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PREFACE 

The model investigation reported herein was authorized by the Head­

quarters, US Army Corps of Engineers, on 30 September 1983 at the request of 

the US Army Engineer District, Vicksburg (LMK). The studies were conducted by 

personnel of the Hydraulics Laboratory (HL), US Army Engineer Waterways Exper­

iment Station (WES), during the period October 1983 to January 1986. All 

studies were conducted under the direction of Messrs. F. A. Herrmann, Jr., 

Chief, HL, and J. L. Grace, Jr., Chief of the Hydraulic Structures Division. 

Tests were conducted by Messrs. C. H. Tate, Jr., J. Cessna, L. East, and 

N. Ford under the supervision of Mr. G. A. Pickering, former Chief of the 

Locks and Conduits Branch, and J. F. George, Acting Chief of the Locks and 

Conduits Branch. This report was edited by Mrs. Marsha Gay, Information Tech­

nology Laboratory, WES. This report was prepared by Mr. Tate. 

During the course of the investigation, Messrs. Phil Combs and Basil 

Arthur, LMK, and Messrs. David Ralston, Pete Forsythe, Bill Leeming, John 

Breuard, Mickey Hayward, Bobby Daniels, Bill Erion, Jim Evans, Quinton 

Milhollin, Rodney White, Ron Nulton, and Morris Lobrecht, US Soil Conservation 

Service (SCS), visited WES to discuss model results and correlate these re­

sults with concurrent design work. Mr. Richard Peace, SCS, was also involved 

with the study during implementation of the test results into design of the 

projects. 

COL Dwayne G. Lee, CE, is the Commander and Director of WES. 

Dr. Robert W. Whalin is the Technical Director. 
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CONVERSION FACTORS, NON-SI TO SI (METRIC) 
UNITS OF MEASUREMENT 

Non- SI units of measurement used in this report can be converted to SI 

(metric) units as follows: 

Multiply 

cubic feet 

degrees (angle) 

feet 

inches 

pounds (mass) 

tons (2,000 pounds, mass) 

By 

0.02831685 

0.01745329 

0.3048 

25.4 

0.4535924 

907.1847 

3 

To Obtain 

cubic metres 

radians 

metres 

millimetres 

kilograms 

kilograms 
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MUDDY CREEK GRADE CONTROL STRUCTURES 

MUDDY CREEK, MISSISSIPPI AND TENNESSEE 

Hydraulic Model Investigation 

PART I: INTRODUCTION 

The Prototype 

1. Muddy Creek is located in extreme north Mississippi and south Ten­

nessee and flows generally north from near Ripley, Mississippi, to the Hatchie 

River just north of the Mississippi-Tennessee State line (Figure 1). Between 

September 1976 and September 1983, the US Soil Conservation Service (SCS) 

modified the Muddy Creek drainage system by constructing a trapezoidal channel 

with 12 riprap grade control structures spaced along the main channel. The 

first four structures (structure No. 1 being the farthest downstream) and con­

necting channels were constructed between September 1976 and February 1980, 

using the procedures in SCS (1976).* Surveys of the structures during 1980 

indicated that severe scour, up to 15 ft** deep, had occurred immediately 

downstream of several structures. Postulated as a cause for the scour was 

flow separation in the 1:4 exit flare which caused eddies to form along the 

side slopes, resulting in flow concentrations in the channel. The other grade 

control structures were constructed with a 1:8 exit flare in an effort to 

improve exit flow conditions. Heavier riprap was placed at the downstream end 

of the prismatic section and the upstream portion of the exit flare. However, 

scour holes again formed immediately downstream of these structures. 

Purpose of Model Investigation 

2. This model investigation was conducted to determine the flow 

conditions that were causing the observed scour and to develop modifications 

* US Department of Agriculture, Soil Conservation Service. 1976 (Jan). 
"Hydraulic Design of Riprap Gradient Control Structures," Technical 
Release No. 59, Washington, DC. 

** A table of factors for converting non-S! units of measurement t o SI 
(metric) units is presented on page 3. 
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to the existing structures to minimize the scour conditions. Additionally, 

the model study was used to develop modifications to design criteria to 

prevent the flow conditions that had caused scour. 

f 
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PART II: THE MODEL 

Description 

3. Field observation of the completed Muddy Creek system, consisting of 

grade control structures No. 1 through 12, indicated that the maximum amount 

of scour had occurred at structure No. 5, where the channel bottom had scoured 

significantly with subsequent collapsing of the channel banks immediately 

downstream from the structure. It was later determined that a local soil 

layer aggravated the bank caving. This structure was chosen for the initial 

testing to determine appropriate modifications to minimize downstream scour. 

The modifications that were developed were specific to the 1:8 exit flare con­

structed at structures No. 5 through 12. Structure No. 2 was used to deter­

mine similar modifications for structures No. 1 through 4, which had exit 

flares of 1:4 . Additional exit flares were tested using structure No. 2 as 

the base to determine the maximum flare that would not cause flow separation. 

4 . A 1:16-scale model was initially used to reproduce structure No. 5. 

Approximately 200 ft of the trapezoidal channel upstream of the structure and 

approximately 500 ft of downstream channel were reproduced . A moveable sand 

channel was used for the channel downstream of the grade control structure 

throughout the study . 

5. The grade control structure (Plate 1 and Figure 2) consisted of a 

36-ft-long approach transition section that reduced the base width of the 

channel from 54 ft to 18 ft. The base of the approach transition section had 

a 1:2 flare, and the side slopes transitioned from 1V on 3H to 1V on 2.SH. 

The prismatic section with an 18-ft-wide base remained constant for 308 ft 

where the exit transition section began. The 144-ft-long exit transition sec­

tion had a 1:8 base flare, and the side slopes transitioned back to the 1V on 

3H side slopes. Graded riprap was used to form the grade control structure 

throughout the study. Riprap gradation A, shown in the following tabulation, 

was used throughout the structure except for 50 ft either side of the down­

stream end of the prismatic section (sta 684+56) where riprap gradation B 

was installed. 

6. After tests with structure No. 5 were completed, structure No. 2 was 

_reproduced at a scale of 1:24 due to the larger size of this structure and the 

limits of the model facility. The model of structure No. 2 reproduced 

7 
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Figure 2. General view, grade control structure No. 5 

Gradation 

A 

B 

Weight of 
Stones, lb 

225 
85 
10 

1,200 
500 
300 
125 

30 

Cumulative Percent 
Lighter by Weight 

100 
25-50 
5-20 

100 
40-75 
25-50 
10-30 
0-10 

Note: Spalls and rock dust that will pass a 3-in. 
sieve shall consist of less than 5 percent 
by weight. 

approximately 300 ft of channel upstream and approximately 500 ft downstream 

of the grade control structure. This structure was similar to structure No. 5 

as shown in Plate 2, except that the channel base was 80 ft wide, the 

prismatic section was 29ft wide and contained a 3.7-ft vertical drop within 

8 



the 586-ft-long section, and the exit flare was 1:4. Riprap gradation 

requirements for structure No. 2 are shown in the following tabulation: 

Weight of Cumulative Percent 
Stones, lb Lighter by Weight 

225 100 

125 40-75 

85 25-50 

60 10-30 

10 0 

7 . Flow to both models was supplied through a circulating system. 

Discharges were measured with differential pressure manometers and controlled 

with a manual gate valve. Hydrographs were reproduced with stepped operations 

to approximate the hydrograph flows and durations. 

8. Tailwater elevations, which were set using a moveable tailgate, were 

determined while flow was passing through the model in a steady state regime. 

9. Velocities were measured in the models with pitot-static tubes and 

with propeller meters. Point gages were used to measure water-surface eleva­

tions throughout the models. Flow conditions were observed for all designs 

tested, with the original designs and the potentially usable designs being 

recorded photographically. 

Scale Relations 

10. The accepted equations of hydraulic similitude, based on the Froude 

criteria, were used to express mathematical relations between the dimensions 

and hydraulic quantities of the model and prototype. These general relations 

were used for the transference of model data to prototype equivalents: 

Characteristic 

Length 

Area 

Dimension* 

L 
r 

A 
r 

(Con tinued) 

* Dimensions are in terms of length. 
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Scale Relation 
Characteristic Dimension Model:Prototype 

Velocity v - 11/2 1:4 1:4.899 
r r 

Discharge Qr - 15/2 1:1,024 1:2,822 
r 

Volume v - 13 1:4,096 1:13,824 
r r 

Weight w - 13 1:4,096 1:13,824 
r r 

Time T - 11/2 1:4 1:4.899 
r r 

Model measurements of discharge, water-surface elevations, and velocities can 

be transferred quantitatively to prototype equivalents by means of the scale 

relations. Experimental data indicate that the model-to-prototype scale ratio 

is also valid for scaling stone in the sizes used in this investigation. 

Evidences of sand scour are considered only qualitatively reliable, since it 

is not yet possible to reproduce quantitatively in the model the resistance to 

erosion of fine-grained prototype bed material. 

10 



PART III: TESTS AND RESULTS 

Structure No. 5 

11. Structure No . 5 (Plate 1) was designed to pass 2,335 cfs with the 

upstream and downstream flow depths being equal to 8 . 5 ft . Baseline flow 

conditions were determined for the design condition with the center-line 

water-surface profile shown in Plate 3. As shown by the water-surface eleva­

tions, the flow line dropped through the converging approach as the flow 

accelerated. Backwater effects from the tailwater were evident in the down­

stream one-third of the prismatic section. Flow through the prismatic section 

separated from the side slopes at the upstream end of the exit transition for 

all flows . The flow separation caused eddies to form on both sides of the 

exit transition and downstream channel, concentrating the flow to the center 

of the channel as shown in Photos 1 and 2. Velocity cross sections at several 

locations upstream of, within, and downstream of the structure are shown in 

Plate 4. The backwater effect of the tailwater at the downstream end of the 

prismatic section (sta 684+56) can be seen in Plate 4 in the decreased veloci­

ties at sta 684+56 compared to velocities at sta 686+10, which is at the mid­

point of the prismatic section. Flow separation is evident in Plate 4 at the 

downstream end of the structure (sta 683+12) and downstream from the structure 

(sta 682+00). The upstream flow depth was found to be 8 . 2 ft rather than 8 . 5 

ft with the design flow. Thus, all subsequent tests with this discharge were 

conducted with the downstream depth set at 8.2 ft since the channel geometry 

and slope were identical . Tests with other discharges were also conducted 

with the upstream and downstream depths equal. Scour tests were conducted 

using a synthetic hydrograph, shown in Figure 3, since a design hydrograph was 

not available from the prototype . Significant scour of the channel invert 

occurred during tests with the hydrograph as the result of the flow concentra-

tion (Photo 3) . 

12. In the type 2 design exit transition, a hump in the invert of the 

exit transition was tested to determine if this design would force the con­

centrated flow to spread over the width of the channel. To affect the con­

centrated flow, the hump had to break the water surface; otherwise the flow 

remained concentrated downstream of the structure. When the hump did break 

the water surface, the concentrated flow was split into two jets (Photo 4) 

11 
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Figure 3. Synthetic hydrograph for scour comparison, Muddy Creek 

which scoured the channel invert on both sides of the downstream channel as 

shown in Photo 5. This design was deemed unsatisfactory. 

13. The type 3 design exit transition involved installing baffles in 

the exit transition by driving H-piles in the invert. For each exit flare 

design, the same baffle design was used throughout the exit transition. 

Nominal 14-in. H-piles were arranged in various locations extending the full 

depth of design flow (8.2 ft) above the channel invert. Test results indi­

cated that the maximum effectiveness of the baffles was achieved when the 

downstream baffles intercepted the interference wake of the upstream baffles. 

These wakes are similar to the bow wakes of ships. Theoretical work by 

Kostyukov (1959)* indicates that for the flow conditions in the exit transi­

tion, the wake angle was approximately 19 deg 28 min. Adjustments in the 

* A. A. Kostyukov. 1959. Theory of Ship Waves and Wave Resistance, State 
Union Publishing House for the Shipbuilding Industry, Leningrad; Translated 
by Max Oppengheimer, Jr., Chairman, Department of Modern Languages, State 
University College, Fredonia, NY, published by E.C.I., Iowa City, IA. 
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model showed that the downstream baffles should be located at 17-deg angles to 

provide maximum interference (Figure 4a). Single H-piles were tested as the 

type 3A design exit with minimal effect on the downstream scour. Figure 4b 

illustrates the various baffle designs tested. The type 3B design exit tran­

sition incorporated three H-piles at each location (Figure 4b), resulting in a 

substantial reduction in downstream scour. Due to the minimal amount of scour 

produced by the synthetic hydrograph, the testing procedure was changed to 

subjecting each design to the design flow of 2,335 cfs for a 24-hr period 

(prototype). The optimum baffle height was determined by testing the type 3B 

design baffles at heights of 4, 5, 6, and 8 ft in the exit transition . Scour 

produced with the 6-ft baffles was approximately the same as that produced 

with the 8-ft baffles. Test results with the 5-ft baffles were significantly 

worse than with the 6-ft baffles, and the 4-ft baffles provided the least im­

provement over the as-built design. Based on these results, a baffle height 

of 75 percent of the design depth was determined to be most effective. This 

resulted in a baffle height of 6.2 ft. 

14. Additional baffle designs were tested to try to reduce the poten­

tial for the baffles to collect debris. In the type 3C design the outside 

H-piles in each baffle were offset downstream such that the downstream flange 

of the center H-pile was even with the upstream flange of the outside H-piles 

(Figure 4b). Scour resulting from this design was approximately the same as 

with the type 3B design baffles for similar baffle heights. The type 3D 

design incorporated baffles constructed with two H-piles placed adjacent to 

each other . This design did not perform as well as the type 3B or the type 3C 

design baffles . Nominal 12-in. H-piles were tested using the type 3C arrange­

ment with inferior results . The type 3C design baffle was also modified (type 

3C1 baffle) by installing the center H-pile on a 4V : 1H batter as seen in 

Figure 4b . This streamlining reduced the effectiveness of the baffles 

significantly . 

15. From these tests it was determined that the type 3C design exit 

with the 6 . 2- ft - tall baffles (Figure 5) was the most effective design in 

reducing scour downstream of structure No . 5 . The semiwedge shape of the baf­

fles should reduce the amount of debris that collects on the baffles . Some 

debris should pass over the baffles during high flow events . Center-line 

water-surface elevations are shown in Plate 5 with the design flow. Velocity 

cross sections are shown in Plate 6 . Veloc1ties upstream of sta 686+10 were 

13 



INTERFERENCE 
WAKE 

PATTERN\ 

-------0 

BAFFLE 

LOCATIONS' ------

________-o 
0 

a. Baffle locations for maximum interference 

b. Baffle designs 

Figure 4. Type 3 series exit transition 

14 

I 

.. 



the same as those measured with the 

original design. Surface currents are 

shown in Photos 6 and 7. Photo 8 shows 

the scour resulting from the synthetic 

hydrograph, which can be compared to 

Photo 3, which shows the scour from 

the original design. 

16. Due to the dimensional 

similarity of structures No. 5 through 

12 (Table 1), the arrangement developed 

as type 3C was dimensionalized based on 

the length of the exit transition. 

This design, shown in Plate 7, should 

provide acceptable flow conditions 

downstream of structures No. 5 through 

12. 

Structure No. 2 

Figure 5. Type 3C baffle 

17. Flow conditions at structure No. 2 (Plate 2) were similar to those 

observed at structure No. 5. Flow separation occurred at the upstream end of 

the exit transition, forming eddies on both sides of the outlet channel which 

concentrated the flow to the center of the channel . Stage-discharge relations 

indicated that the design flow resulted in an approach depth of 7 .6 ft instead 

of the 8.5 ft used for the design. Consequently, the design tailwater depth 

that was used for the model tests was 7 .6 ft. The water-surface profile for 

the as-built condition is shown in Plate 8, and the velocity cross sections 

at the indicated stations are shown in Plate 9. Concentration of the flow to 

the center of the exit channel is clearly shown at sta 425+00 and 424+00. 

18. The baffle pattern developed for the 1:8 exit flare for grade con­

trol structures No. 5 through 12 was tested in structure No. ?. with the 

1 :4 exit flare. Each row of baffles had one additional baffle added to each 

end because of the wider flare. This was designated the type 4 design exit 

15 



transition (Plate 10). Test results indicated that a small portion of the 

flow concentrated at each side of the exit flare between the side slopes and 

the baffles, causing excessive scour on the sides of the channel downstream of 

the riprap structure. 

19. Two additional baffles were added in a fourth row (type 5 design 

exit transition, Plate 10) in an attempt to reduce the velocities along the 

sides of the channel. Little improvement was achieved with this modification. 

The end baffles on the fourth row were moved 3.5 ft toward the side slopes 

(type 6 design exit transition, Plate 10) in another effort to reduce the 

velocities along the sides of the channel. Again, little improvement was 

obtained. The same end baffles on the fourth row were moved an additional 

3.5 ft towards the side slopes (type 7 design exit transition, Plate 10). 

This design was successful in reducing flow concentrations along the sides of 

the exit transition, but this baffle arrangement (Figure 6) created a signif­

icant backwater effect in the prismatic section of the grade control struc­

ture. The baffle arrangement was modified (type 8 design exit transition, 

Figure 7 and Plate 10) by removing the third row of baffles and repositioning 

the fourth row next to the second row of baffles. This modification was made 

to reduce the backwater effect observed in the type 7 design exit transition 

while maintaining satisfactory velocities along the side slopes of the exit 

transition. Satisfactory flow conditions were observed throughout the grade 

control structure for the various test flows. Scour resulting from a 24-hr 

prototype test with the design flow (Photo 9) indicated that a pronounced 

scour pattern developed just downstream of the riprap. This was due to the 

relatively short distance between the downstream baffles and the end of the 

riprap. 

20. Additional designs were tested based on two baffles in the upstream 

row, three in the second row, four in the third row, and flanking baffles as 

in the third row of the type 8 design exit transition. The type 3C baffles 

were used for all of these tests. This concept was not successful in reducing 

flow concentrations in the center of the channel. Therefore, the type 8 

design exit transition was reinstalled in the model and an additional 30 ft of 

riprap of 2-in. average size was placed at the downstream end of the grade 

control structure to protect the channel invert. Scour tests indicated that 

the additional riprap provided adequate protection at the end of the grade 

control structure (Photo 10). Velocity cross sections, shown in Plate 11, 

16 
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indicated improved velocity distribution at the downstream end of the struc­

ture compared to the original design. The center-line water-surface profile 

with the design flow is provided in Plate 12. Surface currents are shown in 

Photos 11 and 12. 

21. The dimensionalized type 8 design is shown in Plate 13 as the 

recommended design for structures No. 1 through 4. 

Exit Flare Modifications 
I 

22. Additional tests were conducted to determine the maximum flare in 

the exit transition where uniform flow distribution would be present without 

the use of baffles. Structure No. 2 was used as the base structure upstream 

of the exit transition. Initially, tests were conducted with a 1:10 exit 

flare. Test results indicated that the 1:10 exit flare was too abrupt an 

expansion due to flow separation at the upstream end of the exit flare and 

resulting flow concentrations in the center of the channel. 

23. Tests were conducted with the exit flare reduced to 1:12. Satis­

factory flow conditions were observed as the flow tended to spread with the 

expanding exit transition. However, minor irregularities on the exit transi­

tion side slopes triggered flow separation near the side slopes. Flow condi­

tions with discharges of 1,266 and 3,166 cfs are shown in Photos 13 and 14, 

respectively. 

24. The exit flare was reduced to 1:16 in an effort to produce uniform 

flow distribution throughout the exit transition and a design less sensitive 

to minor irregularities on the exit transition side slopes. Improved flow 

conditions were observed in the 1:16 exit transition. Flow conditions with 

discharges of 1,266 and 3,166 cfs are shown in Photos 15 and 16, respectively. 

A comparison of velocities recorded at the downstream end of the exit transi­

tion with the 1:12 and 1:16 exit flares (Plate 14) indicated a slightly better 

distribution of flow with the 1:16 exit flare. A center-line water-surface 

profile with the design discharge for structure No. 2 with the 1:16 exit flare 

is shown in Plate 15. 
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PART IV: CONCLUSIONS AND RECOMMENDATIONS 

25. Flow separation with resultant flow concentration in the exit 

transitions was determined to be the reason for scour downstream of the grade 

control structures on Muddy Creek. The flow separation was the result of the 

exit flaring too abruptly for the flow to follow the side slopes. Eddies 

formed on both sides of the exit channel, forcing additional flow concentra­

tion in the center of the exit channel with resulting higher velocities along 

the bottom of the channel. Tests were conducted to determine what modifica­

tions were required to these existing grade control structures with 1:4 and 

1:8 exit flares to reduce or eliminate significant scour problems previously 

observed at these structures. Since the exit flares were fixed, different 

types of modifications involving baffle piers or a hump placed in the exit 

transition were tested in an attempt to produce a uniform distribution of flow 

at the end of the grade control structure. 

26. Test results indicated that a baffle arrangement with the height of 

the baffle piers being 75 percent of the design depth was the most effective 

design in producing a uniform distribution of flow in the exit channel without 

any significant backwater effect in the grade control structure. Recommended 

baffle arrangements are shown in Plates 7 and 13 for the 1:8 and 1:4 exit 

flares, respectively. The use of a hump in this situation was ineffective in 

disturbing the central flow concentration unless the hump reached the water 

surface. When the hump did reach the water surface, two jets were formed 

which produced more scour than the original design. 

27. For this type of grade control structure without the use of baf­

fles, test results indicated that flow separation occurred at the upstream end 

of the exit transition if the exit flare was greater than a 1:12 ratio. Minor 

irregularities (differential settlement or vegetation) on the side slopes of a 

1:12 flare caused flow separation and flow concentration, indicating that this 

was approximately the critical flare ratio below which incipient flow separa­

tion occurred. Additional tests indicated that the 1:16 exit flare was the 

maximum exit flare that provided satisfactory flow conditions without making 

the flow sensitive to minor irregularities on the side slopes, and therefore 

was the recommended design. 

28. The addition of a 1:16 exit transition flare resulted in a fairly 

long structure when the structure design was based on the equal energy 
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concept. It is possible that by using steeper slopes, a shorter (less 

expensive) structure could be designed that would also result in uniform 

outlet flow conditions. Additional research would be required to develop 

design parameters for such a structure. 

I 
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Table 1 

Details and Data for Rock-Lined Sections 

Channel 
Length Prismatic Length Width 

Design Prismatic of Upstream Section of Downstream Exit and 
Structure Discharge Section Transition ft Drop Transition Inlet Rock Riprap 

No. cfs Slope ft Width Length ft ft ft tons 

1 4,600 0.0053 45 35 690 3.7 90 80 10,000 

2 3,166 0.0063 51 29 586 3.7 102 80 8,000 

3 3,166 0.0063 51 29 586 3.7 102 80 8,000 

4 3, 166 0.0063 51 29 746 4.7 102 80 10,250 

5 2,335 0.0063 36 18 308 2.0 144 54 5,400 

6 2,335 0.0063 36 18 308 2.0 144 54 5,600 

7 2,275 0.0064 35 17 309 2.0 140 52 5,400 

8 2,103 0.0064 36 14 306 2.0 144 50 5,100 

9 2, 103 0.0064 35 15 261 1.7 140 50 4,600 

10 1,850 0.0067 33 13 329 2.2 132 46 5,000 

1 1 1,850 0.0068 32 14 286 1.9 128 46 4,700 

12 1,850 0.0068 32 14 273 1.9 128 46 4,600 
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Photo 2 . Grade control structure No . 5 at design flow (2 , 335 cfs) , original design 
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Photo 3. Scour resulting from the synthetic hydrograph, original design 



" " :t~ G~" n· CQl ·o 
·"" ... .. io(•i.lt l • 

rQ: RES 

Photo 4 . Type 2 exit transition at 2 , 000-cfs flow 
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Photo 6 . Type 3C exit transition (6 . 2-ft tall baffles) at 1 , 000- cfs flow 
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Photo 7. Type 3C exit transition (6.2-ft-tall baffles) at design flow (2,335 cfs) 



Photo 8 . Scour resulting from the synthetic hydrograph , type 3C exit transition (6 . 2-ft-tall baffles) 
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Photo 9. Scour resulting from the des ign flow (3,166 cfs) type 8 exit 
transition, 24-hr prototype time 
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Photo 10. Scour resulting from the design flow (3,166 cfs), type 8 exit 
transition with additional riprap in the exit channel , 24-hr prototype time 
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Photo 11. Type 8 exit transition with additional riprap at 1,266 cfs (0.4 design flow) 



Photo 12 . Type 8 exit transition with additional riprap at 3 , 166 cfs (design flow) 



Photo 13. 1:12 flare exit transition at 0.4 design flow 



Photo 14 . l: 12 flare exit transition at design flow 



Photo 15. 1:16 flare exit transition at 0.4 design flow 



Photo 16 . 1: 16 flare exit transition at design flow 
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