of 
the Columbia River navigation channel. These 
problems are: 

1. Determination of a low-cost method for 
removing the peaks from the sand waves that 
develop in the ship channel and interfere with 
navigation. 

2. A sound, harmless method of determining 
percentages of material that reenters the navi- 
gation channel under various dredging disposal 
methods to allow logical derivation of costs of 
various dredging disposal procedures. 

3. Determination of how much shoaling in- 
creases when a channel is overdredged in depth 
but river width remains constant. 

Solution of these problems will enable the 
Portland District to continue improvement in 
the navigability of the lower Columbia River. 

CHANNEL ARMORING BELOW FORT RANDALL DAM 
[Paper No. 541 

By ROBERT H. LIVESEY, hydraulic engineer, U.S. Amny Engineer Disttict, Omaha 

Synopsis 
One of the major problems encountered in t,he 

design of outlet facilities for reservoir projects, 
particularly those planned for alluvial streams, 
is the determination of tailwater levels for opti- 
mum operating conditions. Generally the deg- 
radation estimates are based upon various 
methods of analytical study involvin; :~,merous 
related variables, many of which have not as 
yet been formulated into adequate mathemati- 
cal terms, or upon engineering judgment derived 
from observation and study of experienced con- 
ditions. The variables in this problem include 
the transport relation for the fine riverbed ma- 
terial, the amount of coarse material avai!able 
to armor the bed, the presence of such fixed 
degradation controls as rock outcrops and clay 
ledges, the pattern of reservoir releases, and 
the degree to which the banks are stabilized to 
prevent the channel from widening or mean- 
dering. 

This paper is directed toward the phenome- 
non of channel bed armoring. It describes re- 
sults that occurred from the segregation of a 
small quantity of gravel on the surface of the 

Missouri River streamtied below Fort Randall 
Dam in South Dakota. Extensive sampling of 
the riverbed surface, plus deep exploration of 
the subsurface strata of both the channel and 
the overbank areas, prior to construction of the 
dam, indicated only a small percentage of grav- 
els down to the probable lower limit of degrada- 
tion. Yet a one-grain thickness of gravel has 
accumulated over the entire bed surface for a 
distance of several miles, overlaying erodible 
sands, to halt significantly the desired degrada- 
tion trend. This paper describes the natural 
characteristics of the Missouri River reach be- 
low Fort Randall Dam and conditions after 10 
years of degradation. Detailed photographs of 
the bed armoring layers will be of interest. The 
tailwater degradation trend is presented. The 
armor layers and degradation trends obtained 
in one series of flume studies compare with the 
observations below Fort Randall. 

Introduction 
Seldom does an engineer engaged in hydraulic 

design work enjoy the latitude of having a 
complete and factual picture of the basic criteria 
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necessary for the proper analysis of a problem. 
When the analysis encompasses any sedimenta- 
tion phenomena, particularly on alluvial 
streams, the problem immediately becomes fur- 
ther magnified due to the many interrelations 
that exist between numerous variables, which 
to date have been neither adequately identified 
nor formulated into usable mathematic terms. 
In addition, even adequate knowledge of several 
of the basic equilibrium factors is somewhat 
vague and unpredictable, or perhaps indiscern- 
ible altogether. To the young or inexperienced 
engineer these limitations might seem a pon- 
derous block that necessitates extensive re- 
search and study of the many facets before 
attempting to resolve the problem. However, 
the answers necessary to establish design cri- 
teria for proposed projects cannot wait. They 
must be based upon the best analytical methods 
available at the time and upon judgment derived 
from the observation and study of experienced 
conditions. 

This paper is focused upon the problems en- 
countered in the design of outlet facilities for 
the Fort Randall Reservoir project on the Mis- 
souri River in South Dakota and specifically 
upon the phenomenon of the channel bed armor- 
ing that occurred. At Fort Randall the deter- 
mination of tailwater levels for optimum operat- 
ing conditions included an evaluation of future 
degradation trends and probable limits. Vari- 
ables in this problem included the transport 
relation for the fine riverbed material, the 
amount of coarse material available to armor 
the bed, the presence of such fixed degradation 
controls as rock outcrops and clay ledges, the 
pattern of reservoir releases, and the degree to 
which the banks are stabilized to prevent the 
channel from widening or meandering. 

The final design of the powerhouse and outlet 
works are based upon a detailed analytical study, 
which was supervised by eminent consultants 
in the sedimentation field and included exten- 
sive but limited field investigation surveys. This 
study indicated that an ultimate 15.foot lower- 
ing of the tailwater levels would occur from the 
expected regulation of flows. Since the closure 
of Fort Randall Dam in July 1952, the total 
tailwater lowering experienced to date has been 
only about 3.5 feet, with 2 feet occurring during 
the first 2 years. A small layer of gravel, one 
grain in thickness and overlying the erodible 
sands, has segregated out of the degrading bed 
and accumulated upon the bed surface for a dis- 
tance of several miles to cause this significant 
reduction in the desired degradation trend. The 
following description of the characteristics of 
the Missouri River in this reach plus an account 
of the degradation phenomena observed since 
closure of Fort Randall Dam in 1952 may be of 

general interest to the engineer faced with the 
problem of predicting degradation. 

The Fort Randall Dam and Reservoir project 
is located on the Missouri River in the south 
central part of South Dakota (fig. 1). It is op- 
erated as one unit of a comprehensive plan of 
development of the Missouri River basin. The 
reservoir has a capacity of 6300,000 acre-feet 
and extends 111 river miles upstream to the Big 
Bend Dam and Reservoir project. Diversion of 
the river through the outlet works was aceom- 
plished in July 1952. Storage to modify signifi- 
cantly downstream discharges began in about 
June 1953. 

Missouri River Below Fort Randall 
Prior to Closure of the Dam 

The Missouri River below the Fort Randall 
Dam site is confined to a narrow valley by chalk 
bluffs spaced fairly uniformly about 1.5 miles 
apart. The valley is alluvial, with the channel 
bed composed primarily of sand that is con- 
stantly in a state of movement. Gravel pockets 
exist at infrequent and irregular intervals in 
the underlying stratum, with occasional boulder 
outcrops in the vicinity of local valley wall 
drains. The channel banks and valley floor are 
composed of sandy silt with occasional areas of 
clay that were deposited in overbank pockets 
during floods. The river channel itself is alined 
in a semimeandering shape, with an alternating 
series of straight reaches adjacent to the chalk 
bluffs and interme, iiate crossing reaches where 
the chanrel shifts diagonady across the valley 
to the oppxite bluff contact. The channel aver- 
ages about 2,000 feet in width and is generally 
divided into more than one channel by large 
wooded islands or low, shallow sandbars. Due 
to the extensive bluff contacts in this particular 
reach of the river! the channel alinement has 
not changed materially since 1892. 

The natural flow pattern in this reach was 
characterized by a definite annual pattern. 
During the winter months the flows were great- 
ly reduced, due to freezing weather and the 
accumulation of ice that eventually formed a 
solid cover over most of the reach. Usually in 
March or April the warmer temperatures in- 
duced surface runoff of the uplands snow pack, 
which caused ice breakups to occur. Normally 
this spring runoff would be relatively moderate 
in volume, but frequent ice jams would produce 
extensive flooding and record maximum stages. 
After the spring breakup the river would sub- 
side to below bankfull stages and maintain an 
irregular pattern dependent upon the frequency 
of the spring rains. A second rise, usually great- 
er in volume, occurred about the first of June 
and was governed by the availability of runoff 
from mountain snowmelt. Frequently this rise 
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FIGURE 1. -The Omaha District and Fort Randall Reservoir. 

was augmented by severe early summer thun- 
derstorms. After the recession of this June 
rise, the flows continued at a reasonably steady 
but slowly diminishing rate through the late 
summer and fall until freezeup again occurred 
to repeat the cycle. The maximum flood of 
record at Fort Randall was 448,,000 c.f.s., which 
occurred in April 1952, just prior to closure of 
the dam. The normal summer flows generally 
ranged from 16,000 to 70,000 c.f.s., and the 
winter flows between 9,000 and 15,000 c.f.s. 

The general shape of the Missouri River chan- 
nel, below the valley flood plain, is rectangular 
with an average width of 2,000 feet and bank 
heights varying between 8 and 15 feet. The 
natural channel has a bankfull capacity of about 
150,000 c.f.s. and an average gradient of 0.8 
foot per mile. At normal summer flow stages 
the active channel width varied between 700 
and 1,500 feet and the mean depth between 4 
and 11 feet. Greater widths and shallower 

depths occurred in the diagonal crossings be- 
tween opposite bluff contacts. 

The Missouri River has long been noted for 
its capability to transport a large and variable 
quantity of suspended sediments. It is esti- 
mated that the average annual sediment load 
transported past the Fort Randall Dam site was 
148 million tons for the period 1898-1952. Based 
upon the particle-size distribution observed 
from 1943 to 1952 at Yankton, S. Dak., it is es- 
timated that 30 percent of this annual load was 
sand, 30 percent silts, and 40 percent clays. The 
material composing the streambed surface of 
the natural channel consisted of fairly uniform, 
fine sand with a median size of 0.20 mm. A small 
percentage of larger material, generally well 
rounded glacial particles varying in size up to 1 
inch, could be found in the deep holes at the 
downstream ends of submerged bars. 

The available data on the original bed compo- 
sition of the Missouri River near Fort Randall 
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are summarized by the mechanical analysis 
curves in figure 2. Curve 1 on this figure, based 

FIGURE 2. -Grain&e distribution of available bed 
materials as determined from drill hole and bed SW- 
face sampling. 

upon drill hole samples, indicates the mean 
composition of the first 10 feet or so of materi- 
al beneath the bed surface. Curve 2 is based 
on bed surface samples. The two curves up to 
the 80 percent finer size are similar, but above 
this point curve 1 shows significantly more 
coarse material than curve 2 for the bed sur- 
face. Applying a little hindsight at this point, 
it appears these curves may be somewhat mis- 
leading in that they probably show less coarse 
material than actually existed in the undis- 
turbed conditions. For example, the BM48 
bed material sampler employed in obtaining 
many of the bed surface samples tended to be 
selective, due to its inability to always pene- 
trate a gravel bed surface and retrieve the 
larger gravel particles. Second, neither the 
BM-48 nor the Straub bed material samplers 
are capable of obtaining samples that represent 
only the composition of particles forming the 
bed surface. These samplers bring up not only 
the surface layer of particles but also about 
one-tenth of a foot of the material underneath. 
Third, some gravel particles were probably lost 
from the churn drill samples between the bot- 
tom of the drill hole and the deck of the drill 
barge. 

Reservoir Operation 
The pattern of monthly average releases from 

Fort Randall Dam is shown in figure 3. The 

FIGURE 3.-Actual and hypothetical release trends from 
Fort Randall Dam. 

regulatory effect of the reservoir system can be 
assessed by comparing the lower curve, which 
shows the actual releases, with the upper curve, 
which estimates the flows that would have oe- 
curred with no regulation. It can be seen that 
since 1953 the average monthly releases have 
followed a persistent pattern. During the navi- 
gation season the average release has been gen- 
erally in the 20,000 to 30,000 c.f.s. range. Dur- 
ing the winter months these flows were curtailed 
to 5,000 to 10,000 c.f.s. These flow patterns, 
however, do not portray the entire picture. 
Initial power generation from Fort Randall was 
started in 1954, and by 1956 all normal releases 
were being made through the eight turbines. 
Since this power project has been operated pri- 
marily as a “peaking plant,” the resultant re- 
leases normally have a daily fluctuation from a 
low of nearly zero to a high of more than 40,000 
e.f.s. during the navigation season and over 
20,000 c.f.s. during the winter. Stage fluetua- 
tions resulting from the daily release pattern 
for a typical week during the navigation season 
are shown in the insert on figure 3. These 
power peaking operations have resulted in daily 
stage fluctuations up to 7 feet at the dam, de- 
creasing to 5 feet at the U.S.G.S. measurement 
station 7 miles below the dam and 4 feet at 
Greenwood, located 15 miles below the dam. 

Effects of Ten Years of Operation 
For the first 2-year period after closure, the 

tailwater levels lowered at a rate of 1 foot per 
year, but since 1954 the annual rate has dimin- 
ished to about one-tenth of that value (fig. 4). 
As also noted on figure 4, the initial degradation 
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T i 

1 

figures 5 and 6 comparative cross sectional 
area, width, average bed, and thalweg changes 
as referenced to a common plane that paralleled 
the natural water surface profile and inter- 
sected most sections at about a bankfull stage. 
Thus, the data reflect changes occurring not 
only within the wetted perimeter but also to the 
bank lines of the channel and larger sandbar 

FIGURE 4. - Tailwater elevation trend since closure of 
Fort Randall Dam in 1952. 

trend approximated the expected rate very 
closely until 1954. Comparative rating curve 
data at a U.S.G.S. measurement station 7 miles 
downstream from the dam indicated a major 
shift in 1952, due to the maximum flood of 
record, but only minor yearly changes since 
dam closure. 

Frequent cross sectional resurveys were made 
at the degradation ranges below the dam to 
record volumetric changes. In order to evaluate 
properly the observed changes, however, the 
configuration of the river channel must also be 
considered. From the dam downstream to about 
river mile 919 the channel maintains a fairly 
uniform width of about 2,000 feet along a left 
bank bluff contact, while between river mile 
919 and 915 it makes a diagonal valley crossing 
to another bluff contact on the opposite bank. 
Within this reach the channel widens to more 
than 3,000 feet, while the river meanders in 
two or more threads of flow between low sand- 
bars. Below river mile 915 for the next 3 miles 
it again assumes a bluff contact while repeating 
another diagonal valley crossing between river 
mile 912 and 909. 

Restricting our analysis to this upper 15 
miles of the degradation reach, we record on 

islands. 
As might be expected under degrading condi- 

tions the channel widths tend to increase ; again 
this widening occurred, particularly in the wide 
crossing reaches. Most of this apparent widen- 

FIGURE 5. - Changes in cross sectional width and area 
y&served at degrsdation ranges between 1952 and 

FIGURE 6. - Changes in average bed and channel thal- 
weg elevations as observed at degradation ranges be- 
tween 1952 and 1962. 
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ing, however, has been due to the disintegration 
of the channel sandbars: only a secondary 
amount of widening has been due to erosion of 
the high channel banks. For example, at river 
mile 917.1 the channel width increased 928 feet 
in the IO-year period, yet only one-third of this 
change was true bank erosion. The rest was 
loss of sandbars within the channel between the 
high banks. The flows attacked the bars in 
preference to the equally erodible channel 
banks. The plot of the cross section areas and 
the associated average bed profile also exhibit 
considerable changes, but again this represents 
predominately the influence of the reduction in 
sandbar area and not cutting of the high banks. 
In the lower crossing reach below river mile 
912, the major change was due to extensive 
bank erosion ; however, this was the result of a 
natural shift in the channel alinement that had 
been developing since the flood of 1952. 

The volume of material that has been trans- 
ported from this reach, as determined by end 
area computations, also reflects the trends noted 
in cross sectional area and width changes (fig. 
7). Again, the major differences are noted in 

FIGURE 7. -Estimated volume of material removed by 
natural stream trans~mt from the upper Fort Ran- 
dall degradation reach between 1952 and 1962. 

the channel crossing reaches where bed and 
bank materials are being introduced into active 
transport. Although the total volume removed 
approximates an average of 1,000 acre-feet per 
year, this value converted to an average daily 
sediment transport concentration represents 
less than 100 parts per million, as compared 
with a daily average of about 5,000 parts per 
million in the natural river prior to construc- 
tion of the dam. 

The changes in bed surface composition since 
1951 are illustrated in figure 8, where the D,,, 

FIGURE 8. -Changes in the gr?in-size distribution of 
~be&reambed surface mate-ml between 1951 and 

D,,, D,,, and D,, grain sizes are plotted against 
river mile for the years 1951, 1954, and 1960. 
There has been a significant coarsemng of grain 
size throughout the reach from the dam down- 
stream to river mile 907. For example, DSj 
was originally about 0.20 mm. In 1960 it was 
near 1.0 mm. at the dam, decreased progres- 
sively to about 0.35 mm. downstream to river 
mile 914, and remained fairly uniform at about 
this size below that point. D,, and D,, exhibit 
similar patterns. The uniform bed composition 
downstream of river mile 914, considered in 
conjunction with figure 6, which exhibits little 
change in bed elevations in this same reach, 
leads to the conclusion that this reach is tempo- 
rarily in equilibrium, with the equilibrium load 
being supplied by degradation upstream of river 
mile 914. Degradation can be expected to pro- 
gress downstream in years to come. Why there 
does not seem to be a significant change in bed 
surface composition throughout the reach be- 
tween 1954 and 1960 is not readily explained. 
Perhaps such differences would be apparent if 
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the actual bed surface layer were sampled in- 
stead of the top 0.05 to 0.10 foot of the bed as 
discussed previously. 

Armoring 
The coarsening of the bed surface is associ- 

ated with the phenomenon of armoring. As the 
sediment transporting capacity of the clear 
water released from Fort Randall Dam tended 
to become satisfied by scouring material from 
the riverbed, a continuous net lowering of the 
bed surface occurred, first near the dam, and 
progressing downstream. At the same time, due 
to the regulatory effect of Fort Randall Reser- 
voir, both the incidence and the duration of high 
discharges were drastically reduced when re- 
leases were maintained in the 10,000 to 30,000 
c.f.s. range after 1952. Curve 2 on figure 2, based 
on bed surface samples obtained under normal 
discharge conditions, indicates that few par- 
ticles larger than about 1 millimeter are nor- 
mally exposed at the bed surface. This would 
indicate there was normally little movement of 
grains larger than this size. Curve 1, based on 
the underlying bed material, however, indicates 
about 5 percent of the subsurface material is 
larger than 1 millimeter. In the natural river 
these larger grains were probably transported 
only during the annual flood periods when the 
discharge usually ranged above 100,000 c.f.s. 
The degradation trend, the regulation of flows 
to reduce the incidence of high discharges, and 
the presence in the bed of a fraction of material 
that is relatively nonmoving at normal dis- 
charges, were the elements necessary for armor- 
ing to occur. 

The armoring process begins with a pro- 
longed period of regulated ilows during which 
the nonmoving particles segregate from the 
finer transport and are worked down into the 
bed where they accumulate in a sublayer at the 
lowest level to which the bed is turned over by 
the bar movement that accompanies the trans- 
port process. This lowest level is about in the 
plane of the troughs that occur just downstream 
of the crests of the moving bars. As bed ma- 
terial is transported from the reach below the 
dam, the entire bed system, the bars as well as 
the coarse sublayer, degrades. In this process 
fine bed material 1s leached up through the 
coarse sublayer to augment the material in 
transport. Bar movement continues, but as deg- 
radation progresses, an increasing number of 
nonmoving particles accumulate in the sublayer. 
Soon this accumulation interferes with the 

1 HARRISON, A. S. REPORT ON SPECIAL INVESTIGATION 
OF Em SEmhrmT smxiEG*Tmri IN A moR*DmG BED. Calif. 
Inst. Engin. Res., ser. 33, issue No. 1. September 1950. 

2 Presented at American Society of Civil Engineers 
Water Resources Engineering Conference at Omaha, 
Nebr., May 1962. 

leaching process so that the rate of transport 
over the sublayer is not maintained at its 
former intensity. The moving bars begin to 
shorten with increasingly greater areas of the 
coarse sublayer exposed between them. Even- 
tually enough coarse particles accumulate to 
shield, or “armor,” the entire bed surface. 
Fines can no longer be leached from the under- 
lying bed, transport in the reach is halted, and 
degradation is arrested. Figure 9 illustrates 
this armoring process in a flume study con- 
ducted at the University of California by A. S. 
Harrison.’ A more dramatic illustration of the 
characteristics of armor layers has been pre- 
sented in movies taken by L. G. Straub at the 
St. Anthony Falls Hydraulic Laboratory dur- 
ing experimental studies of gravel blankets for 
streambed stabilization for the Arkansas River 
project of the Corps of Engineers.2 

This same armoring process-the gradual 
transition from continuous bar movements to 
the stable bed surface- developed below Fort 
Randall Dam ; but observations were limited to 
sampling and soundings until the spring of 
1962 when high inflow conditions on the lower 
river necessitated a lengthy period of zero re- 
leases from the dam. This circumstance allowed 
the channel to drain to a very low stage into a 
series of pools and permitted a visual inspection 
of a part of the streambed surface. The photo- 
graphs shown as figures 10 through 14 repre- 
sent typical channel bed conditions as observed 
throu7h the armored reach, which extended sev- 
eral giles below the dam. 

A general view of the bed surface and a 
typical examination hole is shown in figure 10. 
The characteristic shingled arrangement of the 
surface particles should be compared with the 
texture of the surface obtained by Mr. Harrison 
in his flume study (fig. 9). Figure 11 shows a 
closeup view of the cross section of an examina- 
tion hole. Attention is directed here to the 
thickness of the armor layer and the composi- 
tion of the underlying material, including an 
isolated particle of coarse gravel 6 inches be- 
low the surface. The large gravel particles, 
which appear so numerous in these photo- 
graphs, were not detected from the original bed 
sampling and borings, probably for the reasons 
previously discussed. 

The closeup views in figures 12 through 14 
show in detail these important characteristics 
of the armor layer : 

(1) That less than a single complete eover- 
ing layer of larger gravel particles seems to 
suffice for a total armoring effect. Figure 12 
shows a complete gradation of particle sizes 
throughout the gravel range. 

(2) A natural “filter” seems to develop be- 
tween the larger surface particles and the sub- 
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FIGURE 9. -Changes in bed characteristics during scours as observed by A. S. Rarrison in a flume study conducted 
at the University of California. 
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surface material to prevent leaching of the 
underlying fines. Figures 13 and 14 demon- 
strate that a surface layer of large particles 

Fnxm 12. -Closeup view of typical bed surface armor. 
Note range of par+.+.% sizes. 

FIGURE 10. - General view of bed surface armor below 
Fort Randall Dam. Ob&rvations were made during 
extremely low stages in 1962. Reference scale in the 
examination hole has a B-inch length. 

FIOURE 13. - Cross sectional closeup view of streambed 
armor, showing isolated example of a concentration 
of coarse gravel in the underlying strata. 

FIGURE 11. - Cross sectional closeup of the examination 
hole shown in figure 10. Note arms thickness and 
composition of underlying materials, including an 
isolated particle of coarse gravel about 6 inches below 
the bed surface. 

FIOURE 14. - Closeup view of bed surface armor, with 
several large gravel particles removed to show under- 
lying sands. 
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does not have to be complete if medium particles 
are present to form a “filter” to fill in the inter- 
stices. The coarser sands collect beneath this 
surface. 

(3) The shingled arrangement of surface 
particles is not restricted to the larger ma- 
terial but seems evident throughout the gravel 
gradation. This condition is very apparent in 
the arrangement of particles shown in figures 
12 and 14. 

If a single layer of material is sufficient to 
establish a bed armor, then armoring can de- 
velop quite readily. If a one-half inch particle 
is nonmoving and only 1 percent of the material 
underlying the bed surface is greater than one- 
half inch, then the depth necessary to accumu- 
late a single surface layer of one-half inch par- 
ticles would be 0.5 inch + 0.01 = 50 inches, or 
approximately 4 feet of degradation. Actually 
less degradation than this would suffice. First, 
the thickness of a single layer of alluvial gravel 
tends to be less than the nominal particle size, 
because the minor axes of the particles are 
smaller than the semimajor axes. The particles 
tend to lie with their minor axes vertical, al- 
though the semimajor axes determines the 
nominal sieve size of a particle. The second 
reason is that the bed need not be completely 
covered with armoring gravel if a filter layer of 
intermediate size particles is present between 
the armor layer and the underlying bed. For 
these reasons, it is probable that about a half 

layer of nonmoving particles is sufficient to 
armor the bed. This conclusion is supported by 
the results of the flume study cited above. 

Conclusions 
The rapid channel armoring which developed 

below Fort Randall Dam significantly arrested 
the desired degradation trend. It appears that 
three of the elements necessary for armoring 
to occur prevailed in this reach: (1) the deg- 
radation trend, (2) the regulation of flows to 
reduce the incidence of high discharges, and (3) 
the presence in the streambed of a fraction of 
material that is relatively nonmoving at nor- 
mal discharges, plus a full gradation of ma- 
terial finer than this nonmoving particle size. 
Through visual inspection of the existing armor 
layer it becomes clear that less than a single 
layer of larger particles is sufficient for a total 
armoring effect, the armoring effect is particu- 
larly due to the natural filter that develops be- 
neath the surface layer to prevent leaching of 
the finer underlying material. The shingling 
arrangement of the surface particles appear to 
reduce the maximum surface coverage neces- 
sary of the larger nonmoving particles. These 
characteristics of the bed armor below Fort 
Randall indicate that perhaps further degrada- 
tion might be encouraged by disturbing this 
surface layer through artificial scarifying or 
jetting action. 

STABILIZATION OF STREAMBEDS WITH SHEET PILING 
AND ROCK SILLS 

[Paper No. 551 

BY WALTER M. LINDER, hydraulic engineer, U.S. Army Engineer Distkt, Omaha 

Synopsis 
The design of the Floyd River flood control 

project in Sioux City, Iowa, included a high 
velocity rock-lined channel that would carry the 
design discharge of 71,500 c.f.s. below the level 
of the adjacent natural ground. A high poten- 
tial for erosion of the channel bed required the 
development of a series of channel stabilization 
structures that would maintain the desired 
water surface elevation and deter destructive 
bed degradation and upstream head cutting. A 
brief model study at the University of Califor- 
nia at Berkeley indicated a row of sheet piling 
across the channel bed with some form of rock 
protection might adequately retard the develop- 
ment of head cutting and create sufficient losses 
to maintain the desired upstream water sur- 
face. Further model studies were conducted at 
the University of Iowa to develop criteria for 
adequate rock protection for the sheet piling 

and to obtain relationships for determining the 
head losses to be used for design purposes. 

This paper summarizes the conditions that led 
to the development of the channel stabilization 
structure and describes the procedures followed 
in the model studies. The results of the model 
studies are discussed and presented in the form 
of curves suitable for general design purposes. 
Also suggested are some of the areas in which 
additional investigation would be profitable. 

High Velocity Channel for the Floyd 
River Flood Control Project 

The flood control project for the Floyd River 
consists of approximately 6 miles of realined 
and improved channel through the business and 
industrial area of Sioux City, Iowa. The design 
of the lower mile of the project was dictated to 
a great extent by severe limitations on the avail- 
able right-of-way and by the numerous streets 
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and railroads traversing the area. Since the 
realined channel passes through an area oceu- 
pied by numerous business and industrial estab- 
lishments and extensive railroad yards, the 
right-of-way requirements had to be held at an 
absolute minimum. The numerous street and 
railroad crossings and adjacent railroad yards 
required that the water surface elevation be 
kept as low as possible in order to avoid the pro- 
hibitive cost of raising the railroad yards and 
adjacent street grades. Also the bed grade of 
the realined channel had to meet the bed grade 
of the existing natural channel at the head of 
the reach, and at the same time it could not be 
so steep as to produce excessive velocities for 
discharges up to 71,500 c.f.s. A general plan of 
the Floyd River flood control project is shown 
on figure 1. 

Normally these stringent requirements would 
dictate the use of a high velocity concrete-lined 
channel; however, the cost of such a channel 
would have been prohibitive. The selected de- 
sign calls for a trapezoidal channel with an erod- 
ible bed and rock protected 1 on 2% side slopes. 
The bottom width of this channel narrows from 
approximately 280 feet at the Missouri River 
to about 100 feet at the upper end of the reach. 
Design water depth ranges from 17 to 25 feet 
from the lower to the upper ends of the reach, 
respectively. Average velocities through the 
reach will be slightly in excess of 14 ft./set. for 
the design discharge of 71,500 c.f.s. Velocities 
will be greater than 10 ft./see. for floods greater 
than 23,000 c.f.s., which is approximately the 
25-year flood. 

Throughout the rock-lined reach the channel 
lies in relatively erosion-resistant silts and clays 
of the Missouri River flood plain. However, a 
few feet below the design bed grade lie deep 
deposits of highly erodible sands and gravels. 
With the erodible material lying so close be- 
neath the channel bottom there is a high po- 
tential for deep localized scour and extensive 
bed degradation with the occurrence of high ve- 
locity flows. In the event extensive degradation 
occurred, it could cause extensive damage by 
undermining the bridge piers and abutments 
and the toes of the revetted side slopes. Another 
consequence of degradation would be excessive 
drawdown of the water surface and destructive 
velocities in the leveed earth channel upstream 
of the rock-lined reach. 

It was therefore necessary to develop a series 
of stabilization structures that would deter head 
cutting in the event degradation occurred and 
create sufficient head losses to maintain the de- 
sired water surface elevations. The preliminary 
design contemplated the driving of single rows 
of sheet piling across the channel at strategic 
locations with the tops of the sheet piling at or 

slightly below the design bed grade. At that 
time no specific information was available on 
the amount of head loss that could be expected 
once the sheet piling was exposed and projected 
into the flow. Also lacking was information as 
to its effectiveness in preventing head cutting 
and the amount of rock protection required to 
insure the stability of the sheet piling itself. 

Model Studies at the University’ of 
California 

At the time the high velocity channel for the 
Floyd River was being designed, model studies 
on rock sills for the Gering dram project were 
in progress at the hydraulic laboratories of the 
University of California at Berkeley. A brief 
two-dimensional study was set up to see what 
the behavior of a row of sheet piling across an 
erodible bed might be. The flume used for this 
study was a 60-f& long recirculating channel 
2 feet wide and 1 foot deep. A piece of sheet 
metal across the channel and anchored to the 
flume bottom was used to represent the sheet 
piling. A 4.inch depth of small polystyrene pel- 
lets was used to represent an erodible bed. Since 
the 1.055 specific gravity of the pellets was only 
slightly greater than that of water, they moved 
at the slightest disturbance and served as an 
excellent indicator of the scour-inducing poten- 
tial of the structure. No rock protection was 
used in the vicinity of the model structure. 

The structure was tested at several different 
discharges with varying tailwater conditions 
and varying amounts of structure exposure 
above the average bed elevation. The results of 
the test indicated that sufficient losses could be 
generated over the sill, and that stability of the 
sheet piling did not appear to be a major prob- 
lem. Based on the results of these studies, the 
initial design of a series of four sills for the 
Floyd River channel was completed. The sills 
consisted of a V-shaped row of sheet piling 
across the channel at a 10” angle with the nor- 
mal and with the point of theV facing upstream. 
A 24-inch horizontal layer of rock was placed 
upstream of the sheet piling for a distance of 15 
feet with the surface of the rock 3 feet below 
the top of the sheet piling. Downstream of the 
sheet piling a 36-&h layer of rock extended on 
a l-on-2 slope from the top of the sheet piling to 
a depth of 9 feet below the top of the piling. 
The adjacent side slopes were protected with a 
36-inch layer of rock, which tied into the hori- 
zontal blanket upstream and extended to a depth 
of 9 feet below the top of the piling on the down- 
stream side of the structure. The original in- 
tention of the upstream facing V was to con- 
centrate the flow over the sill into the center of 
the downstream channel and away from the 



472 MISCELLANEOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE 

6W iA WOODBUR 

COUNTY 

FIGURE 1. -General plan of the Floyd River Flood Control project. 
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side slopes, but model tests later showed that a 
straight transverse row of sheet piling gave bet- 
ter performance. 

Model Studies at the University of Iowa 
Objectives and Available Facilities 

When the time came for the Iowa Natural 
Resources Council to give the required approval 
for the construction of the project, there was 
doubt expressed as to the ability of a series of 
sills to control channel erosion and prevent ser- 
ious damage to the channel and related struc- 
tures. Approval of the channel work was with- 
held until it could be demonstrated that the sills 
would perform as expected. In cooperation with 
the Iowa Natural Resources Council, an agree- 
ment was reached whereby personnel of the 
Omaha District, Corps of Engineers, would use 
the facilities of the hydraulics laboratory of the 
University of Iowa at Iowa City to construct a 
three-dimensional model of one of the proposed 
sills and demonstrate the performance of the 
structure. At the same time any deficiencies in 
the proposed design would be corrected ; and, as 
time permitted, general design information 
would be obtained. Specific items of informa- 
tion desired were the minimum rock protection 
rewired. discharge coefficients. and the effect 
of submergence. 

The flume used in these studies consisted of a 
concrete block channel 30 feet long? 5 feet wide, 
and 18 inches deep. The available discharge was 
approximately 5.25 c.f.s. Level rails on the 
walls of the flume permitted movement of a 
traveling carriage used for measurements of the 
water surface and the channel bed. The rails 
also served as guides for the screeds used in 
construction of the model channel. In addition, 
the flume was equipped with a mechanically 
driven sediment feed elevator at the upstream 
end and a combined sediment trap and weighing 
tank at the downstream end (figs. 2 and 3). 

The 5-foot flume width permitted the use of 
a 1:50 scale ratio for the three-dimensional 
model. The relation between the model and 
prototype for this scale ratio, based on Froude’s 
Law, are given in the following table: 

Channel bottom width. .feet.. 140 
Channel length.. .feet.. 1,250 
Design discharge.. .cubie feet 

per second .71,5,“: 
Average velocity.. .feet per second 
Depth of flow.. .feet.. 25.3 
Riprap, median size.. .inches in 

diameter 22 
Derrick stone. .inches in diameter 36 to 48 

2.80 
25 

4.04 
1.98 
0.505 

0.45 
3/a to 1 

Construction of the Model 
The model bottom width of 2.80 ft. and depth 

of 0.505 ft. required a channel top width of 5.30 
ft., or 0.30 foot wider than the flume. This re- 

FIGURE 2.-Downstream view of the Universi~ of 
Iowa flume and the sand base for a model channel. 

FIGURE 3. -Upstream view of the University of Iowa 
flume and the rack-lined model channel. 

sulted in a very slight reduction of the flow 
area. To avoid trouble with the intersection of 
the rough channel side slopes and the smooth 
flume walls, a strip of expanded metal screen 
was placed against the flume walls to. provide 
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essentially the same denree of boundary rouah- 
ness as the model ripra$. 

_ - 

The material used to construct the channel 
base and represent the erodible bed was a uni- 
form silica sand that had a median grain di- 
ameter of approximately 0.63 mm. A mechan- 
ical analysis of the sand is shown on figure 4. 

sizes ranging from about 3 to 4 feet in diameter, 
or a range in weight from 2,600 to 6,400 pounds. 
The smaller derrick stone would pass a %-inch 
sieve and be retained on a &inch sieve. This 
corresponded to prototype sizes of 2 to 3 feet 
in diameter, or weights from 800 to 2,600 
pounds. 

The channel base was formed in the sand 
with a traveling plywood screed mounted on the 
flume side rails. A $&inch layer of filter and 
slightly over an inch of riprap were placed with 
the aid of simila,r screeds. These rock layers 
were thicker than required by the prototype 
values, which would have scaled down to l/s inch 
for the filter and l/z inch for the riprap. The 
tedious and time consuming hand placement of 
such thin layers did not seem to be justified. 

FIGURE 4. -Mechanical analysis of the sand and 
crushed rock used for model construction. 

This sand may not have been the most suitable 
for the test, due to the excessively large dune 
formations and their possible effect on the test 
results. However, it was transported at a rate 
that gave a reasonable rate of degradation; and 
sufficient quantities of the sand were readily 
available in the laboratory. 

The filter material and riprap were represent- 
ed by crushed limestone obtained from a local 
quarry at Iowa City. Specific gravity of the 
limestone ranged from 2.713 for the iilter to 
2.708 for the riprap and derrick stone. Lime- 
stone chips with a median grain diameter of 
5.25 mm., or 0.20’7 inches, formed the filter be- 
tween the sand base and the model riprap. The 
model riprap was quarry-run crushed limestone 
that was hand-sieved to remove all material 
larger than s/l. inch in diameter. The resulting 
median size of the riprap was 0.446 inch, which 
is equivalent to a prototype diameter of approxi- 
mately 22 inches, or a weight slightly under 
600 pounds. Several other riprap gradations 
were used in test sections to determine the abil- 
ity of a smaller rock size to withstand the ex- 
pected velocities, but for the most part the 
riprap gradation described above was used 
throughout the test. Mechanical analyses of 
the filter and riprap are also shown on figure 4. 

Two sizes of model derrick stone were ob- 
tained from the same crushed limestone. The 
larger would pass a l-inch sieve and be retained 
on a %-inch sieve. This represented prototype 

The sheet piling was represented by a heavy 
piece of sheet metal, which was either anchored 
to the flume bottom or in some instances pushed 
into the sand base and supported only by the 
surrounding sand. In all cases the top of the 
sheet metal was at the design bed grade. After 
placing the rock protection around the sheet 
metal and along the adjacent side slopes, the 
bed was filled with sand to the design grade and 
smoothed so that no part of the structure was 
exposed at the start of a test series. Before 
covering with sand, the surface of the rock in 
selected areas adjacent to the structure was 
lightly coated with spray enamel. This served as 
an indicator of damage to the rock protection, 
since the removal of even a single rock immedi- 
ately showed as an unpainted area. During con- 
struction of the model, as-built cross sections of 
the channel and structure were measured for 
use in later analyses. Figures 5 and 6 show pho- 
tographs of the sill in various stages of con- 
struction. 

FIGURE 5. -Sand base for the model sill. 
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FIGUBE &-Model sill after placement of filter and 
derrick stone. Flow will be from right to left. 

Models Tested 
Three separate series of tests were made in 

order to obtain general design information as 
well as develop a specific design for the Floyd 
River. They were as follows: 

1. A 1:50 scale three-dimensional study. 
2. A two-dimensional study that used the full 

flume width. 
3. A one-half channel study that used one side 

slope from the three-dimensional study and ex- 
tended the bed to the opposite wall of the flume. 

The half-channel tests and the two-dimen- 
sional tests were run in order to extend the 
information obtained at Berkeley and aid in 
separating the end effects of the side slopes. 
Photographs of the two-dimensional, half-chan- 
nel, and three-dimensional sills are shown on 
figures 7, 8, and 9. 

Since the prototype sills would be spaced too 
far apart to interfere with each other, only one 
model still was installed in the flume for a series 
of tests. The installation of a single sill per- 
mitted the flow approaching the sill to become 
well stabilized and also left a sufficient distance 
for tailwater recovery downstream of the struc- 
ture. Several sills in the flume would have in- 
terfered with each other to the extent that it 

FIC~JRE 7.- Two-dimen~~;oodel sill; flow from top 

FIGURE 8. -Half-channel model sill; flow from top to 
bottom. 

would have been almost impossible to obtain 
the desired information. 

Preliminary three-dimensional tests were 
conducted with the V-shaped structure. How- 
ever, it was soon apparent that this shape was 
not entirely satisfactory as the V tended to 
direct the flow against the banks just upstream 
and cause excessive scour at the point where 
the sheet piling entered the side slopes. As a 
result, the design was changed and all subse- 
quent tests were made with a single row of 
sheet piling at right angles to the channel cen- 
ter line. This alinement minimized the tendency 
for attack on the side slopes upstream of the 
structure. 
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FIGURE 9. - Three-dimensional model sill; flow from 
top to bottom. 

Test Procedure 
The test procedure began with slowly back 

flooding the flume to avoid the damage from 
water flowing down a dry channel and pouring 
over the structure. The desired discharge was 
then established and the tailgate adjusted to 
give the desired tailwater conditions. If the 
test was started with the bed at the design 
grade, the bed was allowed to degrade until the 
sill was exposed. In any case, the discharge and 
bed configuration were allowed to become well 
stabilized before any profile measurements were 
attempted. After stable conditions were estab- 
lished two water surface profiles were meas- 
ured with a traveling point gage. The water 
surface elevations were read at the third points 
of sections spaced a maximum of 2 feet along 
the flume and closfir in the vicinity of the sill. 
During certain runs several velocity grids were 
measured with a pygmy current meter to see if 
the rough rock boundary of the channel was 
effective in keeping the high velocity filaments 
away from the channel side slopes. Visual ob- 
servations were also made of the flow condi- 
tions downstream of the sill for various tail- 
water stages. 

After measuring the water surface profiles, 
the flow was shut off and the flume allowed to 
drain. A sufficient number of bed elevations 
were then measured to determine the average 
bed profile. Maximum longitudinal spacing was 
1 foot. The transverse spacing depended upon 
the width of the bed but was generally never 
greater than 1 foot. For use in determining the 
flow area, cross sections were periodically meas- 
ured to supplement the bed profile measure- 
ments. 

Throughout each run the scale recording the 
amount of sand caught in the trap was read to 
provide a record of the bed transport. When 
the sand trap was filled, it was emptied and the 
sand replaced in the bed and the sand feed ele- 
vator. At first an attempt was made to estab- 
lish for each run an equilibrium bed transport 
in which the same rate of sand was being fed 
into the channel as was being trapped at the 
channel exit. When it became apparent that 
this would have no significant effect on the 
energy losses, the bed was allowed to degrade 
as the tests proceeded. Water surface profiles 
were thus obtained for varying amounts of sill 
exposure. Severe degradation downstream of 
the structure was permitted in order to deter- 
mine the stability of the sill with large amounts 
of downstream erosion and also the ability of 
the sill to stabilize the upstream bed grade. 

Development of the Rock Protection 
Determination of the amount of rock protec- 

tion required for the sheet piling was carried 
on concurrently with the measurement of head 
losses over the structure. At first the upstream 
riprap blanket was placed 5 feet below the top 
of the sheet piling and extended horizontally 
upstream for a distance of 50 feet. After sev- 
eral runs, profiles over the sill showed that rock 
from the surface of the blanket was being car- 
ried away. The remaining rock assumed a 
Gable slope of 1 on 5 to 1 on 6 in the upstream 
direction. The upstream blanket was then 
revised to slope in the upstream direction at 1 
on 6 with the horizontal. It was also found that 
derrick stone was required in this blanket for 
the first 12 feet upstream of the sheet piling. 
Derrick stone was initially placed on the entire 
side slope from 50 feet upstream to 50 feet 
downstream of the sheet piling. 

As testing progressed, it was found that very 
little derrick stone was required on the side 
slopes above the sill crest or upstream of the 
piling, but additional derrick stone was required 
further downstream. From 12 feet upstream of 
the sheet piling to 50 feet downstream of the pil- 
ing, derrick stone was required below an eleva- 
tion 5 feet above the sill crest. From 50 feet 
downstream to the end of the derrick stone 100 
feet downstream of the piling, the top of the der- 
rick stone was sloped from 5 feet above the 
crest to 5 feet below the crest. The bottom of the 
derrick stone on the downstream side slopes was 
carried to 16-f& below the design bed. On the 
l-on-2 apron downstream of the sill the original 
rock riprap was found to be satisfactory, except 
for a narrow strip along the intersection with 
the side slope. Here was found to be the area of 
greatest stress on the rock protection, and the 
side slope derrick stone was extended onto the 
downstream apron in this area. A plan view of 
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the final design of the sill is shown on figure 10, 
and sectional views are shown on figure 11. 

! - I 1 I 

+& “0 *Cal/ 

FIGURE 10. -Plan view of the final sill design. 

Flow Condition created by the Structure 
The flow conditions in the vicinity of the sill 

are to a great extent dependent upon the tail- 
water stage. Upstream of the sheet piling the 
surface of the rock blanket was generally swept 
clean of sand and exposed for all tailwater 
stages. This was due to the turbulence caused 
by the discontinuity in the bed created by the 
projecting sheet piling. Downstream of the 
structure the flow pattern ranged from only 
minor surface disturbances to a well-developed 
hydraulic jump. Observations during the tests 
indicated that for ratios of the tailwater ‘depth 
to the critical depth, T//D,, greater than ap- 
proximately 1.65, the disturbance was minor 
with only a few ripples and undulations in the 
water surface. For lower tailwater stages 
where T’/D, lay between 1.65 and 1.45, large 
standing waves and undulations developed 
downstream of the structure for a distance of 
several hundred feet. When the ratio of T’/D, 
fell to about 1.45, a definite surface roller de- 
veloped which became a well-established hy- 
draulic jump for lower tailwater stages. 

If the tailwater depth did not drop much 
below critical, the high velocity jet tended to 
float on the surface and did not attack the down- 
stream bed. A reverse roller existed under the 
high velocity jet and actually deposited material 
back against the downstream face of the struc- 
ture. Figure 9 shows this deposit of stand re- 
maining while all the rest of the bed material 

FIGURE 11. - Sections1 views of the final sill design. 
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farther downstream has been carried away. If 
the tailwater dropped significantly below eri- 
tieal, the plunging nappe rapidly scoured a 
hole that undermined the rock on the down- 
stream apron. 

The turbulence near the water surface down- 
stream of the structure tends to be confined to 
the central part of the channel by the lateral 
flow at each end of the crest. This lateral flow 
develops from the narrower water surface 
width downstream of the structure created by 
the change in water surface elevations in the 
trapezoidal channel. Figure 12 shows the down- 

fmnthe des,gn d,seharge over the three-dmensvmal 

stream disturbance resulting from the design 
discharge and nearly 5 feet of drop in water 
surface over the structure; the turbulence is 
confined to the center of the channel and well 
away from the side slopes. 

Analysis of Data 
The average water surface elevation and bed 

elevation measured at each cross section were 
plotted to obtain water surface and bed profiles. 
Upstream of the sill the best straight lines 
through the plotted bed and water surface pro- 
files were determined by the method of least 
squares. The upstream energy grade line was 
then computed, based on the straight line bed 
and water surface. This energy grade line was 
then projected to the sill crest. Dov,nstream of 
the structure it was generally impossible to use 
the least squares method to make a straight 
line determination of the bed or water surface 
due to the recovery zone of the water surface 
and the scour hole that developed in the bed. 
Instead the energy gradient was computed on 
the actual measured bed and water surface at 

each cross section. It was then usually possible 
to fit a straight line to the energy grade line 
computed in this manner. This downstream 
energy grade line was then projected to the sill 
crest. The flow area in a section was usually 
obtained by assuming a trapezoidal channel 
with the as-built side slopes. If it appeared the 
cross sections deviated significantly from this 
assumed geometry, the flow area was based on 
representative cross sections actually measured 
after each run. Figure 13 shows typical plotted 

FIGURE 13.-Typical bed and water surface p:ofiles 
from the University of Iowa tests. 

profiles of the bed and water surface and the 
lines of best fit for the profiles. 

The plotted profiles and the additional data 
collected during the testing gave the informa- 
tion required for analysis of the data. A brief 
definition of the symbols used in the following 
discussions and on the design curves is given 
below. 

En= 

ET= 

E', = 

Headwater energy above the crest elevation 
based on a projection of the upstream energy 
grade line to the crest. 

Tailwater energy above the crest elevation 
based on a projection of the downstream en- 
ergy line to the crest. 

Headwater energy above the crest elevation at 
5 critical depths upstream of the sheet piling. 

Tailwater energy above the crest elevation at 
10 critical depths downstream of the sheet 
piling. 

Dc = The critical depth in the cross section at the 
sill west. 

EC = Critical enerm in the cross section at the sill 
crest. -- 

H’ = Headwater depth of flow above the crest ele- 
vation at 5 critical depths upstream of the 
sheet piling. 

T’ = Tailwater depth of flow above the crest eleva- 
tion of 10 critical deptbs downstream of the 
sheet piling. 

P = Projection of the sill above the average up- 
stream bed as determined by projecting the 
straight line representing the bed profile 
dow&ream to ihe sheet piling. 

Q = Total discharge in the channel. 
Q. = Apparent discharge in the triangular-shaped 

end sections of the traDezoida1 and Kalf- 
channel 
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Qy z Apparent discharge in the central portion of 
the trapezoidal and half-channel. 

b = The crest width. 
A = The total flow area between the nest elevation 

and the water surface elevation 5 critical 
depths upstream of the sheet piling. 

A, = The area in the triangular-shaped end sections 
between the west elevation and the water 
surface elevation 5 critical depths upstream 
of the piling. 

C = Coefficient of discharge for the total flow area. 
C, = Coefficient of discharge for the triangular end 

sections. 
.q = The gravitational constant 

D,, = The grain diameter at which 15 percent, by 
weight, of the material is finer. 

D,, = The median grain diameter. 
D,, = The grain diameter at which 85 percent, bg 

weight, of the material is finer. 
The first attempt at analysis of the data was 

to make a dimensionless plot of EH/Dc versus 
ET/D= for all the profile data. Examination of 
the plot immediately indicated separate curves 
for the two-dimensional channel data and for 
each discharge in the trapezoidal and half- 
channel. It was therefore necessary to devise 
some means of separating the effects of the 
triangular end sections from the essentially two- 
dimensional flow in the central part of the chan- 
nel. This was accomplished by plotting the two- 
dimensional data in the dimensionless form of 
Ec/E’H versus E’dEfH. These points seemed to 
define a single curve, shown on figure 14, which 
is assumed to be applicable for wide rectangular 

070 075 0.80 0.85 0.90 0.95 1.00 
RATIO-E/E: 

FIGURE 14. -Energy losses far a two-dimensional sill. 

crests. The apparent flow through the triangular 
end sections in the trapezoidal and half-channel 
tests was then computed by assuming the curve 
on figure 14 defines Qu , the flow over the hori- 
zontal part of the crest. From the value of 
E’dEfH measured during the test, the value of 
EC/E’,, was determined from figure 14. EC was 
then computed, based on the value of E$ meas- 
ured during the test. The corresponding DC for 
a horizontal crest was then computed from DC= 
2/3 EC, and the apparent discharge over the 
horizontal crest was computed from Qu = 
bq = b dgDcz. By subtraction the apparent 
discharge through the end sections became QD = 
Q - Q- . An orifice-type coefficient for the flow 
in the end sections was computed from C,= 
Q,/A,vz (E’H - E’,). The values of C, thus 
obtained were plotted against E’T/E’H as shown 
on figure 15. Although there is considerable 
scatter, a relationship for estimating the flow 
through the end sections seems to be defined in 
figure 15, and it could be used in conjunction 
with figure 14 to compute head-discharge rela- 
tion for the sills in this study. 

The analysis just discussed, however, leaves 
something to be desired, considering the uncer- 
tainty suggested by the scatter in figure 15. 

FIGURE 15. - Discharge coefficient for the end sections 
of a sill in a trapezoidal channel. 
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This method also involves a trial and error 
computation to determine the energy loss over 
a sill, if the normally known values of discharge 
and tailwater stage are given. Therefore, fur- 
ther analysis of the data was made to see if a 
more consistent relationship might be found and 
the computation for the upstream water surface 
simplified. Figure 16 shows a relationship be- 
tween a total discharge coefficient defined from 
C=&/Ad212g EIH and the dimensionless submerg- 
ence ratio T’/Dc, where DC is the critical depth 
in the trapezoidal cross section at the sill crest. 
The number beside each plotted point repre- 
sents the ratio of the area in the end sections to 
the total area. Two enveloping curves have been 
drawn through the plotted points. The upper 
curve is for the case of a rectangular channel 
where A-/A equals zero. The lower is the esti- 
mate curve for A,/A equals 0.30, which is the 
case where the area in the end sections is ap- 
proximately one-third the total flow area. Of 
many possible combinations of data this was 
the only one in which the two-dimen&onal data 
defined a boundary or limit and the data from 
the half-channel and trapezoidal channel fell in 
a position with respect to the relative amount 
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of the area in the end sections. If the tailwater 
stage and discharge are known and an estimate 
can be made of the value of AJA, the upstream 
energy can be computed once the corresponding 
value of G is found from the plot. Figure 16 has 
been adopted for design purposes. 

The scatter and lack of clear definition in 
figures 14 and 15 may be due to a number of 
reasons. One is the error in measuring the 
water surface. For high discharges and high 
degrees of submergence, the water surface was 
sufficiently rough to make the error in determin- 
ing the water surface approach the magnitude 
of the losses being measured. The convention 
used in evaluating the discharge in the end 
sections leaves much to be desired when one 
assumes that the center part of the sill behaves 
as a two-dimensional sill with no influence from 
the end sections. The vertical walls at the edges 
of the channel may have had some influence in 
creating higher upstream stages over what 
would have been experienced with a true trape- 
zoidal channel. The relatively large dune for- 
mations on the movable bed upstream of the 
sill undoubtedly influenced the tests results to 
some extent, as the dune height approached 20 

FIGURE 16. - Total discharge coe5cient for a sheet piling and rock sill. 
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to 25 percent of the water depth in many cases. 
The effect of a dune temporarily burying the 
sill should not be reflected in the data, as water 
surface profiles were generally not measured 
while this condition was observed. 

No definite relation between the degree of 
exposure of the structure above the bed and the 
amount of loss over the sill is indicated by the 
data obtained in the tests. On figure 14, where 
the value of P/H’ is shown beside each plotted 
point, there is no apparent correlation between 
the values of P/H’ and their location with 
respect to the curve. This may be due to the 
nearly constant degree of local exposure of the 
piling. Unless the sill is temporarily buried by 
a passing dune, the local turbulence created by 
the projecting piling will keep the upstream 
rock blanket swept clean of material. Even 
though the general bed elevation of the up- 
stream channel may vary considerably from the 
elevation of the surface of the blanket, it will 
form a streamlined approach to the surface of 
the rock. The approach losses become only a 
small part of the total energy loss, since most 
of the loss is created by the local turbulence at 
the piling. For any given discharge, the loss 
due to this turbulence will remain nearly con- 
stant as the rock blanket places a limit on the 
amount of piling exposure that can take place. 

Application of the Structure and 
Suggested Design Criteria 

The application of the structure is limited in 
that it must essentially operate as a submerged 
sill where the high velocity jet will tend to 
float on the surface rather than plunge to the 
bottom. This requirement can be met if the tail- 
water does fall below approximately 0.8 of the 
critical depth at the crest section. If the tail- 
water is lower, the nappe will plunge and 
rapidly destroy the structure either by direct 
attack on the downstream slope or by creating 
a scour hole that will undermine the structure. 
The onlv time this tailwater criteria may be 
violated”is for relatively low base flows, in which 
case adequate rock sizes on the downstream 
slope must be provided. If the above tailwater 
criteria can be met, the structure has many 
possible applications where it is desired to con- 
trol water surface elevations and retard head 
cutting. The structure will not act as a barrier 
to bed transport except under low flow condi- 
tions, and it will not directly protect the up- 
stream channel from scour. Erosion upstream 
of the structure will be controlled primarily 
through reduced velocities created by the in- 
crease in water surface elevations induced by 
the sill as it becomes exposed. Controlling the 
erodible bed of a high velocity channel and con- 

trolling bed and bank erosion that threatens 
damage to bridges or structures adjacent to the 
channel are examples of situations where the 
sill would be suitable. A decided advantage of 
the structure is the flexibility of the rock to 
adjust to conditions that would destroy a con- 
ventional concrete structure. If tailwater con- 
ditions prevent the use of a single sill, it may 
be possible to meet the tailwater criteria and 
raise the water surface to the desired elevation 
by the use of a series of sills. 

Design of the structure starts with a determi- 
nation of the tailwater rating curve and then 
proceeds with the selection of a crest elevation 
that satisfies the condition that T’/Dc must be 
greater than 0.80. The crest width should be 
essentially the same as the width of the up- 
stream and downstream channel in order to 
avoid the inherent difficulties with a constric- 
tion where damaging lateral eddies will develop 
downstream. The headwater rating curve may 
be determined either with the curves on figures 
14 and 15 or with the curves on figure 16. The 
curves on figures 14 and 15 should not be used 
for side slopes steeper than 1 on 2 or flatter 
than 1 on 3. If a reasonable estimate of the 
ratio A,/A can be made, the curves on figure 
16 will be simpler to use and can probably be 
applied to any side slope from vertical to about 
1 on 3. If the headwater rating curve indicates 
that a single structure does not create the re- 
quired head losses, it will be necessary to add ad- 
ditional sills until the desired water surface 
elevation is attained. 

The type of sheet piling and the depth to 
which it must be driven will depend more upon 
construction conditions than hydraulic require- 
ments. Since one or both sides of the piling will 
be exposed to considerable depth during con- 
struction, the piling should be designed to with- 
stand the load created by a saturated fill on one 
side and exposure to the depth required by con- 
struction on the other side. It should also be 
capable of withstanding the impact of large 
rocks being placed against it. The sheet piling 
should extend into the side slopes far enough so 
that it will not be outflanked if a considerable 
amount of rock loss or adjustment takes place 
at the ends of the sill. 

If the sill is intended for use in a~channel 
where no bank rev&went is contemplated, the 
minimum amount of channel side slope protec- 
tion should extend from the upper end of the 
upstream blanket to the end of the derrick stone 
downstream of the sheet piling. Upstream of 
the piling the side slope protection should tie 
into the top upstream blanket. Downstream of 
the piling it should tie into the top of the derrick 
stone. It is suggested that the determination of 
the required rock size for the side slopes be 
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based upon the following relationship developed 
by Isbash.’ 

V=Yy2g (S-W) j/D qcos (I 

Where V = velocity a:inst the stone, 
Y = numerical constant with a ranne in 

- value from 0.86 to 1.20, 
S = specific weight of the rock, 

W = specific weight of water, 
D =diameter in feet of a sphere of 

equivalent weight, 
ti= the angle between the horizontal 

and the bed upon which the rock 
lies. 

For the rock on the channel side slopes, a 
value of 1.20 for Y would be appropriate, since 
the velocity distribution in the channel is well 
developed. For more severe conditions when 
the flow impinges directly against the rock, the 
more conservative value of 0.86 for Y should be 
used. The value for Cm a should be taken from 
the angle between the side slopes and the hori- 
zontal. 

The surface of the upstream blanket should 
be from 3 to 5 feet below the top of the sheet 
piling and should be placed on a l-on-5 to l-on-6 
slope in the upstream direction. It should ex- 
tend upstream from 1% to 2 times the expected 
head on the structure and should terminate in 
some form of toe to prevent raveling and under- 
mining of the upstream edge. Except for the 
area immediately upstream of the sheet piling, 
the same rock size gradation as used on the 
channel side slopes will be adequate. 

The downstream apron of the structure re- 
quires rock protection from the top of the sheet 
piling to s!%. to 1 critical depth below the top 
of the piling. This rock should be placed on a 
slope no flatter than 1 on 2, since flatter slopes 
may become subject to attack from the high 
velocity nappe. A short horizontal apron at the 
bottom of the l-on-2 slope may be desirable to 
aid in turning high velocity filaments and 
directing them parallel to the bed. Except for 
the corners where the downstream apron and 
side slopes intersect, extra heavy rock protec- 
tion is not required on the downstream apron. 
However, the rock should be of sufficient size to 
withstand the low flows that may plunge onto 
it. The previously discussed relationship de- 
veloped by Ishbash should be used for determin- 
ing the required rock size in this area. Since 

1 ISBASH, s. v. CONSTR”CTION OF DAMS BY DUMPING 
STONES EVTO FLOWINO WATER. Sei. Res. Inst. Hydro- 
tech. Leningrad. 1932. Trans. by A. Dovjikov, U.S. 
Army Corps of Engineers, Eastport District, Septem- 
her 19% 

2 US. DEPARTMENT OF THE INTERIOR. ST~JJNG BASIN 
PERFcmM*NCE STUDIES, AN AID IN DETERMININO RIPRAP 
SIZES. Hydraulic Lab. Rpt. Hyd-409, U.S. Bur. of Reelam. 
February 1956. 

the low flows may plunge directly onto the rock, 
a value of 0.86 for Y would be appropriate. This 
value of Y will give essentially the same rock 
size as suggested for similar conditions by the 
Bureau of Reclamation in their Hydraulic Labo- 
ratory Report Hyd409.* 

Three areas in the vicinity of the structure 
are subject to above normal stress from the flow 
conditions created by the sill, and heavy rock 
protection is required in the form of derrick 
stone. These areas are (1) just upstream of 
the sheet piling, (2) in the corners where the 
downstream apron and channel side slopes in- 
tersect, (3) on the lower side slopes down- 
stream of the crest. The plot on figure 1’7, 
which was developed from observations made 
during the study, shows a relationship between 
the ratio of tailwater to headwater, T’/H’, and 
the required median diameter of derrick stone. 
The plotted points for the three rock sizes repre- 
sent conditions varying from loss of a small 
amount of rock to essentially complete failure 
where significant loss of rock and severe slump- 
ing of the side slopes at the end of the crest took 
place. The lower solid curve represents the 
minimum derrick stone size that should be con- 
sidered, and the upper dashed curve is the one 
suggested for design purposes. 

The derrick stone on the upstream side of the 
structure should extend upstream of the piling 
for a distance of two to three times the vertical 
exposure of the sheet piling. It should also 
extend up the adjacent side slopes to about one- 
third critical depth above the sill crest. Since 
the stress in this area is not the most severe the 
median derrick stone size may be deter&ad 
from the lower of the two curves on figure 17. 

The corners downstream of the sheet piling 
are subject to severe stress, and it is suggested 
that the size of derrick stone for this area be 
determined by the upper curve on figure 17. 
This heavy derrick stone should extend onto the 
downstream apron for a distance of 10 to 15 
feet. On the lower side slopes it should be car- 
ried downstream three to four critical depths 
from the sheet piling. The lower side slope der- 
rick stone should start about one-third critical 
depth above the sill crest and should be extended 
downward to an intersection with the down- 
stream apron. If it is expected that the struc- 
ture will be subjected to flows of relatively long 
duration or frequent high discharges with rela- 
tively low tailwater stages, it may be desirable 
to extend the derrick stone to six to eight criti- 
cal depths downstream of the sheet piling. The 
rock size for this additional protection could be 
determined from the lower curve on figure 17. 

Figure 10 shows the area in which derrick 
stone was required for the Floyd River sills. In 
order to reduce the number of rock sizes re- 
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FIGURE 17. Derrick stone sizes required for sill protection. 
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quired, the same gradation of derrick stone was 
used throughout the structure. If it should 
prove economical to specify several gradations 
of derrick stone, the area may be zoned in the 
manner illustrated in the preceding paragraphs. 

The recommended layer thickness for all of 
the rock in the vicinity of the structure is two 
median rock diameters, and in no case should it 
be less than lx/’ times the median rock diameter. 
It is also very important that an adequate filter 
be placed between the rock and the bed material. 
The corners downstream of the piling are sub- 
ject to severe piping of bed material through 
the voids in the surface rock. In runs with low 
tailwater stages, the limestone chips used for the 
filter material could often be observed to lit- 
erally stream through the voids in the model 
derrick stone. This is indication of the very 
strong lift forces~that exist in this area. It is 
recommended that the relation developed by 

3 POSEY, c. J. SOME BASlC REQ”lREMENTS FOR momc- 
TION &AINST EROSION. Minx Internatl. Hydraul. Con- 
vention Proe. 195,3, pp. 85-87. 

Terzaghi in conjunction with the Corps of En- 
gineers3 be used for the design of the filter. 
This relationship is as follows : 

D,, Filter 
Z&Base < 5 

4 < D,, Filter 
D,, Base < 20 

If the surface rock”is derrick stone several 
layers of filter material may be req&ed and 
the above conditions must hold for successive 
layers if an adequate filter is to be provided. 

Areas for Additional Investigation 
Although the study developed an adequate 

design for the Floyd River, additional investi- 
gation in several areas would be desirable. Ad- 
ditional information is needed on the minimum 
rock size required in the various areas of the 
rock protection for the sill. Stability of the 
rock is a function of factors other than the 
velocity of the flow. For example, in the corners 
downstream of the crest damages to the rock 
blanket often resulted from the individual rocks 
being bodily picked off the surface and carried 
away bv the flow rather than being merely 
rollid dbwn the slope. 

Another interest~ing aspect is the effect of 
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sediment transport on the flow regime over the 
structure. Whether this is due to streamlining 
of the structure or a change in fluid properties 
cannot be determined by the results of these 
tests. In the Berkeley tests the extremely heavy 
bedload seemed to reduce the energy losses com- 
pared to a sill with no bed transport. The tests 
at Iowa City generally did not have a heavy rate 
of bed transport. However, it was observed that 
when a dune was passing over the structure, 
the turbulence downstream of the sill was re- 
duced and the headwater seemed to lower 
slightly. 

Conclusions 
The study successfully demonstrated the 

ability of the structure to perform as desired, 
and approval for construction of the high veloc- 
ity channel was granted by the Iowa Natural 
Resources Council. Computations based on the 
test results showed that five sills spaced ap- 
proximately 2,000 feet apart in the lower 1% 
miles of the Floyd River would effectively main- 
tain the water levels in the channel despite con- 
siderable bed scour. Computations showed that 
even if the bed was to degrade 10 feet, the water 
surface would be maintained within 1 or 2 feet 

of the water surface for no degradation. The 
structure can provide an economical solution to 
problems of a similar nature where it is desired 
to control bed degradation and the water sur- 
face elevations, provided the tailwater condi- 
tions will allow the sill to essentially operate as 
a submerged structure. 
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COMPUTING SUSPENDED SAND LOADS FROM FIELD 
MEASUREMENTS 

[Paper No. 561 
BY ALPRED S. HARRISON and HAROLD C. LIDICKER, hwbmdie engineers, U.S. Army Engineer Division, Omaha 

Synopsis 
On the Missouri River the bulk of the bedload 

material is transported in suspension with low 
concentrations near the water surface and high 
concentrations near the bed. Because of this 
nonuniform distribution of particles in sus- 
pension, a large part of the sands coarser than 
0.10 mm. is carried within a half foot of the 
bed below the lowest level that can be sampled. 
It is necessary, therefore, to determine through 
field measurements the vertical distributions of 
velocity and concentration in the part of the 
flow that can be measured, and then to extrapo- 
late these distributions toward the bed in order 
to compute total suspended sand load. The most 
reliable procedure is direct measurement of 
these distributions by obtaining a series of point 
velocities and point samples in the vertical. 
Velocities are relatively economical to obtain, 
as they involve only some extra field work. The 
samples, however, are relatively expensive, as 
they involve costly laboratory analysis, not only 
for concentration but also for mechanical anal- 
ysis, since it is desired to compute the loads for 
individual grain-size fractions. 

In the interest of economy a procedure has 
been devised that requires only two sediment 
samples in each vertical, one depth-integrated 
sample and one point sample at a reference 
depth, obtained with a P-46 sampler. A vertical 
velocity distribution is also measured with a 
current meter. From these field data the con- 
centration distributions in the measurable part 
of the flow are deduced by a method developed 
from relationships presented by Vanoni and 
Einstein. This method gives a more reliable 
determination of suspended load than the modi- 
fied Einstein method of the U.S. Geological Sur- 
vey, because it uses a direct measurement of 
the velocity distribution and requires fewer as- 
sumptions in deducing the sediment eoncentra- 
tion distributions. 

Criteria for how close to the bed to extrapo- 
late the measured velocity distribution and the 
deduced sediment distributions have also been 
developed. The integration of the velocity and 
sediment distributions to obtain total suspended 
load follows the method of Einstein. In the 
Missouri River, no attempt is made to estimate 
bedload, as this is small compared with the sus- 
pended load. 
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The Problem 
The determination of bed material loads in 

the Missouri River has become particularly im- 
portant since Gavins Point Dam was closed in 
1955 and now that the navigation and bank 
stabilization project below Sioux City is nearing 
completion. The aim of the Corps of Engineers 
sedimentation program on the Missouri River 
is continuous evaluation of the changes in river 
regime brought about by these projects in order 
to foresee any adverse effects in time for re- 
medial action, to provide data needed in the 
design of future work, and to contribute to the 
general knowledge in the field of river engineer- 
ing. The changes in the riverbed,, its elevation, 
its grain-size compositio;, and Its roughness 
configuration are of particular significance in 
this evaluation- and these changes are di- 
rectly related to the bed material load! defined 
as the transport rate of those grain sues that 
are also found in significant quantities in the 
bed. 

The riverbed material for over a hundred 
miles below Gavins Point Dam is a fine sand 
with median grain diameter 0.2 mm. Very little 
is finer than about 0.06 mm. or coarser than 

about 0.5 mm. Occasional gravel pockets are 
found, usually at the downstream toes of sand- 
bars. The river slope is about 0.9 foot per mile. 
Water depths normally range up to 25 feet in a 
cross section, with a mean depth around 10 feet, 
and velocities average 3 to 4 feet per second. 
Under these conditions the bed material load is 
transported mainly in suspension. Transport as 
bedload is a very small part of the total, al- 
though for the coarsest grain-size fractions bed- 
load may be more significant. 

Two factors complicate the determination of 
suspended sand loads from field measurements. 
Since neither the velocities nor the eoncentra- 
tions are uniformly distributed in the vertical, 
a number of points must be measured in order 
to define the vertical distributions. This is not 
only time-consuming in the field but costly in 
the laboratory. Each sample must be analyzed, 
not only for concentration but for mechanical 
analysis, because sand loads are desired for 
each individual grain-size fraction. Figure 1 
shows typical vertical distributions of velocity, 
obtained with a Price current meter, and con- 
centration, obtained from P-46 samples, for 
the Missouri River at Omaha. 

WATER SURFACE 

IO 
8 

VELOCl;Y IN FEZT PER S2ECOND 
0 

.2 
C:NCENTRAiGION IN &MS PEk” LITER 

1.2 I .4 

FIGURE 1. -Vertical velocity and concentration distributions in Missomi River. 
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The second complicating factor is that a sig- 
nificant part of the sand load is carried below 
the lowest point that can be sampled with the 
suspended load sampler. This is due to the rela- 
tively high concentrations near the bed as com- 
pared with the water surface. The nearest 
approach to the bed that is practical with the 
Price current meter or with the P-46, the D-43, 
or the D-49 samplers is about 0.5 foot. It is, 
therefore, necessary to extrapolate the meas- 
ured distributions toward the bed in order to 
determine the total sand load. Figure 2 shows 

FIGURE Z.-Vertical distribution of suspended sand 
load in Missouri Rivet. 

typical distributions of sand loads in the verti- 
cal by grain-size fractions for the Missouri 
River at Omaha. These curves were computed 
below the lowest measured points by the extra- 
polation method to be described later in this 
paper. A distance from the bed equal to about 
0.04 of the depth is indicated in figure 2 as the 
lowest level that could be measured. The curves 
in figure 2 show that 75 percent of the total 

sand load is carried above this level. For the 
finer grain-size fractions, this includes the bulk 
of the load. For the coarser sand fractions, 
however, a smaller part of the load is measured 
directly. For example, only 45 percent of the 
load in the 0.211- to 0.295~mm. range is carried 
within the measured zone; and the rest of the 
load in this size range must be based on extra- 
polation of measured points. Since the median 
grain size of the material in the riverbed is 
about 0.2 mm., the transport rates for the 
coarser suspended sand fractions are important 
in evaluating changes in the riverbed regime. 

Objectives 
The analysis that follows will lead to four 

objectives: (1) to obtain relationships based on 
the measured data that permit extrapolations 
of velocity and concentration distributions 
downward below the lowest level of measure- 
merit ; (2) to establish tentative criteria for the 
lower limit of integration-or in other words, 
how close to the bed to extend the velocity and 
concentration distributions; (3) to develop ana- 
lytical procedures to facilitate the integration 
of concentration times velocity over the water 
depth to obtain sediment load; and (4) to de- 
velop a procedure requiring the minimum 
amount of field measurement and laboratory 
analysis to define the velocity and concentration 
distributions in the measurable part of the flow. 

Nomenclature 
A = a/d, a dimensionless expression for a. 
a = The height from the bed of the lower limit to 

which the suspended load integration is car- 
ried (in feet). 

a = The height from the bed of the lowest level 
saay,led by a depth-integratmg sampler (in 

Cm= The average concentration for a given grain- 
size fraction from the water surface down 
to a distance a from the bed, as measured 
with a depth-integrating sampler (grams 
per liter). 

C, = Known concentration of a given grain-size frae- 
tion at a distance p from the bed (grams per 
liter). 

C*= Known concentration of all sand grain-size 
fractions at a distance n from the bed (crams 
per liter). 

._ 
C, = The concentration of a given grain-size frae- 

tian at a distance $I from the bed. 
Cti = Total concentration of all sand grain-size frac- 

tions at a distance u from the bed (aams 
per liter). 

._ 

D = Geometric mean grain size of a given grain- 
size fraction (in feet). 

d = Water depth (in feet). 
II, I, = Definite integrals, functions of A and 2. 
h, Ja = Definite integrals, functians of A and Z. 

N = The slope AV,/A (logmy) of the semilog plot 
of the velocity distribution. 

p = Value of II at point of known concentration (in 
feet). 

pm= The water discharge per unit width in that 
part of the flow from the water surface 



SYMPOSIUM Z.-SEDIMENT IN STREAMS 487 

down to a distance a from the bed (in cubic 
feet per second per foot). 

qs = The suspended load for a certain grain size 
fraction per unit width of cross section lin 
pounds per second per foot). 

%a= The measured load for a certain grain-size 
fraction per unit width of cross section fin 
that part of the flow from the water surface 
down to a distance a from the bed (in pounds 
per SecO ‘nd per foot). 

q,t= The total suspended load for all sand grain- 
size fractions per unit width of cross section 
(in pounds per. second ?er fo&) 

V = Ay~e velocity m a vertical (m feet per see- 
“..“, 

V, = The velocity at a distance y from the bed (in 
feet per second). 

Y = y/d = a dimensionless distance from the bed. 
y = Vertical distance from the bed (in feet). 

?J= = Value of ?I where the extraDolated velocitv dis- 
tributi& gives V, = 0 (in feet). 

&‘r = Value of 21 where the extrapolated coneentra- 
tion distribution gives C,, = 480 grams per 
liter (in feet). 

2 = The s&e A,;gl. (C,)/Alog,, d--y of the 
logarithmic plot of the conc&ation dis- 
tribution. 

Semilogarithmic Velocity Distribution 
When the velocity distribution in figure 2 is 

plotted on semilog paper, as in figure 3, the 

3 4 5 5 7 

VELOCITY, Vy IN F.P.S. 

FIGURE 3,Semilogarithmic plot of velocity distzihution. 

points fit a straight line reasonably well. The 
equation for this straight line is 

V, = N log,, y + eonst (1) 
Measurements in many rivers verify this semi- 
logarithmic form of the vertical velocity distri- 
bution, and additional theoretical justification 
has been provided by Keulegan (5). With the 
velocity distributed as in equation 1, the average 
velocity in the vertical is given by 

V = N (log,,d) -N/2.3 + const 
Combining equations 2 and 1, 

(2) 

V, = N log,, (y/d) + (V + N/2.3) (3) 
Equation 3 describes any semilogarithmic ve- 
locity distribution. The parameters V and N 
can be graphically determined from a plot such 
as figure 3. N is the slope of the best-fitting 
straight line through the points. V can also be 
obtained from the line. To find the value of y 
where V, = V, equate (2) and (3) : 
N log,, y + const = N log,, d -N/2.3 + const 

Log,, d/y = 0.434 
y/d = 0.368 

Therefore, V is obtained from the line of best 
fit by reading V, at a height 0.37 of the water 
depth from the bed (y = 0.37d). 

The velocity distribution can be extrapolated 
below the lowest measured point by extending 
EFh&sFht hne as m figure 3 or by usmg equa- 

Concentration Distribution 
We also find from field experience, with sup- 

porting evidence from the laboratory and some 
theoretical justification (6), that the vertical 
concentration distributions plotted on log paper 
in the form d-y __ vs. C, tends to be a straight 
line. This is thi case in figure 4 which contains 
logarithmic plots for three of the grain-size 
fractions shown in figure 2. This form of the 
concentration distribution seems to hold not 
only for C,, the concentration of individual 
grain-size fractions, but also for Cut, the total 
concentration for all grain-size fractions in the 
sand range. The equation for these straight 
lines is in the form 

in which Z, C,, and p are parameters obtained 
from the straight line that best fits the points 
plotted as in figure 4. Z is the slope of the line, 
and C, is the concentration read from the line 
at a value of d -’ ---corresponding to a reference 
distance p fromPthe bed. 

The concentration distribution can be extra- 
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FIGURE 4. -Logarithmic plot of sand concentration 
distributions. 

polated below the lowest measured point by ex- 
tending the straight line as in figure 4 or by 
using equation 4. 

Integrating to Get Suspended Load 
The suspended load per foot of channel width 

for a given grain-size fraction is obtained by 
integrating the product of the velocity times the 
concentration over the depth in the vertical : 

qs=O.O624 r V,*C,*d, (5) 
The choice of a, the lower limit of integration, 
will be explained later. 

The above integration can be performed 
graphically, numerically, or analytically. In 
the graphical or numerical methods the ve- 
locity distribution and the concentration dis- 
tributions for each grain-size fraction are 
plotted as in figures 3 and 4. The straight lines 
of best fit are then extrapolated below the meas- 
ured points to the lower limit of integration, to 

d-y d-a y = a for the velocity and to -=- 
for the concentrations. By multiplying vages 
of V, and C, at corresponding values of y, a 
third plot of V,C, vs. y is prepared. Finally the 
area under this curve between ?/ = a and y = d 
is determined either planimetrically or numer- 
ically to obtain the unit suspended load as indi- 
cated in equation 5. It may be found that, due 
to the rapid changes in the values of V,C, near 
the bed, a logarithmic scale for y will be neces- 

sary. These methods are laborious, since sepa- 
rate integrations are required for each grain- 
size fraction for each sampled vertical in the 
river cross section. They are so time consuming, 
in fact, that they are impractical for routine 
use. 

Einstein (2) has developed an analytical 
method of integration that reduces the time and 
labor required to the point where routine use is 
practical, especially when the method is pro- 
gramed for a digital computer. In prepara- 
tion for this method, the vertical velocity 
distribution and the vertical concentration dis- 
tributions for each grain-size fraction are 
plotted as in figures 3 and 4 and the straight 
lines of the best fit are drawn through the 
plotted points. The values of V, N, 2, p, and C, 
are then read from these lines. These para- 
meters are used to obtain 4. from a relationship 
that will now be developed. If we substitute 
equations 3 and 4 into equation 5, 

qs=O.O624&log.,, (y/d) + (V+N/2.3)] 
a 

c*(&)=(~)z d, (6) 

Let Y=y/d, then dy--d dY. At y=d, Y=l, and 
at y=a, Y=; =A. 

q,=O.O624 N d C, 

(&)“~.((~)” (lo&Y) dY+ (V/N+0.434) 

[(Jg)“dY \! (7) 

Let Jl-[(y)‘dy 

andJ,=[ly)’ (In Y) dY 

$=0.0624 C, N d & 
( ) 

7. 
- 

[ 0.434J,+ (V/N+0.434)J, ] (53) 
The integrals J, and J,, plotted as functions of 
A and 2, are available in reference (3) for the 
ranges 0.00001 < A < 0.6 and 0 < 2 < 2.0. For 
values of 2.0 < 2 < 5.0, we may use Einstein’s 
integrals I, and I,, plotted as functions of A and 
2 in reference (2). J, and J, are obtained from 
I, and I, are as follows : 

J7,=4.63 $$” I, (9) 

J,=4.63$&)=11 (10) 
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If equations 9 and 10 are substituted in equa- 
tion 8 : 

q~4.63~0.0624 C, Nd A[$(%)] = 

[ 0.434 I,+ (V/N+0.434)I,] @A) 

Knowing the water depth, d, choosing a lower 
limit of integration, A = a/d, reading the para- 
meters V, N, Z, p, and C, from the measured 
velocity and concentration distributions, and 
obtaining values of J, and J, from references 
(2) or (3), we can compute the unit suspended 
load os from equation 8 for each grain-size frac- 
tion. 

Defining Concentration Distributions 
With Less Samples 

Figures 3 and 4 indicate that suspended 
samples and velocity measurements must be 
obtained at a number of points in the vertical 
in order to define adequately the parameters V, 
N, f$, and Z. The velocities are relatively eco- 
nomical to obtain as they involve only field- 
work. The sediment samples, however, are 
relatively expensive, as they involve not only 
the fieldwork in obtaining them but also costly 
laboratory analysis that includes determination 
of the mechanical analysis of each sample as 
well as its concentration. In order to reduce the 
cost of processing the large volume of load 
measurements at the Missouri River stations, 
we sought a method of field sampling and office 
analysis that would minimize the number of 
suspended sediment samples required to define 
the concentration distributions. 

In the method that was evolved we continued 
to measure enough point velocities to define V 
and N in a semilogarithmic plot such as figure 
3. We obtained only two suspended samples, 
however : 

(1) A point sample at a reference level p 
from the bed. From this sample, values of C, 
are obtained for each grain-size fraction. 

(2) A depth-integrated sample based on a 
traverse of the flow from the water surface 
down to a distance a from the bed. From this 
sample, values of C,, the average concentration 
In the measured, depth-integrated part of the 
low, are obtained for each grain-size fraction. 

The actual field practice is to obtain two point 
samples and two depth-integrated samples and 
:o combine each pair in order to obtain larger 
samples for laboratory analysis. The field meas- 
mments define values of d, V, N, p, C,, a, and C. 

The load q.- for each gram-size fraction in 
,he part of the flow that was depth-integrated 
s given by 

qm = 0.0624 C, qe 
I-is obtained from 

(13) 

Substitute the expression for V, in equation 3 
and integrate: 

q= (d-a) V-N a log,,; 05) 

q,,can, therefore, be determined from equations 
15 and 13, using known measured quantities. 

Lower Limit of Integration 
The question now arises how close to the bed 

to extend the velocity and concentration dis- 
tributions in computing the suspended load. 
How do we choose a, the lower limit of integra- 
tion? Inspection of equations 4 and 8 or 8A in- 
dicates that a must not equal zero or an infinite 
concentration at the bed, or infinite values of 
the integrals I,, I,, J,, or J, would result. Three 
practical limitations on the choice of a come to 
mind : 

(1) Extrapolation should be down to the 
upper edge of the layer near the bed where 
bedload supplants suspended load as the mode 
of +nsportation. For want of a better cri- 
t2e;on, this is taken from Einstein (2) as a = 

(2) The total concentration cannot be un- 
realistically high. Recent work of Einstein (4) 
and Bagnold (1) indicates that suspensions 
tend toward some limiting concentration, say 
30 p.c.f. (480 g/l.). 

(3) The velocity distribution should not be 
extrapolated below the value of 11 where V = 0, 
because equation 3 will yield negative velocities 
for smaller y values. 

These limitations suggested the following pro- 
cedure for choosing the lower limit of integra- 
tion. 

1. Compute the value of 20 for the particular 
grain-size fraction. 

2. From a logarithmic plot of d-Y -vs. c;, 

for the total sand concentrations, tbtain the 
values of 2, C,, and p. Extrapolate this con- 
centration distribution to find the distance from 
the bed, y*, at which C,t = 480 g/l. This may 
be done with a graphical extrapolation of the 
straight line of best fit or by using equation 4 
to obtain 

“.-l+(430+ (c&P) (ll) 
3. Extrapolate the semi.logarithmie plot of 

the velocity distribution toward the bed to find 
the distance from the bed, y,, at which V, = 0. 
This may be done with a graphic extrapolation 
of the straight line of best fit or by using equa- 
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tion 3 to obtain 
0.37d 

Y1=10V/N u“3 
4. Choose a = 20 or yx or y*, whichever is the 

largest. 
An expression for qs./Cp can be obtained 

from equations 8 or 8A : 

q,/C,=O.O624N d & 
( ) 

7. 

[ 0.434J,+ (V/N+0.434) J’] (16) 

orq,,, C,=4.63~0.0624NdA[$(~)]z 

[ 0.4341*+ (V/N+0.434)1,] (16A) 
Knowing p and A= a/d and assuming various 
values of 2, a relationship between Z and q,./C, 
can be computed and plotted. The resulting 
graph can be entered with the values of q+JC, 
determined from the field measurements, and 
the value of Z for each grain-size fraction can 
be read from the curve. When p is not equal to 
a, equation 16 or 16A may define two values of 
2 for a given value of 4.-/C,. In this event Z 
values are read from the limb of the curve that 
gives ascending values of Z for q../C, values 
corresponding to ascending values of D. 

After the Z values are determined by this 
method, the suspended load throughout the ver- 
tical is computed from equation 8 or 8A for 
each grain-size fraction. 

Engineers with experience in measuring and 
computing suspended sand loads will recognize 
that this method, based on only two suspended 
load samples, cannot be as good as the more 
direct method of sampling a number of points 
to define the vertical concentration distribu- 
tion. While theoretically, the results will be the 
same, practically, the precision is not compar- 
able. Due to the variability of point coneentra- 
tions, the more points that are sampled in a 
vertical in a short period of time, the better 
defined is the concentration distribution. On 
the other hand, regardless of the precision with 
which the distributions are defined in the meas- 
ured part of the flow, we still face the uneer- 
tainty in extrapolating these distributions to 
the proximity of the bed. Since the estimated 
load must be indeterminate, regardless of the 
precision of the measurements, some economies 
in making these measurements would seem to 
be realistic. Although the above method of de- 
termining indirectly the Z values requires ad- 
ditional office analysis, the use of a digital com- 
puter in making the computations relieves this 
disadvantage. 

This method gives a more reliable determina- 
tion of suspended load than the modified 
Einstein method (3) developed by the U.S. 

Geological Survey, because it uses a direct meas- 
urement of the velocity distribution and uses 
enough suspended concentration data to define 
the vertical distributions without relying as 
heavily on theoretical relationships. The modi- 
fied Einstein method does provide an estimate 
of the bedload as well as the suspended load. 
The method presented in this paper estimates 
the suspended loads only. 

Examples 
Exam&? 1 

The velocity and concentration distributions 
plotted in figure 1 were obtained at one vertical 
in the Missouri River at Omaha on 27 Septem- 
ber 1951. From the plot of V, vs. log,,y in 
figure 3, N=2.50 and V=6.42 f.p.s. For 
each grain-size fraction, log,&, was plotted 
against log a -’ 1o __ as in figure 4. The values of 
Z and C, obtai&d from the best fitting straight 
lines are shown in table 1. The known eoncen- 
tration, C,, was taken at mid-depth where p = 
5.0 ft. and q= 1. The results of the 
suspended load computations for this vertical, 
with the use of equation 8A, are summarized in 
table 1. The ratios in the right-hand column 
show how much the suspended load exceeds the 
measured load for each grain-size interval and 
for the total sand. The values in the first line 

d--Y were based on a log,,& vs. log,, ~ plot of 
the total sands. These are less than%he values 
in the last line in table 1, obtained by adding 
the loads for the individual grain-size fractions. 

Example 2 
At station 3 + 65 on the Aksarben Bridge 

across the Missouri River at Omaha on 2’7 June 
1957, the following data were obtained (table 
2) : 

(1) A depth measurement of 16.0 feet. 
(2) A vertical velocity distribution. 
(3) A depth-integrated sample down to a 

point 0.5 foot from the bed. 
(4)A point sample 8.0 feet from the bed. 

A plot of V, vs. log,,y gave N = 3.00 and V = 
5.77 f.p.s. Laboratory analyses of the two sedi- 
ment samples yielded the values of C, and C, 
shown in table 3. A Z vs. qaJCD relation was 
computed from equation 16A. The results are 
summarized in table 2 and plotted in figure 5. 

The determination of the Z values in the sam- 
pled vertical is shown in table 3. From the 
measured values of C-and C,, values of q.JC, 
are computed for each grain-size interval. The 
corresponding Z values are then read from fig- 
ure 5. 
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2 

FIGURE 5. Z vs. q&C, plot for example 2. 

With the use of the Z values determined in table 
3, the load for each grain-size interval can be 
computed as in example 1. It can be seen from 
table 3 that considerable judgment must be 
applied in selecting the Z values and that the 
method will fail if measured concentrations are 
too low for adequate computation of the needed 
parameters. 

--F-2 
Mm. Aon. 0.044-0.053. 

0.053-0.074. 

0.049 O.:i$ 0.098 G.,L. .m,src.,/ 
0.657 6.70 

0.074&0.105. .063 .142 ,132 ,811 .099 .154 ,055 6.15 

0.10&0.149. ,127 .0426 .0422 
,881 16.0 

0.149-0.210. ,179 .0033 :%9 3”:;: .0063 
----- 

Total 

'0 
0.50 
1.22 

;:; 

Sand. .I 1 .458 / .365 / 2.62 1 7.19 .66 

1 Paint falls to left of Z=O on left limb of curve. Z taken 
as zero as would be expected of such a small-grain size in 
this high a velocity. 

PMeasured concentration too low to provide a good 
estimate. 
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DESIGN PRACTICE FOR LEVEE REVETMENT ON WEST COAST 
INTERMITTENT STREAMS 

[Paper No. 571 

By A. P. GILDEA, chief, Hydraulics Section, “S. Amy Engineer District, Los Angeles 

Synopsis 
One of the early attempts to evaluate the ef- 

fectiveness of riprap revetment to protect the 
banks of intermittent streams flowing at veloci- 
ties approaching the critical value was made by 
the U.S. Army Engineer District at Los Angeles 
after a major flood occurred in the area in 
March 1938. Unfortunately, record surveys of 
conditions before the flood were not sufficient to 
compute accurately the maximum scour during 
the flood. Because a substantial amount of the 
i-wetted levees and banks were destroyed by 
the flood, drastic design modifications were 
made for rehabilitation after the flood. 

Since 1950 there has been a progressive de- 
velopment of design criteria for revetment to 
resist the erosive forces of velocities in the 
range between 10 and 18 feet per second. In 
1952, the Office, Chief of Engineers,. issued Civil 
Works Engineer Bulletin 52-15 m order to 
standardize levee slope protection works. In re- 
cent years the Los Angeles District of the Army 
Corps of Engineers has built levees on three 
California streams that have only intermittent 
discharge. The design of revetment is different 
for each. These designs are delineated so that 
etirrent practice may be appraised. To protect 
from underscour, the toe of the revetment 
should be carried to a point slightly below maxi- 
mum depth of anticipated scour by the design 
flood. This point may be 6 to 12 feet below the 
thalweg of the stream. 

Introduction 
During the mid-1930’s emphasis was placed 

on public works in order to bring employment 
to depressed areas. The big problem, however, 
was that the entire United States was a de- 
pressed area. Thus, flood control practices in 
the form of local protection projects were estab- 

lished by the Congress. On the West Coast one 
of the first such projects authorized was that 
for the Los Angeles River, which flows through 
the metropolitan area of the city of Los Angeles. 
As part of the project work, the banks of the 
Los Angeles River and its tributaries were re- 
vetted with dumped and hand-placed stone ob- 
tained from a local quarry. These were the days 
when the term “one man stone” had meaning. 

After completion of many miles of paving of 
the Los Angeles River, a major flood occurred 
in the area in March 1938. Much of the channel 
revetment resisted the flood flows, but unfortu- 
nately levees and banks were destroyed in many 
places. The revetment destroyed by the flood 
appeared to have failed as a result of under- 
scour of the levee toe. A total of 15 miles of 
hand-laid revetment stone had been placed on a 
side slope of 1 on 3 and controlled by two speci- 
fications : 

(1) Type A for concave side of bends with 
curvature having radii of 3,500 feet or less. 
Stone consisted of 12. to 16-Inch pieces placed 
on a 6-inch blanket of spoils. Thickness of stone 
layer was generally 12 inches, except at stream- 
bed, where a heavier section was made up of 
16- to 24.inch ouarrv stone extended to a depth 
below grade. . ” 

(2) Type B for straight levees, for the eon- 
vex side of all bends and for the concave side of 
bends with a curve radius greater than 3,500 
feet (fig. 1). 

Types of bank protection used by local agen- 
cies in the area consisted of wire and rock mat- 
tress, gunite slope paving, asphalt slope paving, 
and loose stone paving. A total of 23 miles of 
channel revetment consisted of heavy stone 
dumped in place on a slope of about 1 on 2 (fig. 
2). About 30 miles of channel had banks pro- 
tected by pipe and wire fence as shown in fig- 
ures 3 and 4. 
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Fmm’d 1. -Rock paving bank protection; typical section. 

Damage Resulting from 1938 Flood 
The upper reach of Los Angeles River north- 

west of the city was not completed as a whole at 
the time of flood. The channel in the vicinity of 
Griffith Park was designed to carry a discharge 
of 40,000 e.f.s. on a bottom slope varying be- 
tween 0.0037 and 0.0040. An estimated peak 
discharge of 60,000 c.f.s. occurred in this reach 
on March 2, 1938, with velocities in excess of 
20 feet per second. The failures on the upper 
Los Angeles River may be attributed directly to 
poor channel alinement, disturbances created 
by side inflows, and ponding of local drainage 
behind levees. Exploration by test pits and 
probing at the sites of some failures disclosed 
that 18 inches of the top layer of toe rock had 
been removed, but that otherwise the deeper 

FIGURE Z.-Riprap bank protection; typical section. 

rock had not been disturbed. There were some 
indications that failure may have commenced 
immediately above the toe rock. Other failures, 
especially on curves, seem to have commenced 
by underscour of the levee toe, the stone at this 
point having been moved out, and water entered 
the fine sand of levee fill, undercutting the upper 

FIGURE 3. -Pipe-and-wire bank protection; typical 
section. 

section. Failure progressed downstream until a 
break of sufficient capacity to bypass the levee 
was made, or until the current was deflected 
away from the levee. The velocity of flow in 
this reach of the river probably equaled critical 
velocity with attendant undulations until the 
channel banks were breached. Figure 5 shows 
an aerial view of damaged levees as a result of 
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FIGUBE 4. -Typical pipe-and-wire fence used for bank protection. Note how channel bottom is eroding and under- 
cutting fence along left bank. 

sinuous channel alinement. Figure 6 shows two 
photographs; one indicating destruction of one 
bank of the river as a result of concentrated 
side inflow from the opposite bank; the other 
showing failure along the outside of a bend. 
Figure ‘7 shows photographs of destruction of a 
railroad bridge as a result of one pier founda- 
tion being undercut by scour. 

The downstream reach of the channel south- 
east of the city of Los Angeles carried a peak 
discharge estimated at 63,000 c.f.s., with the 
maximum velocity of approximately 17 feet per 
second. The slope of the bottom was 0.0025. 
Although the flood was of sufficient magnitude 
to destroy partially or totally seven railroad or 
highway bridges and to do considerable damage 
to the bank in several locations, no appreciable 
damage occurred to the 2.4 miles of straight 
rock-paved channel, again indicating that chan- 
nel alinement was a major factor in the per- 
formance of the revetment. Also the velocity of 
flow was definitely less than critical velocity. 
Photographs of riverbank dumped stone revet- 
merit show failure probably resulting from un- 
derscour along the levee toe (fig. 8). Figure 9 
shows a straight reach where bridges were de- 
stroyed but the bank revetment remained intact 
throughout the flood. 

The pipe and a& fence type of protection 
used ext?nsi.vely along hio Hondo and San 
Gabriel River played an important part in pre- 
venting bank erosion and confining the flood 
within channels in straight or nearly straight 
reaches. Large sections failed, however, on the 
outside of bends or where some obstruction de 
fleeted the main current against the fence. The 
weakness of this form of protection was the in- 
ability to deflect cross flows sufficiently to pre- 
vent bank erosion back of the fence and the ease 
with which pipe posts were broken off or pulled 
out when encountered by the full force of the 
current. Figure 10 shows photographs of bank 
erosion and destruction of pipe and wire fence 
type of protection. 

Transportation and Deposition of 
Sediment 

After the March 1938 flood, approximately 
36 miles of the Los Angeles River from a point 
in the San Fernando Valley to the Pacific Ocean 
were examined in an effort to determine the 
magnitude of scour. However, between the date 
of the previous survey and the date of the flood, 
considerable construction work had been car- 
ried out in several reaches. For the most part 
this consisted of removal of material from the 
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FIGURE 6. -Upstream view of damage to Las Angeles River channel in 1938 flood: Maximum discbarge 60,000 
c.f.s.; maximum velocity about 20 f.p.s. 

riverbed for levee construction. This work 
undoubtedly had some effect on the sediment 
movement, but its importance cannot be deter- 
mined. The change in volume in several typical 
reaches not affected by construction was com- 
puted. That is, computations of “scour” or “de- 
posit” were attempted. In many cases scour of 
both banks and bottom occurred. In other cases 
where~ the entire levee was eroded away, the 
scour in the riverbed could only be estimated. 

It is recognized that the above measurements 
indicate only the net change in section due to 
the storm. It is probable that many reaches of 
channel were scoured to a considerable depth on 
the rising stage and refilled to practically the 
original elevation on the falling stage. In such 
cases measurements after the flood would er- 
roneously indicate little or no movement of sedi- 
ment during the flood. To obtain an indication 
of the maximum scour, probings to a solid bot- 
tom were made in several locations. On the Los 

Angeles River immediately upstream from Los 
F&z bridge, 14 cross sections were surveyed 
and probed. Thus the quantity of deposit after 
the maximum scour could be estimated. No sat- 
isfactory cross section studies before the storm 
were available. Therefore, the maximum scour 
and net change of section could not be deter- 
mined. As for the ground surface formation in 
the streambed and banks, it would be classed as 
recent alluvium consisting chiefly of silt, sand, 
and gravel. Examination of the plot of center- 
line profiles measured before and after the 
storm leads to the conclusion that the average 
scour was about 6 feet (fig. 11). Width of ehan- 
nel at this point was 190 feet. The flood dis- 
charge at this location was estimated at 60,000 
c.f.s., with mean velocity of about 13 feet per 
second. 

Near the mouth of the Los Angeles River 
probings were made at two cross sections 200 
feet apart. The probings and the cross sections 
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FIGURE B.--Upstream views of Los Angeles River chan- 
nel after 1938 flood: A, Right bank destroyed down- 
stream from Verdugo Wash confluence; B, left bank 
damaged along outside of bend. 

indicate a scour of 15,400 cubic yards per sta- 
tion before the peak scour, and a deposit of 
13,530 cubic yards between the time of the peak 
scour and 14 March, about 12 days later. An 
additional deposit of 1,270 cubic yards per sta- 
tion occurred in the subsequent month. The 
width of channel at this point is 540 feet, and 
the peak discharge was about 75,000 e.f.s. with 
a mean velocity of about 12 feet per second. One 
final effort was made to obtain a reasonable 
estimate of total volume of sediment trans- 
ported from the Los Angeles River by means of 
a hydrographic survey of the Pacific Ocean at 
the mouth of the river. From a study of aerial 
photographs and soundings, it was estimated 
that 6,600,OOO cubic yards of sediment was de- 
posited by the flood. 

Design Modifications Resulting 
From 1938 Flood 

The flood of March 1938 demonstrated that 

the type of rock toe constructed along the river 
prior to the flood was vulnerable to high veloc- 
ity currents. That is, the revetment was weak 
at the junction of the slope and the invert grade 
and the size of the rock in the toe protection 
section was too small. Therefore, a complete 
new design was developed for rehabilitation of 
the river after the flood. All remaining un- 
damaged stone revetment was grouted, and 
where levee sections had to be rebuilt the slope 
paving consisted of a 12-inch thick concrete 
slab. 

Levee Toe Protection 
To protect the levee slope paving from being 

undercut by the high velocity current, a heavy 
toe section made up of derrick stone varying in 
size from 1 to 3 tons was developed. The depth 
of the toe protection extended 7 feet below 

FIGURE 7. - Railroad bridge crossing Los Angeles River 
destroyed during 1938 flood as result of underscour 
of pier: A, High discharge during flood; B, a&r flood 
receded. 
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character of the banks and bottom material, 
which was made up of fine sand and silt. 

Use of Stabilizers 
In the Los Angeles River, the use of trans- 

verse sills, called stabilizers, were placed at in- 
tervals of about 3,000 feet to act as controls for 
preventing progressive streambed degradation. 
During the period 1939-44, flood discharges in 
the river were moderate, the maximum dis- 
charge being about one-third of the design 
value. A survey of streambed conditions in 
1944 showed that local scour at the stabilizers 
had progressed to the point where extraordi- 
nary maintenance work was required. To resist 
further degradation, heavy stone had to be 
placed downstream from the stabilizers and 
along the exposed toe of the levees for a consid- 
erable distance downstream. Figure 14 illus- 
trates the eroded condition of the streambed in 
the vicinity of a typical stabilizer. Note also the 
exposed toe of levee for a considerable distance 
downstream. The smooth surface produced by 
the grouted stone induces scour along the rigid 
boundary. The experience with stabilizers on 
Los Angeles River indicated that the introduc- 

FIGURE 8.-Downstream views of Los Angeles River 
showing bank failure after dump stone was undercut 
and washed away. 

streambed, and the voids between the stone were 
filled with concrete. Along the outside of sharp 
curves, the toe was extended 9 feet below 
streambed and 20-foot long steel sheet piling 
was driven under the toe for added protection. 
Details of this design are shown in figure 12. 
Placement of the heavy stone along the toe of 
levee is shown in figure 13. When the voids in 
the toe stone were filled with concrete, the entire 
section was made massive but also made rigid. 
The g-foot depth of toe would allow 9 feet of 
streambed degradation, but if the degradation 
exceeded 9 feet, the heavy toe would be under- 
mined and probably would fall into the scour 
hole. Also filling the voids with concrete pro- 
duced a relatively smooth and rigid boundary 
that in turn induced scour along the levee toe. 
Figure 13 shows photographs of the toe stone 
being placed along the banks of the Los Angeles 
River channel. The photographs also show the 

FIGURE: 9. -Straight reach of lower Los Angeles River 
where handplaGd stone withstood the &od. 
bridge truss destroyed in upper photograph. 
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FIGURE 10. -Views showing inadequacy of pipe-and- 
wire fence to protect against bank erosion. 

tion of a rigid boundary in the form of a trans- 
verse sill produced an aggravated local scour 
condition that might produce levee failure. more 
rapidly in any one flood than would general 
streambed degradation. 

Use of Grouted Cobblestone 
On streams such as the upper reaches of San 

Gabriel River near the mountains and the Ven- 
tura River in which the streambed material is 
made up of a large percentage of cobblestones, 
advantage was taken of this material and a 
levee-revetment design based on the use of cob- 
blestones was developed. This design specified 
a layer of dumped stone 18 inches thick at the 
top of the levee and 24 inches thick at the toe, 
and the voids filled with sand-cement grout. The 
toe of the stone layer was placed at a depth 8 
feet below the thalweg of the stream. The exca- 
vated toe trench was backfilled with random 
streambed material. Cost of this type of levee 

was less than importing quarry stone large 
enough to resist the velocity that would be 16 
to 18 feet per second. Figure 15 shows the de- 
sign details for this type of revetment. Figure 
16 shows characteristics of streambed material 
and dumped stone before and after placement 
of grout. Only moderate floods have occurred 
since completion of construction of these two 
levees; therefore, no experience is available to 
demonstrate the effectiveness of this type of 
construction. 

Field Research to Support Design 
Assumptions 

West Coast districts of the Corps of Engi- 
neers have made studies to determine adequacy 
of riprap revetment for protection of levee 
banks against erosion. The usual practice was 
to use large particles with corresponding large 
voids. For example, in the Portland Districi 
field observations in 1949 showed that an 18- 
inch layer of dumped stone consisting of indi- 
vidual pieces weighing from 50 to 300 pounds 
is generally adequate for streams having maxi- 
mum observed bank velocities of approximately 
10 feet per second, provided the toe section is 
properly designed to prevent undercutting. The 
general practice in this regard was to carry the 
bank revetment to a depth 5 feet below the 
thalweg of the stream. 

Civil Work..5 Investigations 
In 1951 the Portland district conducted high 

velocity revetment tests in the outlet channel 
immediately downstream from Dorena Dam in 
the Willamette Valley. Four sizes of rock revet- 
merit were tested against velocities ranging 
from 5 to 23 feet per second. The test sections 
had the advantage of being conducted under 
prototype conditions, with flows in the test 
channel controlled by regulating the outlet gates 
of Dorena Dam. The bottom of the 200-foot 
long test channel was grouted to prevent under- 
cutting at the toes of the revetment slopes. The 
bank for the test sections had a slope of 1 on 2. 
During the initial stages of the tests the down- 
stream end of the test channel eroded severely 
and a grouted rock rib was constructed at that 
point. The results of the tests in general showed 
that rocks ranging from 3 to 130 pounds in size, 
with an average weight of 20 pounds, resisted 
attack velocities adjacent to the bank from 6 to 
11.5 feet per second. Rock ranging in size from 
3 to 200 pounds, with an average size of 40 
pounds, resisted attack velocities of 5.5 to 9 feet 
per second and probably would have resisted 
considerably higher velocities. Rock ranging in 
size from 7 to 700 pounds, with an average size 
of 80 pounds, failed with an average attack 
velocity of 13.3 feet per second. Also, rock in 
the range from 8 to 700 pounds with an average 



FIGURE 11. - Los Angeles River streambed profile before and after flood of March 1938. 

size of approximately 100 pounds failed with an 
average attack velocity of 16.5 feet per second. 

conducted a civil works investigation to study 

The thickness of the slope protection tested 
the minimum riprap requirements for protec- 

ranged from 12 to 24 inches. 
tion against high velocity flow. The investiga- 

Between 1949 and 1951 the Seattle District 
tion involved construction of test sections with 
various sizes of riprap along the Green River, 

FIGURE 12. -Los Angeles River typical levee revetment; toe design used aftm 1938 flood. 
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which is a high velocity stream. A total of 6 
rock sections were constructed with average 
rock size ranging from 20 to 400 pounds. The 
thickness of the revetment on the various see- 
tions ranged from 12 to 24 inches and the vari- 
ous sections were constructed on l-on-2 slopes. 
In addition, one section was constructed with 
cobblestone ranging in size from 4 to 12 inches 
and the thickness of the revetment ranging 
from 16 to 19 inches. During a high water 
period in February 1951, observations and 
channel and bank velocity measurements were 
made at the test sections. The results of the 
rock revetment tests indicate that a l&inch 
blanket of riprap in which 50 percent of the 
rock weighs between 20 and SO pounds will pro- 
vide protection against velocities of up to 10 
feet per second and that an 18-inch thick riprap 
blanket consisting of rock averaging 100 pounds 
or over is necessary to provide protection 
against current velocities of up to 12 feet per 
second. 

FIGURE 13. -Heavy toe stone being placed by derrick 
along banks of Los Angeles River channel. 

FIGURE 14. -Eroded strsambed in vicinity of stabilizer: 
A, Scow at stabilizer for skew railroad bridge is 
&out 6 feet and diminishes to 3 feet in a downstream 
distance of 80 feet; B, along right levee toe, scour is 
maximum of 5 feet and diminishes to 3 feet in a down- 
stream distance of 600 feet. 

Engineer Bulletin 52-15 
As a result of these civil works investigation 

projects involving an appraisal of existing slope 
protection on river banks and levees and the 
special test sections, the Office, Chief of Engi- 
neers issued Civil Works Engineer Bulletin 
52-15, entitled “Slope Protection,” dated 2 June 
1952. This bulletin gives riprap thickness, rock 
size, and approximate grading for various 
ranges of channel velocities. In the bulletin the 
required thickness and size of rock are based on 
the velocity within 10 feet of the bank. The bul- 
letin provides that where hydraulic dredge tail- 
ings are readily available, a 12-inch layer of 
cobbles with a maximum size of 10 to 12 inches 
is satisfactory for bank velocities up to 8 feet 
per second. The bulletin also provides that 
where channels are formed by banks or levees 
of fine sands or silts that are readily erodible, 
protection by a layer of gravel or crushed stone 
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FIGURE 15. -Ventura River typical levee rev&m& of 
grouted cobblestone. 

8 to 12 inches in thickness will be required for 
velocities between 3 and 6 feet per second. The 
bulletin further states that in most cases, rip- 
rap should be terminated in a rock toe at the 
level of the streambed to prevent undermining 
the channel protection. The toe should have a 
minimum base width of 6 feet and a minimum 
thickness of 3 feet with l-on-l% side slopes. 
Where the channel is composed of sand or silt, 
it is considered better practice to carry the rip- 
rap down below the channel level to a minimum 
depth of 5 feet vertically and omit the rock toe. 
On large rivers, or tidal estuaries, having a con- 
siderable depth of flow at low water stages, the 
riprap need be carried down only 5 feet verti- 
cally below mean low water. In such cases a 
rock toe is unnecessary. The recommended 
stone gradation and thickness is given in table 
1: 

TABLE l.-Recommended sizes of stone riprap 
for indicated velocity 

Many offices of the Corps of Engineers have 
had difficulty in using the criteria in Civil 
Works Engineer Bulletin 52-15 because the 
specified velocity 10 feet from the bank during 
design flood stages is very difficult to measure 
in the field and cannot be reliably computed. 
However, the criteria given in the bulletin are 
considered as a guide rather than as hard and 
fast specifications. Deviation from Civil Works 
Engineer Bulletin 52-15 appears desirable, par- 
ticularly when the levee follows sinuous aline- 
merit. 

Recent Design Practice 
The various field observations and research 

investigations appear to have established ade- 
quate design criteria for size of revetment stone 
and thickness of layer to withstand various 
velocities up to a maximum of about 15 feet per 
second. However, to date little knowledge has 

been gained regarding the depth to which the 
levee revetment must be carried to be safe 
against scour. Unquestionably, the maximum 
scour depends upon a number of variables, such 
as the fineness of the streambed material, aline- 
merit of the boundary of the stream, gradient 
and velocity of stream, and source of supply of 
sediment. 

In recent years the Los Angeles District of 
the Corps of Engineers has constructed levees 
of three West Coast streams; namely, Santa 
Ana River in Riverside County, Santa Clara 
River in Ventura County, and Santa Maria 
River in Santa Barbara County, Calif. On each 
of these rivers, the most controversial feature 
of the design was the required depth of the 
levee toe. 

On the Santa Ana River in the vicinity of the 
city of Riverside, levees were designed and con- 
structed to protect the local area from flood 
flows having near critical velocities of about 18 
feet per second. The design discharge and depth 
of flow would be 195,000 c.f.s. and 15 feet, re- 
spectively. Figure 17 shows an aerial view of 
partial improvement in which a single levee has 

‘, 

F’KURE 16. - Cobblestones obtained from streambed are 
graded and placed on levee, then grouted: A, Ventura 
River levee; B, San Gabriel River levee. Note char- 
acter of streambed material in toe trench excavation. 
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been completed upstream from Crestmore Road. pounds with 50 to 70 percent being 150 pounds 
Double levees were subsequently built down- or less. The maximum toe stone size was 2,000 
stream from Crestmore Road. The details of 
the levge design are shown on figure 18. Maxi- 

pounds and 60 percent ranged between 400 and 

mum size stone used on the levee was 400 
1,000 pounds. The toe rock was placed 11.5 feet 
below streambed because of the anticipated 

FIGURE 17.-Upstream view of Santa Ana River in Riverside County, Calif., showing partial completion of the 
project. Double levees were subsequently built downstream from Crestmore Road to confine a discharge of 
196,000 c.f.s. 
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FIGURE 18. Santa Ana River typical levee section. 
scour during the design flood. Streambed ma- 
terial consisted of medium and fine sand and 
silt. The slope of the bottbm of the stream was 
0.0042. 

On the Santa Clara River a single levee was 
designed and constructed to protect the coastal 
plain, in the vicinity of Oxnard, from floodflows 
having subcritical velocities of about 14 feet per 

FIGURE 19. -Santa Clara River typical levee section. 

FIGURE 20. -Upstream view of Santa Clara River in Ventura County, Calif., showing a single levee designed to 
confine a discharge of 225,000 c.f.s. 
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second. The river was confined on the right side 
by a high natural bank. For the design flood of 
225,000 c.f.s., the depth of flow would be about 
15 feet. The stream gradient was 0.0030. Sand 
and gravel mining was being carried on in the 
streambed by private land owners, and it ap- 
peared that the open pits remaining would miti- 
gate against the possibility of maintaining cur- 
rent directions parallel to the levee. Thus, 
heavy stone at the toe of the levee appeared 
necessary to withstand impinging attacks by 
the current. Maximum size stone used on the 
levee was 400 pounds and 50 to 70 percent were 
150 pounds or less. Maximum toe stone size was 
1,000 pounds and the median size was about 400 
pounds. The toe stone was placed 8 feet below 
t.he thalweg of the stream. The design details 
of a typical levee section are shown in figure 19. 
An aerial view of the Santa Clara River after 
construction of the levee is shown in figure 20. 
The placement of levee stone and toe stone is 
shown in figure 21. 

On the Santa Maria River single and double 
levees were built to protect the area in the 
vicinity of the city of Santa Maria, from flood 

FIGURE 21. - Riprap revetment on Santa Clars River 
levee: A, Downstream view showing filter COU~S~ and 
facing stone; B, upstream view showing placing of 
heavy stone in toe trench. 

flows having subcritical velocities of 10 feet per 
second. The streambed material was medium 
and fine sand and silt. The design discharge 
was 150,000 c.f.s. and the maximum depth of 
flow would be about 8 feet. In this case no 
heavy toe stone was provided, but the depth of 
revetment stone was carried 10 to 12 feet below 
streambed because of the curvature in aline- 
ment. An aerial view of the Santa Maria River 
after construction of the single levee along the 
upper part of the project is shown in figure 
22. Photographs showing the placing of the 
dumped stone revetment is given in figure 23. 
The stone had a maximum size of 300 pounds 
and was graded as follows : 

PS,O& der 
Stone size: by vww.~ 

300.pound . . . . .._............... 100 
150.pound .._...,,.._...,.,........ 60to90 

‘&pound 40 to 65 
20-pound .._.....__....__......... ‘“,;b;O 

B-pound 
The design details are shown on figure 24. 

Discussion and Conclusion 
In order to place the revetment stone well be- 

low the streambed to protect against under- 
scour, it is necessary to excavate a large toe 
trench. In practice, the excavation is usually 
done by dragline and the material cast onto a 
stockpile in the riverbed parallel to the levee. 
This material is later used for backfill in the 
toe trench and is usually not compacted. Thus, 
the streambed material adjacent to and over the 
levee toe where the greatest resistance is needed 
becomes the least resistant to erosion because it 
has been disturbed. It appears that where the 
streambed material is already fairly resistant 
to erosion, the point of diminishing returns may 
be reached in a deep toe excavation. Thus, judg- 
ment and experience appear to govern the de- 
sign criteria rather than a theoretical approach 
to the solution of the question of how deep 
should be the levee toe. 

In order to obtain field data on relative scour 
along a confining levee after construction, 
scour gages were devised to show maximum 
depth of scour during the peak of a flood, even 
though some filling might result on the reces- 
sion side of the flood hydrograph. These scour 
gages consist of 15.foot deep holes, 12 inches in 
diameter, filled with colored stone granules. 
The horizontal and vertical location of the holes 
in a typical installation is shown in figure 25. 
Monuments were provided for location of the 
holes. The holes were drilled with a rotary-type 
auger drill. Wash water was not permitted. 
After drilling, the casing was removed as the 
stone granules were placed in the hole. The 
stone granules were specified as “Flamingo-Red 
natural stone (Roofing Granule) * * * reason- 
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ably well graded within the following limits: 
Percent by weight, passing square mesh sieve 
- 11/z inch size, 100 percent, a/’ inch size, 0 per- 
cent.” The magnitude of maximum scour dur- 
ing a flood will be determined by measuring 
after the flood the difference in elevation of the 
top of the stone granules remaining in the holes 
before and after the flood. 

A board of consultants comprised of H. A. 
Einstein, L. G. Straub, and V. A. Vanoni was 
retained by the Los Angeles District of the 

Corps of Engineers to advise on criteria to be 
used in design of riprap levee revetment. Al- 
though the consultants were concerned pri- 
marily with details of design in each specific 
instance, some of the conclusions might be gen- 
eralized: To obtain maximum effectiveness, rip- 
rap should consist of a dense mass of well 
graded, well interlocked angular stone rather 
than large individual particles. A thick layer of 
well graded small stone is better than a thin 
layer of large stone having correspondingly 

FIGURE 22. -Upstream of Santa Maria River in Santa Barbara County, Calif., showing partial completion of the 
prow&. Right and left bank levees were subsequently built downstream from U.S. Highway 101 to contain 
150,000 c.f.5. 
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FIGURE 24. - Santa Maria River typical levee section. 

large voids. Pressure fluctuations acting in the 
voids can lift large particles out of place and 
allow the single piece to be carried away. Curv- 
ature in the levee alinement induces attack 
along the toe on the outside of the curve. The 
radius of the curve should be made as long as 
practicable even at the sacrifice of expensive 
right-of-way. The toe of the levee revetment 
should be 6 to 12 feet below the thalweg of the 
stfeam, depending on character of material and 
hydraulic characteristics of the streamflow. If 
a meander provides a berm of 200-ft. width of 
undisturbed bank material between stream and 
levee, the depth of the toe may be reduced. 

FIGURE 23. - Downstream views of levee construction 
on Santa Maria River: A. General view showing toe 
trench excavation; B, closeup view of riprap rev& 
malt. 



SYMPOSIUM Z.-SEDIMENT IN STREAMS 507 



508 MISCELLANEOUS PUBLICATION 9-i%, U.S. DEPARTMENT OF AGRICULTURE 

HYDRAULIC MODELS FOR STUDY OF RIVER SEDIMENTATION 
PROBLEMS 

[Paper No. 581 

By JOHN J. FRANCO, chief, Waterways Branch, Hydraulics Division, U.S. Army Engineers Weterways Esperimemt 
Station, Vicksburg 

Abstract 
The paper reviews the state of knowledge 

concerning the hydraulics of natural streams 
and related sedimentation problems. It points 
out the difficulty encountered by the river engi- 
neer in the solution of sedimentation problems 
by analytical means and the reasons why the 
development of basic law and principles from 
experience in the field has not been practical. 

The opinion is expressed that the advance- 
ment of the principles involved in river engi- 
neering and the solution of many sedimentation 
problems will have to depend for the most part 
on laboratory studies correlated with results of 
field investigations. The types of studies re- 
quired are mentioned and the types of models 
used for these studies are described. One sec- 
tion of the paper is devoted to the design, verifi- 
cation and operation of the movable-bed model. 

Movable-bed model studies in connection with 
the canalization of the Arkansas River and 
some of the results which could be applicable to 
alluvial rivers in general are discussed. The 
paper also describes an investigation in prog- 
ress to determine the effects of water tempera- 
ture on the movement of bed material and bed 
formations and includes preliminary results 
indicated by the study so far. 

Developments within natural streams involv- 
ing sedimentation are affected by many factors, 
some of which are interrelated and extremely 
complex. The struggle toward the regulation, 
stabilization, and improvement of natural 
streams for water supply, soil conservation, 
navigation?, and flood control has been going on 
for centuries in all parts of the world. In spite 
of the vast effort and experience, few basic 
principles have been developed which can be 
used by the engineer in the design of river 
structures, and little is known as to why some 
structures are effective and some are not. The 
evaluation of conditions in the field is extremely 
difficult, because of the variation in geometry 
from one reach to the next, the variation in flow 
conditions, and the impracticability of compar- 
ing the effectiveness of various types and lay- 
outs of structures under the same conditions. 
Efforts have been made to obtain data on the 
performance of certain structures in the field, 
but very little of the available data have been 
evaluated and documented. In most cases, the 
data obtained have not been in sufficient detail 

to permit a reasonable evaluation of conditions 
before and after the installation of the improve- 
ment works. 

Investigations of Sediment Problems 
The study of the mechanics of sedimentation 

has been the object of many research projects. 
Much information is available covering the 
works of various experimenters, and the eval- 
uations of the results of such studies have led 
to the development of several sedimentation 
formulas. Since these formulas were derived 
mostly from flume studies involving two-dimen- 
sional flow, they can be applied only in a general 
way to the solution of problems in natural 
streams. There is need for more research in- 
volving the factors affecting the movement of 
sediment, but the ultimate solutions of many 
practical problems will require research in the 
field and research with models of natural 
streams reproducing three-dimensional flow. 

Hydraulic models have led to the develop- 
ment of some of the basic factors affecting the 
movement of sediment and the meandering 
of alluvial streams. Model studies have also 
pointed out some of the characteristics of struc- 
tures affecting their performance in alluvial 
streams and have led to a better understanding 
of some of the processes involved in the devel- 
opment of channel configurations. However, the 
knowledge of the hydraulics of natural streams 
and of the sedimentation processes is not suffi- 
cient to permit the solution of many problems 
by analytical means with any degree of confi- 
dence. It is believed that the advancement of 
the science of river engineering, the optimum 
solution to many sedimentation problems, and 
the answers to many questions regarding the 
performance and effectiveness of various types 
and arrangements of structures will have to be 
based for the most part on the results of model 
studies correlated with results of field investi- 
gations. 

Field investigations to be of value in the 
solution of sedimentation problems should be 
planned for that purpose and should be one of 
the major objectives of the project. When con- 
struction is involved, the investigation should 
be started in sufficient time to permit an evalua- 
tion of developments in the reach with low and 
high flows and should be continued during and 
after construction until the effects of the works 
involved have been definitely established. 
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Hydraulic Models 
Hydraulic models used for the study of sedi- 

mentation problems are either of the fixed-bed 
type or of the movable-bed type. The study of 
problems in the fixed-bed type of model is 
based on the direction of movement of light- 
weight, plastic material or dye and current 
direction and velocity measurements. This type 
of study has certain advantages in that such 
models can be designed to obtain hydraulic 
similitude, are easier to adjust and less expen- 
sive to construct and operate, and results can 
be obtained within a comparatively short time. 
However, fixed-bed models are generally suit- 
able only for the study of local problems in rela- 
tively stable streams involving the movement of 
small quantities of sediment. 

The model generally used for the study of 
problems in alluvial streams is of the movable- 
bed type having fixed banks and overbank with 
the bed molded of a granular material such as 
sand, crushed coal, granulated plastic, etc. 
Erodible banks have been used to reproduce 
sections of banks where active caving is present 
in the prototype stream or where bank caving 
can be expected from the installation of the 
improvement plans to be tested; however, the 
use of erodible banks is usually not considered 
practicable because of the variations in the 
erodibility and other characteristics of the 
materials forming the banks of the natural 
stream and the difficulty of reproducing the 
conditions in the model with any degree of 
accuracy even if enough prototype data were 
available. When bank caving is a factor in the 
development of the strea?, its effect can usually 
be simulated artificially m the model without 
compromising the ultimate results. 

Movable-Bed Models 
Design 

The design of a movable-bed model must con- 
sider the characteristics of the stream involved, 
the problem or problems to be investigated, and 
the requirement that the material forming the 
channel bed be moved in simulation of the sedi- 
ment movement in the prototype. Other factors 
that also affect the design of the model are 
space and facilities available and cost and time 
limitations. The scales selected for movable- 
bed models are generally too small to provide 
hydraulic forces sufficient to move material of 
a practical size and specific weight. The forces 
required to obtain general movement of the bed 
material are obtained by distortion of the linear 
scales or by use of supplementary slope. Distor- 
tion that involves the use of a vertical scale 
larger than the horizontal scale provides greater 
model depths and slope. Supplementary slope 
provides a tilt to the model in addition to that 

resulting from the linear scales, thus increasing 
the total model slope by a fixed amount. Distor- 
tion of the linear scales and supplementary slope 
tend to affect the relationship of velocity, width- 
depth ratio of the channel and curvature, and, 
consequently, the distribution of energy within 
the channel. Also, distortion produces changes 
in the size and shape, which in turn affect the 
performance of certain types of structures. 
Because of these effects, distortion and supple- 
mentary slope should be maintained as small as 
feasible. The effect of distortion on the per- 
formance of some structures such as sills or 
stilling basins can usually be eliminated by 
using the vertical scale to reproduce certain 
horizon&i dimensions, particularly the dimen- 
sions in the direction of flow. 

Verification 
Complete similarity between a movable-bed 

model and its prototype can seldom be obtained, 
because of inherent distortions that are incor- 
porated during model design and the imprac- 
ticability of reducing the grain size of the bed 
material to the scale of the model. Because of 
the dissimilarities mentioned, the degree of 
similitude attainable in these models cannot be 
established by mathematical analysis. The reli- 
ability of a movable-bed model is usually based 
on the model verification. The normal verifica- 
tion is an intricate process of adjusting the 
various hydraulic forces and model operating 
technique until the model demonstrates its abil- 
ity to reproduce with acceptable accuracy the 
changes in bed formations that are known to 
have occurred in the prototype during a given 
period. 

The successful verification of the model is 
used to establish the time and discharge scales, 
the rate of introducing bed material for each 
flow reproduced, model operating technique, 
and the degree of similitude that can be ex- 
pected. The verification involves considerable 
time and effort, careful observation and analysis 
of developments, and the exercise of engineer- 
ing judgment in the evaluation of the factors 
affecting development in the prototype and 
model. The degree of similitude attainable and 
the time required for model verification depend 
upon the amount and type of prototype data 
available, the scales of the model, experience 
with models of this type, and the refinements to 
which the adjustment of the model is carried. 

Test Procedure 
After the model has demonstrated its ability 

to reproduce conditions similar to those that 
occurred in the prototype and before the tests 
of various plans are undertaken, a “base test” 
is conducted. For this test the model is usually 
operated by reproducing typical, or average, 
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annual stage and discharge hydrographs until 
developments within the model channel result- 
ing from the flow conditions reproduced have 
become stable. Improvement plans are tested 
with the same hydrograph used in the base test, 
and the results of the latter form the basis for 
determining the relative effectiveness of the 
various plans. However, under certain condi- 
tions, tests might also be conducted by repro- 
ducing a hydrograph including an unusually 
low-water or high-water period. 

Models Used in Study of Arkansas River 
Problems 

Hydraulic models of the movable-bed type 
have been concerned mostly with the investiga- 
tion of specific problems, and the scopes of these 
studies generally have not been sufficiently 
broad to permit the development of basic infor- 
mation applicable to streams in general. Some 
of the more versatile types of movable-bed 
model studies have been concerned with prob- 
lems in connection with the canalization of the 
Arkansas River. Studies completed or in prog- 
ress are concerned with such problems as design 
and location of lock and dam structures, effects 
of the structures on the movement of sediment, 
development of channel depths and alinement, 
radii of curvature of bends, effectiveness of 
various types and arrangements of regulating 
structures, and navigation conditions in the 
approaches to the locks. 

The models used for the study of problems 
in the Arkansas River have been constructed to 
fairly large scales to permit studies to be made 
in greater detail and to facilitate the study of 
the varied problem3 involved. The horizontal 
scales used in these models have ranged from 
1:120 to 1:250, with vertical scales ranging 
from 1:36 to 190 ; distortion of the linear scales 
(vertical scale divided by the horizontal scale), 
has ranged from 1.5 to 4.17. The time scales 
developed for these models were such that one 
day of flow in the prototype was reproduced in 
from 5 to 10 minutes; the reproduction of an 
annual hydrograph would therefore require 
from 30.4 to 60.8 hours of operation. The test 
of a modification usually requires several repro- 
ductions of the annual hydrograph, depending 
upon the extent of change produced by the 
modification, before definite indications are 
established. Since the time required to test a 
given plan is appreciable and the tiue available 
before the information is usually needed by 
the design engineer is limited, these studies of 
necessity have to be confined generally to the 
development of a practical solution rather than 
to the development of a refined optimum solu- 
tion. 

The results of studies in connection with the 

canalization of the Arkansas River have brought 
out some information that should be applicable 
to the regulation and improvement of natural 
streams in general. These studies have shown 
how the use of spur dikes, particularly on the 
concave side of a bend, can produce considerable 
disturbance to flow, reduce channel efficiency 
(increase roughness), and could produce shoal- 
ing upstream and downstream. It has been 
demonstrated that dredging of the channel bed 
without other changes would produce only a 
temporary effect, regardless of the size of the 
cut. The studies have emphasized the impor- 
tance of the lower reach of a bendway on devel- 
opments downstream. The depth and alinement 
of the channel over a crossing can be improved, 
and the depth of scour and current attack along 
the rev&ted bank in a bend can be reduced by 
proper design of the lower reach of the bend 
upstream. 

Effect of Water Temperature 
It has long been noted that the movement of 

bed material in movable-bed models can be 
affected by the temperature of the water. With 
materials of a certain grain size, riffles would 
form with cold water and not form with water 
at a higher temperature. It was also noted that 
the temperature at which a given material 
would riffle could be lowered by increasing the 
median-grain size of the material. It has been 
suspected from the above that the differences 
in the stage-discharge relation observed in 
alluvial streams might be caused by the differ- 
ence in the temperature of the water. Research 
investigations are in progress to determine the 
effect of water temperature on the movement 
of bed material, bed formations, and channel 
efficiency. 

This research is being conducted in a tilting 
flume equipped with a water circulating system, 
water temperature control, automatic bed- 
material feeder and a device that automatically 
records the weight of the material extruded. 
Tests are being conducted with a constant dis- 
charge, rate of bed feed, and tailwater elevation 
for each of three water temperatures (4OP 60”, 
and 80” F.). The flume is operated untd the 
rate of material extruded and the water-surface 
slope have become stabilized for each test con- 
dition. The first series of tests has been con- 
ducted with a fairly uniform sand having a 
median grain diameter of about 0.2 mm. A 
considerable amount of data was obtained dur- 
ing these tests, but analysis of the results has 
not progressed sufficiently to provide definite 
conclusions. Preliminary plots of some of the 
data obtained show an increase in the energy 
gradient with a decrease in the water tempera- 
ture for the same rate of bed movement (fig. 1). 
This could be an indication that the carrying 
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capacity of the water decreases with tempera- 
ture or that the formations (riffles) along the 

riffled at all three of the water temperatures 
tested. It is planned to conduct the next series 

bed are changed so as to increase the roughness of tests with a material that does not rifk’le at 
of the bed as the temperature of the water is 
lowered (fig. 2). 

those temperatures. A comparison of the results 

The material used in the first series of tests 
of the two series of tests might provide some 
of the answers. 



512 MISCELLANEOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE 

FIGURE 2. -Bed roughness-temperature eumes; fme sand bed material. 

LOWER HUDSON RIVER SILTATION 
[Paper No. 591 

By FRANK L. PANUZIO, assistant chief, E?zgineeri;g~i;&;;n for Civil Works, U.S. Amy Engineer District, 

Synopsis 
Siltation of the navigable channel and adja- 

cent slips of the Lower Hudson River, a tida! 
estuary of the Port of New York, is a major 
item of local and Federal maintenance and a 
deterrent to the full use of the river frontage 
for maritime purposes. 

To obtain a solution, analysis of field proto- 
type data is being augmented by studies on two 
complementary models that integrate the non- 
analytical complex factors and influences in- 
volved in the hydraulic circulation of fresh and 
salt water and in the siltation processes of this 
tidal estuary. A comprehensive model to study 
hydraulic circulation and channel shoaling 
reproduces 100 miles of the New York Harbor 
and the Hudson River from the Atlantic Ocean 
to Poughkeepsie, N. Y. An~enlarged sectional 
model to study slip shoaling reproduces 9 miles 

of the Lower Hudson River from 1 mile up- 
stream of the Battery to 1 mile downstream of 
George Washington Bridge. 

Fresh and salt water circulation and siltation 
processes within this estuary; variation of 
shoaling quantities and pattern before and after 
a change in geometry at a critical point of the 
estuary; cross sectional distribution of velocity, 
salinity, and suspended sediment flow ; and mm- 
parative model results of possible solutions 
involving sediment traps, dikes and barriers, 
and changes affecting channel geometry or 
hydraulic circulation and salinity are discussed. 

The final solution to the problem must await 
the results of further model tests and final 
evaluation of hydraulic and economic factors. 

Introduction 
The lower Hudson River is a principal 
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navigable estuary of the Port of New York 
and the entrance to the Hudson River channel 
to Albany, N. Y. Heavy shoaling is occurring 
in the 11 miles of Federal channel and in 250 
adjacent slips. In addition to the Federal cost 
of annually dredging about 1$X0,000 cubic 
yards of sediment from the navigable channel, 
loca~l interests incur the annual cost of removing 
about 3,000,OOO cubic yards of sediment from 
the slips. Because of this heavy local cost, full 
use is not being made of the river frontage for 
maritime purposes. So, in July 1959, at the 
request of local interests, the Public Works 
Committee of the House of Representatives 
authorized a study, currently underway, to 
determine what improvements are necessary 
and feasible to lessen shoaling in the pier slips 
and in the Federal channel. 

Even though this shoaling problem is un- 
usually severe, it is typical in that all partially 
mixed estuaries have similar shoaling problems 
where fresh water runoff contacts salt water, 
causing flocculation and settlement of fine ma- 
terials in suspension. The problem is complex 
because the interplay of fluvial and tidal cur- 
rents in the lower Hudson River defy mathe- 
matical analysis, resolution, and expression. To 
solve the problem, field measurements and 
studies are being supplemented by measure- 
ments and studies on two hydraulic models that 
integrate effectively the many forces, factors, 
and influences involved in the problem. 

The Hudson River 
The roughly cross-shaped watershed of the 

Hudson River (fig. 1) extends 120 miles east to 
west and 236 miles north to south. This basin 
(fig. 2) drains 13,400 square miles of the north- 
ern and eastern parts of New York with small 
areas in Vermont, Massachusetts, Connecticut, 
and New Jersey. From its source in the Adi- 
rondack Mountain,s, the river flows generally 
south to its junctmn,with its principal tribu- 
tary, the Mohawk River. The main river con- 
tinues to flow in a southerly direction for 155 
miles to its mouth at the Battery, where it 
empties into the Upper New York Bay. 

In its lower reach (fig. 2)! the Hudson River 
has been improved for 11 m&s for navigation, 
with depths varying from 30 to 48 feet below 
mean low water from the Battery to a point 
downstream of George Washington Bridge. 
Upstream of this point, for 143 miles to Albany, 
the navigable depth is 27 feet and work is 
underway to deepen it to 32 feet below mean 
low water. Upstream of Albany the rivers have 
been canalized as a part of the New York State 
Barge Canal System. North of Albany 49 miles 
of the Hudson River have been canalized with 
depths of 12 to 14 feet to connect with the nar- 

i 
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FIGURE 1. -Watershed of Hudson River. 

FIGURE 2. - Characteristics of Hudson River basin. 
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rows of Lake Champlain. West of Albany, 153 
miles of the Mohawk River have been canalized 
to a depth of 14 feet to connect with Lakes Erie 
and Ontario. 

The average annual precipitation over the 
basin is 43 inches, of which 24 inches appears 
as annual runoff at the mouth to produce an 
average fresh water runoff of 23,000 cubic feet 
per second. 

The tidewater in the Hudson River extends 
154 miles from its mouth at the Battery to the 
Federal Lock and Dam at Troy, 10 miles up- 
stream of Albany, N.Y. The mean tidal range 
decreased from 4.4 feet at the Battery to a 
minimum of 3.0 feet at Beacon, N.Y., 62 miles 
upstream of the Battery, and then increases to 
4.8 feet at Troy. 

Basic Hydraulic Mechanism for 
Sedimentation 

The New York Harbor, from the viewpoint 
of circulation, represents probably the most 
complex major estuarine system in the United 
States. The principal hydraulic components 
(fig. 3) are Lower New York Bay, Sandy Hook 
Bay, Raritan Bay, Newark Bay, Arthur Kill, 
Kill Van Kull, Hudson River, East River, Har- 
lem River, the lower reaches of Hackensack and 
Passaic Rivers, the Atlantic Ocean, and Long 
Island Sound. 

Most of the fresh water entering the system 
is contributed by the Hudson River (13,400 sq. 
mi.) with some contribution from the Raritan, 
Hackensack, and Passaic Rivers (2,300 sq. mi.) 
that for short periods may be significant. The 
tides in the principal components are controlled 
primarily by the ocean tide entering directly 
into the Lower Bay, and indirectly through the 
Long Island Sound into the East River (fig. 3), 
The degree of mixing that influences the cir- 
culation pattern varies from highly stratified 
to well mixed, depending on the magnitude of 
;hew;,dal flows as compared to the fresh water- 

Studies of the New York Harbor in nature 
and models revealed many valuable aspects of 
circulation.’ 

The plan of circulation in the New York Har- 
bor is extremely complicated. The Hudson 
River, upstream of the Battery, is a system in 
which the inertia of a long column of moving 
water must be overcome by the rising or falling 

1 DUKE, CHARLES M. SHOALING IN TBE LOWER HUDSON 
RIVER. Amer. Sot. Civil Engin. 2730. February 1961. 

FORTSON, E. P. JR., and SIMMONS, HENRY B. SOME 
*SPECTS OF CIRCUIATION RE”ELLED BY THE NEW YORK 
HARBOR MODEL. Amer. See. Civil Engin. meeting. 12 pp, 
October 1959. 

NEW YORK HARBOR COMMITTEE ON TIDAL HYDRAULIC. 
REVIEW OF SHOALING PROBLEMS IN HUDSON RIVER. U.S. 
Army Carps of Engineers. 24 pages. July 1961. 

FIGWE 3. -New York Harbor estuarine system. 

tide head before slack current can be effected. 
This is best demonstrated by the current pat- 
tern 2 hours after low water at the Battery. At 
this time (fig. 3) the Hudson River is ebbing at 
the surface and receiving flood discharge of the 
Upper New York Bay at the bottom: the East 
River is receiving ebb discharge of the Hudson 
River at the surface and flood discharge of the 
Upper New York Bay at the bottom; Newark 
Bay is receiving ebb discharge of Hudson River 
and flood discharge of the Upper New York 
Bay, and the upper New York Bay is receiving 
flood discharges of the Lower Bay through the 
Narrows. 

This difference in phasing of currents to some 
extent affects the sedimentation pattern in the 
Lower Hudson River. However, it has been 
found from model observations of the basic flow 
mechanism operating in the Harbor, that the 
Hudson River is to some extent insulated from 
the rest of New York Harbor as far as re- 
ceiving sediments is concerned. The fresh 
waterflow of the Hudson River constitutes a 
sufficiently large percentage of its total flow to 
be important in the establishment of density 
currents. However, in the Lower Bay, Raritan 
and Sandy Hook Bays, and the Upper New York 
Bay, the fresh water .discharges represent a 
small percentage of the total tidal discharge, so 
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that the water is well mixed vertically. Thus, 
the density currents in Upper New York Bay 
are relatively weaker than those in the Hudson 
River proper. Therefore, it is improbable, 
though not impossible, that any considerable 
source of shoaling to the Hudson River could 
be located below the Battery. 

The difference in phasing of the currents in 
East River and Hudson River causes the ebb 
flow in the East River to flow upstream into the 
Hudson River for about 11/’ hours before the 
Hudson reaches flood slack and begins to ebb. 
This could make it possible for the East River 
to be a source of shoaling material for the 
Hudson River. 

The part of the Hudson River within the New 
York Harbor area from the Battery to about 
Haverstraw Bay is normally classified as a 
partly mixed estuary (figs. 3 and 4) Tidal cur- 
rents go through a complete reversal from ebb 

FIGURE 4. - Flow predominance at surface and bottom 
of Hudson River within the New York Harbor. 

to flood at all depths throughout this reach, but 
vertical mixing is not complete. For favorable 
conditions of location, fresh water flow, and 
phase of tide, salinities at the bottom may be 
as much as 10 parts per thousand greater than 
at the surface (fig. 4). This large salinity 
gradient causes the reversal of the current from 
ebb to flood to occur by as much as 2 hours 
earlier at the bottom than at the surface, so 
that the strengths and durations of the bottom 
flood currents are greater than those of the 
bottom ebb currents. As a result, more water 
flows upstream than downstream at the bottom; 
and, conversely, more water flows downstream 
than upstream at the surface. In general, the 
salinity-induced upstream flow predominates 
over the downstream flow in about the lower 
half of the stream, and the fresh-water induced 

downstream flow predominates over the up- 
stream flow in the upper half. 

The magnitude and extent of the upstream 
predominant bottom currents vary with the 
amount of fresh water flow in the Hudson River 
(fig. 4). At high flows these currents are in- 
creased in magnitude but reduced in extent, so 
that the upstream limit is downstream from the 
George Washington Bridge. At medium and low 
fresh waterflows, they extend well upstream of 
the George Washington Bridge, but are inter- 
rupted locally just downstream of the bridge. 

The interruption of the upstream predomi- 
nant bottom currents during medium and low 
fresh waterflows in the Hudson River is due to 
a combination of two conditions that are con- 
sidered to effect sedimentation significantly in 
the Lower Hudson River. 

One condition is the abrupt change in cross- 
sectional area in the vicinity of the George 
Washington Bridge (fig. 5). The constricted 

-I 

FIGURE 5. -Lower Hudson River: cross sectional areas 
at mean low water. 

cross-sectional area near the bridge causes an 
intense turbulence that effectively interrupts 
the upstream predominant bottom currents but 
still permits the movement upstream of saline 
water that reforms the upstream predominant 
bottom currents upstream of the George Wash- 
ington Bridge (fig. 4). The excessive cross-sec- 
tional area occurring downstream of the bridge 
where the bottom flood predominance is either 
enfeebled or eliminated, depending on the fresh 
water discharge, tends to receive sediment that 
otherwise might be induced to proceed farther 
upstream before depositing. 
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The other condition is that the discharge of 
large quantities of heavy saline water from the 
Harlem River into the Hudson River upstream 
of George Washington Bridge (figs. 3 and 4) 
during certain phases of the tide reduces the 
vertical salinity gradient and interferes with 
the upstream bottom predominance. 

Thus, there are two separate and independent 
reaches in the Hudson River where upstream 
predominant bottom currents exist during me- 
dium and low flows, one upstream and the other 
downstream of the George Washington Bridge. 

The movement of silt within the lower Hud- 
son River is related to and controlled by the 
vertical distribution and pattern of currents as 
herein described. Thus, suspended silt entering 
the area is first carried downstream in suspen- 
sion in the upper fresh water, predominantly 
downstream layers, then gradually dropped to 
the bottom layers through flocculation and set- 
tling processes. Material reaching the bottom 
layer gradually moves upstream rather than 
downstream until it is deposited in areas where 
the bottom current velocities are too low to 
move material or where the net movement of 
bottom currents is zero. More specifically, from 
the downstream end of the shoal areas (fig. 6) 
material is moved upstream along the naviga- 
tion channels to West 59th Street (see fig. 20). 
From this point, the material moves upstream 

FIGURE 6.- Slip and channel shoaling (thousands of 
cubic yards), Hudson River. 

in the naturally deeper channel along the New 
York side. 

As heretofore noted, the upstream predomi- 
nance varies with depth and, in the region from 
59th Street to George Washington Bridge, is 
confined to the east (New York) side of the 
Hudson with natural depths of 40 to 50 feet as 
compared to 30-foot depth on the west (New 
Jersey) side. When the material reaches the 
George Washington Bridge, the turbulence 
throws the material into the surface layers and 
toward the New Jersey side. Then the material 
is deposited into shoal areas by ebb currents 
moving downstream in the 30-f& channel on 
the New Jersey side in which there is no pre- 
dominant upstream current. 

More simply, a significant part of the shoal 
material in the Lower Hudson River moves in- 
termittently but progressively in a counter- 
clockwise direction, generally upstream along 
the New York side to the vicinity of George 
Washington Bridge, then downstream along the 
New Jersey side. 

Some material is carried upstream on flood- 
tides through the George Washington Bridge, 
after which it reenters the upstream predomi- 
nant bottom currents of low and medium fresh- 
water flows and moves in naturally deep water 
upstream of the bridge until deposited in the 
shoals in vicinity of Haverstraw Bay, which is 
also fed by upstream materials. 

The shoaling of the slips is related to this 
sedimentation mechanism that is responsible 
for the presence of shoaling materials that per- 
meate the waters in the lower strata of the har- 
bor. The shoaling of the slips is due to a com- 
bination of causes. The current velocities as- 
sociated with filling and emptying the individual 
tidal prisms of the slips are very slight, but the 
settling rate of the suspended load is slow and 
small velocities are competent to carry the ma- 
terial. The flooding of the slips is effected prin- 
cipally from the bottom currents of the main 
stream, the greater part of it entering in the 
first 2 to 3 feet above the bottom. Therefore, 
not only is the velocity greater because it oe- 
cupies a small cross section, but it occurs at a 
level at which the concentration of suspended 
load is greatest, so that large amounts of sedi- 
ment are carried into slips on every floodtide. 
Conversely, the emptying of the slip prisms in- 
volves approximately equal flow throughout the 
slip cross section, and the outward moving bot- 
tom velocities from the slips during ebbtides do 
not have sufficient velocity to remove the silt 
that has come into the slips during floodtide. 
The net result is that silt enters the slips during 
each floodtide and very little is moved out on the 
following ebbtide. 
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Nature and Extent of Sedimentation 
In order to understand better the factors en- 

tering into the sedimentation processes and to 
obtain data required to construct and to operate 
a model that would reproduce the basic natural 
sedimentation mechanism, studies of past rec- 
ords and measurements were made of shoaling 
pattern and amounts, source of sediment, and 
vertical distribution of salinity, velocity, and 
sediment discharge. 

Channel Shoaling 
The distribution of channel shoaling was de- 

veloped from maintenance surveys and dredging 
records. The annual amount of material dis- 
tributed in some six shoal areas (fig. 6) amounts 
to about 1,600,OOO cubic yards annually in the 
navigation channels. The heaviest shoaling 
occurs in the 30-foot channel, shoals 5 and 6, 
where over 900,000 cubic yards of materials 
have been dredged annually. 

Slip Shoaling 
The distribution of slip shoaling was similarly 

developed from available incomplete records ex- 
trapolated to cover the entire area. The annual 
amount of slip shoaling was determined as 
about 2,700,OOO cubic yards, of which 60 per- 
cent occurs on the New Jersey side (fig. 6). The 
problem slips, noted in black on figure 6, are gen- 
erally located adjacent to the channel shoal 
areas. However, an increase in slip shoaling 
also varies directly with an increase in depth of 
slip?, 15 to 18 feet are required for barges and 
ferries, 26 to 28 feet for cargo vessels, and 40 
feet and more for passenger vessels and super- 
tankers. 

Spoil Dumping in Harbor 
Dumping of dredged material in the New 

York Harbor during World War II may have 
modified the shoaling pattern and rate in the 
Lower Hudson R,iver. During this time, over 53 
million cubic yards of mud, clay, sand, and rock 
were dumped at 11 or more deep water or non- 
navigable locations in the New York Harbor 
area. Of this amount about 21 million cubic 
yards were dumped in the Narrows, over 13 
million cubic yards under George Washington 
Bridge, and over 7 million cubic yards at Gover- 
nors Island. Recent surveys indicate that only 
a small amount of the dumped material remains, 
except at George Washington Bridge where 
over 40 percent of the dumped material, believed 
to be rock, still remains. 

The effect on shoaling due to the change in 
geometry at the George Washington Bridge has 
been appraised, based on studies of maintenance 
dredging records, corrected for new work, be- 
fore and after the dumping operation. Fifteen 

years of maintenance records before dumping 
(1926-40) and after dumping (1946-60) were 
corrected and plotted as mass curves (fig. 7). 

Between 1926 and 1940, an average of 500,000 
cubic yards were dredged annually for mainte- 
nance, of which 490,000 cubic yards represent 
the quantity dredged from the Weehawken- 
Edgewater channel and 90,000 cubic yards from 
the rest of the project. During 1946-60, the 15 
years after dumping in the harbor, an average 
of 1,130,OOO cubic yards were dredged annually 
for maintenance, of which about 930,000 cubic 
yards were in the Weehawken-Edgewater chan- 
nel and 200,000 cubic yards in the rest of the 
project. These figures represent an increase in 
shoaling of about 100 percent. 

Source of Shoaling Material 
Even though, as previously described, the hy- 

draulics of the harbor system results in a mech- 
anism for moving and depositing suspended ma- 
terial that is independent of the source of shoal 
material, limited measurements of suspended 
sediment and an accounting of other material 
entering the lower Hudson River were made. 
The probable sources of shoaling material con- 
sidered were the Hudson River watershed; local 
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dumping through sanitary and storm sewers, 
industrial, and others; other watersheds enter- 
ing New York Harbor, Long Island Sound, and 
the Atlantic Ocean. 

Sediments from Hudson River 
Watershed 

The Hudson River watershed furnished sedi- 
ment from erosion of the land areas, stream- 
beds, and streambanks (fig. 8). The material is 

FIGURE 8. - Physiogmphy and erosion of Hudson River 
watershed. 

carried by the river in suspension or is moved 
by the current along the streambed. In this in- 
vestigatlon, no attempt was made to measure 
the bedload. The suspended load was measured 
by means of daily water samples taken at 
Poughkeepsie, N. Y., which is 75 miles upstream 
from New York Harbor and above the limit of 
salt water intrusion. The Department of Public 
Works at Poughkeepsie cooperated in obtaining 
twice-daily water samples for the period 3 July 
1959 through 15 September 1960. The sampling 
period encompassed the seasonal fluctuations of 
fresh water discharge and sediment eoncentra- 
tion and provided a complete year’s record of 

sediment discharge for comparison wit‘? the an- 
nual prototype shoaling volume in the problem 
area. Salinity as measured in the water samples 
at Poughkeepsie ranged from 8 to 35 p.p.m., 
averaging 15 p.p.m. for the test period. 

The structure for the Poughkeepsie water in- 
take is located at the midpoint of the river, 
which is about 2,000 feet wide, at depth of 54 
feet below mean low water, or 5 feet above the 
deepest part of the cross section. Water is 
drawn through the manifold into a 36-inch pipe 
leading to a pumphouse. To insure a representa- 
tive sample, a continuous discharge was main- 
tained through an open tap where quart samples 
were taken and sealed in mason jars. Duplicate 
quart samples were obtained twice a day; one 
set at strength of ebb and the other at strength 
of flood for the period 1 September 1959 through 
31 August 1960. Additional bimonthly samples 
were taken for chemical and mechanical an- 
alyses. 

The samples of water were tested for total 
suspended solids by standard methods. The 
sediment concentration, the weight of dry solids 
to the weight of the sample, were recorded in 
parts per million. The total daily suspended 
sediment discharge was the product of the total 
fresh water discharge at Poughkeepsie in a day 
second-feet times the sediment concentration 
during ebb flow. The daily fresh waterflows 
were obtained from flow records of the Hudson 
River at Green Island, opposite Troy, N. Y., and 
the intermediate tributary streams, including 
Kinderhook, Wappinger, and Rondo& Creeks. 
The time-interval required for fresh waterAows 
from Green Island, the primary gaging station, 
to reach Poughkeepsie was developed as 1 day. 
Therefore, in computing the suspended sedi- 
ment discharge at Poughkeepsie from the up- 
stream fresh waterflows a l-day lag was ap- 
plied. The suspended sediment concentration 
at strength of ebb current and the daily fresh 
waterflow at Poughkeepsie were used in com- 
puting the daily sediment load flowing to the 
problem area! because any sediment moving 
upstream durmg the flood cycle necessarily had 
to return during subsequent ebb cycles. 

In order to determine the relation of the 
single sample intake concentration to the mean 
sediment concentration for the entire river 
cross section, sediment samples were taken at 
10 various depths and locations in the cross sec- 
tion at the Poughkeepsie intake during the ebb 
flow. These samples were analyzed for sediment 
concentration and the results averaged 68.5 
p.p.m. All the samples were taken within an 
hour of the two intake readings, which averaged 
78 p.p.m. Based on these tests, the intake read- 
ings were found to be higher than average and 
a coefficient of 0.88 was derived to reduce the 
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intake recording to a mean suspended sediment 
concentration for the entire river cross section. 
A further adjustment was necessary, so that 
the sediment concentration taken at strength of 
ebb cm-rent could be converted to a mean for the 
ebb current duration equal to the ratio of maxi- 
mum current 1.2 knots to mean current 0.4 knot 
for a coefficient of 0.33. Combining the two co- 
efficients provided a constant of 0.3, which ap- 
plied to the observed intake concentration in 
parts per million would provide a mean concen- 
tration representing the total suspended sedi- 
ment passing Poughkeepsie each second. This 
study confirmed the fact that sediment concen- 
tration increases from the water surface to the 
bed of the river with average concentrations 
recorded at 0.6 depth and that distribution of 
suspended sediment varies in the cross section, 
being heaviest at the center and deeper parts 
of the river. 

The daily sediment load, in tons passing 
Poughkeepsie and flowing to the lower Hudson 
River, was computed as follows: 

Daily sediment load at Poughkeepsie (tons/ 
day) = Q (c.f.s.) x 86,400 (sec./day) x 62.4 

(lb./a ft.) x & (ton/lb.) x q x 0.3 

= 0.00808704 x p.p.m. x Q (c.f.s.) 
On the basis that the total suspended sediment 
transported past Poughkeepsie reaches the 
Lower Hudson River, the daily sediment load in 
tons was obtained by correcting sediment flow 
at Poughkeepsie by a factor equal to ratio of 
effective drainage areas of 1.1 (12,730 sq. mi./ 
11,407 sq. mi.) or 0.008976614 x p.p.m. x Q 
(c.f.s.). 

The results of these measurements, more 
specifically the fresh water discharge at the 
problem area, average daily concentration of 
suspended sediment in parts per million through 
the ebb current at Poughkeepsie, daily suspend- 
ed sediment load transported to the problem 
area for the period 4 July 1959 through 15 Sep- 
tember 1960, and daily precipitation measured 
at Albany, N. Y., are shown on figure 9. 

FIGURE 9. -Lower Hudson River sediment measurements, Poughkeepsie, N. Y. 
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Based on the foregoing, the total annual su- 
spended sediment load transported to the Lower 
Hudson River for the l-year period, September 
1959 through August 1960, amounts to about 
829,000 tons, or 1,766,OOO cubic yards, based 01: 
an average dry density of 939 pounds per cubic 
yard. The total monthly loads are shown on 
figure 9. The total measured suspended sedi- 
ment load is representative only of the period 
studied and cannot be considered as the average 
yearly load for the Hudson River. Even though 
the yearly fresh water discharge compares 
closely with the long term discharge, the sedi- 
ment concentration varies considerably. 

An analysis of the sedimentation measure- 
ments and computations result in the following 
observations : 

1. The fresh water discharge at Green Island 
ranged from a low of 1,340 c.f.s. (5 July 1959) 
to a high of 216,896 c.f.s. (15 April 1960) 
with a period average of 16,505, which compares 
favorably with the 12-year mean of 14,400 c.f.s. 

2. The mean daily suspended sediment concen- 
tration ranged from a low of 3 p.p.m. on 9 Feb- 
ruary 1960 to a high of 267 p.p.m. on 4 October 
1959, for a daily average of 33 p.p.m. 

3. The daily suspended sediment varied from 
a low of 59 tons (126 cu. yd.) on 28 September 
1959 to a high of 41,300 tons (88,000 cu. yd.) on 
5 April 1960 for an average of 2,272 tons (4,840 
cu. yd.). Lower suspended sediment flows occur 
during the summer and fall months and higher 
sediment flows during the winter and spring. 

4. High river discharges generally contain 
high sediment concentration, 

5. The highest recorded sediment concentra- 
tion was observed during a low flow,,most prob- 
ably due to an intense rainfall pattern of short 
duration over a particularly erodible area of the 
watershed. 

Undisturbed samples of shoal material were 
obtained from the six major shoal areas and six 
pier slips where the silting is extremely heavy. 
These samples were analyzed to determine the 
in-place wet and dry densities and to identify the 
major chemical components and grain size of 
the shoal material for comparison with the up- 
stream sediment samples obtained at Pough- 
keepsie. Fifty samples were obtained in the lo- 
cations indicated on figure 10. At least two 
samples were taken in each shoal area. The 
samples were taken in the vertical with a 3-inch 
Charleston-type window sampler at depths 
ranging from 2 to 12 feet below the bottom, the 
depth to which the sampler penetrated due to its 
own weight. The Savannah fish-type sampler 
was used to obtain the “soupy” material at the 
top of the shoal, which was too fine or fluid to 
be collected by the window-type sampler. 

The shoal samples were analyzed to determine 

the wet and dry densities, water content, spe- 
cific gravity, and grain-size distribution (table 
1). Twelve suspended sediment samples, taken 
at Poughkeepsie, N. Y. were similarly analyzed 
(table 1). The dry and wet densities were found 
to be generally constant in the vertical and not 
to increase with the depth. The average of the 
in-place dry densities of the upper layers of bot- 
tom material varied from 38.46 pounds per cubic 
foot in the channel to 31.12 pounds per cubic foot 

FIGURE 10. -Location of shoaling sampling in lower 
Hudson River. 

in the slips. The average of these densities, 
34.79 pounds per cu)?ic foot, was used to convert 
W&suspended sediment weight to volumetric 

In order to identify further the similarity of 
shoal material and the upstream sediment 
source, grain size distribution was determined 
by mechanical analysis of the following: bot- 
tom samples taken from the channel shoal areas 
in 1960, a 180-gallon composite water-sediment 
sample taken at Poughkeepsie during 1959-60, 
and hopper dredge bin samples of material 
dredged from the Hudson River 30-foot project 
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TABLE l.-Physica and mechanical properties of Hudson River channel and slip samples and Poughkeepsie 
SaWLpk!S 

Shoal 1, location 6. 

Shoal 2, location 3. 

- 

Shoal 2, location 4. 

?n% 
45.1 

31.: 

48.1 

Pier A-B, NJ., 
location 5, Port of 
N.Y. Authority.. 

26.1 

Piers 54-56, N.Y., 
location 1.. 

24.: 

Shoal 3. location 8.. 50.2 

Todd Shipyards, 
location 2.. 25.8 

Shoal 4, location 12N 51.1 
Shoal 4, location 12s 52.4 

Piers 90.92, N.Y., 
location 1.. 43.3 

Shoal 5, location 10s 40.0 
Shoal 5, location 10N 33.5 

Seatrain Pier, 
location 11s.. 20.1 

Seatrain Pier, 
location 11N 21.4 

Shoal 6, location 9s. 32.5 

Shoal 6, location SN. 

7 

GI, 
cu. ii.: 
44.14 

45.18 
53.13 
24.94 
48.19 
26.08 
30.80 
29.60 
25.52 
21.83 
22.11 
32.86 
28.00 
28.30 
35.50 
19.61 

39.51 
29.90 
28.60 
33.00 
30.30 
37.18 
41.95 
31.30 
48.11 
50.10 
26.72 
32.86 
34.80 
33.41 
25.84 
58.51 
34.31 
25.46 
31.01 
23.38 
34.66 
31.54 
SO.36 
36.40 
33.36 
31.13 
35.50 
so.17 

i::“,: 
xi.38 

E 
39.35 

18.46 
11.12 
14.19 

,111 

wt. 0. 
.o% 

Pd. 
50.12 

55.61 
56.9! 
26.5: 
50.9: 
33.6( 
31.4: 
38.1( 
34.4t 
36.41 
29.5( 
39.11 
36.54 
36.84 
44.62 
24.92 

45.42 
31.91 
36.93 
41.51 
31.26 
44.35 
46.11 
43.29 
52.43 
68.98 
34.23 
40.23 
43.91 
41.33 
30.99 
65.01 
37.15 
32.30 
38.23 
35.28 
41.54 
38.37 
37.60 
43.10 
40.41 
33.55 
41.13 
37.45 
43.68 
45.64 
41.33 
38.23 
41.30 
46.10 

Am 
- 

bani 
f I- wata 

:onten - 

2.6: 
2.5: 

15.! 2.n 6.: 

108.E 2.n 

15.1 2.12 

11.4 2.11 

L32.2 2.10 

- 
,04.1 

42.0 
11.1 
08.0 
- 

- 
2.61 

- 

2.53 
2.63 
2.64 
- 

Sand 
I 
, 

Pd. 
34 

1 

25 15 

13 

2 

5 

2 

69 

12 

ii 
15 

?el -. 

, I%. 
*2 

It 
8 

10 

*“:; 

3.9 
5.9 
1.9 

*+y:; 

3.6 
5.6 
7.6 
9.6 
3 

**;5 
**4:5 

6.5 
8.5 

10.5 
*2.2 
*o 

*+5:; 

5.2 
7.2 
9.2 

'3 

:2" 
**1.5 

3.6 
5.6 

**2 
**4 

i 

:i 

::5 
6:5 
8 

G.2 
1.8 
2.8 

G/CC 
1.431 

1.30: 
1.49. 
1.50 
1.51; 
1.24~ 
1.318 
1.24! 
1.181 
1.22! 

EE 
1.22t 
1.231 
1.21! 
1.26: 

1.394 
1.264 
1.241 
1.214 
1.30: 

Ei 
1.381 
1.481 
l.llE 
1.251 
1.305 
1.210 
1.2% 
1.336 
L.441 
1.459 
1.263 
I.300 
1.289 
L.338 
1.311 
1.294 
1.335 
1.323 
L.319 
L.383 
L.291 
L.360 
1,392 
!.312 
!.214 
L.414 
..368 

81.2, 

gfi 
94.5, 
71.6: 
82.2. 
11.6! 
14.0: 
16.4‘ 
14.9‘ 
82.14 
16.6: 
;;:;i 

18.9( 

86.91 
18X 
11.44 
IS.3 
81.31 
85.X 
90.9s 
86.15 

% 
78.OC 
81.65 
79.25 
80.% 
53.37 
39.92 
91.04 
78.81 
31.12 
30.43 
33.49 
32.13 
30.14 
33.30 
s2.55 
32.30 
36.30 
SO.56 
34.86 
16.86 
15.61 
19.50 
38.23 
35.36 

PC!. 
9.2 

12.0 

1.: 

5.t 

1.2 

10.9 

- 
8.4 

2.2 
9.8 

- 

Pd. 
l! 

( 

( 

1E 

0 

0 

0 

Averaee. lk 
Am&, channel*. : .~. 
Average, slips**. 
Average, slips and channels. 
Average, Poughkeepsie waterworks 

~.404 
..244 
~.324 

~.004 
,.421 
,.463 - 

!;:$f 
12.61 

i2.63 
is.04 
11.29 - 

43.91 
40.08 
42.11 

.18 

5 

(12 samples). 
Average, 30-ft. project (1952-51). 
Average, 40.ft. project (1954-55). 
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channel in Weehawken-Edgewater between 
1952 and 195’7 and the Hudson River 40-foot 
project channel in 1954-55. The results, sum- 
marized in table 2 and shown in figure 11, in- 
dicate that the Poughkeepsie sediments are 
generally finer than the channel shoal materials. 
In the upper particle-size range the shoal 
samples show a large amount of coarser ma- 
terials. However, in the lower particle-size 
range, the shoal material is similar to the 
Poughkeepsie sediments. Overall, the lower 
Hudson River shoal materials have physical 
characteristics similar to those of the Pough- 
keep& sediments, indicating a definite up- 
stream source of sediment. 

Standard chemical tests were made on bottom 
samples taken from the slip and channel shoals 
and the composite 180-gallon water-sediment 
sample at Poughkeepsie. The results are shown 
in table 3. In addition, a speetographie analysis 
was made of the Poughkeepsie composite sam- 
ple and a sample taken from the south side of 
the Seatrain Pier at Weehawken with the fol- 
lowing results. 
Seatrain slip, Weehawken, southside: over 19 percent 

silicon; 1 to 10 percent calcium, aluminum, magne- 
sium, and iron; 0.1 to 1 percent sodium. Not detected, 
potassium. 

Poughkeepsie composite: aver 10 percent iron, silicon; 
1 to 10 percent calcium, aluminum, and magnesium; 
0.01 to 1 percent sodium. Not detected, potassium. 
Comparison of these test results, while not 

Poughkeepsie waterworks intake: Poughkeepsie waterworks intake: 
Composite samples Composite samples 

(fines 92 percent, sand 8 percent) (fines 92 percent, sand 8 percent) 

TABLE 2.-Comparative grain size of SWIZ~ 

Average (fines 83 percent, 
sand 12 percent, gravel 5 percent: 

Edgewater-Weehawken-Hudson River, 
3a-foot ---:-- 
Hoppe 

pro,cct channel: 
1 dredge bin. ............... 

HOPP~ ?r dredge bin. ............... 
Hopper dredge bin. 
Hopper dredge bin. 

Average, 12 samples 
Oines 94 percent, sand 6 percent) 

Hudson River, 40.foot project channel: 
Average, 14 samples 

(fines 85 percent. sand 15 Dercent 

- 

- 

1 - 

Date 

oet. 59- 
July 60 

1952 
1953 
1956 
1957 

1954-55 

les 
40, 7 

FIGURE 11. - Grain-size distribution curve. 

jrom Poughkeepsie, Hudson River shoals 1 to 6, and 30-foot 
-foot project channels 

Grain-sire (miuimeters, mameter size . 
-1 0.01 to 0.1 I 0.1 to 1.0 1; 0 all.3 on?, :I Dn. I Dm*,D.o 

30 

29 - 65 I 6 - 

0 

i 
0 

0 

Mm. Mm. 

0.013 1.5 

,066 308.0 
,025 3.1 
,041 10.0 
.a23 511.0 
.021 10.2 
.O16 9.1 
.008 3.0 

,027 7.0 

,019 8.0 
,026 11.2 
.040 5.0 
,030 20.0 

,033 8.7 

.a29 9.4 
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TABLE 3.-Chemical analysis of upstream and downstream shoaling material, 1960, and composite at 
Poughkeepsie, 1959-60 

y&rd$ 

orange 

Pd. 
0.152 

:Ei 
,107 

:E 
,074 
,111 
.025 
,118 
,180 
,097 
,070 
,097 
,066 
,111 
,111 
,077 

,104 

.OS7 

PC,. 
0.152 
,097 
,180 
,107 

:K 
,074 
I11 
.025 
,118 
,180 
.097 
.070 

:K 
,111 
,111 
.077 

,104 

,097 

Sodium 
Pd. 
0.161 

.I77 

.155 

.I72 

.150 

.149 

.45S 
,209 
,427 
,430 
.I60 
.104 
,106 
,120 
,378 
210 
,088 
.461 

,501 

.020 

Pd. 
0.635 

.834 

:9”:: 
.750 
590 

1.166 
,875 
,815 

‘:% 
.472 
.547 
.544 
.52S 
.547 
,373 
,662 

Pd. 
0.337 

.257 
,308 
.007 
.143 
.216 
,075 
,453 
,108 
.043 
.123 
,230 
,288 
.158 
,009 
,070 
,123 
,015 

,725 ,165 

,025 

Pd. 
1.740 

,303 
,944 
,109 
,322 
,172 
,064 
332 
.024 
,062 
,237 
,286 
,349 
209 
.151 
.172 
,226 
,111 

silicon 
dioxide 

Pd. 
52.000 
23.600 
46.000 

8.260 
23.200 

“Ei 
30.000 

,812 
4.890 

20.900 
48.300 
44.200 
23.300 
20.256 
30.700 

%iS 

Pd. 
1.055 
1.682 
1.468 

230 
1.582 
1.638 

,185 
1.557 
.080 
,160 

1.211 
1.772 
1.720 
1.700 
1.117 
1.542 
1.490 
1.254 

1.195 

,952 

Shoal 1. ....................... July 13 
Shoal 2, south .................. July 7 
Shoal 2, north .................. July 7 
Between piers A-B, N.J .......... July 7 
Between piers A-B, N.J .......... July 7 
Shoal 3 ........................ July 7 
Between piers 54-56 ............. June 7 
Between piers 54-56 ............. June 7 
Between piers 16-H, N.J ......... June 7 
Between piers 90-92, N.Y. ....... July 7 
Between piers 90-92, N.Y. ....... July 7 
Shoal 4, north. ................. July 13 
Shoal 5, south. ................. July 12 
Seatrain pier, south ............. July 8 
Seatrain pier, north ............. July 8 
Seatrain pier, north ............. July 8 
Shoal 6, south. ................. July 11 
Shoal 6, south. ................. July 11 

12.428 

32.629 

DA’ 

,005 26.912 Average................... 

Composite, Poughkeepsie Oct. 59 tl 
July 6f ,020 16.600 

IO” total 

PC,. 
1.421 

::;t:: 
.695 

1.601 
1.748 

,327 
1.523 

,056 
,370 

1.288 
1.995 

::% 
1.362 
1.763 
1.870 
1.160 

1.351 

9.860 

Pd. 
0.290 

,422 
,403 
,222 
,385 
,447 
.156 
.329 
.074 
,164 
,319 
,536 
.517 
.455 
,311 
,355 

:k% 

,338 

,169 

! ft. below bottom. ! ft. below bottom. 
I ft. below bottom. I ft. below bottom. 
3 ft. below bottom. 3 ft. below bottom. 
.5 ft. above bottom.~ .5 ft. above bottom.~ 
.l ft. above bottom. .l ft. above bottom. 

3 ft. below bottom. 3 ft. below bottom. 
.5 ft. helow bottom.2 .5 ft. helow bottom.2 

1.6 ft. below bottom. 1.6 ft. below bottom. 
.5 ft. below bottom.* .5 ft. below bottom.* 
.5 ft. above bottom.2 .5 ft. above bottom.2 
.3 ft. above bottom. .3 ft. above bottom. 

1.2 ft. below bottom 1.2 ft. below bottom. 
3.0 ft. below bottom. 3.0 ft. below bottom. 
1.6 ft. below bottom. 3.6 ft. below bottom. 
.5 ft. below bottom4 .5 ft. below bottom4 

1 ft. below bottom. 1 ft. below bottom, 
2 ft. below bottom. 
LO ft. below bottom. 
2 ft. below bottom. 
LO ft. below bottom. 

Shoal I........................ 
Shoal 2. south. ................. 

July 7 
July 7 
July 7 
July 7 
June 7 
June 7 
June 7 

2t T 
July 13 
July 12 
July 8 

iit:: : 
July 11 
July 11 

6.7 
6.5 
6.7 
7.4 
6.9 
6.8 
7.5 
6.7 
7.0 
7.6 
6.3 
6.5 
6.3 
6.5 
7.3 
6.7 
6.6 
7.4 

Shoal 2; north. ................. 
Between piers A-B, N.J. ......... 
Between piers A-B, N.J. ......... 
Shoal3 ........................ 
Between piers 54.56.. 
Between piers 54.56.. 
Between piers 16-H. N.J. 
Between piers 90-92, N.Y. 
Between piers W-92, N.Y. 
Shoal 4, north. 
Shoal 5, south.. 
Seatrain pier, south. 
Seatrain pier. north. 

...... 
....... 

Seatrain pier; north 
Shoal 6, south. 
Shoal 6, south.. 

6.9 Averapz, I 

Composite, Poughkeepsiea.. Oy;:,$ :I - 
1 20 percent solution. 
2Sample obtained with fish type sampler, 
2 Potassium not detected. 

entirely conclusive, indicated a reasonable simi- 
larity between the sediments from the upstream 
Hudson River drainage area and the shoaling 
material found in the lower Hudson River. 

Sanitary and storm sewer and industrial and 
other waste material are discharged or dumped 
into the Hudson River and other waterways 
tributary to the Harbor. 

An inventory of data from local agencies re- 
vealed that 159,000 cubic yards of dry solid 
industrial waste and sewage have been dis- 

charged annually into the Hudson River be- 
tween the Battery, Manhattan, and Bear Moun- 
tain, and 473,000 cubic yards of dry solids into 
other portions of New York Harbor for a total 
source of 632,000 cubic yards annually. Al- 
though a part of these solids would be reduced 
by natural processes and another part would 
never settle to the bottom due to its specific 
gravity, the rest constitutes a consideral poten- 
tial source of shoal material in the harbor. This 
source of shoal material is estimated at 412,000 
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cubic yards, about 65 percent of the annual dis- 
charge or about 10 percent of the annual shoal- 
ing in the Lower Hudson River, including the 
slips. Although these studies do not represent a 
complete inventory and accounting of material 
source into the Lower Hudson River, certain 
general findings are evident. 

The Hudson River watershed is a definite 
source of sediment moving into the Lower 
Hudson River. This source represents an esti- 
mated potential shoaling material equal to about 
lv~ million cubic yards annually. This repre- 
sents a suspended sediment load of 43 percent 
of the annual shoaling in the Lower Hudson 
River. Some of these sediments would probably 
settle in the Haverstraw Bay and Tappan Zee 
area because of predominant upstream bottom 
currents north of the George Washington 
Bridge during medium and low fresh water- 
flows in the Hudson River. However, it is rea- 
sonable to consider that losses in this area would 
be offset by sediment discharge entering the 
Lower Hudson River. 

These two sources do not account for all the 
sediment deposited in shoals. Measurements 
were not made of other possible sources, such as 
the 3,000-square mile area tributary to the New 
York Harbor downstream of the Hudson River 
and the Atlantic Ocean on the floodtides. 

Cross-Sectional Distribution of Velocity, 
Salinity, and Sediment Discharge 

For a better evaluation of the factors that in- 
fluence the shoaling and to obtain prototype 
data for construction and verification of the 
models, tidal observations, velocity measure- 
ments and water samples for salinity, and sedi- 
ment concentration,, distribution, and discharge 
were taken at statlons established on each of 
five ranges (fig. 12). These ranges were located 
ACROSS the river, spaced about 2 miles apart 
along the ll-mile reach of the Lower Hudson 
River between the Battery and George Wash- 
ington Bridge. A single master control station 
was established on range A, the farthest down- 
stream, and three stations were established at 
each of the other ranges, B through E. 

Ideally, the measurements were designed for 
a single complete tidal cycle during average 
conditions for all stations, simultaneously. 
However, since this was not possible because of 
field conditions, personnel, and equipment, the 
measurements were made on successive days 
beginning with range B on 23 April 1957 and 
continuing for one tidal cycle on each of the 
upstream ranges in succession until range E 
was completed on 26 April. The master control 
station was operated throughout the time that 
the measurements were performed on any of 
the other stations, to measure the similarity of 

I / 

FIGURE 12. - Location of ranges in lower Hudson River. 

conditions under which the measurements for 
each station were taken. 

The measurements were taken from small 
pontoons anchored at each station. The field 
party on each of the four pontoons, three on 
the upstream range and one on the control sta- 
tion, consisted of two men. The work was per- 
formed only on alternate tidal cycles, and the 
men worked in two shifts of ten men each to 
take advantage as much as possible of daylight 
hours. Velocity measurements were obtained 
by Price current meter. Steel vanes suspended 
from a cable served as current direction indica- 
tors. Pint-size milk bottles and a mechanism 
that permitted opening of the bottles at the de- 
sired depth were used to obtain water samples. 

At each range, the velocity and direction of 
current were measured simultaneously at the 
three stations and the master control station 
at half-hour intervals for 5 depths: 1.5 feet 
below the surface, at ‘A, $‘s, and v~ depths, and 
2 feet above the bottom. Water samples were 
collected hourly at each station for every depth 
simultaneously with the velocity measurements. 
The results of these measurements in terms of 
cross-sectional distribution of velocity, salinity, 
tide level, sediment discharge at minimum, 
mid, and maximum velocity are shown for each 
range (B through E) on figures 13, 14, and 15. 
The vertical variation in velocity, salinity, and 
sediment in the midstation of range A over a 
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tidal cycle is shown on figure 16. The vertical 
and horizontal variation of sediment discharge 

range A and at range E over a tidal cycle is 
shown on figures 18 and 19. The net sediment 

across range B during one tidal cycle is shown 
on figure 17. The variation in the average ve- 

discharge in cubic feet per second for all ranges 

locity, salinity, and sediment at midstation of 
(A to E) is shown in table 4. 

The cross-sectional channel geometry varies 

TABLE 4.-Lower Hudson River: net sediment disehara~ April 2.3 to 26,1957 1 

station 

C.,.S. 
+ 4.45 
-56.71 
-59.33 
- 6.11 

-30.12 

Toll 
-1.5 ft. % dePth 

Cf.S. 

:3;t:96: 
-65.20 
-18.25 

- 3.91 
- 7.46 
- 6.87 

-18.24 

+ 3.72 
- 1.93 
- 1.15 

+ 0.64 

-- 

=rz 

:= 

A 

B 

Total. 

C 

Total. 

D 

Total. 

E 

C.,.S. 
-16.99 
-30.38 
-39.07 
-14.94 

- 3.94 
- 8.29 
- 0.42 

C./S. 
: “6::: 
+ 6.85 
+ 2.03 

- 0.47 - 0.15 
+ 0.88 - 0.41 
+ 0.71 + 2.92 

; 

; 

1 
> 
3 

1 
2 
3 

1 

; 

1 

i 

lb 

-12.65 

+ 2.60 
- 1.75 
- 8.66 

7.81 

- 9.24 
- 1.66 
- 1.12 

- 5.41 

- 0.97 

: “,:z 

+ 9.21 

+ 3.83 t 1.91 

: ::i; : i::: 
+ 2.55 + 0.55 

+ 9.60 + 2.68 

; 22” 
- 3.10 

-12.02 - 4.64 

- 5.57 - 7.46 - 0.86 
- 9.85 - 1.82 + 1.61 
+ 2.94 + 1.20 + 4.50 

+ 4.08 -12.46 

~28.40 -34.72 
- 7~10 8.68 

+ 5.25 

-17.35 

:1;:z 

- 3.36 

-35.55 
- 8.88 

Total...... 
Total of static 

B-E 
Average...... 

2.08 

- 1.05 
- 0.26 I= 

‘- =downstream Row; + =upstream flow. 
Average discharge for 11 years, Green Island, N.Y. = 13,930 cf.% 
Average discharge for April 1957=15,730 c.Js~ I ..,nn^^ 
Computation of annual sediment yield = -a.m C.I.S. XW,S”” see. per ewe=14 2oo eu, yd, per eye,e 

14,200 x700 cycles = 9,940,OOO cu. yd./yr. 
27 (cu. ft. per CU. yd.) 

from a horizontal bottom in ranges B and C to 
the gorgelike bottom on the New York side in 
ranges D and E (fig. 13). The part of the river 
downstream of range C is maintained to depths 
of 40 to 48 feet by dredging practically through- 
out its width to the pierhead lines, whereas the 
river upstream has a natural deep section along 
the New York side and a shallow depth on the 
New Jersey side in which a 30-foot navigable 
channel is maintained. 

The velocities generally decrease with the 
depth (fig. 16) and are higher on the New York 
side except for the upstream range E (figs. 13 
to 15). However, the maximum velocities are 
about equal. The velocities are higher during 
the ebbtide than during the floodtide (figs. 18- 
19) with the maximum ebb velocity recorded 
at 5.7 feet per second and with the maximum 

flood velocity recorded at 4.0 feet per second. 
The slack current lags the slack water by about 
3 hours at ebb and floodtides (figs. 18 and 19). 

The salinity increases with depth and varies 
at some time as much as 22,000 p.p.m. from top 
to bottom (figs. 13 to 16). The saline density 
layers for all ranges of velocities generally in- 
crease toward the bottom and the New York 
side of the river, not only in the upstream 
ranges where the natural deep water is on the 
New York side but also in the downstream 
ranges where the depth is uniform across the 
river (figs. 13 to 15). 

The greatest sediment discharge for all 
periods of flow was found in suspension in the 
upper half of the depth where not only is the 
sediment concentration fairly high but also the 
velocities are closest to maximum (figs. 13 
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-~-I--- SLINITI IN iOOOPP,M 8.0 
--- Y--- CURRENT “ELOClTI m/SEC +0.3. 
-o- SEwdENT DISCHARBE C,FS. *0.45 

EBB FLOVI 

+ FLOOO FLOW 

FIGURE 13. -Current velocity, sediment discharge, and salinity at minimum velocity. 
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BANGE ‘E’-IOA) 

+ FLOOD FLOW 

FIGURE 14. -Current velocity, sediment discharge, and salinity at mid-velocity. 
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-.-I- .- 

. ...“.... 

-o- 

FIGURE 15.-Current velocity, sediment discharge, and salinity at maximum velocity. 
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0 t10 0 +I0 0 +I0 -10 0 t10 
- VELOCITY (FT./SEC.) 

0 IO 20 0 IO 20 0 IO 20 0 IO 20 
--- SALINlTY(l,OOO l?RM.) 

0 100 jp35 0 100 0 100 0 100 
--- SEDIMENT CONCENTRATION (RPM.1 

0 20 0 ~~OEDMENT~D~SC~HAOROE ----- IC.E S.P 
20 

FIGURE 16. -Vertical variation in velocity, salinity, and sediment, lower Hudson River range A, 23 April 1957. 
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FIGURE 17. --Vertical and horizontal variation in sediment discharge over one tidal cycle. 
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4 

3 

AM EASTERN STANDARD TIME .PM - 

FIGURE 18. -Variation in average velocity, salinity, and sediment, range A, 23 April 1957. 
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t:CQ: INET SEDIYLNT VC 

7 9 9 IO II 12 I 2 3 4 5 8 7 

EASTERN STANDARD TIME 

FIGURE 19. - Variation in average velocity, salinity, and sediment, range E, 26 April 1957. 
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through 17). During the time when the cur- 
rents are changing from ebb to flood, with the 

the bottom layers. It was also found that the 

ebb current still flowing on the top and the flood 
greater sediment concentration existed in the 

currents flowing in on the bottom, a definitely 
boundary zone between the salt and brackish 

greater concentration of sediment is found in 
layer (table 5). 

The sediment discharge was determined by 

TABLE 5.-Typical prototype obst 
Hud 

mations and computations of salinity, velocity, and sediments, Lower 
:son River at range B, station 1, April 23, 19571 

current meter depth 
DepthL5feetfromtop: 

7a.m .............. 
8 ................. 
9 ................. 

10 ................. 
Il................. 
12 ................. 
l................. 
2 ................. 
3 ................. 
4 ................. 
5 ................. 
6 ................. 
7 ................. 
8p.m .............. 

% depth: 
7a.m .............. 
8 ................. 
9 ................. 
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i::::::::::::::::: 
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5 ................. 
6 ................. 
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8p.m .............. 
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"14 depth: 
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5 ................. 
6 ................. 
7 ................. 
8 p.m .............. 

2 f&from bottom: 
8a.m .............. 
9 ................. 

10 ................. 

722, 
&5l 
6,15( 
7,081 
8,72, 

10,83, 
12,701 
13,63( 
13,63( 
12,93( 
11,76( 
10,36( 
8,72( 

n.,m. 

--3.41 
-3.32 
-3.63 
-3.35 
-2.4C 
-1.22 
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: :E 

: :i" 
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10,08( 
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-2.03 
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? :;; 
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--17,64, 
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1o:ooo 
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-2.41 
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-2.32 
-2.43 
-1.97 
- .85 
+ .41 

Z:E 
+1.65 

:::3"0" 
+1.29 
? :;: 

-18,096 
-18,954 
-15,366 
- 6,630 

5,760 -1.73 
5,760 

- 9,964 
-1.82 

5,760 
-10,483 

-1.36 7,834 

I 
3 

i 

I 

; 

I 
> 

1 

, 
, 
1 
, 
, 
, 
, 
, 
, 
, 
, 
/ 
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- 
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51.4 
17.2 
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82.1 
28.1 
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33.: 
38.1 
43.: 
93 

- 85.5 
- 65.5 
- 24.0 
- 3.8 
- 58.9 
- 23.6 
- 54.6 
+ 22.9 

: ;I?: 
+ 18.2 
- 19.0 
- 4.3 

57,s 
79.7 
55.C 
35.1 
65.6 
34.4 
33.9 
41.7 
31.8 
26.2 
10.3 
31.3 
25.6 

- 70.2 
- 38.6 
- 39.2 
- 11.7 

: ;::6" 

$ 2:: 
5 1;:; 
- 15.8 

4.6 
26.2 
47.0 

23.3 
45.3 
23.9 
38.0 
48.9 
61.2 
41.7 
60.2 
37.1 

42.9 
28.8 
70.5 
53.8 
67.3 
25.2 
39.1 
62.2 
8.3 

34.1 

- -5.0 
- 44.8 
- 70.7 

- 7.6 
+ 9.3 

z 2: 

: 2; 

: E:;i 
- 12.5 

- 48.6 
- 34.1 
1 ;;:3' 
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28.7 
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15.8 - 7.7 
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- .o 
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- .a 
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I4 
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- .7X 
- .55 
-1.08 
- .36 

z :2": 

z 2," 
+ .ll 
+ .35 

7,600 
8,000 
6,700 
4,000 
1,200 
2,300 
7,500 
6,800 
7,700 
8,800 
8,600 
7,800 
9,200 

1,200 
7,500 
7,500 
5,800 
6,600 
6,100 
8,000 
7,500 

10,400 
10,900 
;,;,"g 
9:zoo 

6,000 
5,900 
6,500 
9,800 

16,500 
16,200 
9,500 
8,500 
9,700 

7,200 
7,800 
7,400 

12,500 
6,500 
6,200 

14,300 
14,200 
17,100 
18,000 

.._.. 
2,800 
8,100 

14,300 
8,000 
6.800 
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ll................. 
12 ................. 
l................. 
~::::::::::::::::: 
4 ................. 
5 ................. 
6 ................. 
7 ................. 
8p.m.. ............ 

... ^ 

El.. 

5,760 
5,160 
5,760 
5,160 

i% 
5:so 
5,760 
5,760 
5,760 

“dOCity Q 
Rihec. CJ.8. 

- .48 - 2,764 
+ .51 + 2,938 

Zfi : %i;’ 
+1.20 + 6:912 

z 2: 

: 2; 
+ .62 

ations of salinity, velocity, and sediments, 
I April %‘,I957 -Continued 

L 

&charge sB,inity C.,.S. P.P.rn. - 23 : :E xz 
6'100 f .37 2:300 2 ::: 15,600 12,100 

: ::i 15,600 8,200 : ;$ 8,000 
9,100 

multiplying the sediment concentration in parts 
per million, as determined from the analysis 
of the water samples and by the velocity and 
area for applicable parts of the cross-sectional 
area (table 5 and figures 9,13 through 19). 

The net sediment discharge results are shown 
in table 4. The net total flows of sediment are 
shown on figure 20 for each station in each 
range in order to demonstrate the apparent cir- 
culation of the sediment in the Lower Hudson 
River. The plot indicates that at the upstream 
ranges D and E, the net flow on the New York 
side is upstream (stations 2 and 3, ranges D and 
E, fig. 20). Because of the constriction at the 
George Washington Bridge, the net flow and 
much of the sediment do not pass upstream but 
change direction in the region of range E and 
flow downstream on the New Jersey side (sta- 
tion 3, ranges D and E, fig. 20). On the New 
York side in the downstream ranges A, B, and 
C, the net flow is downstream. It therefore can 
he presumed that scour is occurring on the New 
York side in the upstream half of the river and 
that, in part, it accounts for the natural deep 
water found here. 

On the New Jersey side, in the upstream half 
of the river along the 30-foot navigable chan- 
nels, the flow is downstream except at the 
downstream point of the 30-foot channel, where 
the net flow is upstream (station 1, range C, 
fig. 20). Therefore, deposition should be ex- 
pected and does occur here, as evidenced by the 
location of shoal 4, an area of heavy shoaling 
in the Lower Hudson River. 

If the total discharge of sediment for the tidal 
cycle at each range is taken as the net amount 
in the indicated direction, the net volume of ma- 
terials moving up or down the river would 
follow: 

At range B, -30.12 c.f.s. would represent 
48,300 cubic yards per tidal cycle, or about 34 
mllion cubic yards annually moving down- 
stream. 

* DOUMA, J. H. ENGINEERING PROBLEMS IN U.S. TIDAI. 
WATERWAYS. Amer. Sot. Civil Engin. Paper 789. 1955. 

At range C, -6.90 c.f.s. would represent 
ll,,O’70 cubic yards per tidal cycle, or about 7.7 
mllion cubic yards annually moving down- 
stream. 

At range D, +4.83 c.f.s. would represent 
7,800 cubic yards per tidal cycle, or about 5.4 
million cubic yards annually going upstream. 

At. range E, -3.36 c.f.s. would represent 
5,400 cubic yards per tidal cycle, or aboat 3.8 
million cubic yards annually going down- 
stream. 

As to the differentiation of net flow between 
upper and lower layers of the river, the meas- 
ured results indicate that there is a downstream 
(-) predominance at the top and an upstream 
(f) predominance at the bottom (figs. 13, 14, 
16, and 17). Where the boundary between the 
saline density layers could be distinguished, 
there appeared to be greater sediment concen- 
tration in the saline layer just below the bound- 
ary (table 5). 

Model Measurements 
The movement of material in a tidal water- 

way leading to the formation of a shoal is not 
the simple process of a single deposit of ma- 
terial in a given location but the end result of 
a complicated series of pickups and deposits 
and movements to and fro. This action is com- 
plex as to the varied interaction of many forces 
in the limited understanding of the many 
aspects of tidal hydraulics. Under such circum- 
stances, the model is a necessary and effective 
tool to supplement prototype measurements in 
the study of this problem, because it effectively 
integrates the many forces and influences.2 

Models 
Two models were constructed and tested at 

the Waterways Experiment Station ; one a com- 
prehensive model of the Lower Hudson River 
with all the adjacent channels that affect the 
tidal regimen, and the other a larger scale 
model of the Lower Hudson River from the Bat- 
tery to the George Washington Bridge (figs. 21, 
22, and 23). The comprehensive model was 
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FIGURE 20,. -Location of prototype sediment ranges. 
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FIGURE 21. - Lower Hudson River model layouts. 
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FIGURE 22. -Aerial photograph of lower New York Harbor. 

used to test the effectiveness of several different 
types of proposed channel improvement plans, 
in decreasing the shoaling in the channel and 
slips. The larger scale model of the limited area 
was used to test the effectiveness of certain pro- 
posed slip improvement plans for decreasing 
the shoaling of the slips. 

The comprehensive model is quantitatively ac- 
curate as to the reduction of the tides, the tidal 
currents, salinity distribution, and the complex 
relations of bottom and top currents that occur 
in tidal estuaries as a result of the interplay of 
salt water and fresh water. The section model 
is quantitatively accurate with respect to hy- 
draulic conditions within the pier slips. Fresh 
water was used in the section model, since den- 
sity current phenomena do not affect the pier 
slip shoaling problem in the same degree as the 
channel shoaling. The techniques used to re- 
produce the shoaling tendencies in the models 
are considered qualitatively accurate and to be 
susceptible of reasonably quantitative interpre- 
tation. This statement is based upon the facts 
that (1) the same technique (of using gilsonite 
as a model shoal material) has been confirmed 
to be accurate in models of many estuaries, and 

(2) an accurate verification of the Lower Hud- 
son River models was achieved. It is also eon- 
sidered that the model shoaling tendencies are 
accurate with respect to the prototype, regard- 
less of the lack of precise knowledge as to the 
source of all of the material ending up.as shoals 
in the channels and pier slips. The reason for 
this statement lies in the basic hydraulic me- 
chanism of the harbor as previously described. 

For the comprehensive model, a base test was 
established by conducting a shoaling test with 
the existing waterway so as to produce meas- 
ured annual conditions of shoaling in nature, 
identified as shoal areas 1 to 6, fig. 6. The ma- 
terial was then retrieved from the channel and 
slips and measured as the base index. 

The comprehensive model base tests were con- 
ducted at various fresh water flows ranging 
from 3,000 to 40,000 cubic feet per second. A 
flow of 12,000 cubic feet per second, which is 
approximately the median flow of the Lower 
Hudson River,. was used as the base for all tests 
unless otherwise noted. An identical test was 
conducted with the improvements in place, and 
the material was retrieved from the waterway 
bottom. The effectiveness of each plan was 
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FIGURE 23. -Photograph of comprehensive model, lower New York Harbor. 

evaluated on the basis of the reduction or in- 
crease in the amount of material retrieved from 
the channel and slips. This was recorded as a 
shoaling index, which is the ratio of the volume 
of material shoaled during the base test to the 
volume shoaled as a result of the plan of im- 
provement. An index of unity indicates no 
change after improvement, an index less than 
unity indicates a reduction in shoaling,. and an 
index greater than unity indicates an mcrease 
in shoaling. The quantity of shoaling as a result 
of each plan is the product of the prototype 
volume and the index. 

Model Investigations 
The basic philosophy in the reduction of 

dredging costs in the Lower Hudson River 
channels is that it could be effected in three 
ways, alone or in combination. The first of these 
would involve effecting physical changes that 
would alter the hydraulic mechanism so that 
sediments, in whole or in part, would be car- 

ried and deposited outside of the navigation 
facilities. The second would involve reduction 
of sediment entering the Lower Hudson River. 
The third would be the deposition of the sedi- 
ment in such a way that it could be removed 
with a reduction in dredging costs. The plans 
tested in the models would fall under the first 
and third method. 

In the comprehensive model 28 plans or varia- 
tions thereof have been tested to date (table 6). 
Twelve of these plans involve sedimentation 
basins at various locations and depths (fig. 24). 
Two plans involve the closure of the Harlem 
River (fig. 25). Two plans involve the deepen- 
ing of the shallow channel areas in the Tappan 
Zee and Haverstraw Bay Areas (fig. 26). One 
plan provides for a wing dike enclosing the 30- 
foot channel (fig. 27). Two plans provide for 
restoration of the pre-1941 channel cross sec- 
tion at the George Washington Bridge for com- 
parison with present conditions and for deter- 
mining the effect on shoaling during the period 
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reduction in deposition in adjacent channel 
areas and slips previously subjected to heavy 
shoaling if the basin is placed in the appropriate 
location. The most effective basin tested was 
sediment basin No. 1, located at the heaviest 
point of shoaling, shoal 6, which is at the up- 
stream end of the 30-f& project (fig. 24). 
Some plans, table 8, showed reduction in chan- 
nel shoaling of more than 50 percent and in slip 
shoaling of 20 percent. However, plans de- 
signed for reduction of channel shoaling are not 
to be expected to reduce slip shoaling by more 
than 20 to 25 percent, therefore, a major shoal- 
ing problem would still exist in the slips after 
the best possible plan of channel improvement 
has been effected. 

FIGURE 24. - Comprehensive model of basin series. 

The complete closure of the Harlem River 
(fig. 25) during ebbtide discharge into the 
Hudson River showed significant effect in re- 
ducing shoaling in the channels by 40 percent 
and in slips by 32 percent (table 9). However, 
from the standpoint of navigation, a closure of 
the river would require provisions to permit the 
maintenance of navigation. 

where dumping occurred at the bridge between 
1941 and 1946. 

Five plans provide for modifying the cross 
sections of the river at George Washington 
Bridge, with and without a dike parallel to the 
New Jersey shore (figs. 28 and 29). Four 
plans provide for enlarging and deepening to 
50 feet the 30-foot project channel along the 
west, New Jersey side, and filling or construct- 
ing submerged dikes on the east, New York side 
of the river (fig. 30). 

The deeper channels in Haverstraw Bay (fig. 
26) were ineffective in reduction of shoaling 
(table 9) because of the local interruption of 
upstream predominance at the bottom flow 
downstream of the George Washington Bridge. 
These tests would probably be more effective if 
the local interruption of upstream predominant 
bottom flow could be eliminated by corrective 
action at the bridge and closure of the Harlem 
River. 

In the sectional (pier slip) model, 11 plans 
have been tested as listed in table 7 and shown 
on figure 31. Nine of these plans considered 
methods of reducing slip shoaling by physical 
changes to affect the shoaling mechanism by 
use of submerged dikes and air and water 
screens. Two plans considered the reduction 
in cost of dredging slip shoals by spoiling the 
material from slips into the navigable channel 
for removal by Federal dredging operations and 
by measuring the amount of material redis- 
tributed over the channels and returned to the 
slips during the dredging procedure. 

Model Results 
The results of model investigations expressed 

in terms of shoaling indices are summarized in 
tables 8 through 11 for the comprehensive 
model and in tables 12 and 13 for the sectional 
model. 

The results on sediment basin indicate an 
increase in deposition in the basin area and a 

Several plans of compensating dredging to 
approach the 1941 section at the George Wash- 
ington Bridge (figs. 28 and 29) and to reduce 
local turbulence, showed a substantial reduction 
in channel and slips shoaling up to 40 percent 
(table 10). The variation of fresh water flow 
with a plan involving only compensating dredg- 
ing at the bridge (plan 2’7) resulted in propor- 
tional variation of the shoaling (fig. 29 and 
table 11). Several plans involving compensat- 
ing dredging at the bridge and realinement of a 
deep channel on the New Jersey side and a 
shallow channel on the New York side showed 
some promise (fig. 30 and table 10). These 
tests show that a proper enlargement of cross 
section at the bridge encourages upstream pre- 
dominant bottom currents to carry sediment 
upstream of the bridge. The realinement of 
deep channel from the New York to the New 
Jersey side with construction of a sill or fill in 
the naturally deep water on the New York side 
would encourage upstream predominant cur- 
rents in the deepened New Jersey channel so as 
to move sediment progressively upstream of the 
bridge. 
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FIGURE 25. -Comprehensive model of Harlem River series. 
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TABLE 6.-Lower Hudson River, comprehensive model, channel improvement plans 
SEDIMENTATION BASIN SERIES (fig. 24) 

541 

L- 

Ft. 
I.......... 7,500 
2.......... 5,000 
3.......... 3,600 
la ~~ 
1, loe A. ‘I,““” 
l,loeA.... 7,000 
l,loeC.... 4,350 

:“d?.. ..,.........., _ ^^^ 

- 

l.......... 7,500 
l.......... 7,500 
I.......... 7,500 
l.......... 
1D.. 

7,600 
...... 7,000 

1D. ....... 7.000 

750 
750 
750 
750 
750 
750 
750 
750 
750 

8.0 
9.1 End slopes 1 on %. 
3.4 5. End slopes 1 on 
5.7 End slopes 1 on 1. 
2.2 
5.8 
9.X Varying depth. 
9.X Fill to U.S. pier and bulkhead line 
9.2 Divided at pipeline crossing. 
4.2 

HARLEM RIVER SERIES (fig. 25) 

Plan 
NO. Description 

12. Complete closure for Harlem River Ebbflow. 
13. Partial closure, opening: width-100 feet; depth-15 feet mean low water. 

HA~~.~TRAW BAY SERIES (fig. 26) 

14. Channel, Tappan Zee and Haverstraw Bay, -35 feet mean low water, 600 feet wide. 
15.. Channel, Tappan Zee and Haverstraw Bay, -40 feet mean low water, 1,000 feet tide. 

WING DIKE SEXIES (fig. 27) 

Dike: 13,600 feet long, tip elevation at mean high water from Fort Lee to and along 30.foot project. 

GEORGE WASHINGTON BRIDGE SERIES (figs. 28 and 29) 

17.. 
18.. 

Restoration of 1941 section prior to spoil dumping; excavation 7.5 million cubic yards. 
Plan 17 with spoil simulation, 1942-45. * 

19. Compensatory dredging to restore 1941 section with channel cut; 6,800 feet long, 200 to 1,800 feet wide, 40 to 70 
feet below mean low water, 5.0 million cubic yards. 

20.. Adjusted cross section: 10,200.foot dike, Fort Lee to Edgewater; chennel 16,400 feet long, 500 to 1,100 feet wide, 

21. 
57 to 60 feet deep: dredge 10.8 million cubic yards. 

Adjusted cross section: 10,500-foot dike, Fort Lee to Edgewater; channel 10,000 feet long, 500 to 1,300 feet tide, 

22. 
55 to 70 feet deep; dredge 7.1 million cubic yards. 

27.. 
Adjusted cross section: 10,725-foot dike, Fort Lee to Edgewater; channel equal to plan 21. 
Similar to plans 20 and 21 without dike. 

REALINED CHANNEL SERIES (fig. 30) 

23. Deepen 30-foot channel to 50 feet below mean low water, widen to 1,000 feet, ,and extend to 900 feet upstream of 
George Washington Bridge: eonstruet 13 submerged sills on New York side mth top elevation 20 to 40 feet below 
mean low water. 

24. 
25. 

Same as plan 23 except place solid fill to 30 feet below mean low water on New York side, 
Same as plan 23 except extend 50.foot channel to 4,500 feet upstream of the bridge with maximum depths to 63 feet 

below mean low water and width of 1,400 feet; only a single 1,500.foot dike xross New York side at West 134th 
Street, with top elevation at 30 feet below mean low water. 

26. Same as plan 25 on New Jersey side and plan 24 on New York side, 

Several plans tried in the section model (fig. 
31 and table 12) showed that submerged wing 
dikes were ineffective, that submerged mov- 
able sills at appropriate elevations aero~~ the 
entrance of the slips would reduce shoaling 
appreciably, that an air bubble screen across 
the entrance or longitudinally in the slip would 
result in appreciable reduction of shoaling, and 
that a water bubble screen was ineffective. Two 
other tests (table 13) that showed promise 

were those permitting the dumping of slip 
spoil into the channels to be removed by Federal 
dredging at local cost. 

Because of the inconsistency of some results 
and the promising results shown by several 
plans to effect reduced channel and slip shoaling, 
a limited additional test program is scheduled 
to permit the economic selection of the most 
promising plan to reduce the shoaling in the 
Lower Hudson River. 
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Summary 
The data presented point to following perti- 

nent facts : 
1. The Lower Hudson River is a partly mixed 

estuary that is a part of a complex estuarine 
system of the New York Harbor. This system 
does not lend itself to mathematical analysis 
and requires the use of the model tool to inte- 
grate the many influencing forces and factors. 

2. The model studies have permitted a more 
complete understanding of the hydraulic and 
sediment mechanism affecting shoaling. This 
hydraulic and sediment mechanism is confirmed 
by the limited number of prototype measure- 
ments of salinity, velocities, and sediment con- 
centration, even though variable. This better 
understanding is another tool to evaluate spoil 
and dredging operations that could affect the 
mechanism that results in adverse shoaling 
conditions. 

3. The Hudson River Watershed and areas 
tributary to the New York Harbor are definite 
sources of shoal material. The part of the 
source that is susceptible to reduction would 
have little effect on the shoaling pattern. 

4. These model studies have demonstrated 
ways of effecting reduction in channel and slip 
shoaling that are entwined with economics of 
cost of plan vs. benefits derived. The testing 
program cannot be predicted and fixed but must 
be fluid, so that it can be developed in phase with 
the results of the testing. Therefore, the testing 
program should be expanded as required until 
all the necessary factors have been developed. 
The results of the tests must be carefully ex- 
amined and rechecked to assure the reliability 
of results. 

5. The combination of limited prototype meas- 
urements supplemented by appropriate model 
study and analysis of results is a strong and 
economical tool in the study and understanding 
of estuary sediment problems that can lead to 
possible methods of solution. 
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FIGURE 27. - Comprehensive model of Wing dike. 
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TABLE 7.-Lower Hudson River sectional m&l 
pier slip improvement plans (jig. 31) 

tn 
>. 2 

7 
2. 

3. 

4. 

5.. 
6.. 

7.. 

8.. 

9.. 
10.. 

11.. 

Deseripaon 

Submerged dike across slip entrance, with top ele 
vation at 35 feet below mean low water. 

Same as plan 1, with top elevation at 5 feet below 
mean low water. 

Wind Dike: loo-foot extension of pier 92, 20 feet 
deep, with top elevation at mean low water. 

Same as plan 3, except top elevation at 35 feet be- 
low mean low water. 

Same as plan 3, except dike extension of pier 90. 
Submerged air screen across slip entrance, with top 

elevation of conduit at 45 feet helow mean low 
water (discharge, 37,500 c.f.m.). 

Same as plan 6, except water screen (discharge, 
18,000 c.f.m.). 

Air bubble turbulence generator consisting of two 
parall+, longitudinal pipes at % points, with top 
elevation 45 feet below mean low water (dis- 
charge, 232,500 e.f.m.). 

Same as plan 8 (discharge,. 30,000 c.f.m.). 
Simulated removing shoal m slip 90-92 by a bucket 

dredge filling a 1,750 cubic yard barge every 6 
hours and dumping at mid-navigable channel in 
front of slip. Operation continued until 74,500 
cubic yards (half annual shoaling) were removed. 

Simulated removal of same volume of shoal as in 
plan 10 by a hydraulic dredge discharging at the 
surface at 500 feet toward the channel from the 
face of pier 92 &qua1 to 9 prototype days. - I - 

m 
+o 

ton Bridge series. 
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Division of the New York District; and Col. 
Alex G. Sutton, Jr. and Col. Edmund H. Lang, 
who served as directors, and Joseph B. Tiffany, 
technical director of the Waterways Experi- 
ment Station. Special acknowledgment is due 
to Henry B. Simmons, chief of the Estuaries 
Section of the Waterways Experiment Section, 
who was in direct charge of conducting the 
model studies. The writer also acknowledges 
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ration of this paper of the following District 
personnel: Isiah Katcher, Aaron J. Addis, Mel- 
vin Mark, Charles Beatty, and Joseph Tennen. 

hGusE 28. -Comprehensive dredging to 1941 cross 
section. 
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FIGURE 30. - Plan for realined channel. 
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FIGURE 31. -Sectional pier slip model for shoaling studies. 
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TABLE 8.-Lower Hudson River emvrehetive model studies: sediment basin series 

5,000 0.78 
177,800 1.37 

54,300 .I6 
336,300 .43 

76,700 .56 
.73 

1.61 18,900 
.95 185,600 
.44 54,300 
.51 160,300 
.a3 205,300 
.64 441,300 

1,065,700 
79,000 

1,144,700 

.81 860,500 
1.44 2,790,300 

1.22 3,650,X00 

.41 650,100 .I3 
1.28 882,700 1.08 

.$I ,532,X00 .94 

New York side. 1,062,300 .98 ,041,lOO 
New Jersey side. L937.700 .94 ,821,400 

.95 

.96 

:,862,500 

:,395,300 

.I2 
1.21 

1.04 

1.00 

1% NO. 2 
cu. Yd 

8.8 
267,l 

93,8 
135,l 
13x,5 
503,4 

1,147,9 
339,4 

1,4X7,3 

cu. Yd. 

10,100 
119,800 

61,700 
128,900 
202,800 

583,300 
L,654,900 

3,238,200 

764,9 
2,344,6 

3,109,5 

4,596,X 5,500 I- 

860,500 
1,879,600 

1,740,100 

L,978,300 

1.50 17,000 
1.12 218,800 
1.08 133,300 

.I8 245,200 

.87 215,200 

.29 200,000 

&sin 
End 

lndez 

0.75 
1.06 
1.17 

.89 

:G 
I 

.65 1,029,500 
1,687,000 

8,500 
207,100 
144,400 
279,700 
165,700 

55,200 

8,500 
275,500 
225,800 

%E 
2oo:ooo 

.54 860,600 
318,300 

1.09 1,726,OOO 
530,500 

1.71 2,116,500 

I 

,785 1,178,900 1.43 
- 

2,256,500 

.4x 509,900 .X6 913,600 .88 934,800 

.X0 1,550,200 .93 ,1,802,100 1.42 2,151,500 

.69 2,060,lOO .91 2.715.700 1.23 3,6X6,300 

Shoals .. .............. 1,581,300 
Basins .......................... 

Subtotal. .......... 1,5X1,300 

Subtotal. 3,000,OOO 

Total.. 4,5X1,300 

Channel Prototype 

I Shoal areas: 
l............ 
2 ............ 
3 ............ 
4 ............ 
5 ............ 
6 ............ 

Shoals ................. 
Basins 

1,5X1,300 
.......................... 

Subtotal. .......... 1,581,300 

Maintained slips: 
New York side. ...... 
New Jersey side. 

1,062,300 
..... 1,937,700 

Subtotal ........... 3,000,000 

Total ............ 4,5X1,300 

Channel Prototype 

Shoal areas: cu. g d. 
1. ................... 11,300 
2 .................... 195,400 
3 .................... 123,400 
4 .................... 314,300 
5 .................... 247,300 
6 .................... 

Shoals 
689,600 

................. 
Basins 

1,5X1,300 
.......................... 

Subtotal ........... 1,5X1,300 

Slip areas: 
New York side. ...... 
New Jersey side. 

1,062,300 
..... 1,937,700 

1.04 1 4,776,600 1 .83 1 3,X94,600 1.30 5,942,800 

Ph." 8. Basin NO. 1 Plan 9, Basin No. 1 Plan ICI, Baa ‘Lan 
Depth = -40 ft. Depth = -55 ft. Depth = 

;; 1 I 
D< 

?pth 1LBa3i”NO. = -70 ft. 1 
~- 

1nda cu. Yd. In&z CU. Pd. In&z Vd. IndeE cu. Vd. 
0.75 8,500 1.50 17,000 0.75 $500 0.75 8,500 
1.34 261,800 1.34 261,800 1.40 1,600 1.14 222,800 
1.96 241,900 1.79 229,900 2.12 1,600 2.62 323,300 
1.05 330,000 1.42 446,300 1.33 3,000 1.77 556,300 

.83 205,300 .I0 173,100 .I3 1,500 1.10 272,000 
..~.. 

.66 1,047,500 .71 1,119,100 .I2 1,142,200 .X7 1,382,900 
3.36 2,317,lOO 4.31 2,972,200 5.70 3,930,lOO 5.46 3,765,200 

2.13 3,364,600 2.58 4,991,300 3.21 5,072,900 3.25 5,148,lOO 

Subtotal. 3,000,OOO 

Total.. 4,581,300 

‘Total in basins 1 and 2: basin No 
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TABLE S.-Lower Hudson River comprehensive model studies: sediment basin series-Continued 
I 
I- 

n NO. 1 (die&d) 
I 

l.................... 
2 

11,300 
.................... 

3 
195,400 

.................... 
4 

123,400 
.................... 314.300 

5 .................... 
6 .................... 

1.36 
1.09 

.94 
1.04 
1.09 

cu. vi 
15,400 

213,000 
116,000 
326,900 
269,600 

Shoals. ................ 
Basins ................. 

.80 940,900 
4.30 2,965,300 

Plan 29, Bti 
Depth i -60 ft. nLI.Tf. 

3.000 e.*.s. didlarge 
In&z cu. vi. 

0.40 4,500 
.67 131,000 
.42 51,800 
.65 204,300 
.50 123,700 
.Ol 6,900 

.33 
5.50 

522,200 
p 3,792,800 

Subtotal ........... 1,581,300 2.47 
Slip areas: 

New York side. ...... 1,062,300 .07 
New Jersey side. ..... 1,937,700 1.30 

3,906,200 2.73 4,315,ooo 
- 

Depth = -60 ft. al.w. 
40,000 e.f.s. discharge 

IlIdS cu. Vd. 
1.88 21,200 

.51 99,700 

.45 35,500 

.41 128,900 

.38 94,000 

.05 34,500 

.27 433,800 
8.65 %5,965,000 

4.04 6,398,800 

1.10 1,168,500 .ss 
.72 1,395,100 

1,051,700 
.88 1,705,200 

.85 2,563,600 .92 2,756,SOO 

1.50 6,878,600 2.00 9,146,700 

924,200 
2,519,ooo 

Subtotal. 3.000.000 I 1.15 3,443,200 

7,349,400 Total.. .I 4;581;300 / 1.60 

‘57 percent in south part of basin; 43 percent 
‘22 percent in south part of basin; 78 percent 

in I north part. 
in I mrth part. 

TABLE 9.-Lower Hudson River comprehensive model studies: Harlem, Haverstraw, realinement series and 
George Washington Bridge 

Prototype 
__- 

cu. vi. 
11,3oc 

195,4oc 
123,400 
314,300 
247,300 
689,600 

1,581,300 
- 

1,062,300 
1,937,700 

channel 

Shoal areas: 
l.................. 
2 ................... 
3 ................... 
4 ................... 
2 ................... 

19&&Z cu. vi. 
0.89 10,100 
1.13 220,800 

.78 96,300 

.96 301,700 

.I4 183,000 
1.09 751.700 

In&z cu. lid. 
0.56 6,300 

.80 156,300 

.62 76,500 
1.14 358,300 

.21 51,900 

.42 289,600 

llldcz 0‘. yd. 

0.44 5,000 
.70 136,800 
.88 108,600 
.I7 242,000 
.79 195,400 

1.14 786,100 

1.06 
1.10 
1.63 
1.29 
1.10 

.94 

: 

214,900 
201,100 
405,400 
272,000 
655.100 

Subtotal. 

Slip areas: 
NewYorkside...... 
New Jersey side. 

Subtotal. 

Total., 

.59 938,900 .93 1,473,900 39 1,563,600 1.11 1,760,500 
- - 

35 1,009,200 .76 1.23 .68 .61 1,317,600 807,300 .89 1,724,600 1,306,600 
1.45 

648,000 
2,809,700 .71 1,375,800 

.78 2,326,800 .84 2,531,900 1.37 4,116,300 .68 2,023,800 
- - 

.71 3,265,700 .87 4,005,800 1.24 5,679,900 .83 3,784,300 

3,000,000 
- 
4,581,300 

123 
I sill8 i 

11,300 0.66 
195,400 .64 
141,900 .60 
440,000 .54 
499,500 1.42 
717,200 1.11 

2,005,300 .94 

690,500 34 
1,104,500 .65 

1,795,ooo .75 

3,800,300 .82 

11,300 
195,400 

%i 
247:300 
689,600 

1.581.300 

l................... 
2................... 
3................... 
4................... 
5................... 
6................... 

Subtotal. 

Slip areas: 
NewYorkside...... 
New Jersey side. 

Subtotal. 

TOtal.. 

6,300 7,600 0.33 
125,100 “:$l 

74,000 
127,000 .47 

21 33,300 .31 
169,700 .lS .39 

351,200 

59,700 

.83 205,300 765,500 1.17 806,800 :Ei 

1,491,800 .78 1,239,700 .42 
- 

3,700 

x:~ 
122:600 
131,100 
275,800 

663,300 

754,200 
1,240,100 

1,994,300 

2.657.600 

1.27 
- 

.65 

.57 

.60 

=z 

-- 

z= 

- 

1,062,300 
1.937.700 

998,600 .75 796,700 .71 
1,259,500 .71 1,375,800 .64 

2,258,lOO .72 2,172,500 .66 
- 

3,749,900 .74 3,412,200 .58 

3,000,000 

6.581.300 .83 - 
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TABLE 10 Lower Hudmn River comprehensive model studies: Dike and bri&v series 

Channel 

Shoal Areas: 
I................... 
2 ................... 
3 ................... 
4 ................... 
5 ................... 
6. ................. 

Subtotal. ......... ,.; 
z 

cu. vi. 
11,300 

195,400 
123,400 
314,300 
247,300 
689,600 

Slip axeas: 
NewYorkside...... 
New Jersey side. 

Subtotal. 

Total. 

I 
I 

7 i 
- 
4 

!,581,300 
- == 
.,062,300 
.,931,100 

i,ooo,ooo 

1,581,300 

l................... 11,300 
z................... 
3 . . . . . . . . . 

195,400 
123,400 

4................... 
5 

314,300 
247,300 

6................... 689,600 

Subtotal. 

Plan 18 1 PIan 19 
194246 spoiling compensatory dredging 

INin cu. wi. IIda cu. yd. 
0.80 5,000 0.44 5,000 
1.08 251,100 .93 181,700 

.I2 151,000 .63 77,700 
1.40 488,500 .57 179,200 
2.19 216,200 .43 106,300 
1.30 627,500 .48 331.000 

Indez 

1.89 
1.00 

.98 
1.35 
1.35 

.94 

cu. Ild. Idez cu. Vd. 
21,400 0.56 6,300 

195,400 1.19 232,500 
120,900 1.70 209,800 
424,300 1.11 348,900 
333,900 .51 126,100 
648,200 30 482,100 

-/ I-I 
01 1,744,100 I.891 1,406,300 11.281 1,799,300 I.561 880,900 

Maintained slips: 
NewYorkside...... 
New Jersey side. 

Subtotal. 

Total.. 

‘Plan 17 quantities us 

0.44 
1.46 
1.66 
1.20 
.50 
.59 

II&Z 

0.67 
1.39 
1.43 
1.23 

.92 

.37 

.84 

2: 

.63 

.I0 

7,600 
271,600 
182,600 
336,600 
227,500 
266,200 

5,000 0.44 
285,300 1.44 
204,300 1.05 
317,200 1.09 
123,700 .I4 
406,900 .62 

1,402,900 .a7 239 1,331,100 

658,600 
1,220,300 

1,879,400 

3.210.500 

,062,300 
,931,700 

~,000,000 

,,531,300 

................................ 

................................ 

................................ 

................................ 
IS ease quantities for computing indices for plan : 18. 

............ 

............ 
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1.. 
2.... 
3.... 
4.... 
5.... 
6.... 

Ilid~ cu. Yd. 
0:;; 8,700 

186,600 
.75 92,600 
.19 .42 g,;;~ 

59 4751800 

_- 
Ilzdez cu. yd. lndsz 

0.09 1,000 
cu. Yd. 

3.12 
.84 164,100 

35,300 
.62 

1.37 169,100 
121,100 

58 
1.35 424,300 

71,600 
55 

59 145,900 
172,900 

.31 
.61 420,700 

76,700 
1.42 979,200 

I 

.92 1,456,800 

I 
.67 711,700 
.56 1,085,100 

.60 1 1,196,800 

Subtotal. 1,581,300 .71 1,115,900 

Slip areas: 
New York side. 
New Jersey side. 

;sg;,;;,” .84 892,300 
, , .a 1,182,000 

Subtotal. 3,000,000 39 2,074,300 

Total.. 4,581,300 .70 3,190,200 

I 

34 1,325,100 

.90 956,100 

.78 1,511,400 

.82 2,467,500 

.83 3,792,600 

Bane test serifs 

.71 1 3,253,600 

hw: 
!E? = 

In&z 
1.45 
1.27 
3.26 
3.11 
4.62 

.66 

Inder vol. in cc. 
::i 8:; 
1.0 816 
1.0 2,614 
1.0 786 
1.0 489 

In&z “OL in cc. 
% 6:: 
1.92 250 
1.55 840 

.71 170 

.49 740 

l,E 
480 

1,305 
120 
360 

Subtotal, 

Slip areas: 

3,480 

New Yorkside................... 
New Jersey side.. 

345 
180 

1.31 2,662 

.86 400 
1.33 135 

Subtotal..................,... 525 .98 

1.0 

416 
68 

1.0 
1.0 

1.0 484 

Total: 
Maintained areas.. 
Problem areas. 

4,005 
8,309 

IThese totals for channel areas do not include n 
*FWD =fresh water discharge. 

1.25 3,197 
1.14 7,263 

~tenance of the plan char, 

6,037 
15,839 

’ of the bri 

1.89 
2.18 

lair in the ticir nel 
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TABLE 12.-Lower HUds0n 

slip NO. ;&g 

cu. vi. 
84-S...... 13,740 
84-86..... 67,458 
86-ss..... 50,474 
88-SO..... 80,518 
90-92.. 149,301 
92-N..... 17,312 

Total. ( 378,803 

cil. vi. 
84-S...... 13,740 
S&86..... 
86-88..... %Z 
8%SO..... 8o:as 
90-92.. My; 
92-N..... , 

Total.. 378,803 
1. 

Ph 1 
Entranced” to 
-85 ft. m.l.W. 

lndel- cu. Vd. 
0.91 12,500 
1.00 67,500 
1.10 55,500 

.82 66,000 

.64 95,600 
1.06 18,400 

River sectional (pier slip) model studies: slip modification series 
/ E&Ji&l 1 .&Dgz~$$e9, p’an4 Plan 5 s”bmem* dike SUbnlerEed dike North side slw 90-92 south side slip 9*92 --___ -- -- --~ -_-___ 

lndez cu. yd. Inder cu. Yd. In&z C”‘. gd. In&l; cu. ud. 
1.60 22,000 1.41 19,400 1.66 22,800 1.76 24,200 
1.34 90,400 1.2i i 84,300 1.29 87,000 1.40 94,400 
1.65 83,300 1.7c 1 85,800 2.12 107,000 1.81 94,400 
1.21 97,500 1.32 I 107,100 1.59 128,000 1.57 126,400 

.49 73,200 1.2i 
1.37 23,700 

i 1;z”c 
l.SC 1 I 

;:;: 23505,;;; 1.68 250,900 
2.14 37,000 

-- 
; 516.100 1.66 630.200 1.65 627,300 .83 j 315,500 1.03 1 390,100 1 1.3f 

PLan 6 Ph? 
Entrance air screen 

37,500 e.*.m. st +e.5 P.S.i. 
Entran;~ow~~s~ screen 

IT&Z c*. IId. lnder cu. vs. 
::iii 20,900 82,300 1.20 1.16 78,300 16,500 

1.62 81,800 .89 1.33 :z"I:~~ .92 z%: 
.84 

1.03 17:SOO 
1.08 161:200 
1.38 23,900 

1.15 435,300 1.05 398,900 

man 8 PIan 9 LongiNdina, air jet Longitudinal air jet 
252.500 C.f.rn. at +6.5 pal. 30.000 c.f.rn. at +2.s P.S.i. 

Ildez cm. Yd. Ill& cu. vi 
1.30 17,900 1.20 16,500 
1.39 93,800 1.37 92,400 
1.39 70,200 1.40 70,700 

1.40 112,700 1.35 .04 6,000 .78 :EGi 
1.36 23,500 1.33 23:OOO I 

.85 324,100 1 1.13 / 427,800 

TABLE 13.-Lower Hudson River sectional (pier 
slip) model studies: effects of dredging operations 
on slip shoaling 

I 
volume retp,;g~g”bic yards: 

;;2gy 
86-88. 
88-90. 
90-92. 
92-North 

Slips on Ne>w York Side: ^. ” 84 93 
264 
300 
360 
460 

86 
- 

1,554 

264 
264 
248 
295 
155 

1,319 

83-N&h, 
112-113............... 
113-114............... 

Slips on New Jersey Side: 
149 (north and South). 
151 (north and south). 

36 
T.2 

it 21 

64 
115 

188 ito pierhead linej.. / 576 1 (9 
INo significant deposits found on the New Jersey side 

after the hydraulic dredging operation. 

SEDIMENT MOVEMENT AS DEFINED BY RADIOACTIVE 
TRACERS: A PRELIMINARY REPORT1 

[Paper No. 601 

By L. L. MCDOWELL, soil scientist (chemistry), USDA Sedimentation Laboratory, Soil and Water Conservation 
Research Division, Agricultural Research Service 

Introduction transport is now in progress at the Sedimenta- 
An investigation of utilizing radioactive trac- tion Laboratory. The preliminary results of 

ers in laboratory and field studies of sediment this investigation are discussed herein. 
The use of radioactive tracers in sediment 

1 In cooperation with the University of Mississippi transport investigations has gained widespread 
and Mississippi State University. interest in recent years. Several investigations, 
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utilizing a variety of radioisotopes, have been 
conducted along coasts, in estuaries, and in mar- 
itime rivers. Considerable information has re- 
sulted from these studies. The reader is re- 
ferred to the Proceedings of the 20th Permanent 
International Navigation Congress in Balti- 
more, 1961, Section II, Subject V, for the details 
of these investigations. Included in these pro- 
ceedings are articles on radioactive tracing ex- 
periments conducted in several countries. 

At the USDA Sedimentation Laboratory, re- 
search is concerned with the origin and routing 
of sediment in agricultural watersheds. Knowl- 
edge of the processes involved in the detach- 
ment, entrainment, transport, and deposition of 
the soil particles is necessary for planning the 
control of erosional processes. Techniques that 
will improve the measurement and determine 
tion of sediment transport under both overland 
and streamflow conditions will result in the de- 
sign of more effective erosion and flood preven- 
tion structures. 

The measurement of total sediment discharge 
in terms of hydraulic parameters and sediment 
properties is one of the most important objec- 
tives of research in sedimentation. Tracer teeh- 
niques, including both radioactive and lumines- 
cent materials, offer a unique approach to the 
study of discrete particle movement, and hence 
to the possible evaluation of many sediment 
transport problems. 

It is not the intention to give a thorough re- 
view of the present knowledge on this subject. 
It is, however, pertinent to this discussion to 
review some of the previous studies in terms of 
their objectives, materials and methods, and in- 
terpretations. Such a review will aid in the ap- 
plication of this method to sedimentation prob- 
lems encountered in agricultural areas. 

Review of Literature 
Preparation of Labeled Sediment 

It is axiomatic that the tracer possess the 
same hydraulic characteristics, i.e., transport 
properties, as the natural sediment. Theoreti- 
cally, the tracer and the natural sediment must 
be equivalent in terms of these chemical and 
physical properties: (1) Specific gravity, (2) 
size distribution, (3) shape, (4) surface proper- 
ties, (5) hardness, and (6) chemical stability. 
Any drastic differences between the tracer and 
sediment in question will obviously lead to dif- 
ferential sorting or abrasion of the tracer and, 
hence, to erroneous results. In practice it may 
be necessary to deviate somewhat from the 
equivalence of tracer and natural sediment. 
These deviations will depend largely upon the 
individual laboratory and its access to certain 
equipment and facilities necessary for the 
preparation and measurement of the tracer ma- 

terial. Such deviations must, nevertheless, be 
borne in mind in the final interpretation of the 
experimental results. 

A number of radioisotopes have been used in 
studies of sand and silt movement. Thus far, 
results have been largely qualitative in nature. 
This is not surprising, however, in view of the 
inherent limitations of the method. The results, 
nevertheless, have been highly informative. 
Tracers have been prepared from both natural 
and artificial sediments. 
Irradiation of Natural Sediments 

Slow neutron irradiation has been utilized in 
the activation of both natural and artificial sedi- 
ments. The irradiation of quartz and natural 
sediments has been employed by Goldberg and 
Inman (7)) Inman and Chamberlain (8), Crick- 
more (2)) and Crickmore and Lean (3). 

Goldberg and Inman found that phosphorus- 
32 (beta emitter, 1.70 million electron volts 
(Mev) , half life - 14.3 days) was the principal 
radioisotope resulting from the slow neutron ir- 
radiation of natural quartz sand. The beta par- 
ticles emitted from phosphorus-32 are readily 
adsorbed (penetrating ability = 0.2 inch in 
water), making in situ measurements imprac- 
tical. Inman and Chamberlain utilized these 
emissions to study the movement of beach sand 
at the Scripp Institute of Oceanography. Sur- 
face and core samples were taken from the ex- 
perimental area and the individual samples an- 
alyzed by autoradiographic technique. In this 
manner, it was possible to record the presence 
of individual irradiated grains on photo-sensi- 
tive film. 

Recently, sediment transport investigations 
utilizing irradiated sand were conducted by 
Crickmore and associates at the Hydraulics Re- 
search Station in Wallingford, England. Irradi- 
ation of untreated “Arnold 26A” sand (mean 
size, 170 microns) yielded both gamma and beta 
radmtion. Autoradiography tests on this sam- 
ple demonstrated the nonuniformity in activity 
of individual grains. Grains showing high ac- 
tivity were identified as the minor constituents 
of the sand, e.g., feldspars, micas, and magnet- 
ite. The quartz grains gave only weak activi- 
ties. The sediment transport properties of the 
minor constituents could not be expected to be 
the same as quartz, the major constituent of 
the sand. The untreated irradiated sand was, 
therefore, demonstrated to be unsuitable as a 
tracer. 

Activity measurements on various density 
fractions of the sand indicated the presence of 
a number of radioisotopes with a wide range of 
half-lives. The middle density fraction (specific 
gravity 2.60 to 2.70) was analyzed 3 months af- 
ter irradiation. Scandium-46 (0.89 and 1.12 
Mev) was the most active constituent, plus con- 
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tributions from iron-59 (1.10 and 1.29 Mev) 
and possibly iridium-192 (0.31, 0.47, and 0.61 
Mev). 

Activity distributions with respect to particle 
size were also performed on the different density 
fractions of the irradiated “Arnold 26A” sand. 
Analyses indicated that the specific activity was 
inversely proportional to particle size. This was 
true even for the middle density fraction (spe- 
cific gravity 2.64 to 2.66)) which was composed 
almost entirely of quartz. Decay curves for the 
different size fractions were similar, indicating 
that the radioactive constituents were the same 
for all fractions. Furthermore, the variation of 
surface activity with size conformed very close- 
ly with the variation of surface area with size. 
This suggested that the activity was present on 
the surface of the particles. 

The surface label of the sand presented two 
problems in regard to its use as a tracer: (1) 
Possible losses of activity under the sediment 
transport conditions, i.e., from solution and 
abrasion effects; and (2) lack of proportionality 
between activity and total mass of tracer for 
any given point during transport. 

Laboratory measurements of activity losses 
under severe abrasion and solution conditions 
showed losses of 15 to 20 percent of the activity. 
These activity losses occurred in the first 2 
hours, with no significant subsequent change. 

Crickmore desired to compare the sediment 
transport rates of tracer sand with the original 
sand in a laboratory channel. Emphasis was 
placed on the transport rate for the total mass 
of sand without concern for the movement of 
any definite size fraction. The variation of ac- 
tivity with particle size complicated this type of 
experimentation. In other words, for in situ 
measurements of the sand transported, it was 
desirable that the total activity at any point 
be proportional to the total tracer present, in- 
dependent of particle size. Two possible ap- 
proaches were available to correct this prob- 
lem: (1) Different size fractions of the tracer 
could be irradiated for different lengths of time 
to produce the same specific activity ; or (2) the 
amount of each size fraction could be adjusted 
to compensate for the lack of uniformity in 
specific activity. The second approach was 
chosen, and the tracer size distribution was 
weighted toward the coarser fractions to off- 
set the bias of the activity distribution. A 
tracer modified in this manner can be treated as 
though it is labeled for bulk or volume. 

The transport study was made in a large 
laboratory flume operating at equilibrium with 
a steady discharge of 10 c.f.s. At equilibrium, 
the sand transport was 100 pounds per hour 
& 5 percent as determined by weighing the col- 
lected sediment. The middle density fraction 

(specific gravity 2.64 to 2.66)) after irradiation 
and grain size modification to give a volume- 
labeled tracer, was added to the bed at the up- 
stream end of the flume. Bed sand was removed 
from a cross section of the flume to a depth 
corresponding to the deepest previously ob- 
served dune trough. Active sand was mixed 
with this material in the ratio of 1:300; the 
mixture was returned to the trench and care- 
fully molded to resemble the natural dune 
pattern. 

Movement of the tracer was determined by 
a scintillation detector that could be traversed 
along the flume. Activity at any given point 
was compared to the total quantity of tracer 
transported for different time intervals. All 
measurements were referred to a standard 
sample to allow correction for decay of the 
radioisotope(s). The average velocity of trans- 
port was determined as 2.00 feet per hour from 
the rate of movements of the centers of gravity 
of the distributions. Activity measurements of 
the injection strip after 100 hours of flume op- 
eration gave an average thickness of movement 
of 0.116 foot, corresponding very closely to the 
depth of the deepest trough below mean bed 
level. A volume transport of 1.18 cubic feet per 
hour for the sand was computed from knowl- 
edge of the average transport rate, mean depth 
of movement, and width of the flume. The bulk 
density of sand compacted in the rippled layer 
was measured as 90 pounds per cubic foot. The 
transport rate, calculated to be 106 pounds per 
hour by the tracer technique, was in good agree- 
ment with the weighing method. 

Further studies by Crickmore and Lean have 
dealt with the development of a method of meas- 
uring sand transport in rivers by means of 
radioactive tracers. These investigations were 
also made in a large laboratory flume under 
equilibrium flow. The transport rate was ob- 
tained from the mass distribution of tracer 
particles initially placed at a depth sufficient tc 
cover all levels of movement of the bed dunes 
An attempt was made to explain the shape of 
the activity distribution curves in terms of a 
model of the mechanism of transport. The 
model assumed that every particle has an equa: 
chance of moving a certain hop length. The) 
concluded that a more complicated model which- 
considers both the statistical variation of th< 
hop length and the time that particles spend al 
different levels in the ripples appears to bc 
necessary. 

Sorption of Radioactivity on the Surface of 
Natural Sediments 

Labeling of natural sediments by sorption o! 
radioactivity on the surface has been conducted 
by a number of investigators. Gilbert ani 



SYMPOSIUM Z.-SEDIMENT IN STREAMS 553 

others (5) used sand grains labeled by adsorp- 
tion (sic) of Ag-110 to investigate sand move- 
ment in the Figueira da Foy harbor (Portugal), 
Silver-110 added to the sand as a solution of 
silver-110 nitrate was subsequently reduced to 
metallic silver by sunlight. Under these condi- 
tions, 50 to ‘70 percent of the activity was fixed 
permanently on the grains. Eight hundred 
millicuries of this isotope, contained in 4,000 
kilograms of sand, was placed on the harbor 
floor. Rapid dispersion of the tracer rendered 
a direct survey of the injected area to be of little 
value. Consequently, samples were collected, 
the silver was extracted from the sand and 
analyzed in the laboratory. The long half-life 
(270 days), together with the added sensitivity 
gained by sampling and chemical extraction of 
the isotope, permitted measurements to be made 
for several months. 

No information regarding the mineral com- 
position or the particle size distribution of the 
sand was included in the assay. The various 
density and size fractions will show differential 
sorption of activity. In addition, the sorptive 
properties of minerals vary considerably. Sand 
grains behave as individual entities: thus the 
movement of preferred density or size frac- 
tions might well result from such labeling. The 
conclusions were qualitative in nature. No at- 
tempt was made to estimate amounts of trans- 
ported sediment. 

The sorption of gold-198 on natural sediments 
in the San Francisco Bay was utilized by Krone 
and others (15, 16, 17, and 18) to investigate 
silt and clay transport in the area. The pro- 
gram of research was concerned with the method 
of labeling of Bay sediments, detection and 
measurement of Bay sediments, and the applica- 
tion of these measurements to estuarial sedi- 
ment transport problems. Three annual prog- 
ress reports (15, 16, and 17), and a manual, 
“An Underwater Scintillation Detector for 
Gamma Emitters” (14)) were prepared in con- 
junction with these investigations. In addi- 
tion, a final report (18) was prepared. The 
reader is referred to these reports for a detailed 
and comprehensive discussion of the use of 
radioactive tracers. Obviously the discussion 
is primarily concerned with the use of tracers 
in estuaries; however, it includes a wealth of 
basic information that is applicable to any sedi- 
ment tracer program. 

The importance of adequate numbers of 
tracer particles with suitable specific activity 
was stressed by Krone. Not only is it necessary 
to supply sufficient activity to overcome back- 
ground radiation but an adequate number of 
tracer particles must be seen by the detector. 
Knowledge of the detector sensitivity becomes 

increasingly important when quantitative data 
are desired. 

In these reports considerable space was de- 
voted to the selection, calibration, and manipu- 
lation of an underwater detector to give quan- 
titative data regarding sediment transport. The 
in situ measurement of radioactive sediment 
was performed by continuous monitoring of 
the estuary floor for tracer abundance. A.sein- 
till&ion detection system was selected, because 
it would provide the most sensitive and useful 
response to the tracer. The detector positioned 
on a sled with lightly loaded runners was found 
to withstand the vibration, shock, and pressures 
imposed by the environmental conditions. It 
was pointed out that the sled was found to be 
stable and to position the detector consistently 
with respect to the sediment surface. Vertical 
adjustment of the detector was possible, permit- 
ting detector response to be established for dif- 
ferent geometrical locations of the detector to 
the Bay floor. The sled contained suitable tow- 
ing harness that was connected to the tow boat, 
permitting continuous monitoring of the tracer 
for paths along the estuary floor. 

It was determined that the newly deposited 
tracer was usually confined to a thin layer at 
the surface of the Bay floor. The detector sled 
would penetrate any unconsolidated surface 
material. Once the sled encountered a cons&- 
dated surface, it could be supported under the 
prescribed towing conditions. After consider- 
able inspection and evaluation of the Bay floor, 
it was proved desirable without exception to 
position the detector end even with the sled 
runners for activity measurements in the Bay 
area. 

Detector response is obviously sensitive to 
the distribution of the tracer material around 
it. Radiation is attenuated by both water and 
sediment. These factors make the positioning 
of the detector, and particularly the consistency 
of its position with respect to the tracer, the 
most important factor in any tracer investiga- 
tion. Maintaining a consistent position of the 
detector to the Bay sediment placed demanding 
requirements on consistent towing conditions. 
If the detector was lifted from the bottom by 
excessive towing speed, a sharp decline in ac- 
tivity was immediately obvious. 

A detector sensitivity of 6,000 counts per 
minutes per microcurie per square foot was de- 
termined in the laboratory for the operating 
conditions to be used in the Bay measurements. 
This value was obtained for gold-198 with the 
discrimination circuitry accepting energies be- 
tween 0.31 and 0.45 rnev, and with the detector 
positioned with its lower end even with the sled 
l%IlllWS. 
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Towing the underwater detector along se- 
lected paths in the labeled area of the Bay per- 
mitted activity measurements of the Bay floor. 
Activity profiles were obtained for the various 
traverses after correction for the background 
(measured before addition of the tracer) and 
decay of the radioisotope, Contours of activity 
were subsequently drawn. The area between 
adjacent contours was measured with a planim- 
eter ; this area multiplied by the average ac- 
tivity levels between adjacent contours provided 
activity (in counts per minute) per square foot. 
Summation of such data divided by the pre- 
viously determined detector sensitivity (in 
counts per minute per microcurie per square 
foot) gave the total number of microcuries de- 
posited. In this manner it was possible to make 
quantitative estimates of the tracer movement. 

The silt transport investigations provided in- 
formation on the cause of shoaling and the di- 
rection of transport. Knowledge of the move- 
ments of sediment permitted location of the 
sources of shoaling material, assisted in eval- 
uating dredging practices and provided guid- 
ance in determining remedial measures for the 
San Francisco Bay Area. 

Surface labeling has been used with other 
radioisotopes in a variety of tracer experiments. 
The sorption of chromium-51 on sand, tlh = 28 
days (0.32 Me”), was used by Davidson (I) to 
study the sand movements in Sweden. It was 
concluded that this isotope was not satisfactory 
because of its low gamma emissions and poor 
penetrating ability. 

BaLa-140 (barium-140, tl/s = 12.8 days-lan- 
thanum-140, tl/A = 40 hours) and lanthanum- 
140 have been used by Kidson and coworkers 
(21, IS) to label natural flint material for drift 
experiments at Oxfordness, England. The ac- 
tivity was sorbed on the surface of the pebbles. 
Lanthanum-140 was particularly suitable for 
short-lived experiments over part of a tidal 
cycle. The article discussed the ease of handling 
these materials and the fact that individual con- 
tacts of such pebbles can be recorded. It was 
also emphasized that material resistant to sur- 
face abrasion is required. 

Scandium-46, tl/A = 85 days (0.89 and 1.12 
Mev), has been bonded to the surface of quartz 
grains by McHenry and McDowell (19). A 
selected size fraction of sand was separated by 
sieving; the heavy mineral fraction was re- 
moved by bromoform and the iron oxide coating 
subsequently removed by Jeffries’ treatment 
(10) Sand prepared in this manner was found 
to readily sorb scandium-46 from a solution of 
scandium-46 chloride. Slow heating with in- 
frared light followed by heating to 800” to 1000” 
C. was sufficient to bond the isotope to the 
quartz. No measurable change in specific grav- 

ity of the quartz was noted for the “tagged” 
sand. Considerable variation in the amount of 
activity sorbed by different sand grains was 
observed when single grains were counted, with 
the use of a differential scintillation spectrom- 
eter. Furthermore, when subjected to leach- 
ing and abrasion tests, the removal of activity 
varied greatly from particle to particle. 

Artificial Sediments 
Several tracer studies have been performed 

by the use of artificial sediments. This process 
involves the incorporation of the desired radio- 
isotone, usually a gamma emitter, in some car- _. .- 
rier material, e.g., glass. 

Glass containing the suitable isotope has been 
prepared, ground,~and sieved to ma&h the den- 
sity and grain size distribution of the natural 
sediment. Activation of the glass by slow neu- 
tron irradiation (7, 7) produces a simulated 
sediment for tracer application. 

Radioactive glasses have also been prepared 
by incorporating the radioisotope with the nor- 
mal ingredients of glass, melting of these con- 
stituents, quenching, grinding, and sieving to 
obtain the desired size distribution. This tech- 
nique offers considerable hazard to the per- 
sonnel preparing the material. 

The use of radioactive glass in tracer studies 
has been particularly informative. A discussion 
of the studies in part is deemed essential in 
terms of their application to our sediment 
problems. 

Best known of the various experiments is the 
pioneer work conducted in 1954-55 on tracing 
the silt movement in the Thames estuary (22). 
This investigation was conducted to determine 
if landward transport of silt occurs in the estu- 
ary. Some confusion exists regarding the size 
of the natural sediment in the estuary. Appar- 
ently the bulk of the material consisted of aggre- 
gates of clay minerals together with appreciable 
amounts of organic matter. The sizes of the 
stable aggregates (assuming their stability in 
the natural environment) are of significance in 
the preparation and use of simulated sediment 
particles. 

The tracer used in these investigations eon- 
sisted of soda glass ground and sieved to the 
grain size distribution obtained by sediment 
tests on the natural sediment. The median size 
was 45 microns. The labeled glass was mixed 
with mud before introduction to the channel 
bottom. Scandium-46 was the selected isotope 
because of its energetic gamma emissions, ease 
of activation in a slow neutron flux, suitable 
half life (85 days), and the solubility of its 
oxide in glass. 

The large-scale experiment on sediment 
movement was conducted in 1955. In this test 
845 grams of scandium glass ground to a me- 
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dim size of 45 microns (lOlo particles) were 
activated to a level of 29 curies. The material 
was mixed with mud prior to deposition in the 
estuary. 

The tracer was detected by using three large 
Geiger tubes designed for underwater surveys. 
Tracer material moved over distances of 15 
miles. Mud in suspension near the bed is de- 
posited and consolidated in the shoal areas. Per- 
haps the most rewarding information from 
these studies was noted in the tidal basin at 
Tilbury Docks (12 miles above the injection 
point). Siltation in this basin necessitates con- 
siderable dredging. Activity levels gradually in- 
creased in this area to three times background 
readings during the first 2 weeks after place- 
ment of the tracer. These observations indicat- 
ed that silt had moved toward the head of the 
estuary as a consequence of the net landward 
movement of water close to the bed. Density 
differences in the river and sea water accounted 
for the net landward movement of water close 
to the estuary floor. They concluded that 
dredged material should not be put back into 
another part of the estuary but that it should 
be pumped ashore. 

Putnam and Smith (20) used scandium-46 
glass (prepared in the manner’discussed above) 
to study the movement of sand on the ocean 
floor. These tests were conducted 2,000 feet off- 
shore in shallow water. Four months after 
placement of the tracer, after a period of heavy 
wave action, the tracer was found distributed 
over an area approximately 3.2 x 10” square 
feet. Two curies of tracer contained in 2 x 10’ 
particles were used in this study. No quantita- 
tive information was given on the rate of trans- 
port. 

The transport of large “pebbles” (approxi- 
mately 2 inches in diameter) was investigated 
by Steers and Smith (22). Sandstone pebbles 
and additional concrete pebbles were obtained 
to simulate 1,200 naturally occurring pebbles. 
Holes were drilled in the pebbles and the tracer 
was added to the interior. The holes were then 
filled with cement. Barium-140-lanthanum-140 
(Ba La-140) was utilized in this study. Monitor- 
ing of the pebbles on the sea floor was accom- 
plished by a Geiger-Mueller (GM) detector. 
Pebbles were located singly by covering the area 
carefully. This study not only shows that large 
pebbles are moved on the sea floor but clearly 
demonstates that individual labeling of gravel 
or pebbles is feasible. This technique might be 
applied successfully to the transport of gravel 
and pebbles larger than 6 or 8 mm. in diameter. 

Several aspects of sediment transport by 
tracer techniques are reported in an extensive 
article by Arlman and others (2) The authors 
stressed the importance of sufficient number of 

tracer particles and particle activity to give 
statistically meaningful results under the con- 
ditions of the test, i.e., for the detector sensitiv- 
ity and the area over which the tracer is dis- 
persed, both horizontally and vertically. 

The primary objective was to investigate the 
movement of sands in the North Sea. Prelimi- 
nary investigations of sediment transport were 
conducted in a laboratory flume. Glass beads 
containing sodium-24, Q/g = 15.06 hours (1.37 
and 2.75 Me”), were used in this study.. Sand 
was removed from the bed of the flume, mixed 
with the tracer, and returned to give the same 
bed configuration. It was desired to opera@ 
the flume under equilibrium flow conditions with‘ 
water discharge, sediment discharge, and sedi- 
ment input (including tracer) carefully moni- 
tored. After the test was started, however, it 
appeared that the input sediment was not car- 
ried off sufficiently from the deposit area. This 
was apparently the result of a dense pack- 
ing of the original mixing of the tracer and 
sand. The equilibrium of the bottom was dis- 
turbed, and it was decided to continue the t&t 
without replenishment of the deposit area and 
with decreasing transport of the bed material. 

Activity measurements were made from a 
fixed position on a measuring bridge by the 
use of a scintillation detector. This detector was 
shielded with lead to restrict the “field of view” 
to 300 cm2 on the sand bed. In its fixed posi- 
tion the detector received only photons from a 
30-cm. strip of the bed as longitudinal traverses 
were made. The distribution of activity over 
other parts of the bed were made on unstirred 
samples from the bed. Core samples were also 
removed from the bed and analyzed in a GM 
counter to obtain information on the vertical 
distribution of the tracer. This GM counter was 
found to be inadequate for tracer measurements. 
Sample preparation was involved. Geometry 
and back scatter problems made this detector 
less desirable. 

The transport velocities of the glass tracer 
beads (specific gravity 2.95) and original sand 
were estimated to be 0.09 and 0.16 meter per 
second, respectively. The glass beads used in 
this test did not match the grain size distribu- 
tion of the sand. The authors concluded, how- 
ever, that sediment transport could be measured 
qualitatively and quantitatively by means of 
radioactive tracers. 

According to Kidson and Cam (12)) measure- 
ment of the sand movement in the North Sea 
was conducted by Arlman and coworkers using 
scandium-46. It was found impossible to bond 
the isotope directly to the sand surface; in- 
stead, the isotope was bonded to a zeolitic 
mineral having a specific gravity of 2.72 and 
2.76. The zeolite is soft and easily abraided; 
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grain size would have been reduced from that 
typical of the natural sand. This was apparently 
remedied, however, by firing the zeolite to 
harden it. 

Littoral drift measurement of sand with a 
glass tracer labeled with zinc-65, tl/z = 245 days 
(1.12 Me”), was made in Japan by Inose and 
others (9). Zinc-65 was chosen because of its 
(1) strong gamma emissions, (2) long half-life, 
(3) low cost, and (4) ease of incorporation in 
glass. The isotope had to be shipped from the 
United States and be incorporated in glass be- 
fore use; thus, the 245-day half-life was not un- 
desirably long. No irradiation facilities were 
available in Japan, making it necessary to fix 
the radioisotope in the glass directly. 

The radioactive melt? carefully prepared to 
give the proper spemfic gravity 2.63, was 
quenched in water, crushed, and sieved to ob- 
tain the desired size distribution. The addition 
of the radioisotope before grinding is not desir- 
able unless special facilities are available for 
protection of the personnel. 

Thirty millicuries in 1.5 liters of ground 
glass (approximately 10” to 10” particles) were 
used in the investigation. Measurements were 
made with a scintillometer using a 1 by 1 by 0.5 
inch anthracene crystal. The tracer was placed 
in 2.8 meters of water. Four radial surveys 
from the injection point were made during the 
month after deposition of the tracer. Activity 
measurements were plotted as maps of equal ac- 
tivity rate contours. The direction of net trans- 
port was readily obtained from contours plotted 
for the different surveys. 

Measurement of the Tuacer 
Interaction of Radiation With Matter 

Sediment transport investigations using 
labeled sediment requires appropriate instru- 
mentation capable of detecting and measuring 
the intensity of the radiation. Isotopes emitting 
only alpha or beta particles would not be suit- 
able for in situ measurements of sediment 
transport. These particles are readily absorbed 
in matter. For illustration, examples of the 
penetrating abilities of hard and soft beta radi- 
ations are given in table 1. 

TABLE l.-Penetrating abilities 0.f hard and soft 

Mm Inches- 
Phosphorus-32. ..... 1.70 280 

‘“$; nn,.,Crn.~ 
800 

Carbon-14. ....... .I55 10 .Ol 
Yittrium-90 ......... 2.18 360 .45 l,l~~ 

These data indicate the impracticability of 
using even the hard betas for in situ measure- 

ments of sediment transport. Phosphorus-32, 
tlh = 14 days (1.7 Mev), or yittrium-90, t% = 
64.2 hours (2.18 Me”), could be used in the 
manner employed by Inman and Chamberlain. 
The use of gamma-emitting isotopes, which has 
been stressed by previous workers, is necessary 
where measurements are to be conducted with 
a minimum of sampling. 

When gamma radiation interacts with mat- 
ter, there are essentially three competing pos- 
sibilities ; namely, the photoelectric effect, 
Compton interaction, and pair production. 
These processes are dependent upon the energy 
of the radiation and the nature of the absorber. 
It will suffice to state that in the photoelectric 
process essentially all the energy of the gamma 
photon is transferred to an electron that is 
ejected. This is a true absorption effect. Like- 
wise, in pair production the gamma ray energy 
goes into the formation of a pair of electrons 
and imparts kinetic energy to them. In the 
Compton interaction, however, only a part of 
the energy of the incident photon is transferred 
to the electron, since a scattered photon of lower 
energy is also produced. This lower energy pho- 
ton may suffer several Compton collisions, i.e., 
undergo multiple scattering, depending on the 
thickness of the absorber. If it does not escape, 
the scattered photon will eventually be absorbed 
as a result of the photoelectric effect. 

In passing through matter, gamma ray pho- 
tons are absorbed so that the intensity falls off 
in an exponential manner. If a collimated beam 
of monoenergetic gamma rays of intensity I, 
passes through a thickness x absorber, the 
intensity I, of the emergent beam is given by 
the familiar equation. 

IFI, e -ax (1) 
where p is the linear absorption coefficient of 
the absorber for the given radiation. It should 
be noted that the absorption coefficient is a 
measure of the probability of occurrence of an 
interaction process. The total absorption coeffi- 
cient p0 is the arithmetic sum of the various 
components of interaction discussed above. 
Laboratory calculations frequently are made on 
the thickness of the material that reduces the 
radiation intensity by one-half. This “half 
thickness” or “half value thickness” (Xx) is 
related to the absorption coefficient by 

x = 0.693 
H- u,, 

These values are valid only for absorption 
obeying a simple exponential function, i.e., for 
a narrow collimated (parallel) beam of mono- 
energetic radiation. For this so-called “good” 
geometry, it is postulated that scattered radia- 
tion is completely removed from the radiation 
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beam. In other words, the scattered radiation 
does not reach the detector. 

Absorption and geometric attenuation of 
radiation becomes important in tracer applica- 
tions where the activity measurements are 
usually performed under “broad beam” or 
“poor” geometry conditions. In this situation, 
the scattered photons are not removed and the 
intensity at the detector is greater than that 
estimated by the exponential equation. The dif- 
ference between the results of measurements in 
“narrow” and “broad beam” cases is described 
by means of a buildup factor. This factor refers 
to some measurable property of the radiation 
flux (e.g., intensity) and is defined as the ratio 
of this quantity. when the effects of all photons 
are included to that obtained when only the un- 
collided photons are considered. Although the 
interaction of gamma radiation with matter is 
well defined, the calculation of buildup factors 
depending on the multiple scattered radiation 
is still a difficult problem. The correction of 
measured values for buildup can, nevertheless, 
be made in many cases. 
Defector System 

Both Geiger-Mueller (GM) and scintillation 
(organic and inorganic) detectors have been 
utilized for activity measurements of the labeled 
sediment. A complete treatise on the various 
detection systems available is beyond the scope 
of this paper. However, a brief discussion of 
GM and scintillation detectors, relevant to their 
amlication to sediment tracing. is deemed __ -, 
necessary. 

Cei~er-Mueller detectors are ion collection 
devices (consisting usually of an enclosed metal 
cylinder with a fine center or concentric wire 
electrode) containing an ionizing and quench- 
ing gas. Ionization is produced when radiation 
passes through the gas-filled chamber. A high 
potential is placed across the electrodes to allow 
collection, acceleration, and subsequent produc- 
tion of secondary ions on collision with the gas 
atoms. An avalanche of ions results that pro- 
duces a current through the electrode system. 
The voltage across the electrodes is sufficient to 
produce gas amplification in the detector of 10’. 
Under these conditions the discharge covers the 
entire length of the central electrode and all 
the output pulses are of the same size or height. 
The height of the pulses produced are conse- 
quently not proportional to the energy of the 
incident radiation. These pulses are amplified 
and counted or integrated with time! to measure 
the intensity of the incident radiatmn. 

The efficie’ncy of the GM detectors for gamma 
photons is 0.5 to 2 percent. High energy pho- 
tons often penetrate the ion collection chamber 
without producing ionization. Furthermore, 
these detectors are characterized by a long re- 

solving time, i.e., the minimum time interval 
required between registered events. Typical re- 
solving times for GM detectors are in the 
range of 200 to 600 microseconds. $uch systems 
have considerable loss of counts when receiv- 
ing events greater than 10,000 counts per min- 
ute. Corrections can be made, however, to the 
registered events once the resolving time is de- 
termined for the counting system. 

GM detectors are simple, rugged, and can be 
produced in large sizes. They require only a 
stable power supply and rate meter for field use. 
The disadvantages of this detector system are, 
however, the inability to distinguish or dis- 
criminate between photon energies, low efi- 
ciency for gamma radiation, and limited useful 
radiation intensity range. 

Scintillation detectors utilize a principle dif- 
ferent from the ionization-collection technique 
employed in the GM detector. Gamma radia- 
tion transfers energy to the electrons of mat- 
ter with which it interacts. This energy trans- 
fer may be total or partial, depending on the 
type of interaction. The excited electrons in 
turn lose energy either by ionization or excite- 
ment of the atoms through which they are pass- 
ing. This excitation of the atoms can be used 
for detection of the incident gamma radiation. 
Substances, i.e., phosphors, are available that 
can absorb such excitation energy and remit 
(fluoresce) the energy in the form of light pho- 

tons. A sodium iodide (thallium activated) 
crystal is the most commonly used phosphor for 
detecting gamma radiation. The important fea- 
ture of this type of detection is that the num- 
ber of light photons produced is proportional to 
the energy of the electron (i.e., to the absorbed 
energy) Light photons produced in the phos- 
phor are converted to ~electrical energy by a 
multiplier phototube. These pulses undergo 
considerable amplification and are finally re- 
corded by suitable scaling equipment. 

Incorporation of a pulse height analyzer in 
this system permits rejection of unwanted emis- 
sion energies. Ideally, two discriminators - 
contained in the pulse height analyzer -can 
be employed to accept only those pulses COT- 
responding to the characteristic gamma photon 
energies of the particular radioisotope. This 
system permits (1) the rejection of already 
existing activity, i.e., background, having emis- 
sion energies different from the tracer, (2) 
rejection of scattered radiation from attenua- 
tion of the photons on passing through matter, 
(3) use of different tracers simultaneously, i.e., 
radioisotopes having well-defined energy spec- 
trums whose primary photon energies can be 
separated, (4) the accurate measurement of 
high levels of activity without loss of counts 
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from “dead” time of the system, and (5)) with- 
in limits, the calibration of the detector with 
regard to spatial distribution of the tracer. 

A complete scintillation counting system is 
made up of the following components: 

(1) Detector (scintillation probe) -sodium 
iodide (thallium activated) crystal, multiplier 
phototube, and preamplifier; 

(2) Pulse amplifier; 
(3) Pulse height analyzer - upper and lower 

discriminators ; 
(4) High voltage supply; 
(5) Scaler and timer; or; 
(6) R&meter; 
(‘7) Strip chart recorder. 
These systems require linear pulse amplifica- 

tion and very stable voltage supplies. They are 
obviously lacking in ruggedness and require 
careful handling during field surveys. They do 
offer the ultimate in instrumentation for gam- 
ma ray detection in any tracer program. 

The sole purpose of instrumentation is to de- 
termine the amount of unknown radioactivity 
for a particular system. To make full use of the 
scintillation system, it is possible to calibrate 
the instrument to determine the counting rate 
under the photopeak energy of a given radioiso- 
tope. This can be illustrated by referring to the 
gamma ray spectrum of scandium-46 in figure 
1. The two photopeaks, 0.88 and 1.12 Mev, can 
be used to advantage in activity surveys. With 
the appropriate analyzer settings, e.g., 1.02-1.22 
(2-volt gate) Mev for scandium-46, the counting 
rate would be essentially independent of scat- 
tered radiation in the source or in the vicinity 
of the crystal. 

Measurements of the activity can then be con- 
ducted by one or a combination of the following 
procedures: (1) The absolute measurement of 
gamma ray activity by determining the proba- 
bility of a maximum interaction in the given 
size of crystal and calculating the efficiency of 
detection for that energy, (2) a relative meas- 
urement may be made by counting in the photo- 
peak region and calibrating the instrument with 
a sample of known activity intensity, and/or (3) 
under certain experimental conditions a rela- 
tive measurement may be made by counting in 
the photopeak for the unknown and reference 
samples. In the latter case the actual activity 
of the reference sample need not be known, the 
interest is placed on the change in the reference 
before and after (or during) the experimenta- 
tion. In any situation, constant attention must 
be given to maintaining the Same source g’eom- 
etry. Ideally, it is desirable to apply all these 
methods of counting standardization so that one 
may serve as a check on the other. In other 
words,, it is advisable to use a standard source 
of dewed radioisotope and determine the reso- 

FIGURE 1. -The gamma ray energy spectrum of scan- 
dium-46. (Differential scintiliation spectrometer: l- 
and 2-volt pates.) 

lution, sensitivity, and efficiency for the count- 
ing system under differing geometrical arrange- 
ments of detector to source. 

Sediment Trans~p&$n a Laboratory 

Radioactive tracers are being used by the 
Sedimentation Laboratory to investigate sedi- 
ment transport by both overland and channel 
flow conditions. Controlled investigations utiliz- 
ing tracers will be conducted in a 200-foot out- 
door flume. These studies will provide needed 
information for the design, analysis, and inter- 
pretation of current and future field investiga- 
tions. 

Before initiating studies in the 200-foot flume, 
it was decided to conduct a preliminary investi- 
gation of sediment transport in one of the small 
flumes located in the Hydraulics Laboratory. A 
differential scintillation spectrometer has re- 
cently been modified for flume and field investi- 
gations of tracer movement. A preliminary 
study of sediment transport in a small flume 
under low flow conditions would (1) provide a 
check on the operation of the detecting and 
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counting system, ix, the spectrometer system: 
(2) provide information on the procedures to 
use in determining tracer distributions, both 
vertically and horizontally; (3) acquaint the 
personnel with the problems associated with the 
geometry of the detector and source; and (4) 
illustrate the overall difficulties associated with 
a quantitative analysis of tracer distribution. 

Methods and Materials 
The flume selected for this study consisted of 

a rectangular channel 50 feet long and 14 inches 
wide equipped with a variable speed axial flow 
pump at the downstream end and a return pipe 
for recirculating water and sediment to the 
upper end of the channel. The flume was tem- 
porarily modified to permit operation as a “put 
and catch” channel, i.e., water could be added 
at the upper end and water and sediment dis- 
charges could be measured at the downstream 
end. 

An instrument rack mounted on rails along 
the upper edge of the flume provided a mount 
for point gage and tracer detection equipment. 
The carrier with point gage provided a refer- 
ence for positioning the detector. Longitudinal 
traverses of the flume could be made by moving 
the instrument rack along the rails. Thus, the 
detector, i.e., a scintillation probe, could be po- 
sitioned vertically or horizontally at any point 
above the channel bed. 

The scintillation probe (3 inches in diameter 
and 14 inches in length) contained a 2- by 2-inch 
sodium iodide (thallium activated) crystal, mul- 
tiplier phototube, and preamplifier. The probe 
was connected through 100 feet of cable to the 
differential scintillation spectrometer. The 
cable was necessary to (1) supply voltage to the 
multiplier phototube, (2) supply voltage to the 
preamplifier, and (3) receive the incoming puls- 
es from the preamplifier. The discriminators 
(contained in the pulse height analyzer) were 
calibrated to accept only pulses corresponding 
to photons having an energy range of 1.02-1.22 
Mev. This energy corresponds to the second 
photopeak in the scandium-46 energy spectrum. 
The pulses, after amplification and discrimina- 
tion, were supplied to a ratemeter for integra- 
tion with time or to a scaler-timer unit. Pro- 
vision was also made to supply the ratemeter 
output to a strip chart recorder for permanent 
recording of the tracer signal. 

The upper 10 feet of the channel were used to 
dissipate the energy of the incoming water and 
hence to provide a smooth flow condition to the 
channel bed. The flume was operated at zero 
slope. Sand having a mean diameter of 0.48 mm. 
was used as the bed material. The sand bed 
was smoothed under conditions of low flow to 
give a slope of 0.0025. Water depths ranged 
from 0.017 to 0.035 foot. 

Ten grams (lo5 grains) of radioactive sand 
(0.350 to 0.297 mm. in diameter) were prepared 
by the following method: 

1. Heavy minerals (specific gravity, 2.89) 
were remoied by separation in bromoform. 

2. Iron oxides were removed from the surface 
of the quartz grains by Jeffries’ treatment, i.e., 
reduction with magnesium in oxalic acid. 

3. Further separations in bromoform were 
made to obtain sand having a specific gravity of 
2.60 to 2.65. 

4. The sand was activated by the sorption 
technique. The sand was permitted to sorb 
scandium-46 chloride with subsequent heating 
to 840” C. to convert the chloride to the more 
stable oxide. 

5. The activated sand was washed in water 
to remove any loosely bonded radioisotope. 

Previous studies have indicated that consid- 
erable variation in grain activity is obtained 
with this system of labeling. Furthermore, it 
has been shown that the loss of activity by abra- 
sion in water and sand varies from one grain 
to another. Estimates of activity lost under 
laboratory abrasion tests range from 2 to 5 per- 
cent. Obviously it is difficult to estimate the 
losses that may occur under field or flume con- 
ditions. 

The labeled sand was mixed with 40 grams of 
nonradioactive sand and subsequently placed in 
a 2- by 14-inch pan for analysis. The detector, 
placed at a distance of 0.12 foot above the sand, 
was used to obtain measurements of the radia- 
tion. Attenuation measurements of the radia- 
tion were also made with varying depths of 
water above the sample. 

The labeled sand was subsequently placed on 
the surface of the channel bed 15 feet from the 
upstream end of the flume. Placement was made 
in a narrow band extending the width of the 
flume. Activity measurements of the injection 
strip were in agreement with the measurements 
conducted in the analysis pan. Measurements 
made on the upstream part of the channel and 
33 feet downstream from the injection strip in- 
dicated a background radiation of two counts 
per second for the specific spectrometer opera- 
tion. 

Water discharge measurements were peri- 
odically checked and found to vary from 0.0146 
to 0.0150 cubic foot per second during the 5 days 
of operation. Sediment transport was extreme- 
ly slow during the experiment.. The sediment 
discharge for the first 30 hours of flume opera- 
tion was 7 grams per minute. Trapping prob- 
lems arose during the second day; measure- 
ments of the sediment discharge were termi- 
nated for the remainder of the experiment. Dur- 
ing the experiment, considerable change in the 
bed configuration occurred. Small sand dunes, 
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$k-inch in height and 2 to 4 feet in length! were 
present during the second day of flow. This con- 
dition slowly changed to a meandering thalweg 
that remained throughout the experiment. The 
thalweg extended along one flume wall from 
station 0 to station 7. It crossed the channel at 
this point to the other flume wall and continued 
downstream. 

It was originally planned that the probe would 
be surrounded by a lead shield to restrict the 
area of the crystal receiving incoming radiation. 
The area of the channel bed “viewed” by the de- 
tector could be well defined by extending the 
lead shield below the crystal surface. Two inch- 
es of lead are required to attenuate 99 percent 
of the gamma photons having an energy of 1.10 
Mev. Shielding of this magnitude presents two 
immediate problems: (1) The physical manipu- 
lation of the probe, and (2) attenuation losses of 
the radiation in the additional 2 inches of air 
interposed between the crystal and the channel 
bed. The latter condition would make it neces- 
sary to increase the activity level in the bed. 
Restriction of the channel bed area ‘%iewed” 
by the detector is advantageous; it, however, 
does necessitate the use of larger amounts of 
activity to obtain sufficient flux for the crystal. 
It was desired to keep the activity levels to a 
minimum; hence the lead shield was not used 
in this trial run. 

A ratemeter, having a range in time constants 
from l/z to 80 seconds, was used in various parts 
of the study. This instrument contains both a 
panel-type meter and a recorder jack for read- 
ing the output. It has the advantage of indicat- 
ing and recording the counting rate continuous- 
ly. It cannot, however, attain the accuracy of 
the counter-timer (scaler-timer) combination 
for situations in which the measuring time is 
limited. 

Results and Discussion 
Horizontal and Vertical Distribution of Activity 
Measurements were made with the probe in a 

fixed position above the bed and at l-foot inter- 
vals downstream from the injection strip. The 
ratemeter is, of course, less desirable than the 
scaler-timer combination for these measure- 
ments. Sufficient time must elapse for equilib- 
rium to be established in the tank circuit of the 
ratemeter before the errors involved are en- 
tirely statistical. Activity surveys of the chan- 
nel bed were made after 5, 23, 30, 46, 70, and 
125 hours of flow. The measured activities at 
l-foot intervals were related to the total activ- 
ity placed in the injection strip to obtain the 
fraction of the labeled sand at each cross sec- 
tion of the channel (figs. 2 and 3). These meas- 
urements were made with an unshielded probe 
at a constant distance from the channel bed. No 
corrections have been applied to the data for the 

FIGURE 2. -Distribution of scandium-46 labeled sand 
in the channel bed after 6,30, and 125 hours of flow. 

statistical errors of the independent measure- 
ments. Such considerations will be, necessary 
for quantitative analyses in which the summa- 
tion of a series of independent measurements 
are compared to the originally deposited tracer. 

Summations of the activity surveys for 5 and 
23 hours show a positive error of roughly 17 
percent. This is to be expected during the early 
stages of the experiment when the activity 
gradient is steep. A rough approximation can 
be applied to determine the contributions to the 
detector from adjacent areas. Such approxima- 
tions indicate that an error of roughly 10 per- 
cent exists between the original measurement of 
the deposited tracer and the summed values of 
the individual measurements. 

The data in figures 2 and 3 represent a semi- 
quantitative analysis of the tracer distributions 
for various flow time intervals. If quantitative 
data were available it would be possible to esti- 
mate the transport velocity of the labeled sand 
from the weighted distributions of tracer for 
any given activity survey. The calculation of 
sediment-transport velocity and sediment dis- 
charge will be discussed further in a later part 
of this section. 
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FIGURE 3. -Distribution of scandium-46 labeled sand in 
the channel bed after 23, 46, and ‘70 hours of flow. 

Sediment transport velocities can be obtained 
by monitoring the injection strip for equilib- 
rium flow conditions. in this experiment where 
aggradation and degradation are occurring, such 
measurements are questionable. Decreases in ae- 
tivity in the injection strip, as noted by the de- 
tector, may be the result of (1) the actual move- 
ment of tracer from the area, and/or (2) the 
attenuation of gamma photons from the tracer 
by overlying sediment. The detector is unable 
to distinguish between a few photons resulting 
from a large quantity of buried tracer and those 
arising from a smail amount of tracer on the 
surface of the bed. The vertical distribution of 
tracer is then one of the more important fac- 
tors in any tracer analysis. Qualitatively, there 
is evidence of tracer burial by nonradioactive 
sand in the 30- and 4%hour activity surveys. 
Observations of the changing bed configuration 
during the flow also lead to this conclusion. 

Considerable variation of activity within each 
cross section was observed during the flow. 
These measurements were made by traversing 
definite cross sections of the channel. A more 
detailed survey of the variation of activity was 
made after termination of the flow. Variations 
within the injection strip and the first five sta- 

tions downstream are illustrated graphically in 
figure 4. The values show qualitatively (1) the 
presence of high activity levels in the upstream 
end of the channel, and (2) variations of three- 
to fourfold for activities within any one cross 
section. The values represent the total radiation 
as received by the detector without any corree- 
tion for attenuation of photons from buried 
tracer. The lower activities present in the 8.75- 
to 12.25~inch part of the channel bed reflect the 
removal of tracer in the thalweg. The higher 
activity levels at station 7 (fig. 2) illustrate the 
cross-over point of the thalweg. The cross-over 
point of the thalweg progressed downstream at 
the rate of 0.02 ft./hr. as determined from the 
30- and 125-hour activity surveys. 

The analysis of any tracer distribution is nec- 
essarily complicated by nonuniform burial of 
the tracer. The vertical distribution of tracer 
was qualitatively determined at various cross 
sectional intervals. This was accomplished by 
removing thin layers of sand from the bed with 
subsequent measurements of the activity levels 
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FIGURE 4. -Distribution of scandium-46 labeled sand 
within defined sections of the channel bed. 
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remaining in the bed. The depth of sediment 
removed each time was determined by point 
gage measurements of the channel bed. Surveys 
of stations 0, 1, and 2 are given in figures 5, 6, 
and ‘7, respectively. Only two positions within 
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FZGURE 5. - Vertical distribution of scandium-46 
labeled sand in the channel bed after 125 hours of 
flume operation (station 0). 

each cross section are graphically illustrated. 
The activity levels at zero depth refer to those 
determined on the natural channel bed prior to 
the removal of sand. The initial increase in ae- 
tivity (as seen by the detector), when succes- 
sive vertical layers of sand were removed, is 
indicative of aggradation in this part of the 
channel. The photons from the tracer were at- 
tenuated by the overlying nonradioactive sand. 
Tracer s&d was cover& by approximately 1 
cm. of sand for this part of the bed. 

The decrease in activity with successive re- 
moval of bed material is to be expected. These 

data clearly indicate that tracer sand was buried 
to a depth of 1.0 to 1.2 inches for the flow eondi- 
tion imposed on the bed. Vertical examination 
of stations 3, 4, 5, and 6 indicated no overlying 
nonradioactive sand, but values for buried tracer 
were similar to those mentioned above. Further 
examination of the bed at various cross sections 
indicated that labeled sand had been buried to a 
depth of 1.0 to 1.2 inches throughout the chan- 
nel bed. 

Measurement and Correction of Attmrcatiom 
Vertical distribution of tracer places a serious 

restriction on the investigation of sediment 
transport by tracer application. Knowledge of 
the attenuation of the gamma photons in pass- 
ing through the sediment is essential for any 
quantitative estimate of sediment transport. 1~ 
this experiment the attenuation of the 1.12 Mev 
photons by sand (bulk density 1.7) from scan- 
dium-46 was measured by a plane source (cross 
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FIGURE 6. -Vertical distribution of scandium-46 
labeled sand in the channel bed after 125 hours of 
flume operation (station 1). 
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FIGURE 7. -Vertical distribution of scandium-46 
labeled sand after 126 hours of flume operation (ata- 
tion 2). 

sectional area-8 cm2) of labeled sand. Meas- 
urements were made by interposing various 
thicknesses of sand between the source and de- 
tector. These determinations were made under 
“poor geometry” conditions. The results are 
presented in figure 8. The half-thickness value, 
i.e., the thickness of sand required to attenuate 
one-half of the incident photons, was found to 
be 2.5 cm. as measured to the surface of the 
probe. Extrapolation of this value to the center 
qf the phosphor would give a value of 5 cm. 
under these particular operating conditions. 
The tenth-value, i.e., the amount of sand re- 
quired to attenuate 90 percent of the photons, 
is found to be 9.5 cm. when extrapolated to the 
center of the detecting crystal. 

The total linear absorption coefficient for sand 
can be calculated from equation 2 : 

,ucX~ = 0.693 
0.693 

tL0 =- 
5 (3) 

= O.l38/cm. 
Linear and mass’ibsorption coefficients are re- 
lated in the following manner: 

tL=mp (4) 
where p and m refer to the linear and mass co- 
efficients, respectively, and p refers to the den- 
sity of the absorber. The linear (or mass) ab- 
sorption coefficient of water is O.O65/cm. (or 
cm2/gm.) for 1.1 Mev gamma rays. This value 
can be taken as the mass absorption coefficient 
of sand. Equation 4 can, therefore, be used to 
estimate the linear absorption coefficient of 
sand, bulk density 1.7 g/cm5 The value of p = 
(0.065) (1.7) becomes O.ll/cm. which is in rea- 
sonable agreement with the experimentally de- 
termined value of O.l4/cm. 

Knowledge of the “average thickness” of 
burial combined with the linear absorption co- 
efficient of the sediment for the particular gam- 
ma ray energy would permit a correction to be 
applied (equation 1) for attenuation losses of 
buried tracer. Such a correction assumes a uni- 
form vertical distribution of tracer as illustrat- 
ed in figure 9, a. If the tracer is overlain by 
sediment as shown in figure 9, b, a correction 
for attenuation losses for both the zone of uni- 
form burial and the overlying sediment could be 
applied. The latter may be calculated from the 
following relationship as derived by Glasstone 
(6). 

f=&[ +iq] (5) 

where f = fraction of radiation escaping from a 
self-absorbing slab source; 

A = the relaxation length of the shield- 
ing for the given radiation = l/p; 

I* = linear absorption coefficient; 
H = thickness of the source; 
F,(q) -Q% (4) ; 

m exp C-P) -‘-h(q) -la p3 dp; 
q=H/h; 
p = R/A; 
R = distance between source 

and detector. 
Calculation of Sediment Discharge 

Equations 1 and 5 can readily be applied to 
the activity survey of the channel bed after 125 
hours of flow. Roughly, 55 percent of the activ- 
ity present at stations 0, 1, and 2 was received 
by the detector. Forty-two percent of the total 
activity initially placed in the channel (station 
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0) remained in stations 0, 1, and 2 after 125 
hours of flow; the remaining 58 percent of the 
activity was distributed throughout the chan- 
nel reach, i.e., 34 feet. An average sediment 
transport velocity (V,) of 0.0688 ft./hr. is ob- 
tained from the weighted longitudinal distribu- 
tion of tracer (corrected for vertical distribu- 
tion) for the 125-hour survey. An estimate of 
the sediment discharge (Q.) for the 0.35- to 
0.29’7mm. sand can be made from the following 
relationship : 

Qs=WdV.f sa. (6) 
where &,=sediment discharge, pounds per 

hour ; 
W=width of channel=1.16 ft.; 
c&average depth to which sediment 

movement occurred=0.0917 ft.; 
Vi,=average sediment transport veloc- 

itv=O.O688 ft./hr. ; 
f,=fra&on by weight of 0.35 to 0.297 

mm. sand found in the transport- 
ed sand=O.OS ; 

as=bulk density of the sand = 1.06 lb./ 
cu. ft. 

A sediment discharge value of 0.062 lb./hr. is 
obtained by calculation. The measured discharge 
rate (0.35- to 0.297-mm. fraction) was found to 
be 0.074 lb./hr. for the first 30 hours of flow. 

The wooden flume (1 by 1 by 200 feet) will 
be operated on a “put and catch” system for 
both water and sediment. Early investigations 
will be restricted to low flow conditions with 
some analyses of sediment transport attempted 
during the flow, but with the major emphasis 
placed on the horizontal and vertical distribu- 
tion of tracer after termination of flow. Both 
equilibrium and nonequilibrium flow conditions 
will be investigated. Emphasis will be placed 
on the quantitative analysis of the total tracer. 
The differential scintillation spectrometer de- 
scribed herein with scaler-timer combination 
will be used for the analyses of the tracer distri- 
bution. Several specific conditions and tech- 
niques will be considered. They may be briefly 
outlined in the following manner: 

(1) The use of short half-life isotopes will 
alleviate the problem of storage of contami- 
nated sand. Several possible isotopes are avail- 
able with a wide range of gamma photon ener- 
gies. The lower energy gamma photons will be 
adequate for these investigations, because em- 
phasis will be placed, at least in the beginning, 
on the analyses of dry sand beds (i.e., after 
termination of flow). 

(2) If available, radioactive glasses will be 
used as tracers for the bulk sand. Such glasses 

FIGURE 8. - The attenuation of scandium-46 photons by 
sand (bulk density 1.70 g./em.3; differential spectrom- 
eter; 1.12 Mev peak, l-volt gate). 

are currently available (with a variety of iso- 
topes) in certain restricted density and size 
ranges. The preparation of special melts (spe- 
cific gravity 2.65) with the desired isotope has 
been under investigation for several months. 
Radioactive glass produced from a single melt 
(batch) would possess the following desirable 
properties: 

(a) It would be mass labeled, i.e., the specific 
activity per gram of glass would be constant 
throughout the batch. The photons received by 
the detector would be proportional to the mass 
of sediment transported. 

(b) The melt can be crushed, ground, and 
sieved to produce a. desired grain size distribu- 
tion. 

(c) The physical and chemical stability of 
such glass greatly reduces the possibility of 
tracer loss by abrasion and dissolution. 

(d) A standard melt would provide material 
for the standardization of the detection system. 
In other words, glass containing a known spe- 
cific activity per gram could be obtained for 
measurement of the sensitivity and efficiency of 
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Bed Layer with Scandium-46 Sand 

l-i-r-7 Bed Layer without Scandium-46 Sand 

FIGURE 9. -Ideal vertical distribution of labeled sand: a, Uniform burial without overlying sediment; 6, uniform 
burial overlain by nonradioactive sediment. 

the instrument. Such material would be in- 
valuable for investigating various geometries 
and spatial distributions of tracer. 

(3) Lead shielding will be employed to define 
the geometry of the detector and source, i.e., 
tracer in the channel bed. It may be necessary 
to replace the present 2-inch shield with a 
smaller one which is more easily manipulated 
by point gage equipment. The thickness of the 
shield will depend upon the energy of the par- 
ticular isotope. 

(4) Transport studies of selected grain sizes 
and total size distributions matching the bulk 
sand will be considered. 

(5) Analyses of the channel bed for both 
horizontal and vertical distribution of tracer 
will be conducted. Total analyses will be at- 
tempted. In other words, a summation of the 
activity levels from various cross sections of the 
bed (as seen by the detector from a well-defined 
geometry above the bed) will be compared to 
the initial amount of tracer placed in the chan- 
nel. The attenuation of photons from buried 
tracer will cause the summed values as detected 
above to be smaller than the initial amount of 

deposited tracer. Careful measurements of the 
vertical distributions will then be conducted by 
removing thin layers of sand from the bed with, 
subsequent measurement of the activity present 
in each layer and measuring the activity re- 
maining in the bed. 

In some situations it may be possible to cor- 
rect partially for the attenuation losses of the 
buried tracer. Corrections will be made, assum- 
ing uniform vertical distributions of tracer, by 
use of equations 1 and 5. Situations involving 
nonuniform vertical distributions of tracer 
combined with inter&ratified layers of non- 
radioactive sediment that are most likely to be 
under these conditions are speculative. Never- 
theless, it will be informative to make such ap- 
proximations, using a model distribution, and 
to compare the corrected values of previously 
measured activities with the total amount of 
tracer initially placed in the channel. 

(6) In the majority of experiments, the 
tracer will be mixed uniformly with sand from 
a definite cross section in the channel bed and 
replaced to simulate the original bed configura- 
tion. The tracer applied in this manner will 
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appear to the detector as a volume-distributed 
sample with self absorption, i.e., represented by 
equation 5. 

(7) The hydraulic parameters will be meas- 
ured so that tracer distributions will be mean- 
ingful. Comparisons of the calculated and 
measured sediment discharges will be informa- 
tive. 

(8) The average transport velocity of the 
sediment can be calculated from the weighted 
distribution of the tracer; subsequent ealcula- 
tions of the sediment discharge can then be 
made by using equation 6. 

The ultimate objective of the tracer program 
is to investigate sediment transport in the field. 
These measurements in both overland flow, i.e., 
gross erosion, and in channels will require quan- 
titative analyses. Certainly there is little need 
for qualitative evaluations of sediment trans- 
port in agricultural watersheds, e.g., the direc- 
tional movement of sediment. 

The spectrometer described herein, mounted 
in a vehicle with auxiliary power supply, will 
be used for these field investigations. The scin- 
tillation probe will be connected through 500 
feet of cable to the spectrometer. This will 
facilitate measurements of activity in areas 
nonaccessible by the vehicle. Vertical core 
samples of the particular area, “fixed” in gela- 
tin or in polyester resins to keep them intact, 
can be returned to the laboratory for further 
analyses. This will provide some information 
on the vertical distribution of the activity. 

Analysis of the vertical distribution of ac- 
tivity will be necessary not only for estimating 
the amount of buried tracer but also in defining 
the average depth of particle movement, d, that 
is the zone through which sediment transport 
has occurred. The analysis and interpretation 
of the “average” or “effective” depth of particle 
movement and tracer distributions will be ex- 
tremely complex for nonequilibrium events. 
The analysis is simplified considerably for an 
equilibrium flow, e.g., where the bed eonfigura- 
tion consists entirely of dunes of a certain mean 
amplitude, with no net accretion or scour occur- 
ring in the bed. 

Problems associated with the determination 
of d can be more clearly illustrated by consider- 
ing an application of radioactive tracers of 
specific interest to the Agricultural Research 
Service, i.e., the measurement of bedload dis- 
charge in ephemeral sand bed streams. For 
example, assume that a definite cross section 
(injection strip) of the channel bed is uni- 
formly labeled with the tracer. Furthermore, 
assume that (1) the tracer is placed to a depth 
sufficient to embrace the deepest dune troughs 
present during the flow, and (2) the tracer 
sand is mass labeled, i.e., that the total size dis- 

tribution of sand found in the channel bed is 
labeled so that the activity detected at any 
point downstream after the flow has subsided 
will be proportional to the total mass of tracer 
and not to any specific size fraction. 

During any flow event, considerable change 
in bed configuration might be expected. Dunes 
of different amplitude and duration plus local 
scour (and fill) with subsequent removal (and 
burial) of tracer from the injection strip will 
occur. A certain fraction of the labeled sand 
will be found distributed downstream from toe 
injection strip after termination of flow. Verti- 
cal core samples will be taken from the injec- 
tion strip at frequent intervals extending the 
width of the channel. 

Assume that the vertical distribution of the 
tracer can be quantitatively measured for all 
the core samples. Each core sample could be 
fixed in a polyester resin for subsequent anal- 
ysis in the laboratory under well-defined analyt- 
ieal conditions. These cores can be segmented 
at various intervals, and the activity present in 
each segment compared to a like segment in the 
nondisturbed, uniformly distributed portion of 
the core sample. The vertical distribution of 
activity in each core will represent the total 
or overall series of events that occurred during 
the flow. Changes in bed configuration will be 
reflected in the activity distributions of the 
selected core samples. For example, certain 
depths will be noted where abrupt changes 
occur in the activity levels. These depths may 
denote that dunes of that tiean amplitude were 
present during part of the flow event. The 
duration of flow involving dunes of that mean 
amplitude, however, is also reflected by that 
depth (3). 

Obviously, any one type of sediment trans- 
port may be partially or totally masked by other 
types, resulting in an overall remaining distri- 
bution of activity that cannot be readily sepa- 
rated into its various components. The crux of 
the experiment then is found in the interpreta- 
tion of the vertical activity distribution within 
the injection strip. Hydrographic records and 
changes in bed configuration determined by 
soundings, e.g., utilizing the Dual Channel 
Stream Monitor, would assist in evaluating and 
interpreting the final activity distributions. In 
any event,, the estimation of d will be difficult; 
in many situations it will be highly speculative. 

Summary 
In this investigation the radioisotope scand- 

ium-46 was utilized to measure the sediment 
transport velocity and sediment discharge of 
0.35. to 0.297-mm. sand in a small laboratory 
flume. Because a large part of this study was 
devoted to a review of previous sediment trans- 
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port investigations utilizing radioactive tracers, 
a summary of the literature review is given in 
addition to the specific experiment with scan- 
dium-46. 

Review of Literature 

Labeling of sediments for transport investi- 
gations has been accomplished on both natural 
and artificial sediments. Natural sediments, or 
their primary constituents, have been irra- 
diated in slow neutron fluxes or permitted to 
sorb the desired radioisotope. Artificial tracers, 
e.g.! glasses, have been prepared by fixing the 
deswed element in the glass, crushing, and siev- 
ing to obtain the required size distribution fol- 
lowed by irradiation to produce the tracer ma- 
terial. Incorporation of the radioisotope prior 
to grinding has also been performed, but this 
requires special handling facilities and poses a 
greater health hazard to the personnel involved. 

The choice of a suitable radioisotope for the 
tracer depends upon a number of factors. It is 
the consensus of previous investigators (pri- 
marily concerned with the movement of sedi- 
ments in estuaries and on the ocean floor) that 
the isotope should emit strong gamma radia- 
tions with energy levels near 1.0 Mev. This 
point has been stressed, because it is the only 
radiation capable of penetrating any measur- 
able depths of sediment and water. 

The isotope must possess a half life appro- 
priate to the duration of the investigation. 
Selection will also depend on the method of 
labeling to be used. If the element is to be fixed 
in glass with subsequent activation in a slow 
neutron flux, then consideration must be given 
to (1) its ease of incorporation in the glass and 
(2) its ease of activation, i.e., its cross sectional 
capture of slow neutrons in the reactor. On the 
other hand, if the material is to be sorbed by 
the natural sediment, it is necessary to consider 
the permanency of fixation in the test environ- 
ment. In any case, its hazard to the public must 
be carefully considered. 

Sediment transport investigations have been 
largely concerned with the redistribution of 
tracer material placed on or near the bottom of 
seas and estuaries. Emphasis has been placed 
on the direction of sediment transport, the rate 
of dispersion of sediment, and the path of sedi- 
ment movement as defined by wave action or 
tidal currents. The results of such investiga- 
tions have been largely qualitative in nature. 
The only exception has been the work of the 
Hydraulics Research Station in Wallingford, 
England, under conditions of equilibrium flow 
in a large laboratory flume. 

The measurement of radioactive tracers is 
discussed in terms of the different detector sys- 

tems available. The principal advantage of the 
differential scintillation spectrometer compared 
to the Geiger-Mueller system is its ability to 
accept only those pulses corresponding to the 
characteristic gamma photon energies of the 
particular radioisotope. In addition, the speo 
trometer permits (1) the rejection of already 
existing activity, i.e., background, having emis- 
sion energies different from the tracer, (2) 
rejection of scattered radiation from attenua- 
tion of the photons in passing through matter, 
(3) use of different tracers simultaneously, i.e., 
radioisotopes having well-defined energy spec- 
trums whose primary photon energies can be 
separated by pulse height discrimination, (4) 
the accurate measurement of high levels of ac- 
tivity without loss of counts from “dead” time 
of the system, and (5) within limits the calibra- 
tion of the detector with regard to spatial dis- 
tribution of the tracer. 

Laboratory Flunte Experiments 

A preliminary investigation of sediment 
transport was conducted in a small laboratory 
flume. Scandium-46, a gamma emitter with a 
half life of 85 days, was employed. Natural 
sand (0.35 to 0.29’7 mm. in diameter) was 
labeled by the sorption technique. Ten grams 
(roughly loj particles) of labeled sand was 
placed in a narrow band on the surface of the 
channel bed (50 feet long by 1.16 feet wide). 
The channel bed was subjected to a constant 
water discharge of 0.0148 c.f.s. for 5 days. No 
sediment was added during the experiment. In 
situ measurements of the tracer movement, 
made with a differential scintillation spectrom- 
eter, provided a semiquantitative estimate of 
the tracer distribution for various flow-time 
intervals. Vertical and lateral distributions of 
the tracer were qualitatively determined at 
various cross sections of the channel. Tracer 
sand was buried to a depth of 1.2 inches for the 
flow condition imposed upon the bed. 

The attenuation of the gamma photons in 
passing through the sand were measured by 
interposing various thicknesses of sand be- 
tween a plane source of scandium-46 and the 
detector (scintillation probe). The total linear 
absorption coefficient (pO) was calculated to be 
O.l38/cm. Corrections for attenuation of the 
buried tracer were made for the 125.hour ac- 
tivity distribution survey. An average sedi- 
ment transport velocity of 0.0688 ft./hr. was 
calculated for the 0.350- to 0.297-mm. fraction 
of sand. The sediment discharge for this frac- 
tion was calculated to be 0.062 lb./hr. Measured 
sediment discharge of 0.0’74 lb./hr. was deter- 
mined for the first 30 hours of flow. 
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Abstract 
Radioactive tracer techniques were employed 

in order to investigate the dispersion and trans: 
port of bed material in a test reach of the North 
Loup River near Purdum, Nebr. Sand particles, 
labeled with iridium-192, were used as tracers 
to enable observation of the natural dispersion 
and transport processes. 

The amount of radioactivity and the number 
of tracer .particles required for the experiment 
were determined by considering the sensitivity 
of the radiation-detection system! the character- 
istics of the test reach, and radrologieal safety 
factors. 

In the experiment, the tracer particles were 
released from a line source that extended across 
the bed of the stream, As the tracer particles 
were transported and dispersed downstream, 
their longitudinal and lateral distributions in 
the bed were observed by periodic surveys with 
a sled-mounted scintillation detector, and their 
vertical distribution in the bed was observed by 
monitoring core samples. Information obtained 
from a laboratory calibration of the radiation- 
detection system under simulated field condi- 
tions was used to reduce the field data to a 
set of tracer-particle concentration-distribution 
curves. 

The results of the field study indicate a poten- 
tial for the wide application of radioactive 
tracer in sediment studies. 

Introduction 
One relatively new measuring technique that 

is being applied more and more frequently in 
studies of sediment transport is the radioactive 
tracer technique. This technique is essentially 
different from more conventional methods in 
that the displacement of individual particles or 
groups of particles is measured rather than 
such characteristics as the flux of sediment 
particles past a cross section, the net volumetric 
change in a reach, or the displacement of chan- 
nel boundaries. As a result, the radioactive 
tracer technique is particularly useful in studies 
of the dispersion of sediment, the rate of travel 
of sediment particles, and in other studies con- 
cerned with the fundamental mechanics of sedi- 
ment movement. 

Although radioactive tracers can be ex- 
tremely useful, a number of factors must be 
considered in their application. In general, the 
accuracy of measurements increases as the level 
of radioactivity increases. However, the higher 

the level of radioactivity, the greater is the pos- 
sibility for harmful contamination and radia- 
tion exposure. As a result, in order to achieve a 
satisfactory balance between the level of accu- 
racy and the level of radioactivity, all aspects of 
an experiment must be considered in detail. 
The fundamental factors for consideration in- 
clude (1) the kinds and required accuracy of 
measurements to be made, (2) the radionuclide 
to be used as a tracer and the means for labeling 
the sediment particles, (3) the amount of the 
tracer to be used, (4) the method of introduc- 
tion of the tracer into the flow system, (5) the 
method of detection of the radioactivity, and 
(6) the reduction of the data. 

This paper discusses briefly some of these 
factors as they were considered in the design 
and implementation of a field experiment on the 
North Loup River, Nebr., that was conducted 
bv the U.S. Geological Survey in November 
1960. 

Experimental Design 
The primary object of the field experiment 

was to study the dispersion and transport of 
bed-material particles in a natural stream. 
Hence, it was decided to release radioactive 
tracer particles as a line source and then to 
monitor the longitudinal distribution of the 
particles at various times after release. The 
site on the North Loup River near Purdum, 
Nebr., was selected because of favorable experi- 
mental conditions. In particular, the North 
Loup River, which is in the sand hill region of 
north-central Nebraska, maintains a relatively 
constant water discharge of about 250 c.f.s. for 
prolonged periods of time; draws from, rather 
than contributes to, the ground water; has a 
bed normally composed of large dunes approxi- 
mately 1.5 ft. high and 15 ft. long: and has bed 
material having a median diameter of about 
0.29 mm. The specific reach used for the experi- 
ment is a man-made cutoff about 1,800 ft. long 
and 50 ft. wide that is fairly straight except for 
two minor bends, has stable banks, and is iso- 
lated from any community. 

It was concluded that ontimum results would 
be obtained by using a single, narrow-size range 
of tracer particles having a median fall diam- 
eter that was slightly coarser than that of the 
bed material. Such a size range was selected to 
insure that the tracer particles would not be in 
suspension any significant part of the time, but 
that the particles in the size range contaming 
the greatest proportion of the bed material 
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FIGUFX 1.-&e distributions of measured suspended sediment, labeled Ottawa sand, and bed material. 

would be represented. The selected tracer par- 
ticles had a median particle size of 0.305 mm. 
and a distribution as illustrated in figure 1. 

A comparison of the distribution of the 
tracer particles with those of the suspended 
sediment and the bed material, which are also 
presented in figure 1, shows that most of the 
tracer particles could have been in suspension 
at one time or another but that suspension prob- 
ably occurred only infrequently. 

Because the tracer particles would move pri- 
marily as bedload, in situ measurements seemed 
to be the most feasible means of defining the 
longitudinal dispersion of the particles. Such 
measurements virtually necessitated the use of a 
gamma-emitting radionuelide, because the pene- 
tration range of alpha and beta radiation is 
limited to only a few centimeters in water. A 
scintillation detection system was selected to 
monitor the gamma radiation because of its ver- 
satility and its inherently high sensitivity. The 
system consisted of a scintillation detector, 
pulse-height analyzer, count ratemeter, strip- 

chart recorder, and sealer. With this system, 
the number of gamma rays (photons) that in- 
teract with the crystal in the detector can be 
counted and displayed as a count rate or a count 
accumulation. Inasmuch as the number of gam- 
ma rays emitted from a source is directly pro- 
portional to the amount of radioactivity within 
statistical limitations and provided all other fac- 
tors are the same, the count rate also is propor- 
tional to the amount of activity. Hence, if the 
amount of activity on each particle is propor- 
tional to the particle weight, measured count 
rates indicate the weight of tracer particles 
near the detector, provided, of course, suitable 
calibrations have been made. 

For the experiment, the scintillation detector 
was housed in a watertight aluminum casing 
and mounted on a sled (fig. 2) that was dragged 
along the streambed. The detector was attached 
to the sled by a four-bar parallelogram linkage 
and supported on the bed by a wooden dish. 
This system allowed the detector to remain in 
continuous contact with the streambed during 
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FIGURE 2. -Sled and scintillation detector. Note the 
parallelogram linkage that allows the detector to 
move independently of the sled and the wooden dish- 
shaped piece that supports the detector on the bed. 

relatively long time. Krone 1 also plated the 
radionuelide onto the sediment by an adsorption 
process. However, other methods of producing 
tracer particles have been used. For instance, 
Inose and others z incorporated the radionuclide 
into glass particles that simulated the sedi- 
ment, and Lean and Crickmore 3 irradiated nat- 
ural sand in a nuclear reactor. A summary of 
the various labeling techniques that have been 
used is given by Feely and others4 One impor- 
tant factor in connection with sand plated with 
a radionuelide is that the measured activity is 
proportional to the surface area of the particle 
rather than to its weight. If a wide range of 
particle sizes is labeled, this factor must be con- 
sidered in converting a measured count rate to 
a weight of tracer particles; however, if the 
particles are relatively uniform in size,. the 
count rate is also approximately proportional 
to particle weight. 

transport and to move vertically independently 
of the sled. 

Iridium-192 was selected as the tracer be- 
cause it (1) emits gamma rays having energies 
that are readily detectable underwater (0.14 to 
0.90 Mev) ; (2) has a half-life of 74 days, hence, 
it would decay slowly enough to be readily de- 
tectable during the entire experiment, but rap- 
idly enough to preclude long-term contamina- 
tion of the stream: and (3) could be procured 
commercially already plated onto sand particles. 
The plating process consisted of wetting the 
sand in a solution containing the iridium-192 
and then baking the sand at 700” F. for several 
hours. Tests showed that with continuous agi- 
tation of the particles immersed in water ap- 
proximately 25 percent of the activity was 
abraded from the particles in 24 hours. Al- 
though it is impossible to relate the amount of 
abrasion the particles received in the tests to 
that likely to occur in a natural stream, 24 
hours of agitation no doubt is equivalent to a 

The amount of radioactivity required for the 
experiment was determined by considering the 
natural background radiation, the volume of 
sand throughout which the particles would, be 
dispersed, the decay rate of the activity, the ad- 
sorption characteristics of the sand and water, 
the efficiency of the detection system, and the 
geometrical orientation of the detector to the 
tracer particles. The effects of the latter three 
items can be characterized by the “sensitivity” 
of the detection system, which is the count rate 
per unit of activity per unit volume under spe- 
cific experimental conditions. The sensitivity of 
a detection system to a uniformly distributed 
source such as sand tracer particles can be esti- 
mated by defining a count-rate attenuation func- 
tion through measurements of the count rate 
from a weak point source buried at different lo- 
cations and distances relative to the detector 
and then integrating the attenuation function 
over the volume through which the tracer par- 
ticles will be distributed. 

Once the sensitivity is determined, the amount 
of radioactivity (iM) required for an experiment 
can be comuuted from 

M= (R, -FL,) V e0.883t’T 
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in which 
Ro-Ra is the minimum net counting rate over 

background that is required during 
the experiment for statistical signifi- 
cance. 
is the estimated volume through which 
the tracer particles will be dispersed 
at the end of the experiment. 
is the sensitivity of the detection sys- 
:~~,,“r the conditions of the experi- 
_______. 
is a correction factor for radioactive 
decay. 
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where 
t 
T 

is the duration of the experiment. 
is the half-life of the radionuclide. 

In the design of this experiment, a net mini- 
mum counting rate equal to one-half of the 
background rate was considered acceptable for 
the condition of a uniform distribution of tracer 
particles throughout the test reach. By assum- 
ing that the experiment would last for one 
month, it was determined that 40 millicuries of 
iridium-192 would be required. 

When radioactivity is labeled on sediment 
particles, each particle is a separate source and 
the count rate measured by the detection sys- 
tem depends not only on the amount of radio- 
activity, but also on the distribution of the 
tracer particles. As a result, sufficient particles 
must be used in order to minimize the possibility 
of significantly nonuniform distributions within 
the bed. If the distribution of tracer particles 
throughout the bed is random, as the concen- 
tration of tracer particles increases, the relative 
distribution of the tracer particles tends to be- 
come more even and random variations in the 
number of tracer particles per unit volume of 
bed material tend to have less effect on the 
count rate. 

The random variations in the number of par- 
ticles in a given volume can be characterized by 
the coefficient of variation or the relative stand- 
ard deviation. If the variation in the number of 
tracer particles in a given volume is assumed to 
follow the Poisson distribution, the coefficient 
is 100/\/g,, where N is the mean number of 
tracer partxles in the given volume of bed ma- 
terial. For experimental design, a coefficient of 
about &6 percent seems to be adequate when 
the volume associated with N is defined as that 
volume of the bed from which 50 percent of the 
measured gamma rays (counts) emanate when 
the sand bed contains a uniformly distributed 
source of infinite extent and N is taken as the 
required number of tracer particles within the 
volume at the end of the experiment when the 
tracer particles are distributed over the test 
reach. 

The coefficient of variation provides only an 
index to the expected variation in count rate 
attributable to random variation in the number 
of tracer particles. However, if a relatively long 
ratemeter time constant is used and the detector 
is moved along the bed, the fluctuations in count 
rate due to local variations in the distribution of 
tracer particles are damped appreciably. Sensi- 
tivity measurements for the iridium-192 and 
the detection system used in the experiment in- 
dicated that 50 percent of the counts emanate 
from within 4.4 in. of the center of the 2-in. by 
2-in. detector crystal, which is equivalent to a 
volume of 116 ‘cu. in. The coefficient of variation 

with this volume for the total reach volume of 
1,800~50)<1.5 cu. ft. and the 40 lb. of sand 
(approximately 4.6 x IO* particles) used in the 
experiment was 6.6 percent. 

In order to establish the exact relationship 
between count rates and the weight of tracer 
particles, the detection system was calibrated 
under conditions that simulated the actual 
experimental environment. The calibration was 
made in a 4-ft. diameter by 4-ft. high tank in 
which known weights of tracer particles were 
mixed with known volumes of natural bed mate- 
rial similar to that in the North Loup River. 
Count rates were measured for different depths 
of uniformly distributed particles and for dif- 
ferent ratios of the weight of tracer particles to 
the volume of natural sand (concentrations). In 
order to reduce the background count rates, a 
depth of 9 in. of water was maintained over the 
sand bed throughout the calibrations. 

The results of the calibrations, which were 
for two different instrument settings, are shown 
in figure 3. This figure shows that the adjusted 
count rate, which is a count rate adjusted for 
radioactive decay, varies with depth as well as 
with coneentratlon for all depths less than 

FIGHT 3. -Variation in adjusted count rate with the 
depth to which different concentrations of tracer par- 
ticles are uniformly mixed. 



SYMPOSIUM Z.-SEDIMENT IN STREAMS 573 

about 8 in. For depths greater than about 8 in., 
the adjusted count rate varies only with concen- 
tration. In the experiment it was anticipated 
and eventually borne out that the particles 
would be distributed to depths greater than 8 in. 
As a result! the only part of the calibration 
curves required for converting the count rates 
observed in the field to concentrations were 
those parts for an g-in. depth. 

Data Collection and Results 
In order to study longitudinal dispersion, the 

tracer particles were introduced essentially as 
a line source by depositing the 40 lb. of tracer 
particles in 2-lb. lots at 2-ft. intervals across the 
width of the channel. Each 2-lb. lot was labeled 
with 2 millicuries of iridium-192. The labeled 
particles were placed on the streambed by use 
of an apparatus consisting of an electric can 
opener and a movable funnel tube that were 
mounted to the stern of the boat. In the place- 
ment (dosing) operation, the funnel tube was 
lowered until the bell at the bottom of the tube 
rested on the streambed, then a can containing 
the tracer particles was opened with the can 
opener and poured down the funnel tube to the 
streambed. 

About 2 hours after the dosing operation was 
completed the first longitudinal traverse was 
made. Just before this traverse, as well as all 
subsequent ones, the detector sled was placed 
by hand upstream from the dosing section and 
the natural background radiation was recorded 
for about 2 minutes. After background count- 
ing, the boat was released and maneuvered 
downstream. The longitudinal traverses were 
made with the boat and the detector sled ar- 
ranged in tandem as is shown in figure 4. The 

FIGURE 4. -Arrangement of boat and sled for the 
longitudinal traverses. 

boat, which faced upstream and pulled the de- 
tector sled, was maneuvered downstream by 
means of an outboard motor having reverse 

controls. Mounted on the front end of the boat 
was a distance-measuring cable and reel that 
functioned both as a stay line and as the dis- 
tance marking system. In operation, the cable, 
which was fixed at the upstream end of each 
segment of the test reach, was unwound man- 
ually so that the boat and sled moved down- 
stream at a uniform controlled rate. When but- 
tons that were located at definite intervals along 
the cable tripped an event-marking switch, ticks 
were made on the recorder charts. In this way 
the recorder charts were provided directly with 
a distance coordinate. 

The tracer particles were tracked daily by 
making longitudinal traverses with the radia- 
tion detection equipment down the left and right 
sides of the stream along paths that were 
roughly one-third of the channel width away 
from the bank. Typical data produced by the 
longitudinal traverses are shown in figures 5 and 
6. The distribution curves in these figures were 
established by adjusting the observed count 
rates for radioactive decay and then converting 
the adjusted count rate to a concentration with 
the calibration curves. One particularly inter- 
esting occurrence is indicated by the distribu- 
tion curve in figure 6. This curve shows that on 
about the sixth day after dosing, a relatively 
large number of tracer particles appeared just 
downstream from the dosing section along the 
left side of the stream. Apparently, tracer par- 
ticles were trapped in a deep trough and re- 
mained buried beyond the range of the radiation 
detection equipment for several days. About 
the sixth day after dosing, the trapped particles 
were released by a train. of dunes having deep 
troughs. The particles then began to disperse 
in a normal manner. As a result of the tempo- 
rary storage, the distribution curves for the left 
side of the test reach were less indicative of 
the general distribution that applies for the 
average flow condition than those for the right 
side. 

In addition to the longitudinal traverses, sev- 
eral traverses were made to define the lateral 
distribution of the tracer particles. Figure 7 
shows the lateral distribution of the particles 
185 ft. downstream from the source 2 days after 
dosing and 415 ft. downstream from the source 
5 days after dosing. The deficiency of particles 
along the left bank near the source is evident in 
the distribution for the second day after dosing. 
The distribution curve for the fifth day after 
dosing indicates a reasonable uniformity of the 
tracer particles. 

In order to develop accurate coneentration- 
distribution curves from the observed count 
rates and the calibration curves, it was essential 
that the depth to which particles were dispersed 
generally was greater than 8 in. and that no 
general vertical concentration gradient per- 
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FIGURE 7. -Lateral distribution of labeled particles downstream fmxn the source on Nov. 5 and 8, 1960. 
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sisted throughout the streambed. Two differ- 
ent methods were used to verify the fact that 
these two conditions existed. The first method 
consisted of defining the vertical distribution 
of tracer particles into the bed. This was done 
by collecting core samples of the bed material 
at various lateral and longitudinal positions in 
the test reach. The core samples were collected 
with a lr/&in. diameter sampler capable of with- 
drawing a 3-ft. long core. For analysis! the 
cores were ejected in Z-in. increments with a 
hand jack attached to the end of the sampler 
plunger and each increment was counted sep- 
arately with a scaler by using the scintillation 
detector and sled in an inverted position. 

Some typical observed vertical distributions 
are shown in figure 8. A common characteristic 
of all of the vertical distributions was that the 
count rate was highly variable with depth into 
the bed and no semblance of a continuous verti- 
cal distribution pattern was definable. Probably 

FIGURE 8. -Vertical distribution of labeled particles at 
selected verticals on Nov. 10 and 11.1960. 

5 KARAKI, S. S., GRAY, E. E., and COLLINS, J. DUAL 
CHANNEL STREAM MONITOR. Amer. Sac. Civil Engin. 
Proe. 87, No. HY6: l-16, illus. 1961. 

6 HUBBELL, D. W., and HAUSHIW, W. L. D~SCUSS~N 
OF “DUAL CHANNEL. STREAM MONITOB.” Amer. See. Civil 
Engin. Proc. 88, No. HY4: 281-291, illus. 1962. 

the variations resulted largely from the passage 
of dunes having different amplitudes, mean ele- 
vations, and concentrations of tracer particles. 
Unfortunately, as a result of these irregularities 
of the movements of the dunes, neither the dis- 
tance below the water surface, distance below 
the bed surface,, nor depth of activity could be 
used to normahze the vertical distribution of 
count rate. Hence, the distributions from the 
separate verticals could not be combined to pro- 
vide an average gradient. However, the distri- 
butions from the separate verticals were com- 
bined to show that the average depth of the zone 
through which the sediment particles moved 
was about 1.45 ft. Because the average depth 
of the zone of movement was considerably 
greater than 8 in. and no discernible vertical 
distribution pattern appeared to exist, it seems 
reasonable to assume that the observed longi- 
tudinal and lateral distributions generally were 
representative of the actual distribution of the 
tracer particles. 

The validity of converting the observed count 
rates to concentration of tracer particles with 
the calibration curves for an 8-m. depth was fur- 
ther verified by comparing the distribution of ob- 
served count rate with records of the bed con- 
figuration. The comparisons showed that no 
correlation existed between the depth of the 
zone of particle movement, as characterized by 
a profile of the bed configuration over which the 
detector passed, and the observed count rate. 
The apparatus for measuring bed configuration 
was a dual-channel ultrasonic depth sounder,J 
which was mounted on the bow of the boat with 
one transducer facing upward and another fac- 
ing downward so that both the water- and bed- 
surface profiles were recorded. A typical record 
of the bed configuration is shown in figure 9.” 

Conclusions and Application of 
Results 

The results of the field study and subsequent 
laboratory flume studies indicate that the con- 
centration of labeled sediment particles at any 
point in the streambed at any time can be de- 
termined conveniently, accurately, and safely 
with radioactive tracer techniques. This con- 
clusion is important, because it implies the feasi- 
bility of determining, by experiment, distribu- 
tions of labeled particles in a stream channel 
with respect to space and/or time for a wide 
variety of conditions. For example, by selective 
labeling, certain aspects of the behavior and 
distribution of particles having definite sizes, 
shapes, specific gravities, and other characteris- 
tics can be determined. Furthermore, by using 
a scintillation detector in conjunction with a 
pulse-height analyzer, different radionuclides 
can be distinguished from one another so that 
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several selected labels can be used simultane- 
ously to observe the behavior of different types 
of particles in the same experiment. For ex- 
ample, the authors currently are conducting 
laboratory flume experiments in which three 
different radionuclides are used to trace, simul- 
taneously, the movement of three different sizes 
of particles in a bed material of naturally graded 
sand. Measurement of concentration distribu- 
tions of labeled particles will provide new in- 
sights into the phenomenon of sediment trans- 
port and will supply the kind of data necessary 
for analyzing sediment transport as a random 
phenomenon that can be characterized by prob- 

ability laws and treated as a stochastic process. 
In addition, observed longitudinal distribu- 

tions of tracer particles released from a uni- 
formly distributed source provide a means for 
computing sediment discharge directly with a 
continuity-type equation. The computation is 
based on the idea that (1) the time rate of move- 
ment of the mean of the distribution is equiva- 
lent to the average particle velocity and (2) 
the extent of the tracer particle distribution 
within the bed defines the effective cross-sec- 
tional area through which the particles move. 

The examples given above indicate only a few 
of the many possible applications of radioactive 
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tracers in sediment transport research. Prob- 
ably only a small part of potential value of radio- 

been realized. It is the authors’ hope that this 

isotope techniques in sediment research has 
paper will serve to assist others with the devel- 
opment of new applications. 

USE OFRADIOISOTOPES IN SEDIMENT TRANSPORT STUDIES 
rPaPer No. 621 

BY R. S. CUMMINS, JR., engineer, and L. F. INGRAM~ research physicist, U.S. Amy Exgineer Waterways 
Expperirnat Station, Vicksburg, Miss. 

Synopsis 
In 1956 the U.S. Army Engineer District, San 

Francisco, in conjunction with the University of 
California, undertook a sediment tracing proj- 
ect using radioactive tracers in San Francisco 
Bay. This initial investigation indicated the 
tremendous possibilities of the technique for 
sediment studies and assisted with the develop- 
ment of special tracing equipment and methods 
of labeling sediments. In 1960 the U.S. Army 
Engineer Waterways Experiment Station se- 
lected a group of trained personnel to continue 
such tests for other Corps of Engineers offices 
as the occasion arose. Tests have since been 
conducted at Galveston Harbor, Tex., and in 
Cape Fear River, south of Wilmington, N. C. 
The tracer material selected for use in each 
instance was gold1e8, which is a short half-life, 
low energy gamma emitter. The labeling meth- 
ods employed, however, were different in that 
the Galveston test material was a manufactured 
particulate tracer with metallic gold fused in 
glass. The Cape Fear test material was existing 
sediment with the radioisotope adsorbed on it. 
The labeling procedure in the Cape Fear test 
involved the introduction of the isotope into a 
slurry of natural sediment. The slurry was agi- 
tated, which allowed the tracer to be adsorbed 
on the particles. The mixture was then released 
in a uniform pattern at the predetermined place- 
ment site. No problems other than those in- 
herent in the handling of radioactive material 
and contamination of tracing equipment were 
encountered. 

Surveying operations, both background and 
postplacement, were conducted, using either 
transits or sextants for position fixing at time 
intervals to permit correlation of location and 
activity. A continuous recording of bottom ac- 
tivity was made during the life of the tracer. 

The results obtained were plotted on charts 
that showed either development patterns of 
movement between daily surveys or deposition 
areas for transported sediment. Since the la- 
beled material may be lost, either by being 
covered or by being widely dispersed, quanti- 
tative measurements are extremely difficult. 
Limitations are imposed by (1) rapid rate of 
movement required because of the short-lived 
isotope; (2) difficulty of surveying in areas 

containing wreckage or debris ; and (3) inability 
to measure labeled material in suspension or 
in floes. 

Introduction 
This paper is not intended to be a treatise on 

the subject of radioisotopes, but rather a brief 
discussion of the Corps of Engineers efforts 
with the use of radioisotopes for sediment 
tracing. In 1956 the U.S. Army Engineer Dis- 
trict, San Francisco, entered into a contract 
with the University of California to develop 
techniques and equipment suitable for use in 
connection with a comprehensive investigation 
of the sedimentation and shoaling processes in 
San Francisco Bay. From this effort came a 
method of labeling sediment, the development 
of an underwater detector to trace sediment 
movement and other field equipment,, handling 
procedures, and field techniques. 

In 1960 the U.S. Army Engineer Waterways 
Experiment Station selected and trained a group 
to continue such tests for the Corps of Engineers 
as the occasion arose. Because of the specialized 
training and equipment involved, it was more 
practical to utilize a single group for tracer pur- 
poses than to train and equip groups in each 
District Office that might have use for tracer 
techniques. 

Since establishment of the test group at the 
Vicksburg Waterways Experiment Station, 
tests have been conducted at Galveston Harbor, 
Tex., and in Cape Fear River, N. C. Additional 
tests are scheduled early in February at Galves- 
ton Harbor. In each instance the problem was 
to trace the movement of bottom sediment. 
Although the techniques employed were some- 
what similar, the method of labeling the tracer 
material was different in each case. 

The tests in Galveston Harbor were con- 
ducted in an effort to determine the path taken 
by resuspended sand that comes from a gener- 
ally known source area. Galveston Harbor (fig. 
l), which serves not only Galveston but also 
Houston and Texas City, is protected by stone 
jetties extending several thousand feet beyond 
the island itself. It was believed that material 
outside the North Jetty moved either through 
the jetty or around the end and into the ship 
channel, necessitating extensive dredging to 
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FIGURE I. - Galveston Harbor and lo&ions of stone jetties. 

maintain channel depths. Therefore, the pur- 
pose of the North Jetty tests at Galveston, made 
during June 1961 and June 1962, was to trace 
the movement of material outside North Jetty 
to the shoaled areas within the ship channel. 
Similar tests are scheduled for the South Jetty. 
Three deposits of radioactive material were 
made in water depths of 3, 6, and 9 ft. during 
June 1961, and six deposits were made in deeper 
water during June 1962. 

Tests were made in the Cape Fear River at 
the Sunny Point Army Terminal to determine 
the necessity of diking dredge spoil areas (fig. 
2). The Army Terminal is located about 20 
miles south of Wilmington, N.C. The entire 
wharf facility was dredged out of a shallow area 
md the spoil pumped across the river channel 
into a disposal area. Dock facilities consist of 
:hree wharves with 800-foot-wide basins con- 
nected by 300-foot-wide channels and served by 
three entrance channels. Shoaling in the wharf 
areas is extremely rapid and averages about 0.8 
Ft. of depth per month near the north wharf and 
rbout 0.6 ft. per month near the center wharf. 
suspected source areas include not only the 

spoil areas in the vicinity but also those up- 
stream from the terniinal. 

Prior to the actual conduct of tracer surveys, 
preliminary investigations are made of such 
items as velocity and current patterns in the 
vicinity of the problem area, bottom sediment 
samples, and dredging surveys. Such informa- 
tion is necessary to locate deposit areas, areas 
where surveying might be difficult or depend- 
ent on tide conditions, and areas containing 
wreckage that might hamper surveying opera- 
tions. 

License Requirements 
Once it is decided that tracer techniques are 

feasible in a particular problem, the tracer ma- 
terial must be selected and a license obtained 
from the Atomic Energy Commission for pro- 
curement of the radioactive material and its 
use in a specified location. A separate license 
must be procured for each type of radioactive 
label and test location. The license request is 
filed through the Safety Division, Office of Chief 
of Engineers, and the office of Environmental 
Hygiene Agency of the U.S. Army Surgeon Gen- 
eral. Standard forms are available for the pur- 
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pose. On these forms detailed steps of the entire 
operation must be defined. Information must be 
provided on the quantities of isotopes desired: 
handling, storage, and transportation ; and 
safety precautions to eliminate possible health 
hazards to users and contamination of adjoin- 
ing areas. To satisfy prelicense requirements, 
a public meeting with city, county, and State 
officials, representatives of the health depart- 
ment, and other interested agencies that might 
be affected must be held to explain the tests and 
obtain the approval of those concerned. Several 
public meetings were held in connection with 
the tests at Galveston and in Cape Fear River. 

After the approving agencies are completely 
satisfied that there are no possible health haz- 
ards to the users 01‘ residents of the affected 
area, a specific license is granted for a period of 
1 year. This license authorizes possession of a 
specified amount of a particular isotope for use 
as described in the license. Procurement of a 
license requires considerable lead time, but with 

FIGURE 2. - Sunns Point Army Terminal, Cape Fear River, 

experience in filing for such license, the time 
probably can be reduced. Increased experience 
of the licensee also helps decrease the lead time. 

Selection of Isotope 
The selection of the isotope to be used as the 

tracer is of considerable importance. Control- 
ling factors are (1) duration of a single test 01‘ 
required half-life of the isotope to be used ; (2) 
energy level of and type of emission desired 
from the isotope; and (3) the type of labeling 
procedure that will yield accurate data with 
regard to particle size. Consideration must be 
given to the fact that radioisotopes having sig- 
nificant half-lives ars frequently elements re- 
quired in the metabolic processes of marine 
organisms or animals. Also isotopes of higher 
energy create special handling problems and are 
not readily available in forms easily applied to 
various types of sediment. 

If the entire sample of radioactive material is 
released into a flowing stream, the concentra- 
tion of radioactive material cannot exceed the 
maximum permissible concentrations stated in 
the National Bureau of Standards Handbook 
No. 69.’ For example, the maximum allowable 
concentration of gold 108 is given as 5 x D4 mi- 
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croeuries per cubic centimeter, or about 1.9 mi- 
crocuries per gallon. The amount of tracer ma- 
terial required, however, must be sufficient to 
yield significant counting rates when the ma- 
terial is uniformly distributed over the problem 
area. The sensitivity of the detecting device 
governs the concentration required to yield a 
mathematically significant increase over the 
natural background count rate. An accepted sig- 
nificant increase under laboratory conditions, 
using a statistical nine-tenths error determina- 
tion, is an increase of more than 1.645v’z, where 
R is the observed counting rate. (This value is 
the limit of error for a 0.10 level of signifi- 
cance.) In field tests, where background rates 
vary by as much as a factor of 10, it is not un- 
realistic to use the figure, lo@?, as a significant 
value. The quantity of material to be labeled 
mav be calculated by taking into consideration 
grain-size distribution, probability of deposi- 
tion or movement, and activity obtainable per 
particle for the smaller particles. 

The tracer material selected was goldlg8, 
which is a low energy, short-life, gamma emit- 
ter. The energy of this isotope is spectral, that 
is, of nearly Gaussian distribution, at the photo- 
peak of 0.41 Mev (million electron volts). The 
basis for selection of this particular isotope and 
tests of labeling sediment are discussed by Dr. 
Krone ? in the first annual report. 

Sediment Labeling 
Two different labeling procedures have been 

successfully used at Galveston and in Cape Fear 
River. The bottom samples from Galveston 
Harbor were sand ranging in grain size from 
10 to 140 microns, with a median size of about 
40 microns. A manufactured glass containing 
0.3 to 0.5 percent gold by weight was ground 
and graded to the proper size distribution to 
duplicate bottom sediments. The uniformity of 
samples taken from the source area permitted 
the use of such a method of tracer preparation. 
The manufactured glass was of such chemical 
composition that there were no long-lived iso- 
topes present. It was necessary to add potas- 
sium in the glass to reduce the melting point to 
a practical value. Since potassium is a short- 

2 KRONE, R. B., EINSTEIN, H. A., KAUFMAN, W. J., and 
SNYDER, N. W. SILT TRANSPORT STUD~S UTILIZING RADIO- 
ISOTOPES. Calif. Univ. (Berkeley) Hydraul. Engin. Lab. 
and Sanitary Engin. Res. Lab. Prog. Rpt. 1. 1957. 

3 KRONE, R. B., EINSTEIN, H. A., KAUFMAN, W. J., and 
SNYDER, N. W. SIGT TRANSPORT STUDIES UTILIZING RADIO- 
ISOTOPES. SECOND *NNU*L PROGRESS REPORT. Calii. Univ. 
~B;~k;~;~~ Hydraul. Lab. and Sanitary Engin. Res. 

a 
KRONE, R. B., EINSTEIN, H. A., K.mm.m, W. J., and 

SNYDER, N. w. SI7.T TR.&NSPOBT STUD,ES UllJ,~7,,NG RADIO- 
ISOTOPES. THIRD **NULL PROGRESS REPORT. Calif. Univ. 
(Berkeley) Hydraul. Lab. and Sanitary Engin. Res. 
Lab. 1960. 

lived, high-energy isotope, the irradiated sam- 
ples of glass were retained at Oak Ridge Na- 
tional Laboratories for 24 hours to permit decay 
of activity to maximum permissible shipping 
limits. 

The bottom sediments in the Cape Fear River 
area were largely sandy silts, except for the 
fraction dredged from the Sunny Point Army 
Terminal, which was fine silt. This silty ma- 
terial was suitable for labeling by the adsorp 
tion method. The adsorption method of labeling 
is accomplished by adding a solution of gold la8 
dissolved in aqua regia to a slurry containing 
the natural sediments. The mixture is thor- 
oughly blended and allowed to remain in resi- 
dence for a period determined by concentration. 
The gold metal is adsorbed onto the soil particles, 
thus labeling them. This method was developed 
and used by the University of California in San 
Francisco Eay.3 

Handling procedures resulting from the dif- 
ferent methods of labeling create special prob- 
lems and necessitate the development of suitable 
handling equipment. The particular tracer used 
at Galveston was ground, graded, and sealed in 
plastic bottles prior to irradiation at Oak Ridge, 
Term. The irradiated material was shipped to 
the test site in special sealed containers. The 
problem of placement was one of opening the 
containers and releasing the sediment at the 
proper depth in the selected area. This was ac- 
complished by using a long aluminum tube at- 
tached to a boat, with a puncturing and flushing 
device mounted on the lower end of the tube 
(fig. 3). This device consisted of a three-bladed 

FIGURE 3. -Tracer release apparatus attached to 
survey boat. 

spear that was f astened to a hollow shaft through 
which water was pumped into the punctured 
container (fig. 4). Annular holes in the bottom 
plate behind the spear allowed the mixture to 
flow from the container onto the harbor bottom. 
The plastic bottles were taken from the lead- 
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FIOURE 4. - Device for releasing sediment from 
container. 

shielded shipping containers with 4-foot-long 
laboratory handling tongs, placed in the tube, 
forced down on the spear with a plunger, flushed, 
removed, and replaced in the shipping contain- 
ers. In later tests during June 1962, aluminum 
containers were substituted for the plastic bot- 
tles as the plastic became brittle during the ir- 
radiation process. 

The labeling of natural sediment, such as the 
silts and clays encountered in the Cape Fear 
River tests, required the use of a labeling vessel 
equipped with a mixing device, a method of in- 
troducing the tracer, and an ejection device, all 
of which had to be operated remotely. A cylin- 
drical tank with truncated cone bottom was con- 
structed (fig. 5). An electric motor drove a 

FIGURE 5. -Tank for mixing tracer and sediment. 

mixing propeller, located at the bottom of the 
tank. A bottle-crusher tube, which terminated 
just above the propeller, was perforated to al- 
low the slurry to circulate through the lower 
end of the tube. A hydraulic ejector was located 
outside the tank with the suction line entering 

from the top of the tank and extending to the 
bottom along the side. The discharge line con- 
sisted of a hose weighted at the end to place the 
sediment mixture on the bottom. 

Instrumentation 
Instrumentation requirements for tracing 

operations are rather complex and necessitate 
the use of a boat equipped with a stable alter- 
nating-current generator. The system consists 
of a sled-mounted radiation detector (fig. 6) 

FIGURE 6. - Radiation detector mounted on sled. 

that is towed along the bottom behind the sur- 
vey boat. The detector is connected by a coaxial 
cable to the electronic equipment located on the 
boat. 

The detector uses a scintillation crystal (thal- 
ium-activated sodium iodide) mounted in an 
aluminum cylinder and coupled to a photomulti- 
plier tube with a three-stage transistorized pre- 
amplifier. The light pulses generated in the 
scintillator are converted to electrical pulses by 
the photomultiplier tube, and the preamplifier 
then increases the pulse power for transmission 
through the cable to an amplifier-analyzer lo- 
cated on the boat. The scintillation detector is 
more sensitive than a Geiger-Muller (G-M) 
system, and pulses produced by the scintillation 
detectors are proportional in size to radiation 
energy, whereas those from a G-M system are 
not. The pulses are amplified and fed to a dis- 
criminator circuit that counts or rejects the 
pulses, depending on the pulse height. Since the 
pulse height is proportional to the energy of the 
incident particle, energies above or below the 
desired level are rejected. This feature is desir- 
able in that naturally occurring radioactivity or 
fallout does not interfere with the tracer activi 
ity measurements. As the energy of radiation 
from most isotopes is spectral, a band of ener- 
gies is usually observed in which the greater 
portion of incident particles or rays from the 
isotope in question can be counted. 
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A strip chart recorder records continuously 
the pulse rate (which is proportional to bottom 
activity) in the area being covered. These re- 
cordings are. marked at time intervals that can 
be correlated with location for plotting. 

Survey Procedures 
The survey boat at any time was located 

through the use of either sextants or surveyor’s 
transits. Both methods were used with position 
fixes being made at predetermined time inter- 
vals or called intervals. Simultaneously with 
position fixes, time marks were placed on the 
activity recording so that the correlation could 
be made. Direct interpolation was made be 
tween location points on the charts for plotting 
variations in activity. Of the two systems used, 
the sextant method was more effective, since the 
observers were on the boat and plotting of sur- 
vey paths was done as the operation proceeded. 
This system of constant location lends itself to 
better coverage of the affected area, as partially 
surveyed areas can be covered to define com- 
pletely limits of material deposition, 

Since the accuracy of the information ob- 
tained is no better than the accuracy of loca- 
tion measurements, constant checks and rechecks 
of location can be made by crossing and recross- 
ing courses already run and visual checks be- 
tween objects located on the charts can be made. 
The largest scale maps available were used for 
navigation and data reduction to reduce pos- 
sible error. 

The background radiation survey before depo- 
sition of the radioactive material is very essen- 
tial, not only because it establishes a datum 
plane for later observations but also because 
the mathematical significance of activity meas- 
urements is a function of the background levels. 
For these reasons one must be certain that the 
area is thoroughly surveyed and that all areas 
of high or low activity are completely defined. 
Since silts, clays, and organic materials possess 
more natural radioactivity than sands or grav- 
els, it is possible to construct (through careful 
data analysis) a deposition chart that defines 
the various material locations including hard 
clay areas. By drawing activity level contours, 
a marked resemblance can be seen of soundings 
showing deposited material. Thus background 
surveys can be used as guides to probable depo- 
sition areas for the after-placement surveys. 

Placement of labeled sediment with optimum 
tide or flow conditions to obtain maximum move- 
ment is a situation that is difficult to obtain. 
In tests conducted by the Waterways Experi- 
ment Station, the assumed extreme conditions 
have been used as criteria for times of place- 
ment. At Galveston Bay, for example, the in- 
shore deposits of material along the North Jetty 
were made at low slack water whereas the outer 

deposits were made at high slack water. This 
was done to prevent movement of the tracer 
while the material was in suspension. The times 
of placement of material in the Cape Fear River, 
however, were selected to encompass both ex- 
tremes ; that is, deposits were made with rising 
and falling tide conditions. This was done be- 
cause the bulk of the sediment would remain in 
suspension for a sufficient time to allow move- 
ment regardless of the time of deposit. 

The postplacement surveys were conducted in 
the following manner: After the material was 
placed, the survey operation was undertaken 
immediately. No set pattern of coverage or 
route was established. The areas of high activ- 
ity were defined by sufficient tracing. Problem 
areas or areas of special interest were covered 
as time permitted. In the ease of slow move- 
ment of the tracer, daily surveys reveal develop- 
ment patterns or gross tracer movement. Severe 
weather conditions or rapid movement in sus- 
pension will leave no evidence of a “trail” or 
indicated direction of movement. In these cases 
general coverage of the area will show pockets 
of material or sometimes random distribution 
of particles over large areas. After dispersion 
has progressed to the point where activity falls 
below the significant levels or the development 
patterns begin to recede, surveying may be 
discontinued. 

Safety precautions as outlined in the license 
application were followed during the entire sur- 
veying operations. In particular, all beaches and 
shores in the immediate vicinity were monitored 
to insure no contamination. The boat (from 
which all operations were conducted) and the 
placement equipment were checked to insure 
freedom from harmful radiation. Significantly, 
the largest dose rate observed during the Gal- 
veston test cams from the luminous dial of the 
boat’s clock. 

Data and Results 
Background surveys were plotted in the form 

of contour maps. Each daily postplacement sur- 
vey was reduced in a similar manner, the back- 
ground subtracted to yield net count rate, and 
this value corrected for the decay of the radio- 
isotope. The decay process of any radioisotope 
is an exponential function that follows the gen- 
eral equation I=Z,e-“’ where Z is the present 
intensity of radiation, I, is the initial intensity, e 
is the base of natural logarithms, h is the decay 
constant for a particular isotope, and t is the 
elapsed time. For goldxs* (half-life 2.7 days) 
the activity correction factor for four elapsed 
days would be 2.8 by which those significant net 
readings would be multiplied. After the decay 
factor was applied to the count rates, these val- 
ues were plotted on the charts in the proper 
locations. At this point, either activity contours 
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may be drawn to show daily movement patterns 
or areas of significant deposit may be shown 

area. That is, it appeared that wave action 
caused the tracer material to be in a semi- 

also by contours or by cross-hatching. In cases 
where sufficient coverage was not obtained to 

suspended state wherein it was moved readily 

define boundaries of the area affected, points 
by the current. In one test, tracer material was 

indicating activity level were plotted on the sur- 
observed 5,500 ft. from the drop location within 

vey path to show that activity was observed. 
4 hours after placement. When waves were 
small, movement was slow. For long-term oper- 

The initial observations made at Galveston ations at Galveston, another license for using 
showed general movement inshore from the in- an isotope of long half-life (such as scandium 46 
shore locations, with some rapid movement with a half-life of 85 days) would have been 
from severe weather encountered during the necessary. This, however, would permit deter- 
survey operation. Activity contours showed the minations of transport processes and allow more 
dispersal of material with a small fraction of comprehensive studies to be made. 
material passing through a small boat pass in 
the jetty (fig. 7). Since results did not show 

Observations made in Cape Fear River 

conclusively whether the bottom material went 
showed deposition of material in the problem 

through or around the jetty into the ship chan- 
area within a short time regardless of the tide 

nel, six additional deposits were made in deeper 
conditions at the time of placement. In fact, 

water near the end of the jetty. These tests 
movement was so rapid that delineation of the 

showed considerable movement of tracer ma- 
actual paths of tracer material was not possible. 

terial around the end of the jetty, with random 
However, the purpose of the test was served in 

depositions in the ship channel and in the area 
that tracer material deposited in the area was 

between the two jetties. Movement of material 
detected in the wharf basins (fig. 8). Hence, it 

was dependent upon weather conditions in the 
can be concluded that the dredged spoil area 
should be diked. One test, made with tracer 

FIGURE 7. -Radioactivity contours on 10 June 1961; Galveston tracer tests. 
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material deposited on a shoaled area in the river 
well upstream from Sunny Point Army Ter- 
minal, revealed considerable shoaling of the 
dredged area by material transported by the 
river. Therefore, the shoaling problem at Sunny 
Point may only partially be alleviated by diking 
the spoil area. 

Closing Remarks 
The use of radioactive material for tracing 

sediments is only one tool to be employed in the 
overall analysis of a particular problem. It has 
limitations, but under certain situations can 
provide worthwhile results. Generally the in- 
formation obtained from tracer tests is of a 
qualitative nature and pertains to relative rates 
of shoaling or concentrations of material in cer- 
tain areas. Quantitative measurements are ex- 
tremely difficult at present because of the nature 
of sediment movement and the tracer material 
itself. For example, as the detector passes over 

the bed there is no method of determining the 
difference between a single large particle of 
tracer or several small particles. Neither is it 
possible with the adsorption method of labeling 
to determine the exact amount of label that is 
adsorbed to the sediment particles. If any of 
the labeled sediment is shielded by being cov- 
ered with inert bottom material or moves in 
suspension above the face of the detector, the 
observed counting rate is decreased. The in- 
herent safety hazards resulting from use of 
long-lived isotopes prevent tests of long dura- 
tion. 

In spite of limitations, tracing techniques 
offer the only method for continuously tracing 
sediments in deep water without direct sam- 
pling. In addition, large areas can be studied 
within a relatively short time. Further study 
and development of techniques and equipment 
may reduce or eliminate many of the limitations 
currently faced. 

SUNNY POINT ARMY TERMINAL 
BOAT BASIN w-w 

F2-L--.@p 
.R--‘-‘.------ CHANNEL 

co~-------l~---- --- 

FIGURE 8. -Sunny Point Army Terminal tracer release points and deposition areas 
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USE OF THE SWEDISH FOIL SAMPLER FOR TAKING 
UNDISTURBED CORES OF RIVER BOTTOM SEDIMENTS’ 

[Paper No. 631 
By R. J. PICKERING, geologist, Water Resources Division, U.S. Geological Sul-vey, Oak Ridge, Term. 

The release during the past 20 years of very 
small hut measurable amounts of radionuclides 
into the Clinch River in eastern Tennessee by 
the Oak Ridge National Laboratory has created 
a unique opportunity for determining the dis- 
tribution and behavior of fission products in a 
natural stream. A joint study of the fate of 
radionuclides released to the Clinch River has 
been carried on by the Water Resources Divi- 
sion of the U.S. Geological Survey and Oak 
Ridge National Laboratory since February, 
1960, as part of the general program of the 
Clinch River Study Steering Committee.* Un- 
disturbed core samples of river bottom sedi- 
ments were required for phases of the joint 
study pertaining to the vertical distribution of 
fission products in the sediments. 

Preliminary coring tests with several sam- 
pling tools showed that the relatively simple 
tube-type samplers were unsatisfactory for use 
in the Clinch River. With such devices there 
was preferential coring of certain sediment lay- 
ers and excessive compaction of the sediments 
in the core sample. Driving of thin-walled tubes 
having inside diameters of 3 to 4 inches into the 
river sediments caused less compaction of sam- 

ples than the driving of tubes with diameters 
of 1 to 2 inches,3 but better control of compac- 
tion was necessary. 

Further tests and inquiry resulted in the se- 
lection of the Swedish Foil Sampler, which takes 
cores that are slightly less than 3 inches in di- 
ameter, for sampling bottom sediments in the 
Clinch River. The Foil Sampler is a piston-type 
sampler in which thin axial metal strips (foils) 
are used to decrease friction between the sedi- 
ment core and the sample tube while coring is 
proceeding. Cores as much as 14 feet in length 
were obtained in water as much as 45 feet deep 
with the Foil Sampler mounted on a barrel float 
equipped with a drilling tower. More than 100 
undisturbed cores were collected at 14 cross sac- 
tions on the Clinch River and at four cross sec- 
tions on two tributary streams. 

The loading of the sampler is illustrated in 
the series of photographs shown in figures 1 to 4. 
Steel “foils,” fed from coils in the sampler mag- 
azine, are attached to the piston assembly (fig. 
1). The piston assembly is then pushed up into 
the sample tube a short distance, pulling the 
foils down around the lip of the tube and up 
along its interior surface (fig. 2). After the 

:, ,^ 

FIGURE 1. -Attachment of foils to piston assembly, Swedish Foil Sampler, showing sample magazine, foil fasteners 
and piston guide. 

1 Work done at the Oak Ridge National Laboratory, 
operated by Union Carbide Corp. for the U.S. Atomic 
Energy Commission. 

2 The Clinch River Study Steering Committee is corn- 
posed of representatives of the Oak Ridge National Lab- 
oratory and six State and Federal agencies that have an 
interest in the Clinch-Tennessee River system. It is re- 
sponsible for the investigation of the distribution, behav- 
ior, and effects of radioactive materials in the river 
system. 

3 P. H. Carrigan, personal communication. 

magazine cover, cutting shoe housing, and cut 
ting shoe (fig. 3) have been attached and thi 
piston guide has been locked into the base o: 
the piston assembly, the Foil Sampler is read! 
for lowering (fig. 4). 

The distance from the water surface to thl 
sediment surface must be measured accuratel! 
with a weighted line before coring can proceed 
The sampler is then lowered to within a fev 
inches of the sediment surface, and the pistol 
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FIGUILE 2. - Close-up of sampler magazine, Swedish Foil Sampler. 

FIGURE 3. - Exploded view of sampler head. Swedish Foil .Sampler. Left to right: sampler magazine, magazine 
cover, cutting shoe housing, cutting shoe. 

FIOUBE 4. - Sampler head ready for sampling run, Swedish Foil Sampler. 

chain is fixed to a hook at the top of the drilling friction between the foils and the interior of 
tower. As the sampler is pushed into the sedi- 
merit, the foils unroll and form a sheath that 

the tube. Compaction and blocking of the core 
in the tube due to friction between the sediment 

encloses the core and prevents its contact with 
the interior of the sample tube. The core does 

and the tube is thus prevented. During the in- 

not move relative to the foil strips, and the only 
sertion of the sample tube into the sediment, 

friction in the sample tube is the metal-to-metal 
the piston and the core of sediment do not move 
from their original positions. 
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The primary function of the piston in a piston 
sampler is to prevent loss of core while the sam- 
pler is being raised to the surface. Because of 
the rigid sample tube and the tight-fitting piston 
immediately above the core, the hydrostatic 
force due to the column of water above the base 
of the sample tube can act on the core only in 
an upward direction, thus holding it in the tube. 
If the core begins to slide out of the tube, a 
partial vacuum is created between the top of the 
core and the piston, which is locked in position 
while the sample tube is being raised, thus in- 
creasing the differential upward push of hydro- 
static pressure on the core and inhibiting its 
further movement. Adhesion of the core to the 
metal foils of the Swedish Foil Sampler also 
tends to hold the core in the tube. 

Cores collected from the Clinch River were 
transferred from the metal sample tube of the 
Foil Sampler to a slightly larger plastic storage 
tube in the manner illustrated in figure 5. Be- 
cause the plastic tube could be slipped over the 
sample tube, it was possible to transfer the core, 

still encased in its foils, without sliding it 
through the entire length of plastic tube. After 
the cores were transferred, they were refrig- 
erated in order to suppress biological and chemi- 
cal action. 

Under certain sampling conditions, satisfac- 
tory cores could not be obtained with the un- 
modified sampler. Recovery of river sediment 
was excellent at points near the bank where the 
river sediment overlies soil, but in the deeper 
parts of the river channel where soft sediment 
lies directly on bedrock, the lower 6 to 18 inches 
of the sample were commonly lost. At some 
sampling sites, the driller was able to minimize 
core loss by disconnecting the piston chain while 
the sample tube was still in the sediment and 
then raising. the sampler as quickly and as 
gently as possible, but this procedure was not 
always adequate. To decrease further core loss, 
a sampling shoe containing a basket-type core 
retainer was designed for the sampler and, upon 
request, was fabricated by Sprague and Hen- 
wood, Inc., the drilling contractor. The 

FIGURE 5. -Transferring core from sample tube to plastic storage tube. 
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FIGURE 6. -Basket shoe assembly, Swedish Foil Sampler. 

“basket,” which consisted of curved, closely 
spaced, flexible spring steel fingers attached to 
a steel ring, was inserted near the base of the 
cutting shoe (fig. 6). Above the basket was 
fixed a thin plastic sleeve that was slit at the 
top so it would collapse over the basket when 
the sediment began to slide out of the shoe and 
thus partially, or at times completely, seal the 
opening at the base of the sample tube. Table 1 
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provides an example of the excellent results that 
were obtained with the basket shoe. One hun- 
dred percent recovery of a lo-inch-long core, 
composed entirely of sediment with a consist- 
ency like that of thick gravy, was obtained at 
one sampling site. The nearly watertight seal 
formed by the collapse of the plastic sleeve over 
the basket made such excellent recovery pos- 
sible. The basket shown in figure 6, which has 
more widely spaced fingers made of heavier 
spring steel than’the basket used in the fine 
sediment, was designed for recovering sedi- 
ments that have a high sand content. 

Particle-size distribution in the sediment is 
fairly constant throughout the portion of the 
Clinch River that contains radioactive sediment. 
The sediment is composed of approximately 15 
to 20 percent clay, 25 to 30 percent sand, and 
50 to 60 percent silt. 

Core recovery at sampling points where 
radioactivity is believed to be present through- 
out the full thickness of the river sediment gen- 
erally ranged from 80 to 100 percent (see table 
1). Poor core recovery was accepted only where 
the sediment consists of nearly pure sand or of 
a mat of leaves and twigs overlying soft mud, 
but few such localities were encountered. 
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DISCUSSION - SYMPOSIUM 2 

Sediment in Streams 
Moderotor: Thomas Maddock, Jr., USGS 
Panel: H. A. Einstein, University of 

California 
V. A. Vanoni, University of 

California 
E. L. Pemberton, BR 

MR.MADDOCK: 
I’ve selected.,, a panel to help on this problem 

and I think I have a real good one. The first 
one is Dr. Hans Albert Einstein, who, we 
might say, is Mr. %liment Movement himself. 
I don’t think anybody can wcrk with the move- 
ment of sediment or solve any sediment problem 
without having been exposed to his work. The 
next one is Dr. Vito A. Vanoni, who I think 
is equally well known all over the country. Cer- 
tainly my own association with him has ex- 
tended over 26 or 2’7 years. We also have one 
of the younger men in the sediment field, Ernest 
Pemberton, who is assistant head of the Sedi- 
mentation Section in the Bureau of Reclamation 
in Denver. 

The question I want to ask the panelists to 
discuss is this: The single thread holding to- 
gether our model studies and our work in the 
field in trving to design stable channels. what- 
ever it may be, is the relation between ‘rough- 
ness and sediment load. We find that to get a 
stable channel these two things have to be 
compatible in some way. To start out the dis- 
cussion on this question, I would like to ask each 
panelist, beginning with Dr. Einstein, to spend 
some time trying to bring out some of the 
elements that are to be found in this kind of a 
problem and what we have to do about them. 
DR.EINSTEIN: 

I hope I understand the question properly as 
to mean that we ought to answer whether both 
the friction factor and the sediment transport 
are related or unrelated. Is that about the 
meaning? In the design of any kind of a chan- 
nel that carries sediment, there is such a tre- 
mendous combination and variety of various 
cases where once one of the variables and once 
another one of the variables is given and some 
of them are unknown, that it is almost impos- 
sible, in general, to answer this question. What 
I would like to say, and what I have been say- 
ing all along, was that there exists at least two 
relationships that govern all these flows and 
these are two simultaneous relationships such 
that, given a whole set of conditions, two of the 
variables can be determined and predicted for 

each case. Now these two may be the friction 
and the sediment load or, in other words, what 
I’m trying to say is that if all the other vari- 
ables are given, then these two can be predicted 
and for that reason are naturally interrelated. 
I would say that the two are definitely inter- 
related in the sense the question was asked. 

I would like to make one more remark and 
that is, looking around this room, I am some- 
what reminded of the last meeting in Denver 
of this corresponding group, and I wouldn’t 
want the moment to pass without having an 
occasion to express my satisfaction that today 
the design and field engineer contributes at least 
as much to the knowledge in our field as the 
laboratory does. At that time field and design 
engineers came to the meeting in order to learn 
what the relationships are, what they could 
calculate that they had been guessing at before. 
Today we’re being taught which of our doings 
are usable and which are not. I think this prog- 
ress is tremendous and I would like to congratu- 
late you for that and let’s give everybody who 
is involved in the field work and has contributed 
so much a good hand right now. 
MR.MADDOCK: 

Thank you very much Dr. Einstein. I would 
like to ask Dr. Vanoni the same question. I 
think from some of the discussions we’ve had 
that he may express this a little bit differently. 
This is a matter of semantics, and I think that 
if you make a question broad enough every- 
body will interpret it differently, and you will 
get a different answer. I hope this is the case 
as I ask Dr. Vanoni to talk about the same thing. 
DR.VANONI: 

Thank you, Tom. The question of the inter- 
relations between the friction factor of an 
alluvial stream and the transport rate of sedi- 
ment is one that has been discussed at length in 
the literature during the last 15 years. I think 
it is clear from laboratory studies that there is 
a relationship. For instance, we know that when 
a bed is covered with dunes, it is hydraulically 
rather rough, and the velocity and sediment 
transport rate over it tend to be relatively small. 
Now if we increase the velocity by increasing 
the discharge or slope, the dunes will tend to be 
modified so as to reduce the friction factor and 
increase the sediment transport rate. This is 
something we’ve learned from the laboratory. 

Some river engineers knew about this relation 
quite a few years ago. I recall the work of 
Buckley, on the Nile River in 1922, in which he 
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plotted river stage, hydraulic radius, mean 
velocity, friction factor, and suspended load 
discharge against time for a whole year. It was 
clear from this that when the suspended load 
discharge increased, the water discharge also 
increased and that there was a tendency for the 
friction factor to decrease. This relation was 
rediscovered by many of us, including myself. 
It came as a discovery when we should have 
known it to start with. 

The problem of predicting the friction factor 
is very closely linked with that of predicting the 
bed form. We know from laboratory studies 
that the presence of suspended load tends to 
decrease the friction factor, but we also know 
from laboratory experience that this is not the 
major effect in reducing the friction factor. 
The big reduction in friction factor results from 
changing the size and shape of dunes. Now I 
realize that a flume is not an accurate model of a 
river but, just the same, I think it is clear from 
observatmns that the same kind of changes in 
roughness occur in rivers as in flumes. So our 
problem is to predict for what conditions the 
dunes are going to start to wash away because 
this is when the biggest change in roughness is 
going to occur. 

You have seen Dr. Simons wrestle with this 
problem this morning for a rather simple case 
of a flume with one material, and you can see 
that he got into some pretty complicated mathe- 
matics and relationships. I’m afraid we’re not 
ready yet to predict the roughness relation on 
a river, because we really can’t predict it in a 
flume. Here is where one of our big problems 
lies in predicting sediment load of a stream. 
One might say that this is the problem of work- 
ing out the hydraulics of alluvial streams. 

The trend in recent years to consider the 
stream as a whole rather than only the sediment 
discharge represents a move in the right direc- 
tion. For several years many of us focused our 
attention on the suspended load or bedload and 
ignored the hydraulic factors of velocity and 
friction. I’m sure everybody didn’t do this but 
nany of us did. I think we are more realistic 
low that we are looking at the stream as a 
whole. 
HR. MADDOCK : 

Thanks very much, Vito. I’m going to call 
m Ernie Pemberton. Mr. Pemberton is one of 
ihose of many among us who has the problem 
)f prediction, because that’s what design is. 
YOU make a certain set of assumptions, and then 
mu predict what’s going to happen and you 
lope the verification confirms your decision. 
VOW, inasmuch as Dr. Vanoni has indicated 
here may be some question as to whether you 
:an do this or not, I want Mr. Pemberton to 

explain how he does it and some of the prob- 
lems that he has encountered. 
MR. PEMBERTON : 

Thank you, Tom. I think from the question 
and the response today that there still remain 
many problems in predicting the sediment load 
of a stream. I consider it a privilege to be one 
of this distinguished group and will admit that 
I’ve had my feet wet with regards to the collec- 
tion of field data. 

In the ‘collection of data, we have tried to 
analyze some of the variables that take place 
in sediment transport and to obtain a better 
knowledge of the existing conditions of rivers. 
I’d like to bring up one additional point on the 
same subject to which Dr. Einstein and Dr. 
Vanoni responded. That is, the bank friction 
factor as related to sediment transport. We 
have encountered many problems in the Bureau 
of Reclamation on sediment transport in canals 
or in rivers which involve channelization works 
where bank friction is an important factor. Dr. 
Einstein pointed this out to us a number of 
years ago, and I still don’t believe we know how 
to handle the bank friction problem as related 
to sediment transport. 

I would also like to comment on the applica- 
tion of material presented by Dr. Simons and 
Dr. Kennedy on sediment transport. We in the 
Bureau of Reclamation are continually working 
with problems of river channelization for chan- 
nels that are aggrading or degrading. This 
involves trying to estimate the total sediment 
load in aggradation or degradation areas and 
requires a better knowledge of sediment trans- 
port in order to do something about the prob- 
lem. Also, we need to know the total sediment, 
transport of channels above reservoirs and 
diversion dams. At the diversion dam, we want 
to know how much of this sediment will be 
diverted and carried by the canal. I think the 
papers presented have given us more useful 
tools to aid in these problems. I’m not sure 
whether the solution to some of the problems 
as presented are applicable to other rivers. As 
an example, I’m sure many of you are aware of 
the problems involved in taking the Missouri 
River data and using them on a little stream out 
in Nebraska which was very dissimilar with 
regards to friction factors, the suspended sedi- 
ment transport and total sediment transport. 
I hope this has answered the question. 
MR. MADDOCK : 

Well, frankly, I think you had an impossible 
question to start with, but I was wondering 
what you did about it and we did find out some- 
thing. We found out something about what you 
were trying to do about it. We have about three 
more minutes before this meeting is supposed 
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to be devoted to the announcements. There were am. and that is how well can mu auulv what 
a large number of questions that came in that 
had to do with the details of the papers. I think 
that each and every one of us had questions 
about some part of some paper. I know I have 
questions about almost every one of them. Some 
things I disagreed with and on other things I 
would like additional explanation. It just 
doesn’t seem possible that we could really 
accomplish very much if we took up these indi- 
vidual problems one at a timb. 

Pemberton brought up one just a moment 

you have learned in the mod& to -a natural 
stream. We can sit around and debate that one 
all afternoon. There are a number of the won- 
derful debatable problems and discussible prob- 
lems in this particular field. Unless somebody 
has a question that he would like any of the 
people on this panel to answer (and I think that 
this is a real opportunity for asking questions 
you might not have another opportunity to get), 
I turn the program back to Don Bondurant. 
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