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Abstract 

The Morganza Control Structure (MCS) experienced scour downstream of 
the structure during the two times it has been opened, 1973 and 2011. The 
MCS study reported herein was conducted to develop scour prevention 
measures downstream of the structure. The primary problems leading to 
scour at the MCS are (1) low tailwater, (2) increased headwater since the 
structure was built, and (3) the need for only a few of the 125 gates to pass 
most floods (those needed must be either fully open or closed). The study 
used a 1:22 scale physical hydraulic model of the upstream approach, a 
10-gate-wide portion of the spillway and stilling basin, and the exit channel. 
The model initially was configured to simulate a 10-gate-bay width of the 
middle third of the structure having a concrete plunge pool downstream of 
the stilling basin. The model was reconfigured to simulate a 10-gate-bay 
width of the two outer thirds of the structure having only the stilling basin. 
Discharge rating plots and equations were developed for the structure. The 
plan of scour protection developed for the portion of the structure having a 
plunge pool is large stone protection downstream of the plunge pool. The 
plan of scour protection developed for the portion of the structure not 
having the plunge pool will be an operational change and stone protection 
downstream of the existing ungrouted derrick stone. Analysis of the 
structure by the sponsor showed that the upper gate leaf can be left in place 
to reduce the discharge and, thus, scour potential of each gate. 

 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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Executive Summary 

The Morganza Control Structure (MCS) experienced scour downstream of 
the structure during the two times it has been opened, 1973 and 2011. The 
MCS study reported herein was conducted to develop scour prevention 
measures downstream of the structure. The study has three specific 
objectives: (1) determine discharge rating for the structure, (2) develop 
plunge pool scour protection plan, and (3) develop non-plunge pool scour 
protection plan. The primary problems leading to scour at the MCS are low 
tailwater, increased headwater since the structure was built, and the need 
for only a few of the 125 gates to pass most floods (those utilized must be 
either fully open or closed). The 2011 flood used a maximum of 17 gates at 
any one time to pass a peak discharge of approximately 170,000 cfs. 

The study used a 1:22 scale physical hydraulic model of the upstream 
approach, a 10-gate-wide portion of the spillway and stilling basin, and the 
exit channel. The downstream exit channel was molded out of small gravel 
to evaluate scour patterns, and model limestone riprap was used to 
evaluate riprap stability. The model initially was configured to simulate a 
10-gate-bay width of the middle third of the structure having a concrete 
plunge pool downstream of the stilling basin. The model was reconfigured 
to simulate a 10-gate-bay width of the two outer thirds of the structure 
having only the stilling basin.  

Discharge rating plots and equations were developed for four flow 
regimes: uncontrolled flow without submergence effects of the tailwater; 
uncontrolled flow with submergence effects; upper gate leaf in, without 
submergence effects; and upper gate leaf in, with submergence effects. The 
discharge rating was used to revise the estimate of discharge during the 
2011 flood. Based on the discharge rating, none of the 2011 discharges 
were affected by submergence from the tailwater. The revised discharge 
was approximately 6% less than the discharge using the 2011 rating 
curves. The revised discharge along with the 1951 tailwater rating curve 
was used to develop a revised tailwater rating curve. 

The plan of scour protection developed for the portion of the structure 
having a plunge pool is large stone protection downstream of the plunge 
pool. Specifically, the first 80 to 100 feet (ft) is 6000 pound (lb) top size 
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derrick stone, followed by 100 ft of 5000 lb top size graded riprap, 
followed by 105 ft of 1000 lb top size graded riprap.  

The plan of scour protection developed for the portion of the structure not 
having the plunge pool will be an operational change and stone protection 
downstream of the existing ungrouted derrick stone. Analysis of the 
structure by the sponsor showed that the upper gate leaf can be left in 
place to reduce the discharge and, thus, scour potential of each gate. With 
the upper leaf in place, velocities downstream are approximately 60% of 
velocities for a fully open gate used in the 2011 flood. The model tests 
herein found no adverse flow patterns with the upper gate leaf left in place. 
The existing ungrouted derrick stone that was damaged by fully open gates 
in the 2011 flood was stable for the half-open gate. Stone protection 
consisting of 100 ft of 2200 lb top size riprap is required downstream of 
the 80 ft of existing ungrouted derrick stone. 

Three different operation plans were developed. For both plunge pool and 
non-plunge pool gates, operation using every other gate (no adjacent 
gates) for all but the highest flows will be used to prevent concentration of 
flow on the unprotected downstream floodplain. The gates having the 
plunge pool downstream will be the initial gates used to start discharge 
through the structure. Up to 27 of the 42 gates having the plunge pool will 
be opened before any gates are opened that do not have the plunge pool. 
This plan allows floods of up to 270,000 cubic feet per second (cfs) to be 
passed using only the plunge pool gates. The non-plunge pool gates will be 
opened next, leaving the upper gate leaf in place, for up to 78 of the 83 
non-plunge pool gates to pass the design flow of 600,000 cfs. 

The study also showed that although the 170,000 cfs in 2011 was a modest 
portion of the design flow of 600,000 cfs, the 170,000 cfs discharge in 
2011 and resulting intermediate tailwater range resulted in the most severe 
conditions for downstream scour. At 600,000 cfs, tailwater is much 
higher, and velocities are much lower.  

The study did not find a gate operation configuration that had a significant 
reduction in downstream scour potential. 

 



ERDC/CHL TR-14-1 1 

 

1 Introduction 

Background and Description 

At the request of the US Army Corps of Engineers (USACE), New Orleans 
District, the US Army Engineer Research and Development Center (ERDC) 
conducted a physical model study of the scour protection requirements for 
the area immediately downstream of the Morganza Control Structure 
(MCS). The MCS is located on the west floodplain of the Mississippi River 
approximately 60 miles south and downstream of Natchez, Mississippi, as 
shown in Figure 1. The purpose of the MCS is to reduce downstream flood 
levels by transferring flow from the Mississippi River Basin to the adjacent 
Atchafalaya River Basin that is located west of the Mississippi River. Unlike 
most spillways that discharge into a river channel, the MCS is in the 
Morganza Floodway, which is Mississippi River floodplain both upstream 
and downstream of the MCS. The floodway downstream of the MCS is 
approximately 5 miles wide and constrained by guide levees as shown in 
Figure 2. When the first gate is opened at MCS, the flow is discharged onto a 
dry floodplain, which means that there is no downstream water depth 
(tailwater) to reduce scouring forces. The tailwater reaches a high enough 
level to significantly reduce scouring forces only after numerous gates are 
open. The lack of adequate tailwater is a primary factor  

Figure 1. Location map of Morganza Control Structure. 
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Figure 2. Location of Morganza Floodway, Morganza Control Structure, Guide Levees, and Mississippi 
River.  
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in the scour problems at MCS. Another difference at MCS compared to 
other spillways is gate operation. The most desirable mode of operation to 
prevent scour is to open all gates the same amount to evenly distribute flow 
as the tailwater builds up. Gates at MCS are designed to be either closed or 
fully open. For low and moderate total flow rate through MCS, this results 
in only a small portion of the gates being open, and flow is highly 
concentrated below the opened gates.  

Construction of MCS was completed in 1954. Under the current operating 
plan, MCS is only operated when the Mississippi River discharge at Red 
River Landing (just upstream of MCS) reaches 1,500,000 cfs and is 
increasing. The operation of the MCS is based on discharge and not stage. 
MCS is designed for a peak discharge of 600,000 cfs through the 
structure. Operation has happened only twice, in 1973 and 2011. During 
the 1973 flood, a maximum of 42 gates at any one time was operated, and 
scour occurred downstream of the structure. In 1977, repairs were made to 
the downstream scour protection and will be described subsequently. In 
the 2011 flood, a maximum of 17 gates at any one time was operated to 
convey floodwaters. Peak discharge through MCS in 2011 was approxi-
mately 170,000 cfs. As in 1973, scour downstream of the structure 
occurred in 2011 (Figure 3).  

Figure 3. Scour downstream of MCS after 2011 flood (view from north end of MCS; note 
damage of loose derrick stone just downstream of the stilling basin end sill.)  
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Another significant factor in the scour problems at MCS is the increasing 
headwater level. In 1973, the 1,500,000 cfs in the Mississippi River resulted 
in a stage of approximately elevation (el) 56 at MCS. In 2011, the 1,500,000 
cfs in the Mississippi River resulted in a stage of approximately el 59.5 at 
MCS. The additional 3.5 ft of head on the structure results in an increase in 
discharge in each gate of 25%–30% and increases downstream scour 
protection requirements. This problem arises from the gate having to be 
either closed or fully open. The scour protection designs herein were 
developed using a headwater el of 60. A maximum of 60 was used because 
headwaters above 60 will spill over the tops of the gates. 

The MCS consists of a 3906.25 ft long spillway having 125 gates, a stilling 
basin with baffle blocks and a vertical end sill, and downstream scour 
protection. Each gate has a clear open width of 28.25 ft separated by a 3 ft-
wide pier. Each gate has an upstream upper leaf and a downstream lower 
leaf, and the gates are designed to be either closed or fully open. The 
spillway crest is at el 37.5, and the stilling basin floor is at el 28. All eleva-
tions reported herein are in feet relative to the vertical datum of National 
Geodetic Vertical Datum (NGVD) or Mean Sea Level (MSL). To convert to 
North American Vertical Datum of 1988 (NAVD88) (2004.65) requires 
subtracting 0.37 ft from the MSL value. A plan and profile of the crest and 
stilling basin are shown in Figures 4 and 5.  

Figure 4. Profile of MCS spillway and stilling basin. The datum for all elevations is NGVD. 
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Figure 5. Plan of MCS spillway and stilling basin. 

 

Description of Original Downstream Scour Protection 

The scour protection downstream of MCS after completion of construction 
in 1954 is shown in Figure 6. The full width of the structure was protected 
with 80 ft of ungrouted derrick stone placed immediately downstream of 
the end sill. The top of stone was at approximately el 32. A picture of the 
ungrouted derrick stone taken in 2012 is shown in Figure 7. The 
specifications for the stone from Morganza Floodway Control Structure, 
Analysis of Design for Gated Portion (US Mississippi River Commission 
1950) were as follows: “Derrick stone shall consist of pieces weighing not 
less than 500 lb. The stone shall be in pieces generally rectangular in cross 
section with the least dimension of any piece being not less than one-third 
its greatest dimension. Not less than 60% of the surface area of the 
finished pavement shall consist of through stones. The pavement thickness 
shall be approximately 3.5 ft.” The meaning of “through stones” is not 
certain but is interpreted to mean single stones that take up the full 3.5 ft 
thickness of the revetment. 
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Figure 6. Derrick stone downstream of end sill after 
completion of construction in 1954. 

 

Figure 7. Derrick stone below still basin end sill. 

 

During the site visit to Morganza in 2012, the derrick stone was sampled by 
measuring the maximum rock dimension along each of the three axes of 
each stone along an 80 ft line from the downstream edge to the upstream 
edge. Twenty-seven stones were measured. A representative size was 
determined by taking the cube root of the product of the three dimensions. 
The representative size ranged from 1.6 to 5.6 ft. The volume of each stone 
was determined based on a sphere and on a cube using the representative 
size. If the rock were a perfect rectangle, the volume would be equal to the 
representative size cubed. A sphere is applicable for rock that is not 
rectangular. The representative volume was assumed to be halfway between 



ERDC/CHL TR-14-1 7 

 

a sphere and a cube. Using pieces of derrick stone brought back to ERDC, 
tests were conducted in the sedimentation lab of the Coastal and Hydraulics 
laboratory to determine the unit stone weight of the derrick stone. The unit 
stone weight of the various pieces averaged 160 lb/cu ft. Derrick stone 
weight was determined using the unit stone weight and the representative 
volume described above. Results are plotted on Figure 8. The average 
weight of the derrick stone using the aforementioned procedure was 
approximately 6000 lb, and maximum stone size was up to approximately 
21,000 lb. This was a relatively small sample of the derrick stone. 

Figure 8. Gradation of derrick stone based on sample of 27 pieces of stone. 

 

The derrick stone was placed on top of 1.5 ft of riprap with specifications 
as follows from the 1950 document: “Stone for riprap shall consist of 
pieces having a rectangular cross section with the thickness of the 
maximum cross section perpendicular to the length not less than one-half 
the length. Not less than 60% of the surface area of the finished pavement 
shall consist of through stones. Not less than 60% of the whole weight 
shall consist of pieces weighing 500 lb or more, not less than 30% shall 
consist of pieces weighing from 200 to 500 lb, and not less than 10% shall 
consist of pieces weighing less than 200 lb. Riprap will be 1.5 ft thick.” The 

0

10

20

30

40

50

60

70

80

90

100

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000 24000

Pe
r c

en
t F

in
er

 B
y W

ei
gh

t

Stone Weight, lbs



ERDC/CHL TR-14-1 8 

 

specifications for this stone are not completely clear because there is no 
top size on the rock. For rock that will be placed below the derrick stone, a 
relatively level surface of the under layer would be needed to get close 
placement of the derrick stone. It is not clear how a gradation having 60% 
greater than 500 lb can be placed in an 18 in. layer. 

Description of Changes in 1977 to Downstream Scour Protection 

As stated previously, the downstream area experienced scour in 1973 and 
was repaired in 1977. The 1977 repair is shown in Figure 9 and includes 
grouted derrick stone below 20 gate bays (53–72) and a plunge pool below 
42 gate bays (42–83). The grouted derrick stone is the white section in the 
middle of the plunge pool in Figure 9. The derrick stone is heavily grouted 
(Figure 10) with top elevation near el 32. Gate bay 1 is on the south end of 
the structure that is near the bottom of the picture in Figure 9.  

Figure 9. Scour protection constructed in 1977 including plunge pool and grouted derrick stone that 
is the white area in the middle of MCS. Note that the grouted derrick stone does not extend over the 

full width of the plunge pool. 
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Figure 10. Grouted derrick stone. 

 

Eight gate bays (59–66) have a 110 ft-long plunge pool, and 34 gate bays 
(42–58 and 67–83) have a 90 ft-long plunge pool. The plunge pool repair 
constructed in 1977 is shown in Figure 11. Figure 12 shows the derrick 
stone and plunge pool configuration by gate number. 

Figure 11. Plunge pool profile after 1977 repair.  

 

Figure 12. Derrick stone and plunge pool configuration by gate number after 1977 repair. 
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Below the plunge pool was a 4 ft-thick riprap section having the gradation 
specifications as listed in Table 1. 

Table 1. Riprap gradation below plunge pool. 

Stone weight, lb Per centage lighter by weight 

1600 100 

700 45 to 100 

550 30 to 80 

350 0 to 40 

200 0 to 10 

Description of Operation during 2011 Flood  

The 2011 flood on the Mississippi River resulted in the second opening of 
the gates of the MCS. While the peak 2011 discharge of approximately 
170,000 cfs was significantly less than the maximum MCS discharge of 
600,000 cfs, the flows up to 170,000 cfs and the corresponding tailwaters 
experienced in the 2011 flood are severe conditions for scour potential 
below the MCS. Operation in 2011 started with approximately 1.5 days of up 
to 8 adjacent gates open on the 110 ft-long plunge pool, followed by 
approximately 1 day of up to 15 gates open using every other gate, followed 
by the remainder of the flood where up to 17 gates were open, generally 
using every third gate. Which gates were opened varied widely as the open 
gates were moved in response to scour and the need to survey the 
downstream area during the flood. Table 2 lists the gates that were open by 
date and time along with measured headwater, measured tailwater, 
calculated discharge from 1950 model study rating, and discharge measured 
by the US Geological Survey (USGS). 

Using the data from Table 2, the duration of open conditions for each gate 
bay is shown in Figure 13. Using the tailwater data and calculated discharge 
from Table 2, tailwater is plotted on Figure 14. Also shown on Figure 14 is 
the tailwater rating curve developed for the 1950 model study that remains 
the applicable tailwater rating curve for this study for higher discharges. 
The tailwater curve will be revised in this study upon completion of the 
discharge rating tests in the physical model. Note there is some difference 
between the tailwater data for a rising tailwater and a falling tailwater. This 
was due primarily to the gates being opened and closed faster than it took 
for the tailwater to reach equilibrium.  
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Table 2. Gates open, headwater, tailwater, and discharge during 2011 flood.  

 

Morganza Morganza Q/BAY Q_total Total Bays USGS Q North Crane Sequence South Crane Sequence
DATE TIME H.W. TW cfs cfs Open cfs Open Bays Open Bays

5/14/11 0700 59.2 0 0 0 0 - N/A N/A
5/14/11 1600 59.3 34.6 10547 10547 1 63 N/A
5/14/11 1800 59.3 34.6 10547 21095 2 63 61
5/15/11 0700 59.5 35.7 10690 21381 2 - 63 61
5/15/11 1000 59.5 36.9 10690 42762 4 63,65 61,62
5/15/11 2000 59.5 39 10690 96214 9 63,64,65,66,69 59,60,61,62
5/16/11 0700 59.5 40.3 10680 96118 9 - 63,64,65,66,69 59,60,61,62
5/16/11 1500 59.5 41.2 10680 117477 11 73,75,77,79,81 44,46,48,50,52,54
5/16/11 2000 59.4 42.3 10513 157689 15 73,75,77,79,81 44,46,48,50,52,53,54,56,58,60
5/17/11 0700 59.4 43.4 10513 157689 15 - 73,75,77,79,81 44,46,48,50,52,53,54,56,58,60
5/17/11 1300 59.4 43.8 10513 157689 15 5,12,19,26,33,40,44,46,48,50,52,54,56,58,60
5/17/11 2100 59.5 43.9 10584 169337 16 80,83,87,91,94,98,101,105,108,112 5,12,16,19,22,26
5/18/11 0700 59.6 44.2 10655 170474 16 130000 80,83,87,91,94,98,101,105,108,112 5,12,16,19,22,26
5/18/11 1600 59.7 44.7 10726 182340 17 71,74,77,80,83,87,91,94,98,101,105,108,112 47,53,56,59
5/18/11 2000 59.6 44.8 10655 181129 17 71,77,80,83,91,98,105,112 12,19,26,33,41,47,50,53,59
5/19/11 0700 59.5 44.9 10584 179920 17 172000 71,77,80,83,91,98,105,112 12,19,26,33,41,47,50,53,59
5/19/11 2000 59.5 45 10584 179920 17 71,73,75,77,80,83,86,88,91,94,98,100,103,105,109,112,115 N/A
5/20/11 0700 59.4 45 10513 178714 17 183000 71,73,75,77,80,83,86,88,91,94,98,100,103,105,109,112,115 N/A
5/20/11 1500 59.3 45.3 10442 177511 17 N/A 9,11,13,15,17,19,21,23,26,29,32,35,38,41,44,47,50
5/20/11 1800 59.3 45.2 10442 177511 17 62,65,68,71,74,77,80,86,92,98 38,44,47,50,53,56,59
5/21/11 0700 59.4 45.1 10513 178714 17 195000 65,68,71,74,77,80,86,92,98 38,44,47,50,53,56,59,62
5/22/11 0700 59.3 45.1 10442 177511 17 185500 65,68,71,74,77,80,86,92,98 38,44,47,50,53,56,59,62
5/23/11 0700 59.1 44.9 10301 175112 17 172000 65,68,71,74,77,80,86,92,98 38,44,47,50,53,56,59,62
5/24/11 0700 58.9 44.8 10160 172723 17 170360 65,68,71,74,77,80,86,92,98 38,44,47,50,53,56,59,62
5/24/11 1500 58.8 44.6 10090 161442 16 65,68,71,74,77,80,86,98 38,44,47,50,53,56,59,62
5/25/11 0700 58.7 44.3 10020 160324 16 178250 65,68,71,74,77,80,86,98 38,44,47,50,53,56,59,62
5/25/11 1600 58.7 44 10020 140283 14 65,68,71,74,77,80 38,44,47,50,53,56,59,62
5/26/11 0700 58.7 43.4 10020 140283 14 163985 65,68,71,74,77,80 38,44,47,50,53,56,59,62
5/26/11 1200 58.8 43 10090 121082 12 65,68,71,74,77,80 47,50,53,56,59,62
5/27/11 0700 58.8 42.3 10090 121082 12 156430 65,68,71,74,77,80 47,50,53,56,59,62
5/28/11 0700 58.7 42.1 10020 120243 12 139080 65,68,71,74,77,80 47,50,53,56,59,62
5/29/11 0700 58.5 41.9 9881 118571 12 135210 65,68,71,74,77,80 47,50,53,56,59,62
5/29/11 1330 58.7 42 10020 110223 11 65,68,71,74,77 47,50,53,56,59,62
5/30/11 0700 58.4 41.3 9901 108908 11 125330 65,68,71,74,77 47,50,53,56,59,62
5/30/11 1500 58.4 41.1 9901 99007 10 65,68,71,74 47,50,53,56,59,62
5/31/11 0700 58.3 40.7 9831 98308 10 120770 65,68,71,74 47,50,53,56,59,62
6/1/11 0700 58.1 40.5 9691 96914 10 108410 65,68,71,74 47,50,53,56,59,62
6/1/11 1500 58 40.3 9622 86598 9 65,68,71,74 50,53,56,59,62
6/2/11 0700 57.9 39.9 9553 85975 9 101690 65,68,71,74 50,53,56,59,62
6/2/11 1500 57.8 39.7 9484 75869 8 65,68,71,74 53,56,59,62
6/3/11 0700 57.6 39.2 9355 74841 8 89710 65,68,71,74 53,56,59,62
6/3/11 1500 57.5 39 9286 65005 7 65,68,71 53,56,59,62
6/4/11 0700 57.2 38.6 9081 63569 7 81160 65,68,71 53,56,59,62
6/5/11 0700 56.6 38.4 8675 60726 7 71684 65,68,71 53,56,59,62
6/6/11 0700 56 38.2 8275 57925 7 74550 65,68,71 53,56,59,62
6/6/11 1100 55.9 38.2 8209 57462 7 97,100,103,106,109,112,115 N/A
6/6/11 1500 55.9 38 8209 41045 5 65,68 56,59,62
6/7/11 0700 55.5 37.2 7946 39731 5 66180 65,68 56,59,62
6/7/11 1400 55.5 37 7946 23838 3 65,68 62
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Figure 13. Duration of open conditions for each gate bay during 2011 flood. 

 

Figure 14. Observed headwater and tailwater from 2011 and discharge rating curve from 1950 model 
study. This curve will be revised in this study after completion of the discharge rating tests. 
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Results of 2011 Flood 

Various surveys were taken during and after the flood. Figure 15 is the 
difference between surveys taken on 18 May 2011 and 6 June 2011. The 
numbers along the upstream side of the structure are the gate numbers with 
gate 1 on the south end of the MCS. On 18 May 2011, the headwater peaked 
at 59.7, and the number of gates open at one time reached the maximum of 
17. The blue and purple areas are locations where the downstream area 
scoured between 15 and 25 ft between 18 May 2011 and 6 June 2011. During 
this time period, in the blue and purple areas, operation with every third 
gate was the primary method of gate operation. Between gates 55 and 75 
where scour was the greatest, every third gate was operated almost the 
entire time. Tailwater peaked on at 45.3 on 20 May 2011 and slowly fell to 
38.2 on 6 June 2011. The survey differences show that every-third-gate 
operation with low to intermediate tailwater is capable of producing a large 
amount of scour downstream of the plunge pool. 

Figure 15. Difference between surveys taken on 18 May 2011 and 6 June 2011. 
Legend is in feet.  

 

Also shown on Figure 15 are several scour areas that are at skewed angles 
relative to a line perpendicular to the spillway. These skewed angles are 
caused by several factors including (1) lateral flow and side eddies forcing 
the jet sideways, (2) jets from two gates interacting and being drawn 
together when gates between them are closed, and (3) other unknown 
factors when a jet or jets enter an abrupt expansion. The angled jets are 
seen in the model, too. Scour is expected to be worse when two jets are 
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drawn together (because of the concentrated flow). Figure 15 shows that 
significant scour below the non-plunge pool gates ended about 400 ft 
downstream of the end sill. Model velocity measurements presented 
subsequently show that velocity at 400 ft downstream of the end sill for 
fully open, non-plunge pool gates at 2011 tailwater levels is approximately 
11.5 feet per second (ft/sec). This 11.5 ft/sec velocity will be the target for 
allowable velocity on unprotected floodplain at MCS, but this velocity is 
when scour begins. Large scour should not be expected when velocities 
modestly exceed this value. 

Another survey was conducted by ERDC in June 2012, and cross sections 
are located as shown in Figure 16. The survey ranges correspond to gate 
locations as follows: Range 25 at Gate 43, Range 26 at Gate 46, Range 27 
at Gate 49, Range 28 at Gate 52, Range 29 at Gate 55, Range 30 at Gate 
58, Range 31 at Gate 61, Range 32 at Gate 64, Range 33 at Gate 67, Range 
34 at Gate 71, Range 35 at Gate 74, Range 36 at Gate 77, Range 37 at Gate 
80, and Range 38 at Gate 83. The cross sections are plotted in Figure 17. 

Figure 16. Location of cross-section ranges (24 to 38) from ERDC 2012 survey. The white 
areas of the figure are areas filled with water and not surveyed.  
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Figure 17. Scoured cross sections at plunge pool. Straight lines below the plunge pool slab 
are areas filled with water that prevented data collection. 

 

These cross sections also show the extensive scouring below the center 
gates that were used the most during the 2011 flood. Other than the deep 
scour just below the plunge pool, the scour resulted in a shelf at approxi-
mately el 12–14 for a distance approximately 200 ft downstream of the 
plunge pool slab.  

In June 2012, the plunge pool area was dewatered to examine the stability 
of the plunge pool slab to ensure that it could be relied on as a stable 
component of a protection plan. Figures 18–20 show the dewatered area 
below the plunge pool. Figure 18 shows the worst scour that occurred 
downstream of gates 57–59 that is located at the transition from the 90 ft 
plunge pool to the 110 ft plunge pool. Scour in this hole went to an 
estimated elevation of 0.0 or lower. A similar but smaller hole occurred 
below the other transition in plunge pool length that was downstream of 
gates 66–68. Figures 19 and 20 show the undermining of the plunge pool 
slab at the scour hole below gates 66–68. That undermining is being 
repaired by drilling holes in the slab and injecting grout under the slab. 
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Figure 18. Scour hole below gates 57–59. 

 

 
Figure 19. Undermining of slab and scour hole below gates 

66–68 and remnants of riprap. 
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Figure 20. Undermining of slab below gates 66–68 looking upstream. 

 

Below the gates where there is no plunge pool, the protection consists of 
80 ft of derrick stone that is not grouted. These gates only went into 
operation when the tailwater reached approximately el 43.8 on 17 May 
2011 and ended after the tailwater peaked and fell to 43.4 on 26 May 2011 
with one exception on 6 June 2011 for 4 hr when headwater had fallen to 
55.9. Many of these gates had short duration of operation as shown on 
Figure 13. As shown in Figures 3 and 21, these gates experienced damage 
to the derrick stone and scour downstream of the derrick stone. This result 
of the 2011 flood is significant because it shows that the non-plunge pool 
gates having ungrouted derrick stone will experience damage to the 
derrick stone, and scour will occur downstream of the derrick stone unless 
tailwater is above the 43.4–45.3 experienced in 2011. The required level 
will be addressed in the model. Due to the short duration of flow from the 
non-plunge pool gates, scour downstream of these gates was likely less 
than near-equilibrium or near-maximum scour depth. 
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Figure 21. Damage to derrick stone and scour below gates not having the plunge pool; view 
from south end of MCS. 

 

Study Objectives 

The overall objective of this study is to develop a scour protection plan that 
allows safe operation from one gate open up to the number of gates open 
required to pass the design discharge. Solutions only using riprap were 
preferred over structural changes to the MCS. While stability of the 
unprotected floodplain downstream of the MCS was not the highest priority, 
the protection scheme and operating plan developed herein will attempt to 
minimize scour of unprotected areas. 

This overall objective has three parts. First, the primary objective was to 
develop a protection plan for the plunge pool to ensure that the plunge 
pool slab will not be undermined and threaten the stability of the 
structure. This first objective requires that the gate operation plan used in 
the model be one that can easily be achieved in full-scale, flood-fight 
conditions. (Please note that the 1997 plunge pool slab could not support 
structural additions such as baffle blocks or an endsill.) Second, the study 
was to develop a protection plan for those gates not having a plunge pool 
to ensure that the derrick stone and the stilling basin are not undermined 
and threaten the structure. Third, the study was to develop a discharge 
rating for the present, higher range of headwater that exists presently as 
compared to when the structure was built in the 1950s. In addition to an 
increase in headwater, the crest shape and divider piers were configured 
differently in the 1951 model study.  



ERDC/CHL TR-14-1 19 

 

2 Physical Model Description 

In designing the physical model, several requirements had to be met. First, 
the model had to be large enough to reliably study riprap stability and to 
develop the discharge rating for the structure. Second, the model had to 
reproduce enough gates of the total of 125 gates to evaluate various 
combinations of gates open such as every other, every third, and so on to 
larger numbers of closed gates between open gates. While needing to 
model as many gates as possible, the model had to be large enough to meet 
the first criteria without requiring a model that was larger than available 
model facilities. Another consideration was whether there were enough 
benefit to also model one gate at a larger scale. The one-gate model was 
not built because both discharge and riprap stability are strongly 
dependent on the effects of adjacent gates being open or closed. This point 
is emphasized in case a similar study of another structure is considered in 
the future because the single gate will likely be un-conservative when 
studying riprap stability if adjacent gates are closed. The decision was 
made to model ten gates at a scale of 1:22. The 1:22 scale is also referred to 
as the length ratio Lr = length in prototype/length in model. Justification 
for that scale selection will be given subsequently. The 1:22 scale model is 
shown in Figures 22–24. The grouted riprap was formed into metal trays 
that could easily be removed from the model, as shown in Figure 24.  

Gate bay number 9 in the model was equipped with piezometers along the 
upstream and downstream radii of the crest as shown in Figure 25. The 
piezometers were staggered to reduce any disruption of flow from 
upstream piezometer taps. 

Discharge in the model was supplied by an overhead constant head tank. 
Two 12 inch (in.)-diameter lines and one 20 in.-diameter line fed into the 
model from the constant head tank. The 20 in. line was only used to 
supply flow to maintain a desired upstream headwater elevation and was 
not used in any discharge rating tests. Each of the two 12 in. lines had a 
venturi flow meter manufactured by BIF having a 7.25 in. throat diameter. 
The rated point from the manufacturer was 8.0 cfs at a differential of 
131.26 in. of water. This rating point agrees with ratings derived for 
standard venturi flow meters. Each line had a minimum  
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Figure 22. MCS 1:22 scale model of ten gates, looking downstream. Gate 1 is on left side of 
picture. 

 

Figure 23. MCS 1:22 scale model, close-up of gate bay, looking downstream. 
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Figure 24. MCS 1:22 scale model, looking upstream at grouted riprap, baffle blocks, and 
spillway crest. 

 

Figure 25. Piezometer locations in gate 
bay number 9. 
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upstream distance of ten pipe diameters before reaching a bend and three 
pipe diameters before reaching the gate valve used to control flow. Each 
venturi was equipped with a u-tube manometer to measure the differential 
across the venturi. The manometer was filled with either mercury or a 
lighter fluid, M-3, having a specific gravity of 2.95.  

An open-channel or free-surface system like Morganza has dominant 
forces of gravity and inertia. The ratio of inertia and gravity forces is the 
Froude number defined as  

 VF
gD

  (1) 

where: 

 V = a characteristic velocity 
 g = the acceleration of gravity 
 D = is a characteristic length.  

To achieve similarity of velocity patterns, water surface profiles, and other 
open-channel parameters, it is required (1) that the Froude number in the 
model and prototype be the same value and (2) that the model be large 
enough. The equality of Froude number results in the Table 3 relations to 
transfer model to prototype quantities (Ettema et al. 2000). Unless 
otherwise stated, all model quantities stated herein have been scaled to the 
full scale value. 

Table 3. Relation to transfer quantities from model to prototype. 

Quantity Relation to Lr model value: prototype value 

Length or distance or depth Lr 1:22 

velocity Lr1/2 1:4.69 

discharge Lr5/2 1:2270 

Volume or weight Lr3 1:10648 

frequency 1/Lr1/2 4.69:1 

Time Lr1/2 1:4.69 

Concerning making the model large enough, models need to have high 
enough Reynolds numbers to yield fully turbulent conditions and minimize 
scale effects. It should be noted that scale effects, or factors that make the 
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model not behave as the full scale system, cannot be eliminated but can be 
minimized to the point where their magnitude is not significant. Adequate 
Reynolds number insures correct discharge coefficients and that the 
fluctuating forces that ultimately move loose particles like riprap are 
adequately reproduced in the physical model. Reynolds number is defined 
as 

 VDR
ν

  (2) 

where: 

 V = characteristic velocity 
 D = characteristic length 
 ν = kinematic viscosity of water.  

As used herein for evaluating riprap stability, the Reynolds number is based 
on a characteristic velocity of average velocity over the end sill and 
characteristic length of the flow depth over the end sill. For typical model 
water temperatures in Vicksburg, MS, of approximately 70 °F, ν is equal to 
0.0000106 ft2/sec. The velocity over the endsill at a tailwater of 48 along 
with assuming spreading to the width of the center-to-center pier spacing 
results in 10500/[(48-32)*31.25] = 21 ft/sec. Depth is 48 – 32 = 16 ft. The 
discharge of 10500 cfs per bay is an estimate that will be refined later in this 
study but is adequate for this scale-effects analysis. Model end sill velocity is 
21 ft/sec/(Lr)1/2 = 21/(22)1/2 = 4.48 ft/sec. Model depth over the end sill = 
16/22 = 0.73 ft. Model Reynolds = (4.48*0.73)/0.0000106 = 3.1(10)5 that is 
above the value of 1(10)5 to 2(10)5 that ensures minimal Reynolds number 
effects on rock stability. A large model is also needed to keep the smaller 
sizes in a riprap gradation from being too small in the model.  

At a 1:22 scale, the model head on the crest at a headwater of 60 is (60 – 
37.5)/22 = 1.02 ft that is well above the 0.25 to 0.3 ft to get valid discharge 
measurements over a crest.  

The use of 10 gates to model 125 gates must be considered. Enough gates 
had to be modeled to look at a range of gates closed between open gates 
from none to as many as required to show no interaction between gates. 
Enough gates had to be modeled to look at gates not having end effects. 
Consider the example of modeling a large number of adjacent gates open. At 
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least three gates are needed, and only the middle gate could reasonably be 
assumed to not have effects from not modeling a large number of adjacent 
gates open. Consider the example of modeling a large number of gates using 
every third gate open. At least nine gates are needed, and only the middle 
gate could reasonably be assumed to not have effects from not modeling a 
large number of adjacent gates open. Using these types of scenarios, the 
decision was made to model 10 gates. After the model was constructed, a 
series of tests were conducted to identify when gates became independent of 
each other. Tests were conducted with gates 1 and 10 open, gates 2–9 
closed, and there was no interaction of the jets with 8 closed gates between 
the opened gates. Tests were conducted with gates 1 and 9 open, gates 2–8 
and 10 closed, and there was no interaction of the jets with 7 closed gates 
between the opened gates. Only when tests were conducted with gates 2 and 
9 open, gates 1, 3–8, and 10 closed was there any interaction between the 
jets. The jets tended to pulsate towards each other but did not join together. 
Only with five or fewer closed gates between the opened gates did the jets 
join together. Even though the jets did join together, the worst scour near 
the downstream end of the plunge pool slab occurred from a single gate 
opened. These findings led to the conclusion that 10 gates were adequate to 
conduct the study.  

Where to measure the tailwater in the model had to be addressed because 
the tailwater was measured at MCS far from the plunge pool at the south 
end of the structure as well as on staff gages located just downstream of 
each side of the plunge pool. These staff gages were generally within 0.5 ft 
of the gage at the south end of the structure. Tailwater was measured in 
the model on the floodplain at the same location as the staff gages in the 
prototype as well as in the stilling basin on the ends of the model away 
from the flow.  

Another issue relative to using 10 gates to model 125 was a concern when 
the model was built but became less of a concern as a better understanding 
was developed of the worst conditions. From the full scale video of eight 
adjacent gates open on 15 May 2011  and 16 May 2011, the flow leaving the 
eight gates deflected north and south as well as downstream rather than 
going straight downstream. The model was built with an adjustable tailgate 
along the edges of the model so that flow could leave the downstream areas 
on the sides and downstream end of the model to better simulate full scale 
conditions. At the beginning of this study, there was concern that this 
tailgate would have to be adjusted for each different number of gates open 
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to get the correct tailwater outflow. As the study progressed, the worst case 
was found to be intermediate tailwaters where flow was in a downstream 
direction. In addition, the operating procedure developed during the 2011 
flood eliminated using adjacent gates except when total discharge 
significantly exceeds the peak discharge experienced in 2011.  
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3 Riprap Design Downstream of Stilling 
Basins 

Design Approaches 

Two design approaches can be used when using riprap to protect the area 
downstream of the MCS from scour. First, a graded rock can be used based 
on standard gradations that will be provided subsequently. A graded rock 
is one in which there is a range of sizes as opposed to relative uniformity. 
Below energy dissipaters, high turbulence exists, and the standard riprap 
gradations are placed to a thickness of 1.5 times the largest stone in the 
gradation. This can lead to extremely large volumes of riprap if the stone 
size gets large. The graded rock alternative is generally thick enough that 
turbulence is greatly reduced at the bed, but a filter or bedding layer is 
generally used beneath the revetment. 

The alternative to a graded rock protection is a layered approach using a 
relatively uniform derrick stone. In that approach, a cover layer of large 
uniform riprap is placed to a thickness of the largest rock. Beneath the 
cover layer is a layer of riprap that serves as a bedding layer to support the 
large stones and to prevent turbulence that is certain to penetrate the 
cover layer from reaching the underlying material that is being protected. 
The layered concept is used at MCS in the 80 ft section below the stilling 
basin constructed in 1954. The existing derrick stone at MCS is underlain 
by an 18 in. thickness of riprap along with a 10 in.-thick layer of gravel 
beneath the 18 in. riprap. The advantage of the layered or derrick stone 
concept is that it often reduces rock total volume that often reduces overall 
costs.  

The larger standard riprap gradations used in the Mississippi River 
Division are shown in Table 4. Mississippi Valley Division (MVD) 
gradations are based on a unit stone weight of 155 lb/ft3. These are 
gradations used in the first alternative using a graded rock. These MVD 
gradations are similar to standard US Army Corps of Engineers (USACE) 
gradations and provide a maximum or upper limit of weight for the 
gradation and a minimum or lower limit of weight for the gradation. Any 
gradation provided by a rock quarry that falls within the maximum and 
minimum limits is acceptable.  
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Table 4. Larger standard gradations from MVD. Design specific weight is 155 lb. 

 Normally Produced Mechanically Normally Requiring Special Handling 

Top weight, 
lb 

400 650 1000 1500 2200 3500 5000 7400 

Thickness  
in High 
Turbulent 
Flow 

30 36 42 48 54 63 72 81 

Thickness 
in Low 
Turbulent 
Flow 

20 24 28 32 36 42 48 54 

  Stone Weight in lb 

Percentage 
Lighter by 
Weight 

Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min 

100 400 160 650 260 1000 400 1500 600 2200 900 3500 1400 5000 2000 7400 3000 

50 160 80 280 130 430 200 650 300 930 440 1500 700 2200 1000 3100 1500 

15 80 30 130 40 210 60 330 100 460 130 700 200 1100 300 1500 500 

Transferring between rock weight and a representative size is generally 
used based on a relationship of a sphere defined by the equation 

 
/

s

WD
πγ

     

1 3
6  (3) 

Notably, some designers use halfway between a sphere and a cube to 
transfer between weight and a representative size. Using the sphere 
relation, the largest rock in the 7400 lb top weight MVD riprap has a 
diameter of 4.5 ft or 54 in. As previously stated, in high turbulence flow, 
the thickness is 1.5 times the maximum stone size. For the 7400 lb top 
weight riprap, thickness is 1.5*54 = 81 in. as indicated in the table. 

At MCS, the combined thickness of the riprap/derrick stone and under 
layers placed downstream of the plunge pool slab needs to be minimized to 
prevent excavation too far below the footing of the plunge pool slab.  

Modeling Riprap Stability 

When modeling riprap stability, the model rock is sieved to match the 
lower or minimum limits defining the gradation to ensure the model 
riprap is not smaller than the gradation provided by the quarry. For 
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example, when modeling the gradation having a 7400 lb top weight in 
Table 4, the model riprap will be sieved and mixed such that the W100 
simulates close to 3000 lb, the W50 simulates close to 1500 lb, and the W15 
simulates close to 500 lb. Thickness in the model for high turbulence 
conditions for a 7400 lb stone will be 81 in./22 = 3.7 in.  

Another issue in modeling riprap stability is the unit stone weight. Past 
MVD experience has found a unit stone weight of 155 lb/ft3 for its standard 
gradations. Unit stone weight of model limestone riprap used at Engineer 
Research and Development Center (ERDC) was measured for the MCS 
study at 165 lb/ft3. Adjustment of model rock sizes and weights must be 
done to address this difference and must be done using a stone sizing 
equation. The applicable stone size equation is the Isbash equation for 
high turbulence given as 

 . s w

w

γ γ
V g D

γ

       
500 86 2   (4) 

where: 

 V = velocity 
 γs = unit stone weight 
 γw = unit weight of water 
 D50 = stone diameter of which 50% is lighter by weight.  

Equating the velocity for the different unit stone weights and solving for 
the difference in D50 results in 

 ( ) ( )w w
s s

w w

γ γ
D havingγ of D havingγ of

γ γ

               
50 50

165 155
165 155   

or 

 ( ) . ( )s sD havingγ of D havingγ of50 50165 0 903 155   

Equal stability is achieved when the more dense 165 lb/ft3 stone has a size 
or diameter (not weight) that is 90.3% of the less dense 155 lb/ft3 stone. 
The stone size equation can also be solved for the weight relationship and 
results in 
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 ( ) . ( )s sW havingγ of W havingγ of50 50165 0 783 155  

Tests on the model rock were conducted to determine the relationship 
between sieve size and model rock weight. A sample of rock retained on a 1 
in. sieve and passing a 1.5 in. sieve was weighed and an average rock 
weight of 0.119 lb. A sample of rock retained on a 1.5 in. sieve and passing 
a 2.0 in. sieve was weighed and an average rock weight of 0.321 lb. The 
representative sizes of the rock in the two samples should approximate the 
average of the two sieve sizes or 1.25 in. and 1.75 in. Using a sphere to 
convert from average weight = 0.119 lb along with the unit stone weight of 
165 lb/ft3 results in 1.33 in. that is close to the 1.25 in. from the average of 
the passing and retained sieve sizes. Using a sphere to convert from 
average weight = 0.321 lb results in 1.86 in. that is close to the 1.75 in. 
from the average of the passing and retained sieve sizes. The conclusion is 
that the spherical relation generally used to convert rock diameter to rock 
weight is applicable to convert sieve size to rock weight for the ERDC 
model rock. Table 5 lists how model rock size at 165 lb/ft3 was converted to 
full scale rock weight at 155 lb/ft3 in the 1:22 scale model.  

Table 5. Model rock size having unit stone weight = 165 lb/ft3 converted to full scale rock weight having unit 
stone weight = 155 lb/ft3. 

Model rock size or sieve 
size, in. 

Calculated model weight 
based on sphere and 165 
lb/ft3, lb 

Full-scale weight based 
on 1:22 and 165 lb/ft3, 
lb 

Full-scale weight based on 
1:22 and adjustment for 155 
lb/ft3, lb 

3/8 0.00264 28 36 

½ 0.00625 67 85 

5/8 0.0122 130 166 

¾ 0.0211 225 287 

7/8 0.0335 357 455 

1 0.0500 532 680 

1 ¼ 0.0976 1040 1328 

1 ½ 0.1687 1797 2294 

2 0.4000 4259 5439 

2 1/2 0.7812 8318 10623 

After completion of this study, it was determined that the unit stone 
weight of the rock used at MCS was _ lb/ft3. 
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4 Hydraulics of the Morganza Spillway Crest 
and Stilling Basin  

The spillway crest of Morganza has a rounded upstream section, a flat 
crest, a rounded downstream section, and a 1V:1H slope down to the 
stilling basin floor. A shape similar to this shape model was analyzed in the 
1950 study and was not a problem with the peak upstream headwater 
elevation of el 56. However, this shape does not meet guidance for crest 
shape, particularly when considering the head is about 4 ft greater than 
used in the 1950 model study. The MCS crest falls faster than the surface 
should, leading to low pressures and the possibility that flow will separate 
from the crest. The velocities are probably not high enough for cavitation 
to be a concern, and no damage to the crest was observed after the 2011 
flood. However, the flow could separate from the crest and cause problems 
with stilling basin performance. The jet could separate and then reattach, 
resulting in a pulsating jet entering the basin.  

Stilling basins below spillways are generally designed to keep the hydraulic 
jump in the stilling basin in order to limit scour downstream. Of primary 
importance in stilling basin design is the elevation of the apron or floor 
which is set based on the downstream tailwater to ensure the hydraulic 
jump remains in the basin. At the MCS, setting the basin elevation to 
match the tailwater is difficult because there is no tailwater at the 
beginning, operation must start with one gate or a few gates, gates can 
only be operated fully open or fully closed, and operation can only begin 
once the headwater reaches a high level. The increase in headwater of 
approximately 4 ft from 1950 conditions to present (2012) conditions is an 
important factor to the MCS stilling basin design. 

The MCS stilling basin is analyzed to determine what number of gates open 
and thus tailwater level are required before a tailwater is reached that 
should provide adequate performance based on past experience with stilling 
basins. The maximum headwater of 60 is used in the analysis, and no 
energy loss is used between the headwater and the flow entering the basin. 
Since so few gates are generally open, approach velocity will be low, and the 
headwater elevation above the stilling basin floor at el 28 will be the 
upstream total energy. A flow of 10,500 cfs per bay will be used for the 
28.25 ft-wide bay. Solving the energy equation results in 
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where: 

 V1 = velocity entering the stilling basin  
 d1 = depth entering the stilling basin.  

Solving this equation requires an iterative solution using unit discharge:  

 q1 = 10500/28.25=V1d1 

This solution results in 

 V1 = 37.75 ft/sec, and d1 = 9.85 ft.  

The resulting Froude number of flow entering the stilling basin (F1) is 2.1. 
This is a low entering Froude number, and stilling basins with low Froude 
number have generally poor performance and low energy dissipation. The 
depth after the jump is called the sequent depth (d2). In a basin without 
baffle blocks or an endsill, the tailwater elevation needs to be approximately 
equal to the basin floor elevation plus the sequent depth. The sequent depth 
of a hydraulic jump on a level floor without baffle blocks or an end sill is 
calculated from the momentum equation resulting in  

 / ( )
d

F
d

  22
1

1

1 2 1 8 1  (6) 

Knowing d1 and F1 results in d2 = 25.0 ft. With baffle blocks and an endsill, 
a basin adequately performs at approximately 85% of (d2 calculated 
without baffles from Equation 6) or 21.3 ft. The required tailwater 
becomes stilling basin floor at el 28 + 21.3 = el 49.3 ft. This tailwater is 
reached at a discharge of approximately 350,000 cfs or about twice the 
discharge that occurred in the 2011 flood. This analysis suggests that 
operation of the gates not having a plunge pool may require a tailwater of 
approximately el 49.3 before there is acceptable performance of the stilling 
basin. The required tailwater elevation for acceptable performance of the 
stilling basin, stability of the derrick stone, and stability of the downstream 
floodplain will be determined in the physical hydraulic model.  
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5 Pressures and Flow Separation at the 
Crest 

Piezometer measurements and dye injection were made along the crest in 
model gate bay number 9 to evaluate the issue of flow separation and 
magnitude of negative pressure. The pressures were measured for an 
upper pool of 60 and a range of tailwaters. Pressures in terms of elevation 
are shown for a gate fully open in Figure 26 and with the upper gate leaf in 
place in Figure 27. Pressure head on the crest surface equal to pressure 
elevation minus crest elevation are shown for a fully gate open in 
Figure 28 and with the upper gate leaf in place in Figure 29. 

The pressures are typical of a rounded crest where the peak negative 
pressure is located just downstream of the beginning of the curved crest 
but tend to recover quickly after the curve ends. The pressure head on the 
crest for the upper gate leaf in place is lower than the fully open gate. The 
pressure head on the crest for the half-open gate is about -18 ft of water for 
both tailwaters of 42 and 44 indicating the pressures have reached a point 
where the tailwater is not important. A pressure of -18 ft of water is close 
to being problematic but did not result in any problems during the 2011 
flood when the same conditions were experienced. Observation of the 
model showed no pulsations or fluctuations of the jet as it passed over the 
crest for both fully open and half-open conditions.  

Dye was injected in the model to see if flow was separating from the crest, 
resulting in either flow passing over the baffle blocks or flow pulsating from 
an attached mode to a separated mode that could be damaging to down-
stream components. An underwater video camera was placed in the 
adjacent gate bay to look through the pier as dye was injected at various 
points along the crest. Separation took place because dye placed at the 
bottom of the 1V:1H slope where it intersected the stilling basin floor tended 
to move upstream. Dye placed at this same longitudinal location but about 5 
ft higher in the water column moved straight downstream. Dye placed on 
the crest surface at the upstream face appeared to stay in contact with the 
crest surface to the end of the radius that joined the crest to the 1V:1H 
downstream face. Past that point, the dye diffused rapidly. Even though 
separation was present, the flow over the crest was not passing over the 
baffle blocks or pulsating in a destructive manner. 
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The conclusion drawn from these pressure measurements and dye 
injections was that no problems were found that needed to be addressed.  

Figure 26. Pressure elevation for gate 9 fully open. 

 

Figure 27. Pressure elevation for gate 9 with upper gate leaf in place. 
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Figure 28. Pressure head on crest surface for gate 9 fully open. 

 

Figure 29. Pressure head on crest for gate 9 with upper gate leaf in place. 
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6 Discharge Rating of the Structure 

General 

The discharge rating of the structure from the 1950 physical hydraulic 
model study requires updating because (1) the crest shape in the 1950 
model was different from what was constructed, (2) the piers in the 1950 
model were different from what was constructed, (3) the 1950 model study 
did not address adjacent gates not open, and (4) the maximum pool 
elevation in the actual system is el 60 whereas the 1950 model study was 
conducted up to el 56. One effect of the higher pool is that the flow 
entering the gate bay is affected by the flared-out portion of the top of the 
piers shown in Figure 4. The discharge rating was conducted with the 
model having no plunge pool, but the plunge pool is far enough 
downstream to not affect the discharge rating. 

Both the plunge pool gates and the non-plunge pool gates are recommended 
to be operated with at least one gate closed between opened gates at all but 
the maximum flows. Every-other-gate operation was the primary focus of 
the discharge rating. Tests were conducted with free flow where tailwater 
had no effect on discharge and submerged flow where tailwater was high 
enough to reduce the flow through the gate bay. Tests were also conducted 
with uncontrolled flow with no gates in the gate bay and controlled flow 
when the upper gate leaf was in place. The combination of tailwater and 
gate condition results in four flow regimes generally used in analyzing flow 
through low-head hydraulic structures: (1) free, uncontrolled, (2) free, 
controlled, (3) submerged, uncontrolled, and (4) submerged, controlled. 

The effects of piers and abutments for different gate-open combinations 
must be considered. The dividing wall between two gate bays is called a 
pier. When both gates on either side of the pier are open, the acceleration 
of flow around the pier has a small effect on the flow because the approach 
flow direction is generally parallel to the pier. Studies of piers on flow 
through spillways (Headquarters, USACE 1990) show pier contraction 
coefficients (used to quantify pier effects on discharge) close to zero for 
relatively large heads and adjacent gates are open. When the adjacent gate 
is closed, a significant amount of flow through the gate bay approaches 
from the side of the gate bay, and much of the approach flow is not parallel 
to the pier. The contraction of flow around the nose of the pier extends 
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well into the gate bay. When the adjacent bay is not open, the pier is 
effectively an abutment. Because the pier radius is relatively small 
compared to typical abutments, the pier makes a poor abutment. 

When calculating a discharge rating using USACE Engineer Manual 1110-
2-1603 (Headquarters, USACE 1990), the equation when using discharge 
in cfs and lengths and heads in feet is 

 .
e eQ CL H 1 5  (7) 

where: 

 Q = discharge in cfs 
 C = discharge coefficient of the crest shape without piers 
 Le = effective length of the crest 
 He = energy head on the crest.  

Note that C generally varies with the shape of the crest and He. Pier and 
abutment effects are incorporated into the equation by adjusting the 
effective length of the crest using 

 ( )e actual p a eL L nK K H  2  (8) 

where:  

 Lactual = width of each gate bay times the number of gate bays 
 n = number of piers 
 Kp = pier contraction coefficient 
 Ka = abutment coefficient.  

Both Kp and Ka vary with head and shape. 

This equation assumes both abutments are similar. Application of the 
discharge and effective length equations to Morganza is difficult because 
there is no data for the discharge coefficient without piers, no data for Kp 
used at Morganza, and no data for Ka used at Morganza. The approach 
used herein is to develop different rating curves for different gate-open 
combinations for the four different flow regimes as opposed to trying to 
determine C w/o piers, Ka, and Kp. Before any discharge rating tests were 
performed, a test was conducted to determine how much leakage occurred 
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in the model by setting an upper pool and measuring the drop of the upper 
pool over time with all gates closed. For differential between headwater 
and tailwater typical of Morganza, the model leakage was equivalent to 
approximately 100 cfs in full scale. This amount was subtracted from the 
total discharge in the model discharge rating tests. For example, if two 
gates were open and the total measured discharge was 19,774 cfs, the 
discharge with leakage subtracted was 19,674 cfs, and the discharge per 
gate would be 19674/2 = 9837 cfs. This was a model issue and does not 
address leakage in the full scale system.  

Energy Head versus Depth Above Crest 

In the standard weir discharge equation, the energy head (He) on the crest is 
used rather than the depth above the crest (equal to water surface elevation 
minus the crest elevation). The difference is the velocity head of the flow 
approaching the crest that equals (velocity)2/(2* gravity). The energy head 
on the crest is preferred because discharge coefficients tend to correlate 
better with He than depth above the crest. The inclusion of velocity head is 
only appropriate if the flow is generally parallel to the axis of the gate and 
adds to the momentum of flow going through the gate. If approach flow was 
highly skewed, adding the velocity head would not be appropriate unless the 
skewed effect was accounted for in pier or abutment coefficients. In many 
cases where the approach width and/or depth are large and headwater 
elevation is measured in the large depth or width section, the velocity is low 
resulting in low velocity head, and consequently He and depth above the 
crest are close enough to be assumed equal. MCS is a situation where the 
velocity head is low for lower flows. Consider the 2011 flood when the peak 
flow was approximately 170,000 cfs. Average velocity over the entire width 
of the structure is 170000/(3903.25*(59.7-32)) = 1.57 ft/sec and the velocity 
head would be 0.038 ft. This would not be important to operation of the 
structure or determining total flow through the structure. For high flows, 
and considering that headwater elevation at MCS is measured just upstream 
of the structure, the velocity head may be large enough to not ignore. 
Consider the design flow of 600,000 cfs at a headwater of 60. Average 
velocity over the entire width of the structure is 600000/(3903.25*(60.0 – 
32)) = 5.49 ft/sec, and the velocity head would be 0.47 ft. For flow coming 
straight into the structure, ignoring the velocity head and only using the 
depth above the crest for this design flow would underestimate the 
discharge by approximately 300 cfs per gate at a headwater of el 60. 
However, at large flows like the design flow, the flow is likely not 
approaching the structure at a 90° angle to the structure, and including all 
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of the velocity head is likely an exaggeration of the energy head causing flow 
through the structure. 

In the MCS model, the approach channel where the headwater was 
measured was 535 ft wide. In the discharge rating tests described in the 
following paragraphs, a maximum of four gates was used in the discharge 
rating tests. With each gate passing approximately 10,000 cfs at a 
headwater of el 60, the maximum velocity in the model scaled up to full 
size was (4*10000)/(535*(60 – 32)) = 2.67 ft/sec resulting in a velocity 
head of 0.11 ft. 

At the end of all this discussion, the velocity head is assumed to be either 
(1) negligible or (2) not significantly adding to the energy head causing 
flow through the structure and is omitted from both model and full-scale 
calculations. The alternative to this assumption is to conduct a detailed 
evaluation of current direction and magnitude of flow approaching the 
MCS using a 2D numerical model. The author does not believe that level of 
detail is warranted.  

Free, Uncontrolled Flow 

Initial tests were conducted with free, uncontrolled flow conditions. 
Tailwater was set low to ensure no effect on discharge. Headwater versus 
discharge is plotted in Figure 30 based on gate 5 open, gates 3 and 5 open, 
and gates 3, 5, 7, and 9 open. Results are expressed as discharge per gate by 
dividing the total discharge by the number of gates open. Data are listed in 
Table 6. As shown in the plot, no significant difference was found for 1, 2, or 
4 gates open if a closed gate was on each side of an open gate.  

A similar series of tests was conducted with the total flow set at 19,674 cfs. 
Gates 3 and 5 were open, and tailwater was set at el 44 that will be subse-
quently shown to have no effect on headwater of 59.5 ensuring free-flow 
conditions. The model was run long enough for the headwater elevation to 
reach equilibrium at el 59.5. Without any change to total discharge setting 
or tailwater setting, the gate configuration was changed to gates 2 and 5 
open. After adequate time for the headwater to reach equilibrium, the 
headwater elevation returned to el 59.5. The gates were changed to gates 2 
and 4 open, then gates 2 and 6 open, and finally gates 3 and 7 open. In all 
cases, the headwater elevation returned to el 59.5. These tests confirmed the 
conclusion that Figure 30 can be used for discharge rating of free, 
uncontrolled flow as long as there is at least one closed gate on each side of 
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an open gate. Since proposed operation of the structure for downstream 
scour reasons is not to use adjacent gates until reaching large tailwaters 
resulting from large flows, one or more closed gates between open gates is 
the standard operating plan. While many relations in hydraulics are well 
described by a power function of the form y = AxB, the pier effects, crest 
shape, and other factors make the polynomial shown in Figure 30 a better 
statistical fit to the data, but the polynomial must not be used outside the 
limits of the data. In addition to the equation shown on Figure 30, the 
converse relation of Q as a function headwater (for HW from 45.5 to 60.5) is 

 . . .Q HW HW HW   3 20 4259 74 941 3774 7 58867  (9) 

Figure 30. Headwater versus discharge for free, uncontrolled flow. At least one closed gate must be 
present on each side of an open gate. 

 

Q=2100 to 10500 cfs: HW el = 0.0000000000062Q3 - 0.0000001577600Q2 + 0.0029336489738Q + 39.91
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Table 6. Discharge rating data for free, uncontrolled flow. 

 

Following the previously mentioned tests with at least one adjacent gate 
closed on both sides of an open gate, tests were conducted with gates 2 and 
3 open and then gates 3 and 4. No closed gate was present between the 
open gates. It would be expected that the limited contraction at the pier 
between the opened gates would make this a more efficient flow condition, 
and the headwater elevation would decrease. The opposite happened with 
headwater elevation increasing to el 59.9 with gates 3 and 4 and el 60.0 

Open Gates Total Q-Leakage Q per bay Headwater el Tailwater el
cfs cfs

5 2113 2113 45.51 37.40
5 3293 3293 48.17 38.50
5 4338 4338 50.22 38.90
5 5434 5434 52.28 39.30
5 6632 6632 54.42 42.80
5 8472 8472 57.37 43.20
5 10561 10561 60.51 43.50

3&5 7113 3557 48.63 43.00
3&5 9076 4538 50.66 43.50
3&5 10990 5495 52.42 43.80
3&5 12949 6475 54.07 44.30
3&5 15227 7614 56.02 44.80
3&5 17966 8983 58.03 45.00
3&5 19951 9976 59.61 45.30
3&5 20911 10456 60.47 45.50
3&5 19674 9837 59.52 44.00
3&7 19674 9837 59.52 44.00
2&6 19674 9837 59.52 44.00
2&5 19674 9837 59.52 44.00
2&4 19674 9837 59.52 44.00

3,5,7,9 42035 10509 60.67 43.80
3,5,7,9 36782 9195 58.34 43.80
3,5,7,9 22977 5744 52.65 43.80
3,5,7,9 30243 7561 55.44 42.80
3,5,7,9 27295 6824 54.41 42.00
3,5,7,9 11187 2797 47.00 39.80
3,5,7,9 12457 3114 47.64 39.80
3,5,7,9 16078 4019 49.51 40.70
3,5,7,9 18269 4567 50.59 41.10
3,5,7,9 9296 2324 45.91 39.70
3,5,7,9 20532 5133 51.42 41.20



ERDC/CHL TR-14-1 41 

 

with gates 2 and 3 yielding a 0.4 to 0.5 ft increase in headwater. Inspection 
of the flow around the outer piers showed a contraction of flow that 
appeared stronger than with adjacent gates closed on both sides of the 
opened gates. The condition of just a few adjacent gates open is not a 
proposed operating plan for MCS. Adjacent gates are only proposed to be 
used when many gates are open, tailwater is high, and flow through the 
gate is reduced by the tailwater yielding submerged conditions. The 
condition of adjacent gates open will be addressed in the submerged flow 
condition testing. 

Submerged, Uncontrolled Flow 

The submerged flow testing will determine the point at which submergence 
effects begin and the magnitude of discharge reduction for increasing levels 
of submergence. A parameter used to define submergence magnitude used 
in Hydraulic Design Chart 711 (US Army Engineer Research and 
Development Center (ERDC), Coastal and Hydraulics Laboratory (CHL) 
1987) is the submergence ratio equal to (tailwater depth above the crest 
(h))/ (headwater depth above the crest (H)). An important factor 
determining the magnitude of submergence effects is the shape of the crest. 
Sharp-crested weirs are strongly affected by submergence, whereas broad-
crested weirs like MCS have far less effects from submergence. The presence 
and configuration of piers is likely an important effect in that the piers affect 
how the tailwater can reach and thus affect the flow over the weir. Adjacent 
bays not being open can affect the extent of the tailwater being swept out of 
the basin. Submergence adds uncertainty to the discharge rating. The 
maximum submergence ratio occurs at the maximum flow of 600,000 cfs, 
resulting tailwater elevation of 55.6, and a headwater elevation of 60. For 
this condition, h/H = 0.80. The uncertainty in discharge due to 
submergence is somewhat mitigated by the fact that 0.80 is not a large 
amount of submergence. At this ratio, the maximum decrease in discharge 
due to submergence will be approximately 13%.  

Tests were conducted with submergence effects using various 
combinations of gates open. The tests were conducted by keeping the 
headwater elevation within approximately 0.5 ft of el 60. By focusing the 
data on a headwater elevation of 60, the resulting data are most pertinent 
to the expected headwater conditions at MCS. The tailwater was varied 
from no effect up to a maximum tailwater of approximately el 56. The 
inflow discharge was adjusted to obtain the desired headwater elevation of 
approximately 60. Table 7 lists the data for submerged, controlled flow. 
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Notice for the data having h/H of less than 0.54, the measured discharge 
and the calculated free discharge are almost identical, indicating no effects 
of submergence. For higher values of h/H, the measured submerged 
discharge departs from the free-flow discharge.  

Table 7. Submerged, uncontrolled flow data. Note that Qfree is determined using headwater elevation 
and the discharge equation for free, uncontrolled flow. 

 

The data are plotted in Figure 31 using the dimensionless ratios of 
Qsubmerged/Qfree and h/H. The data fall close to the Hydraulic Design Chart 
711 ((ERDC) (CHL) 1987) suggested design curve for broad-crested weirs. 
Submergence effects at MCS are not present for h/H < 0.54.  

The equation for submergence effects is  
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Open Gates Total Q-Leakage Q per bay Headwater el Tailwater el h/H Q free Q submerged/
cfs cfs cfs Q free

5 10127 10127 59.87 40.50 0.134 10100 1.000
5 10127 10127 59.98 46.70 0.409 10168 0.996
5 10127 10127 60.05 48.50 0.488 10209 0.992
5 10127 10127 60.23 50.40 0.568 10318 0.982
5 10127 10127 60.40 51.50 0.611 10427 0.971
5 10127 10127 60.62 52.70 0.657 10562 0.959
5 9535 9535 60.25 53.80 0.717 10331 0.923
5 9535 9535 60.71 54.70 0.741 10616 0.898
6 8599 8599 60.19 55.80 0.807 10294 0.835
6 9545 9545 60.30 54.20 0.733 10361 0.921
6 9866 9866 60.19 52.60 0.666 10294 0.959

3&7 19674 9837 59.39 49.00 0.525 9800 1.000
3&7 19674 9837 59.54 50.25 0.578 9896 0.994
3&7 19674 9837 59.94 52.00 0.646 10141 0.970
3&7 19674 9837 60.86 54.80 0.740 10711 0.918
4&6 20635 10317 60.14 48.00 0.464 10266 1.000
4&6 20635 10317 60.30 50.00 0.548 10361 0.996
4&6 19746 9873 59.97 52.10 0.650 10158 0.972
4&6 19432 9716 60.21 53.90 0.722 10307 0.943
4&6 17905 8952 59.94 55.80 0.815 10144 0.883
4&6 12519 6260 60.21 58.00 0.903 10307 0.607

2 gates* 17254 8627 60.27 56.30 0.825 10348 0.834
3,5,7,9 35438 8860 60.41 56.20 0.816 10429 0.849

* 5&7, 5&8, 6&8, 5&9
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Figure 31. Submergence effects for submerged, uncontrolled flow. Polynomial equation is only 
applicable above h/H = 0.54 and below 0.90. 

 

Free, Controlled Flow 

Testing was conducted with the upper gate leaves in place for lower 
tailwater conditions that do not reduce the flow due to submergence 
effects. Results are shown in Table 8 and Figure 32. The equation for Q free 

controlled versus headwater is  

 . .Q HW HW HW   3 22 3677 402 62 23086 439578  (11) 

Below a pool elevation of approximately 51, the drawdown of the water 
level causes the flow to pass below the lip of the upper gate leaf that is 
located at el 48.5. The polynomial equation is only valid for Q greater than 
4700 cfs and less than 7800 cfs. 

y = -73.218x4 + 193.72x3 - 192.01x2 + 84.05x - 12.676
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Table 8. Discharge rating data for free, controlled flow. 

 

Figure 32. Discharge rating for free, controlled flow and free, uncontrolled flow.  

 

Open Gates Total Q-Leakage Q per bay Headwater el Tailwater el
cfs cfs

5 4865 4865 51.27 41.15
5 5082 5082 51.75 41.20
5 5576 5576 53.20 41.15
5 6246 6246 55.48 41.40
5 6887 6887 57.51 41.50
5 7601 7601 60.08 41.60
5 7897 7897 60.78 41.60

3&5 7897 3948 49.71 41.60
3&5 8299 4149 49.97 41.70
3&5 10157 5078 51.82 41.90
3&5 10847 5423 52.58 42.00
3&5 11878 5939 54.23 42.20
3&5 12394 6197 54.94 42.20
3&5 13248 6624 56.36 42.20
3&5 13655 6827 57.18 42.40
3&5 14597 7299 59.02 42.80
3&5 15482 7741 60.19 43.00
6&8 11944 5972 54.56 42.00
6&8 13769 6885 57.68 42.00
6&8 14968 7484 59.86 42.00

y = -0.00000000011x3 + 0.00000230849x2 - 0.01203866707x + 68.33505365832
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Submerged, Controlled Flow 

As tailwater rises, flow through the structure with the gate leaf in place is 
reduced due to submergence effects. The submergence effects for controlled 
flow differ from uncontrolled flow because of several factors including (1) 
lesser flow under the gate being unable to sweep out the tailwater and (2) 
tailwater can submerge the lip of the gate that results in different flow 
patterns than flow without a gate. Discharge rating tests were conducted 
with the pool elevation at approximately 60, and tailwater varied from no 
effect to tailwater as high as 56 where flow through the gate was 
significantly reduced. The data are listed in Table 9 and are plotted with 
submergence ratio (h/H) versus Q(submerged)/Q(free) in Figure 33. 

Submergence effects begin at a lower tailwater than for submerged, 
uncontrolled flow. Based on an upper pool of 60 and submergence ratio of 
0.48 at which submergence effects begin, corresponding tailwater is 48.3 ft. 
The equation for submergence effect for submerged controlled flow is  
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13 273 34 688

30 116 10 846 2 3978

 (12) 

This equation should be limited to h/H from 0.48 to 0.82. 
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Table 9. Discharge rating data for submerged controlled flow. Note that Qfree is determined using 
headwater elevation and the free, controlled flow equation. 

 

Open Gates Total Q-Leakage Q per bay Headwater el Tailwater el h/H Q free Q submerged/
cfs cfs cfs Q free

3 5175 5175 60.41 55.80 0.799 7717 0.671
3 5175 5175 59.90 55.00 0.781 7540 0.686
3 5533 5533 60.05 54.50 0.754 7592 0.729
3 6051 6051 60.05 53.70 0.718 7592 0.797
3 6852 6852 60.21 53.00 0.683 7646 0.896
3 7195 7195 60.14 51.00 0.596 7623 0.944
3 7506 7506 60.43 49.80 0.536 7725 0.972
3 7640 7640 60.32 49.00 0.504 7685 0.994
3 7640 7640 60.16 47.90 0.459 7630 1.001
3 7640 7640 60.01 47.00 0.422 7577 1.008
3 7640 7640 60.23 46.30 0.387 7654 0.998
3 7640 7640 60.14 45.40 0.349 7623 1.002
3 7640 7640 60.14 44.80 0.322 7623 1.002

3 & 5 15330 7665 60.03 45.00 0.333 7584 1.011
3 & 5 15330 7665 60.05 45.50 0.355 7592 1.010
3 & 5 15330 7665 60.10 46.50 0.398 7607 1.008
3 & 5 15330 7665 60.19 47.75 0.452 7638 1.004
3 & 5 15330 7665 60.34 48.40 0.477 7693 0.996
3 & 5 15330 7665 60.43 49.40 0.519 7725 0.992
3 & 5 14810 7405 59.97 50.30 0.570 7562 0.979
3 & 5 14810 7405 60.34 51.40 0.609 7693 0.963
3 & 5 14050 7025 59.94 52.40 0.664 7554 0.930
3 & 5 13189 6594 59.94 53.10 0.695 7554 0.873
3 & 5 11944 5972 60.05 54.00 0.732 7592 0.787
3 & 5 10918 5459 59.81 54.80 0.775 7510 0.727
3 & 5 10555 5277 60.38 55.90 0.804 7709 0.685

2,4,6,&8 30400 7600 60.21 46.00 0.374 7646 0.994
2,4,6,&8 30451 7613 60.01 48.10 0.471 7577 1.005
2,4,6,&8 29470 7368 60.01 50.00 0.555 7577 0.972
2,4,6,&8 29006 7252 60.43 52.00 0.632 7725 0.939
2,4,6,&8 24885 6221 59.79 53.90 0.736 7503 0.829
2,4,6,&8 19693 4923 60.14 56.00 0.817 7623 0.646

4&8 15176 7588 60.12 46.80 0.411 7615 0.996
4&8 15176 7588 60.21 48.20 0.471 7646 0.992
4&8 14863 7431 59.84 49.20 0.524 7517 0.989
4&8 14863 7431 60.21 50.80 0.586 7646 0.972
4&8 14217 7108 60.19 52.20 0.648 7638 0.931
4&8 12889 6444 60.23 53.30 0.695 7654 0.842
4&8 10555 5277 60.05 55.20 0.785 7592 0.695
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Figure 33. Q(submerged)/Q(free) versus submergence ratio for submerged, controlled flow. 
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7 Revised Tailwater Curve Using Discharge 
Rating from Physical Model Tests 

Upon completion of the discharge rating, the observed headwater and 
tailwater elevations from the 2011 flood were used with the discharge 
rating from this physical model study to determine revised discharges and 
a revised tailwater rating curve. The discharge determined from the rating 
from the physical model averaged approximately 6.5% less than the 
discharge shown under “Q_total” in Table 2. Based on the model discharge 
rating, none of the fully open gate flows during the 2011 flood were 
reduced (submerged) by downstream tailwater. Table 10 lists the 2011 
flood data including the date, time, headwater el, tailwater el, old Q/Bay, 
old total Q, number of bays open, and revised total Q based on the physical 
model discharge rating.  

The revised discharges were used with the observed tailwater elevations to 
develop a revised tailwater rating curve as shown in Figure 34. Also shown 
is the 1951 tailwater rating curve. At the peak observed discharge of 
approximately 170,000 cfs, the observed tailwater el is approximately 0.8 ft 
higher than the 1951 curve. The observed data was used to develop a 
composite curve for flows up to 170,000 cfs. Because the composite curve is 
between the rising and falling tailwater observations, the composite curve 
represents a best estimate of the tailwater elevation if the discharge was 
constant long enough for the water level to reach equilibrium. The 1951 
curve must be adjusted for flows above 170,000 cfs. The tailwater elevations 
from the 1951 curve for flows above 170,000 were increased by 0.8 ft to 
adjust for the lack of agreement between the 1951 curve and the observed 
data. Figure 34 shows the two composite curves along with the equations for 
flows above and below discharges of 170,000 cfs.  

For discharges below 170,000 cfs, the composite equation is 

 . ^Q TW TW  377 2 2 14840 71679   (13) 

or 

 . ( / )^ . ( / ) .TW Q Q  106 27 1000000 2 84 361 1000000 33 828  (14) 
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Table 10. Revised discharge for 2011 flood based on physical model 
discharge rating. 

  

Morganza Morganza Q/BAY Q_total Total Bays Revised Q
DATE TIME H.W. TW cfs cfs Open cfs

5/14/11 0700 59.2 0 0 0 0 0
5/14/11 1600 59.3 34.6 10547 10547 1 9745
5/14/11 1800 59.3 34.6 10547 21095 2 19489
5/15/11 0700 59.5 35.7 10690 21381 2 19737
5/15/11 1000 59.5 36.9 10690 42762 4 39474
5/15/11 2000 59.5 39 10690 96214 9 88817
5/16/11 0700 59.5 40.3 10680 96118 9 88817
5/16/11 1500 59.5 41.2 10680 117477 11 108554
5/16/11 2000 59.4 42.3 10513 157689 15 147099
5/17/11 0700 59.4 43.4 10513 157689 15 147099
5/17/11 1300 59.4 43.8 10513 157689 15 147099
5/17/11 2100 59.5 43.9 10584 169337 16 157897
5/18/11 0700 59.6 44.2 10655 170474 16 158889
5/18/11 1600 59.7 44.7 10726 182340 17 169873
5/18/11 2000 59.6 44.8 10655 181129 17 168819
5/19/11 0700 59.5 44.9 10584 179920 17 167766
5/19/11 2000 59.5 45 10584 179920 17 167766
5/20/11 0700 59.4 45 10513 178714 17 166712
5/20/11 1500 59.3 45.3 10442 177511 17 165657
5/20/11 1800 59.3 45.2 10442 177511 17 165657
5/21/11 0700 59.4 45.1 10513 178714 17 166712
5/22/11 0700 59.3 45.1 10442 177511 17 165657
5/23/11 0700 59.1 44.9 10301 175112 17 163548
5/24/11 0700 58.9 44.8 10160 172723 17 161438
5/24/11 1500 58.8 44.6 10090 161442 16 150948
5/25/11 0700 58.7 44.3 10020 160324 16 149955
5/25/11 1600 58.7 44 10020 140283 14 131210
5/26/11 0700 58.7 43.4 10020 140283 14 131210
5/26/11 1200 58.8 43 10090 121082 12 113211
5/27/11 0700 58.8 42.3 10090 121082 12 113211
5/28/11 0700 58.7 42.1 10020 120243 12 112466
5/29/11 0700 58.5 41.9 9881 118571 12 110976
5/29/11 1330 58.7 42 10020 110223 11 103094
5/30/11 0700 58.4 41.3 9901 108908 11 101045
5/30/11 1500 58.4 41.1 9901 99007 10 91859
5/31/11 0700 58.3 40.7 9831 98308 10 91239
6/1/11 0700 58.1 40.5 9691 96914 10 89998
6/1/11 1500 58 40.3 9622 86598 9 80440
6/2/11 0700 57.9 39.9 9553 85975 9 79881
6/2/11 1500 57.8 39.7 9484 75869 8 70510
6/3/11 0700 57.6 39.2 9355 74841 8 69518
6/3/11 1500 57.5 39 9286 65005 7 60395
6/4/11 0700 57.2 38.6 9081 63569 7 59096
6/5/11 0700 56.6 38.4 8675 60726 7 56505
6/6/11 0700 56 38.2 8275 57925 7 53927
6/6/11 1100 55.9 38.2 8209 57462 7 53499
6/6/11 1500 55.9 38 8209 41045 5 38214
6/7/11 0700 55.5 37.2 7946 39731 5 36995
6/7/11 1400 55.5 37 7946 23838 3 22197
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Figure 34. Revised tailwater rating curve based on physical model discharge rating, 2011 flood 
observations, and adjustments to 1951 tailwater rating curve. 

 

For discharges above 170,000 cfs, the composite equation is 

 . ^Q TW TW  891 8 2 48999 566340   (15) 

or 

 . ( / )^ . ( / ) .TW Q Q  13 045 1000000 2 34 459 1000000 39 62 (16) 

y = 377.19x2 - 14840x + 71679

y = 891.8x2 - 48999x + 566340

0

50,000

100,000

150,000

200,000

250,000

300,000

350,000

400,000

450,000

500,000

550,000

600,000

650,000

700,000

30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60

To
ta

l D
is

ch
ar

ge
, c

fs

Tailwater Elevation

Q Model Rating Rising TW

Q Model Rating Falling TW

1951 Model Study- Plate 26

Poly. (Composite TW Curve- Observed Flows)

Poly. (Composite TW Curve- Higher Flows)



ERDC/CHL TR-14-1 51 

 

8 Discharge Estimation 

The discharge rating from the model for the four flow regimes presented 
previously and the revised tailwater rating curve can be used to estimate 
total discharge through the MCS. At lower discharges where the tailwater 
is low enough to not decrease the flow, the solution is straightforward. At 
higher flows where tailwater is high enough to submerge and reduce flow 
through the gates, the solution is a trial and error or iterative effort where 
the discharge is approximated, the tailwater determined from the revised 
tailwater rating curve, and computed discharge is determined from the 
tailwater, the number of gates opened, and the discharge rating equations. 
If the computed discharge is equal to the guessed discharge, the solution is 
complete. If not equal, a new discharge is approximated. The techniques 
described herein have been programmed into a spreadsheet to facilitate 
determining discharge. 

The discharge ratings from the model are based on the use of at least one 
closed gate on each side of open gates. Only at discharges approaching the 
design flow of 600,000 cfs will adjacent gates be needed for fully open 
gates. The small number of adjacent gates needed for this near-design 
condition will minimize any errors from the difference in contraction 
around the piers when adjacent gates are open. For conditions using the 
upper gate leaf in place to reduce discharge, more adjacent gates are 
required to get to design flows, but controlled flow (i.e., using upper gate 
leaf) is less affected by contraction differences. 

The steps, figures, and equations used in estimating total discharge 
through the structure are as follows: 

1. Required input is headwater elevation (HW) and number of gates fully 
open and number of gates open with upper gate leaf in place. 

2. Estimate total flow through the structure. For a first approximation, use 
the free, uncontrolled flow Equation 9: 

 . . .Q HW HW HW   3 20 4259 74 941 3774 7 58867  

and free, controlled Equation 11: 

 . .Q HW HW HW   3 22 3677 402 62 23086 439578  
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Multiply the free uncontrolled flow by the number of fully open gates 
and the free controlled flow by the number of gates open with upper 
leaf in place. 

3. Add the two discharges together to approximate total discharge through 
the structure. For low numbers of gates open, and thus low discharge and 
thus low tailwater, this approximation of total discharge will be correct. 

4. Using total discharge, determine the tailwater elevation (TW) from the 
equations on Figure 34, the revised tailwater rating curve. If TW is able to 
be measured in the field, it can be used to adjust Figure 34, if needed. This 
would be particularly important for discharges higher than occurred in 
2011. 

5. Knowing headwater and tailwater elevations, determine the submergence 
ratio h/H = (TW – crest el)/(HW – crest el) = (TW – 37.5)/(HW – 37.5). 

6. Knowing submergence ratio, compute Qsubmerged/Qfree. For low tailwater, 
Qsubmerged/Qfree will be equal to 1.0. For uncontrolled flow and h/H greater 
than 0.54, use Equation 10: 
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If uncontrolled flow and h/H is less than or equal to 0.54, 
Qsubmerged/Qfree = 1.  

For controlled flow and h/H greater than 0.48, use Equation 12: 

 
. ( / ) . ( / )

. ( / ) . ( / ) .

submerged

free

Q
h H h H

Q

h H h H

 

  

4 3

2

13 273 34 688

30 116 10 846 2 3978

 

If controlled flow and h/H is less than or equal to 0.48, Qsubmerged/Qfree = 1. 

7. Multiply the free, uncontrolled flow from step 2 by the uncontrolled 
Qsubmerged/Qfree from step 6. 

8. Multiply the free, controlled flow from step 2 by the controlled 
Qsubmerged/Qfree from step 6. 

9. Add the two flows together to get the total computed flow. 
10. If the approximated flow from step 3 is equal to the computed flow from 

step 9, the solution is complete. If not, assume or approximate a new flow 
and repeat the calculations until the assumed flow is equal to the 
calculated flow. A spreadsheet makes the process relatively quick. 
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9 Scour Protection for Gates Having the 
Plunge Pool 

Tentative Operation Plan of Plunge Pool Gates 

The tentative gate operation plan developed herein defines how the full-
scale project should be operated and how the model will be operated in the 
test program of evaluating scour and riprap stability. The plan is tentative 
because findings of operation requirements for non-plunge pool gates to 
be tested subsequently may alter this tentative gate operation plan. The 
plan will attempt to minimize downstream erosion. The plan proposed 
herein assumes (1) the derrick stone over the entire width of the plunge 
pool has been grouted, (2) a stable plan of riprap protection below the 
plunge pool has been developed, and (3) operation is started using only 
some of the 42 gates having the plunge pool. Based on tests with sand in 
the physical model, scour tends to be less when there are 3 or 4 closed 
gates between the open gates. For that reason, the plan shown in Figure 35 
was developed to try to delay operation of every other gate until tailwater 
is as high as possible while keeping a plan of gate operation that mini-
mized gate opening and closing. This plan does not allow closing gates to 
monitor scour during the flood. Gates 40–42 and 83–85 at each end of the 
plunge pool are not used in order to remove flow from the transition of 
plunge pool to no plunge pool. These gates would become available only 
for the highest flow and thus highest tailwater conditions. Since the 
headwater has increased from approximately el 56 to el 60, the gates in 
these transition regions may never be needed to reach the 600,000 cfs 
design flow of MCS. Note the last column in Figure 35 labeled “DS vel”. 
This is the velocity downstream of the plunge pool on the unprotected el 
32 floodplain computed using total Q/(plunge pool width* depth above el 
32 floodplain). Any velocity of over 6–8 ft/sec exceeds all published 
guidance for permissible velocity on grassed earth. Experience during the 
2011 flood suggests that non-scouring velocities significantly greater than 
6–8 ft/sec were present at MCS. Based on velocities presented subse-
quently, the floodplain in 2011 downstream of non-plunge pool gate 
stopped scouring when the velocity reached approximately 11.5 ft/sec. The 
tailwaters referred to in Figure 35 and this section were based on the 
original tailwater rating curve that slightly differs from the revised tail-
water curve because these tests and analysis were conducted before the 
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discharge rating of the structure. This was not a problem because the rock 
stability tests were conducted over a wide range of tailwater to ensure 
stability. 

Figure 35. Tentative operating plan after grouting plunge pool derrick stone and adding new riprap 
protection below plunge pool. 

 

The tentative sequence of operation and how it will be studied in the 
model is as follows: 

1. Gate 61 opened. Starting with gate 61 was done to delay using gates 58, 59, 
66, and 67 that are located at junction of longer and shorter plunge pool 
where scour in 2011 was most severe. Tailwater goes from none or a dry, 
downstream floodplain to approximately el 34.6 with one gate open. In the 
model, this gate operating condition will be tested with a single gate open, 
plunge pool full of water, no tailwater on downstream floodplain, and 
model gate opened at a rate equivalent to the 15 min required in prototype.  

2. Gates 45, 53, 69, and 77 are opened as needed. There are seven closed 
gates between each open gate. Tailwater goes from 34.6 to 37.5. The 
average velocity on the unprotected el 32 floodplain downstream of the 
plunge pool with all five gates open is approximately 6.9 ft/sec (based on 
50000/[ (37.5 – 32)*1312.5]). In the model, these gates operating will be 
tested using a single gate open but raising tailwater from 34.6 to 37.5. This 
use of a single gate assumes that with seven gates closed between bays, 
gates are independent. 

3. Open gate 65 that results in three closed gates between open gates. It is 
probably not greatly important that gate 65 is used, but it was selected 
because it is on the longer plunge pool apron. In the model, these gates 

84 83 82 81 80 79 78 77 76 75 74 73 72 71 70 69 68 67 66 65 64 63 62 61 60 59 58 57 56 55 54 53 52 51 50 49 48 47 46 45 44 43 42 # of gates tailwater DS
open vel*

84 83 82 81 80 79 78 77 76 75 74 73 72 71 70 69 68 67 66 65 64 63 62 61 60 59 58 57 56 55 54 53 52 51 50 49 48 47 46 45 44 43 42

New Riprap Protection Below Plunge Pool
3 0 1 11 1 0 13 0 2 14 2 0 19 0 1 19 0 8 21 8 2 49 2 9 19 7 0 25 0 1 18 1 0 16 0 1 13 1 0 7 0 0

84 83 82 81 80 79 78 77 76 75 74 73 72 71 70 69 68 67 66 65 64 63 62 61 60 59 58 57 56 55 54 53 52 51 50 49 48 47 46 45 44 43 42 1 to 5 none to 37.5 6.9

84 83 82 81 80 79 78 77 76 75 74 73 72 71 70 69 68 67 66 65 64 63 62 61 60 59 58 57 56 55 54 53 52 51 50 49 48 47 46 45 44 43 42 6 to 10 37.5 to 40.5 9

84 83 82 81 80 79 78 77 76 75 74 73 72 71 70 69 68 67 66 65 64 63 62 61 60 59 58 57 56 55 54 53 52 51 50 49 48 47 46 45 44 43 42 11 to 20 40.5 to 46 10.9
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NEWLY OPENED BAYS Note: Gates on each end of plunge pool not used (#42 and 83)

PREVIOUSLY OPENED BAYS *Velocity Downstream of Plunge Pool over EL 32 Floodplain not having scour protection :
 based on maximum # of gates and highest tailwater over entire width of 1312 ft long plunge pool 

number of days gate was open during 2011 flood and no lateral spreading

GROUTED RIPRAP over Entire Plunge Pool

90-ft Long Plunge Pool 110-ft Long Plunge Pool 90-ft Long Plunge Pool
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operating will be tested using three gates open with three closed gates in 
between each open gate. Tailwater will be set at el 37.5. 

4. Gates 49, 57, 73, and 81 are opened as needed. The average velocity on the 
unprotected el 32 floodplain downstream of the plunge pool with all 10 
gates open is approximately 9 ft/sec. In the model, these gates operating 
will be tested using three gates open with three closed gates in between 
each open gate. Tailwater will be tested at el 37.5–40.5. 

5. Open gate 63 that results in one closed gate between open gates. It is 
probably not greatly important that gate 63 is used, but it was selected 
because it is on the longer plunge pool apron. In the model, these gates 
operating will be tested using four gates open with every other gate open. 
Tailwater will be set at el 40.5. 

6. Gates 43, 47, 51, 55, 59, 67, 71, 75, and 79 are opened as needed. The 
average velocity on the unprotected el 32 floodplain downstream of the 
plunge pool with all 20 gates open is approximately 10.9 ft/sec. In the 
model, these gates operating will be tested using four gates open with 
every other gate open. Tailwater will be tested at el 40.5–46. 

Initial Model Runs 

The initial tests in the model were conducted to ensure that the model was 
acting like the full-scale MCS. The only comparison that can be made is to 
pictures, videos, and observations by personnel who were operating the 
project during the flood. The flow from the gates exhibits two different 
mechanisms at the upstream end of the plunge pool. At lower tailwaters of 
approximately 41 or less, and particularly with multiple adjacent gates open, 
the flow dives into the basin and has a distinct wave front like a typical 
hydraulic jump. The district provided several videos that were taken on 15 
May 2011 and 16 May 2011, when up to eight adjacent gates were operating, 
and tailwater was approximately 39–41. The videos clearly show this wave 
front. Figure 36 was taken with eight adjacent gates open and a tailwater of 
40.8 on 16 May 2011  at 11:57 a.m. and also shows the wave front at the 
entrance to the plunge pool. Figure 37 shows the model with gates 6 
through 9 open and a tailwater of about 39–40. The model also exhibits the 
distinct wave front for adjacent gates open and lower tailwater. One distinct 
difference between model and prototype is air entrainment that cannot be 
quantitatively modeled. This scale effect always makes the model water look 
relatively clear when the full scale system is almost milky white. Air 
entrainment in the full scale system on a percentage basis is relatively small 
near the bed where flow forces are scouring the bed and attacking the 
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Figure 36. Flow on 16 May 2011  at 11:57 a.m. showing a continuous wave 
front at the entrance to plunge pool with eight adjacent gates open and 

tailwater = 40.8. 

 

Figure 37. Model with four adjacent gates open at tailwater 
of 39–40 showing continuous wave front. 

 

riprap. Model fluid density would be slightly greater than the full scale near 
the bed, and this would make model forces slightly greater, all other factors 
being equal. The differences in air entrainment and their effects are 
generally assumed to be negligible in stilling basin models like MCS. The 
primary evidence supporting this assumption is the numerous successful 
physical hydraulic models that have been used to design stilling basins and 
size riprap. Tailwater measurements listed in Table 2 from the 2011 flood 
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were far enough from the high flow areas that air entrainment did not affect 
tailwater measurements.  

The second mode of flow entering the plunge pool appears at higher 
tailwater when adjacent gates are open and at higher tailwater when an 
individual gate, every other gate, or other numbers of closed gates between 
open gates. In this mode of flow, the wave front is not as distinct because it 
is not continuous along the entrance to the plunge pool. Also, in this mode, 
flow appears to be more on the surface at the upstream end of the plunge 
pool. Figure 38 shows the full-scale system with every third gate open at 
tailwater of 39.9 on 2 June 2011 at 8:08 a.m. While individual wave fronts 
are seen in the picture, the continuous wave front across the entrance to the 
plunge pool is not seen. Figure 39 shows the full-scale system with every 
third gate open at tailwater of 42 on 30 May 2011 at 1:03 p.m. This figure 
also does not show the continuous wave front and shows something else 
seen in the model. Between the first and second gates on the right side of 
the figure is an area of reduced turbulence because the second gate from the 
right has deflected toward the third gate from the right side of the figure. 
When running only two gates in the model, the jets would almost always be 
drawn toward each other whether there were every other gate open, every 
third gate open, or three closed gates between each open gate. When 
running three gates open in the model with either every other gate open or 
every third gate open, in some cases all three would be drawn together, and 
in other cases two jets would be drawn together and the third gate remained 
separate. Upon viewing the model, USACE District personnel at the project 
during the flood stated that the flow tended to dive more in the full scale 
than they were seeing in the model when every third gate was opened. The 
diving action at the entrance to the plunge pool would be affected by several 
factors, but the most important would be the grouted rock configuration 
and the surface of the upstream end of the plunge pool. ERDC checked this 
area in the model and determined that the grouted rock surface needed to 
be raised approximately 3–6 in. to match the full scale configuration and 
that the junction of the 1V:10H and 1V:3H slopes at the upstream end of the 
plunge pool needed to be rounded rather than a sharp junction of the two 
slopes to agree with the full-scale configuration. These changes resulted in 
an increase in the diving character of the flow entering the plunge pool. 
Figures 40 and 41 show the revised model with every third gate open at a 
tailwater of 42. 
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Figure 38. Every third gate open at tailwater of 39.9 on 2 June 2011  at 8:08 a.m. 

 

Figure 39. Every third gate open at tailwater of 42 on 30 May 2011 at 1:03 p.m. 
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Figure 40. Model with gates 4, 7, and 10 open at TW = 42. 

 

Figure 41. Model with gates 4, 7, and 10 open at TW = 42. View showing individual wave 
fronts in model. 
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One of the major differences between these two types of flow into the 
plunge pool is the spreading of the jet. When the flow is in the plunging 
mode at lower tailwaters, the jet spreads out. If the adjacent bays are not 
operating with lower tailwater, the jet spreads to a width greater than the 
gate bay. If the adjacent bays are operating, the jet spreads to the full 
width of the gate bay. In the mode of flow not plunging and with adjacent 
gates not operating at the higher tailwaters, the jet appears to not spread 
or even contract as it moves downstream. This contraction of the jet 
appears to be an important factor in the non-plunging flow resulting in the 
most significant attack of the bed. 

Tests with Movable Bed and Preliminary Riprap Testing 

Testing in the model was conducted with movable bed material to develop 
an understanding of the worst conditions causing scour of the downstream 
tailwater area. The bed material is only an indicator of scour and cannot 
indicate the quantitative scour that will occur. The initial tests were 
conducted with masonry sand as the scour indicator. Masonry sand was 
used because this type of sand has the fine gravel removed that could result 
in armoring and difficulty in understanding scour mechanisms. As shown in 
Figure 42, the sand was so easily moved that it would have been hard to 
differentiate among different conditions. Note that the sand scoured all the 
way to the floor that was at el 12 just below the plunge pool. 

Figure 42. Scour with masonry sand as scour indicator in 
the model. 

 

The sand was replaced by gravel having a diameter of approximately ¼ in. 
The top of gravel was at el 17 for 100 ft downstream of the end of the short 
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(90 ft long) plunge pool. A 1V:7H upslope extended for 105 ft from el 17 to 
el 32. The following tests and observations were made, all with upper pool 
at el 60: 

1. Gate 5 run at tailwater of 34 for 30 min in the model. Very little energy at 
end of plunge pool slab. No damage to gravel. 

2. Gates 1 and 9 run at tailwater of 36.5 for 30 min in the model. Very little 
energy at end of plunge pool slab. No damage to gravel.  

3. Gates 3 and 7 run at tailwater of 36.2 and later at 37.5, both for 45 min in 
the model. No damage to gravel.  

4. Gates 1 and 5, then 2 and 6, then 4 and 8, then 5 and 9, and finally 6 and 
10 run at tailwater = 37.5. No damage to gravel.  

5.  Gates 1, 5, and 9 were run at a tailwater of approximately 38.0 for 30 min 
in the model. The gravel scoured roughly 1 in., which was so minor that it 
was not repaired. The tailwater was raised to el 41. The gravel was scoured 
to the model floor at el 12 in approximately 15 min in the model below gate 
2 that was from the gate 1 jet. This was one of the first tests where it 
became clear that intermediate tailwaters had far greater scour potential 
than low tailwaters. 

6. Ran gate 1 and later gate 5 by themselves with a range of tailwater to try to 
determine the critical range of tailwater based on how much gravel was 
being moved onto the el 32 floodplain. For a single gate, the range of 
problematic tailwater is between el 40 and el 48. 

7. Gate 2 run at tailwater of 45. Exposed the plywood floor at el 12 in 8 min in 
the model. End of scour at 30 min in the model shown in Figure 43. 

Figure 43. Scour of gravel from gate 2 at tailwater of el 45 
after 30 min in the model. 
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A preliminary riprap test was conducted using a gradation that is close to 
the MVD 3500 lb top size riprap. The riprap extended downstream 100 ft 
and was 110 ft wide, centered on gate 2. The model gradation had 100% 
greater than 85 lb, 90% greater than 166 lb, 75% greater than 287 lb, 50% 
greater than 680 lb, and 100% less than 1328 lb. The model was run with 
gate 2 and tailwater of 45 for 9 hr. The MVD 3500 lb top size riprap failed 
extensively as shown in Figure 44. The figure also shows scour of the 1V:7H 
slope. At this point in the study, it became clear that the scour problem at 
MCS would require large riprap to remain stable. 

Figure 44. Failure of 3500 lb top size riprap from gate 2 at 
tailwater of el 45. 

 

After the initial riprap test, it also became clear that the bottom of the 
model below the scoured material was too high. The floor downstream of 
the plunge pool was lowered to el -0.8. The top of gravel was molded to an 
el of 12 upstream of the 1V:7H upslope. This elevation was selected based 
on the scour profiles downstream of the plunge pool after the 2011 flood. 
With the deeper gravel in the model, the model was run with gate 2, then 
gate 5, then gate 8, each at a tailwater of about el 45.4 for 30 min in the 
model. The three scour holes were uniform in length and shape  and 
maximum scoured depth was approximately 8.5 ft below the el 12 top of 
gravel. 

At this point, changes to the model to improve diving/plunging of the flow 
into the plunge pool described previously were made to improve 
agreement of model and prototype. 
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A second preliminary riprap stability test was conducted with a riprap 
simulating the MVD 5000 lb top size riprap. The model gradation had 
100% greater than 166 lb, 90% greater than 287 lb, 65% greater than 
680 lb, 40% greater than 1328 lb, and 100% less than 2295 lb. The model 
gradation curve and the MVD specifications for the 5000 lb top size are 
shown in Figure 45. The model riprap simulated close to the lower limit of 
the gradation that is always used in modeling riprap stability. The model 
riprap is shown in Figure 46 and extended downstream of the short plunge 
pool for 100 ft followed by the 1V:7H upslope. The riprap top elevation was 
at el 15 and was 81 in. thick. All tests were conducted for 1 hour (hr) in the 
model at a headwater of el 60 with tailwater ranging from el 40 to el 48 in 
2 ft increments. The tests were conducted for gates 2 and 4 open, and then 
the same tests were conducted with gates 1 and 4 open. Both gate-open 
configurations significantly scoured the 1V:7H slope. The MVD 5000 lb 
riprap had a small depression where rock had been moved, but the 
depression did not penetrate the full riprap thickness. These tests showed 
the 1V:7H slope would be severely scoured. This observation along with 
the full-scale scoured profiles after the 2011 flood extending about 200 ft 
downstream led to the conclusion that the 1V:7H upslope should start 
200 ft downstream of the end of the short plunge pool.  

Figure 45. Gradation for MVD 5000 lb top size riprap and gradation tested in model. 
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Figure 46. Riprap stability with MVD 5000 lb top size riprap below gates 1–5.  

 

The model was remolded to move the beginning of the 1V:7H upslope to 
200 ft downstream of the short plunge pool. The MVD 5000 lb riprap was 
left at top el 15 for 100 ft downstream of the short plunge pool. This left a 
level area at el 12 that was 100 ft long and not protected with riprap. This 
configuration resulted in scour in the level area below the riprap. Scour of 
the 1V:7H slope was low. From all the gate-open and tailwater combina-
tions tested, too much of the MVD 5000 lb top size riprap was moved, and 
it was concluded that this riprap size could not be recommended for the 
area immediately below the plunge pool slab. 

The testing has highlighted one of the objectives of this study in that there 
are two areas of scour concern downstream of the plunge pool. The 
primary area is just below the plunge pool where the scour must be 
prevented to ensure the integrity of the structure. The testing has shown 
this area can be protected, but large riprap will be required. The other area 
is the upslope and the floodplain downstream of the upslope where flow is 
released onto unprotected areas.  
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Velocity Measurements 

Velocity measurements were taken for various gate-open and tailwater 
combinations. Throughout this report, velocities will often be taken near 
the bed, at mid-depth, or over a range of depths. Velocities near the bed 
are generally used to determine riprap size. Velocities taken at mid-depth 
are generally used to evaluate scour of the unprotected floodplain. 
Velocities taken over a range of depths are generally used to better 
understand the flow structure.  

The model was configured with the 1V:7H upslope starting 200 ft 
downstream of the short (90 ft) plunge pool. MVD 5000 lb top size riprap 
covered 100 ft of the level area at top elevation of 17 just below the plunge 
pool slab. The velocity was measured 4 ft above the plunge pool slab and 4 ft 
upstream of the downstream end of the slab. Gates 2 and 4 were open that 
were on the short plunge pool slab. The velocity meter was a Nixon 
propeller meter having diameter of approximately ½ in. The lateral position 
of the meter was moved to find the peak velocity because the peak location 
changed as the tailwater changed. Table 11 shows the near-bottom velocities 
as a function of tailwater elevation for gates 2 and 4 operating. Each velocity 
was an average over 50 sec. Tables 12 and 13 list velocities for gate 3 only 
and gates 2 and 3, respectively. These measurements indicate the highest 
velocities at tailwater elevations of approximately 42 to 46. This is 
consistent with the scour observations of the gravel. The velocities for gates 
2 and 3 indicate less magnitude than the other two gate combinations. The 
same trend was seen in the scour tests where the gravel just downstream of 
the plunge pool slab did not scour as much with two adjacent gates open. 
Notably, with two adjacent gates open, the 1V:7H upslope scours far more 
than with either a single gate or two gates with one closed gate between.  

Throughout this study, finding the optimum gate-open configuration has 
been an objective. The finding of two adjacent gates leading to lower 
velocity and less scour just downstream of the plunge pool slab was the 
closest the study came to finding a gate-open condition that reduced scour 
and velocity. However, the finding is not only reduced in significance by 
the fact that two adjacent gates cause more scour downstream, but the 
beginning of operation at MCS requires a single gate. A single gate open in 
the plunge pool is as severe, regarding scour and velocity, as just about any 
gate-open configuration. 
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Table 11. Peak near-bottom velocities versus 
tailwater for gates 2 and 4 open. Velocity at 4 ft 

above plunge pool slab near downstream end of the 
plunge pool slab. 

Tailwater 
Peak near-bottom 
velocity, ft/sec 

38 6.5 

39.5 7.8 

41.5-42 12.9 

43-43.5 13.7-14.2 

44.8 12.2 

47 9.8 

48.5-49 10.6 

Table 12. Peak near-bottom velocities versus tailwater 
for gate 3 open. Velocity at 4 ft above plunge pool slab 

near downstream end of the plunge pool slab. 

Tailwater 
Peak near-bottom 
velocity, ft/sec 

38.5 6.5 

39.5 9.3 

40.5-41 11.2 

42.5 15.4 

43 15.0 

45 14.3 

46.5 14.1 

48 12.2 

49-49.5 11.1 

Table 13. Peak near-bottom velocities versus 
tailwater for gates 2 and 3 open. Velocity at 4 ft 

above plunge pool slab near downstream end of the 
plunge pool slab. 

Tailwater 
Peak near-bottom 
velocity, ft/sec 

40 7.1 

42 9.7 

43.5 10.8 

44.7 10.8 

46.5 10.8 

48 9.7 
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Detailed velocities were taken at the end of the plunge pool slab with 
Gate 3 open at a range of tailwaters as shown in Figures 47–52.  

Figure 47. Velocities at end of plunge pool with gate 3 open at tailwater of 38. 

 

Figure 48. Velocities at end of plunge pool with gate 3 open at tailwater of 40.5. 
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Figure 49. Velocities at end of plunge pool with gate 3 open at tailwater of 42.5. 

 

Figure 50. Velocities at end of plunge pool with gate 3 open at tailwater of 44. 
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Figure 51. Velocities at end of plunge pool with gate 3 open at tailwater of 46.5. 

 

Figure 52. Velocities at end of plunge pool with gate 3 open at tailwater of 48. 
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Detailed velocities were taken below gates 7 and 9 at a tailwater of 44 as 
shown in Figure 53. Detailed velocities were taken below gates 5, 7, and 9 
at a tailwater of 44 as shown in Figure 54. 

Figure 53. Detailed velocity at end of plunge pool below gates 7 and 9 at a tailwater of el 44. 

 

Figure 54. Detailed velocity at end of plunge pool below gates 5, 7, and 9 at tailwater of el 44. 
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Near-bottom and near-surface velocities were taken for gates 2, 4, 5, 6, 
and 8 open at the end of the plunge pool in Figure 55. The profiles show 
what was also seen in the scour tests. When two or three adjacent gates are 
open, velocity near the bed at the end of the plunge pool decreases. This 
finding is also consistent with the scour tests and also velocities below 
gates 2 and 3 presented previously. However, attack of the 1V:7H slope 
becomes significantly worse when adjacent gates are open. 

Figure 55. Velocity at end of plunge pool for gates 2, 4, 5, 6, and 8 open at tailwater el of 44. 
Near-bottom velocities taken at 2.2 ft above slab. 
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Figure 56. Mid-depth lateral velocity profiles 30 ft downstream of end of 1V:7H upslope. Profile 
plotted looking downstream. 
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Figure 57. Derrick stone 2 gradation tested in model and recommended for full scale. 
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6000 lb and minimum stone weight decreased to 500 lb, but only 3% was 
less than 1000 lb. 

The recommended riprap protection for the plunge pool is shown in 
Figure 58. A top of riprap elevation 2 ft below the slab was selected 
because derrick stone/riprap stability is improved by keeping the top of 
riprap some distance below the high velocity flow coming off the plunge 
pool slab. 

Figure 58. Recommended plunge pool riprap plan having 80 ft or 100 ft of derrick stone and 100 ft 
of MVD 5000 lb top size riprap. 
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that for filters beneath riprap subject to strong turbulence D15 of the riprap 
≤ 4*d85 of the filter (based on filter guidance in EM 1110-2-1901). 

For the derrick stone 2, the gradation plot shows a D15 of 1500 lb and is 
equal to diameter of 2.6 ft. To meet the above filter criteria, the d85 of the 
filter (underlying riprap layer) must be greater than or equal to 0.66 ft. In 
addition to filter guidance, other information was analyzed. In the harsh 
environment of a breakwater, the underlying riprap should have a weight 
of 1/10 of the overlying cover layer (Headquarters, USACE 2002.). For the 
gradations used in breakwaters, the breakwater guidance in terms of the 
filter equation would be approximately  

D15 of the riprap = 1.9*d85 of the filter (based on breakwater design). 

The filter and breakwater sets of guidance are not very close together. Note 
that the lower the multiplier in front of d85, the larger the size of the under 
layer material and the more conservative the design. All factors behind the 
breakwater guidance for under layers are unknown, but the wave environ-
ment is harsh, and breakwaters have relatively steep side slopes not 
present at MCS that could be a factor. Although the gradation is not 
completely known, the existing derrick stone at MCS has a D15 of approxi-
mately 1.9 ft, and the under layer has a d85 of about 1.3 ft based on the 
layer thickness of 1.5 ft. The existing MCS derrick stone in terms of the 
filter equation would be approximately 

D15 of the riprap = 1.5*d85 of the filter (based on MCS existing derrick 
stone). 

The guidance most applicable to this situation is the filter guidance that 
has been the subject of considerable research and specifically addresses 
the condition of high turbulence in EM 1110-2-1901 (Headquarters, 
USACE 1993). Nonetheless, consideration must be given to what has 
worked at MCS and other information such as the breakwater guidance. 
Based on all factors, it is recommended that  

D15 of the riprap or cover layer = 2*d85 of the filter or under layer 
(recommended for MCS). 

This finding is strictly applicable to design of the under layer riprap 
beneath the derrick stone at MCS.  
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The resulting d85 of the under layer filter riprap is 2.6/2 = 1.3 ft. Of the 
MVD gradations, the R-400 gradation has upper and lower limits that 
contain the required d85 = 1.3 ft and is recommended. The R-400 should 
be placed to thickness equal to the maximum stone size of 20 in. The 10 in. 
gravel layer should use a gradation designed by the district or the same 
gradation used at MCS. A plot of the layered/derrick stone 2 and R-5000 
designs is shown in Figure 59.  

Figure 59. Dimensions of recommended layered stone protection. 
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Design of Spillways (Headquarters, USACE 1990). The peak bottom velocity 
from the velocity plots just downstream of the plunge pool slab was 
approximately 14–15 ft/sec. Using the Isbash equation given previously 
results in a W50 of 1700 lb and 2600 lb for 14 and 15 ft/sec, respectively. 
These weights are consistent with the 2300 lb for derrick stone 2 tested and 
found to be stable in the model.  

In summary, this is the recommended plunge pool riprap plan developed 
herein: 

1. Grouting of all existing derrick stone upstream of the plunge pool 
2. 80 ft of derrick stone 2 downstream of the 110 ft long plunge pool slab 
3. 100 ft of derrick stone 2 downstream of the 90 ft long plunge pool slab 
4. 100 ft of R-5000 lb MVD graded riprap downstream of the derrick stone 2 
5. R-400 lb MVD graded riprap under the derrick stone 2 and the R-5000 

MVD graded riprap 
6. R-1000 lb MVD riprap on the 1V:7H slope 

This riprap plan will remain stable for all operating plans tested including 
the tentative gate operation plan developed in Figure 35 that uses up to 20 
gates open at a tailwater of 46 using every other gate open as well as the 
gate operation plan with three adjacent gates open at a tailwater of 44.  

If needed-to-pass flood flows and non-plunge pool gates were not 
available, the derrick stone 2 and R-5000 lb graded riprap will remain 
stable for all 40 gates open in the plunge pool (not using end gates 42 and 
83) allowing plunge pool operation up to a tailwater of approximately el 
51.3 at a discharge of 400,000 cfs. The risk with using all 40 gates in the 
plunge pool at tailwater of el 51.3 is that scouring velocities on the 
unprotected floodplain will reach Q/area = 400000/[(40*31.25)*(51.3 – 
32)] = 16.6 ft/sec and some damage to the R-1000 lb riprap on the 
downstream end of the 1V:7H upslope would occur. It is likely that 40 
gates operating in the plunge pool at a tailwater of 51.3 would cause 
significant scour of the floodplain downstream of the 1V:7H upslope.  

The District proposes to place a key at the downstream end of the R-1000 
stone that provides a thickened section of riprap to minimize damage from 
scour downstream of the protection.  

The next section of the report will determine the scour protection 
downstream of the non-plunge pool gates.  
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10 Scour Protection for Gates Not Having the 
Plunge Pool 

Description of Changes to the Model and Applicable Range of 
Tailwater 

The plunge pool was removed from the model, and the 80 ft of grouted 
derrick stone just downstream of the end sill was replaced with loose 
derrick stone. Downstream of the 80 ft-long section of derrick stone, the 
floodplain at el 32 was modeled using the ¼ in. gravel used downstream of 
the plunge pool. The gravel extended 430 ft downstream of the downstream 
end of the ungrouted derrick stone. The bottom of the gravel was at el 12 for 
the first 100 ft, el 0 for the next 200 ft, and el 12 for the last 130 ft. 

The plunge pool testing showed that the plunge pool can be used to run up 
to 20 gates at a tailwater of approximately el 46 and keep average velocity 
downstream of the plunge pool on the unprotected floodplain to approxi-
mately 11 ft/sec as shown in Figures 35 and 56. This tentative plan of 
operation involved utilizing every other gate and no adjacent gates open. To 
prevent larger velocities on the unprotected floodplain downstream of the 
plunge pool, using more than 20 open gates needs to be accomplished with 
gates not having a plunge pool. Since using exactly 20 gates resulting in a 
tailwater of 46 as the breakpoint is relying on tailwater accuracy and precise 
gate operation that is not possible, protection for the non-plunge pool gates 
will be determined for a minimum tailwater of el 44. The model will also be 
used to identify (1) the tailwater where the existing ungrouted derrick stone 
is stable and (2) the tailwater where the floodplain downstream of the 
ungrouted derrick stone does not require additional protection.  

Determining the tailwater conditions at which scour of grassed earth will 
not be significant is difficult. Three factors will be considered in making this 
determination and are (1) extent of scour of gravel in the model (the validity 
of scour in the model is limited by the ability to model the scour charac-
teristics of grassed earth), (2) magnitude of velocity measured in the model, 
and (3) experience in the 2011 flood. Combining the just-mentioned items 2 
and 3, allowable velocity for scour was determined using velocity measured 
in the model at locations that did not experience scour in the 2011 flood. 
The non-scouring velocity, presented subsequently, was 11.5 ft/sec. The 
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prototype scour in the 2011 flood occurred in generally two days or fewer, 
and the scour from much greater duration is unknown. Use of velocity will 
help ensure that valid decisions are made about non-scouring conditions on 
the unprotected floodplain.  

Initial Tests of Existing Derrick Stone and Gravel Scour Indicator 

During the 2011 flood, the gates not having a plunge pool and having loose 
derrick stone were generally operated at tailwater exceeding 43.5 ft and 
operated with at least two closed gates between open gates with a few 
exceptions. In addition, these gates were generally operated no more than 
a total of 2 days. During these operations, the ungrouted derrick stone 
suffered damage but did not fail in a manner that would threaten the 
structure. However, a longer duration flood could have resulted in 
unacceptable damage. The model riprap used to simulate the ungrouted 
derrick stone just below the stilling basin needed to simulate the level of 
damage exhibited in the 2011 flood. This was essential because this study 
needs to determine the following: At what tailwater does the existing 
ungrouted derrick stone become stable? Because of the limited 
information about the actual gradation of the existing derrick stone, the 
model rock size had to be varied until it suffered damage similar to the 
full-scale rock. The gradations tested are shown in Figure 60 along with 
the gradation determined from a limited sample of measurements 
described previously. The first gradation followed the 2012 sample 
measurements and is labeled “Initial Derrick Stone–Tested in Model”. 
This gradation was placed in the model below gates 4–6. The model was 
run with gate 5 only for a range of tailwater for 9 hr at each tailwater. 
Although a few rocks moved, damage was far less than what occurred in 
full scale. The next gradation tested and shown in Figure 60 is labeled 
“Derrick Stone 2–Tested in Model” and is the same gradation used 
immediately downstream of the plunge pool slab. This gradation was 
tested with gate 5 only for a range of tailwater. The rock was damaged in a 
manner similar to the 2011 flood. Specifically, rocks were moved 
downstream, and a thinning of the rock blanket occurred just below the 
endsill as shown in Figure 61. Derrick stone 2 was then placed 
downstream of gate 10 and run for 9 hr at a tailwater el of 44. The rock 
was again damaged in a manner similar to the 2011 flood. The derrick 
stone 2 is accepted for modeling the damage to and stability of the existing 
derrick stone.  
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Figure 60. Rock gradations used to simulate damage to existing derrick stone during 2011 flood. 

 

Figure 61. Movement of derrick stone 2 and scour of gravel used as scour indicator.  
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Testing was conducted to determine the tailwater elevation at which the 
ungrouted derrick stone (simulated using gradation of derrick stone 2) will 
not be damaged as happened in the 2011 flood when tailwaters for non-
plunge pool gate operation were el 43.5 to 45.3. The model was started at 
tailwater el 50 and ran for 9 hr. The revetment was not damaged. The 
model was run at tailwater el 48 and ran for 14 hr, and the derrick stone 
was not damaged. The model was run at el 46 for 14 hr, and the ungrouted 
derrick stone 2 was damaged. From these tests, it was concluded that the 
existing derrick stone at MCS will be stable at tailwater elevation of 48 and 
above for a fully open gate. This finding is consistent with the stilling basin 
calculations presented previously showing a required tailwater of 49.3 to 
provide good stilling basin action. 

Figure 61 not only shows the riprap movement but also shows the large 
scour of the gravel material downstream of the derrick stone. With gate 5 
open and the same tailwaters that occurred in 2011, the gravel with top el 
of 32 scoured to the floor at el 12 and would have scoured farther if the 
floor had not been present. The scour in the model occurred after 9 hr of 
flow at tailwater of el 46 and 9 hr of flow at tailwater of el 44. The scoured 
depth was approximately 20 ft and greatly exceeded the scour depth that 
occurred in 2011. The same test was run with gate 10 and resulted in the 
same scour. While the model scour depth was greater, the rate at which 
the grassed earth in the full scale MCS reaches a near maximum scour 
depth is likely much slower than the rate in the model having granular 
material. This factor makes it difficult to conclude that the model scour is 
much more conservative than the full-scale scour. Even though the 
scoured depth of the gravel in the model is greater than full-scale scour 
depth, the scoured length downstream was not significantly greater than 
the lengths shown in Figure 15. 

As stated previously, scour downstream of the non-plunge pool gates 
ended about 400 ft downstream of the endsill. Maximum mid-depth 
velocities were measured in the model at 400 ft downstream of the endsill 
for a single gate open, HW = 59.5, and tailwater of 44 to simulate typical 
conditions with the non-plunge pool gates in the 2011 flood. One feature 
different with the pea gravel in the model from grassed earth in the full-
scale project is the deposition of scoured material in the model on the 
downstream end and sides of the scour hole as shown in Figure 61. In the 
full scale project, the scoured material is carried downstream. The 
mounded-up material in the model will adversely affect any velocity 
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measurements taken downstream of the scour hole. To eliminate this 
problem for this series of tests, the model was run for 3 hr, drained of 
water, and the mounded material was removed from around the scour 
hole. The model was run for another 3 hr, drained of water, and the 
mounded material was again removed from around the scour hole. The 
mounding during the second run was much less than the first run, and the 
downstream limit of scour was approximately 300–350 ft (close to the 
400 ft observed in full scale). The model was restarted, and the velocity 
was immediately measured before any significant mounding of material 
could take place. The velocity probe was moved laterally to find the 
maximum mid-depth velocity. A maximum value of 11.5 ft/sec was found. 
This study places a significant reliance on this velocity as the point at 
which scour of the grassed earth downstream of MCS is initiated. The 
designs and operating recommendations developed herein will attempt to 
get close to this value at the downstream end of the riprap protection. 
Velocities presented subsequently will also address the required tailwater 
for minimal scour of the unprotected floodplain.  

Next, the model testing was conducted to determine the tailwater elevation 
at which the floodplain downstream of the ungrouted derrick stone was 
not scoured in the model. The model was started at a tailwater of 50 and 
ran for 9 hr. The gravel scoured about 4 ft. The tailwater was raised to el 
52, and the model was run for 9 hr. The scour of the gravel was 
approximately 2 ft. Only at a tailwater of el 54 was scour of the model 
gravel negligible.  

Riprap-Only Plan of Protection Downstream of Non-plunge Pool Gates 

All tests with riprap downstream of the existing 80 ft of derrick stone were 
conducted with the existing derrick stone grouted since the 2011 flood 
resulted in damage and significant movement of the ungrouted derrick 
stone with a fully open gate. 

The initial test of riprap protection incorporated 200 ft of additional 
riprap protection using R-5000 lb MVD graded riprap. The top elevation 
of the riprap was at el 32. A small but unacceptable amount of stone 
movement occurred just downstream of the grouted riprap for a tailwater 
of el 44. Scour of the gravel in the model was present downstream of the 
200 ft of riprap and was 4 ft after 9 hr of flow at a tailwater of 44. 
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The upstream 100 ft of the MVD R-5000 lb graded riprap was replaced 
with the derrick stone 2 used below the plunge pool. Top of derrick stone 
was even with top of grouted derrick stone at el 32. As with the R-5000 lb 
graded riprap, a few stones were rolled downstream just below the grouted 
derrick stone.  

The top of the derrick stone 2 was lowered to el 30 for the first 50 ft 
downstream of the grouted derrick stone. No stones were moved for a 
tailwater of el 44. The transition back to the top elevation of 32 could be at 
the end of the 50 ft as tested in the model, at the end of the 100 ft of 
derrick stone 2, or at the end of the 100 ft of the R-5000 lb riprap. 

Velocities Downstream of Non-Plunge Pool Gates 

Velocities were measured with a pitot tube at 100 and 200 ft downstream 
of the endsill. The model simulated 200 ft of R-5000 riprap for the 
velocity measurements. With gate 3 only, velocities were measured at mid-
depth for tailwaters of el 44 and el 46 as shown in Figure 62. Note that 
velocities exceed 16 ft/sec for all combinations of tailwater and distance 
downstream.  

Figure 62. Velocities at mid-depth downstream of gate 3, tailwaters of el 44 and 
el 46, 100, and 200 ft downstream of endsill.  
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Velocities were also taken at a tailwater of el 46 with gates 3 and 4 open, 
gates 3 and 5 open, and gates 2 and 5 open as shown in Figures 63–65. At 
100 ft downstream, velocities exceeded 18 ft/sec for all gate combinations. 
At 200 ft downstream, velocities always exceeded 15 ft/sec.  

Figure 63. Velocities at mid-depth downstream of gates 3 and 4, tailwater of el 
46, 100, and 200 ft downstream of endsill.  

 

Figure 64. Velocities at mid-depth downstream of gates 3 and 5, tailwater of el 46, 
100, and 200 ft downstream of endsill.  
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Figure 65. Velocities at mid-depth downstream of gates 2 and 5, tailwater of el 46, 100, 
and 200 ft downstream of endsill. 
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Figure 66. Velocities at downstream end of grouted derrick stone for gate 3 open as a 
function of tailwater. Velocity measured at near bed and mid-depth.  

 

Velocities at mid-depth for gate 3 open were plotted as a function of 
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does not expand fast enough to result in significant reductions in velocity. 
Alternatives were tested in the model and are described in the following 
paragraphs. 

Figure 67. Decay of mid-depth velocity versus distance downstream for single gate fully open.  
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3. While riprap would be needed downstream of the new apron, it would 
likely be much smaller and not required for 200 ft. 

Type 1 Design JSB. The Type 1 design tested in the model is shown in 
Figures 68 and 69. The design consists of an 80 ft-wide concrete apron at 
el 32 and a single, large JSB centered on each gate bay. The initial block 
tested in the model is 15 ft × 15 ft × 15 ft. A large block was initially 
selected with the expectation that it could be reduced in size. Rather than a 
block, a U-shaped wall could also be used.  

Figure 68. Schematic of apron with Type 1 jet spreading blocks below non-plunge 
pool gates. 

 

Figure 69. Apron and jet spreading blocks in 1:22 scale model. 
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The operation of these non-plunge pool gates would be with first using 
gates having the JSB closest to the spillway. These blocks are placed on 
every other gate. The flow hits the first block and splits into a jet on each 
side of the first block. The jet on each side then hits the block on the 
second row and that jet then splits into a jet on each side. Rather than a 
single jet, the flow is broken into three jets (three jets rather than four jets 
because the jets in the middle tend to join together). A single gate was 
tested at tailwater as low as el 36.5, and flow conditions downstream could 
be protected with a modest amount of riprap. The Type 1 design was tested 
with two gates using 1 closed gate between the open gates at tailwater of el 
44, and flow conditions were acceptable. The two gates were also tested at 
tailwater of 52, and conditions downstream were almost tranquil. 
Velocities were not measured with the Type 1 JSB. 

Type 2 Design JSB. The Type 2 Design consisted of 10 ft × 10 ft × 10 ft 
blocks as shown in Figure 70. Each block was U-shaped in plan view with 
the bottom of the U upstream, and the block did not have a top. Each bay 
had an upstream JSB row centered on the gate opening and a downstream 
row centered on each pier. Riprap consisting of MVD standard gradation R-
1000 was placed for a distance of 100 ft downstream of the ungrouted 
derrick stone at a top elevation of el 32. Maximum mid-depth velocities 
were taken with the Type 2 design JSB at the end of R-1000 stone with a 
single gate open. Figure 71 shows a range of tailwaters. Velocities exceeded 
12 ft/sec at tailwater of approximately el 47. The R-1000 riprap was stable 
for all conditions tested.  

Figure 70. Type 2 JSB. 
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Figure 71. Peak velocities downstream of various JSB designs. 
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velocity was taken at a tailwater elevation of 46 and did not result in 
reduced velocity (Figure 71). 

Figure 72. Type 3 JSB. 
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Type 4 Design JSB. In the Type 4 Design (Figure 73), the only change 
from the Type 3 Design was the addition of a 10 ft high vertical wall 
attached to the face of the upstream row of blocks. Velocities are shown in 
Figure 71 and show a maximum mid-depth velocity of 8.6 ft/sec for a 
single gate open. The continuous vertical wall resulted in a large amount of 
flow going left and right parallel to the vertical wall.  

Figure 73. Type 4 JSB. 
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Figure 74. Type 5 JSB. 

 

Figure 75. Type 6 JSB. 
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Figure 76. Type 7 JSB. 
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of the structure, a total of 58 of the 125 gates would be fully open. The 
discharge for a headwater of 60 would be 540,000, and tailwater would be 
el 54.3. Based on the measured velocity with the Type 8 Design JSB, velocity 
would be approximately 11 ft/sec.  

Figure 77. Type 8 JSB. 
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for the non-plunge pool gates requires large riprap and still has large 
velocities on the unprotected floodplain. Four upper gate leafs were 
constructed for the model, and the model leaf is shown in Figure 78. The 
full-scale gate leaf is shown in Figure 79. The model gate leaf includes the 
details of the lower portion of the upstream face that would be important 
to discharge passage. The gate leaf has structural cross members on the 
upstream face where typical gates have a skin plate on the upstream face. 
One advantage of using the upper gate leaf is that the Froude number of 
flow entering the stilling basin tends to increase modestly and results in 
better energy dissipation characteristics of the hydraulic jump. Figure 80 
shows the gate leaf in operation with the vortex that forms upstream of the 
gate at the corner of the gate face and the pier on each side. The vortex 
forms only if the adjacent gate is closed. 

Based on the discharge rating tests in the model, the discharge with the 
upper leaf in place is reduced to 7700 cfs compared to 10,200 cfs for a fully 
open gate, amounting to 75% of the fully open gate discharge. These 
discharges are for upper pool equal to 60 and no submergence effects from 
tailwater. At the highest tailwater of 55.6 from a discharge of 600,000 cfs, 
the submergence effects are greater on the half-open gate, and discharge 
through the half-open gate (5015 cfs) is 57% of the discharge through the 
fully open gate (8820 cfs).  

Figure 78. Model upper gate leaf. 
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Figure 79. Upper gate leaf in full scale. 

 

Figure 80. Vortex upstream of gate. Adjacent gate at bottom of picture is not open. The 
vortex forms on both sides if the adjacent gates on both sides are not operating. 
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Figure 81 shows velocity taken downstream of gate 3 with the upper gate 
leaf in place. Comparing these velocities to Figure 66 for gate 3 fully open, 
velocities at the downstream end of the 80 ft of grouted derrick stone are 
reduced 57%–65% of the fully open gate velocity. The greater reduction of 
velocity than the reduction in discharge is due to the jet being 
concentrated in the center of the bay for a fully open gate and spread more 
uniformly across the bay with the gate leaf in place. The reduction in scour 
potential from 23 ft/sec mid-depth velocity (Figure 66, tailwater = 46, 
fully open) to approximately 13.5 ft/sec mid-depth velocity (Figure 81, 
tailwater = 46, upper gate leaf in place) is large since scour tends to vary to 
an exponent of at least the velocity squared.  

Figure 81. Maximum velocity downstream of single gate half open. 
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Two options are available to implement using the upper gate leaf to reduce 
flow. First, build a new upper gate leaf designed for continuous passage of 
flow. The new gate could incorporate a bottom-of-gate lip 1–2 ft lower 
than the existing upper gate leaf, and velocities would be low enough to 
require no additional protection downstream of the existing ungrouted 
derrick stone. The second option that was selected by the District was to 
evaluate the existing upper gate leaf for continuous use. The District 
studies have shown the existing gate leaf can be used for continuous 
operation.  

The requirements for riprap protection downstream of the half-open gates 
were investigated in the model. The existing ungrouted derrick stone was 
tested at tailwaters of el 44 and higher with the upper gate leaf in place 
and did not suffer damage. A tailwater of el 42 resulted in a small amount 
of displaced derrick stone. If the half-gate option is used at the MCS for 
the non-plunge pool gates, it is important that tailwater be at or above el 
44 to prevent damage to the existing ungrouted derrick stone. 

Immediately downstream of the 80 ft section of ungrouted derrick stone, 
scour of the pea gravel was significant, and velocities of about 16 ft/sec 
exceeded the 11.5 ft/sec used herein as the limiting velocity for preventing 
significant scour of the unprotected floodplain. Testing was conducted with 
100 ft of R-1500 lb riprap (see Table 4 for standard MVD gradations) placed 
to a thickness of 32 in. Top elevation of the rock was el 32. The R-1500 was 
stable for all conditions including tailwater as low as 42 for a single gate 
open, every other gate open, and adjacent gates open. The R-1500 was 
replaced with R-1000 lb riprap placed to a thickness of 28 in., also with top 
elevation of 32. The R-1000 lb riprap suffered severe failure at tailwater 
elevation of 44. Had the failure of the R-1000 been less severe, the R-1500 
would have been recommended for the MCS. The severe failure of the R-
1000 led to the conclusion that the R-1500 was likely close to failure. For 
that reason, the next larger size R-2200 lb riprap placed to a thickness of 
36 in. with top elevation of 32 is recommended for MCS if the upper gate 
leaf is used. The R-2200 is a graded riprap that will require a granular or 
geotextile filter beneath the riprap. A thickened section at the downstream 
end is recommended. A profile of the recommended riprap plan is shown in 
Figure 82. 
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Figure 82. Recommended riprap plan for upper gate leaf in place. 

 

With the tentative plan of plunge pool gate operation of 20 gates using 
every other gate open, the velocity on the unprotected floodplain when the 
first non-plunge pool gate is half open at a tailwater of 46 will be 
approximately 13.5 ft/sec. This exceeds the 11.5 ft/sec limit used for scour 
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Figure 83. Calculated hydrostatic pressure distribution on gate without flow and measured 
pressure on gate with flow. Headwater = 60. 

 

Figure 84. Parameters used in application of momentum equation to determine Fgate. 
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The linear momentum equation is rearranged to solve for gate force Fgate 
resulting in 

 ( )( ) / ( )( )gateF ρ Width y V y V γ Width y y   2 2 2 2
0 0 1 1 0 11 2  (17) 

where: 

ρ is density = 1.94 in ft/lb units 
  γ = 62.4 lb/ft3.  

Gate opening magnitude enters into this calculation through the discharge 
that was determined in the model. The linear momentum equation results 
in Fgate = 81707 lb. This analysis assumes crest is level at el 37.5 upstream 
and downstream of gate. This introduces little error in the analysis for the 
minimum tailwater condition that will result in the highest load.  

One concern of this analysis is that MCS gate has girders on the upstream 
side. To address this concern, piezometers were installed on the back side 
of the gate (Figure 85) in model to verify these calculations. The 
piezometer taps were connected to 1/8 in.-diameter (model) holes. The 
elevation of the holes is the elevation of the data points in Figure 83. The 
piezometers were near the center of the gate away from the vortices that 
form at the corner of the gate and each pier on the side of the gate. 

The measured pressures are shown in Figure 83 for tailwaters of 46, 48, 
and 50. The measured pressures follow the hydrostatic line until near the 
bottom of the gate at el 48.5, where the pressures drop toward zero at the 
lip where the pressure is atmospheric. This must be the case because of the 
exposure of the bottom of the gate to atmosphere on the downstream side 
of the gate. The closeness of the piezometer measurements to the static 
pressure line show the lack of influence of the girders and confirm the 
calculated gate load under flow conditions. 

This analysis is in agreement with the typical finding that the static load 
condition (without flow) results in the highest time-averaged load. It is 
recommended that the linear distribution of pressure shown by the 
hydrostatic pressure line be used to determine vertical variation of force 
on the gate. Although there may be a slight reduction on the sides, this 
distribution is recommended across the full gate width. 
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Figure 85. Piezometer taps on downstream side of gate to measure pressures on upstream 
side of gate while gate was in operation. Long, plastic tubes were connected to each of the six 

piezometer taps. Bolts shown in figure were placed in a short plastic tube when pressures 
were not being measured. 
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11 Summary of Options to Operate Structure 

General 

A determination must be made regarding how the structure should be 
operated over the full range of flows using both plunge pool and non-plunge 
pool gates with or without the upper gate leaf in place. Several important 
discharge/tailwater values should be emphasized when determining how to 
operate the structure and are listed in Table 15. 

Table 15. Important tailwaters and discharges for MCS. 

Tailwater 
Elevation Discharge, cfs Condition 

No tailwater to 
40 

0 to 80,000 Excellent energy dissipation in *PP. This statement applies 
primarily to fully open gates. However, the discharge limit 
for excellent energy dissipation in the PP for half-open 
gates was not investigated. 

44 and up 150,000 and 
up 

Existing loose derrick stone below the **NPP gates is 
stable for half-gate operation for this tailwater and above.  

40 to 48 80,000 to 
270,000 

This tailwater range results in the greatest attack of 
derrick stone 2 and R-5000 riprap below the PP. 

48  270,000 This is not a recommended operating condition, but this 
point needs to be documented. For tailwaters above 48, 
the existing loose derrick stone below the NPP gates is 
stable for a fully gate open. If left unprotected, the 
floodplain downstream of the loose derrick stone would be 
significantly scoured by this tailwater at fully open gate 
flow. 

54 520,000 This is not a recommended operating condition, but this 
point needs to be documented. For tailwaters above 54, 
the floodplain downstream of the existing loose derrick 
stone below NPP gates is stable for a fully open gate.  

*PP = plunge pool; **NPP = non-plunge pool. 

One factor influencing this study was not having the plunge pool model 
configuration after it was determined that half-gate operations would be 
used. While it would have been desirable, it was not felt to be needed to 
rebuild the plunge pool. A potential operating scenario was to run every 
other gate in the plunge pool fully open with a half-open gate between the 
fully open gates. This configuration was run in the model configuration 
having no plunge pool to examine flow stability both upstream and 
downstream of the structure for this gate-open condition. In the model, 
gates 8 and 10 were fully open, and gate 9 was half open. The headwater 
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was set at el 60, and tailwater was varied from 46 to 55.7. The upstream 
headwater was stable and had no surging of the water level. Vortices at the 
middle gate that was a half-open gate were small compared to half-open 
gates having a closed gate on each side. The downstream flow over the 
grouted derrick stone that would enter the plunge pool was completely 
stable with no surging. 

Three gate operating plans are presented in subsequent paragraphs. In 
these plans, velocity on the unprotected floodplain is calculated differently 
for plunge pool gates and non-plunge pool gates. The floodplain below the 
plunge pool begins 485 ft from the endsill of the structure, and flow will 
spread rather uniformly; total discharge/total flow area is used to quantify 
velocity on the unprotected floodplain. Flow area is based on the overall 
width of 41 gates. The floodplain below the non-plunge pool gates begins 
180 ft from the endsill of the structure, and flow will still be concentrated 
in individual jets. Figure 66 is used to determine velocity on the 
unprotected floodplain for fully open gate conditions. Figure 81 and Table 
14 are used to determine velocity on the unprotected floodplain for half-
gate-open conditions. 

Operating Plan A–Using Half-Open Gates 

Operating Plan A follows the tentative operating plan developed for the 
plunge pool presented previously in this report. Plan A results in higher 
velocities on the unprotected floodplain below the non-plunge pool gates 
than on the unprotected floodplain below the plunge pool gates. The 
primary drawback of Plan A is that velocities of 13.6 ft/sec occur on the 
unprotected floodplain when the first non-plunge pool gate is opened at a 
tailwater of 46. 

The first 150,000 cfs should be discharged through the plunge pool gates 
using up to 20 gates with the upper gate leaf in place. Do not use gates 42 
and 83 on each end of the plunge pool. Use every other gate in plunge pool 
such as gates 43, 45, 47, 49, 51, 53, 55, 57, 59, 61, 63, 65, 67, 69, 71, 73, 75, 
77, 79, and 81. Stagger the gates as shown in Figure 35. Tailwater at 
150,000 cfs will be approximately el 44. At 150,000 cfs and tailwater of el 
44, the average velocity on the unprotected floodplain downstream of the 
plunge pool gates will be about 150000/(31.25*41 gates*(44 – 32)) = 
9.8 ft/sec. 
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For discharges from 150,000 to 200,000 cfs, fully open the plunge pool 
gates having the upper leaf in place as needed. Tailwater at 200,000 cfs 
will be approximately el 46, and average velocity on the unprotected 
floodplain below the plunge pool will be approximately 11 ft/sec, and scour 
of unprotected floodplain should be negligible based on the 11.5 ft/sec 
limit velocity established from the 2011 flood. The tailwater of el 46 is the 
point at which non-plunge pool gates can be opened in Plan A.  

For flows from 200,000 to 352,000 cfs, start half opening every fourth 
(three closed gates between open gates) non-plunge pool gate, leaving the 
upper gate leaf in place. Balance the number of gates on the north and 
south ends. For example, open gates 2, 6, 10, 14, 18, 22, 26, 30, 34, and 38 
on the south end and 88, 92, 96, 100, 104, 108, 112, 116, 120, and 124 on 
the north end. Gates 40 and 41 on the south end and 84 and 85 on the 
north end are the transitions from plunge pool to non-plunge pool and 
should not be used. When the first non-plunge pool gate is opened at a 
tailwater of 46, mid-depth velocity on the downstream floodplain will be 
approximately 13.6 ft/sec as shown in Figure 81. At 352,000 cfs, 20 gates 
are fully open in the plunge pool, and 20 gates with the upper leaf in place 
in the non-plunge pool are open and will be discharging 203,000 cfs 
through the plunge pool gates and 149,000 cfs through the non-plunge 
pool gates. At 352,000 cfs, tailwater will be approximately el 50.1, and the 
mid-depth velocity on the unprotected floodplain downstream of the non-
plunge pool gates will be approximately 10.7 ft/sec based on using 
Figure 81. Average velocity on the unprotected floodplain downstream of 
the 20 plunge pool gates will be approximately 9 ft/sec.  

For discharges from 352,000 to 456,000 cfs, start half opening every other 
non-plunge pool gate, balancing the number of gates on north and south 
ends. For example, in addition to the already half-open gates, open gates 
4, 8, 12, 16, 20, 24, 28, 32, and 36 on the south end and 86, 90, 94, 98, 
102, 106, 110, 114, 118, and 122 on the north end. At 456,000 cfs, 20 gates 
are fully open in the plunge pool, and 39 gates (19 on the south, 20 on the 
north) with the upper leaf in place in the non-plunge pool are open and 
will be discharging 194,000 cfs through the plunge pool gates and 262,000 
cfs through the non-plunge pool gates for a total of 456,000 cfs. Tailwater 
will be approximately el 52.6 based on the revised tailwater rating curve. 
At 456,000 cfs and tailwater of el 52.6, the average velocity on the 
unprotected floodplain downstream of the plunge pool gates will be 
approximately 194000/(31.25*41*(52.6 – 32)) = 7.4 ft/sec. At 456,000 cfs 
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and tailwater of el 52.6, the mid-depth velocity on the unprotected 
floodplain downstream of the non-plunge pool gates will be approximately 
8 ft/sec based on Figure 81.  

For discharges above 456,000 cfs, adjacent gates must be used somewhere 
along the structure. These gates should be used with the upper gate leaf in 
place. The tailwater is high enough that the location of the adjacent gates 
is not critical because the magnitude of velocity on the unprotected 
floodplain is low. The locations of half-open, adjacent gates should be 
evenly spaced along the structure using plunge pool and non-plunge pool 
gates. To reach the full 600,000 cfs design flow, the 20 fully open gates in 
the plunge pool and 85 half-open gates in the plunge and non-plunge pool 
would be required. 

Operating Plan A using half-open gates is summarized in Table 16. 

Table 16. Summary of Operating Plan A with half-open gates. 

Required 
Discharge 
Range, cfs 

Tailwater 
Range* 

Number of 
PP gates 
fully open* 

Number of 
PP gates 
half open* 

Floodplain 
velocity below 
PP, ft/sec* 

Number of 
NPP gates 
fully open* 

Number of 
NPP gates 
half open* 

Floodplain 
velocity below 
NPP, ft/sec* 

0 to 
150,000 

None to el 
44 

0 0 to 20 0 to 9.8 0 0 0 

150,000 to 
200,000 

44 to 46 0 to 20  20 to 0 9.8 to 11 0 0 0 

200,000 to 
352,000 

46 to 50.1 20 0 11 to 9 0 0 to 20 13.6 to 10.7 

352,000 to 
456,000 

50.1 to 
52.6 

20 0 9 to 7.4 0 20 to 39 10.7 to 8 

456,000 to 
600,000 

52.6 to 
55.6 

20 0 to 7 7.4 to 6.6 0 39 to 78 8 to about 6.5 

*First value is for minimum discharge, and second value is for maximum discharge. A single value applies to both 
discharges. 

Operating Plan B–Using Half-Open Gates 

Operating Plan B keeps open gates confined to the plunge pool for a greater 
range of discharge and results in higher velocities on the unprotected 
floodplain below the plunge pool gates than on the unprotected floodplain 
below the non-plunge pool gates. The advantage of Plan B is that it limits 
floodplain velocity downstream of the R-2200 lb riprap below the non-
plunge pool gates to 12.5 ft/sec; that is close to the 11.5 ft/sec used herein for 
beginning of scour. In addition, the highest velocities on the unprotected 
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floodplain are at least 485 ft downstream of the endsill of the structure since 
they occur downstream of the plunge pool gates.  

The first 150,000 cfs should be discharged through the plunge pool gates 
using up to 20 gates with the upper gate leaf in place. Do not use gates 42 
and 83 on each end of the plunge pool. Use every other gate in plunge pool 
such as gates 43, 45, 47, 49, 51, 53, 55, 57, 59, 61, 63, 65, 67, 69, 71, 73, 75, 
77, 79, and 81. Tailwater at 150,000 cfs will be approximately el 44. At 
150,000 cfs and tailwater of el 44, the average velocity on the unprotected 
floodplain downstream of the plunge pool gates will be approximately 
150000/(31.25*41*(44 – 32)) = 9.8 ft/sec. 

For discharges from 150,000 to 270,000 cfs, fully open the plunge pool 
gates having the upper leaf in place as needed. To reach a total of 270,000 
cfs, also fully open gates 46, 52, 58, 64, 70, 76, and 82 for a total of 27 fully 
open gates open in the plunge pool. (An alternative is to half open nine 
gates.) Tailwater at 270,000 cfs will be approximately el 48, and average 
velocity on the unprotected floodplain below the plunge pool will be 
approximately 13.2 ft/sec. While this is 15% greater than the 11.5 ft/sec 
limit for no scour, this velocity is 485 ft downstream of the endsill and 
follows a gradual upslope contraction that will reduce turbulence and limit 
scour potential. The tailwater of el 48 is the point at which non-plunge 
pool gates can be opened in Plan B.  

For flows from 270,000 to 410,000 cfs, start half opening every fourth 
(three closed gates between open gates) non-plunge pool gate leaving the 
upper gate leaf in place. Balance the number of gates on the north and 
south ends. For example, half open gates 2, 6, 10, 14, 18, 22, 26, 30, 34, 
and 38 on the south end and 88, 92, 96, 100, 104, 108, 112, 116, 120, and 
124 on the north end. Gates 40 and 41 on the south end and 84 and 85 on 
the north end are the transitions from plunge pool to non-plunge pool and 
should not be used. When the first non-plunge pool gate is opened at a 
tailwater of 48, mid-depth velocity on the downstream floodplain will be 
approximately 12.5 ft/sec. At 410,000 cfs, 27 gates are fully open in the 
plunge pool, and 20 gates with the upper leaf in place in the non-plunge 
pool are open and will be discharging 268,000 cfs through the plunge pool 
gates and 142,000 cfs through the non-plunge pool gates for a total of 
410,000 cfs. Tailwater will be approximately el 51.6 based on the revised 
tailwater rating curve. At 410,000 cfs and tailwater of el 51.6, the mid-
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depth velocity on the unprotected floodplain downstream of the non-
plunge pool gates will be approximately 9 ft/sec based on using Figure 81.  

For discharges from 410,000 to 500,000 cfs, start half opening every 
other non-plunge pool gate, balancing the number of gates on north and 
south ends. For example, in addition to the already half-open gates, half 
open gates 4, 8, 12, 16, 20, 24, 28, 32, and 36 on the south end and 86, 90, 
94, 98, 102, 106, 110, 114, 118, and 122 on the north end. At 500,000 cfs, 
27 gates are fully open in the plunge pool and 39 gates (19 on the south, 20 
on the north) with the upper leaf in place in the non-plunge pool are open 
and will be discharging 256,000 cfs through the plunge pool gates and 
244,000 cfs through the non-plunge pool gates for a total of 500,000 cfs. 
Tailwater will be approximately el 53.6 based on the revised tailwater 
rating curve. At 500,000 cfs and tailwater of el 53.6, the average velocity 
on the unprotected floodplain downstream of the plunge pool gates will be 
about 256000/(31.25*41*(53.6 – 32)) = 9.3 ft/sec. At 500,000 cfs and 
tailwater of el 53.6, the mid-depth velocity on the unprotected floodplain 
downstream of the non-plunge pool gates will be approximately 7.4 ft/sec 
based on using Figure 81.  

For discharges above 500,000 cfs, adjacent gates will have to be used 
somewhere along the structure. These gates should be used with the upper 
gate leaf in place. The tailwater is high enough that the location of the 
adjacent gates is not critical because the magnitude of velocity on the 
unprotected floodplain is low. The locations of adjacent gates open should 
be evenly spaced along the structure using non-plunge pool gates. To reach 
the full 600,000 cfs design flow, the 27 fully opened gates in the plunge 
pool and 72 half-open gates in the non-plunge pool would be required. At 
this point, 27 gates are fully open in the plunge pool, and 72 gates with the 
upper leaf in place in the non-plunge pool are open and will be discharging 
239,000 cfs through the plunge pool gates and 361,000 cfs through the 
non-plunge pool gates for a total of 600,000 cfs. Tailwater will be 
approximately el 55.6 based on the revised tailwater rating curve. 

Operating Plan B using half-open gates is summarized in Table 17. 



ERDC/CHL TR-14-1 109 

 

Table 17. Summary of Operating Plan B with half-open gates. 

Required 
Discharge 
Range, cfs 

Tailwater 
Range* 

Number of 
PP gates 
fully open* 

Number of 
PP gates 
half open* 

Floodplain 
velocity below 
PP, ft/sec* 

Number of 
NPP gates 
fully open* 

Number of 
NPP gates 
half open* 

Floodplain 
velocity below 
NPP, ft/sec* 

0 to 
150,000 

None to el 
44 

0 0 to 20 0 to 9.8 0 0 0 

150,000 to 
270,000 

44 to 48 0 to 27 20 to 0 9.8 to 13.2 0 0 0 

270,000 to 
410,000 

48 to 51.6 27 0 13.2 to 10.8 0 0 to 20 12.5 to 9 

410,000 to 
500,000 

51.6 to 53.6 27 0 10.8 to 9.3 0 20 to 39 9 to 7.4 

500,000 to 
600,000 

53.6 to 
55.6 

27 0 9.3 to 7.9 0 39 to 72 7.4 to about 6.5 

*First value is for minimum discharge, and second value is for maximum discharge. Single value applies to both discharges. 

Contingency Plan Using Only Fully Open Gates 

All studies to date indicate that the use of half-open gates poses no 
problems. Recognizing that it is impossible to anticipate all possible 
problems, a contingency plan of operation was developed using only fully 
open gates.  

The first 270,000 cfs should be discharged through the plunge pool gates 
using up to 27 fully open gates. Do not use gates 42 and 83 at the ends of the 
plunge pool. Use every other gate in plunge pool such as gates 43, 45, 47, 
49, 51, 53, 55, 57, 59, 61, 63, 65, 67, 69, 71, 73, 75, 77, 79, and 81. To reach a 
total of 270,000 cfs, also open gates 46, 52, 58, 64, 70, 76, and 82. Tailwater 
at 270,000 cfs will be approximately el 48. At 270,000 cfs and tailwater of 
el 48, the velocity on the unprotected floodplain downstream of the plunge 
pool gates will be approximately 270000/(31.25*41*(48 – 32)) = 13.2 ft/sec. 
While some scour will occur, the 2011 velocities of approximately 24 ft/sec 
at the end of the derrick stone below the non-plunge pool gates and the 
observed scour show scour below the plunge pool should be small. 

By using 27 plunge pool gates resulting in a tailwater of 48, the tailwater 
has reached a level where the loose derrick stone below the non-plunge 
pool gates has reached a point of stability for a fully open gate. The R-2200 
below the non-plunge pool will likely suffer some damage from almost 
20 ft/sec velocity at the end of the ungrouted derrick stone when the first 
non-plunge pool gate is fully open at a tailwater of 48. The unprotected 
floodplain downstream of the R-2200 will suffer some scour from velocity 
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of approximately 16.5 ft/sec when the first non-plunge pool gate is fully 
open at a tailwater of 48. The stability of the existing derrick stone will 
ensure the integrity of the structure.  

For discharges from 270,000 to 456,000 cfs, open non-plunge pool gates as 
needed by balancing the number of gates north and south of the plunge 
pool. Do not use non-plunge pool gates 40, 41, 84, and 85 at transition 
between plunge and non-plunge pool gates. In addition, start with three 
closed gates between open gates such as 2, 6, 10, 14, 18, 22, 26, 30, 34, and 
38 on south end and 88, 92, 96, 100, 104, 108, 112, 116, 120, and 124 on the 
north end. These 20 non-plunge pool gates plus the 27 plunge pool gates 
will result in a flow of 456,000 cfs and a tailwater of 52.6. Discharge in the 
plunge pool will be 262,000 cfs, and discharge in the non-plunge pool gate 
will be 194,000 cfs. Velocity below the plunge pool at 456,000 cfs will be 
approximately 262000/(41*31.25*(52.6 – 32)) = 9.9 ft/sec. Velocity below 
the non-plunge pool gates at 456,000 cfs on the unprotected floodplain will 
be approximately 11.4 ft/sec based on Figure 66. 

For discharges from 456,000 cfs to 589,000 cfs, start opening every other 
non-plunge pool gate, balancing the number of gates on north and south 
ends. For example, in addition to the already fully open non-plunge pool 
gates, open non-plunge pool gates 4, 8, 12, 16, 20, 24, 28, 32, and 36 on 
the south end and 86, 90, 94, 98, 102, 106, 110, 114, 118, and 122 on the 
north end. At this point, 27 gates are fully open in the plunge pool and 39 
non-plunge pool gates (19 on the south, 20 on the north) for a total of 66 
fully open gates. At this point, tailwater will be 55.4. Discharge in the 
plunge pool will be 241,000 cfs, and discharge in the non-plunge pool gate 
will be 348,000 cfs. Velocity below the plunge pool at 456,000 cfs will be 
approximately 241000/(41 gates*31.25*(55.4 – 32)) = 8.0 ft/sec. Velocity 
below the non-plunge pool gates at 456,000 cfs on the unprotected 
floodplain will be approximately 10 ft/sec based on Figure 66. 

To reach the design flow of 600,000 cfs, two more fully open gates will 
need to be opened and can be located anywhere along the structure. 

The contingency operating plan using fully open gates is summarized in 
Table 18. 
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Table 18. Summary of Contingency Operating Plan with fully open gates 

Required 
Discharge 
Range, cfs 

Tailwater 
Range* 

Number of 
PP gates 
fully open* 

Number of 
PP gates 
half open* 

Floodplain 
velocity below 
PP, ft/sec* 

Number of 
NPP gates 
fully open* 

Number of 
NPP gates 
half open* 

Floodplain 
velocity below 
NPP, ft/sec* 

0 to 
270,000 

None to 48 0 to 27 Not used 0 to 13.2 0 Not used 0 

270,000 to 
456,000 

48 to 52.6 27 Not used 13.2 to 9.9 0 to 20 Not used 16.5 to 11.4 

456,000 to 
589,000 

52.6 to 
55.4 

27 Not used 9.9 to 8.0 20 to 39 Not used 11.4 to 10 

589,000 to 
600,000 

55.4 to 
55.6 

27 Not used 8.0 to 7.9 39 to 41 Not used 10 to about 10 

*First value is for minimum discharge, and second value is for maximum discharge. Single value applies to both discharges. 

Operating Plan A with Alternate Design 

One feature of all three operating plans is that the velocity on the 
unprotected floodplain at approximately 200,000–270,000 cfs and the 
resulting tailwater of 46–48 is at or somewhat above the 11.5 ft/sec limit for 
beginning of scour. An option available to the District to further minimize 
the likelihood of downstream floodplain scour is to extend the riprap 
protection downstream of the proposed 100 ft of R-2200 below the non 
plunge pool gates. Based on the rate of decay for velocity, the riprap would 
have to be extended approximately 100 ft. For this alternate design, 
Operating Plan A would result in a maximum velocity on the unprotected 
floodplain of 11 ft/sec below the plunge pool as shown in Table 16. Below the 
non-plunge pool gates, the riprap extension would result in velocities of 
approximately 85% of the velocities at the end of the R-2200 (based on 
Table 14). Peak velocity below the extended riprap would be 0.85*(13.6) = 
11.6 ft/sec when the first half gate is opened at a tailwater of 46 in Operating 
Plan A.  

This alternate design was not recommended because (1) the probability of a 
flood exceeding 200,000 cfs is low, and some scour is often allowable for 
extreme events as long as it does not threaten the structure, and (2) a 
maximum floodplain velocity of approximately 13 ft/sec in Operating Plan A 
or B is far below the 25 ft/sec velocity that occurred in 2011 that resulted in 
only modest scour on the unprotected floodplain below the non-plunge pool 
gates.  
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12 Summary and Conclusions 

The MCS experienced scour downstream of the structure during the two 
times it has been opened, 1973 and 2011. The MCS study reported herein 
was conducted to develop scour prevention measures downstream of the 
structure. The study has three specific objectives: (1) determine discharge 
rating for the structure, (2) develop plunge pool scour protection plan, and 
(3) develop non-plunge pool scour protection plan. The primary problems 
leading to scour at the MCS are low tailwater, increased headwater since 
the structure was built, and the need for only a few of the 125 gates to pass 
most floods (those utilized must be either fully open or closed). The 2011 
flood used a maximum of 17 gates at any one time to pass a peak discharge 
of approximately 170,000 cfs. 

The study used a 1:22 scale physical hydraulic model of the upstream 
approach, a 10-gate wide portion of the spillway and stilling basin, and the 
exit channel. The downstream exit channel was molded out of small gravel 
to evaluate scour patterns, and model limestone riprap was used to 
evaluate riprap stability. The model initially was configured to simulate a 
10-gate-bay width of the middle third of the structure having a concrete 
plunge pool downstream of the stilling basin. The model was reconfigured 
to simulate a 10-gate-bay width of the two outer thirds of the structure 
having only the stilling basin and not having a plunge pool.  

Discharge rating plots and equations were developed for four flow 
regimes: uncontrolled flow without submergence effects of the tailwater; 
uncontrolled flow with submergence effects; upper gate leaf in without 
submergence effects; and upper gate leaf in with submergence effects. The 
discharge rating was used to revise the estimate of discharge during the 
2011 flood. Based on the discharge rating, none of the 2011 discharges 
were affected by submergence from the tailwater. The revised discharge 
was approximately 6% less than the discharge using the 2011 rating 
curves. The revised discharge along with the 1951 tailwater rating curve 
was used to develop a revised tailwater rating curve. 

The plan of scour protection developed for the portion of the structure 
having a plunge pool is large stone protection downstream of the plunge 
pool. Specifically, the first 80–100 ft is 6000 lb top size derrick stone, 
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followed by 100 ft of 5000 lb top size graded riprap, followed by 105 ft of 
1000 lb top size graded riprap.  

The plan of scour protection developed for the portion of the structure not 
having the plunge pool will be an operational change and stone protection 
downstream of the existing ungrouted derrick stone. Analysis of the 
structure by the sponsor showed that the upper gate leaf can be left in 
place to reduce the discharge and, thus, scour potential of each gate. With 
the upper leaf in place, velocities downstream are approximately 60% of 
velocities for a fully open gate used in the 2011 flood. The model tests 
herein found no adverse flow patterns with the upper gate leaf left in-
place. The existing ungrouted derrick stone that was damaged by fully 
open gates in the 2011 flood was stable for the half-open gate. Stone 
protection consisting of 100 ft of 2200 lb top size riprap is required 
downstream of the existing 80 ft of existing ungrouted derrick stone. 

Three different operation plans were developed. For both plunge pool and 
non-plunge pool gates, operation using every other gate (no adjacent 
gates) will be used for all but the highest flows to prevent concentration of 
flow on the unprotected downstream floodplain. The gates having the 
plunge pool downstream will be the initial gates used to start discharge 
through the structure. Up to 27 of the 42 gates having the plunge pool will 
be opened prior to any gates that do not have the plunge pool. This plan 
allows floods of up to 270,000 cfs to be passed using only the plunge pool 
gates. The non-plunge pool gates will be opened next, leaving the upper 
gate leaf in place, for up to 78 of the 83 non-plunge pool gates to pass the 
design flow of 600,000 cfs. 

The study also indicated that although the 170,000 cfs in 2011 was a 
modest portion of the design flow of 600,000 cfs, the 170,000 cfs 
discharge in 2011 and resulting intermediate tailwater range resulted in 
the most severe conditions for downstream scour. At 600,000 cfs, 
tailwater is much higher, and velocities are much lower.  

The study did not find a gate operation configuration that had a significant 
reduction in downstream scour potential.  
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