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Denver, Colorado

July 15, 1948

Memorandum
To: Chief Engineer

From: E. W. Lane

Subject: An estimate of the magnitude of the degradation which will
result in the Middle Rio Grande Channel from the construction
of the proposed sediment storage basins and contraction works.

Statement of the Problem

1. PFor a considerable number of years the channel of the Middle Rio
Grande has been aggrading, until it is now seriously menacing the welfare
of the valley. For example, the river bottom is now higher than the
streets of Albuquerque, the principal city of the valley. Not only does
this situation threaten the valley with floods, but the rising bed causes
an inerease in the height of the groundwater table, which, if continued,
will waterlog the agricultural land and thus destroy the crops of the
valley. Remedial measures are absolutely necessary if this wvalley is to
continue to be productive.

2. The causes of this situation are two fold, (1) the use of much of
the water for irrigation which formserly flowed down the Rio Grande River
and carried down the sediment brought into the stream channel by the
tributaries, and (2) the increased load of sediment brought into the
channel by the tributaries, as a result of overgrazing of the watershed.
In recent geological time the river formed a valley in which there was a
rough balance between the slope of the river, the stream discharge and the
amount of sediment brought into the stream chammel. Under these conditions
the river carried down nearly all of the sediment brought down to it, and
the valley floor was raised only very slowly. The white man has taken
away from this section of the river a large pexrt of the flow which it formerly
had and has increased the amount of the sediment brought in, with the result
that the reduced flow is insufficient to carry the increased loed of sediment,
and a large deposition is occurring, which is raising the river bed.

3. To protect the valley against this menace an engineering plan
has been proposed by the Bureau of Reclamation and the United States
Engineer Department which consists, in the main, of the comstruction of
three large reservolirs for the temporary storage of flood waters and for
the storage of most of the sediment which now comes into the upper end of
the Middle Rio Grande Valley. It is expected that the amount of sediment



stored will be sufficient so that the balance will not only be restored,

but will be tipped in the opposite direction, and that the present reduced
river flow will then be more than enough to carry out the reduced load of
sediment supplied to this stretch of the river. The river flow will there-
fore pick up from the bed some of the material formerly deposited and cause
a lowering of the bed levels, thus reducing the groundwater levels and in-
creasing the flood-carrying capacity of the river. It was also proposed
that this degrading action would be further increased by the confinement

of the river below the dams to a narrow channel, which will increase the
river's capaclty to carry sediment and thus accelerate its rate of lowering.

L, The purpose of the study described in this report was to estimate
the rate at which the lowering of the riverbed downstream from the sediment
storage basins will take place. Although the general principles involved
in this action are well understood, the details of it have never been
adequately studied. In connection with the investigation for the improve-

ment of the Lower Colorado River, a similar study was mede and many of the
changes which have occurred there were predicted. Due to the lack of time
and a sufficiently adequate lmowledge of sediment transportation laws
however, 1t was not then possible to make adequate quantative predictions.
A great advance in knowledge of sediment science has been made since the
Colorado River studies were made, and a much better technique of solution
has been developed for this study. Sufficient time snd funds have not been
avallable, however, to collect all of the data necessary for a highly accu-
rate solution, nor is the present state of knowledge of sediment transporta-
tion and river scour yet sufficiently developed for this purpose. The results
obtained are believed to be the best that was possible with the resources
available. The study has served, not only to give approximate estimates of
degradation rate with the confining channel and to point out the further
studies which are necesaary to perfect these estimates, but also to point
out several ways in which these rates may be increased, in order that the
magnitude of the lowering rate may be satisfactory.

Cooperation with other Agencies

5. This study was instigated by the Sedimentation Subcommittee of
the Federal Inter-Agency River Basin Committee, who sponsored a meeting
at Albuquerque, New Mexico, on Jamuary 6 to 9, 1947, to "review methods
applicable to determining the effects of proposed...reservoirs on sedi-
mentation in the river channel and floodways through the Middle Rio Grande
Valley." In addition to the representatives of the Bureau of Reclamation,
this conference was attended by men from the Corps of Engineers, Geological
Survey, Forest Service and Soll Conservation Service. At this meeting,
methods of estimating the degraedation which would result from the reservoirs
were described by Dr. H. A. Einsteln and by E. W. Lane. It was recommended
by this group that these men be directed by the Corps of Engineers and



Bureau of Reclamation respectively, to make studies by their methods of
the degradation of the Middle Rio Grande Channel due to the sediment
storage in the dams proposed for its improvement, which recommendations
were approved by the respective organizations. To supply data necessary
for carrying out these studies a Joint program was agreed upon which would
consist of:

a. The collecting together of all data on the mechanical analyses
of the riverbed materials by the Soil Conservation Service and the Corps of
Engineers.

b. Three borings in the riverbed, and numerous probings at ranges
about 10 miles apart, together with mechanical analysis of the samples
from the various depths in the borings. The field work was to be carried
out by the Corps of Engineers, and the laboratory work by the Geological
Survey .

c. A longitudinal profile of the river in 1936 and 1941, and
characteristic cross-sections of the floodways to be compiled from the
records of the Soil Conservation Service, Corps of Engineers, and Bureau
of Reclamation by the respective organizations.

d. Samples of suspended sediment and of bed material to be taken
at a number of gaging stations by the Geological Survey and Mechanical
analyses made of them.

e. Flow duration curves of the river at various key points for the
years 1936 to 41, to be cempiled by the Bureau of Reclamation. Theae
assignments were carried out by the respective agencies amd the data thus
collected formed the basis for this study.

6. This report is a record of the degradation estimate prepared, as
suggested by this meeting.

Methods of Computation

7. The method of computation of the rate of degradation consisted
of dividing the river into sections or reaches and c¢omputing the volume of
sediment carried out of each section by the flowing water. The difference
between this volume and that brought into the section from the section
upstream wvould be the degradation in the section. Since there was some
local sediment inflow ahd scme sediment was also removed in the irrigation
water, corrections were mede to account for these quantities. Knowing
the net volume of material removed per year from each section, the average
lowering of the river channel was readily computed.



8. The sediment removed from the bed by clear water consists of a
larger proportion of asmall particle sizes than exists in the bed material,
which causes the bed meterial to become gredually coarser as time goes on.
This in turn causes the amount of material carried out to become sesmaller,
since the stream can carry less coarse than fine material. In the computa-
tions these effects were taken into account. Since, so far as known, no
attempt has previously been made to meke computations of this kind, it was
necessary to develop the methods used. These methods proved to be quite
detailed, but since it is desirable to record them so that they may be used
in the solution of other degradation problems, they are given in detail in
Appendix I.

General Results and Conclusions of the Study

9. The results of this study are very valuable in pointing out the
need for further study of the problem and the nature of the studies required
to determine the degradation which would take place, rather than in giving
exact answers as to the magnitude of the degradation. It has shown that
at the present time knowledge of sediment science is not sufficiently
developed to enable exact predictiomns to be made.

10. The most important conclusion from the study is that if a confined
channel is constructed below the sediment storsge dems in which the sedi-
ment picked up from the bed is carried through the length of the channel
to the lower end, without deposit along this course, the rate of degradation
will very probably be so low as to be unsatisfactory, and that at some
reaches along the channel it may even aggrade instead of degrading. To
accomplish degradation at a reasonable rate it will be necessary to store
the sediment picked up from the channel bottom at some point aloeng the
channel and release the clarified water back into the channel, where it will
pick up enother load of sediment from the channel bottom, thus increasing

the rate of degredation. The rate of lowering will depend upon the number
of times the seme water can be induced to pick up a load from the channel
bottom and deposit it in a prepared place outside the channel. It was not
possible in these studies to determine this.

11. Even with very favorable assumptions on the depth to which the
flowing water turns over the bed material, the rate of degradation for a
regulated channel 600 feet wide, with peak flood flows in the river reduced
to 5,000 cfs would reach only about 1.3 feet for the stretch between
Cochiti and Angostura Dems in 50 years. In the reach between Angostura
Dam and Atrisco Heading it would reach a depth of about 3 feet in 50 years,
but below this point it would either change very little or aggrade. The
megnitude of these changes during the 50-year period is shown on Figure 1.

12. The studies showed that the depth of degradation for the stretches
covared by the computations would be larger for the contracted than for the
natural channel, even if the depth of the bed materiel turned over by the
water in the narrow channel was no greater than in the wide channel. With
no change of turnover depth, the increase of maximum flow from 5,000 to
7,500 cfs would increase the degradation in the contracted channel only
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slightly. The difference between the effects of a series of high-flow years

or low-flow years as compared with average years would not be great. The
results which would actually occur would be considerably influenced by the
volume of sediment brought in by local inflows. These occur only at unpredict-
able irregular intervals, and their magnitudes are difficult to estimate. How-
ever, in many cases these inflows would be capable of being handled separately.

13. The computations showed that the depth to which the bottom material
was turned over by the flowing water had a large influence on the degradation
depth, A small change of particle size would also cause considerable change
in the degradation depth., The computations also showed that the capacity of
the stream to carry sediment was a very important factor in determining the
degradation rate,

14. The foregoing results show the necessity of further studies lf the
degrading effect of the reservoirs is to be accurately predicted. To determine
the extent to which the water can be induced to drop its load at selected points
outside the channel and pick up a new load from the bed, a series of hydraulic
model tests should be carried out. The large effect of the depth to which
the bed is turned over, on the degradation rate, shows the importance of an
accurate determination of the depth to which this action takes place. The
important effect of partiecle size on degradation rate shows the necessity of
an accurate knowledge of the size of material through which the channel would
run, and therefore the need to supplement the ieager data on this point by
further sampling. The large influence of the transporting capacity of the
stream emphasizes the necessity of determining this capacity accurately, and
reconciling the conflicting results obtained in estimating this value by
different methods.

guantitative Results of Degradation Estimates

15. The quantitative results of the estimates of degradation are given
on Figures 1 and 2. Figure 1 shows the estimated effect of the reservoirs
operated to reduce flood peaks to 5,000 cfs with the channel below the dams
restricted to a 600-foot width, and no sediment storage along the channel.
The depth to which the bed material is assumed to be turned over is 2 feet in
the first stretch, Cochiti to Angostura Dam and 7 feet below that point. The
method of making these computations is given in detail in Appendix 1.

16. The results indicate a lowering of about 1.3 feet in the first 15
years in the stretch from Cochiti to Angostura, but 1little change for the next
35 years or to the end of the period studied. In the stretch frem Angostura
to Atrisco Heading, the lowering would continue for mere than 50 years, reaching
1.5 feet in 20 years and 3.0 feet in 50 years. In the stretch from Atrisco
Heading to Isleta Dam the degradation reaches 0.8 feet in abeut 5 years, after
which it aggrades back practically to zero again at the end of 50 years. In
the stretech from Isleta Dam to San Juan Heading it degrades about 0.6 feet in
the first 5 years, but after that aggrades to about 1.3 feet higher than the
elevation at the start at the end of 50 years. In the reach from San Juan
Heading to the Rio Puerco it would degrade 0.6 feet in the first 10 yeers, after
which it remains practically constant for 10 years and then starts to degrade
again, reaching 0.8 feet at the end of 50 years.
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17. The computations indicated that the action was quite sensitive
to particle size composition, and the assumption of slightly different bed
size compositions would have produced considerably different results. Since
the paucity of size analysis data of the bed material did not establish the
true average size very conclusively, the computed values of degradation could
not be positively established., Any change in the particle size, however,
would have changed the amounts of degradation in the various sections with
respect to each other, but would not change the total amount greatly. Although
the results obtained are therefore not necessarily exact, the order ef
magnitude of the degradation is believed to be correct. Since the magnitude
of the degradatieons computed are generally quite small, it therefore can be
coricluded that the degradation which would result with the confined channel
downstream will be too small to be of much value.,

18. In computing the amount of degradation certain assumptions were
made which were necessarily somewhat arbitrary. The effect of different
assumptions was therefore investigated. The flow each year was assumed to
be equal to the average flow. The dezradation which would occur if the first
five years were the same as that of the five dryest consecutive years, was
determined. This is shown on Curve No. 2 of Figure 2. A comparisen of this
curve with Curve No. 3, which is the curve for average flows, shows that the
degradation, although smaller, is only slightly less than for average flows.
Similarly, the five wettest years would produce only slightly more than the
average degracdation, as shown by Curve No. 5. The effect of a change in the
particle size used is shown by Curve No. 7. This curve shows the computed
degradation for a bed material finer than the size indicated by the borings
as shown on Table 1.

19. The degradation computations, in general, were based on the average
annual transporting capacity of the stream for coarse load, which was estimated
to be 2,350,000 tons per year. The average annual sediment load computed from
a sediment rating curve for coarse load and an average flow duration curve
was found to be about 9,000,000 tons. It is probable that the measurements
on which this rating curve were based were taken at a narrow section during a
time when the river was deepening this section and when it was therefore
transporting more material than under average conditions. It is believed, how-
ever, that the 2,350,000 tons is a much more reliable value. Rowever, the
degradation which would result if the 9,000,000 tons were cocrrect was computed
and shown by Curves No. 6. This shows that materially greater degradation
would result if the transporting capacity of the river was greater. The effect
of increasing the value of the peak discharge to 7,500 cfs was also studied,
as shown by Curve No. 4. In the first stretch this differed very little from
the 5,000 cfs value as shown by Curve No. 3. Although the 7,500 cfs flow will
carry materially more sediment than the 5,000 cfs flow, these flows occur only
a small part of the total time, and the effect of varying them is therefore
not great. Also, the effect of the greater peak flow is largely offset by the
shorter length of time it flows. In these computatiens, however, the depth of
turnover of the bottom material was assumed to be the same. Since the depth
for the higher peak flow would probably be greater, the degradatieon rate for
the hisher peak discharge would be relatively greater than these studies
indicated.



ggple 2l

"Comparison of Size of Bed Material with Assumed Finer Bed Material"
Reach No. 2--Angostura Dam--Atrisco Heading

Percent in each Fraction

: Finer: Very fine : Fine : Medium : Coarse : Very : Very : Fine Medium :

¢ than ¢ sand : Bamd@ : sand : sand : coarse : fine : gravel : gravel :Medium

1 0.062: 0.062- : 0.125- :0.250- : 0.500- : 1.00- : 2.00- : Lk.,00 : 8.00 : size

: mm:0.125m : 0.250 mm:0.500 mm : 1.000 mm : 2.00 rm: 4.00 mm : 8.00 tm : 16.00 mm : mm
Bed 2 g ! I 1 ] : ! X ]
material : H H H H H 8 2 ! ]
from H H H 5 : 1 ! f : '
borings : 1.1k : 4.9 : 3.0 : L8 : 13.1 : 3.2 : 16 : 1.4 : 0.6 : 0.290
Assumed 3 g ] i | i i 1 |
finer H H H H H g H 8 H g
material : 1.5 : 15.0 : 59.5 : 20.0 : 28l .« 0.0 ;.0.0 L. 0.l BN R : 0.189




Possibilities of Increasing the Degradation Rate

20. As previously stated, the degradation rate will be amsll if all

the sediment is carried to the lower end of the channel, and to attain a
larger rate it will be necessary to store the coarse sediment at predeter-
mined points along the stream. The amount of degradation will depend largely
upon the number of times the same water can be induced to pick up a load

sediment from the bed and deposit it outside the channel. The portions
of the present channel not used in the contracted section can be used for
depositing the excavated sediment, and possibly wastelands can be utilized
for this purpose.

21. The best procedure for the sediment deposits to accomplish the
ation can best be worked out by Hydreulic Laboratory studies, supple-
by a limited amount of experimentation on the river itself. So far
possible, the procedure of overbank deposition should be combined with
the contraction of the channel. A great many possible schemes might be used,
and an extensive laboratory investigation will be necessary. Considerable
work of value along these lines has been done in India. Observations recently
made on rivers in this country indicate that considerable progress can be
made along this line. Most engineering progress is made by finding out the
laws of nature and then setting up the conditiomns in such a way that nature
ork to accomplish the desired end. The work on accelerated channel
tion would be conmducted by working out the conditions which would
best facilitate the action of the river in moving the sediment from its
channel into the deposition areas.

22. A substantial advantage of the method of producing degradation by
deposition along the channel is that much of the degraded material will be
kept out of the Elephant Butte Reservoir, and the capacity of that reservoir
will be kept available for water storage to this extent.

23. Another possible method of increasing the degradation rate would
to locate the channel where the size of sediment was ammll. To do this
it would be necessary to determine by means of borings and size analysis,
the parts of the area between the levees where the size of bed material
small and rur the contracted channel through these portions. Whether
not this method is practical could only be determined by further investi-
getion, which should be made.

of Water Temperature on Degradation Rate

2k . Sediment meaaurements on the Lower Colorado River show that for
same discharge this stream carries mmch more sediment in winter than in
sumer . The cause of this ies not definitely established, but the most
likely explanation seems to be that it is a temperature effect. If it can
definitely established that this 1s the case, the temperature of the
water may heve an important effect on the rate of degradation. A search
temperature data on the Rio Grande water failed to locate any infor-
mation except for that obtained with recent sediment measurements. In
order to determine what the cause of the variation in sediment carrying
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capacity of the Colorado River, the relation of this capacity to the
temperature was studied in some detail. Apperdix III gives the results
of this study.

Limit of Degradation

25. Some engineers who have studied the degradation possibilities in
the Middle Rio Grande have been concermed with the possibility that the
degradation might be so great as to bring very disadvantageous effects, such
as the undermining of bridges and dams. The studies previously discussed
indicate that the principal difficulty will be in securing adequate lowering
rather than from excessive lowering. The presence of gravel strata, as
shown by the borings, indicate the limit to which degradation could be
expected to go, even under much more favorable conditions for degradaticn
than actually exist. These depths vary from about 7 feet at San Felipi to
10 feet at Albuquerque and to 15 feet at lemitar. These are the distances
down from the present surface, and the depth below the bed of the river
before the recent rapid aggradation is therefore considerably less than these
values. Should degradation become excessive, the lowering could be greatly
reduced by allowing the river to returmn to its natural width by ceasing to
maintain the contraction works or by passing down the river some of the
sediment entering the sedimentation basins.

Further Data and Studies Required to Perfect Estimates of Degradation Rates

26. The estimates of future rates of degradation reached by this study
wvere considerably lessened in probable accuracy by lack of sufficient data
on the mechanical analysis of the riverbed materials, both on the surface
and below it. A great deal of mechanical emalysis work has been done by
the Soll Conservation Sexrvice, but this was done for the determination of
the relative sediment ocontributions of the various parts of the drainage
basin by the heavy mineral analysis method and in the selection of samples
only sands were taken, the coarser and finer materials being avoided as
unsuitable for this purpose. To make an estimate of degradation rate of a
satisfactory degree of accuracy it will be necessary to get a gystematic
set of bed samples covering the entire length of the middle river. The
samples probably should be taken on a grid system with points sufficiently
closely spaced to give accurately the average bed composition.

27. The borings made by the United States Engineer Department as part
of the cooperative program are practically the only informetion showing
quantitatively the composition of the material an appreciable distance below
the surface. This material was very valuable in this study but the borings
were insufficient in number to insure an accurate average of the subsurface
compositions. Many more similar borings with mechanical analysis of the
material at different depths will be necessary to insure sufficient accuracy.
These borings should also be made on a grid system. A limited number of bed
surface samples and borings should also be mede in the tributaries Just up-
gtream from their mouths, in order to give as reliably as possible the
composition of the load brought to the river by these streams. It is believed
that a boring rig, mounted in a truck could advantageously be used for the
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borings required. It is understood that the army has developed equipment
for this purpose for constructing military telephone lines.

28. As discussed in Appendix II, more information on the depth and
width of the bed material which is moved by the high stream flows is
necessary. For this purpose an analysis should be made of records of bottom
scour obtained by current meter measurements in the Rio Grande and similar
rivers. A large number of borings should be made in the river channel and
the holes should be refilled with colored sand. These should be mede at
both nerrow and wide sections of the river. By later sxamination of these
holes the depth to which they had been washed awey would show the depth of
bed movement. The borings mede to determine the size composition of the bed
could be used for this purpose.

29. For the purpose of securing data on the depth of bed scour and
for checking the accuracy of the methods of estimating degradation rate
used in this study, data on bed composition of the surface and subsurface
of the Lower Colorado River should be secured. The rate of degradation
should then be estimated and compared with observed rates.

30. To secure more information of the degradation which has resulted
on other streams where the sediment load hes been cut off by dams, data
should be secured from as many cases as possible where this has taken place.
A special study should be made in the Rio Grende below Elephent Butte Dam.
By comparing these rates with bed material, slope and the flow causing them,
a further check on the rates estimated would be secured. This information
would also be of great value in the design of dams and other structures on
many other of the streams under study by the Bureau of Reclamation.

31. The selection of a 600-foot channel width for the estimates of
degradation rate in the regulated channel was a very arbitrary one and
before a determination of a width is msde, extensive studies should be made.
The selection of the best form of bank-protection works for this channel
could be materially aided by Hydraulic Laboratory studies.

Miscellaneous Suggesti ons

32. The filling up of the storage dams with sediment will necessitate
the enlargement of the storage capacity from time to time. A postponement
of the need of this additional capacity might be obtained by flushing out
part of the sediment from the basins to depositing areas Just downstream
from the dams. As the reservoirs become partially full, the head necessary
to flush out the sediment onto lands at levels above the present riverbed
wlll becoms avallable without the storage of water in the basins. The
feasibility of such a procedure should be studied, and if desirable, the
outlets in the dams should be designed to accomplish it.

33. Under ordinary conditions the space which is filled with sediment
will become useless for any other purpose. It would be possible, however,
to utilize the part of this space between the grains of sand for storage
of water, if drains and conduits were censtructed before the deposits were
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made, to collect the water and discharge it through the dam. Since these
basins are expected to store only the coarse material, the effective voids
should be a considerable part of the sediment volume and the water could

be drained out by gravity. To a limited extent this space would also provide
flood control storage. This sort of storage woeuld have the advantage that

it would be less subjJect to evaporation than ordinary storage, and thus might
be particularly adapted to hold over storage.
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Appendix T
DETATLS OF METHOD OF ESTIMATING DEGRADATION RATES

Experience with degradation on the Colorado River below Lake Mead
has shown that the clear water flowing from the lake picks up material from
the bed and carries it downstream, thereby lowering or degrading the river
bed. The ablility of the water to carry the fine perticles of bed material
is very much greater than ite ability to carry the coarse particles. The
water therefore picks up from the bed much more of the fine material than
it does of coarse material. Thie proportion of fine to coarse material
picked up is greater than the proportion of fine to coarse material of which
the bed is composed. The result is that the fine material in the bed is
removed faster than the coarse material and the bed material remaining,
gradually becomes coarser. As it becomes coarser the ability of the river
to remove bed material becomes less, Therefore, the rate of the removal
of the bed decreases and a condition is approached where the amount of
material becomes so emall that the channel practically ceases to degrade.
At this time stability can be sald to be reached.

The experience on the Lower Colorado has been that this condition was
reached in a comparatively few years. Although the conditions on the
Middle Rio Grande River are not exactly the same as those on the Lower
Colorado, the similarity is great enough to insure that an action of this
kind will occwr in the Rio Grande. Any method devised for estimating the
degradation which will result from the construction of the proposed reservoirs
will, therefore, have to take this action into account. So far as lmown,
no such method has previously been developed and therefore, it was necessary
to devise one. The lack of a completely developed science of sediment trans-
portation and deposition, the paucity of quantitative data regarding the
materials dealt with in the Rio Grande, together with an inadequate lkmowledge
of the action of the river on the materials composing its bed, has made it
necessary to make several assumptions and approximations in developing the
method. The results obtained therefore, camnot be expected to be highly
accurate but they are the best that can be devised at the present time, and
it is believed that they do indicate the correct order of magnitude of the
various effects and indicate the general character of the results which will
be secured. They should be very helpful in pointing out the best method of
carrying out the proposed plans and in showing what information i1s necessary
to make more accurate quantlitive estimates.

Since the degradation which will result from the proposed reservoirs
will chenge with the passage of time and will vary in the different parts
of the river, 1t was decided to make the computations of these effects by a
step method, dividing the river up into sections and estimeting the changes
which would occur in each section during successive time periods of one to
five years length, following the completion of the reservoirs.

Since the degradation in any section of the river depends upon the excess
of the amount of sediment taken out of the section over that brought into
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the section, it is necessary to know both the sediment inflow and outflow
quantities in each section in each of the successive time periods used.
The amount coming into the section is mede up of the amount brought in
from the section immediately upstream, and that which comes in from local
inflow. The amount which goes out of the section is that which the river
carries out plus that which is diverted into irrigation canals. The local
inflow and diversions were estimated from the best sources of information
available, as will be explained later. The main river sediment inflow to
the upper of the sections into which the river was divided, was based on
the estimate prepared in frawing up the general plan for the improvement
of the Middle Rio Grande Valley. The main river sediment inflow for the
sections below the upper one was taken as a computed sediment outflow of
the section next upstream. It was, therefore, necessary to compute first
the degradation and sediment outflow in the most upstream section for the
successive time periods and then successively compute the effects in the
section next downstreem.

Division into Sectioms

The sections, or reaches, into which the Middle Rio Grande was divided,
for the purposes of this study are shown in Table A, together with other
pertinent data.

Table A

DATA ON MIDDLE RIO GRANDE SECTIONS

5 3 :Ssction: Average :
Section: From 58 To ¢length-: natural :
No : Place :  Place : miles : width £t : Area sq ft
1 Cochiti : Angostura = s .
1 : Piversion Dam: Diversion Dem: 22.19 : 1,050 ft : 123,000,000
: Angostura ¢ Atrisco . 3
2 : Diversion Dem: : 25.76 : 1,200 ft : 163,000,000
: Atrieco : Isleta 5 >
3 : -Heading : Diversion :13.90 : 1,350 ft : 99,000,000
: Isleta : Sen Juan T : :
_ b : —ptversion  : FHeading : 24.46 ¢ 1,050 £t : 136,000,000
! San Juan s s . "
5 . Heating : Rio Puerco : k.94 : 950 £t : 75,000,000

Local Sediment Inflow and Diversions

The sediment inflow which occurs locally in the various sections was
taken from the estimate prepared in the sedimentation appendix of the
plan for development of the Middle Rio Grande A/ The amounts and compositions
were taken from the estimate made for the general design of the Middle Rio

1/Numbers refer to references at end of this report.
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Grande Project previously mentioned. The size composition of this sediment
wes taken from sediment measurements made during summer flood flows in the
Rio Grande, since most of the local inflow comes during such periods. The
amount and composition of coarse sediment taken out of the river with the
irrigation water was estimated from the amount of water diverted and the
coarse sediment concentration and composition in the water at that point.
It was assumed that the canal headgate was manipulated to reduce the
sediment to a minimm and, therefore, that the sediment concentration of the
water diverted was half that in the river.

Duration of Main River Flow

The duration of flows of various magnitudes which will exist after
the construction of the flood control dams will differ camsiderably from
that which has existed in the past. It is expected that the maximum flow
which will be permitted to pass down the river at the upper end of the
Middle Valley will be 5,000 cfs. Occasional local inflows will bring the
channel flows above this amount, but their duration will be very short,
and the amount of water involved will be small.

Since studies of the operatien of the reservoirs was not available,
their effect on the duration was estimated by adjusting the shape of the
curve to reduce the maximm flow to 5,000 cfs and increase the duration of
flows Just below 5,000 c¢fs to provide the same total quantity of flow as
in the unregulated condition. It was assumed that most of the flow above
5,000 cfs which was stored would be released soon after the natural flow
had fallen below 5,000 cfs.

Main River Sediment Inflows and Outflows

As previously stated, the amount of sediment carried by the river
into the upper end of the Middle Rio Grande channel was based on the
estimate of the amount of sediment carried by the river in its present
form, as ietermined in the general plans for the Middle Rio Grande
ProJject. 1/ This estimate was based on a complete study of the weights
of sediment brought in by the main river and by the tributaries and the
measured disposition of it in the aggradation of the valley floor and the
deposits in the Elephant Butte Reservoir. It was assumed that the amocunt
of wash load (which would include all of the material of silt and clay
size) would not be changed by the construction of the dams, but that it
would all pass without deposit, through the contracted chamnel which it is
proposed to build. It was assumed that the flood-sediment control reservoirs
would be so manipulated that all of the material of sand sizes reaching
them would be deposited therein. The small quantity of sediment which
would come down the Upper Rio Grande or be removed from the coarse deposits
in the river channel between the mouth of the Chama River and Cochiti Dam
was assumed to be negligible and the flow of coarse sediment at Cochiti
was therefore neglected.

The estimate of sediment carried by the Middle Rio Grande under present
conditions, previously mentioned, showed that the various stretches of the
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river between Cochiti and the mouth of the Rio Puerco carried an average
of about 2,350,000 tons of coarse material per year. Coarse material
being that part of the sediment composed of particles of sand and larger
sizes or larger than 0.0625 mm. This quantity is for the present river
conditions of unregulated flows and natural river widthe.

The reduction of the peak flows by the reservoirs will tend to reduce
the ability of the river to carry coarse sediment but the confinemsent of
the streambed below the dams will tend to increase it. The megnitude of
the effect of these two opposing trends was estimated by computing, by
means of sediment transportation formulas, the average anmal amount of
sediment carried by the unregulated, natural width stream and also by the
regulated, confined width stream. To get the capacity of the stream after
the changes are made, the present capacity of the stream, 2,350,000 tons
per year, was multiplied by the ratio of the computed capacity of the
regulated,confined width stream to the computed capacity stream in its
present condition. The results of these computations are shown below.

COMPUTED TOTAL SEDIMERT LOAD IN FIRST
STRETCH FOR DIFFERENT CORDITIONS

Total load
T/year
Width = 1,050 ft--Flow duration S
normal (21,600 cfs maximum) 1,392,389
Width = 600 ft--Flow duration
normal (21,600 cfs maximum) 1,714,037
Width = 1,050 ft--Flow duration
reduced to 5,000 cfs maximum 1,080,458
Width = 600 ft--Flow duration
reduced to 5,000 cfs maxrimum 1,606,829

This shows that the effect of narrowing the river channel to 600 feet was
greater than the reduction of peak discharge to 5,000 cfs, and therefore
that the initial effect of the improvement weas to somewhat increase the
rate of tramsport of sediment by the stream.

It will no doubt be noticed that it would be possible to use the
computed quantity carried under the new set of conditions inetead of that
obtained by the previously described method. Because of the lack of
accurate knowledge of the size compositien of the bed material and the
temperature of the water and because our knowledge of the fundamental
theory of sediment transportation is inexast, it is believed that more
accurate results would be secured by the method adepted. This uses the
theory to compute only the relative effect of the chenges due to the
proposed plan and to depend upon measured quantities to give the rate for
present conditions. Both the temperature and the size of bed material
have a large effect on the amount ¢f sediment transperted, as computed by
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the formulae used, and therefore the results obtained by these formulae
with the approximate values which it was necessary to assume for these
quantities, was apt to be considerably in error. The estimate of material
carried under present conditions however, although subject to some uncer-
tainty, was believed to be much less subject to error. Therefore, it was
believed that a method which would use this value for the basic quantity,
and modify it by computation, where computation was necessary, would give
a more accurate result than to use computation for the entire process.

When these studies were started, it was expected to use, as the
transporting capacity of the river for coarse sediment, the amount of
this material for vearious discharges shown by the results of sediment
sampling observations in the river channel. For this purpose sediment
rating curves at various points where data were available were drawn up,
but when these curves were applied to the duration curve of mean annual
flow they gave mean annual sediment discharges several times the 2,350,000
tons estimated from measured volumes of deposited material. Since it is
believed that any error in the 2,350,000-ton value is much less than this
would indicate, it was concluded that the use of these rating curves was
not desirable.

The reason why the transportation of sediment in suspension as
determined from sediment samples appeared to be so much larger than that
obtained from measured deposits is not apparent, but it is probably re-
lated to the problems discussed in Appendix II.

Composition of the Bed Material

The estimate of degrsdation is based on an initial composition of
the riverbed material, which was taken to be that existing in the bed
at the present time, as nearly as could be determined from the few borings
which were available. The composition of the bed in each section of the
river was determined from the size analyses made from the samples taken
from the borings made in that section, down to the depth which was assumed
to be the lowest level at which the flowing water would turn over the bed
material. Since the number of borings in the river chamnnel in one section
were only from 2 to 6, the ceomposition of the bed material was net estab-
lished very accwrately.

Depth of Turnover

As discussed in Appendix IT, the depth to which the bed material in
a stream is worked over by the flowing water has an important effect om
the rate at which it will degrade, but little is kmewn in a gquantitive
way about this matter, and the available data are conflicting. In these
studies eufficient data to obtain reliable values of this depth were not
available and more or less arbitrary values had to be assumed. In the
stretch between Cochiti and the Angostura Dam, the bed is cemposed of
coarse material and it is believed that the depth which would be worked
over by the 5,000 cfs maximmm flews would be amall. In this stretch the
depth was therefore taken as 2 feet. Below Angestura Dam the riverbed is
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composed of much finer material, and the depth of turnover is expected to
be greater. The borings indicate that the bottom becomes appreciably
coarser at a depth of about 7 feet and this depth of turnover was, there-
fore, assumed in this astretch for the river between Angostura Diversion
Dam and the mouth of the Rio Puerco. A study was also made of the effect
in some sectiens for a depth of 3-1/2 feet. Although most of the high flows
in the river will be eliminated by the reserveirs, occasional flows of con-
siderable magnitude will come in from the tributaries which will assist in
working over the bed material in this part of the river. The effect on the
results obtained of errors in estimating the depth of this twrnoever is
discussed later in this appendix.

Details of Estimate of Degradation for the First Year

In the estimate of the degradation for the first year a trial
computation was first made, in which the initial rate of degradation of
the various sizes was assumed to hold during the entire year. From the
amount of material, which this assumption gave as being carried away from
the zene of material which was worked over by the stream, or what may be
called the "turnover zone," the average change of composition of this zone
during the year was computed. The average of the composition at the begin-
ning and end of the year was then taken as the bed composition and a revised
estimate was made of the weight of material carried by the stream during
the year and the degradation which this would produce. This value of lower-
ing was teken as the degradation caused by the dams for the first year.
The compositien of the turnover zone at the end of the year was also esti-
mated with this revised rate of movement out of the zone, and this composi-
tion was taken as the initial rate for the second year.

The order of the steps in the computation of degradation for the first
year in any reach of the river was as follows:

(1) Determine the initial composition of the bed material in each
reach from the borings in that reach.

(2) Compute the mean annual discharge capacity of the stream
channel for sediment by means of formulae, for its natural width
with unregulated flow and for the contracted channel with rsgulatsd
flow.

(3) Adjust the contracted regulated flow discharge to sgree with
observed discharge with natural width and unregulated flow.

(4) Compute the amount of each size range of material carried
out of the section. Then compute the change of bed composition
during the first year due to the cembination of this sediment outflow,
the sediment inflew frem the section next upstream, the local sediment
inflow, and the sediment carried out by the irrigation water.

(5) Petermine the average bed composition during the year.
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(6) Wwith this average bed composition repeat Step 4 to get the
net amount of material removed from the secticn, and thus the ameount
of degradation or aggredation.

(7) Cempute the depth remaining in the turnover zcne at the end
of the year and the degradation during the year, also the bed ecemposition
at the end of the year, which will be used to compute the degradation
the next year. The degradation for the next period was cemputed by re-
peating steps 4 to 7 inclusive.

The following paragraphe give more details on how the computations in
each of these steps were made.

Step 1.--The initial composition of the material in the turnover
zone in each reach was determined from the average composition as shown
by the berings taken in the river channel, for the depth which would be
turned over, as previcusly stated. The results of the borings outside
the chennel were net included. The size ceomposition was divided into
parts, accerding to the American Geophysical Union ?_/classification,
and the percent of the total weight in each size range was determined.
Assuming that each class of material accounted for a depth of material
propertional to its weight, the depth in each size range in the twn-
over zone was computed.

Step 2.--The rate at which material in each AGU size range could
be trensported at the beginning of the first year was computed by formmlae,
for the present condition of the river, with its natural width and un-
regulated flow and with the proposed narrow width and regulated flow.
The tramsportation rate for -the suspended load was computed by the Laﬁl?-
Kalinske rela‘bion7 3/and for the bed load the average of the Kalinske'
and Schoklitsch 2/formlae were used. The total load was taken as the
sum of this suspended load and the average of the two estimates of bed
load. The Einstein bed (material) locad formmula was not used, since the
sizes involved were too small for accurate determination by this formula.
The 3traub forrmula was found to give quantities obviously considerably
too large. The flow cenditiens in the natural channel were computed
using the natwral width and Manning's fermmla with a value of "n" of
0.025, which is an average value based on measurements and computations
of the U. S. Army Engineers. The slope of the stream was taken from
the river profile and the unimproved width was teken from the best
available maps. For the controlled chanmel a width of 600 feet was
used. The amcunt of material transported in suspensien was computed
by the Lane-Kalinske relatiens, assuming there was only one percent of
that size in the bed and the bed load by the Schoklitsch formmla w=me
computed fer each size range, assuming that the entire bed was composed
of that size of material. The amount carried was taken as the average
for the varieus sizes weighted accerding to the percents by weight which
each size frection cemposed of the bed material determined from the
borings. The amounts trensported by the Kalinske formula were weighted
according to the area whiclh each size range covered in the bed, as
explained in the article Lt/ describing that formula.
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The amounts of bed and suspended load carried of each size fraction
was computed for both present channel conditions and the contracted
channel for a number of discharges within the range of discharges, as
shown by the flow-duration curves. Sediment rating curves for each
size fraction were prepared showing theoretical relation of sediment
discharge to water discharge under these two conditions. The mean
annual theoretical sediment discharge for the present condition of the
stream was then computed by applying the values indicated by the rating
curves for this condition to the discharges under present conditions
a8 indicated by the flow-duration curves. The total quantity was taken
as the sum of the amounts for the various size fractions. The mean
annual theoretical sediment discharge for the contracted channel and
regulated flow was similarly computed by combining the values from the
sediment load rating curves of the contracted channel with the values
from the flow-duration curve of regulated flow.

Step 3.--The third step was to adjust the thearetical computed
carrying capacity for the contracted chennel to agree with the observed
carrying capacity of the natural channel. This was done by assuming
that the theoretical computed values for both present and future con-
ditions were in error by the same percents. The correction of the
theoretical capacity for the contracted channel was made by mmltiplying
it by the ratio of the observed value for present cenditions (2,350 ,000
tons per year) to the computed theoretical value for present conditioms.
From the average annual amount carried, as thus computed, the equivalent
depth over the stream bed was computed for each sectien into which the
river wvas divided. A density of 100 pounds per cubic foot, as determined
by Happ 6/ was used in this estimate. This was divided into depths of
bed and suspended load by assuming that the average of the two cemputed
bed loceds wats cerrect and the remainder was suspended lcad. This was
done because it was believed that the average of the bed-load formulae
probably gave a mare accurate value than the suspended-load formula.
The depths of bed and suspended load were then divided to give the
depths in each of the size fractions. For the bed load,this was done
by assuming that size distribution was the same as in the average size
distribution computed by the two bed-load formulae for the regulated
flow and contracted width. The size distribution for the suspended
load was assumsd to be the same ae computed suspended load for the
same condition.

Step L4.--The depth in each size range carried out of the reach
vas the adJusted depths cemputed in the previous step, if a sufficient
depth of material of that size was available in the turnover zcme. If
the depth was insufficient, the total amount available was carried out.
The local inflow of sediment in each size range, in terms of depth
over the stretch was next computed, and a similar computation wvas made
of the depth for each size for the sediment cerried away by the irrigation
water. The concentration of sediment carried away by the irrigation
vater was assumed to be half that of the computed suspended load in the
contracted channel for the next stretch upstream. This reduction of the
concentration of suspended lcad was made to take care of the effect of
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sluicing at the headworks of the irrigation canals. The change of bed
composition during the year was then estimated by computing the depth
of each size range remaining in the turnover zone at the end of the
year, assuming that the initial rate of movement continued throughout
the year. Feor each size range this depth was the initial depth in
the turnover zone, plus the depth breught in by the outflow from

the reach next upstream, plus the depth brought in by local inflow,
minus the depth carried out by the irrigation water, minus the depth
carried out at the lower end of the reach.

Step 5.--The average bed composition during the first year was
next computed by assuming that it was the average of the initial com-
position and the final composition as computed above.

Step 6.--A revised computation of the depth of material transported
in the contracted channel was next made by repeating the latter part
of Step 4, using this average bed composition. To facilitate this and
subsequent cemputations, a diagram, as shown in the sample cemputatiens,
was dravn up, shewing the depth transported (1f available) in each size
range for each percent of that size in the turnover zone. This was
done by plotting on Cartesian or ordinary coordinates for each size,
the depth transported in the contracted channel, as determined in Step 2,
against the initial percentage in the turnover zene. Straight lines
wvere then drawn through the origin of coordinates and through these
points. These lines indicate the depths transported for all other
bed compositions, assuming that the amount transported s proportional
to the percentage of the size in the bed.

Step 7.--The amount of degradation was next computed by subtracting
from the total of the depths of the various size fractions in the turn-
over zone at the beginmning of the period, the total of the depths of
these size fractions at the end of the period. From the depths of the
various sizes at the end of the period, the initial coemposition for
the next time period was computed. The depth of the turnover zone was
assumed to decrease by the amount of material remeved by the degradation,
no nev material being taken in at the bottom of the zone as the
degradation continued.

Effect of Various Assumptions

In working out the method used for estimating the degradation rate,
it was necessary to make a number of assumptions. Some of the assumptions
were made because of lack of infermation on the true action, and some
were made in order to get the computation simple enough to be practicable
to compute. Some of these assumptions prebably depart semewhat from the
true situation, In the follewing, the prabable result of these departures
is considered.

The assumption that the inflow of sediment at Cochiti is negligible,

is too faverable to high degradation rates, but the amount is very small,
and therefore the error invelved is alsc small.
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The assumption of a turnover depth of 7 feet in most of the sectioms
mAy be greater than the true amount fer maximum flows of 5,000 efs. So
little data on this point are available that it was not possible to make
accurate estimates. If the depths of turnover were less than 7 feet, the
estimates of degradation would tend to be teo large, as shown by the
results for a 3-1/2-foot turmever.

The aseumption that the material on the surface of the bad wes
composed of material of the aversge cempositimn of the twrnover zone
probably gives too high a composition of fine sizes in the bed and thus
tends to give too great valiues of material ceaxrried out of the bed.

The assumptien that the removal of material lowers the bed in propertion
~to the weight removed probably results in too large degradation values,
since the removal of the fines probably imncreases the voids and thus decreases
the denasity of the material, and hemce dees not dserease the volume as fast
as the weight is decreased.

The assumptien that all of the silt and clay sizes are removed the
first year is mrebably somsvhat too faverable, but this material proebably
is removed in a comparatively few years.

The seepage of water from the channel and its retwrn at poeints farther
downstream as drainage water tends to slightly reduce the degradatien from
the values cemputed.

The assumption that all of the material degrafed frem the bBed is
carried to the downstream end of the most downstream sectien without
deposit tends toward too low an estimate of degredation, since fay any
practicable methed of centrolling the stream width some sediment would
escape frem the channel and be deposited, and the clarified water would
return to the channel again.

All of these assumptions except the last tend toward preducing
greater degradaticn rates than the time rate, and the resulting rate is,
therefore, probably too large in the upstream sectiens. However, the
estimation of too high a rate in the upstream secticns resulte in too
lov an estimate for the sections farther downstream, and the total lewering
is probably not far different from the true values.

23



Appendix IT
DEPTH OF RIVERBED SCOUR DURING FLOODS

One of the uncertainties in estimating the rate of degradation which
will take place below the sediment storage dams proposed in the Middle Rio
Grande Valley is the depth of the riverbed material which is moved by the
river during high flows. As discussed elsewhere in this report, it is
expected that the clear water released from the reservoirs will pick up
rnaterial from the bed of the stream downstream from the dams and carry it
on down the river, causing the riverbed to be lowered because of the
removal of this transported material from it. Observations below Hoover
Dam indicate that the flow will carry away a larger propertion of the finer
particles in the bed than it will carry of the coarser particles, with the
result that the particle size composition of the bed material will gradu-
ally become coarser. For example, Figure 1 shows the increase in size of
the bed material at Section 8, a short distance below Hoover Dam. Since
a given river flow can carry a lesser volume of coarse material than it
can carry of fine material, this coarsening of the bed will cause the river
to carry away a continually smaller amount of material as time goes on and
the coarsening proceeds and thus rapidly reduce the rate of degradation.
After a certain period of time the lowering of the bed will be negligible,
The rate at which the fine sand is removed and the length of time before
the degradation rate becomes negligible depends upon the depth to which
the riverbed is scoured during high flows, since the amount of fine material
which can be removed by the river depends upon the depth of the material
which comes in contact with the flowing water and thus can be carried away.
If the depth of scour i1s =mall, only a little fine material can be carried
away before the bed becomes covered with coarse material, but if the depth
is great, a large amount will be carried away before the bettom becomes
too coarse., The removal of the small amount in the case of the small depth
of scour will lower the bed much less than the removal of the large amount
if the depth of scour is great.

Conditjong on the Rjo Grgnde

The }iddle Rio Grande is a steep stream and carries a heavy sediment
load. It is wide, shallow, and relatively straight. The channel is fre-
quently divided by islands, or takes what is known as a braided pattern,
although it is very wide and shallow in some stretches and narrow and
deeper in other stretches. In many respects it resembles numerous other
rivers found in the Western United States,

Over the past forty years, the discharges of the Rio Grande and other
similar rivers in the western states have been determined thousands of
times in high and low water conditions. In each of these measurements the
cross—section was determined by frequent soundings across the stream bed.
It has generally been observed at these measurement sections that as the
flow of water in the stream increases, the depth of the flowing water
increases more than the water surface level rises. This indicates that
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the bottom of the stream has been scoured out. It is not wncommon for the
bottom to lower twice as much as the water surface rises., When the flood
crest is passed and the flow decreases, the bottom begins to £ill in, and
when the flood has passed, the bottom has risen substantially back to the
level which existed before the fleod. This is shown by Figure 2 which
gives the changes which took place in the riverbed at the San Marcial
gaging station on the Rio Grande River during the year 1929, Similar
changes have 8o frequently been observed in the Rio Grande and other rivers
that it i1s the general impression of many experienced stream geging men in
the western states that this is a general action of the channel for streams
of this type. They believe that when a flood comes the bed of the streanm,
at least for the greater rart of its length and width, scours down mate-
rially, and refilis as the fleod recedes, This is an opinion widely held
by men gaging the Rio Grande River, and it is reinfereced by observations
that piles 4O feet leng driven with most of their length below the stream
bettem are eccasicnally seen to rise suddenly in the water and float away,
and bridges resting on 60-foot piles have been washed out during floods.

Conflieting Byldenge

The evidenge of the experienced stream gagers and other local
observers seems quite conclusive, bui when one starts to examine the situ~
ation quantitatively he runs into some surprising evidence which raises
serious question as to the accuraecy of this general impression. If the
Rio Grande acours down several feet over substantially its entire width
and length, it must meve a very large quantity of material down the river,
Practically all of the material transported by this stream is deposited
in the Elephant Butte Reservoir. Frequent measurements have been made of the
volume of sediment being deposited in this basin and the amount is known
with reasonable aceuraecy. When we compare this amount with that which
would have to be moved intc the reservoir with an average depth of scour
over the riverbed of a considerable depth, say 1,5 feet, we find that the
amount actually deposited is very mueh less than would occur with this
sceur. We thus have the econflicting evidence of the scour observed by the
stream gagers and the lack of a corresponding ameount of material deposited
in the reserveir.,

In quantitative terms this conflict be shown as follows: The
sasction of the Rie Grande River from Cochitl to San Marcial has a length

of 160 miles and an average width of 1,170 feet, giving it a surface area

of 22,700 acres. For eash foot of average depth of scour, assuming that

the material scoured out moved as fast as the water, a volume of 22,700
acre~feet would, therefore, be carried into the lake, The average amount

of material carried into the lake per year is 18,276 acre~feet, of which

only about 1,328 acre-~feet are composed of sand and larger sizes, such as would
be scoured out of the stream bottom. Since floods sufficient to scour the
riverbed oceur practically every year, it is evident that the average

depth of seour during floods, even if all the depecsited coarse material
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is assumed to be moved out of the bed, is only about 0.08 feet. If the much
smaller annual loads carried into the lake above Elephant Butte Dam in recent
years is used, instead of the long term average, the depth would be muech
amaller than 0,08 feet. It may be agreed that the solid material does not
move as fast as the water, and this is no doubt true to a small extent. How-
ever;, with the high concentrations which would be necessary for the transporta-
tion of the amount of material invelved in the movement of considerable depths
of scoured material, the resistance to the flow of the water as it passed

bet ween the slower moving partieles of this material, would, if the solid
material moved appreciably slower than the water, be so great that the slepe
of the river would not supply enough energy to accomplish it. Moreover, the
particles could not long continue to move at much slower velocity than the
water, except as they come in contact with the bed, since there is only their
inertia to keep them from acquiring the same velocity of the water. Therefore,
all the material except the small part of coarser particles which eome in
frequent contact with the bed, must move with substantially the same velecity
as the water,

Another reason for questioning the existence of large depths of scour
over substantially the whole of the stream-bed area is that the measurements
of sediment concentration made in the river do not show sufficiently high
values to account for so great a transportation of material. Below the mouth
of the Rio Puerco the concentrations are high, due to the tremendous sediment
load of this stream which is probably the carrier of the highest sediment
concentration in the United States. To have a bed lowering of 15 feet in
depth, over half of the channel area would require concentrations of the order
of 50 percent by weight of solids for a discharge of 7,500 cfs. For a discharge
of 20,000 cfs, the bed would lower 4.0 feet to produce the same cencentration.
Even belew the mouth of the FPuerco such concentrations have not been observed,
and above the Puerco nothing approaching it has been observed.

Study of Evidence from Other Sources

Since the data available from the Rio Grande River Were so conflicting
that no satisfactory quantitative values could be obtained, it was decided
to make a general study of the available literature bearing on this subjecu,
with a view to obtaining more light on this point. The following is a
summary of the principal information brougnt cut Ly this investigatien.

This study disclosed that very few measurements for the ;rimary
purpose of determining general bed scour have been made. }ost of the data
available have been secured from measurements made primarily for other pur-
poses, such as from stream discharge or surveys to ‘determine depths
available for navigation. Observations of local scour, such as those at
bridge piers or abutments, are of no value in determining the general bed
scour with which this study is concermned. The available data seem to deal
with two general classes of rivers, large rivers, of small or moderate
slope, like the Mississippi and the Missouri, and smaller rivers of steep
slope, such as one frequently finds in the Western United States. The
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situatien in these two types of streams differ somewhat. The larger
rivers, if they flow in alluvial beds, consist of a series of bends,
between which are streteches of more or less straight river. 1In the
straight sections the main channel of the river usually crosses from one
side of the river to the other, and the place where it does is called a
croessing. At ordinary stages the bends are usually deep and relatively
narrow and the crossings are wider and shallower,

In Figure 3 are shown diagramatically (A) a typical cross-section of
a large river at a bend and (B% a typical cross-section at a crossing.

The water level at medium stages is represented by the lines b and b', and
at high and low discharges by a and a' and ¢ and e', respectively. At
rnedium stages the eross-sectional area of flow is about the same in both
cases and the velocity of flow 1s censequently alse about the same. In
floods the water level rises to a and a', a rise of approxdmately the same
height above b and b', Because the width in the crossing is considerably
greater than in the bend, the rise of water level increases the cross-
section in the crossing more than in the bend, and, therefore, makes the
total eross-sectional area at the crossing greater than at the bend. This
causes a lower velocity at the crossing than at the bend, and therefore
tends to preduce less scour in the crossing than in the bend. In low
water the opposite action takes place. The areas in the bends become
larger than in the crossings and more scour takes place on the crossings.
In high water, then, the pools usually scour out and at the crossings
deposit takes place, while during low water the crossings scour out and
the bends fill up. This is a well-established phenomena in large alluvial
rivers., Since the conditions in the Rio Grande differ considerably from
those in the large rivers mentioned, it was not known to what extent this
actien also takes place in that stream.

Bed Scour e Rio Grande

That the bed of the Rio Grande is lowered in time of floods, at least
at certain points, is shown by the cross-sections shown on Figure 2.
These represent the bed of the river under the Santa Fe Railroad Bridge at
San ltareial in 1929. Some of the sections were taken during the large
flood of that year. The stream is contracted to some extent here at high
flows and the presence of bridge piers no doubt increases the scour; the
tendency of the hbed to be deeper near the piers being evident on the
sections. These plers are set at an angle with the direction of flow,
which no doubt increases somewhat their scouring effect.

During the release of water from the El Vado Reserveir, in November
and December of 1946, frequent measurements were made of discharge and
flew area at Bernalille, Albuquerque, Belen, and Bernardo, on the main
stem of the Rio Grande River, by the United States Geelegical Survey and
U. S. Engineer Department. The discharge reached abeout 2,500 second-
feet and considerable bed lowering was observed at each station. The
maximum increase in area at these staticns above the area when the
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FIGURE 3

TYPICAL CROSS SECTION OF A LARGE RIVER
AT A BEND AND AT A CROSSING




release started was about 230, 340, 350, and 550 square feet, respectively.
This increase in area did not follow consistently the increase or decrease
in discharge. At the Bernalillo and Albuquerque stations it varied
rapidly up and down with a nearly constant discharge, the range of these
rapid fluctuations reaching as much as 150 square feet. The Albuquerque,
Belen, and Bernardo measurements were made from bridges where the piers

no doubt somewhat increased the scour and those at Bernalillo from a
cableway. At this point the river is narrow and curves somewhat with a
scour resisting bank on the outside of the curve.

Considerable data on the scour at stream-gaging stations on the Rio
Grande could ne doubt be obtained from a study of the soundings taken at
discharge measurements on the river during floods. Time for this purpose
was not available in making this study, but it is believed that such a

study would be a:ply Jjustified and would furnish much information of
value,

Bed Scour on the Colorado River

Discharge measurements have been made on the Colorado River at Yuma,
Arizona, since 1878. The large lowering of the bed which occurs at this
station during floods has been widely known and has been partly respon-
sible for the impression that the river bottom of such streams in floods
scour deeply. Some of the flow oross-sections for the years 1912, 19186,
and 1929 are shown on Figure 4. In general, the maximum increase in
depth at the section is about twice the rise in the water surface. These
measurenents were made by a cableway at a very narrow section of the
river, where one or both banks are of scour resisting material. The bed
is of very fine sand.

In striking contrast with the large bed lowering at the Yuma station
was tlie situation at the site of the Imperial Dam. A cable station was
operated here for a short period before the dam was constructed. During
this period the fleow reached a maximum of about 65,000 second-feet.
Although the bottem shifted considerably, being higher first en one side
and then on the other, there was no appreciable change of the mean
bottem level. This station was located about6 milee above the Laguna
Dam where a fixed masonry crest extended entirely across the river, and
might exercise some influence en the cross—section at the measuring
cable.

es of. _S¢o

On Figure 5 are shown cress-sections gt two stations on the Yellow
River in China deseribed by J. R. Freaman 7), which show the lowering
of the bed of this stream during a flood. These were taken at gaging
stations where the river was probably narrow. At one of them, rock was
exposed nearby on one bank. Cross-secticns of the Vefdo River near
Fort McDowell, Arizona, are given by F. N, Holmquist 8) which show a
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considerable deepening of this stream at high flows., This "gaging station
is located where the river runs between rock banks and is confined to a
comparatively limited width." During the excavation for Hoover Dam a sawed
and planed 2- by 6-imch plank was found in the riverbed naterial 50 feet
below low~water surface and 40 feet belew the bottom of the river channel.
This showed that at some comparatively recent time the river in this canyon
had scoured out the bed to the depth of this plank.

Analysis of Available Data

An examination of the foregoing data shows that, at most of the gaging
stations mentioned, the bottom unquestionably goes down considerably at high
flows. All of the cases where the bottom went down were either, (1) at
bridges where the presenece of piers would induce scour, (2) stations where
the river was narrow, or (3) where it was probably narrow because measuring
stations are usually where the river is narrow. The only place where a
stream was measured from a cableway and where it was definitely known to be
at a section which was hot contracted, was on the Lower Colorado River at
the site of the Imperial Dam. At this point nc lowering of the bed was
observed, but there is a slight chance that the conditions at this station
might be influenced by the dam 6 miles downstream. We alse have the evi-
dence from the volume of material carried into the Elephant Butte Reservoir
that no great average depth of material is scoured from the Rio Grande bed
in floods and carried into the reservoir. Evidence pointing to a similar
conclusion is the fact that the concentration of sediment carried in most
streams in floeds is insufficient to carry the amounts excavated if the
lowerings indicated by measurements at most gaging stations are typical of
the whole length and width of the river.

An explanation which is coneistent with all the observed data except
that taken at the site of the lmperial Dam is that the river behaves as
described by F. N. Holmquist in the article previously quoted. He believed
that rivers of the type under discussion in floods excavate a deep channel
over only a pertion of their width, depositing the material excavated in
the shallower portions of the channel a short distance downstream. This
deep channel he believed tends to approach the outside of the bende and
thus, in flowing downstream, it may cross from one side of the river
channel to the other. It constantly ehifts in position usually by sid®
erosion, but occasionally by avulsion (a complete and sudden abandonment
of a portien of its former course and adoption of a new channel),

After the foregoing studies were completed, an opportunity was had
to observe both frem the ground and the air the conditions during the
floed at the end of May 1948, at which time the flow at Albuquerque
reached about 13,000 second-feet. A flight over the river from Cochiti
to the Elephant Butte Reserveir was particularly illuminating.
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A special effort was made during these observations to determine the
existence of a narrow deep channel, such as that described by Holmquist,
but no evidence was found of such a phenomenoen. The fact that the location
of bridges and gaging stations is nearly always at narrow sections of the
river, however, was definitely established. That these narrow sections scour
out during floods seeried very reasonable, but it appeared to be deposited
at the next wide section downstream, and not carried on down the river.
This explanation would fit in with all of the observed data, which tends
to confirm the accuracy of this tentative conclusion,

Necessity for guantitative Data on Rio Grande Bed Scour

The attenpts made to estimate the rate of degradation which will occur
after the completior. of the sediiment storage reservoirs as described else-
where in this report, have shown that in order to make quantitative estimates,
it is necessary to know the depth and width of the material worked over by
the stream, since it is by the removal of the fine particles from this
portion of the stream bed which causes degradation. These attempts have
not disclosed any method of determining the lowering with a satisfactory
degree of exactness without this knowledge. It is, therefore, imperative
that further studies be made to quantitatively determine the magnitude of
this movement.

The studies necessary to get the required information should be along
three lines of approach as follows:

(1) A detailed analysis of the bottom scour at stream gaging
stations on the Rio Grande and similar streams, particularly where
measurements were made from cableways.

(2) The installation at numerous points in the bed of the Rio
Grande of vertical cores of colored sand, the position of which was
tied in to fixed points on the bank. These should be located both
in the narrow and wide sections. After high floods the position of
these cores would be relocated and excavations made to determine the
depth to which they had been washed away, and therefore the depth of
the bed which had been worked over. These will show whether the
riverbed scours dewn at the wide as well as at the narrow sections,

(3) A detailed study of the bed material and depth of degradation
which has occurred in the Colorado River below Lake Mead, to show the
depth of material worked over in the degradation which has taken place
in that stream,
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Valye of These Studies in the Solution of Other Prcblems

The data which would be secured from the studies outlined above would
be of great value in the selution of many other problems which arise in the
work of the Bureau of Reclamation. For example, a knowledge of the nature
and extent of the lowering whieh takes place in the Rio Grande in high
flows woulid be of the greatest assistance in working out the best method
of confining the river below the sediment storage dams, in order to induce
a more rapid rate of degradation,

A method of determining, with reasonable certainty, the degradation
which will occur below any dam provided on a movable bed river is one of
the greatest needs in the Bureau's design department. To provide a safe
design for a considerable lowering of the tailwater level at these dams
often greatly increases their eost, and should not be done unless necessary.
However, if lowering is not provided for and it occurs, expensive repairs
or the failure of the structure often result. The data from the studies
outlined would be of great help in working out such a method of estimating
degradation,
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Appendix III
EFFECT OF TEMPERATURE ON SEDIMENT TRANSPORTATION

Sediment Fluctuations in the Lower Colorado River

The record of sediment discharge above the Imperial Dam reservoir on
the Lower Colorado River shows a surprisingly much larger load of sediment
in winter than in summer for approximately the same water discharge. This
was first pointed out by R. E. Goss. Since the only obvious difference in
the conditions at these two times of year is the difference of the tempera-
ture of the water, these results raise a serious question regarding the
effect of temperature on the transportation of sediment in flowing streams.

The results of these sediment observations are shown on Figure 1, whieh
gives the water discharge, water temperature, sediment cencentration and
sediment load at Taylors Ferry frem 1943 to 1947, inclusive. It will be
noted that for a given discharge, the sediment load may be as much as 2+1/2
times as great in winter as in summer. The conditions in this streteh of
the Lower Colerado River are exceptionally favorable to indicating any effect
temperature may have, as the number of variables which might effect the
sediment load is mucn less than in most rivers. This station is lecated
downstream from the Hoover and Parker Reservoirs, in whiech the sediment
coming down the Colorado is depesited, and clear water is discharged from
thep. Because of the regulating effect of these two reservoirs, the flow
of the river is unusually uniform. There is very little local inflow between
the Parker Dam and Taylors Ferry and the sediment carried by the river is
almost entirely picked up from the stream bed. Approximately 70 percent of
thip load is composed of fine and very fine sand. This stream is therefore
mucg freer than most streams from great fluctuations of water discharge and
of load of sediment brought into it by tributaries. Because of the relatively
corfatant conditions, the effect of temperature would be much more apparent
than in an ordinary stream.

It will be noticed that although the sediment concentration fluctuates,
being generally larger in winter than in summer, there is distinct tendency
of the sediment concentration and discharge to become smaller with the passage
of time, This is due to the gradual coarsening of the riverbed from which the
load is picked up. 3ize analysis of the bed and suspended sediments showed
that they gradually become coarser, as shown on Figures 2 and 3, respectively.
As the bed became coarser, the water was not able to pick up as large a load
as before, but the particle size of the material that it did pick up was
coarser. The principal changes in sediment load were therefore due to the
changes of water discharge, the coarsening of the bed, the changes of tempera-
ture of the water and some other unlnown cause which fluctuates with the
seascns and may be wholly or partly the effect of temperature. Although
temperature appears to be the most likely cause, so far as known no experiments
have been made on the transporting pewer of water, in which only the tempera-
ture was varied. Until such experiments are made it cannot be positively
stated that temperature is the cause, and therefore the cause mist be regarded

as unknown.
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The Magnitude of the Fluctuations Due to the Unknown Cauge a2 Shown by Using
1943 to 1947 Data

An attempt was therefore made to compute the magnitude of this effect s
by eliminating the effect of the variation of water flow and stream bed
coarsening. The first step was to eliminate the effect of water discharge.
From many observations it has been found that the sediment load in natural
streams varies roughly a§ the square of the discharge. This was expressed
by an equation Q8 = K s where Q; is the sediment load in tons per day,
Ka is a constant and is the water discharge in second-feet. The values
of Kq were found for all the sediment observatiens and plotted against calendar
time as indicated on Figure 4. This shows approximately what the relative
magnitude of the sediment load would have been had the discharge been uniform.
An average line A-B was then drawn through the values of K., sloping gradually
downward to indicate the approximate variation which the value of K. would have
had if this unknown cause had not been present., The slope of the ltne and the
lower values of K, represented by it, as time went on, are due to the coarsening
of the bed. The ratio of the values of K, as computed from the observed data
to the value of Ko obtained from this average line should give a comparisen
of the magnitude of the fluctuations due to the effect of this unknown cause.
Assuming that this fluctuation was entirely due to temperature, the magnitude
of the ratio of the fluetuating K; value to the gradually changing K, value of
the average line was plotted against the water temperature at the time of
observation, with the result given on Figure 4. This shows that the ratio
decreased with increasing temperature at a rate sufficient to make the average
load at the time of lowest temperature about 2-1/2 times the average load at
the time of highest temperature. It will thus be seen that whether or not
this fluctuation is due to temperature, it is of so large a magnitude that
its cause must be determined if accurate analyses are to be made of many
sediment actions in the Lower Colorado River, and probably in the Middle
Rio Grande as well. The sediment load shown on Figure 1 is the total load
carried by the stream. An attempt was made to determine whether the effect of
this cause was the same on particles of different sizes. To do this the total
load was broken into four parts, each part composed of particles of a emall size
range, the four parts covering the entire range of sizes carried, which was from
0.0L,4 mm to 0.589 nm. The load in each size range was analyzed in the same way
as previously described for the total load. For sizes from 0.044 mn to 0.295 mm
the temperature effect seemed to be very close to that shown on Figure L. For the
size 0.295 mm to 0.589 mm the change with temperature was negligible,

42 Dats

The results showm by the 1943 te 1947 data were cenfirmed by the data
collected at Red Cloud Cable, Taylors Ferry and Imperial Demsite fer the years
1935 to 1942, inclusive. During these years the sediment lead and water discharge
were determined by measurement, but the water temperature was not recorded. In
working up this data a curve of the fluetuatien of temperature throughout the
year was drawn up by averaging the temperature as determined for the years
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1943 to 1947. Using the temperature indicated by this curve for the date

on which each measurement was taken, Figure 5 was plotted, in the same manner
as used in securing Figure 4. This shows practically the same fluctuation

of sediment load with temperature as obtained for the years 1943 to 1947.

Experiments on the Effect of Temperature

The only experiments dealing with the effect of temperature on the movement
of sediment were those of Ho 9/, who experimented with the movement of coarse
material in a glass-walled flume in Germany. He used water with temperatures
ranging from 2° to 45° C, and found very much greater movement of material
at higher temperatures than at lower temperatures. This effect is just the
opposite of that found in the Lower Colorado River, where the movement was
greater at lower temperatures. In his analysis of his results Ho does not
allow for the resistance of the sides of his flume. Hg's experiments have
been analyzed by Einstein*, who found that when this resistance was taken
into account, allowing for the effect of temperature on its magnitude, the
movement of sediment was practically the same at all temperatures for the same
shear on the stream bed.

Temperature Effects in Sediment Transportation Formulae

A study was also made of the effect of temperature on the transportation
of sediment as indicated by the various formulae which have been proposed for
computing the amount of sediment which would be transported by a stream of
flowing water. The formulas of Schoklitsch 5/ and Straub 10/ do not crnsider
any temperature effects. The bed (material) load formula of Einstein 11/
shows a small effect, the load decreasing with decreasing temperature. The
magnitude of this effect decreases as the particle size of the material carried
increases. The Lane-Kalinski _3/ relations for suspended load consider no
effect of the temperature on the pickup of material from the bed, but show
decreasing transport of the material in suspension, with increasing temperature.
This difference is proportional to the change of settling rate of the sediment
particles with temperature, due to the change of the viscocity of the water.
The Kalinski _%4/ bed-load formula shows a very slight effect of temperature,
due to the change of density of the water with temperature.

Since the lead of the Lower Colorado River was carried in suspension,
the results should be analyzed as a problem in suspended load movement. The
fluid mechanics of this phenomenon is now fairly well understood as regards
the transportation of the sediment particles after they have been raised from
the bed into suspension by the effect of the turbulence of the water, but a
satisfactory analysis of the raising of the particles from the bed has not
yet been worked out. The effect of temperature on the transporiation of

9 Numbers refer to references at end of report
% Unpublished
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sediment already in suspension is due to its effect on particle settling rate,
as mentioned above, but the magnitude of these effects are much less than
those indicated by the Lower Colorado River observations. For example, in

a stream of 15 feet depth and velocity 5.72 feet per second with a concentra-
tion 0.2 percent at 1 foot above the bottom, the amount carried at 30° C,
would vary from about 80 percent to 90 percent of what it would carry at

10° C, for sizes of uniform sediment, ranging from 1/4 to 1/6 mm, respectively.

If these Colorado River effects are due to temperature, since the
temperature effects on transportation of sediment already in suspension are
of mueh lesser magnitude, it follows that most of the effect of temperature
observed in the Colorade River results is due to the temperature effect in
the picking up of the material from the stream bed.

Cenclusgien

From the foregoing discussion it seems very probable that temperature
has a material effect on the transportation of sediment by a flowing stream,
at least under the conditions which existed in the Lower Colorado River,
since no other explanation of the fluctuation of the sediment lead with the
seasons there is readily apparent. However, until experiments are performed
shewing this effect under controlled conditions where the effect of changing
only the temperature was observed, it would net be scientifically sound to
conclude positively that temperature was the cause. In any event, until this
matter is settled, a large measure of uncertainty must remain in any computa-
tions of sediment movement in the Middle Rio Grande Valley.
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SAMPLE COMPUTATIONS SHOWING iITHOD OF COMPUTING
DEGILADATION OR AGGRADATION ON THE IDDLE RIO GRANDE RIVER

The following tables and figures show the method of computation as
described in Appendix I.

Figure 1 shows the method of adjusting the normal flow duration curve
to a curve of 5,000 cfs maximum flow. This adjustment was made by keeping
the areas under the two curves equal. Table A shows the division of the
flow into suitable increments and the percentage of time each increment
can be expected to occur.

Table B shows the method of computing theoretical suspended load
according to the Lane and Kalinske relations. Figure 2 is a graph of the
relationship between t. and NOP/Nb that is used in these computations.
From these results Figure 3, Sediment Discharge Curve, is plotted. From
curves in Figure 3 and the flow duration, the computations shown in
Tables C and D are made to find the amount of each size and total load
carried for the 600-foot width and 5,000 cfs maximum discharge and the
1,200-foot width and normal discharge.

These same steps for the Kalinske bed load formula are shown in
Tables E, F, and G, and Figures 4 and 5. The Schoklitsch formula computa-
tions are covered in Tables H, I, and J, and Figure 6.

The load adjustments described in Step 3, Page 21 , Appendix I are
covered in Table K and Figure 7. The balance of the degradation computa-
tions are shown in Table L for three periods.
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RIO GRANDE DEGRADATION STUDIES
FLOW DURATION CALCULATIONS
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Table B

MIDDLE RIO GRANDE DEGRADATION STUDIES
SUSPENDED LOAD
LANE AND KALINSKE FORMULA

Basic data Slope = 0.00096
Mannings "n" = 0.025
Temperature = 50° F

] :D 1/6 - e : = 0.375 mm : 0.1875 mn : 0,09375_ma
: :D : 3 — : t tc : NgP : LI PO : E :NgP ¢
H 1 :qw :DI76:Vé : b 332_ 3 : c.%:_f : g i b Hh :qs

; o. so 0. 2&8 0. 032 0. 15u 10.8: 1.415

% w6 &% fee
-

0.50: 0.891: 0.707: 0.580: 0.0281: 0.1245: 1.26:
H . i I 1 1

1.00: 1.000: 1.000: 1.8l 1 o 0250: 0.1758: 0.89: O, 013 0. oosa 0.35 1. 04 0. u31 0. 109 23. 5 9.73
H - =4

2.00: 1.122: 1.414 5.8 & 0222 0. 2&86 0. 63 0. 102~ 0. 13ao 0. 25 3.10 5.4, 073 0. 077 L5 59 1

5.00; 1.308; 2.236;26.96 O 0191 0. 32&8 0. LB 0. 370 2. ZAL 0 19 7.00 h2 h6 0. 059 73 &AB
i i H i i

D = depth in feet
o = water discharge in cfs per ft width = (1.486/n) s1/2 p5/3
= c/gDS where ¢ = settling velocity in feet per second from graph in (Report No. 7--A Study of

New Methods for Size Analysis of Suspended Sediment Samples)

NoP Read from graph. Figure 2

L}

Qg = sediment discharge pounds per hour per ft width for 1 percent of material of given size in the bed
qs = (NoP/Np)(aw)(62.5)(3600)/1,000,000 pounds per hour per feet

No = concentration of suspended materla.l of a given size at the bottom

Np = percent of material of a given size found in the bed

P = ratio of mean concentration in vertical to concentration of suspended material of a given size
at the bottom
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Table C

RIO GRANDE DEGRADATION STUDIES
SUSPENDED LOAD
LANE AND KALINSKE FORMULA

Basic data wWidth 1,200 feet
Slope 0.00096
“n" 0.025

Temperature 500 F
Size gradation from average of two borings No. 37 and Ne. 51
Normal flow duration at San Felipe

tFlow: 1 g 5 |
Qy ‘dum~ q ! .Q931§ me L1875 mm 2375 mm :
Cfs ttion: Cfs/ : : 3 3 z ;
LS e 0 S
H H % 3 - H H H
24,0: 0.1: 0.200: 0.22: 0. 005 0.0022: 3 !
245: 0.1: 0.204: 0.23: 0,005: 0,0024: ¥ ] 1
325: 2.8: 0.271: 0.38: 0,224: 0.0050: 0.019: 3 i
452: 7.0: 0.377: 0.68: 1.022: 0.0122: 0.116: : i
558:10.0: 0.465: 0.98: 2.105: 0.0187: 0.254: T i
665:10.0: 0.554: 1.33: 2.856: 0.0285: 0.387: : :
780:10.0: 0.650: 1.75: 3.758: 0.042 : 0.571: : :
920:10.0: 0.766: 2.32: 4.983: 0.062 : 0.842: : :
1100:10.0: 0.917: 3.15: 6.765: 0.093 : 1.264: : :
1365:10.0: 1.14 : 4.5 : 9.665: 0.153 : 2.079:
1890:10.0: 1.57 ¢ 7.6 :16.323: 0.305 : 4.144:0. 0033 0 062

3275:10.0: 2.73 : 18.3 :39.303: 0.97 :13 180:0.017 :0.319:
5850: 5.0: 4.88 : L4.5 :47.786: 2,95 :20.041:0,085 :0.797:
8700: 2.0: 7.25 : 80  :34.363: 5.8  :15.761:0.218 :0.204:
12550: 2.0:10.5 :135 157.988:10.8  :29.349:0.46 :1,726:
16450: 0.5:13.7 :190 :20.403:16.0 :10.870:0.73 :0.685:
19500: 0.4:16.2 :225 219.329:20.5 ¢11.142:1.00 :0.750:
21600: 0.1:18.0 :275 1 5.906:24.0 : 3.261:1.18 :0.221:
' . ¢ 1 : :
113,280: L. 764

135,936 5,717 : 469,000 T/yr
: : t
Parcent of total load 69.79 : 28.98 : 1422-¢

= average water discharge in cfs for percent of time shown under flew
duration taken from flow duration curve
Qy = water discharge in cfs/ft width = Q. /width
Qe = sediment discharge in 1b/hr/ft width read from sediment discharge graph
Qs = sediment discharge in T/yr/ft width =
(a9)(24)(365.25)(% of size in bod)__(ﬂmlm
2,000




Table D

RIO GRANDE DEGRADATICN STUDIES
SUSPENDED LOAD
LANE AND KALINSKE FORNULA

Basic data: Width 600 feet
Slope 0.00096
npn 0.025

Temperature 50° F

Size gradation from average of two borings
1o 37 and No 51

Flow duration at San Felipe adjusted to

5000 cfs max
:Flew r i ¥ 1
tdura-: b 1,0 i 1875 mm ] mm
“w :tion : Qw : g w58 3 '&325 :
240: 0.1 :0.400: 0,760: 0.016:0.0130: 0,002: : :
245: 0.1 :0.408: 0.765: 0.016:0.0132: 0.002: : 1
325: 2,8 :0.504: 1,12 ¢ 0.674:0.023 ¢+ 0,088: ; :
$52: 7.0 :0,754: 2,25 : 3,.,383:0,060 : 0,571: i
555:10.0 :0,930: 3.22 : 6,916:0,097 : 1.318: i
665:10.0 :1.108: L4.35 & 9.342:0,145 : 1.970:
780:10.0 :1,300: 6.30 : 13,531:0.202 : 2.745: 0.0018 0. OBA
920:10,0 :1,533: 7.30 : 15,678:0.29 : 3.940:0,0031:0,058:
1100:10.0 :1.833: 9.7 : 20,833:0.425 : 5:775:0.0053:0.099:
1400: 5,0 :2.333:14.3 : 15.356:0.60 : 4.076:0.0105:0,098:
1910: 5,0 :3.183:23 1 24,699:1.29 1 8.764:0,026 :0,244:
3005: 5.0 :5.008:61 : 65.,505:4023 : 28,737:0,091 :0,.854:
3995: 2.0 :6.658:71 : 30.497:5.00 : 13.587:0.180 :0.675:
4415: 3.0 :7.358:81 ! 52,189:5,9 ¢ 24,050:0,222 :1.249:
LT765: 3.0 :7.942:91 : 58,632:6.8 : 27.718:0.264 :1.486:
4L950: 3,0 :8,250:96 : 61.854:7.2 : 29.349:0.283 :1.593:
5000:14,0 :8.333:97 291.658 7.3 :138,862:0,290 :7.£16:
LB : 1 $ : : TOTAL LOAD
Total T/yr/ft width 670 799 291,554 11,006
Total T/yr 402,467 s 174,932 t 8,404 : 585,803 T/yr
: : ;
Percent of totgl load 68.70 : 29,86 _: .4k :

Qq = average water discharge c¢fs for percent of time shown under flow

Qs
Qs

duration; taken frem flow duration curve
water discharge cfs/ft width = Qq/width
sediment discharge in 17/h//ft width read from sediment diseharge graph

sediment discharge in T ft width =
Egg} ( QSSQ 65,2 i)fgg;gent of size in bed)!f;gw du;gtiog)

2,000 100






Table E

MIDDLE RIO GRANDE DEGRADATION STUDIES
BED LOAD
EALINSEE FORMULA
Basic Data: Slope S = .00096
Manninge "a' 025
Temperature 50° F
: : 1 : Dia : Dia : e o
-F u.- B '-E';l' H v‘ 0 - £ ft c’cc . Eo 3 U /U q'
0. 25 0.182:0.0150:0.0876:0.09375: 0.0003076:0.003191: 0. 258: 0. 505 91.197
' 1 :0.1875 :0.0006152:0.007382:0.492:0.308 :111.393
:0.375 :0.00123 :0.01476 :0.984:0.103 : 7u.uUT2
: :0.75 :0.00246 :0.02952 :1.968:0.0058: 8.362
1 : :1.50 o 00%g2 :o 05904 3 936 :

0. 50 0. 5so 0.300 o 1242:0. 09375 0. 0003076

: :0.1875 :0.0006152:
: ; ¥ :0.375 :0.00123
i f ! :0.75 :0.002u46
1 1 1 xl 50 0 ooug2

ol oo 1.84 : o 0599 0. 1756 0. 09375 C. 0003076
: :0.1875 :0.0006152:

| I 3 :0.375
1 ! ' :0.75
! ! H :1.50
i 4 i :3 00

2.00:5 8y : O 1198 0.248 :
T 1 i

1 i 10.375

1 I 30075

H 1 :1.50

i :3.00

:6.00

:0.375
10.75
H :11.50
| - :3.00
g i 1 : .00
H | 1 42,00

i

i H t
H i

H

:0.00123
-o 00246
: 0.00492
o ooogy

:0.00123
:0.00246
: 0,00492
:0.0098Y%
:0.01968
H

:0.0012
:0.0024
: 0.00492
: 0.0098k
:0.01968
:0.03936

0. 003601 0. 123 0.6u0 : 163 933
0.007382:0.246:0.505 :258.759
:0.01476 :0.492:0.308 :315.560
:0.02952 :0.984:0.103 :211.110
:o 059001 -1 068'0 0058- 23.825

0. 003691 0. 062 :0.750 271 697
0.007382:0.123:0.640 :L4€£3,715
:0.01476 30.246:0.505 :731.626
:0.02952 :0.492:0.308 :892.uoh
:0.0590% :0.984:0.103 :596.882
o 11808 :1. 958 0. ooss: 67.214

:0. 09375: o 0003076 0. 003691 0. 031 0.830 : ‘2, 586
:0.1875 :0.0006152:0.007382:

0.062:0.750 :767.442
10.123:0.640 1309416
:0.246:0.505 287
:0.0590% :0.493:0.308 2520.536
:0.11808 :0.986:0.103 1685 722
:10.23616 :1. 971 0. 0057 186 654

:0.01476
:0.02952

-o 2396 0.351 o 03375:0. 000307630 oo3691:o 015 0.900 651 789
:0.1875 :0.0006152:0.007382:0.031: 0.830 2201968

:0.01476 :0.062: 0. 750 £17L 684
:0. 02952 10.123:0.640 3706 252
:0.05904 :0.246:0.505 H8uUQ.062
£0.11808 :0.493:0.308 J134k 654
:0.23616 :0.986:0.103 H#771L898
10.47232 :1.971:0.0057: 528 090




D = Depth in feet (NOTE: In original Kalinske paper symtol used for
depth 1s "d")

o, = Water discharge in afs/ft width = (1.486/a)8/205/3
(. = wDS; where w is weight of water = 62.4 *)t‘/:t’t3
o
== 2
Lid =*/T°/P: where 2~ is fluid mess density 1.9’-!19%;{_-!9_
T, = 12 x Diameter in feet

ﬁg/'ﬁ Read from Graph

q{ = Sediment discharge in |b s/sec [ft for 100 percent of given size
n 'bed

= (2.57)(0,/B)(V*)(Dia in £3)(Y¥ ); where ) 18 specific weight
of naterial (2. 65)(62.4) = 165.4 & g

(NOTE: 1In original Kalinske paper symbol D used for diameter
of particle in feet)

10
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Table F
RIO GRANDE DEGRADATION STUDIES

BED LOAD
Basic data Width 1,200 feet KALINSKE FORMULA
Slope 0.00096
gl 0.025

Temperature 50° F
Size gradation from average of two borings No. 37 and No. 51
Nogggl flow duration at San Felipe

:;f°': 09375mm L1875 mm  : .375mm ¢ .75mm : 1l.5mm: 3,.0mm: 6.0mm :
Fin : : F : : : ! 1 i 3 g
Qw :tion. gy qs : Qs QS : Qs :951Q ] ;as ; Q@ | 1 | : Qe

240: 0.1: 0.200: 96:0.014: 119: 0.056: 89: 0.029: 11:0.001: i : t I F
245: 0.1: 0.204: 97:0.014: 122: 0.057: 92: 0.030: 12:0.001: ; 1 E ' :
325: 2.8: 0,271:112:0.464: 152: 1.996: 143: 1.297: 33:0.046:

452: T7.0: 0.377:133:1.378: 194: 6.369: 211: 4.785: 83:0.291: : : : : :
558:10,0: 0.465:148:2.190: 223:10.459: 260: 8.424: 135:0.675: : : : : :
665:10.0: 0.554:161:2.383: 250:11.725: 305: 9.882: 195:0.975: 20:0.012: | i i
780:10.0: 0.650:173:2.560: 275:12.898: 350:11.340: 260:1.300: 34:0,020: i 1 i i
920:10.0: 0,766:187:2,768: 300:14.070: 395:12,798: 340:1,700: 59:0,035: : i E '
1100:10.0: 0.917:201:2.975: 331:15.524: 455:14.742: 435:2.175: 108:0.065: : i H
1365:10.0: 1.14 :223:3.300: 370:17.353: 530:17.172: 560:2.800: 200:0.120: : 8
1890:10.0: 1.57 :255:3.774: 430:20.167: 665:21.546: T770:
3275:10.0: 2,73 :320:4.736: 560:26.264: 910:29.484:1220:
5850: 5.0: 4.88 :400:2.960: 720:16.884:1210:19.602:1810:4.525:2130:0.639:1130:0.113; : :
8700: 2.0: 7.25 :460:1.362: 840: 7.879:1440: 9.331:2300:2,300:3000:0.360:2420:0.097: 385:0.008;
12550: 2.0 .5 :530:1.569: 970: 9.099:1700:11.061:2820:2,820:3950:0,474:4100:0,164:1300:0.026:
16450: 0.5:13.7 :580:0,429:1080: 2.533:1900: 3.078:3220:0.805:4750:0.143:5400:0.054:2500:0.013:
A2l6.2 (0]
(0] 0

¥

.850: 430:0.258: :
.100:1110:0.666: 250:0. 050

LMD HHFOOOOO

19500: O $615:0.364:1140: 2.139:2050: 2.657:3500:0.700:5350:0.128:6400:0.051:3650:0.015:

21600 0.1: 18 :6&0 0. 095 1190 o. 558 2160: 0,700:3650:0.183:5780:0.034:7000:0.014:4500:0.005:

: TCTAL LOAD

Total Load 'r/yr/ft width 33. 335 176 030 177.913; 3.1.2u7; r2.95h1= ,0.51‘3; 0.067
Total Load T/yr 40,002:211,236 : 213,496 37,496 : 3,545 4 652 : 80 506,507 T/yr

Percent of total load 7.90 : 41.70 * 4215 * 7.0 * 0,70 * 0.13 ‘° 0.02

average water discharge in cfs for percent of time shown under flow duration; taken from flow duration curve
water discharge in cfs/ft width = Q,/width
sediment discharge in T/yr/ft width; read from sediment discharge curve
sediment discharge in T/yr/ft width = (qs)(percent in bed/100)(flow duration/100) Note: Percent in bed
is percent of area covered by given size.
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Basic data

Width
Slepe

lln"

Temperature

Table G

RIO GRANDE DEGRADATION STUDIES~-BED LOAD
KALINSKE FOIZULA

600 feet
0,00096
0.5
50° F

Size gradation from average of two borings No 37 and No 51
Plow duratien at San Felipe adjusted to 5000 cfs max

tFlow:
‘durg-:
Qw:tion:

: 409375 mm :

L1875 m :

«375 mm

o 75 im

1,5 mm

3.0 mm

6,0 mm ;

Qw 98 :

dg :Qg : Wg

: Qg Qs

2 Qg 8

Qg

: Qg : Ng

: Qg tzs 8

Qgs:

Q-s:

2,40: 0.1:

245: 0.1

325: 2,8:
452: 7,0

558:10,0

665:10,0:

780 :10.0

9201:10,0:
1100:10,0:
500:
5;0:
5.0:

1400:
1910:
3005:
3995:
LL15:
L765:

ww N

L950: 3.0:

.0
.0:
o)

0.400:138:
:0.408:139:
0,504:152:
04754:185:
:0,930:202:
1,108:220:
:1.300:236:
1,533:252:
1,833:272:
26333:300:
3.183:335:
5.008:400:
:6,658:450:
7.358:460:
£ 7.942:475:

8.250:482

5000:14,0:84333 :485
Total load
T/yr/ft width

Total load T/yr 27,248

% of total load

0,0:202: 0,095:
0.021:203: 0,095:
04630:235: 3,196:
1.917:300: 9.849:
2,990:338:15.712:
3,256:865:17,119:
3.493:395:18.526:
3.730:425:19,933:
4,026:465:21.809:
2,220:520:12,194:
2.479:600:14,070:
2

225: 0,073:
230: 0,075:
245402
8.959:
4,60:144904:
:17,010:
585:18,.954:
650:21,060:
730:23,652:
:1080
:1260
+1830
:2200

280:
395:

525

830:13,446
990:16.038

«960:725:17,001:1230:19.926
1.332:820: 7,692:1400: 9,072
2.042:850:11,960:1450:14,094:2320
2,109:880:12,382:1500

¢ 2,140:890:12,522:1520:14,774
:10,049:895:584766:1530:67,401:2500:17,500: 3350:2,81):3000:0,840:615:0,086: TOTAL LOAD

0,138:

LS4l 252,921

1

1,94 : 39,22 :

278.558

:167,135

:2,,80

TEsh

43,20 :

97:

98
162:
330:
L45:
550:
650:
760:
890:

0,005:
0,005:
04227
105
2,225:
2.750:
3.250:
3.800:

56:0;024:
113:0,868:
190:0,114:
280:0,168:
410:0.246:

L4450 _580:0,348:

68;0.0lh;

: 2,700: 820:0,264: 150:0,015:
: 3.400:1360:0,408: L00:0,040:
: 4,575:2200:0,660:1230:0,123:
: 2,200:2800:0,336:2100:0,084:290:0,006:
: 3,480:3030:0,545:2470:0,148:400:0,012:

: 3.720:3220

59.072:
L43 :

9,16 ;

7.173:
L ,304 :

1,11

1.608:
965 :

025 8

83

Y
-

214, 580:2420: 3,630:3220:0,580:2780:04167:520:0,016:
:0,598:2950:0,177:600:0,018:

: 386,931 T/yr

0402 :

Qw = Average water discharge in cfs for percent of time shown under flow duration; taken from flow duration curve

qy = Water discharge in cfs/ft width = Qw/widtl
Qg = Sediment discharge in T/yr/ft width; read from sediment discharge curve
Qs = Sediment discharge in T/yr/ft width = (qg)(% in bed /100)(flow duration/100) Note: Percent in bed is

percent of area covered by given size
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Basic data Slope .00096
Mannings "n" 025
Temperature 50° F
— L

: : 0.0852: 9.2:
: 0,5926: 90.,9: 0.3852: A41. 7'

s 1.7926: 27461 1.5852; 171. 8
L 3.7926: 581.6¢ 3.5852: 388.5:

: 7.57926:1195, Ik F6E52:4821 .19
: 9.7926:1501 ,8e 95852 :1038 .7+

MP—‘

water dlscharge cfs/ft w1dth
critical discharge = 0.00532D/(S h/3), where D is grain diameter in inches

OOOO(DJ-*\»NOOOO
L]
non oM OOOOOOO\O\OOJVIJ-"

Table H

RIO GRANDE DEGRADATION STUDIES

: 0.0705:
1.1705:

B, 1705
ik 1705
9.1705:
219.7926:3035,.4:19,5852:2122,3:19.1705:1470 :18.341: 990.4:16.682:
129.7926 L569 0: 29 5852:3205,9:29,1705:2237 :28.3hl 1530,4:26,682:

sediment discharge lb/hr/ft width where qg =

BED LOAD
SCHOKLITSCH FORMULA

I:EQ}NR I-

544t : :
89.8: 0.341: 18.4:

549.8: 6.341: 342.4: L.682:
703.2: 8.341: 4L50.4: 6.682:

for 100 percent of material of given size in bed

; 8 8 0.282;
243.1: 2,341: 126.4: 0.682:

10.7:

26,0:
178. 7
255
637

1018

1, 368 B O
: 3.368: 91.1:
lJ 368:361

123,368 632

Tﬁi_ﬁ- e

I

: b, 737 12h :
12 73T 32L:3.47Ths 47

(86.7/4/D)(s 1. 5)(qw—qo)(3600), D is again diameter in inches;
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Table I

RIO GRANDE DBGRADATION STUDIES
BED LOAD
SCHOKLITSCH YORMULA
Bagic Datal Width 1200 ft
Slope 0.00096
*a® 0.025
Temperature 50° F
Size gradation from average of two borings #37 and # 51
Normal flow duration at San Felipe
t¥low : t_ 09379 mm : .187% mm_: 375 ma t oI5 mm 1.5 1t 3.0mm
s dur- : H : : : ¥ : i i 4 $ i
% catten: Y : % % . 9y S . 9 . Q . 9% : Qs ;% ;9 ;95,9
] ! i 1 2 : :

240 : 0.1 : 0.200: : ! I :
245 : 0.1 : 0.20k: ! 1 ' ]

25 : 2.8 : 0.271: 8§ : 0,01: ! 1 ; 1 i 1 1 1 ! 1
52 3 7.0 3 O.i77: 26 : 0.40: : | 1 : : : : : : :
558 110.0 : 0.465: 79 : 0.80: - - j i f ! : i : 3
665 :110.0 : 0.554: §3 : 1.14:  15.7: 2.13: : : : : : : :
780 :10.0 : 0.650: 675 1.U45: 26 : 3.53: . : : : : : :

920 :10.0 : 0.766: 87 : 1.87: 38.2: 5.19: 2 : : :
1100 :10.0 : 0.917: 112 : 2.41: 53 : 7.20: 6.6: 1.2u: : : : : 1 :
1365 :10.0 : 1.14 : 143 : 3.07: 78 : 10.60: 21.5: L4.03: t i 1 ; : 1
i 10.32: ! i

1890 :10.0 : 1.57 ¢+ 208 : L. 47: 126 : 17.12: Eﬁ : ! : :

3275 :10.0 : 2.73 : 389 : 8.36: 255 : 3u.65: 147 1 27.58: 58: 3.33: [ 3 | i

5850 : 5.0 : 4.88 : 725 : 7.79: U90 : 33.30: 312 : 29.27: 173: 4.97: 57: 0.40: t |

8700 3 2.0 : 7.25 : 1100 : L4.73: 750 : 20.39: 495 : 18.57: 305: 3.50: 150: 0.L2: z ;

12550 : 2.0 :10.50 : 1600 : 6.87: 1110 : 30.17: 750 : 28.14: 4gO: 5.51: 275: 0.77: 105: 0.15:

16450 : 0.5 :13.70 : 2100 : 2.26: 1480 : 10.06: 990 : 9.29: 655: 1.88: 40O: 0.28: 188: 0,07:

19500 : 0.4 :16.20 : 2500 : 2.15: 1730 : 9.40: 1150 : 8.93: 790: 1.81: 500: 0.28: 257: 0.07:
21600 : 0.1 :18.00 : 2750 : 0.59: 1930 : 2.62: 1330 : 2.50: 885: 0.51: 565: 0.08: 305: 0.02:

! H t : ] : } i i i i : i : : TOTAL LOAD
Total load T/yr/ft width 48.37 18686 g% simd 30:B] 37 - RL.SL -t 2.23: 0.31 :478,380 T/yr
Total lo=sd T/yr 58, Ok 1 223,632 :167, 844 125, 812 : 2,676 i 372 :
I H H H H
£ of total load 12.13 : ué.75_ ¢ 15.09 : 5.0 0.56: 0.07

Qe = Average water discharge in cfs for percent of time shown under flow duratiocn; taken flom flow duration curve

q, = Water discharge in cfs/ft width = Q,/width
= Sediment discharge in lbs/hr/ft width; taken from sediment discharge curve

Qg = Sediment discharge in T/yr/ft width=(q X2 5;(,3,252(2 of size in bed)(flow duration)
£U0 100
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Table J

RIO GRANDE DIGRADATION STUDIES

BED LOAD
Basic data Width SCHOKLITSCH FORMULA
Slope
lln"
tFlow : S aZ2(2 BB 5. . e | J ?

dura-:

Mmm—m-w—i—g_n_a= Qs 3 3s : Qs ias : Qy
240 1 0.1 :0.400 : 30 : T s —

245 : 0.1 :0.408 : 30 : 0.007 : : : H : : : & :
325 : 2.8 :0.504 ¢+ L6 : 0.277 : 10.5 ¢+ 0,399 : £ : : : : : :
452 ¢ 7.0 :0,754 ¢ 84 :1.236 : 37 : 3.519 : : : : : : : :
558 :10.0 :0.930 : 112 : 2,406 : 55 :  T.A73 : T.6 : 1.426 : : : : : :
665 :10,0 :1.108 : 114 : 2.449 : 74 ¢ 10,054 : 22,0 : 4,127 : : : :
780 :10.0 :1.300 : 170 : 3.652 : 94 : 12,772 : 37.5 + 17.035 : : ! :
920 :10.0 :1.533 : 205 : 4.403 :120 : 16.304 : 56 s 10,505 i i 3
1100 :10.0 :1.833 : 250 : 5.370 :153 : 20,788 : 78 s 14,632 : : : : E
1400 ¢ 5,0 :2,333 : 325 : 3.491 :205 : 13.927 :113 : 10.540 : 33 : 0.947 : : : - 1
1910 : 5.0 :3,183 : 450 : 4.833 :300 : 20.381 :180 : 16.883 : 79 : 2,268 : : L : !
3006 : 5,0 :5,008 : 735 : 7.894 :495 : 33.628 :322 + 30.202 :182 : 5.225 : 63 :0.442 : : :
3995 : 2.0 :6,658 : 990 : 4,253 :670 : 18,207 :450 : 16.883 :270 : 3.101 :123 :0.345 : y :
L415 ¢ 3.0 :7.358 :1100 : 7.088 :740 : 30.163 :500 : 28,139 :310 : 5.340 :150 :0.631 : : :
LT765 : 3.0 :7.942 :1190 : 7.668 :810 : 33.016 :550 : 30.952 :345 : 5.943 :175 :0.737 :36 :0.076 :
4950 : 3.0 :8.250 :1230 : 7.926 :840 34.239 570 ¢ 32,078 :360 : 6,201 :188 :0.791 :44 :0.093 1
5000 :14,0 :8.333 :1250 :18.795 :850 161 685 '575 151 010 :363 :29.181 :190 :3.732 :46 :0.451
] g g q ] | 1 I ! : i :TOTAL LOAD
Total load T/yr/ft width 81,781 : L S5h.012 58,206 : 6.678 :  0.620 :
Total load T/yr 49,069 . 249,933 s 212,647 ¢ 34,924 : 4,007 i 372 :550,952 T/yr
§ H H 9 | H
Percent of tetal load 8,91 45.35 38.60 6.3 3 0,73 : 0,07 &

Qu = average water discharge in cfs for percent of time shown under flow duration; taken from flow duration curve
qw = water discharge in efs/ft width = Qy/width
qs = sediment discharge in 1b/hr/ft width; taken from sediment discharge curves

Qs = sediment discharge in T/yr/ft width = 2 .2 ercent of size in bed)(flow duration
2,000 100 100






Table K

RIO GRANDE DEGRADATION STUDIES
LOAD CALCULATIONS

:Suspended: Bed load : Total

load :Kalinske:Schoklitsch:Aver § load
Normal width & flow : 459,000 : 506,507: 478,380 :492,44kL: 961,LLL

Reduced width & flow: 585,803 : 386,931: 550,952 :468,941:1,054, 744
Existing load in river from tabular estimate 2,350,000 tons/year

Corrected total load for new flow conditions (2.250,000”1,055.2%2 = 2,578,047
961,441

Bed load from theoretical average for new flow conditions __468.9
Suspended load for new flow conditions 2,

To convert lcad fram tons/year to eyuivalent depth over stretch

E &;ﬁa;oe)_gzgooo% = 0,517 ft/yr Suspended load = Total susp 1d tons x lbs/ton

lbs/cu ft x area of river
bed in stretch

(sq ft)
0.115 ft/yr Bed load
To divide load into sizes according to theoretical percentages
t Suspended : Bed load :
load__ :Kalinske:Schoklitsch:Average: : Total

¢ :Depth: % : % : % :Depth:depth

e * L3 z

this size considered moved

Silt finer than .0625mm: All of
VFS .0625mm to .125mm:68.70:0.355: 7.04 : 8.91 : 7.98 :0.009:0.364
FS .125mm to .25mm :29.86:0.154: 39.22 : 45.35 t 42.28 :0.049:0.203
M5 .25um to .50mm : 1.44:0.008: 43,20 : 38,60 : 4O0.90 :0.04k7:0.055
CS <50mm to l.0mm : : : 9.6 6.3, : 7.75 :0.009:0.009
VCS 1.0mm to 2,0mm a : 1l.11 0.73 ¢ 0.92 :0.001:0.001
VFG 2,0mm to 4Om : : t 0.25 : 0.07 : 016 : =—=: —
FG 4.0mm to 8.0am I s 0.02 t 0.0l ¢ —: ==
M: 8.0mm to 16.0mm : : : : : : :
Coarser than 16.0mm : 1 3 ? 2 : i
: ! ? : : : s
Total : :0.517: : : £0.115:0.632
2 1 ) : : : 3

Ray diagram plotted using total depth shown in table above plotted against
existing bed gradation.

19
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Table L#*

RIO GRANDE DEGRADATION STUDIES
DEGRADATION CALCULATION

1

. . . Y I W
: L W T |
Tt el ! 3 ] F i I i ¥ I
l. Percent in bed tloh h4e9 231.0 :42.8 1361 ¢ 362 : 16 14 20,6 @
2. Depth in bed#*# 20.098:04343: 2,170: 2.996: 0.917: 0.22%: 0.112:0,098:0.042:7.000
3. Depth entering from:O «052:0,.397: 0.207: 0.068: 0.015: 0.003: 0.002: .0 Thiy
upstream i | £ 2 e
L. Depth entering from° :0.018: 0.028: 0.008: 0.004: i .0 .058
trib I I | | i ] 1 I 1
5. Depth diverted i :0.160: 0.097: 0.006: B g : .O 263
6. Total available :0.150:0.598: 2,308: 3.066: 0.936: O. 227 0.114:0.,098:0.042:7.539
7. Depth removed 20.150:0.364: 0.203: 0.055: 0.009: 0.001: 1 i :0.782
8. Depth remaining | 20.234: 2.105: 3.,011: 0.927: 0,226: 0,114:0,098:0.042:6.757
9. Percent remaining $3e5 3l 4he6 137 : 3.5 cE LT 15 0.6 1
10. Average percent 20,7 :he2 31,0 43,7 134 2 363 1 16 :1o5 :0.6 ¢
11. Depth removed 20.150:0.315: 0.203: 0.056: 0.009 (0] 001° | .O 734
(average) I 1 i i - i
12, Depth remaining F :0.283: 2.105: 3.010: O. 927 0.226 0.114: O 098:0.042: 6 805
13. Degradation :0.098:0.060: 0.065:-0.,014:-0.010:-0.,002:-0.002: :0.195
2nd year
l. Percent in bed the2 23069 :4he2 :13.6 K:/3.3 3 1.7 215 :0.6 2
2. Depth in bed 20.283: 2.105: 3.010: O. 927 0.226: 0.114:0.098:0.042:6.805
3. Depth entering from :0 Ohb o. lh9 0.074: 0.020: O OOh: 0.002: 20.295
upstream | H £ ]
L, Depth entering from trib :0 018 OF 028 0.008: 0.00A r I H :0.058
5. Depth diverted i : 0.,008: 0.001: B B ¢0.009
6. Total available 0. 3&7: 2¢2T4: 3.091: 0.951. .230 0.116:0.,098:0.042:7.149
7. Depth removed :0.315: 0.,209: 0.057: 0.010: 0.001: E ' :0.592
8. Depth remaining 20.032: 2,065: 3.034: 0.941: 0.229: 0.116:0.098:0.042:6.557
9. Percent remaining 20.5 231le5 :46.2 :1hl 1 3.5 : 1.8 :1.5 :0.6 1
10. Average percent 2.4 3le2 4542 14O 2 3.4 2 1.7 :l 5 :0.6
11. Depth removed (average) :0.170: 0.206: 0.,058: 0.010: 0.001: ] 20Lhs5
12, Depth remaining 20.177: 2,068: 3.,033: 0.941: 0.229: O.llb 0.098:0,042:6,.704
13. Degradation 20.106: 0.037:-0.023:-0.014:-0.003:-0.002: :0.101
3rd year
l. Percent in bed 22e7 30,9 4562 :1heO : 34 : 1le7 :1le5 :0,6 ¢
2. Depth in bed 20.177: 2.068: 3.,033: 0.941: 0.229: 0.116:0.098:0.042:6.704
3. Depth entering from B .Ohb o. 119 0.071: 0.022. 0.004: 0.002: £ 20,264
upstream % : i 5
L. Depth entering from trib .0 018 0.028 0.008: 0.00&: i I : :0.058
5 Depth diverted s 0.007: 0,001: 5 i s 5 :0.008
6. Total available .0 241: 2.,208: 3.111: 0.967: 0.233: 0.118: O 098:0.042:7.018
7. Depth removed :0.,200: 0.202: 0.058: 0.010: 0.001: I :0.471
8. Depth remaining :0.041: 2.006: 3.053: 0.957: 0.232: 0.118: 0.098 0.042:6.547
9. Percent remaining 1066 :30.6 46,6 :1Le6 : 3.6 1 1.8 :1.5 :0.7 :
10. Average percent t1e7 23067 :4569 :1he3 : 3.5 : 1.8 :1 5 :0.6 :
11. Depth removed (average) :0.125: 0.201: 0.059: 0.010: 0.001: 5 :0.396
12, Depth remaining 20.116: 2.007: 3.052: 0.957: 0.232: 0.118: 0 098:0.042:6.622
13. Degradation 20.061: 0,061:-0.019:-0.016:-0.003:=0,002: g :0.082

#See explanation of table on Page 22.

¥#Al]l depths in feet

2



Line 1.
ILine 2 ®
Line 3.
Line 4,
Line 5.
I.aine 6 S
Line 7.
Iain. 8 .
Line 9.
Line 10.
ILine 11 .
Line 12,
Line 13.

RIO GRANDE DEGRADATION STUDIES
EXPLANATION OF DEGRADATION CALCULATIONS
Bed gradation in percent by weight.

Depth of each size in turnover zone assuming gradation by weight
to be the same as the gradation by volume.

Depth shown on Line 11 of preceding stretch times (area of
stretch)/(area of preceding stretch).

Depth of material from tributaries computed by dividing tetal
inflow from watershed in proportion to area of watershed
drained by this stretch.

One-half the concentration of suspended load in preceding
stretch assumed as concentration of sediment in diverted water.

Lines 2 plus 3 plus 4 minus Line 5.

Read from ray diagram using percentage in Line 1.
Line 6 minus Line 7.

Size gradation of remaining material shown in Line 8,
Average of Line 1 and Line 9.

Read from ray diagram using percentages in Line 10.
Line 6 minus Line 11.

Line 2 minus Line 12,

Next period same as above starting with depths shown in Line 12

for Line 2; Line 1 will be size gradation as shown by Line 2.
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