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I. INTRODUCTION

1. Presented in this report are the results of model studies of the channel
crossing between Grand River Bend at River Mile (RM) 244 and Bushwacker Bend
at RM 248 on the Missouri River. The results of this study may also be used
to provide general guidance for the design of similar channel crossings
throughout the Missouri River Bank Stabilization and Navigation Project. The
model studies were conducted at the Mead Hydraulic Laboratory near Mead,
Nebraska, by personnel of the Hydraulics Section of the Omaha District, Corps
of Engineers, Messrs. Eugene Matson, William Howard, and Roy Singleton. The
model study was reviewed and guidance provided by the Technical Engineering
Branch of the Missouri River Division, Messrs. Alfred Harrison, Warren
Mellema, and Albert Swoboda; the Kansas City District, Messrs. Walter Linder
and Thomas Burke; and the Omaha District, Messrs. Howard Christian, Kenneth
Murnan, and Frank Vovk. This report was prepared by Mr. Roy Singleton.

2. The Problem. The Corps of Engineers has the responsibility for maintain-
ing a continuous navigation channel 9 feet deep and 300 feet wide for 734
miles on the Missouri River from its mouth at St. Louis, Missouri, to Sioux
City, Iowa. As a result of the Corps' efforts, there have been an average of
only 36 barge groundings per year since 1973. In recent years, the
groundings which have occurred most frequently have been in the vicinity of
channel crossings, particularly in crossings between long flat bends where
the thalweg tends to shift upstream and downstream from the design crossing.

3. The Bushwacker Bend area, see plate 1, has been the site of numerous
barge groundings through the years. During 1980, a total of eight groundings
occurred in this crossing as a result of shifting or meandering of the
thalweg. This meandering occurred during periods of constant discharge,
predominantly around the design discharge of 46,000 cubic feet per second
(cfs), and had no obvious time cycle. The shifting had been observed to
occur within a relatively short period of time (less than 1 day). Even
though this crossing is located only 3-1/2 miles downstream of the mouth of
the Grand River, the meandering could not be correlated with changes in
discharge from that stream.

4. Objective of Study. The objectives of the study were as follows:

a. Duplicate the shifting thalweg in a movable bed ﬁodel.

b. Determine a method by which the position or location of the . thalweg
could be stabilized.

c. Provide general guidance for improving other channel crossings with
similar problems.

5. Approach to Problem. A movable bed hydraulic model of the problem area
was constructed. TFlow distributions at six locations in the river and the
model were compared to ensure similar approach and exit flow conditions
between prototype and model. Graduated depth indicators were placed in a
grid throughout the crossing between Grand River Bend and Bushwacker Bend.




The depth changes at these points in the crossing resulting from the down-
stream progression of the bed dunes were recorded on movie film through the
use of time lapse photography. Viewing of the movie film aided in defining
the location of the thalweg and in determining that the model crossing was
behaving similar to the prototype crossing.

6. The following proposals were tested in the model to determine whether
they would stabilize the thalweg through the crossing.

a. Reduce the channel width through the Grand River Bend from 700 to
550 feet by extending all upstream dike structures 150 feet further into the

channel.

b. Locate additional dike structures upstream of the crossing between
structures 257.9B and 258.0.

c. Make adjustments to the channel alignment upstream of the crossing.

d. Perform additional studies for combinations of the most promising of
the above.

Certain of these proposals were tested at the prototype discharge of
35,000 cfs in addition to the prototype design discharge of 46,000 cfs.




II. THE MODEL

7. The section of river modeled was from RM 244 to RM 248. The crossing is
located at RM 246.2. A 2-mile river reach downstream of the crossing was
included to identify any adverse effects from changes to the crossing.
Physical constraints limited the extent of the upstream river reach modeled.
Physical constraints also dictated that the model be constructed to the
mirror image of the river. See Plates 2, 4, 12, 13, 14, and 15.

8. Navigation flows in this reach of the river are normally between 46,000
and 80,000 cfs, with the average being about 58,000 cfs. See Plate 3. Crest
elevations on the training structures are referenced to a construction
reference plane, CRP, representative of the 46,000 cfs flow profile in this
reach of the river. The differences between the structure crest elevation
and the CRP elevation for some of the structures are noted on Plate 2 in the
circles adjacent to the structures.

9. A continuous stone fill revetment protects the concave bankline through
the Grand River Bend, while "L" head stone fill structures are used to pro-
tect the bankline through Bushwacker Bend. The crest elevation of the contin-
uous revetment is 4 feet above the CRP elevation, while the crest of the "L"
head structures is 2 feet above the CRP elevation. The crest elevation of
the crossing control structure (256.75) between the bends is 3 feet above
CRP. Dikes spaced at various increments normal to the flow are used along
the convex alignment through both bends, constricting the channel width at
these points to 700 feet. Certain portions of the dike structures are con-
structed below the CRP elevation, and would be overtopped during a 46,000 cfs
flow. The riverward portion of the dike structure, if constructed below the
CRP elevation, is called a sill. Landward of the sill, the dike structure is
constructed above the CRP elevation. Several of the dikes in this study area
contain only the sill portion. Structure 258.19 1is an example. A
modification to this is the vane dike which is angled to the flow. Two of
these structures are 1located at the upper end of Bushwacker Bend
(structures 256.24 and 256.44). 4

10. The model was constructed using distorted scales of 150:1 in the hori-
zontal and 50:1 in the vertical. The 1980 hydrographic survey was used to
lay out the model. Compare Plates 1 and 2. All structures were formed from
sheet metal, with stone glued to the surface to simulate prototype stone
roughness. See Photo 1. Provisions were made so that all structures could
be easily modified both 1in the vertical and in the horizontal. Concrete
blocks were set on the laboratory floor along the river alignment and the
structures were then placed on or adjacent to the blocks. See Photo 2. The
structure elevations were referenced to a model construction reference plane
similar to that used on the Missouri River. Water surface monitoring devices
were located on 10-foot centers throughout the model. See Photo 3. Sections
of tile drain pipe were placed across the channel at the entrance to the
model to aid in establishing the proper flow distribution. See Photo 4. The
channel and bank areas were then backfilled with finely ground walnut shells
to simulate the Missouri River bed material. See Photos 5 and 6.




III. OPERATING PROCEDURES*

11. Procedures During Preliminary and Verification Tests. Initial tests
were made to establish the bed elevation with respect to the desired water
surface elevation and depth of flow. A model gage elevation of 1.275 feet
corresponded to the prototype gage elevation of 614.9 feet for a flow of
46,000 cfs at RM 246. See Plate 3. Control sections were established at
four locations, labeled 1 to 4 on Plate 2, from which the average depth of
flow in the model was calculated. The desired average depth of flow was
maintained by adding to or extracting from the bed material in the system.
The minimum duration of any single test was about 40 hours. This length of
time was necessary to ensure that the model had stabilized.

12. After the desired depth had been achieved, the tile drain pipe at the
entrance to the model and/or the velocity were ad justed through a series of
tests to obtain a variety of thalweg crossing situations. Once the desired
location of the crossing had been obtained, final adjustments were made to
the model entrance and the velocity in efforts to produce the proper flow
distributions throughout the model.

13. The flow distributions were determined from point velocity measurements
taken across the channel at six different locations in the model, labeled A
through F as shown on Plate 2. These flow distributions were compared to the
flow distributions obtained from point velocity measurements taken at these
same prototype locations during May 1981. See Appendix D. The method of
analysis will be discussed later. Normally, three to six of the locations
were monitored at least twice during each run. If a satisfactory agreement
was not achieved between the model and prototype flow distributions, the
model's entrance or the velocity was adjusted and the test repeated.

14. At the end of each run, cross section soundings were obtained in the
model between RM 245 and RM 247.3. Model bed contour maps were prepared for
comparison with the prototype bed contours. See Plate 2. Overhead photos
were taken to aid in drawing the bed contours and to provide a permanent
record of the test layout.

15. Monitoring the Meandering Thalweg. Since the problem with the mean-
dering thalweg was transitory and of unknown cause, it was necessary to
employ a monitoring method whereby the constantly changing depths throughout
the crossing could be continually observed during the tests. The method
employed involved placement of stationary depth indicators placed in a grid
network throughout the crossing area. Depth variations at these locations
resulting from bed material moving downstream in the form of dunes were
recorded on 16 mm movie film through time lapse photography. It should be
noted that the length and height of the model dunes may not exactly reproduce
the length and height of the prototype dunes. There is some evidence that
the height of the model dunes when converted to prototype dimensions would be
slightly greater than the prototype dune height. This should have no effect
on the model results if the average depth at each point is not affected.

*The reader should consult Reference 1 for a more detailed explanation of the
operation of the Mead Hydraulic Laboratory.




16. The depth indicators were constructed of sheet metal with four tabs

staggered at 0.06 foot intervals (3 feet prototype). See Photo 7. The depth
indicators were placed across the channel as shown on Plate 4, Figure 9.
Also see Photo 8. A total of 34 depth indicators were used during most of
the test; however, this number was later reduced to 28 when additional
structures were added to the convex alignment in the Grand River Bend.
Because of their geometry and the large grid spacing, the depth indicators
had little or no adverse effect on the bed locally nor did they influence the
flow distribution downstream. The indicators were positioned such that the
uppermost tab was 0.12 foot (6 feet prototype) below the water surface for
the 46,000 cfs prototype discharge. Depths at these points could then be
determined to within 0.06 foot (3 feet prototype). See Table I and Photo 8.

TABLE 1
Model and Prototype Depths for Depth Indicators
Number of Model Prototype
Tabs Visible Depth ' Depth
ft* : ft*x
0 0 -0.12 0-6
1 0.12 - 0.18 6 -9
2 0.18 -~ 0.24 9 - 12
3 0.24 - 0.27 12 - 15
4 0.27+ 15+
*Below CRP

17. Because these devices were at fixed increments with respect to the CRP
and not the channel bed, it was important to maintain the average depth as
nearly constant as possible. The average depth was determined from the
control sections previously mentioned. If the average depth deviated more
than 10 percent, material was either added to or extracted from the system.

18. Two factors were found to affect the average depth: Attrition of bed
material and temperature. Loss of bed material from attrition generally
occurs over several months as a result of the repeated draining of the model
at the end of each run, and may be controlled by observing the average depth
and adding material as needed. The second factor affecting the average
depth, and the most troublesome, was the temperature. As the ambient air
temperature in the laboratory changed with the seasons, the temperature of
the water in the model also changed. Water temperatures below 70 degrees
caused no problems; however, water temperatures greater than 70 degrees
caused the bed to swell. This problem was controlled by using a device which
monitored the water temperatures. Once the water in the model reached a
certain temperature, cold water was slowly introduced into the system while
the warm water was simultaneously drained from the system.

19. Procedures During Tests to Control the Meandering Thalweg. All of the
operating procedures discussed previously were also employed during these
‘tests. However, because of the structural changes which were made, some of
the procedures were modified. As mentioned earlier, six of the depth indi-
cators were removed from the left side of the model when structures were




added in this area. The indicators also had to be completely relocated for
two of the realignment schemes. In these two runs, the relocated crossing
control structure was used as the reference point for locating row seven of
the depth indicators. The other rows were then located upstream from row
seven, as shown on Plate 4, Figure 9.

20. Since the objective of these tests was to redistribute the flow at the
crossing structure location, the flow distributions at the upper three loca-
tions (A, B, and C) were not expected to conform to the prototype flow.
However, it was essential that the flow distributions in the lower three
locations (D, E, and F) still conform to the prototype flow. See Plate 9.
Any deviation from the desired flow distribution in the lower three locations
could mean that the upstream changes had produced adverse effects in the down-—
stream area, or that the model was out of verification. Because of this last
possibility, verification runs were repeated during these tests.




IV. DATA ANALYSIS
21. The following were used to analyze the test results:
a. The flow distribution throughout the model.

b. The bed contour maps from depth soundings along with the overhead

c. The frequency distributions from the depth indicators.

22. Flow Distribution. The flow distributions in the prototype and model
were compared at six locations, A through F. See Plate 2. This was accom-
plished by obtaining point velocities, T and depths, dj, along each of the
cross sections at locations A through F in the model, where similar measure-
ments were obtained at the same prototype locations. Incremental dis-
charges, ’

LQy = //Vj + Virl dy + djsh Awy ' : (D)

i

2 2

were computed for each channel segment, Aw;, in the channel cross section.
At each location, the discharge based on all the measured points was then
determined by summing the incremental discharges,

Q' = ZAQi ) (2)

23. The ratios of the incremental discharges to the sum of the incremental
discharge were then computed for each location,

ratio = AQl, AQZ’ e e o (3)

Q' Q'

These ratios represented portions of the measured discharge flowing through
each segment of the cross section. Since these ratios are nondimensional and
represent specific segments of the cross section they may be compared to
their counterpart ratios from the prototype. The difference between the
model ratio and the prototype ratio for the same cross section segment,
expressed as a percentage, represents the percent deviation in the flow
distribution between model and prototype in that segment.

& S 8] - T &4

Q' |m Q'|p

X 100% (4)

24. A plot of the deviation values with respect to the channel segments they
represent produces a graph of the apportionmeant of the flow deviation across
the channel. There are five types of deviation apportionments possible.
They may be generalized into three forms: A two part, a three part, and a




multi-part apportiomment as noted on Plate 5. The two part apportiomment may
either be (+ =) or (-~ +) and the three part may be either (+ - +) or (- + -).
The magnitude of an individual deviation is relative and depends not only on
the difference between the model and prototype flow conditions, but also on
the number of channel segments in the cross section. The flow distribution
imbalance between the model and prototype is obtained by summing either the
positive or negative deviations. Since the sum of the deviations will always
be zero, the flow distribution imbalance may also be obtained from the
following.

A = zls 1l - (5)
— 4

25. TFor these model tests, a flow distribution imbalance of 15 percent was
defined as acceptable. If the imbalance exceeded 15 percent, then the flow
distribution in the model at that location was assumed to be different from
the protot oe. Table V lists the A values, and type apportionments for the
preliminary and verification runs. Plate 9, Figure 1, illustrates the
A values for the test runs. 1In the tabulation of the apportionment types,
the first sign indicates the deviation adjacent to the concave alignment, and
the second sign indicates the deviation adjacent to the convex alignment.
A (+ =) wecild indicate a two-part apportiomment with a greater flow in the
model than in the prototype against the convex alignment. A (- -) would indi-
cate a three-part flow with a deficiency in the model flow at both the
concave and convex alignments. The middle sign on the three-part flow has
been omitted for simplicity in the table. A (+ N) would indicate a multipart
apportionment with a greater flow in the model against the concave alignment.
An N part apportionment would generally imply good agreement between proto-
type and model, since the deviations are not grouped. Compare Figures 1, 2,
and 3 on Plate 5.

26. In conjunction with the & calculations, a comparison may be made
between the sum of the incremental discharges, Q', and the total discharge,
Q, (determined by other means). Since the flow distribution measurements did

not include the flows at either edge of the channel, the values of Q'/qQ will
be less than unity. See Appendix D. Because Q'/Q is a dimensionless quan-
tity a comparison may be made between the model and the prototype values.

Where A = (Q'/Q)p (6)
Q'/Q),

If this ratio 1is greater or less than unity, the model flow is relatively
greater or less than the prototype flow through the measured portion of the
channel. A comparison of these A values from run to run will then show the
influence of structural changes on the unmeasured flow zone. Table V lists
the 2 values for the preliminary and verification run, while Plate 9,
Figure 2, illustrates these values for the test runs. In plotting the data
on Plate 9, the data are presented for each location, and the different runs
were grouped by type of test. This was done to illustrate the range of the
data within tests of the same type and to allow visual comparison of data
from one test to another and from one model location to another. The dashed

8




lines on Plate 9, Figure 1, represent the maximum acceptable flow distribu-
tion imbalance of 15 percent. The pair of dashed lines on Plate 9, Figure 2,
represent the range in the base run data at that location. Test data outside
of this range would indicate the influence of the test changes on the flow at
that location.

27. Bed Contour Map. At the end of each test, sonar soundings were obtained
between RM 245 and RM 247.3 in the model. 1In general, about nine soundings
were taken across the channel at roughly 2-1/2-foot intervals through the
crossing and about eight soundings were obtained outside of the crossing at.
intervals of 5 to 10 feet. These soundings were then used to produce contour
maps of the crossing area and the channel. The contour maps were used in
verifying the model and in monitoring the effects of the tests on the chan-
nel. See Plates 2, 12, 13, 14, and 15. Contour maps of all the runs are not
included in this report. Plate 10 summarizes the locations of the thalweg
crossing in the various tests. The location of the thalweg crossing was
measured from the downstream end of the crossing structure to the point at
which the thalwe§ broke away from the concave bankline. Plate 11 summarizes
the average navigation depth for the most downstream cross section at RM 245.

28. Frequency Distributions from Depth Indicators. During all tests, time
lapse photos of the grid network in the crossing were taken to record the
changing depths through the number of tabs visible at each of the depth indi-
cators. See Photo 8. Later, segments of these movies (covering a specific
sample period) were viewed and from each selected photo a list was made of
the number of visible tabs at each point in the grid. See Table II and Plate
7. Frequency distributions were then compiled for each point in the grid.
The frequency distributions were used to construct frequency maps of the
crossing in which each isogram on the map indicated the percent of time the
depth along that isogram was less than 0.18 foot (9 feet in prototype). See
Plate 4, Figures 1-8. 1In this way, a line representing the predominant .
location of the thalweg through the crossing could be sketched on the map and
a judgment made on the quality of the crossing. As mentioned previously, the
model dune geometry may not exactly duplicate that of the prototype. If this
is true then the model frequency distribution would not apply to the proto-
type. However this affect would be relative in that only the magnitudes of
the isograms on the frequency maps would change. The general shape of the
frequency maps would not change.
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29. Sample Period. For the frequency distributions to be valid it was impor-
tant that the sample period from test to test be similar. Since this meander-
ing thalweg problem is a sediment transport problem, the sample periods in
the different model tests had to cover periods of equal sediment transport
and not equal periods of time. This is significant since the sediment
transport in the model varied as a result of changes in depth, velocity, and
water temperature. See Table IV. It is also important in that two different
prototype discharges were used and, therefore, two different prototype
sediment discharges had to be considered.

30. The time ratio for sediment transport is as follows:

tr = T, = 12 b G | (7)
F r r r
Tn (Q)r
where: T = time (Sample period)
P & m = subscripts, indicate prototype or model values
L, = length ratio = 150
h. = height ratio = 50
G, = specific gravity ratio of bed material
= 2,(Gp = 2.6, Gy = 1.3)
(Qt)r = (Qg)p = Total sediment load ratio (variable)

Qp)p

31. The total sediment load for the model conditions was available from each
run (see Table 1IV); however, the prototype values were estimated from the
annual discharges of water and suspended loads for the years 1955 through
1974 at the gaging stations in Kansas City and Herman, Missouri.3/4/5/ These
data were reduced to average daily discharges for each year and plotted. See
Plate 6. A best fit line was then determined for both gaging stations. The
Bushwacker Bend area is halfway between these two gages so a line midway
between the two was constructed to represent the Bushwacker Bend area. The
total sediment load was then estimated to be 10 percent greater than the
suspended load. Table III lists the sediment time ratios for the different
discharges.
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TABLE III
Sediment Time Scales

Prototype Discharge Sediment Time Scale
Water  Sediment
cfs TPD
46,000 185,000 ty = 0.15 (Qt)p
35,000 138,000 ty = 0.20 (Qt)n

Note: (Q¢)p in 1lbs/hr

32. Many considerations were involved in the determination of the length of
the required sample period. What would be a significant time equivalent
sample period for the prototype? 1In the model, if the sample period was too
short, the shifting of the thalweg might not be observed; or if the sampling
period was too long, more data than necessary would be obtained, resulting in
extra work. The length of the sample period would obviously also affect the
number of observations necessary to define the frequency distribution for the
depths at each grid point.

33. Considering that the shifting of the thalweg in the prototype had
occurred in a period as short as one day, it was decided that a 48-hour
prototype time period would be used as a standard. Then the length of the
sample period in the model would be:

Tp = 48 <+ tg (8)

After examining the data from several runs it was found that subdividing the
sample period into 159 increments (160 observations) gave sufficient data
upon which to establish the frequency distributions. This would be equiva-
lent to taking depth measurements in the prototype about every 18 minutes for
48 hours.

34. With respect to the total 1length of time of each test, the sample
period, Ty, in the time lapse photos, was always measured back in time from
the end of each test. The film was subdivided into 159 semi-~equal time
periods, and the tab readings at these times were then listed. Because of
the large volume of data and the predominant location of the thalweg, only
Columns 1, 2, and 3 of the depth indicators were listed.  See Table II and
Plate 4. Data from Columns 4 and 5 may easily be obtained from the time
lapse photos if the need occurs.
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V. DISCUSSION ON TESTS

35. Preliminary and Verification Tests. Verification of the prototype condi-
tion was complicated by the fact that the shifting of the channel thalweg was
not fully understood, and prototype data seemed to refute the existence of a
problem. Eight groundings had been reported at this location during 1980,
one in September and seven in October, but the hydrographic survey data
collected in this area onm 21 and 22 September did not indicate any problem
with the crossing location. See Plate 1. In fact, the depths ranged from 9
to 12 feet through the crossing. The depths associated with the flow distri-
bution measurements for RM 246.4, location C, showed an average depth of
12 feet. See Appendix D. Despite these incongruities, it was believed that
the instability of the thalweg could be associated with a unique combination
of depth and velocity.

36. During the first series of tests, a variety of depths and velocities
were used in an attempt to determine this combination. This procedure had
been used in previous model studies to establish flow regimes for meandering
and nonmeandering conditions in long flat bends. See Reference 2. It was
believed that similar flow regimes could be established for the crossing in
this model with the desired condition being between the two flow regimes.
During the tests, the flow distributions for the three upstream channel loca-
tions were monitored (locations A, B, and C, see Plate 2). Adjustments were
made to the model entrance to cause the flow distribution at location A to be
similar between prototype and model. Tables IV and V 1list the results of
these tests along with the results of subsequent verification check runs.
Also compare Plates 1 and 2. The initial apportionment of the flow distribu-
tion sought for the nonmeandering flow regime was the (+ -) condition. This
would result when the flow in the model ad jacent to the concave bankline was
greater than the flow in the prototype. However, it was discovered that in
almost every case the flow had a tendency to break away from the concave
bankline upstream of the crossing structure.

37. In run 13, the desired condition was produced at "C" and possibly at
"B," but the flow distribution at "A" was opposite of the desired condition.
See Table V. Runs 17 and 19 appeared to approach the desired condition but
soundings and overhead photos showed that the thalweg tended to be located at
the centerline of the channel. At first it was believed that the main compo-~
nent of the flow at "A" was too acutely angled toward the downstream concave
bankline and was subsequently being reflected toward the convex bankline.
Adjustments were made to the model entrance, and later the velocity was
lowered. Neither attempt to induce the thalweg to follow the concave
bankline was successful. :

38. These preliminary runs were considered to be dissimilar to the prototype
condition because no large bar or shoal area was observed in the crossing.
However, upon reviewing the time lapse movies, it became obvious that for
random periods of time the grid points near the crossing structure indicated
depths which were considerably less than 9 feet. Frequency distributions
were then compiled from the depth indicator data. Special frequency maps

the percent of time the depth along the isogram was less than the design
depth. All of the frequency maps were similar in that they showed a region
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(the predominant thalweg) upstream of the crossing structure which was 9 feet
or greater most of the time. It should be noted that even though the grid

points downstream from this region were more frequently less than 9 feet, the
average depth at each point was still greater than 9 feet. See Table II.

39. Plate 4, Figure 1, shows a composite frequency map constructed using
data from runms 24, 25, 27, 28, and verification check runs 39, 42, and 43.
This map shows that the depth along the path of the arrows (the thalweg) was
9 feet or greater 90 percent of the time, but along the concave alignment
there is a spot at which the depth was 9 feet or greater only 75 percent of
the time. Even though chances are better that depths will be greater than
9 feet along the arrow path, these occurrences are random and depths less
than 9 feet may occur along this path at the same time as depths greater or
less than 9 feet occur along the concave alignment. See Plate 7. This would
explain why the thalweg appears to be shifting from spot to spot.

40. A region may be identified as the location of the predominant thalweg,
but in actuality the average depths in the crossing are such .that dune
heights cause depths less than that desired to occur. It should also be
noted that the probability of a specific location having a depth less than a
certain value depends upon the average depth at that location. For example,
if the average depth at a point is 9 feet, then 50 percent of the time that
point will have depths of less than 9 feet. But, if the average depth is
12 feet, then there may be only a 10 percent chance that a depth of less than
9 feet will occur at that point. See Plate 8. °

41. It is also possible that this "meandering” of the thalweg occurs at
higher discharges but because of the greater average depth it is not noticed.
This model was not verified for a higher discharge but the gage settings for
runs 17 and 19 correspond to a prototype gage elevation for a 60,000 cfs flow
and, as mentioned above, the bed contours and frequency maps from these runs
indicate that the predominant thalweg was not against the concave bankline
through the crossing.

42. It was attempted to maintain an average velocity of 0.45 fps for the
first series of tests, runs 29 through 37. However, the sediment transport
on several of these runs dropped so low that the required sample period of
the depth indicators became as great or greater than the length of the test.
The model was then reverified for a velocity of 0.52 fps and the remaining
tests conducted at this higher velocity.

43. 1In the verification tests, (27, 38, 43, and 58), the flow distribution
imbalance at locations A, B, E, and F was less than 15 percent and,
therefore, considered acceptable. See Table V, and Plate 9, Figure 1. The
flow distribution imbalance at locations C and D, located near the crossing,
tended to be greater than the acceptable value. Since the approach and exit
locations were acceptable, the excessive flow distribution imbalance at C and
D was accepted and attributed to the fact that the crossing was supposed to
be unstable.

44, The discharge ratio, ) , tended to be equal to or greater than unity at
all locations except at the lower location F, which was generally less than
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TABLE IV
PRELIMINARY AND VERIFICATION RUN DATA

RUN AVG. AVG. GAGE SLOPE WATER SEDIMENT

NO. VELOCITY DEPTH ELEV. OF W.S. TEMP. DISCHARGE
fps fr. ft. (107%) F° 1b/hr.
10 0.58 0.26 1.28 7.4 59 -
11 0.58 0.27 1.29 7.1 59 -
12 0.51 0.26 1.29 7.1 62 -
13 0.51 0.26 1.29 7.0 68 -
14 0.54 0.25 1.30 7.2 67 -
15 0.58 0.23 1.30 7.4 71 -
16 0.54 0.24 1.29 7.2 71 -
17 0.50 0.27 1.32 7.0 69 104
18 0.53 0.25 1.29 7.1 67 158
19 0.46 0.26 1.32 6.5 68 105
20 0.61 0.20 1.28 7.5 74 164
21 0.50 0.21 1.29 8.2 73 115
22 0.58 0.19 1.28 8.4 75 - 219
23 0.50 0.22 1.28 6.9 77 97
24 0.44 0.24 1.28 7.2 63 87
25 0.46 0.23 1.28 7.3 62 49
26 Flow into Convex Bank at River Mile 246.7 - No Data Taken 52
*27 0.43 0.25 1.28 6.6 62 34
28 0.44 0.24 1.28 6.5 65 43
*38 0.47 0.24 1.29 7.0 64 32
39 0.54 0.20 1.29 8.4 67 75
40 Void - Model Controls Failed 67 -
41 Void - Adjusting Model 66 28
42 0.53 0.22 1.2 8.2 67 59
*43 0.52 0.23 1.29 8.0 69 60
*58 0.54 0.24 1.28 8.8 58 - 87

*Base Verification Runs

15




. .

O N OO0 N
H OO O NN A
L]

O O rd et o et o e

S6°0
10°1
G0°1
€11
€e°1
GET
1 TART
ov°1
81°1

!

68°0
01°1
[0}
06°0

86°0
01°1
8¢°1
71°1

a

%21
1e°1
8€°1
60°1
LT°1
¢0°1
90°1
ci°1
S1°1
¢0°1
60°1
10°1
€0°1
0Z°1

0°1

16°0

SNOILVOOT LV SOILVY AIIVHISIA

peTees

%Z°1 9(N+) o1(—)
8C°1 L(+) 7(—)
91°1 81(+) 8(—+)
YAR 21 (+) y(—+)
4GRS T1(+H) L(4++)
Z1°1 oT1(+) 7 (N+)
%2°1 L(++) 9(++)
91°1 . 8(N-) y(—+)
GG 1 T2(+) oT(++)
61°1 0T (++) L(—)
e 1 - -
L2°1 - -
81°1 0Z(+) 2(—+)
T1°1 %2 (+) €1(++)
0€°1 8T (+) €1(—)
%€ 1 S1(+) 8(—+)
71°1 6(++) €(—+)
0C°1 CT(++) 7(—)
12°1 Z1(+) G(—+)
L0°1 91 (++) °(4+)
L0°1 8(N-) 7(—+)
[0°1 - -
LL*0 - -
- €11 - -
v ki q

a

T1(+)
8(++)
8(+-)

oc(+)

$1(+)
81(+)
8T1(+)
91(+)

L(N-)
Z1(+)
9(N+)
21(~=)
c(--)
8(—-)
8(—+)
6(N-)
z(—+)
6(+)
6(+)
9(—=)
91(—)
€1(++)
9(4+)
7(+)

2

suny UOTIBOTJTID) OSBgy

Z1(—+)
€T(—+)
8(—+)
T1(+H)
9Z(~+)
8(++)
L(+)
01(—+)
ez(-+)
9(~+)
€(~+)
6(—+)
8(++)
#1(—+)
1(—+)
91 (—+)
21(4+)
G (N+)
21(—)
LT(—+)
S(N+)
0T (++)
8(N+)
8(~+)

q

TT(N+)
OT(N+)
oT(~+)

8(+)

9(N+)
01(-+)
g(N+)
7(—)

8(+)
8(—+)
L(N+)
0T(++)
OT(N+)
LT(~+)
L{N+)
€1(~~)
L(N+)
(=)
g(—+)
(—+)
S(+)
6(+)
11(+)
01(+)

v

SNOILVOOT LV HONVTIVEWI

NOILAITYLSIA ANV INAWNOILIO4ddV MOTd

SN¥ NOILVOIATYHA ANV AYVNIWITHEA

RO¥A VIVA NOILAYTYLSIA MO1d
A TI9VL

8Cx
Evx
Yy
1y
1)/
6¢€
8«
8¢
LTx
97
YA
%C
€T
(A4

1z

0T
61
81
L1
91
St
71
€1
(A
11
o1

*ON
NE

16




unity. See Table V and Plate 9, Figure 2. The ratics greater than unity
could be attributed to insufficient flows over the sills in the model. The
sill elevations had been lowered during preliminary tests but caused an
excess of flow along the convex side at the crossing. Because of the minor
descrepancy in flow distributions and the complexity involved in finding
correct sill elevations on five structures, no additional attempts were made
to adjust the sill elevations. At location F, the measured model flows were
less than the prototype flows for runs 38, 43, and 58. This was caused by
flows in the model flanking the vane dike structures on the convex side. It
is possible that the openings between the "L" head structures exhibited a
greater roughness in the model than in the prototype, thereby causing the
flow to move toward the convex side. Based on results from verification
run 27, the discrepancies noticed in runs 38 and 43 did not appear to be sign-
ificant and at that point it did not seem wise to make any further adjustment
to the model. However, in some of the tests discussed in the next section,
the flow tended to break away from the concave bank at about RM 245.2 causing
a shoal to develop at RM 245 which 1is not typical of the prototype. 1In
run 58, more detailed soundings in the vicinity of RM 245 also showed the
same condition. Therefore, the less than desired average depths at RM 245,
reported in the next sections, should be viewed with some skepticism. For
comparative purposes, the average depth in the navigation portion of the
channel (2 feet in model, 300 feet in prototype) at RM 245 was computed for
the various tests. These values are plotted on Plate 11.

V45. Tests to Control the Meandering Thalweg. The following proposals were
tested to determine whether the thalweg through the crossing would be stabi-
lized by forcing the flow to follow the concave alignment.

a. Reduce the unrestricted channel width upstream of the crossing from
700 feet to 550 feet by extending all upstream dike structures 150 feet
further into the channel.

b. Locate additional dike structures between structures 257.9B and
258.0.

c. Raise existing sills above water surface.
d. Adjust the channel alignment upstream of the crossing.
e. Combinations of the above.

46. Tests With Reduced Channel Width. Runs 29, 30, 40, and 45 were made
with the sills of the five dike structures upstream of river mile 246.2
extended into the channel a distance of 150 feet (1 foot in model). This
reduced the unrestricted channel width from 700 feet to 550 feet (4.67 feet
to 3.67 feet in model). This reduced width was the minimum width to which
the channel could be narrowed without interfering with navigation. If these
tests proved successful, shorter sill extensions were to be tested. Runs 40
and 45 were repeat tests of run 29 but at the higher average velocity of
0.52 fps. Run 30 was a low flow test with a stage elevation equivalent to a
35,000 cfs discharge.
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47. The flow distributions and discharge ratios at locations A, B, and C
were affected. See Plate 9. The flow distributions, discharge ratios, and
average depths below the crossing did not appear to be adversely affected.
See Plates 9, and 1ll. However, no improvement in the crossing was noticed.
See Plates 10 and 4, Figure 2. The results of the low flow test, run 30,
exhibited similar results. However, the bed contours in run 30 indicated a
possible meander between RM 247.2 and the crossing structure. This would
seem to agree with the concept of the thalweg crossing location as a function
of depth, with the crossing moving upstream as the depth decreases.

48. Tests With An Additional Dike. Rums 31, 32, 44, and 50 were conducted
with an additional dike. In rums 31, 32, and 44 the additional dike was
located halfway between dike structures 257.9B and 258. In run 50, the addi-
tional dike was located at the one-third point upstream from struc-
ture 257.9B. The sill crest elevation of the additional dike was 1 foot
below CRP in both cases. Run 32 was a low flow (35,000 cfs) test, and run b4
was a repeat of run 31 but at the higher average velocity of 0.52 fps. The
purpose of these tests was an attempt to discourage the tendency of the flow
to accumulate along the convex bank downstream from structure 258.0. No
appreciable change from the base conditions was noticed in the crossing'or in
the monitored parameters. See Plates 9, 10, 11, and 4, Figure 3.

49. Tests With Sills Raised Above CRP. In run 47, the sills of the five
dike structures upstream of river mile 246.2 were raised above the 46,000 cfs
flow line (CRP). If these tests proved successful, runs with lower sill
elevations were to be tested. However, no appreciable differences were
observed as a result of these changes. See Plates 9, 10, and 11. :

50. Combinations of Above Tests. In run 48, dikes were placed at the one-
third and two-thirds locations between structures 257.9B and 258.0. The
sills of these new structures were raised above CRP, as were the sills on the
other five dike structures. The discharge ratios at locations A, B, C, and D
were affected but the crossing condition was not improved. See Plates 9, 10,
11, and &4, Figure 4. '

51. In run 49, the structure configurations were the same as run 48 except
that the openings between each of the dike structures upstream of the cross—
ing were partially closed forming "L” head type structures. The results of
test 49 were similar to those of test 48. See Plates 9, 10, 11, and 4,
Figure 4.

52. Tests With Alignment Changes. In these tests, the crossing struc—
ture 256.75 was relocated, necessitating realignment of a portion of the

‘upstream concave revetment as well as modifications to some structures along

the convex alignment. The crossing structure was relocated at four different
sites, identified as alignment 1, 2, 3, or 4.

53. Tests With Crossing Structure on Alignment 1. In these tests, (runs 34,
35, 36, 3/, and 46) the crossing structure was simply moved riverward a
distance of 100 feet. The upstream concave alignment for a distance of
3,150 feet was adjusted to accommodate the new location of the crossing
structure. See Plate 12. No other structural changes were made. Test 46
was a repeat run of tests 34, 35, and 37 but at the higher average velocity
of 0.52 fps. Run 36 was a low flow test for 35,000 cfs. These tests were.
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generally very similar to the base conditionms. See Plates 9, 10, 11, 12,
and 4, Figure 5. The low flow test again indicated meandering between

RM 247.2 and RM 246.8.

54. Tests With Crossing Structure on Alignment 2. In these tests (rums 51,
52, 53, 55, and 56) the crossing structure was moved upstream to RM 246.7 and
offset 275 feet riverward from the existing alignment. The upstream concave
alignment was adjusted for a distance of 2,700 feet. Structures 258.0 and
257.9B were shortened so that the channel width would be 700 feet. An addi-
tional structure was placed halfway between structures 258.0 and 257.9B. The
openings between these three structures were partially closed forming "L
heads. See Plate 13. Run 53 was a low flow test representative of the
35,000 cfs flow. Run 55 was a repeat of run 51 for demonstration purposes
and the only data obtained was from the time lapse movies.

55. Runs 51, 52, 55, and 56 produced good results. See Plate 4, Figure 6.
However, in run 51, shoaling developed between RM 245.3 and RM 245, producing
an average navigation depth of only 6 feet along the concave alignment. See
Plate 11. In runs 52 and 56, an attempt was made to isolate the cause of
the shoaling. 1In run 52, the openings between all the "L" head structures
except for the one dowmstream of structure 258.0 were closed. A channel
‘block was also placed between the upstream end of vane dike 256.44 and the
model basin wall, preventing flow landward of this structure. The crossing
in this test was also very good, and the average navigation depth along the
concave alignment at RM 245 increased to 9.5 feet, see Plate 11; however, the
bed contours indicated a slight tendency for the meander to persist. 1In
run 56 only two "L" head structures were closed, the one downstream and the
one upstream of 257.98. However, additional structures were placed along the
convex alignment downstream of the crossing. Dike structures with crest
elevations above CRP were placed at river miles 245.15, 245.45, and 245.9.
Channel blocks were placed at the upstream ends of both vane dikes, and the
vane dikes were raised above CRP. This arrangement also produced a good
crossing and the average depth at RM 245 increased to 12.5 feet, see
Plate 11; but, shoaling was still observed at RM 245.3 where the average
navigation depth was 9 feet. The improved condition at RM 245 resulted from
the new structures along the convex bank deflecting the flow back across the
channel, thereby reducing the shoal effects at this location. From these two
runs it may be concluded that eliminating the roughness elements caused by
the openings between the "L" head structures in the model improved the
downstream channel depths. However, since the shoaling condition could
neither be eliminated nor attributed entirely to model conditions, the
crossing structure was moved to a third location.

56. Tests With Crossing Structure on Alignment 3. In these tests (runs 57
and 59), the crossing structure was located 1,200 feet downstream from loca-
tion 2 at RM 246.5. The crossing structure was offset riverward from the
existing alignment 150 feet. The upstream concave alignment was adjusted for
a distance of 2,700 feet to accommodate the crossing structure. See
Plate 14.

57. In run 57, structure 258.0 was shortened to provide a channel width of
700 feet. An additional dike was located halfway between structures 258.0
and 257.9B at RM 246.7. The openings between these two structures were
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partially closed, forming "L" heads at these points. The results of this
test were similar to the results of tests at Alignment 1. The crossing was
again upstream of the crossing structure. See Plate 4, Figure 7. A shoal
also developed at RM 245, with an average navigation depth of 5.5 feet. See
Plate 11.

58. At this point, a verification test, run 58, was repeated to determine if
model conditions had changed. The verification test results were similar to
the other verification tests. This time, however, more detailed soundings
were obtained in the vicinity of RM 245. The bed contours from these sound-
ings also showed a tendency for the flow to break away from the concave
alignment around RM 245.2.

59. Testing continued with run 59. This run was essentially a repeat of
run 57 except that the "L" head was removed from the structure at RM 246.7.
The thalweg was again upstream of the crossing structure; however, the aver-
age depth at RM 245 had increased to 10 feet. See Plate ll. The bed con-
tours again indicated a slight meander around RM 245.2. ’

60. Tests with Crossing Structure on Alignment 4., In runs 60 and 61, the
crossing structure was offset from Aligmment 3 an additional 125 feet river-
ward, making the total offset 275 feet. Structure 258.9B was shortened to
provide a channel width of 700 feet. An additional dike structure was placed
at RM 246.38.

61. The results of test 60 were good. See Plates 9, 10, 11, 15, and 4,
Figure 8. The thalweg followed the concave alignment through the crossing.
The average navigation depth at RM 245 was 9 feet. The bed contours in the
vicinity of RM 245 were similar to the last verification test, run 58.

62. Run 61 was similar to run 60 except that the opening downstream of the
dike at RM 246.38 was closed. Scour depths in the vicinity of this structure
during run 60 were in excess of 21 feet. By closing the . opening, it was
hoped that the scour would be less and that this might also improve the flow
conditions at RM 245. The overall results of this test were similar to those
from run 60. See Plates 9, 10, 11, and 4, Figure 8. The scour in the vicin-
ity of the dike at RM 246.38 was still in excess of 21 feet, but the down-
stream extent was less by about 600 feet. No improvement in the meander
condition at RM 245 could be detected, although the average navigation depth
increased to 10.5 feet. '

20




VI. CONCLUSIONS

63. 1In general, the objectives of the model study were met. The model repro-
duced a shifting thalweg similar to that occurring in the prototype; two
schemes were found to be successful in stabilizing the thalweg; and the
results of the tests have general application to similar problems at other

channel crossings.

64. The verification tests (runs 27, 38, 43, and 58) produced a condition in
which the depths at the grid points in the crossing varied randomly with
time. See plate 7. Even though the average depth at each grid point was
greater than the minimum desired, 9 feet, there were periods of time during
which the depths at some of these grid points were much less than the minimum
desired. See Table II and Plate 4, Figure 1.

65. A problem with the verification tests was discovered toward the end of
the test schedule. Shoaling at about RM 245 during these tests prompted a
verification check of the model, run 58. At the end of this verification
check, additional soundings were obtained upstream and downstream of RM 245,
resulting in a more detailed map of the bed contours in this area. These
contours indicated that the thalweg in the model split at about RM 245.2.
One part continued to follow the concave alignment; the other part was
directed toward the scour hole around dike structure 255.8. It is possible
that this condition existed during the earlier verification tests but was not
observed since efforts at those times were concentrated on the crossing pro-
blem. The result of this condition would be to exaggerate shoaling in this
area if encouraged by structural changes at the upstream crossing.

66. Two schemes were found which would stabilize the thalweg along the con-
cave alignment of the channel. See Plate 4, Figures 6 and 8. The first
scheme requires realigning the crossing structure at RM 246.7, with an offset
from the existing alignment to a maximum of 275 feet. See Plate 13. This
scheme is not recommended because excessive shoaling developed at RM 245.
Major changes to structures downstream of the crossing could possibly correct
this problem. The second scheme requires realigning the crossing structure
at RM 246.5 with an offset from the existing alignment to a maximum of
275 feet. See Plate 15. This scheme is recommended even though a tendency
to shoal was also noticed at RM 245. It is believed that this shoal condi-
tion resulted from improper adjustment of the model flow at this location
which was not detected until the end of the study. It should be noted that
in both schemes an offset of 275 feet from the original alignment was neces-
sary. It would appear that the resulting increase in curvature produced by
this magnitude of offset would achieve the desired results regardless of
location. It is suggested that any structural changes in this area should
also be tested in the backwater mathematical model to determine possible
. increases in water surface elevations and encroachment on Levee Unit L-246.

67. Information gathered from the preliminary and verification tests proved

useful in formalizing generalized information on the crossing problem. The
prototype flow distribution data was also of use. An examination of the
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prototype flow data (Appendix D) shows that at location A (See Plate 2), the
unit discharge in the segment adjacent to the concave bank is about twice the
unit discharge along the convex side. However, at B, the unit discharge is
almost uniform across the channel. The corresponding channel depths follow
the same pattern. Location B is more than a 1/2 mile above the design cross-
ing, yet its flow pattern and channel configuration are more typically that
of a crossing. This would seem to indicate that the flow is attempting to
cross at this location and probably crosses at low flows as demonstrated by
the model in runs 30, 32, 36, and 53. At greater flow depths, the crossing
probably moves downstream, but even then it may still be upstream of the
design crossing. In a  uniform cross section, the thalweg is essentially
nonexistent, however, because of the random configuration of the dunes with
respect to time a shifting thalweg may appear to exist. A uniform Cross
section will not present any problem until the average depth approaches the
minimum desirable depth. As this occurs, the probability increases that the
channel depths will be less than the desirable depth. The maximum height of
a dune may approach the average depth of flow, as evidenced by the data on
Plate 7. A design based on this concept would require an average depth equal
to twice the minimum desired depth, and this is obviously not practical. As
it turns out, these occurrences are infrequent, and if the model data are
representative, they are also of short duration. This example does illus-
trate, however, that to assure a minimum depth, an average depth greater than
the minimum must be maintained. Some feeling for the magnitude of this extra
depth may be obtained from the model depth frequency analysis presented on
Plate 8 from test run 43. From this graph, it may be seen that an increase
in average depth from 9 feet to 10 feet decreases from 50 percent to 30 per-
cent the probability of the depth being less than 9 feet. An alternate
approach to the meandering thalweg problem may be to increase the magnitude
of the design flow.

68. An additional observation may be made about the behavior of the predomi-
nant  thalweg as delineated by frequency maps constructed from the frequency
analysis. 1In most cases, the predominant thalweg did not gradually break

toward the opposite bank but departed fairly abruptly at about an angle of
45 degrees to the upstream path. See Plate 4, Figures 2, 6, 7, and 8. :
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APPENDIX B

PHOTOS




View of Model Dike Structures constructed of sheet metal

with stone glued to surface to simulate prototype stone
roughness.

View downstream from RM 247.7 toward crossing at

RM 246.2, showing model construction methods. Dike struc—
tures at left abutted concrete block wall along convex

nk. S t metagl wit tone attached was placed against
Biock waffeon f'!igaht tlo 1}:'osrmo revetment. P &




3 View of one of the devices used to monitor water surface
elevations in model. Flow will be from left to right.
‘ Structures in back are "L" heads in Bushwacker Bend.

4 View of model entrance, showing recirculation line at top
of photo and tile drain drain pipe used to control flow
distribution.




View upstream from about RM 245 during process of back-
filling channel and bank areas with ground walnut shells.

View upstream at Bushwacker Bend Model during Run 56.




View of devices used to indicate depth in crossing on
time lapse photos.

View of crossing through time lapse camera showing depths
at depth indicators during Run 57 at hour 36.5.
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APPENDIX D

PROTOTYPE FLOW DISTRIBUTIONS




Statlon Depth
FT FT
d

FPS
v

APPENDIX D
BUSHWACKER BEND AND GRAND RIVER BEND
FLOW DISTRIBUTIONS
VELOCITY MEASUREMENTS OBTAINED }3/05/81
(Discharge, Q, from Waverly and
Boonville Gages = 43,400 cfs)

Unit Incremental
Veloclfy Discharge Dlscharge. Station Depth
CFS/FT CFS FT FT
q Q . d

LOCATION A

RIVER MILE 247.40

4.80
4.60
4.76

4.40

4.08
4.3
4.1}

4.48

LOCATION C

CONCAVE BANK

- - 880 15.9
82.2 8220 780 }4.3
74.9 7490 680 14.0
56. } 5610 580 }3.8
38.6 3860 480 Fhe2
».3 - 33 380 }3.3
47.4 4740

CONVEX BANK
Q' 33850

56. 4 }3.6
Q'/Q 0.78

RIVER MILE 246.48

3.89

4.36
4.70
5.20
4.72
4.6}
3.28

4.47

LOCATION E

CONCAVE BANK

- - 140 3.6
63.5 6350 240 T
60.2 6020 340 13.0
50.7 5070 440 14.6
45.6 4560 540 }5.5
46.2 4620 640 16.9
55.2 5520

CONVEX BANK
Q' 32140 ‘
53.6 13.9
Q'/Q 0.74

RIVER MILE 245.85

CONCAVE BANK
950 18.5
850 16.5
750 15.5
650 9.0

' 550 9.2
450 9.5
350 13.0

CONVEX BANK

AVERAGE 12.6

CONCAVE BANK
850 6.3
750 14.5
650 12.}
550 8.4
450 10.0
350 9.8
250 18.2

CONVEX BANK

AVERAGE }2.0

CONCAVE BANK

90 26.2
140 21.0
240 17.7

- 340 13.8
440 9.5
540 7.5

CONYEX BANK

AVERAGE 14.9

4.42
4.3
4.22
3.80
3.40
2.68

3.95

CONCAVE BANK
- . - 90 2}1.0
102.9 5145 150 18.0
82.4 8240 250 17.0
63.2 6320 350 9.5
4.9 4190 450 16.0
25.8 2580 550 2.8
650 9.2
CONVEX BANK
Q' 26475
58.8 16.2
Q'/Q 0.6%

Unit  Incremental
Velocity DIlscharge Dlscharge
FPS CFS/FT CFS
v q Q
LOCATION B

RIVER MILE 246.92

3.53 -
4.44 60.2
5.05 67.}
5.00 69.8
4.46 59.}
3.2} 47.0
4.46 60.6
LOCATION D

RIVER MILE 246.25

4.06
4.6}
4.47
4.65
4.65
4.72

4.55

LOCATION F

53.3
54.5

62.9
70.0
75.9

63.3

RIVER MILE 245.25

4,37
4.23
5.04
4.8}
3.36
3.27
}.86

4.07

83.8
8t.1
89.9
72.5
47.7
28.2

66.0

6020
6710
6980
5910
4700

Q' 30320

Q'/Q 0.70

5330
5450
6290
7000
. 7590

Q' 31660

Q'/Q 0.73

5028
8110
8990
7250
4770
2820

Q' 36968

Q'/Q 0.85




