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CHANNEL FLOW PROTECTION 



SECTION 32 PROGRAM 

STREAMBANK EROSION CONTROL EVALUATION AND DEMONSTRATION 

CHANNEL FLOW PROTECTION 

Hydraulic Laboratory Investigation 

PART I: INTRODUCTION 

1. Under the Section 32 Program, hydraulic research was conducted 

to demonstrate and evaluate several new and existing streambank protec

tion methods. These methods were tested to determine their ability to 

withstand the hydraulic forces imposed by channel flow and to qualita

tively compare the scour and depositional characteristics of the methods. 

The goal of this research was to study flow characteristics in alluvial 

river bends and identify any new protection techniques that can be recom

mended for field use and to provide additional improved design informa

tion for several existing protection techniques. 
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PART II: MODEL APPURTENANCES AND TEST PROCEDURES 

2. The model tests were conducted in a curved channel facility 

(Figure 1) having both sand bed and banks. Channel side slopes were 

initially molded to lV on 2H and point bars were placed on the inside of 

the channel bends. No attempts were made to reproduce soil conditions 

in t~he model but sand was recirculated through the channel to simulate 

bed--load movement . A discharge hydrograph (Figure 2) was developed to 

represent long periods of low flow followed by a short duration bank

ful l discharge and each type of protection was exposed to four repeti

tions of the hydrograph. 
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Figure 1. Curved channel facility 
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Figure 2. Model dis charge hydrograph 
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PART III: PERTINENT LITERATURE AND TEST RESULTS 

Flow Characteristics in Alluvial River Bends 

3. Design of bank protection for an alluvial channel bend requires 

knowl edge of the mechanics of flow in curved channels. Distributions of 

velocities and forces in a channel bend are important in designing the 

size or strength of a protection technique as well as the extent required 

for protection. Prediction of distribution of those parameters for rela

tivel y large projects can be undertaken in physical and mathematical 

mode l s. For smaller projects, simpler methods must be employed because 

of economics, time, etc. The purpose of this section is to investigate 

the design guidance that is available for the relatively small project. 

4. The prediction of maximum velocity that occurs in a channel 

bend is required for design of various bank protection techniques. The 

California Highway Department (1970) estimates impinging velocities on 

concave banks of channel bends to be 1-1/3 times the average stream veloc

ity. Rozovski (1957) has done work on flow in channel bends and concludes 

that the nonerosive velocity in a bend will be less than in a straight 

run by about 20 percent. This conclusion was based on comparing veloc

ities measured in a model channel bend and straight reach and by using 

movable-bed models to compare beginning of sediment motion in a channel 

bend and straight reach. Rozovski states regarding a movable-bed model: 

The results of the experiments disprove the assertion made by 
various authors that the cause of channel erosion in bends is 
the "impact" of the stream on the concave bank and that at 
the entry into a bend considerable erosion must take place. 
In actual fact, at the entry part of the bend ••• a certain rise 
of the bottom near the concave bank is observed. The most 
intensive erosion of the channel takes place near the exit 
of the bend, which, ••• is explained by the shifting of the 
maximum velocity toward the concave bank and its continuation. 

5 . Castle (1956) reported on measurements of several rivers in 

California relating the maximum attack velocities in channel bends to 

the mean channel velocity. The mean channel velocities were relatively 

low (~4.5 fps) and results are shown in Plate 1. At the maximum observed 
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average channel velocity of 4.3 fps, the maximum velocity observed in the 

channel bend was 7.9 fps or 1.85 times the average channel velocity. 

Castle also reported that short-term velocities ranged up to 50 percent 

greater than the long-term mean velocity. Al-Shaik (1964) conducted ex

tensive velocity measurements in curved concrete channels with mild 

slopes and low ratios of width/depth. The maximum velocity observed at 

the downstream end of the bend was approximately 20 percent greater than 

the mean channel velocity. 

6. Flow in channel bends has been described by the concepts of 

free and forced vortices (Einstein and Harder 1954), but techniques for 

applying these concepts to the longitudinal velocity distribution in 

natural channel bends could not be found in the literature. 

7. Velocities in the model alluvial channel were measured to de

fine the distribution throughout the channel bend. The model bend 

turned an angle of approximately 100 deg with a channel width/center-line 

radius ratio of 0.55. Cross sections shown in Plates 2 and 3 were formed 

by allowing the sand channel with riprap on the concave bank to reach 

equilibrium for the hydrograph shown in Figure 2. Riprap was then placed 

on the bottom and convex banks and velocities were taken with a pitot 

tube. The values shown in Plates 2 and 3 are the surface velocities/ 

average channel velocities for discharges of 2.8 and 9.0 cfs, respec

tively. These velocities range up to 1.8 times the average channel 

velocity in the downstream tangent of the curve. The maximum surface 

velocities are higher than the maximum impingement velocities discussed 

in paragraph 4 but close to the reported velocities by Castle in para

graph 5. Both the model channel and the bends studied by Castle were 

relatively sharp (large channel width/radius ratio) which partially ex

plains the high values of maximum velocity. 

8. Study of the shear distribution that occurs in a channel bend 

was conducted by Ippen et al. (1960) and Yen (1965). These results 

are valuable in the design of bank protection measures. Apmann (1972) 

presents available data relating the maximum shear/mean shear as a 

function of the channel width/center-line radius ratio in Figure 3. The 

following conclusions are drawn by Apmann: 
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a. The maximum shear increases with curvature ratio. 

b. 

c. 

d. 

Surface roughness increases maximum shear by about 
15 percent. 

Upstream conditions play a significant role in amplify
ing maximum shear if in successive curves there is a 
reversal of direction; this increase was on the order of 
30 percent. 

Combining these influences indicates that in a bend, max
imum shears might be 50 percent above the smooth trend 
line drawn in Figure 3. 

Also shown in Figure 3 are Apmann's (1972) results of the field studies 

on a reach of Buffalo Creek, New York, where cross sections and water-

surface profiles were measured to compute the maximum shear stress 

(averaged over the cross section) for the sharpest bends. These values 

agre'e closely with the laboratory results and appear to be consistent 

wit Ippen et al. data points for curves with a rough bed. 

9. The variation of tractive stress downstream of channel bends 

(Soil Conservation Service 1977) is shown in Figure 4. This curve is 
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Figure 4. Tractive stresses downstream of channel bends 
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based on limited data and does not reflect the effects of depth of flow 

or angle or curvature. 

10. Wylie, Alonso, and Coleman (1977), Simons, Li, and Schall 

(1979) and others have set the groundwork for understanding the stochas

tic properties of turbulent tractive forces but field application of re

sults to flow in channel bends is not yet possible. 

11. Parsons (1960) has conducted field studies of the complete or 

partial failure of established protection measures. Figure 5 was pre

sente!d by Parsons to describe the limits of attack in a channel bend. 

The reference line A-B is drawn along the eroding down-valley bank. In

stability of the bank represented by line A-B immediately alters the 

situation in the downstream bend. Stabilization of bank line A-B should 

precede the bend under study. 

The position of deposition point C in Figure 5 is an 
important consideration since it is logically asso
ciated with the beginning point of need for a rugged 
type of revetment. A rapidly migrating stream would 
leave the bank in this area in a raw condition. 
This superficially indicates the need for strong re
vetment much farther upstream than is truly the case. 
Common misjudgments in streambank-protection works 
are to revet this bank too far upstream and fail to 
go for enough downstream into the bend on the oppo
site side. 

Parsons observed that the erosive fo r ces begin to become severe at 

point B and reach a maximum one stream width away from reference 

line A-B. 

12. Model t ests were conducted to see if the limits of severe at

tack i n a channel bend could be defined and compared with the results by 

Pa rsons. This would a llow minimi zat i on of the amount of revetment re

quired in each bend . The first s eries of tests were directed at deter

mining the limits of attack along the str eam. The second series of 

tests were directed at determining the minimum height of revetment re

quired in the channel bend. 

13. In studying the limits of a ttack in the channel model, a rip

rap r evetment was placed along the concave bank at different distances 

both upstream and downstream from the channel bend in order to determine 
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Figure 5. Flow in channel bends after Parsons (1960) 

the minimum required for stability. The model bend had a water-surface 

width of 7 ft in the approach channel and turned an angle of approxi

mately 110 deg. The combinations that were tested are shown in 

Plates 4-8. The distance W shown in the plates refers to the average 

water-surface width in the approach channel. The reference line shown 

on each curve for locating the upstream end of the revetment represents 

the concept of Parsons. The distance to the downstream end of the 

revetment is referenced to the end of the channel bend. The result of 
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termi ating the revetment too soon on the downstream end is shown in 

Figure 6 (corresponds to Plate 6) where the right bank has eroded down

streaJn of the revetment. The result of not extending the revetment far 

enough upstream is shown in Figure 7 (corresponds to Plate 7) where con

siderable erosion occurred upstream of the revetment and flanking might 

event ally fail the revetment. The minimum distances for extension of 

bend revetment found to be stable in the model were an upstream distance 

of 1.0W and a downstream distance of 1.5W. Revetment downstream of the 

bend should possibly be extended to the crossover of flow to the oppo

site bank rather than some function of the channel width. These results 

are only qualitatively indicative of one condition and should be used 

with caution because of the many site specific factors involved in even 

one bend and flow condition. The significant finding of these tests is 

that money spent on protection techniques is better spent extending the 

protection downstream rather than upstream. 

Figure 6. Limits of attack showing effect of terminating 
revetment too soon on downstream end 
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Figure 7. Limits of attack showing effect of not extending revetment 
far enough upstream 

14 . Tests were conducted to determine the minimum height of 

revetment required for stability in the sand model . Revetments were 

placed at 40, 60 and 80 percent of the depth of flow at the maximum dis

charge above the toe in the sand model. A cross section is shown in 

Figure 8. The four hydrograph cycles were run through the model and 

only 80 percent H revetment resulted in a rate of erosion that was 

W. S. AT MAXIMUM Q 

40, •o, OR &O% H I 
Figure 8. Cross section of sand model 
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acceptable. However, the required revetment height would be greatly 

affected by soil type, level of vegetal cover, and shape of the hydro

graph. Use of a reduced height of protection would not apply where wave 

action (wind or navigation) was present. This concept is essentially 

the same as the riprap toe protection or reinforced revetment. 

15. Riverbed scour during passage of floods is a severe threat to 

protE!Ctive measures in an alluvial river. Many protective measures fail 

not because of high velocity or tractive force but due to undermining of 

the toe of the structure. Design guidance for scour protection generally 

statE!S that protection should be extended to the maximum depth of scour 

but no one has an accepted method for predicting scour depth. Leopold, 

Wolman, and Miller (1964) reference several case histories of riverbed 

scour during flood passage. The Colorado River near Lees Ferry experi

enced a flood during which the discharge went from approximately 5,000 

to 63,000 cfs; the bed scoured a maximum of 7 to 8 ft during the flood. 

The San Juan River experienced a flood in 1941 during which the dis

charge ranged from 635 to 59,600 cfs; the bed scoured a maximum of 10 ft 

during the flood passage. 

16. Blench (1957) states that maximum scour in channel bends mea

sured below the water surface of the peak flood is 1.7 times the regime 

depth of the approaching or upstream channel. This applies to a freely 

meandering channel without obstacles that interfere in any way with nor

mal meander curvature. Regime depth is used by Blench as the depth at 

the annual flood. 

17. Foley (1975) reports on a model and field investigation of 

scour in ephemeral streams. He concluded that scour during floods that 

is g1~nerally attributed to general scour over a long reach is likely due 

to bed-form migration in the stream. Measured scour depths in the field 

by Foley showed a maximum scour of 24 em below the normal bottom for a 

bank·-full depth of 23 em above the normal bottom. In a second runoff 

event a maximum scour of 66 em occurred for a bank-full flow depth of 

34 em. These measurements were compared with the amplitude of antidunes 

and shown to be within the range of computed antidune height. 

18. Crews (1970) reports on a commonly used rule which probably 

B-1-12 



has some ba s i s in pas t expe rience of placing prote ction down to 5 ft 

vertically below the existing bed. 

19. Alvarez (1977) reported an analysis of scour in channel bends 

based on very limi ted field data or application . Alvarez gives the equa

tion for the maximum depth of flow in the bend as: 

H = f;H max re 

where H = maximum depth of flow in the bend max 
t: = coeffi cient depending on width/radius ratio (see tabula-

H = re 

Coefficient f; 

tion below) 

maxi mum depth 

0.5 

3 . 0 

in the 

0.333 

2.57 

strai ght reach 

0.25 0.20 

2.2 1. 84 

0.166 

1.48 

* B = channel wate r-surface width in upstream straight reach. 

R = channel bend center-l i ne radius. 

This app r oach is similar t o the r egi me approach dis cussed by Blench. 

0 

1.27 

20 . Apmann (1972) investigated the relation between the maximum 

dep t h/ mean depth in a channel bend as a function of the width/radius 

ratio. Re sults from 18 different cross sections on Buffalo Creek, New 

York, are shown in Figure 9 along with predictive equations by Chatley 

(1 931), Bouss inesq, and Apmann (1972). The Apmann equation is: 

where 

h = maximum depth 
m 

h = me an depth 

h (n + 1)(w/r ) 
m o = 

h 1 - (1 I )n+1 - w r 
0 
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r = outer radius of curve 
0 

w = width of channel 

n = coefficient 

Figure 9. Relation of maximum 
depth to curvature ratio 

(Apmann 1972) 
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The coefficient n was found to be 2.5 for Buffalo Creek bends. Apmann 

suggests that the value n can be determined for a given stream for use 

in pr edicting maximum depths for flows larger than those for which data 

were collected. This maximum depth will then aid in the design of the 

dept of the toe of the bank protection required to prevent undermining. 

Grid 

21. The next protection technique tested in the model was the 

grid or honeycomb concept which would have an open bottom and top 

that could be square, rectangular, triangular, or possibly hexagonal. 

The inside of the grid could be empty, backfilled with native bank 

or bed material, or filled with rock much smaller in size than that re

quired for a standard revetment. Anchoring of the grid might be neces

sary if the material used to cons truct the grid was lightweight. This 

concept has been used in the USSR (Balanin and Bykov 1965) to protect a 
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navigation channel f rom wave a t t a ck of pass i ng s hips. The insides of 

the grids used were filled with small rock. The i dea behind the grid is 

that the sides will wi thstand and break up the forces generated by wave 

or channel flow. The key element in using the gr id is finding a con

struct i on material t hat will satisfy strength and cost requirements. 

Webster and Watkins (1977) reported on the use of plastic to construct a 

grid for providing a stable base for roadway construction. 

22. A plastic grid unit (Figure 10) was p l aced in the channel 

model to demonstrate and evaluate this concept. The grid was placed 

Figure 10. Plast i c model 
grid unit 

along the outer bank of the channel bend (Figure 11a) and the openings 

were filled with sand. The hydrograph was run through the model four 

times and the conditions after flow are shown in Figure 11b. The sand 

was removed from the individual cells and many of the grid units were 

moved off the bank. The greatest attack and resulting failure of the 

grid occurred at the toe of the slope. 

23. Next, the grid units were anchored to the bank and backfilled 

wi t h small rock at the upstream section of the bend and sand at the 

downstream section (Figure 12). The hydrograph was run through the 
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a. Before flow 

b. After flow 

Figure 11. Grid placed on concave bank 
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Figure 12. Anchored riprap-filled and sand-filled grids, before flow 

model four times and the sand-filled section received the most severe 

damage. Units on the upper portions of the bank were relatively stable 

with only some of the sand removed from the individual cells. Units on 

the lower bank failed because all the sand was removed from the individ

ual cells and because the toe was undermined. The riprap-filled section 

was stable on the upper bank and only a small amount of stone was re

moved from the lower bank units. However, failure resulted because of 

undermining of the toe of the bank. The grid concept also has potential 

for stabilizing banks subjected to wave attack, and wave tests were con

ducted under the Section 32 Program to evaluate the grid concept 

(Appendix B-8). 
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Riprap Toe Protection 

24. The next protection technique evaluated was riprap toe pro

tection or longitudinal stone dikes which is a component of reinforced 

revetment. This technique was used on several demonstration sites 

of the Section 32 Program. Riprap toe protection has potential for 

lower cost because only the lower portion of the streambank is protected. 

In one prototype installation on Batupan Bogue, Mississippi, bank shap

ing was not done and the riprap toe protection was installed after only 

clearing the bank. The idea behind this protection method is that the 

ripratp placed at the toe will protect against the more frequent low flows 

and ~~thstand the high-intensity attack that occurs at the toe of the 

bank. The upper bank could be vegetated to withstand the less frequent 

and less severe attack that occurs on the upper bank. Tiebacks are 

recommended wtth the toe protection to prevent flanking. The rock toe 

should have an amount of rock sufficient to launch to the maximum depth 

of scour. Unfortunately, generalized criteria for determining the maxi

mum depth of scour for a given flood event are not available (paragraphs 

15-20). Rock amounts used on streams in Mississippi have ranged from 

1-1/2 to 4 tons per linear foot of bank. Criteria on the height of the 

toe are also l imited. The observed or predicted annual flood stage is 

one possibility for sizing the toe. 

25. Riprap toe protection was placed in the sand model (Fig-

ure l 3a) to evaluate performance and compare with several prototype 

sites located in the Yazoo River Basin, Mississippi. The rock toe was 

placed approximately at the same height as the stage corresponding to the 

low flow (0.6 cfs) in the model. Four hydrograph cycles were run through 

the model and the after-flow condition is shown in Figure 13b. Consider

able toe degradation and launching of the stone occurred during the 

flow. Without tiebacks substantial erosion of the upper bank occurred 

which eveptually flanked the toe protection in the model. This erosion 

is similar to that observed in a Section 32 demonstration site located 

on Batupan Bogue, Mississippi, where riprap toe protection was used in 

a channel bend without tiebacks. The upper bank was graded but 
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a. Before flow 

b. After flow 

Figure 13. Riprap toe protection 
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vegetation had not established before a peak discharge occurred and 

severe erosion of the upper bank occurred. 

Riprap Hard Points 

26. Riprap hard points are a protection technique designed to pro

vide erosion resistance points that keep the higher velocities away from 

the channel boundary. Limited erosion is expected between the hard 

points but the proper spacing is achieved when this erosion reaches an 

equilibrium condition before flanking the hard point. Hard points have an 

advantage in that bank grading is not necessary and rock can be dumped 

over the existing bank to form the hard point. Research has been con

ducted by the MRD Mead Hydraulic Laboratory investigating the required 

spacing of hard points in straight or mildly curved reaches. Past field 

experience has indicated that hard points may not be effective in sharp 

channel bends because the increased angle of attack requires a close 

hard--point spacing to prevent flanking. One prototype site on the South 

Fork, Tillatoba Creek, Mississippi, had hard points in a sharp channel 

bend and significant erosion had taken place between the hard points and 

flanking was a possibility. 

27. Limited model evaluation of hard points in a sharp channel 

bend was conducted to supplement field observations. A series of hard 

point s were installed in the sand model in a 100-deg channel bend as 

sho~1 in Figure 14a. The spacing of the hard points was two times the 

depth of flow at the maximum discharge at the upstream end of the bend 

and t hree times the depth of flow at the downstream end of the bend. 

The f our hydrographs were run through the model and the after-flow con

dition is shown in Figure 14b. The bank experienced minor erosion be

tween the closely spaced hard points at the upper end of the bend. More 

seve1::-e erosion occurred between the hard point at the downstream end of 

the bend which was caused by the greater hard-point spacing and possibly 

more severe attack at the downstream portion of the bend. Considering 

the r elatively large amount of rock required for each hard point, a rip

rap r evetment would probably require less rock than hard points for pro

tecting sharp channel bends. 
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a. Before flow 

b. After flow 

Figure 14. Riprap hard points 
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Wire Fence Re t ards 

28. Wire fence retards are not a new idea for bank pr otection but 

have been us ed in the Section 32 Program because of the relative low 

cos t and potential for use by landowners. 

Retards are placed parallel to erodible banks of chan
nels on stable gradients where the prime purpose is 
to lessen the tangential or impinging stream veloci
ties sufficiently to prevent erosion of the bank and 
to induce deposition. As a remedial measure, the 
prime purpose may be deposition near the bank in deep 
channels or restoration of an eroded bank by accre
tion (Soil Conservation Service 1977). 

Fence-type retards are used on smaller streams of less frequent and 

shorter duration flood-flow attack. All-metal types, such as pipe- and

wire or rail-and-wire, are preferred over wire and wooden posts due to 

fire loss of wooden posts from vandalism or brush fires. 

The principal difference between fence retards and 
ordinary wire fences is that the posts of retards 
must be driven sufficiently deep to avoid loss by 
scour. Permeability can be varied in the design to 
fit the requirements of the location. For single 
fences, the factor most readily varied is the pat
tern of the wire mesh. For multiple fences, the 
mesh pattern can be varied or the space between 
fences can be filled to any desired height. 
Making optimum use of local materials, this fill 
may be brush ballasted by rock, or rock alone. 
(California Highway Department 1970). 

One problem observed by Bondurant (1977) was the formation of random 

gravel bars by high flows so that intermediate and low flows are di

verted through the fence to attack the bank . Illk (1963) reported that 

a single wire fence with 6-in. mesh was used on the lower Colorado River. 

Initially these structures were r easonably successful, because the river 

was still carrying a fairly high sediment concentration. However, as 

the channelization activities began to reduce the sediment load of the 

river, it was found that these structures no longer performed satisfac

to r ily. It soon became evident that with the velocities of 3 to 6 fps 

enco ntered along these banks, the sediment concentration in the flow 
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had to be about 700 parts per million to obtain adequate deposition. 

Steinberg (1960) reported a successful application of a single wire 

fence retard used on the Russian River. The 4-in. wire mesh fence was 

placed along the toe of a 10- to 15-ft-high bank and brush was placed 

between the bank and fence. Acheson (1968) reports that the height of 

the fence should be at about the annual flood level. O'Brien (1951) 

reported on both field and laboratory investigations of a pervious fence 

for bank protection. The following conclusions resulted from both the 

model and field studies: 

a. The amount of protection provided by a fence will vary 
with the size of the mesh of fencing, depth of water, lo
cation of fence in channel, amount of debris present, etc. 

b. A fence covered with debris or backed up with brush can 
be expected to give much more protection to the banks 
than the fence alone. 

c. Vegetation planted on the channel banks should add con
siderably to their protection. 

d. Tiebacks of impervious construction should give much more 
protection than those constructed of pervious material. 

e. Tiebacks of impervious construction placed at a 45-deg 
angle to the flow and pointing downstream are better than 
those placed normal to the flow. 

The model study indicated that a fence of about half the water depth in 

height proved as effective as one extending well above the waterline. 

However, no prototype experience relative to fence height was obtained 

in the field study. 

29. Several fencing schemes were evaluated in the sand model. A 

single-row wire fence retard with tiebacks is shown in Figure 15a. The 

tiebacks are used to prevent flanking and promote deposition behind the 

fences. The four hydrograph cycles were run through the model and the 

after-flow condition is shown in Figure 15b. Substantial toe scour took 

place at the base of the fence. This scour and the deposition and slough

ing behind the fence resulted in failure of several sections of the fence. 

30. Next a double-row wire fence similar to that used in proto

type sites on both Tillatoba Creek, Mississippi, and Gering Valley 

Drain, Nebraska, was placed in the sand model. The test reach is shown 
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Figure 15. 

a. Before flow 

b. After flow 

Single-row wire fence retard 
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in Figure 16a and consists of four different types. The first (upstream) 

section consists of a double-row wire fence without toe protection. The 

second section consists of a double-row wire fence with riprap placed on 

the channel side of the fence to provide toe protection. The third sec

tion consists of a double-row wire fence with riprap placed inside the 

fencing to provide toe protection. The fourth section consists of trees 

and debris anchored to posts at the toe of the slope. The hydrograph 

was run through the model four times and after-flow conditions are shown 

in Figure 16b. The unprotected fencing experienced degradation at the 

lower end of section 1 which would have ultimately failed the fence. 

Section 2 was in the area of most severe attack and considerable degra

dation occurred at the toe of the fence but the riprap launched and pro

tected the toe from undermining. The third section suffered minor at

tack at the toe and rock launched to protect the toe from undermining. 

The fourth section remained stable but did not experience as severe 

attack as sections 2 and 3. 
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a. Before flow 

b. After flow 

Figure 16. Double-row wire fence retard, anchored debris 
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PART IV: SUMMARY AND DISCUSSION OF RESULTS 

31. Maximum velocities along the concave bank of channel bends 

can range up to 1.8 times the average channel velocity based on observa

tions in several California rivers and the sand model used in this 

investigation. 

32. The maximum shear or tractive force that occurs in channel 

bends depends upon curvature ratio, surface roughness, and upstream con

ditions. Maximum values can range up to three times the average shear 

in the approach channel. 

33. The limits of attack in a channel bend were shown to begin 

at a point 1.0 channel width upstream of the reference line A-B in the 

sand model tests. The downstream limit was found to be 1.5 channel 

widths downstream of the end of the bend but this distance is probably 

related to the point of crossover rather than some function of channel 

width. 

34. Riverbed scour in channel bends is probably one of the more 

prevalent causes of failure of protective works placed in the prototype. 

The literature reveals several methods for computing the maximum depth 

in channel bends but none of these methods has been verified in the 

field to the extent that they may be used for design. 

35. The key to successfully using the grid concept is finding a 

construction material that will satisfy strength and cost requirements. 

Lightweight materials used in the model required anchoring. The grid 

concept is particularly useful when rock of an adequate size is not 

available and small rock is inexpensive and readily available. 

36. Toe protection with tiebacks was used successfully at many 

Section 32 sites. The required height of the toe and the volume of 

material required to prevent undermining are key design parameters that 

are being addressed in the field demonstration projects. Vegetation 

should be used to provide stability between tiebacks on the upper bank. 

Both riprap and gabions were used as toe protection in the model. 

37. Riprap hard points require close spacings in sharp channel 

B-1-27 



bends to prevent flanking but have the advantage of not requiring any 

significant bank preparation. 

38. Fencing is a low-cost method of bank protection that has been 

used for many years. Toe protection is essential and can be provided by 

rock placed at the toe of the fence or by extending the support post 

well below the anticipated scour. Regular maintenance is required. 
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SECTION 32 PROGRAM 

STREAMBANK EROSION CONTROL EVALUATION AND DEMONSTRATION 

BANK PROTECTION TECHNIQUES USING SPUR DIKES 

Introduction 

1. Spur dikes have been used extensively in all parts of the 

world as river training structures to enhance navigation, improve flood 

control, and protect erodible banks. A spur dike can be defined as an 

elongated obstruction having one end on the bank of a stream and the 

other end projecting into the current. It may be permeable, allowing 

water to pass through it at a reduced velocity; or it may be impermeable, 

completely blocking the current. Spur dikes may be constructed of 

permanent materials such as masonry, concrete, or earth and stone; 

semipermanent materials such as steel or timber sheet piling, gabions, 

or timber fencing; or temporary material such as weighted brushwood 

fascines. Spur dikes may be built at tight angles to the bank or cur

rent, or angled upstream or downstream. The effect of the spur dike is 

to reduce the current along the streambank, thereby reducing the erosive 

capability of the stream and in some cases inducing sedimentation between 

dikes. 

2. Although the use of spur dikes is extensive, no definitive 

hydraulic design criteria have been developed. Design continues to be 

based primarily on experience and judgment within specific geographical 

areas. This is primarily due to the wide range of variables affecting 

the performance of the spur dikes and the varying importance of these 

variables with specific applications. Parameters affecting spur dike 

design include: width, depth, velocity, and sinuosity of the channel; 

size and transportation rate of the bed material; cohesiveness of the 

bank; and length, width, crest profile, orientation angle, and spacing 

of the spur dikes. 

3. This report is concerned with the use of impermeable spur 

dikes as a bank protection technique in a concave bend of a meandering 

stream. Design guidance drawn from several sources and reviewed herein 
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is generally based on experience and judgment on a variety of rivers 

throughout the world. A model study was conducted to evaluate several 

parameters relating to spur dike design. This study was not a scale 

model of any particular stream and was intended to demonstrate quali

tat :lvely the effect of various parameters on bank protection. These 

parameters include the spacing-to-length ratio and the orientation 

angle. The effect of an apron or mattress at the toe of the dike was 

also demonstrated. 

Development of Spur Dike System Layout 

Angle of dike to bank 

4. The orientation of spur dikes (which is generally defined by 

the angle between the downstream streambank and the axis of the dike) 

has typically been determined by experience in specific geographical 

areas and by preference of engineers. There is considerable controversy 

as t o whether spur dikes should be oriented with their axis in an up

stream or downstream direction. Proponents of an upstream orientation 

cla:lm that flow is repelled from dikes pointed upstream while flow is 

attracted to the bank by dikes slanted downstream. Sedimentation is 

more likely to occur behind spur dikes angled upstream so that less 

protection is required on the bank and on the upstream face of the dike. 

Advocates of a downstream orientation argue that turbulence and scour 

depths are less at the end of the spur dike when it is angled downstream. 

In addition, the more a spur dike is angled downstream the more the 

scour hole is angled away from the dike. Trash and ice are less likely 

to accumulate on dikes angled downstream. To date there has not been a 

sufficiently comprehensive series of tests either in the field or by 

model to settle this controversy. Therefore, it is often recommended 

that spur dikes be aligned perpendicular to the flow lines. 

5. After reviewing spur dike applications in the rivers of Europe 

and America, Thomas and Watt (1913) concluded that the various alignments 

were probably of slight importance. Franzius (1927) reported that spur 

dikes directed upstream are superior to normal and downstream-oriented 
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spur dikes with respect to bank protection as well as sedimentation 

between the dikes. Water flowing over downstream-oriented spur dikes 

and normal to the axis is directed toward the bank, making submerged 

dikes with this alignment especially undesirable. A less adamant posi

tion was taken by Strom (1941), when he reported that the usual practice 

in New Zealand was to incline impermeable groins slightly upstream, but 

that downstream-oriented spur dikes had also been used successfully. 

Strom states that a spur dike angled downstream tends to swing the 

current below it toward midstream; this has a reflex action above the 

dike which may induce the current to attack the bank there. Thus, 

downstream-oriented dikes should only be used in series so that the 

downstream protection afforded by each dike extends to the one below it. 

The United Nations (1953) reported that the present practice was to 

construct spur dikes either perpendicular to the bank or to orient them 

upstream. This publication states that downstream-oriented dikes tend 

to bring the scour hole closer to the bank. An upstream dike angle 

varying between 100 and 120 deg was recommended for bank protection. 

The Indian Central Board of Irrigation and Power (1956), in their manual 

for river training, strongly discouraged the use of downstream-oriented 

dikes stating that a dike with such an orientation "invariably accentu

ates the existing conditions and may create undesirable results." Dikes 

with angles between 100 and 120 deg are recommended. Mamak (1964), 

reporting primarily on river training experiences in Poland, stated that 

dikes are usually set perpendicular to the flow or set upstream at 

angles between 100 and 110 deg. Lindner (1969), reporting on the state 

of knowledge for the U. s. Army Corps of Engineers, recommended perpen

dicular dikes except in concave bendways where they should be angled 

sharply downstream. Neill (1973) recommended using upstream-oriented 

dikes. After reviewing much of the literature on spur dikes Richardson 

and Simons (1973) recommended perpendicular spur dikes, suggesting that 

dikes with angles between 100 and 110 deg could be used to channelize or 

guide flow. Reporting on model tests and field experiences in Mexico, 

Alvarez recommended spur dikes with angles between 70 and 90 deg. 

In sharp or irregular curves the angle should be less, even as low as 
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30 deg. His studies indicated that upstream orientations called for 

smal ler separations between spurs to achieve the same degree of bank 

protection. In the United States, the U. S. Army Corps of Engi-

neers (1978) has generally oriented its spur dikes perpendicular or 

slightly downstream. On the Missouri River, dikes are generally ori

ented downstream with an angle of 75 deg. On the Red and Arkansas 

RivE~rs, dikes were placed normal to f l ow or at angles of 75 deg. The 

Memphis and Vicksburg Districts use perpendicular dikes. The St. Louis 

Dis t rict uses both perpendicular and downstream-oriented dikes. The Los 

AngE~les District (1980) uses dikes with an angle of 75 deg. As late as 

1979, Jansen (1979) concluded that there is no definite answer as to 

whe t her spur dikes should be oriented upstream or downstream, and recom

mended using the cheapest solution--that being the shortest connection 

bet~{een the end of the dike and the bank. This corresponds with 

Lindner (1969) who stated that there has not been a sufficiently compre

hensive series of tests either in the field or by model to conclude that 

any acute or obtuse angle for the alignment at dikes is superior or 

even as good as perpendicular to flow. 

Spacing of spur dikes 

6. The spacing between spur dikes has generally been related to 

the effective length (perpendicular projection) of the dike, although 

the bank curvature, flow velocity, and angle of attack are also important 

factors. The ratio of spur dike length to spacing required for bank 

protection is less than that required for navigation channels, as the 

pri1nary purpose is to move the eroding current away from the bank and 

not necessarily to create a well-defined deep channel. Design guidance 

frrnn several sources for spacing of spur dikes for bank protection is 

given in Table 1. 

Loca l Scour at Spur Dikes 

7. Intense vortex action is set up at the streamward end of a 

spu·r dike. Intermittent vor t ices of lesser strength occur along both 

the upstream and downstream faces of the dike. This turbulence causes 
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Spacing 

11 
2 to 2.51 

4 to 61 

31 

5.1 to 6.31 
2.5 to 41 

2 to 2.51 

1.5 
2.0 
2.5 

2 
4 

3 to 51 

Table 1 

Spur Dike Spacing for Bank Protection 

Type of 
Bank 

Concave 
Convex 

Concave 

Concave 

Straight 
Curves 

Concave 
Straight 
Convex 

Reference 

United Nations (1953) 
United Nations (1953) 

Richardson and Simons (1973) 

Grant (1948) 

Alvarez 
Alvarez 

CBIP (1956) 

Los Angeles District (1980) 
Los Angeles District (1980) 
Los Angeles District (1980) 

Neill (1973) 
Neill (1973) 

Strom (1941) 

Comment 

General practice 
General practice 

Bank may need 
rip rap 

Levee protection 
with riprap 

If two or more 
dikes 

bed material to be suspended, where it becomes easier for the current 

to carry it downstream. The depth of the scour hole that develops 

around the spur dike and the angle of repose of the bed material are 

the primary factors which determine the extent of bank erosion in the 

vicinity of the dike (Figures 1 and 2). Thus, it is necessary to make 

an estimate of anticipated scour at the nose of the spur dike in order 

to provide for a spur dike length that is greater than the length of the 

scour hole. 

8. Currently an established procedure for predicting scour depths 

at the nose of spur dikes is lacking. The most reliable design pro

cedure would be to estimate scour depths based on experience with 



APPROACH CURRENT 

INTERMITTENT 
VORTICES 

Figure 1. Flow patterns at spur dike 

ADDITIONAL SCOUR 
SCOUR BY BY INTERMITTENT 
PRIMARY VORTEX VORTICES 

Figure 2. Scour hole profile along spur dike 

similar situations in the stream in question. Movable-bed models may 

be used to give indications of relative scour depths. In the absence 

of any guidance from the field or models, one of several predictive 

equations may be used to obtain a rough estimate of scour depth. 

9. Several investigators have proposed equations for predicting 

scour depths at the nose of spur dikes. These equations were derived 

from tests in laboratory flumes with limited verification by prototype 

testing. Prototype data are very difficult to obtain due to filling of 

the scour hole on the recession limb of flood hydrographs, and the 
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general unpopularity of obtaining data at high river stages when un

comfortable and dangerous working conditions prevail. Some of these 

equations are listed below; see various references for details and 

limits of applicability. 

- (Q\0.33 
1. ys-k f.) 

2. 

3. 

4. 

5. 

6. 

7. 

k varies between 0.8 and 1.8 

y = k (L)o.33 
s Fbo 

k varies between 2.0 and 2.75 

K (~) Fn Y B n 
2 

8.375y __1Q __!_ (

D )0.25(B )0.83 

y B2 

L - = 2.75 
y 

(y -y) ]1.70 } _.:;.s ___ + 1 - 1 
y 

B1 original channel width 

B2 constricted channel width 
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Inglis (1949) 

Blench (1969) 

Ahmad (1953) 

Garde et al. (1961) 

Liu et al. (1961) 

Gill (1972) 

Laursen (1962a) 



drag coefficient 
A'Y D 

1.33 s 50 
w 2 p 

n
50 

= median grain size 

Blench's "zero bed factor" function of grain size 

Froude number 
v 

f Lacey silt factor 

g acceleration due to gravity 

k function of approach conditions--varies with investigator 

K function of C --varies between 2.5 and 5.0 
D 

L effective length of spur dike 

n = function of C --varies between 0.65 and 0.9 
D 

Q total stream discharge 

q discharge per unit width at constricted section 

r = assumed multiple of scour at dike compared with scour in a long 
contraction--taken to be 11.5 by Laursen 

v = average velocity in unconstricted section 

y average depth in unconstricted section 

ys equilibrium scour depth measured from the water surface 

A1' difference in specific weight between sediment and water 
·s 

P mass density of water 

w settling velocity of sediment 

10. There is a general lack of agreement among investigators as 

to which parameters are most important in determining scour depths. 

Early investigators found that the contraction ratio and velocity were 

the most significant parameters. Laursen (1962b) maintains that when 



there is sediment movement upstream of the spur dike (which would be 

true for most alluvial streams but not necessarily true for many labora

tory flumes) the scour depth is independent of the contraction ratio and 

velocity and is primarily a function of the upstream depth and the 

length of the dike. Liu et al. (1961) and Cunha (1973) also determined 

that the contraction ratio was not important once sediment movement was 

established; however, Liu et al. considered velocity to be an important 

parameter with or without sediment movement. Confusing the issue, in 

recent studies by Garde et al. (1961) and Gill (1972) it was determined 

that the contraction ratio was an important parameter, with or without 

sediment movement. Gill concluded that velocity was not an important 

parameter; Garde concluded that it was. There is an equal division 

of opinion on the importance of bed material size. Inglis (1949), 

Blench (1969), Garde et al. (1961), and Gill (1972) found grain size to 

be important. Laursen (1962b), Liu et al. (1961), and Ahmad (1953) de

termined sediment size to be insignificant. These equations are based 

primarily on results from laboratory testing on a single spur dike in a 

straight flume. Thus, the effect of current attack angle is generally 

neglected. Inglis, Blench, and Ahmad provided for a variable coefficient 

to account for severity of attack, and Laursen and Garde provided for ad

justments to account for the orientation angle of the spur dike axis. 

None of the predictive equations presented herein has attained any wide

spread acceptance, and it is likely that the contestable issues will 

remain unsettled until sufficient prototype data are obtained. 

Demonstration Model Study 

11. Model tests were conducted in a 130- by 50-ft sand bed flume. 

A meandering stream with three bends was molded in the flume as shown in 

Figure 3. The channel top width was 8 ft with an average depth of 

0.24 ft. The stream sinuosity was 1.6 and the slope was 0.0012. A 

constant discharge of 2.7 cfs was recirculated through the model except 

for one test when a discharge of 4.6 cfs was used. There was bed-load 

movement in the model but no suspended load. The bed material was a 
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Figure 3. Streambank erosion test facility 

medi um sand and was recirculated. Velocities were measured at middepth 

with a paddle-wheel velocity meter. The spur dikes were made of sheet 

metal representing any relatively narrow impermeable structure. The 

strE!am was returned to approximately its original shape at the beginning 

of each test. Lines, 0.4 ft apart, were spray-painted along the bank 

for reference. A constant discharge was then run for 24 hr through the 

model. Most of the significant scour and bank erosion had occurred at 

the end of 8 hr, after which additional changes occurred slowly so that 

essentially equilibrium conditions had been achieved by the end of the 

test period. Effects of various spur dike spacings and orientation 

angles were then compared. 

Effect of the Coarse Fraction of the Bed Material 

12. The sand used in the model study was a uniform medium sand 

(D50 = 0.45 mm). Gradation curve of the sand was obtained by standard 

methods (Figure 4). The sand was not sieved prior to being placed in the 

model and thus may be assumed to represent a typical river sand deposit. 

13. At the conclusion of each series of tests an armor layer of 

coarse material was observed in the scour holes formed at the spur 

dikE!S. The grain diameters of the material in these scour holes, as 

shown in Figure 5, varied between 3 and 30 mm. Thus, all of the armor 
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material is larger than d95 and much of the material i s larger than 

the maximum size determined in the original gradation analysis. Since 

the development of this armor layer will affect the potential for scour, 

it i s important that the very coarse fraction of streambed material be 

identified and considered in the design of spur dikes and other struc

tures subject to extensive local scour. 

Effect of Dike Angle 

14. Spur dikes with a constant length of 2.2 ft and spacing of 

9 f t were set at different angles in order to demonstrate the effect on 

bank erosion in a concave bend. Tests were run with dike angles of 60, 

75, 90, 105, and 120 deg (angle defined in paragraph 5 and Figure 6). 

Effects of dike angle on scour depth, bank erosion, and deflection of 

flow were analyzed. 

15. The scour depth was found to be more severe for spur dikes 

with an upstream orientation than for those with a downstream orienta

tion. There was some variability in the extent of armor layer develop

men in the various tests, so that smooth design curves were not 

devE~loped. Results are shown in Figure 6 and conform to the generally 

accepted trend as reported by Tison (1962), Laursen (1962b), Ahmad (1953) 

and Garde et al. (1961). Scour holes for spur dike angles at 60, 75, 

105 ,, and 120 deg are shown in Figures 7-10, respectively. These figures 

ind:lcate that short spur dikes with upstream orientations are just as 

suseeptible to scour as those with downstream orientations. Also, there 

is no indication that the scour hole is closer to the bank for spur 

dikes pointed downstream. 

16. The effect of spur dike angle on surface flow patterns was 

demonstrated. These patterns are shown in Figures 11-14 for angles of 

60, 75, 105, and 120 deg, respectively. It is apparent that larger 

edd:les are present on the upstream side of spur dikes oriented upstream. 

This may afford some protection to the spur dike root. However, erosion 

at he spur dike root is also a function of the extent and depth of the 

scour hole. Since scour depths are greater for spur dikes with an 
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Figure 7. Scour hole patterns; spur dike angle 60 deg 

- f'lOW DIRECT/ON 

Figure 8. Scour hole patterns; spur dike angle 75 deg 
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Figure 9. Scour hole patterns; spur dike angle 105 deg 

Figure 10. Scour hole patterns; spur dike angle 120 deg 
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Figure 11. Surface flow patterns; spur dike angle 60 deg 

Figure 12. Surface flow patterns; spur dike angle 75 deg 

B-2-16 



Figure 13. Surface flow patterns; spur dike angle 105 deg 

Figure 14. Surface flow patterns; spur dike angle 120 deg 



upstream orientation, the potential benefit provided by the upstream 

eddy may be canceled out by the increased size of the scour hole. The 

spur dikes angled downstream were more successful in directing the flow 

toward the center of the channel, thus providing protection for a greater 

distance downstream. 

17. The effective length (projection normal to the current) ap

parently is a more significant factor than the spur dike angle in pro

viding bank protection. Figures 7-14 demonstrate that bank erosion is 

more severe with orientation angles at 60 and 120 deg than with angles 

of 75 and 105 deg. It may therefore be concluded that the spur dike 

should be oriented perpendicular to the bank to obtain the most effective 

bank protection. 

Spacing-Length Ratio 

18. In the demonstration model the riverward ends of the spur 

dikes were initially set a specific distance from the bank. As the 

testing proceeded, bank erosion occurred between the spur dikes. The 

ratE! of erosion was rapid at the beginning of the test but was fairly 

stable after 24 hr. At the conclusion of testing the distance from the 

riverward end of the spur dike to the eroded bank was measured and used 

to determine a relatively stable spacing-length ratio. The initial and 

maximum final spacing-length ratios for each test are plotted in Fig

ure 15. Data indicated that for the conditions in the demonstration 

mode!l (Q 2.7 cfs, F = 0.4), the optimum spacing to length ratio was 
n 

about 3 to 1. 

19. The spacing-to-length ratio is a function of the approach 

velocity and discharge. This was demonstrated in the model by in

creasing the discharge from 2.7 to 4.6 cfs and allowing the model to run 

for 24 hr. With this higher flow the optimum ratio was reduced to about 

2 to 1. These results serve to emphasize the need to study proposed 

bank protection with spur dikes on a site specific basis , using experi

ences in similar conditions or a model study. 

20. The effectiveness of the spur dike in deflecting flow away 
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Figure 15 . Spacing-length ratio; dike angle 90 deg 

from the bank decreases as the length-spacing ratio increases. The 

eddy pattern set up between dikes is illustrated in Figure 16. With a 

t ype 1 circulation pattern the main current is deflected outside of the 

spur dike field, and a single eddy develops between the dikes . This 

pattern is optimum for navigation projects because a continuous deep 

channel is maintained along the face of the spur dike field. With a 

type 2 circulation pattern a second eddy appears, but the main current 

is deflected outside of the spur dike field. As the distance between 

the dikes increases, a type 3 pattern develops in which the main current 

is directed at the dike itself, creating a much stronger eddy behind the 

dike and greater turbulence along the upstream face and at the spur dike 

nose. When a type 4 pattern develops, the stability afforded to the up

stream dike is washed out and a single strong reverse current develops. 

With a type 5 pattern the flow diverted by the upstream spur dike is 

directed at the bank between the dikes. Eddies form on both sides of 
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Figure 16. Flow patterns between dikes 
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this flow, providing some protection to the bank. As the spacing in

creases to type 6, the downstream eddy ceases to provide protection to 

the bank and the current attacks the bank directly. The flow pattern 

between the dikes is also dependent on the angle and velocity of the ap

proach current. 

21. In the demonstration model, the maximum velocity against 

the bank in the spur dike field was approximately 40 percent of the 

maximum velocity measured against the bank in a similar concave bend 

protected by riprap. This percentage was slightly lower when the 

spacing-to-length ratio was near 1.5 and slightly higher when the ratio 

was 3.0. This relationship is shown in Figure 17. The reduction of 

depth and velocity against the bank between the spur dikes may make 

additional bank protection requirements minimal or unnecessary alto

gether, depending on conditions at specific sites. 
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dike angle 90 deg 
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Scour Prediction Equations 

22. Data collected for two flow conditions in the demonstration 

model were used to compare several equations that have been proposed to 

predict local scour at spur dikes. In the model, scour at four dikes 

with an initial spacing to length ratio of 4.1 was evaluated for model 

discharges of 2.7 and 4.6 cfs. With a discharge of 2.7 cfs, the Froude 

number of the upstream channel flow was 0.4 and the average depth of 

flow was 0.24 ft; the maximum final spacing-to-length ratio was 3. With 

a d:lscharge of 4.6 cfs the initial Froude number and depth of flow were 

0.5 and 0.31 ft, respectively, and the maximum final spacing-to-length 

rat:lo was 2. Data from the model tests were used to calculate scour 

using several equations; results are tabulated in Table 2. These tests 

were not intended to verify or recommend any of the several equations 

for use, but to demonstrate the possib le deviations that may occur be

tween actual and predicted scour depths. 

Table 2 

Comparison of Predictive Equations for Scour 

at Nose of Spur Dikes 

Method Q = 2.7 cfs 

Demonstration model 2.0-3.9 
(I~ dikes, S/L 4.1) 

0 

Inglis (1949) 4.5-10.2 
(0.8 < k < 1.8) 

Blench (1969) 4.3-5.9 
(2.0 < k < 2.75) 

Ahmad (1953) 3.7-4.3 
(moderate bend) 

Garde et al. (1961) 3.0 

Liu et al. (1961) 2.9 

Gill (1972) 3.2 

Laursen (1962a) 5.3 
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Q = 4.6 cfs 

2.9-5.2 

4.2-9.4 

3.9-5.4 

3.8-3.9 

3.1 

2.8 

2.7 

4.8 



Effect of Stone and Gabion Aprons 

23. In order to minimize the severe scour that occurs at the toe 

of a spur dike, mattresses and aprons are often used. These may be 

constructed of willows, stone, or rock-filled wire baskets. The effect 

of a riprap apron was demonstrated in the model; the apron (of 5/8-in. 

rock) was placed around the toe of the dike at a radius of 0.5 ft (ap-

proximately twice the initial average depth) at a thickness of 0.08 ft. 

Initial placement and conditions after 24 hr of testing are shown in 

Figures 18 and 19, respectively. The apron did not significantly affect 

the amount of bank erosion or the maximum scour depth. However, the 

point of maximum scour was moved away from the toe of the spur dike and 

slightly downstream, substantially improving the structural integrity of 

the spur dike. 

24. Gabion aprons were also demonstrated in the model. The 

gabions in the model, 0.5 ft long, 0.12 ft wide, and 0.04 ft thick, were 

made of standard aluminum screen and filled with crushed rock passing 

and retained on No. 4 and No. 8 sieves, respectively. In the model the 

gabions were not tied together as they would be in prototype installa

tions, so the separation of gabions that occurred in the model may not 

be representative of larger scale applications. Initial placement and 

conditions after 24 hr of testing are shown in Figures 20 and 21, re

spectively. As with the stone aprons, bank erosion and maximum scour 

depths were not affected significantly by the gabion aprons. However, 

even with separation of the gabion baskets the point of maximum scour 

was moved away from the toe of the spur dike. 

Comparison of Scour Depths 

25. In the demonstration model, a comparison was made of scour 

depths in a concave bend protected by riprap to the depths created with 

a spur dike field. As shown in Figure 22, scour depths are considerably 

greater at the toe of spur dikes. However, model tests by Liu et al. 

(1961) indicated that the scour depths at vertical wall dikes, such as 
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Figure 18. Initial placement of stone apron 

Figure 19. Final conditions for stone apron after 24 hr 

B-2-24 



Figure 20. Initial placement of gabion apron 

Figure 21. Final conditions for gabion apron after 24 hr 
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those used in the demonstration model, are about twice the size of scour 

holes produced at spur dikes with sloping upstream and downstream sides 

and a rounded sloping nose. The sloping shape is typical of earth and 

rock-fill dikes with riprap protection. 

26. Based on these investigations there was no apparent correla

tio between the spacing-to-length ratio and the maximum scour depth. 

Apparently the scour depth is primarily a function of the magnitude and 

direction of the approach current, discharge, depth of flow, and the 

orientation angle of the dike. 

Conclusions 

27. General design guidance cannot be developed from the demon

stration model study. Limitations of the study included steady flow, 

with only two discharges, a single approach angle, and relatively uniform 

bed material and no suspended load. Keeping in mind these limitations, 
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several conclusions were reached as a result of the model study. 

28. Spacing-to-length ratios as high as three may be effective in 

protecting concave banks with spur dikes; however, some type of minimal 

protection may be needed along the banks. Spacing-to-length ratios for 

specific projects are best determined by previous experiences in similar 

circumstances or site specific model studies. 

29. Spur dike roots should be protected from scour caused by 

vortices set up along the upstream and downstream faces. 

30. The spur dike should be aligned perpendicular to the bank or 

current. However, slight orientations upstream or downstream had little 

effect on bank erosion in the demonstration model. 

31. Aprons are effective in limiting the depth of scour at the 

spur dike's toe; however, maximum scour depths and bank erosion in the 

demonstration model were similar, with and without aprons. Larger 

aprons may yield different results. 

32. The development of a scour hole at the toe of the spur dike 

may be retarded by the formation of an armor layer. This armor may 

develop from the very coarse size fractions of the bed material, a size 

fraction that should not be neglected when bed material samples are 

taken and analyzed. 

33. Site specific model studies will provide useful information 

with respect to velocity reduction against the bank and relative scour 

tendencies. 

34. Existing equations for scour prediction at spur dikes are 

questionable when applied to dikes in concave bends. 
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BANK PROTECTION TECHNIQUES USING GABIONS 



SECTION 32 PROGRAM 

STREAMBANK EROSION CONTROL EVALUATION AND DEMONSTRATION 

WORK UNIT 3 - HYDRAULIC RESEARCH 

BANK PROTECTION TECHNIQUES USING GABIONS 

1. A series of tests was conducted at the U. S. Army Engineer 
Waterways Experiment Station (WES) to evaluate the effectiveness of 
several schemes of using gabions for bank protection. Specifically, 
efforts were directed at evaluating the use of gabions for hard points 
or toe protection similar to the way riprap is used for hard points or 
toe protection at several prototype sites in the Vicksburg District . 

2. The facility used in the tests is shown in Photo 1. The 
channel had a 5-ft bottom width, 1V-on-2H side slopes, and a depth of 
0.8 ft. The test section in the channel was a 30° bend with a radius 
of 22 .5 ft. A point bar was molded in the bend to concentrate the flow 
on the outside bank of the bend. The bend was preceded by a 40-ft-long 
straight reach having the same cross section. All test channels were 
molded in sand having a median diameter of 0.45 mm. Although no sand 
was fed at the entrance of the flume, the test section received sub
stantial bed load due to scour in the straight reach preceding the test 
section. 

3. Each design was tested at a series of runs with increasing dis
charges while the depth of flow was held constant at 0.5 ft. This 
resulted in an increase in the average stream velocity and total dura
tion of exposure to flow. The ratio of depth of flow to material size 
was 340. Model discharges, time steps, and resulting average velocities 
were as follows: 

Run Q Time Average Velocity 
No. cfs hr fps 

1 2 .0 0- 4 0.67 

2 2.5 4- 8 0.83 

3 3.0 8-12 1.00 

4 3.5 12-16 1.17 

5 4.0 16-20 1.33 

6 4.5 20 - 24 1.50 

Photographs were taken before run 1 and after run 6. 

4. The first test was conducted without any bank protection in 
order to establish a base condition with which to compare various 
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protective methods. The before-flow condition is shown in Photo 1 and 
the results after run 6 are shown in Photo 2. The unprotected channel 
experienced considerable erosion and became wider and shallower as a 
res lt of the flow. 

5. The first protection tested was a series of gabion hard points 
con ected with a row of gabions at the toe of the channel side slope. 
The gabions were wired together and the gabion hard points were anchored 
with cables at top of the bank. The approach channel and test section 
wit gabions before flow are shown in Photo 3. The approach channel was 
protected with riprap toe protection to prevent excessive erosion of the 
cha nel banks. The test section with gabions in place and anchored is 
sho1.m in Photo 4. The gab ions were spaced at intervals of 1. 6 ft (2 x 
bank height) at the beginning of the curve. The spacing was reduced to 
1.2 ft (1.5 x bank height) in the area of maximum attack and increased 
to 1.6 ft downstream of the channel bend. This protection after run 6 
is shown in Photo 5. The model gabions were not as flexible as they 
would be in the prototype, resulting in the "bridging" shown in Photo 5. 
This scheme of protection might be more effective if two or three rows 
of gabions were used instead of one for both toe protection and hard 
points. 

6. The second protection tested was another series of gabion 
hard points spaced at greater intervals than in the first test series. 
The test section with gabions in place and anchored with cables to top 
of the bank is shown in Photo 6. The gabion hard points were spaced at 
intervals of 3ft (3.75 x bank height) at the beginning of the curve. 
The spacing was reduced to 2 ft (2.5 x bank height) in the area of 
maximum attack and increased to 3 ft downstream of the channel bend. 
This protection after run 6 is shown in Photo 7. The greater spacing of 
the gabion hard points resulted in more severe erosion. 

7. The third protection tested was a "toe protection only" scheme 
with four rows of gabions laid along the toe of the channel bank as 
shown in Photo 8. This protection after run 6 is shown in Photo 9. 
Because sand was used in the model bank, severe erosion took place on 
the upper bank. However, the gabions were effective in maintaining the 
integrity of the material at the toe of the channel bank and might work 
well in the prototype if the upper bank can withstand the infrequent 
attack that occurs during high runoff events. The upper bank stability 
would depend upon soil cohesiveness, vegetation, etc. 

8. An innovative protection method similar to the "toe protection 
only" has been used on Antelope Creek and Dead Man's Run in Lincoln, 
Nebraska, by the Lower Platte South Natural Resources District. Both 
of these are major drainage channels located within the metropolitan 
area of Lincoln. A typical cross section illustrating the technique 
is shown in Figure 1. 
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9. No attempt was made to establish definite scale relations for 
use in these tests. This was because the ratio of depth of flow to 
material size was different in model and prototype and because of the 
problems involved in relating the rate of erosion of a model with sand 
bottom and bank to the rate of erosion of a prototype having bottom 
and bank with different characteristics. Therefore, no spacing for 
the gabion hard points or design velocities were determined from these 
tests . These tests were intended to demonstrate certain bank protection 
measures having the potential for low cost rather than to determine 
specific design criteria. The effectiveness of different hard-point 
spacing and flow velocities can be evaluated from specific prototype 
demonstration sites (existing or future). Gabion protection may be 
used as shown in WES TR H-75 - 19, "Fourmile Run Local Flood-Control 
Project; Alexandria and Arlington County, Virginia," in urban areas 
and where total bank protection is required. 
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Figure 1. Typical cross section of Antelope Creek and Dead Man's Run, Lincoln, Nebraska 



Photo l. Test facility 
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Photo 2 . Erosion of unprotected channel 
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Photo 3. Approach channel and test section with gabions before fl ow 
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Photo 4. Gabion hard-point protection No. 1, before f low 

Photo 5 . Gabion hard- point protection No. 1, after flow 
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Photo 6. Gabion hard-point protection No. 2, before flow 

Photo 7. Gabion hard-point protection No . 2, after flow 
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Photo 8. Gabion toe protection before flow 
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Photo 9. Gabion toe protection after flow 
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MOVABLE BED MODEL STUDIES 



SECTION 32 PROGRAM 
STREAMBANK EROSION CONTROL EVALUATION AND DEMONSTRATI ON 

MOVABLE BED MODEL STUD IES 

I NTRODUCTION 

1. Seven movable bed model studies were conducted at the Missouri 

Ri ver Division's Me ad Hydraulic Laboratory under Work Unit 3 of the 

Sect i on 32 Program. The purpose of the model studies was to obtain 

general inf ormation which would aid in t he design and evaluation of 

the differen t met hods and techni ques for bank protection proposed for 

the Mi ssouri Riv e r demonstrat i on s i tes . Model studies were conducted 

on the following ba nk protection methods: 

a. Windrow revetment (2 model studies) 

b. Vane Dikes 

c. Hard Points (2 model studies) 

d. Reinforced Revetment (2 model studies) 

2. The following sections of this report contain a general 

description of the Me ad Facility and individual reviews of the model 

studies on the above four types of bank protection methods. 
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A. MEAD HYDRAULIC LABORATORY 

3. The Mead Hydraulic Laboratory is located at the University 

of Nebraska Field Laboratory near Mead, Nebraska. It is operated as 

a joint use project under a special lease arrangement between the 

Uni"ersity of Nebraska and the U. S. Army Corps of Engineers. The 

primary facility consists of a model area and related equipment 

utilized by the Corps of Engineers for movable bed model investi

gat:Lons for the development and maintenance of the navigation channel 

of the Missouri River. This facility was designed specifically to 

pennit rapid investigations of problem areas dealing with erosion or 

sed:lment deposition in the Missouri River. 

4. The model facility is inclosed in a building 100 feet wide 

and 160 feet long. See Photo 1. Five miles or less of river can be 

mod1~led within these confines. Portable wall sections are used to 

fonn the interior boundaries of the particular river model under 

investigation. Light\Veight ground walnut shells are used to simulate 

the stream bed and banks. Water and ground walnut shells are simul

taneously recirculated through the model during testing thereby 

simulating both the water and sediment transport of a natural river 

sys em. 

5. The portable wall sections forming the boundaries of the 

r iVt;!r model allow a large degree of flexibility in laying out various 

riv1~r shapes and alignments. These sections are inverted T-shaped 

lengths of pre-cast concrete, four feet long and two feet in height. 

The sections are equipped with necessary mountings to attach railings 

and auxiliary measuring equipment to the top or sides of the walls. 

See Photo 1. Once the general alignment of the prototype reach has 

been established, the sections are sealed to each other and to the 

floor with water proofing compound. At the completion of a study, 

they may be taken apart, and reused for the next model investigation. 

This method of construction permits rapid changes from one model 
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Photo 1. General view of the interior of the Mead Hydraulic Laboratory. The model shown in the photo is 
of the navigation channel at the junction of the Kansas and Missouri Rivers near Kansas City, Missouri. 
Model ~lls are formed from individual inverted T sections of pre-cast concrete. Bank and bed material of 
model is ground walnut shells. Bridge assembly for sonic sounder is shown in left center with X-Y plotter 
at right of bridge. Stilling well stand for water surface monitoring in center of photo. Water surface 
monitoring devices not visible through sediment laden water. Recirculation line in background with pump 
assembly at right. 



layout to the next, thus cutting down considerably on the time 

be t'veen model studies. 

6. The material normally used for the stream bed and channel 

banks at the Mead Laboratory are ground walnut shells which have a 

speeific gravity of 1.3. This lightweight material is commercially 

ava;llable in various size gradations. The gradation selected for use 

at the Mead facility has a median grain size of 0. 30 mm. The mate

rial has several operational advantages. Because of its relatively 

light weight, the length of time necessary for the model to reach an 

equ:llibrium condition is greatly reduced (about 8 hours). The 

material is suspended at rather low velocities, 0.3 fps, and thereby 

simulates suspended sediment transport. By controlling the grada

tion, the particle size distribution for the Missouri River sand and 

the ground walnut shells can be made almost identical, even though 

the specific gravity varies significantly between the two materials. 

Photomicrographs of the two materials illustrated in Photos 2 and 3 

indi cate the shape factors are similar . 

7. The laboratory has two complete water recirculation systems, 

thus permitting two general investigations to be carried out simul

tanl~ously. Both systems are equipped with variable speed controls, 

and the discharge rate is controlled by adjusting the pump motor 

speed and a gate valve in the discharge line. Photo 4 shows a view 

of the pump assemblies. The water in a model is recirculated by one 

of the pumps through a piping system connecting the sump area of the 

do~tstream end of the model to a delivery point near the upstream 

entrance to the model. The sediment in the model is recirculated 

with the -water. If necessary, sediment may either be added or 

extracted from the flow at some pre-determined rate near the upstream 

or downstream end of the model. Normally, no positive control of the 

sed:lment transport rate is attempted. The rate is then established 

by the relationship between the hydraulic characteristics present in 

the model at a given time. This last method of operation has been 
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Photo 2. Photomicrograph of 
ground walnut shells. Grid 
size: 0.39 mm. 

Photo 3. Photomicrograph 
of Missouri River sand. 
Grid size: 0.39 mm. 

Photo 4. Two pumps, equipped with 15 and 20 H.P. motors, recir
culate the water and sediment through the system. Gate valve at 
right of pumps used to adjust discharge. Water supply to facility 
furnished through pipe in foreground. 
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used almost exclusively in the studies performed to date, and has 

proved satisfactory for investigations involving problems associated 

with the bed configuration of alluvial channels. 

8. There is no tailgate structure used in this system. Either 

one of two methods is used to control the water depth in the model. 

In the first method, the water surface elevation, and therefore the 

depth, at the midpoint of the model is held constant by adding or 

extracting water from the system. Many different flow velocities, 

water surface slopes, and bed slopes are obtainable for the same 

depth using this method. The second method imposes a predetermined 

water surface slope on the model by monitoring the difference between 

the water surface elevations at two locat i ons. If this difference is 

grE!ater than desired, water is added to the system. If the differ

enc.e is less than desired, water is extracted. This method permits 

thE! model to react to changes in discharge much like a natural river, 

in that the depth of flow is a function of the discharge. 

9. The total sediment transport rate is monitored while the 

model is in operation. A tube is inserted in the recirculation line 

and pointed into the flow. A variable speed pump is used to withdraw 

samples of water and sediment (walnut shells) at the same velocity as 

thE~ average velocity in the recirculation line. The water and sedi

ment mixture is pumped into an inverted cone where the sediment is 

al owed to settle to the bottom. The clear water overflow from the 

cone is drained back into the sump area. The material which settles 

to the bottom is extracted from the inverted cone and weighed. 

Several samples obtained over equal time increments are collected and 

model transport rates determined. 

10. The water surface slope is measured with a series of moni

toring devices spaced along the model channel. The monitoring 

devices are connected by plastic pipe, buried in the bed material, to 

a ntand of individual stilling wells in which the water surface 
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elevation at each channel location is measured with a point gage. 

The difference in the water surface elevations through the model is 

usually less than 0.1 feet over 150 feet with velocities less than 

0.6 fps. Photos 5 and 6 show a water surface monitoring device and 

the stilling well stand. 

11. Point velocities are obtained at specified intervals across 

the model channel at key cross section locations during the tests. A 

standard "pigmy" meter is used to obtain these velocities. The dis

tribution of the flow across the channel is then determined from the 

point velocities and compared to the distribution of flow similarly 

determined at the prototype locations. This information is used to 

adjust the model such that the flow distribution in the model is 

similar to that in the prototype and also to check the repeatability 

of the model during subsequent testing. 

12. Cross sections in the model are obtained through the use of 

an echo-sonic depth sounder. This device uses high frequency water 

borne sound waves generated and received by a piezoelectric ceramic 

transducer. The time differential between transmission of sound and 

reflection of the sound wave or echo is used to indicate distances to 

specific reflecting surfaces. The transducer is mounted in the end 

of a three foot probe. The probe is attached to a moveable carriage 

which is traversed across a bridge spanning the width of the model. 

See Photo 7. The carriage containing the probe is pulled across the 

bridge by means of an endless cable powered by a variable speed 

motor. A potentiometer attached to the cable drum outputs a voltage 

proportional to the probe location on the bridge. The two output 

voltages, one from the transducer, and the other from the poten

tiometer serve as the inputs to an X - Y plotter and to an area 

integrator device. See Photo 8. As the carriage containing the 

transducer moves across the bridge, a complete cross section of the 

model channel is dev~loped by the plotter. In addition the channel 
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Photo 5. Water surface elevation monitoring devices such as shown 
in photo are normally located at 10-foot intervals throughout the 
mod,el and are connected by plastic pipe to stilling wells at a 
central location. 

Photo 6. Stilling well stand where water surface elevations from 
model are measured with a point gage and recorded. 
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Photo 7. Depth sounding apparatus used to obtain model cross 
sections. Probe and carriage mounted on bridge at left in photo. 
Drive controls and assembly for endless cable to traverse probe and 
carriage are at upper right. 

Photo 8. X-Y recor der and electronic equipmen t used to record model 
cross sections and area of model cross sections. 
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area below the water surface is calculated by an electronic inte

grator. Channel cross sections and areas at other locations are made 

by rolling the bridge assembly to other positions along the model. 

13. Data from the cross sections are used to draw contour maps 

of the channel bed. These contour maps are then visually compared to 

a contour map of the prototype area. During the verification tests 

the~se contour maps are used in conjunction with the flow distribution 

dat.a to show that the model is similar to the prototype. During the 

tee:ting, the contour maps are used to illustrate the effect on the 

bed configuration of the various model changes. 

14. Additional data and documentation of model tests are 

obtained from photographic techniques. These include: 

a. Before and after photos of the model to illustrate 

changes. 

b. Time exposure photos to show the magnitude and direc

tion of surface velocities. 

c. Time lapse movies which compress many hours of testing 

int o a few minutes for study and briefing purposes. 

15. All of the above mentioned modeling techniques may not have 

be(!n used during each of the Section 32 model studies. Modifications 

or additional techniques were required during some of the studies. 

Th(ase are discussed in the following sections. 
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B. WINDROW REVETMENTS 

16. This section presents results of model studies on a windrow 

revetment erosion control structure. A windrow revetment is defined 

as a blanket of stone which forms when a windrow of stone, placed 

along a riverbank at or below the ground surface behind an eroding 

channel bank line, is undermined by erosion causing the stone to drop 

into the channel. See Plate 1. As long as a sufficient quantity of 

stone is available from the windrow, the stone will pave the bank 

thereby armoring the bank line against further erosion. More con

ventional bankline revetments are constructed by: 

a. Digging a trench landward of the bank line and placing a 

blanket of stone on the side slope of the trench. 

b. Dumping of stone directly into the stream. 

17. The windrow revetment has the following advantages over the 

more conventional methods. 

a. Complex site preparation is not required. 

b. Stone may be added to or removed from the windrow as 

conditions dictate. 

c. Manipulation of the stone is reduced. 

d. A minimum amount of stone required to arrest the ero

sion process will be used. 

18. Objectives. The objectives of the model tests were to 

determine: 

a. The mechanics of the formation of the ultimate shape. 
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b. A relationship for the minimum application rate or 

quantity of stone per foot of bank line required to form a permanent 

revetment. 

c. The effect of different windrow cross sections on the 

final shape of the revetment. 

d. The effect of stream velocities on the final shape of 

the: revetment. 

e. The effect of stone size and gradation on the formation 

of the revetment. 

f. The effect of bank height on revetment formation. 

g. The utility of using windrows of stone to develop seg

mented revetments as opposed to continuous revetments. 

THE: MODEL 

19. This model study was of a general nature. The purpose of 

thE! model study was to provide general design information on the 

windrow revetment. Two different bed materials, fine sand and finely 

ground walnut shells, were used during the investigation. See 

Table 1. 
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TABLE 1 

AVERAGE BED MATERIAL CHARACTERISTICS - MODEL 

d Specific 
Material Limits* b( f t) Gravity 

Sand 11100 < ~ < liB .0020 2.65 

Ground Walnut 

Shells 11140 < ~ < 1130 .00094 1.31 

* U. S. Standard Sieve Si ze 

20. Model Layout. The model was formed in a basin filled with 

bed material. See Plate 2 and Photos 9 and 10. Two bends of equal 

radii were used to form an "S" shaped model configuration. The "S" 

shape model was selected to simula t e those flow characteristics 

encountered in natural alluvial streams. A radius of curvature was 

selected to represent one of the worst possible natural conditions, 

a forced bend, in order to insure that the model banks would erode. 

The average range of the ratios of the radii of curvature to the 

channel widths for forced bends varies from 2.5 to 3.0. Considering 

this type of bend and the space available, the model bends were con

structed with a radius of 14.5 feet and a channel width of 5 feet. 

The bank lines in the upper bend and the right bank of the lower bend 

were armored to maintain a fixed channel geometry. The left bank in 

the lower bend w.as not fixed and was permitted to erode. This erod

ible section of the model was used to test the windrow revetment 

erosion control method. 
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Photo 9. Reconstruction of sand bed model. Horizontal bar in mid
section of photo fixed at left to center point of curve. Right end 
of bar free to slide along outside edge of basin. Person at right 
sli.ding end of bar while person in channel removing excess mate
ri~u from in front of template attached to bar. 

Photo 10. Reconstructed sand bed channel prior to start of run 3 . 
Flags were used initially to locate center line of windrow at 1 foot 
intervals. 
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21. Sediment Recirculation. A stilling basin was constructed 

in the sand bed model between the end of the model and the recircu

lation pump. A specially designed suction device, utilizing the 

Venturi principle, was placed in the stilling basin to recirculate 

the sand transported out of the model and deposited in the stilling 

basin. No stilling basin was required when ground walnut shells were 

used for the bed material as the ground walnut shells are non abra

sive and were recirculated through the pump along with the water. 

22. Model Stone Size. Four different windrow stone size 

"gradations" were used during the tests. See Table 2. Gradation 1 

and 4 each contained stone ranging in size from a minimum to a 

maximum as indicated in Table 2. Gradations 2 and 3 essentially 

contained only one stone size. 

Table 2 

AVERAGE CHARACTERISTICS OF STONE (CRUSHED LIMESTONE) - MODEL 

Limits *>'< dr 

Gradation Minimum Maximum ft 

1 /14 < dr < 1/2 inch .0252 

2 1/2 Inch < dr < 3/4 inch .0519* 

3 114 < dr < 113 .0196* 

4 3/8 Inch < dr < 1 inch .0449 

*Geometric mean 

** #4 + #3 refer to U. S. Standard Sieve Sizes 

Specific gnavity of limestone = 2.62 
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TESTING PROCEDURES 

23. Reconstruction of Model. The model test area was reformed 

before each run. See Photo 9. A male template, mounted on a hori

zontal bar, was used to preshape the model to the desired form. The 

horizontal bar ~s fixed at the pivot point of the curve but was free 

to move along guide rails on the outside basin wall. The concave 

baru~ in the test area ~s formed to a slope of l.OH to 1.0v, and the 

top of the bank for a distance of 2.0 feet landward was constructed 

to a constant elevation. 

24. Windrow Construction. Three windrow shapes were tested; 

triangular, trapezoidal, and rectangular. The construction technique 

for all three was similar. A scriber was attached to a horizontal 

bar and used to etch lines parallel to the channel on top of the bank 

in the test area. These lines were used to define the windrow align

ment, limits, and centerline. The centerline was divided into 1-foot 

segments which were extended radially. A given amount of stone, 

equal to the application rate to be tested, was weighed and placed 

wit in each 1-foot segment. 

25. The triangular shape windrow was constructed by simply 

dumping the required quantity of stone to be tested along the 

centerline. The landward and riverward extent of the windrow was 

governed by the angle of repose of the material and the quantity of 

stone applied. The trapezoidal shape windrow was constructed by 

uniformly spreading the stone within the 1-foot limits of the 

segment, producing different windrow thicknesses. Construction of 

the rectangular shape windrow was similar to the trapezoidal except a 

trench was cut into the top of bank to the required depth and width. 

If the windrow layout was different than any previous run, overhead 

photos were taken to document the setup. Additional documentation 

~s obtained for runs using the walnut shell bed material through the 

use of time-lapse photography. 
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26. Start-up Procedures. The model was slowly filled with 

water so as not to damage the test area, and the recirculation pump 

started. The discharge and water elevation at a control point were 

constantly monitored and adjusted until the desired water elevation 

and discharge were obtained. After that time, the controls were 

monitored and adjusted as necessary. 

27. Monitoring Procedure. Periodically, during each run, 

samples of the recirculated sediment material were obtained, the 

water temperature recorded and water surface elevations measured at 

10-foot centers through the model basin. The following measurements 

were obtained at selected cross-sections within the test reach. See 

Plates 1 and 2. 

a. The radius point of the eroded edge of the windrow, r1• 

b. The radius point of the top edge of the revetment, r3. 

c. The radius point of the toe of the revetment, r2• 

d. Water surface elevations and radii measurements at the 

left and right water's edge. 

e. Point velocities in the vertical above the revetment 

toe. 

f. A profile of the cross section. 

28. End of Run Procedure. The recirculation pump was stopped 

and the water was slowly drained from the model at the end of the run 

after the last set of data had been obtained. Overhead photos and 

samples of the revetment were then taken to document the final model 

conditions. 
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29. Windrow Revetment Sampling Procedure. Five samples of the 

windrow revetment were obtained at each of the pre-selected cross

sections. See plate 3. First the bed material covering the toe of 

the revetment was carefully removed. The length of the revetment 

from the toe to the location of the water's edge was then measured. 

Using a guide, stone samples were then obtained within a 1-foot 

length of revetment alternately at the top, middle, and bottom of the 

reve!tment. The guide dimensions were 0.5 foot by 0.5 foot. All the 

stone within this guide area was removed, then the stone remaining 

within the 1-foot length of revetment was removed. Similarly all the 

stone within the 1-foot length remaining on the bank in the windrow 

was removed. The purpose of this procedure was to provide a check on 

rellability of the sampling procedures. The sum of the five samples 

taken from within the !-foot length should equal the original 

quantity of sto·ne placed in the windrow at the beginning of the test. 

The samples were then spread on the floor and left to dry. After 

they had air dried a sufficient length of time, they were weighed. 

30. Special Procedures. During some of the tests, the above 

proc:edures were modified or other methods employed. Colored stone 

was placed at specific locations in the windrow of some tests to 

obsE~rve the movement of the stone. See Photo 11. Insufficient 

quantities of stone were used in several tests to determine how the 

stone would disperse in a failure situation. See Photos 12 and 13. 

Ext(msive point velocities were obtained at certain cross sections 

durlng some of the tests. The velocity and/or depth of flow was also 

vari ed during several tests. The bank height was increased in two 

runs, see Photo 14, and noncontinuous windrows were tested in two 

runs, see Photo 15. 

CONCLUSIONS AND RECOMMENDATIONS 

31. Mechanics of Windrow Revetment Formation. The windrow 

revetment in concept is simple. Stone is placed along an eroding 
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Photo 11. Looking down on model test area at end of Run 9. 
placed in windrow to observe movement of stone. 
for toe zone, stone moved down the slope with no 
component. 

Colored stone 
Note that except 
downstream 



Photo 12. End of run 40 condi tions looking upstream. Insufficient 
supply of stone in windrow. Note revetment continued to move into 
scour at toe zone exposing bank near water's edge. Upper bank zone 

eroded and revetment was overtopped. 

Photo 13. End of Run 27 conditions looking upstream. No rmal appear
ance of windrow revetment. 
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Photo 14. End of run 41 conditions with high bank. Note slightly 
ragged appearance of bank line. 

Photo 15. Looking upstream during testing of noncontinuous windrows. 
Note scalloped bank line. 
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bank line Which is eventually undercut by the stream. The stone then 

moves down the bank line to form a blanket which halts further ero

sion. In reality, the formation of this type of revetment is 

complex. Initially, the lateral erosive force of the stream under

mines the windrowed stone causing some of the stone to drop into the 

stream. This stone slows the lateral erosion of the bank but causes 

an increase in the vertical erosion along the leading edge or toe of 

the newly forming revetment. This vertical erosion is believed to be 

caused both by turbulence around the individual stones and by a 

diminished supply of bed material from the bank. The initial quan

tity of stone which drops into the stream forms an unstable revetment 

which during the vertical erosion process is constantly adjusting 

itself as the toe of the revetment advances into the scour area, and 

results in a riverward movement of the stone. If a sufficient supply 

of stone is available from the windrow, a semi-stable revetment will 

eventually be formed as dictated by the intensity of the erosive 

forces of the stream. It should be noted that the riverward movement 

of the stone causes a thinning of the revetment blanket. If no 

riverward movement of stone occurred, the vertical thickness of the 

revetment blanket would simply be the same as the windrow height and 

there would be no design problem. It is important that the designer 

have some knowledge of the amount of scour which might be expected to 

occur. It is suggested that this be ascertained from other struc

tures in the vicinity of the proposed windrow revetment, or by 

evaluating maximum scour depths existing upstream and downstream of 

the proposed revetment. 

32. Application Rate. The application rate is the weight of 

stone applied per length of bank line. The amount of stone in the 

windrow dictates the degree to which the lateral erosion will occur, 

ho'lol'ever, it is important to realize that a certain amount of lateral 

erosion has to occur in order to permit the stone to feed down the 

bank slope. If all the windrow is within this erosion zone, all of 

the stone may be undermined and the revetment overtopped and failure 
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will occur because of insufficient horizontal supply. Equa tion 1 

defines t he re l ationship between the amount of s tone needed i n a 

windrow to provide a bl anke t configuration f o r various slope s and 

thicknesses. See Plate 1 f or a defini t i on sket ch and symbols. 

(1) 

X1 lateral width or eroded windrow 

Pr Slope length of revetment 

L Downstream length of revetment 

h Average height of used portion of windrow 

t Average thickness of revetment normal to slope 

Y' = Bulk unit weight of windrow material 

y " Bulk unit weight of in place revetment material 

33. Windrow Cross Section. The shape of the windrow as orig

inally placed on the upper bank is important only insofar as the 

average height ,h, of the segment of windrow used is concerned. A 

triangular shape will produce an average height which will vary from 

a maximum value equal to the initial he i ght to half this value if the 

entire windrow is used . The average height of a t rapezoidal shape 

will be constant t hroughout all but the last portion of the windrow, 

where it will behave similar to a triangular shape. A rectangular 

shape will function basically t he same as the trapezoidal, except 

that an initial surge of stone is released from the containment 

trench when the eroded bank can no longer sustain it. 
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34. Generally speaking, the rectangular shape was found to be 

the best windrow shape. This shape supplies an initial surge of 

stone which counters the thinning effect of the scour in the toe zone 

of the forming revetment. The remaining portion of the windrow then 

provides a steady supply of stone to produce a uniform paving. The 

seeond best windrow shape was the trapezoidal shape. It has one 

advantage over the rectangular shape in that no trench is needed to 

contain the windrow stone. Thi s shape supplies a steady supply of 

stone similar to the rectangular shape. The triangular shape was 

probably the least desirable shape. This shape supplies more stone 

in:ltially, but the quantity of stone diminishes as the windrow is 

undercut. 

35. Stream Velocity. The veloc i ty and characteristics of the 

stream dictate the minimum size stone that should be used in the 

revetment. The stream velocity was found to have a strong influence 

on the magnitude of the ult i mate stabilized revetment side slope. It 

was found that the initial bank slope was on the average about 15% 

steeper than the final revetment slope . No definite relationship 

could be established to predict the initial bank slope. The magnitude 

of the side slope appears to be a function of the bank material and the 

str.eam flow velocity, and has no direct relationship with the charac

teristics of the windrow stone. The initial side slope can best be 

estimated from field measurements at the location where the windrow 

revetment is planned. 

36. A good relationship was found between the settling angle 

of the stone, the stream velocity, and the bed material. See 

Plate 1. This relationship was: 
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(2) 

~ distance stone moves riverward after being eroded 

from windrow. 

Yt = water depth above toe of revetment 

Z cotangent of underwater bank slope 

V average channel velocity 

SG specific gravity of bank material 

db representative size of bank material 

g constant, equals 32.2 ft/sec2 

37. Stone Gradation. None of the windrow revetments tested 

using either stone gradation 1 or 4 of table 2 failed by leaching 

even though very high velocities were used. Tests using single stone 

sizes gave conflicting results. Tests with gradation 3 failed, but 

tests with gradation 2 did not. However, the nonfailure of gradation 

2 was attributed to mechanical blockage resulting from the size of 

the stone in respect to the model bed material. It is recommended 

that a well graded stone gradation be used for windrow revetments. 

38. Stone Size. The size of the stone used in the windrow 

appears to be of no serious consequence as long as it is large enough 

to resist being transported by the stream. A change in stone size 

will impact on the thickness ,t, of the revetment, but this may not 

change the value of the relative thickness, t/dr• It should be noted 

that larger stone sizes require more weight per unit area than 

smaller stone sizes to produce the same relative thickness. 
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39. Bank Height. No definite conclusions were formulated on 

t e effect of bank heights. The only noticeable difference in tests 

using high banks was a slightly ragged alignment. In the time lapse 

photos of these runs it was noted that the high banks have a tendency 

for large segments of the bank. to break loose and rotate slightly, 

whereas the low banks simply melt or slough into the stream. The 

slight rotation of the high bank. segment probably induces a tendency 

for ragged alignment. Compare Photos 13 and 14. 

40. Windrow revetments constructed on high river banks may lead 

one to believe that some of the stone is wasted or more stone needs 

to be added to the windrow because quantities of stone will be 

s<!attered from the top of bank. down to the water's edge. This stone 

iH not wasted and additional quantities do not have to be added to 

the windrow to pave this zone. This stone is part of the supply and 

s:lmply has not been used as yet. In the case of a low bank. most of 

this stone would remain in the windrow, but because of the greater 

dll stance between the windrow and the water's edge for high river 

banks, it takes more time for the final quantities of stone to move 

into the water. Eventually, if this stone is needed, it will work 

its way down. The object of the revetment is to protect the bank from 

the erosive force of the water and not to armor the entire bank. line 

top to bottom. 

41. Noncontinuous Revetment. The use of noncontinuous windrow 

r•~vetments appears to be feasible. However, because of numerous 

additional variables associated with this method, only runs 

demonstrating the applicability of the technique were made. See 

Photo 15. 

42. Sample Calculation. The following example is included to 

d•!monstrate the design of a windrow revetment. 
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Example 

Given: 

Average Stream Depth 

D = 20 ft. 

Assumed Scour Depth 

Ys = 10 ft. 

Average Stream Velocity 

V = 4 fps 

Mean diameter of bank material 

db = 0.001 ft. 

Specific gravity of bank material 

SGb = 2.65 

Assume cotangent of revetment slope 

z = (1.3)(1.15) = 1.5 

Mean diameter of windrow stone 

dr = 1.0 ft. 

Desired revetment thickness 

t = 1.5 dr = 1.5 ft. 

Specific gravity of windrow stone 

SGr = 2.5 
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Remarks 

From field surveys 

From field observations 

at nearby structures 

From field surveys 

From mechanical analysis 

From analysis 

From field surveys of under

water bank slopes , Initial 

Slope = 1.3H to 1.0V (Final 

slope 15% flatter than initial 

slope) 

From other calculations 

As required 

From analysis 



Given: Remarks 

Vo:ld ratio of windrow stone From analysis 

e 0.30 

Computations 

Toe depth 

Yt = D + Ys = 20 + 10 30 ft. 

Base width of revetment 

X0 = Z Yt = (1.5)(30) = 45 ft 

Influence of stream velocity and bank material 

v2 (4)2 = 301 
(SG-1) gdb (2.65-1)(32.2)(0.001) 

Cotangent of settling angle 

... o.68(z)1.4 Equation 2 

~ = 0.68 (1.5)1.4 = 0.74 
yt (301)0.085 

Riverward movement of stone 

(0.74)(30) 22 ft. 

Eroded width of windrow 

X1 Xa - ~ = 45 - 22 = 23 ft. 
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Revetment slope length 

p 
r 

54 ft. 

Bulk unit weight of revetment material 

y (SG)( s) 
1 + e 

(2.5)(62.4) 
1.3 

120 lb/ft3 

Weight of stone in revetment per foot of bank line 

wr pr ty" 

w 
r (54)(1.5)(120) 

2000 
4.9 tons/ft. 

Since this is an average value, the quantity of stone and windrow 

width should be increased. 

1. 25 X1 • Then 

It is suggested that this be 1.25 W and 
r 

where: 

w w 

1.25 (23) 29 ft. 

1.25 (29) (4.9) 
(23) 

= 7.7 tons/ft. placed uniformly 
within a 29 ft. wide windrow 

x4 Base width of windrow as constructed. 

W Application rate of windrow as constructed. w 
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C. VANE DIKES 

43. This section of the report presents results of model 

studies on river training struct ures called vane dikes. Vane dikes 

are defined as river training structures which are not attached to 

the river bank nor to each other. See Photos 17, 18, and 19. Some 

advantages of a vane dike system over conventional river training 

wor s are as follows: 

(a) They are effective in directing the river flow away 

from channel banks subject to bank erosion, thereby creating and 

preserving shallow water areas. 

(b) They use less construction material than continuous 

dikes and revetments. 

(c) They lend themselves to "stage construction." Install

ing one structure at a time, beginning at an upstream location, 

allows the river to indicate the best location and orientation of 

subsequent structures. 

44. The purpose of this investigation was to determine the 

relative effects of vane dikes on the flow distribution and bed 

conf iguration of a typical Missouri River bend. Items investigated 

inc.luded: 

(a) The angle of the vane structure to the flow. 

(b) The relative length of the vane structure. 

(c) The ratio of the length of vane to the length between 

vanes (gap length). 
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The Model 

45. Yankton Bend, located near Yankton, South Dakota, approxi

mately five miles downstream from Gavins Point Dam on the Missouri 

River was selected as the prototype to be modeled. This bend was con

sidered to be a typical Missouri River bend and field data were 

available. See Plate 4. The bend extends from the U. s. Highway 81 

Bridge at Missouri River mile 840.4 to river mile 843.1 (1941 year 

mileage), the banks of which are basically uncontrolled except for a 

kicker structure at river mile 842.9. See Plate 5. The bend 

represents a typical river bend with an erosion zone along the 

concave bank and a point bar along the convex bank. 

46. The model layout of Yankton Bend is shown on Plate 5 and 

Photos 16 through 19. It represents the prototype bend as shown on 

Plate 4. The model was constructed using a scale ratio of 1:25 in 

the vertical and 1:150 in the horizontal. The graduated boundary 

shown on Plate 5 is the same as that indicated by the solid line in 

Plate 4 and represents the outer basin walls of the flume. The 

graduations are reference marks which were placed on the outer basin 

walls to aid in the construction layout and stationing of structures 

within the flume. The solid inner lines represent the river bank 

line. This inner boundary was constructed from sheet metal covered 

with a textured material to simulate the prototype bank roughness. 

This was fixed in place, thus creating a nonerodible bank line. The 

bed material consisted of finely ground walnut shells. Water surface 

monitoring (WSM) devices were located on 10 foot centers through the 

middle of the design channel as shown in Plate 5. The water surface 

elevation at the mid-point of the model was regulated by a water 

control device located near the midpoint. This device controlled the 

elevation of the water in the model flume. The water and sediment 

were recirculated from a pump at the end of the basin to the upper 

end of the basin. The distribution of water was controlled through 

louvers at the flume inlet. The vane dike structures were fabricated 

Br4-31 



Photo 16. View upstream in model from River Mile 841.0 showing 
bed configuration of verification run after 20.7 hours. Note 
point bar in upper left of photo and deep channel identified 
by ponded water along bank line at right of photo. 

Photo 17. View from River Mile 841.0 at end of run 12 showing 
bed configuration resulting from 5 foot vane dikes at 0° place
ment angle and 5 foot gaps. Note minimum influence by vane 
dikes on bed configuration. 
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Photo 18. View from River Mile 841.0 at end of run 50 showing bed 
configuration resulting from 3 foot vane dikes at 15° placement 
angle and 3 foot gaps. Note channel riverward of vane dike system 
identified by ponded water. 

Photo 19. View from River Mile 841.0 at end of run 21 showing bed 
configuration resulting from 2 foot vane dikes at 60% placement angle 
and 3 foot gaps. Even though sediment accumulated between the vane 
dikes, this arrangement had minimal influence on flow distribution. 
Note deep channel along bankline at right of photo. 
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from sheet metal to three different lengths, 2', 3' and 5'. They 

were also covered with a textured material to simulate the prototype 

roughness of the stone. 

TEST PROCEDURES. 

47. In the first series of tests and prior to each test, the 

bed of walnut shells was leveled. This insured similar starting 

conditions at the beginning of each test and permitted comparison of 

tests of different structure configuration, quantitative measure

ments, and observation of scour and deposition. Vane dike structures 

were then placed in predetermined locations. See Photos 16 through 

19. The model was slowly filled with water to eliminate any possible 

surging effect which could have altered the bed. The model was 

usually set up and started in the afternoon and run overnight. This 

insured sufficient time to enable the bed configuration and sediment 

transport to reach equilibrium. 

48. During the last series of tests, the procedure was changed 

in order to be more representative of natural prototype processes. 

Tests were initiated only after the verification condition (left bank 

flow with point bar in the center of the test area) had been dupli

cated. See Photo 16. Placement of individual vanes then proceeded 

at 2-hour intervals, starting at the upstream end of the test area. 

49. During each run, time lapse movies were taken of the test 

area. At the end of each run, channel cross sections were taken 

using a sonic sounder and X-Y plotter. The data from the channel 

cross sections was used to make contour maps of the bed. See Plate 

6. Velocity measurements were taken during selected runs at differ

ent cross sections throughout the test area in order to determine the 

percent of flow both landward and riverward of the structures. At 

the end of each run all vane dikes were removed and the bed of walnut 

shells was leveled in preparation for the next run. 

B-4-34 



cross sections throughout the test area in order to determine the 

percent of flow both landward and riverward of the structures. At the 

end of each run all vane dikes were removed and the bed of walnut 

shells was leveled in preparation for the next run. 

CONCLUSIONS. 

50. During the first series of tests, efforts concentrated on 

determining the effect of various placement angles of the vane dikes on 

such things as the flow distribution and bed configuration. The place

ment angles were measured from the tangent of the stream line, as 

indicated in Plate 5. The next series of tests investigated varying 

the distance between vane dikes (gap length) and various lengths of the 

vane dikes themselves. The gap length is illustrated on Plate 5. For 

the first series of tests, a 5-foot vane length and a 5-foot gap length 

were used. The vanes were rotated with respect to the design channel 

alignment through angles varying from 0° to 180°. The purpose of these 

tests was to determine which structure placement angle was the most 

effective in diverting flows riverward of the structures. One measure 

of the effectiveness of the vane dikes was the development of the 

channel riverward of the vane dike structures. It was concluded from 

this series of tests that the most desirable channel alignment condi

tions for the bend studied was produced by a placement angle of 15° to 

the flow. Table 3 summarizes the findings from the fi~st series of 

tests. 
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~lacement angle 

TABLE 3. 

STRUCTURE PLACEMENT ANGLE RESULTS 

Comments 

Very little influence on channel flow. 

Minor influence on channel flow with some sediment 

deposition landward of vanes. 

Channel flow riverward and parallel to vane 

alignment with considerable sediment deposition 

landward of vanes. 

Flow around both sides of vanes in upper portion of 

model. Combined influence of vanes forced channel 

flow toward the convex bank in lower portion of 

model. 

Flow disrupted. Vanes acted as obstacles to flow 

with no apparent desirable effects. 

51. The objective of the second series of tests on the vane 

dikes was to determine: 

(a) The effect of different vane dike lengths. 

(b) The effect of different gap lengths (distance between 

vane dike structures). 
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(c) The effectiveness of the vane dike structures on 

removing the existing point bar along the convex bank. 

(d) Variations in the deposition landward from the vane 

dikes for various combinations of dike and gap lengths. 

52. Velocity measurements and channel cross sections were taken 

at selected locations throughout the model in order to evaluate the 

above conditions. For all of these runs, a constant 15° vane place

ment angl e was used . 

53. The operat i ng procedure was changed for this series of tests. 

For example, vane dike structures were placed in the model only after 

the model had developed the prototype bed configuration. Tests were 

made with 2' and 3' vane lengths and vane to gap length ratios of 1:1, 

1:1.5, and 1:2 . Table 4 shows the influence of different vane length 

to gap length ratios on the percent of total flow landward of the 

structures at the midbend point in t he model and at the end of the 

model test area. 

TABLE 4 

Channel* Flow Landward of Vanes 

Depth Length of Length of Length At Mid bend At End 

Run No. ft. Vanes -Ft. Gaps - Ft. Ratio % % 

52 0.13 3 6 1:2 55 46 

49 0.13 2 4 1:2 51 25 

51 0.14 3 4.5 1:1.5 40 23 

48A 0.14 2 3 1:1.5 36 1 

50 0.15 3 3 1:1 1 1 

*Average Channel Depth computed starting 1-foot riverward of Design 

Channel Alignment in order to exclude scour adjacent to vane dike. 
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The runs shown in Table 4 are ranked from least effective at diverting 

the flow riverward to most effective. 

54. Runs 52, 51, and 50 and Runs 49 and 48A had the same respec

tive vane lengths but different gap lengths. It is apparent that by 

holding the vane length constant and narrowing the gap length, less 

flo·w will pass landward of the structures. This decrease in landward 

flow is apparent midbend in the model, and at the end of the test area. 

A reduction of the vane length (and gap length since the ratio is 

fixed) resulted in a minor decrease in the amount of landward flow at 

midbend, but substantially decreased the landward flow at the end of 

the test area. 

55. It is apparent that the amount of material required to 

construct the vane dikes increases as the vane length to gap length 

decreases. Reducing the length of the vane while maintaining the same 

vane length to gap ratio, significantly influences the overall flow and 

bed configuration landward of the vane dikes; however, essentially the 

same quantity of material will be used to construct the vanes. 

56. The model investigation on vane dikes indicated that a high 

degree of channel control can be achieved using this technique and one 

can successfully manage the river flow distribution and the bed con

figuration through judicious selection of vane lengths and gap lengths. 

A ratio of vane length to gap length of one tended to encourage the 

greatest amount of deposition in the landward zone. Increasing the gap 

length, irrespective of the vane length to gap length ratio, increased 

the amount of flow landward while decreasing the amount of deposition. 

Similar results were obtained by increasing the length of the vane. It 

was also determined that a placement angle for the vane structure of 

about 15° to the flow produced the most desirable results. 
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D. HARD POINTS 

57. This section presents the results of model studies con

ducted on the Hard Point erosion control technique. Hard Point 

erosion control structures are two-part structures consisting of a 

spur which projects into the stream and a root which ties back into 

the bankline. See Plate 7. The spur consists of erosion resistant 

material extending from the bank into the river to retard bankline 

erosion. The root, which consists of erosion resistant material 

placed in an excavated trench on the overbank, is tied into the spur, 

thus preventing the structure from being flanked by the flow. 

58. The specific objectives of this model study were to: 

a. Develop design criteria for hard point erosion control 

structures. 

b. Determine the effect of overtopping flows on the 

structures. 

c. Determine if the structures were equally effective in 

both curved and straight channel reaches. 

d. Determine the effect of structure alignment on the 

extent of erosion between structures. 

e. Determine the effects of varied spacing on the extent 

of erosion. 

f. Determine the effects of stream velocity and water 

depth on the extent of erosion. 
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Till~ MODEL 

59. Model Setup. This model investigation was a generalized 

study of a typical eroding bankline, thus no particular prototype 

region was modeled. Model dimensions and criteria used were similar 

to those developed from previous model studies of the Missouri 

Rh·er. 

60. The model test area was a straight channel reach about 

40 feet long between two curves with different radii of curvature. 

The basin used is shown in Photo 20 and on plate 8. The upstream 

approach, the left bankline, and downstream exit portions of the test 

reach were controlled regions lined with permanent revetment. 

Erosion in the test reach could only occur in the channel bed or 

along the test bank of the model. 

61. The channel shape was trapezoidal with a 5-foot top width 

and 1.5H to 1V side slopes. The average channel depth was 0.25 foot, 

typical of previous Missouri River model studies. The channel bank 

along the test reach was reformed before each test using a male 

template as shown in Photo 21. 

62. Procedure for Testing. Model tests were conducted to 

de!termine the extent of bank erosion that would occur in the test 

re!ach for a variety of hard point structure spacings. The tests were 

conducted with constant discharge and water surface gradient control 

pa.rameters. A preliminary model study indicated that model 

discharges averaging between 0.40 and 1.00 c.f.s. would provide 

sufficient flow for bank erosion and bed material movement with a 

de!pth of approximately 0.25 foot. The water surface gradient was 

helld constant using an instrument called a "slope control device" 

which monitored water surface elevations at two control stations and 

ma.intained a desired water surface differential between the two 
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Photo 20. General view of the basin flume after a typical test 
looking upstream. 

Photo 21. Formation of the test bank using a male template fixed 
to a carriage on a rail traverse. 
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Rtations. The device adjusted the volume of water in the basin to 

provide and maintain the desired water surface gradient. 

63. Typical model tests lasted approximately 21 hours, begin

ni~~ in late afternoon and continuing through the night and into the 

next morning. The testing ~s usually completed and remaining data 

obtained by noon. 

64. The channel was reformed prior to the start of each test 

run. The bank material lost during the previous test was replaced 

with material from the channel bed and shaped to provide a uniform 

configuration by pulling a male template across the material. Lon

gitudinal lines, spaced 0.4 foot apart along the test area, were 

formed by placing thin deposits of light colored walnut shells on the 

overbank. The lines were used as a horizontal reference for 

evaluation of the erosion pattern. See Photo 22. 

65. The selected hard point spacing interval was measured off 

and the locations prepared for stone placement. Hard point struc

tures require two types of stone placement, the root and the spur. A 

rectangular root trench was cut into the bank lines with the dimen

sions dictated by the preselected quantity of stone to be used. The 

root trench was cut about a foot into the bankline, 0.2 foot deep, 

and 0.4 foot wide. The trench was then filled with the required 

quantity of stone per foot. The stone spur of the hard point was 

formed by dumping the stone directly onto the channel bank and 

transitioned into the stone root. See Photos 22 and 23. The 

gradation for the stone used in modeling the hard point structure 

(dso = lOmm) was scaled from the stone gradation currently being 

specified for hard points on the Missouri River (dso = 1.3 ft). 

66. With the physical construction of the model completed, the 

basin was filled slowly, to preclude bank sloughing, and the test run 

was started. Each run was made at a predetermined discharge, slope, 
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and spacing interval. The channel flow velocity and depth were 

allowed to develop subject to the constraints imposed by the pre

selected parameters. The maximum extent of erosion usually occurred 

after about 10 hours of running. The test basin was drained after 

completion of the model test. 

67. Data Collection. The following data were obtained during 

the duration of each run. 

a. Prior to each test, photographs were taken of the 

initial model setup from overhead positions. The pictures for each 

test were taken from the same overhead location and height so that 

the photographic scale would be constant. These pictures were used 

to show the bank before erosion. 

b. When the erosion process had reached an apparent 

equilibrium condition, point velocity readings were taken at a 

control section, which was located as shown on Plate 8. The data 

obtained were used as a check on the selected control parameters. 

c. Point velocities were obtained at 1-foot intervals 

across the channel at each structure location. The point velocities 

were used to obtain the average depth and velocity for that location. 

d. At the end of each run, photographs were taken of the 

final bank erosion pattern with water flowing past the structures. 

These photos included time exposures showing the typical channel 

streamflow lines and eddy action around the hard points. 

e. The basin was drained and photographs were taken of the 

bed formation and used for channel configuration comparisons. 

f. Time lapse movies were taken throughout the duration of 

each test, and used for examination of the erosion process. 
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Photo 22. Excavation of the root trench into the right bank. 

Photo 23. Placement of the stone used for the hard point structure 
formation. 
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68. The analysis of each run involved reviews of both the time 

lapse movies and photographs along with measurements of the erosion 

patterns from the still photographs. The amount of area eroded 

between structures, the spacing between structures, the average 

maximum lateral extent of erosion into the bank, and the angle of the 

erosion expansion were parameters required for the analysis. See 

Plate 9. The measurements were taken directly from enlarged photo

graphs and adjusted to the proper scale. 

REVIEW OF TESTS 

69. The model study proceeded in two phases. In the first 

phase, tests were run at a constant slope of .0008 ft/ft and dis

charge of 0.65 c.f.s. with various hard point structure configura

tions. The tests were run to obtain critical design effects for 

situations involving various channel alignments, flood stage 

overtopping, and structural alignment to the channel banks. 

70. The initial tests involved placement of hard point struc

tures in the upstream curve and straight reach of the test area at 5 

and 7.5 foot intervals respectively. The initial tests used 4 lbs of 

stone in the spur and 3.5 lb/ft of stone in the root of each struc

ture. This quantity of stone for the indicated discharge resulted in 

failure of the structures in both regions. The volume of stone was 

insufficient to protect against the resulting scour. A typical 

structure failure is shown in Photo 24. 

71. The hard point structures were then tested using 8 lbs of 

stone in each spur with the stone in the root remaining at 3.5 lb/ft 

and tested under the previous conditions. The spur portion of the 

structures in this case was stable in the straight reach. However, 

because of the angle of attack in the curved region, the structures 

failed completely indicating that the hard points should not be 

recommended for use in sharp bends. The banks in the curved region 
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were then fixed so that the approach geometry would remain constant. 

It was also necessary to fix the first hard point structure to insure 

that flow would be directed toward the straight portion of the model. 

ThE~ 8-lb quantity of stone for the spur proved to be adequate for the 

remainder of the study. 

72. The effects of root alignment on the erosion pattern were 

observed with a 7.5-foot hard point spacing and alignment angles of 

60" and 30°. The angles were measured from a line perpendicular to 

the channel. The erosion patterns for the tests are shown on Photos 

25,, 26, and 27. A comparison of the pictures shows the erosion pat

terns for the 30° and the perpendicular alignments to be essentially 

the same. Erosion in the 60° alignment is less than that for both the 

30" and the perpendicular alignment because in the 60° alignment much 

of the root is, in effect, used for bank erosion protection. 

73. Phase II of the model testing evaluated the impact of 

channel depth and velocity, on observed lateral erosion patterns for 

hard point spacings of 2.5, 4.0, and 7.5, as well as tests with no 

hard points. The resulting investigations concluded that the erosion 

between hard points was related to the structure spacing by the 

Froude Number, F = V/ ~. The relationship is as follows: 

Y/D 59.5 pl.2 (10 -8.2 D/L) (3) 

wlwre: 

D average channel depth, ft. 
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Photo 24. Failure of the hard points in the curve due to insufficient quantity of stone in 
the nose. The stone migrates to the bottom of the channel. 
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Photo 25. Development of erosion pattern with hard point roots aligned perpendicular to the 
channel bank. 
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Photo 26. Development of erosion pattern with hard point root alignment at 30 degrees 
upstream from the perpendicular postion. (Note the deterioration of the root.) 

Photo 27. Development of erosion pattern with hard point root alignment at 60 degrees 
upstream from the perpendicular position. (Note the deterioration of the 
root.) 



Y average maximum lateral extent of erosion between 

structures, ft. 

V average velocity in the test reach, f.p.s. 

L spacing length between hard point structures, ft. 

A graph for the relationship is shown on Plate 10. 

74. The angle of erosion expansion downstream of each structure 

was found to be approximately 20.0 degrees. See Plate 11. Complete 

development of the expansion angle did not occur for hard point 

spacings less than 4.0 feet or average test reach velocities less than 

0.5 f.p.s. Spacings less than 4.0 feet were so close that the struc

tures interfered with one another's erosion development. 

CONCLUSIONS 

75. The following conclusions were reached from the model study 

on the hard point erosion control technique: 

a. The spur or riverward end of the hard point is the 

principal design component for protection against failure of the 

system. The quantity of stone used in the spur of the hard point is 

critical to the stability of the system. If the spur of the hard 

point fails, the quantity of stone in the root would not be adequate 

to protect against the erosive forces of direct flows. 
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b. The root is the principal design component providing 

protection in the case of overtopping of the structure during flood 

stages. Flanking of the spur structure should be a major concern 

during the passage of flood flows. The design of the root should be 

sufficient to inhibit leaching of the soil from behind the spur 

section. The root should be designed to protect against flanking or 

eddy erosion. 

c. Placement of hard points in various channel alignments 

can be accomplished and can be effective, however, placement along 

acute channel curves is not recommended. The extreme attack angle of 

flow in curves against the spur and root would necessitate excessive 

amounts of stone. In those cases, it would be more advantageous to 

design a continuous bank revetment or windrow revetment. 

d. Alignment of the hard points involves only the root 

po1rtion of the structures. Orienting the root upstream to the flow 

se1Nes no apparent useful purpose. When the angle of the root is 

sru1ll, the erosion characteristics are similar to those with a perpen

dicular root. When the angle is large, the root tends to parallel 

thE~ eroded bank and direct flow attack occurs on the root. The root 

is then utilized in a windrow type of situation. Since the roots are 

usually not designed for that purpose, they would be apt to fail. 

e. Various spacings for the hard point structure placement 

had definable effects on the erosion pattern. There was no detect

abl e optimum structure inter val indicated from the erosion patterns 

in the model. The greater the spacing between structur es, the more 

extensive the degree of bank erosion. The amount of bank protection 

to be provided would then depend upon the relationship between the 

cost of the proposed project and the value of the property 

protected. 
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f. A definable relationship was determined involving 

velocity, average channel depth, and the average maximum lateral 

erosion. A semilogarithmic plot relates the amount of lateral bank 

erosion to the structure spacing and the Froude number. An increase 

in the Froude number or the spacing length results in increases in 

the extent of lateral erosion. 

76. The study indicated that the expansion angle of the erosion 

scallop downstream of each structure remained about constant at 20.0 

degrees. Angles of erosion expansion of less than 20.0 degrees were 

found for situations in which the model velocity was less than 

0.5 fps or the structure spacing was so close that the erosion 

scallop could not develop. 

77. Sample Calculation. The following example illustrates the 

use of Plate 10 to evaluate equation 3. 

Example 

Given: 

Average Stream Depth (Design Flood Stage) 

D = 16 feet 

Average Stream Velocity 

V = 6 f.p.s. 

Longitudinal Hard Point Spacing 

L = 200 feet 

Computations 

Froude Number v 

(gD)O.S 

Remarks 

From Field Surveys 

From Field Surveys 



Froude Number 6 0.26 

[(32.2)(16)]0.5 

Spacing length ratio = D/L 

16/200 = 0.08 

From graph, Plate 10 

y = 2.5 
D 

y = (16)(2.5) 40 feet 

Applying a safety factor of 1.5 gives: 

y = (40)(1.5) 60 feet 

Therefore, the lateral extent of the root of each hard point should be 

at least 60 feet for longitudinal hard point spacings of 200 feet. The 

req\rlred quantities of stone for the spur and the root would depend on 

the local characteristics of the stream. 
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E. REINFORCED REVETMENT 

78. This section presents results of model studies on reinforced 

revetment erosion control structures. A reinforced revetment (see 

Plates 12, and 13) is a 2-part structure consisting of: 

a. A continuous stone toefill. The stone toefill is placed 

with the crown at or slightly below the normal water surface (NWS), and 

either against the eroding bankline or at a distance riverward from the 

high bank. 

b. A series of stone fill tiebacks perpendicular to the bank 

line. The tieback is placed with the crown extending from the toefill 

crown back into the channel bank, sloping upward toward the top of the 

natural bank. 

79. The toefill's purpose is to inhibit bank line erosion and 

undercutting of the bankline for flows at or below the NWS. During high 

stages when the toefill is overtopped, the tiebacks prevent flows from 

concentrating behind the toefill. Minor bank line erosion might occur 

between the tiebacks during high stages, but this eventually stabi

lizes. 

80. The reinforced revetment erosion control technique lends 

itself to many design combinations and field situations, making it an 

ideal method to control streambank erosion and yet produce minimal 

impact on the environment and on the natural appearance of the area. 

Because of the versatility of the technique, five variations in the 

design have been developed. The particular design variation which 

the river engineer may choose will depend upon the field situation 

and the desired results. 
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81. The Type I Reinforced Revetment, see Plate 12, is constructed 

with the toefill stone placed adjacent to the high bank with the tie

back stone fill placed in trenches excavated into the high bank. If 

the toefill crown is constructed to the normal water surface, the 

lateral extent of each tieback is 20 feet. This type lends itself to, 

but is not restricted to, perennial streams with well defined channels. 

82. Types II through V, see Plate 13, are constructed with the 

toefill stone placed riverward of the high bank. The tieback stone 

fill extends from the toefill across a low elevation overbank area to 

the high bank and may extend into trenches excavated into the high 

bank. The low elevation overbank area between the toefill and the 

high bank may be a shelf extending under water some distance river

ward of the high bank, a sand bar, a secondary channel, or a small 

flood plain. For construction purposes, the landward side of the 

toefill is divided into two zones; the lower bank zone, and the upper 

barut zone. The lower bank zone consists entirely of the low elevation 

overbank area adjacent to the toefill. The upper bank zone will con

tain varying proportions of the low elevation overbank area and the 

high bank, depending upon the irregularity of the bankline. The lat

eral extent of each tieback for the Types II and IV designs is 25 feet, 

at least 10 feet of which is constructed on the lower bank zone. In 

the Types III and V designs, the lateral extent of each tieback is 40 

feet with at least 20 feet of each tieback constructed on the lower 

baru~ zone. In the Types II and III designs, the area between the toe

fill and the high bank is backfilled, whereas in the Types IV and V it 

is not. Each tieback in the Type II design is constructed with a crown 

slope of 1 V to SH, sloping upward from the toefill toward the high 

bank. For the Type III design this slope is lV to 8H. In the Types IV 

and V designs, the slope may be varied depending upon site conditions. 

The Types II through V are more suited, but not restricted, to inter

mittent or braided streams in which the high bank is not strongly or 

constantly under attack by the stream flow. 
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83. The objectives of this study were to investigate the fol

lowing design parameters: 

a. Longitudinal tieback spacings. 

b. Toefill crown height. 

c. Backfilling or not backfilling the region between the toefill 

and the high bank. 

d. Tieback structure crown slope. 

THE MODEL 

84. Two different model investigations were conducted during the 

Reinforced Revetment study; one of the Type I design (see Plates 14 and 

15 and Photo 32), and a second on Types II, III, IV and V designs (see 

Plates 14 and 16 and Photo 36). Type II, III, IV and V designs are 

similar and therefore were tested as minor variations of one design. 

Both models were constructed to represent average river conditions 

typical of the Missouri River between Yankton, South Dakota and Sioux 

City, Iowa. A scale ratio of 1:40 was used in both models. Because of 

limitations on available space it was not practical to reproduce the 

entire prototype channel width (about 2,000 feet) in the model, there

fore only a representative segment of the river adjacent to the bank 

line was constructed in the laboratory. The Type I model employed a 

6 foot wide channel and a 2.8 foot wide high bank. The second model 

used a 5 foot wide channel with provisions for a 2 foot wide low 

elevation overbank zone flanked by a high bank. Both models were 

formed within inclosures filled with finely ground walnut shells. 

Crushed limestone (SG=2.5; d50 = 6.5mm) was used to simulate the stone 

for the tieback and toefill structures. Each model river segment con

sisted of a trapezoidal channel with a bend radius of 190 feet. The 
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right bank in each model was vertical and nonerodible. The left bank, 

through both model test areas, was molded from ground walnut shells and 

was erodible. Outside of the test area, the left bank in each model 

was fixed and nonerodible. 

85. In each study the left bank of the test area was reformed 

prior to the start of each run. See Photo 28. Material was removed 

frolin the channel bed and mixed with the bank material to replace 

material eroded from the bank during the prior run. This material was 

thoroughly mixed prior to each test run to insure homogeneous physical 

properties. The bank was molded to the desired configuration with the 

aid of a male template. The template was mounted on a carriage which 

was manually traversed up and down the model along the top of concrete 

block walls parallel to the channel alignment thereby producing a bank 

with a uniform configuration. See Photos 28 and 29. 

86. A construction reference plane was established in each model. 

The reference plane was identical to the normal water surface and was 

equal to an elevation of 1.375 feet at the midpoint in each model. The 

intersection of the reference plane and the left bankline was called 

the reference line. See Plate 14. In the Type I model the reference 

line was always 6 feet from the right wall, whereas in the second study 

it was always 5 f eet from the right wall. See Plates 15 and 16. 

87. A thin layer of dry ground walnut shells was spread on the 

surface of the bank berm. See Photo 29. These shells, light brown in 

color , contrasted with the moist dark brown shells and accentuated the 

berm area in the overhead pictures and time lapse movie photos. A grid, 

constructed from a white powder, also was placed on the overbank berm 

to aid in measuring and observing the extent of bank erosion. See 

Photos 30 and 31. The grid increments for the Type I model were 1 foot 

in the longitudinal direction and 0.4 foot in the lateral direction. 
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Photo 28. Reconstruction of left bank model test area. Template 
attached to horizontal bar was used to shape bank to 
desired dimensions and elevations. 

Photo 29. Covering top of left bank area with dry ground 
walnut shells to highlight area for photos. Note 
horizontally mounted wheel on bar rides against 
right bank to aid in positioning template. 
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Photo 30. Placing grid and stone test structures in test 
area after construct i ng bank. 

Photo 31. Overhead view of test area showing placement of 
graduated markers over grid at end of run to 
facilitate measurement of erosion. Note irregular 
white line placed to mark erosion boundary. 
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In the second model the longitudinal increments were increased to 

2 feet, the lateral increments were maintained at 0.4 feet. The first 

longitudinal grid line always identified the reference line (See Plates 

14, 15, and 16) and all lateral erosion values were measured from this 

line. 

88. The crown of the toefill was always constructed at or below 

the NWS. The front face location or plane of the toefill structure 

did not change when the toefill crown elevation was changed. This 

caused the centerline station of the toefill crown to move riverward 

proportional to the difference between the NWS and the toefill crown 

elevation. See Plate 15. Subsequently during the evaluation of the 

data, it ~s determined that the lateral erosion as measured from the 

reference line had to be adjusted to measure instead from the center

line station of the toefill crown. 

89. The toefill structures were constructed from either loose 

stone hand placed against the preformed bank slope, see Photo 30, or 

from sheet metal with stone glued to the metal. 

90. During the Type I model study, trapezoidal trenches were 

cut into the bank similar in scale to prototype trenches, at the speci

fied longitudinal tieback intervals. These trenches were backfilled 

with stone flush with the top of the bank. Additional stone was placed 

riverward from the trenches filling the zone between the trenches and 

the toefill crown. See Plates 12 and 15 and Photo 32. The face of 

each tieback was flush with the riverward face of the toefill, and the 

front slope of each tieback was at the angle of repose of the stone, 

assumed to be 1V to 1-1/4H. If there was no toefill being used in a 

given test, the additional stone filled the zone between the trenches 

and the stream bed. See Photo 33. 
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91. In the second model tests of reinforced revetments, the tie

backs were constructed of sheet metal with stone glued to the metal. 

The riverward face of the tiebacks for this model began at the crown 

of the toefill and projected landward back through the low elevation 

overbank zone and into the high bank. See Plates 13, and 16. 

Test Procedures. 

92. The principle objective of the model testing was to determine 

the impact of the following design parameters on the extent of bank 

erosion: 

a. Tieback spacings. 

b. Toefill crown height (relative to the channel bed 

and the normal water surface). 

c. Backfilling or not backfilling the region between the 

toefill and the high bank (Types II and III versus IV and V). 

d. Tieback structure crown slope. 

93. Each test was conducted with the above parameters fixed. 

During the course of investigation, these parameters were varied from 

one test to another. A normal test run lasted about 21 hours. This 

length of time was more than sufficient for the model to develop an 

equilibrium condition. Each test started in the afternoon and con

tinued through the night to the next morning. Discharge measurements, 

sediment samples, and water surface slope measurements were then 

obtained. Point velocities defining the flow distribution at specific 

cross sections were also acquired on most runs. Time lapse movies were 

made during each run to document the test. During some of the runs, 

slow motion movies were made toward the end of the run to record the 
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surface currents immediately adjacent to the reinforced revetments. At 

the completion of each run cross-sections were obtained by sonar 

sounding. These cross sections were used to measure the physical prop

erties of the model channel and to supplement the erosion measurements 

obtained from overhead photos. The model was then slowly drained, 

taking care not to disturb the test results. A line of white powder 

was placed along the eroded bank line to accent the extent of erosion 

in the final set of overhead photos. To facilitate erosion measure

ments, markers with 0.1 foot gradations were placed on the bank grid 

extending out over the eroded area. See Photo 31. The final set of 

overhead photos were then obtained and the model prepared for the next 

run. 

94. The interpretation of the data included reviews of both the 

time lapse movies and the overhead photos. The location of the maximum 

lateral erosion between each tieback and the extent of that erosion 

were obtained from the overhead photos. These values were then aver

aged to provide an average maximum lateral erosion value for each run. 

See plate 14. 

Conclusions. 

95. In accordance with the objectives stated in paragraph 83, the 

following conclusions were formulated: 

a. Different Tieback Spacings. The principle purpose of the 

tieback is to prevent overtopping flows from concentrating behind the 

toefill and thereby causing the reinforced revetment system to fail. 

Tieback spacings greater then about 15 channel depths should be avoided 

because they encourage scour landward of the toefill crown. This scour 

causes the toefill structure to degrade allowing more severe scour to 

occur landward. Special attention should be given to the region near 
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Photo 32. Overhead view of test area at the end of Run 58, Type I. Tieback spac
ings of 4 feet (160 feet prototype), toefill crown was at elevation 
0.18 foot below NWS, and stage at NWS (unprotected depth of 0.18 foot). 

Photo 33. Overhead view of test area at the end of Run 54, Type I. Tieback 
spacings of 4 foot (160 foot prototype). No toefill. Stage at NWS 
(unprotected depth of 0.28 foot). 



to 
I 
~ 
I 

0\ 
w 

Photo 34. Overhead view of test area at the end of Run 60, Type I. Tieback s pac
ings of 4 feet (160 feet prototype), toefi11 crown elevation 0.18 foot 
below NWS, and stage 0.18 foot above NWS (unprotected depth of 0.36 foot). 

Photo 35. Overhead view of test area at the end of Run 26, Type I. Tieback 
spacings of 4 foot (160 foot prototype). No toefill. Stage 0.18 
foot above NWS (unprotected depth of 0.44 foot). 



Photo 36. Overhead view of test area at end of run 7, Types II, III, IV and v. Tieback spac
ing of 4 feet, (160 feet in prototype), toefill crown elevation 0.2 foot below NWS, 
and stage 0.2 foot above NWS (unprotected depth of 0.4 foot), tieback crown slope 

~ = 0.4. No backfill placed between structures, fill from sediment deposition. 
I 
~ 
I 
~ 
~ 

Photo 37. Overhead view of test area at end of run 28, Types II, III, IV, and v. Tieback spac
ing of 4 feet, (160 feet in prototype), toefill crown elevation 0.1 foot below NWS, 
and stage 0.2 foot above NWS (unprotected depth of 0.3 foot), tieback crown slope 
= 0.2. Note scour around tieback at left edge of photo. 



Photo 38. Overhead view of test area at end of run 27, Types II, III, IV and V. Tieback spac
ing of 6 feet, (240 feet in prototype), toefill crown elevation 0.1 foot below NWS, 
and stage 0.2 foot above NWS (unprotected depth of 0.3 foot), tieback crown slope 

~ = 0.2. Note scour around first 2 tieback structures. 
~ 
I 
~ 
~ 

Photo 39. Overhead view of test area at end of run 35, Types II, III, IV, and V. Tieback spac
ing of 6 feet, (240 feet in prototype), toefill crown elevation 0.1 foot below NWS, 
and stage 0.2 foot above NWS (unprotected depth of 0.3 foot), tieback crown slope 
= 0 (flat). Note scour around first 2 tieback structures. 



the downstream end of the reinforced revetment system. If a tieback is 

located at this point, the volume of stone in this tieback must be 

inc:reased over that used in the upstream tiebacks. In the model an 

eddy always formed off the trailing edge of the downstream end of the 

revetment and caused erosion of the bankline at this point. The 

increased volume of stone in the end tieback is needed to prevent fail

ure of the end tieback. An alternative approach found to be satisfac

tory in the model was to extend the toefill downstream from the end 

tieback by at least two channel depths. 

b. Different Crown Slopes On The Tieback Structures. The 

slope of the crown of the tieback is important as it impacts on the 

am unt of streambank erosion that occurs along the plane of the front 

face of the tiebacks. To prevent flanking of the tieback by the flow, 

the lateral extent of the tieback (tieback length) must be as great as 

the anticipated lateral erosion, and the tieback at some point land

ward must rise above the maximum flood flow elevation. These studies 

indicated that a flat crown slope (slope = 0) should be avoided unless 

some provision is made at the intersection of the tieback and the high 

bank to prevent the high bank from eroding. See Photo 39. It was also 

noted that scour developed upstream and downstream of the tiebacks with 

crown slopes of 0.4 or flatter and appeared to become more severe for 

the flatter slopes. See Photos 37, 38, and 39. 

c. Different Toefill Crown Heights. The toefill material 

was found to have a significant influence on the degree of streambank 

er sion for relatively shallow flows over the toefill (prototype depths 

less than 4 feet). It ~s found that for these shallow flows, the 

roughness of the toefill stone retarded the overbank velocities. Con

sequently bankline erosion was almost nonexistent. The lateral extent 

of erosion became significant as the depth of flow over the toefill 

increased past this depth. See Photos 32 through 35. 
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d. Backfilling Between The Toefill And The High Bank. No 

significant difference was observed between runs in which the zone 

between the toefill and the high bank was backfilled and runs in which 

this zone was not backfilled. During the runs with no backfill, the 

zone between the toefill and the high bank slowly filled with sediment 

and the end result was similar to runs in which this zone had been 

backfilled. See Photo 36. Since the types IV and V encourage deposi

tion in the shallow overbank zones they should be more economical to 

construct than the types II and III. 

96. In general the extent of the lateral erosion between tieback 

structures is governed by the tieback spacing, the slope of the tieback 

crown, and by the depth of flow over the toefill. See Photos 33 through 

39. 

97. A relationship defining the average maximum erosion for the 

Type I design was obtained from the test results. The extent of lateral 

erosion between tiebacks for the Types II, III, IV, and V designs was 

generally limited to a line connecting the points of intersection 

between the water surface and the tieback crown. The relationship for 

the Type I was found to be: 

where 

y K n-0.25 s0.44 I0.61 Yu1.2 (4) 

Y The average maximum lateral erosion as measured from the 

toefill crown. ft. 

K equal to a value of 27 for model and 4.6 for the prototype 

(length ratio = 40, slope ratio = .S) 

D The average channel depth, ft. (Design flood stage). 
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S = The water surface slope, ft/ft. 

I The tieback interval, ft. 

Yu The depth of flow over the toefill, ft. 

98. It should be noted that equation 4 is not homogeneous. Con

sequently the "K" value in equation 4 must be adjusted if the equation 

is to be used to predict prototype erosion. Equation 4 must therefore 

be used with caution until sufficient prototype data becomes available 

to either substantiate or modify this relationship. It i s suggested 

that the results of equation 4 be increased 50% to provide for a fac

tor of safety. 

99. It was also determined that the location of the point of 

ma~:imum erosion for the Type I design occurred at a mean distance, 

downstream from each tieback at 

~ 0.6I (5) 

t ' , 

100. Sample Calculation. The following example illustrates the 

use. of equation 4 for a Type I reinforced revetment. 

Given: Remarks 

Average Stream Depth (NWS) From Field Surveys 

D 10 feet 

Av~:~rage Stream Depth (Design flood Stage) From Fiel d Surveys 

D 16 feet 
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Given: 

Toefill Crown 

2 feet below NWS 

Depth of flow over toefill 

Yu 8 feet 

Water Surface Slope 

s 0.0002 ft/ft 

Longitudinal Tieback Interval 

I 200 feet 

Computations 

y 

y 4.6 (0.5)(0.024)(25)(12) 

Y 17 feet 

with safety factor 

y 17(1.5) 26 feet 

Remarks 

Some initial bankline erosion 

permissible at NWS 

(16-10)+2 

From Field Surveys 

Want I < 15 D 

Equation 4 with "K" equal 4.6 for 

prototype values 

Therefore, the reinforced revetment system would be constructed with 

the crown of the toefill 2 feet below the normal water surface with 

tiebacks located along the toefill at 200 foot intervals. The tie

backs should extend laterally from the toefill back into the bank a 
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distance of 26 feet. The required quantities of stone for the toe

f ill and the tiebacks would depend on the local characteristics of 

the stream, i.e. the bend radius, the anticipated scour along the 

toefill, and the composition of the bank material. 
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EFFECTS OF NAVIGATION ON BANK STABILITY 
IN CONFINED WATERWAYS 



SECTION 32 PROGRAM 

STREAMBANK EROSION CONTROL EVALUATION AND DEMONSTRATION 

EFFECTS OF NAVIGATION ON BANK STABILITY IN CONFINED WATERWAYS 

Hydraulic Model Investigation 

PART I: INTRODUCTION 

1. Under the Section 32 program,* limited hydraulic research was 

conducted to study the effects of navigation on bank stability in a con

fined waterway. This effort included a review of literature and both 

site specific model testing and model study of certain problems applica

ble to a wide range of conditions. This site specific study was funded 

under the Section 32 program to better understand failure mechanisms in 

confined waterways for application to other confined waterways located 

nationwide. 

* PL 92-251 Streambank Erosion Control and Demonstration Act. 
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PART II: THE PROTOTYPE 

2. A site specific 1:30-scale model study was conducted of a 

reach of the Sacramento River Deep Water Ship Channel (SRDWSC) which has 

experienced several riprap failures along the levees of the channel. 

The SRDWSC has been in operation since 1963. Table 1 shows a sampling 

of vessels using the SRDWSC. Also shown in the last column of this 

table is the value of the cross-section ratio, n , which is the ratio 

of the waterway cross-sectional area to the submerged cross-sectional 

area of the ship. Many of the vessels using the SRDWSC result in a 

cross-section ratio as low as 4 with the average ratio being 4.8. 

Feuerhake et al. (1969) reports "tests with ship speeds up to 15 km/hr 

(9.3 mph) showed that the cross-section ratio, n , should be at least 

7. Economic bank revetments then provide protection against forces." 

3. A map of the SRDWSC is shown in Plate 1. The particular area 

of concern is along the east levee from about mile 18.6 to mile 21.0. 

The as-built (1963) channel cross section in this reach is shown in 

Plate 2. In May 1979, five cross sections were surveyed within the study 

reach and increases in cross-sectional area ranged from 13 to 35 percent 

with the average increase being 23 percent. Significant bank p~otection 

mai tenance work has been required in this reach since 1967 as listed 

below: 

Spec:ifi- Quarry Stone Bedding Replaced 
cation Issue Thickness Max Size Layer Embankment Under 

No. Date in. lb Thickness Material Later Spec 

3418 1967 12 300 6 in. Uncompacted Yes 
3572 1969 12 300 6 in. Uncompacted Yes 
4010 1971 18 300 9 in. Uncompacted Yes 
4284 1972 18 300 9 in . Uncompacted Yes 
4851 1974 18 400 9 in. Compacted No 
4958 1976 18 350 9 in. Compacted No 
5296 1977 18 350 Filter Compacted No 

cloth 

Note: From Jones (1980). 
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4. During spring inspections of 1979, damage was observed at the 

sites constructed in 1974 and 1976. According to Jones (1980), three 

possible failure mechanisms are indicated. 

a. Improper gradation of quarrystone versus filter material. 
This allows wave action to remove filter material and 
expose the embankment to wave and seepage erosion which 
leads to stone failure. 

b. Saturation of uncompacted embankment material. Saturation 
by waves and tidal action resulting in subsequent seepage 
moving embankment material through the filter material 
which leads to stone protection failure. 

c. Inadequate design wave. If stone protection is being sub
jected to larger waves than presently designed for (design 
wave~ 4.0 ft); then the stone layer may not be adequate 
to withstand the wave force. 

5. In the summer of 1979 the U. S. Army Engineer Waterways 

Experiment Station (WES) was asked to review the bank protection design 

relative to: 

a. Quarrystone gradation and layer thickness. 

b. Filter material gradation and layer thickness. 

c. Embankment material selection and compaction. 

After review by WES and discussion with the U. S. Army Engineer District, 

Sacramento, a design was developed and has been included in a contract 

that is now being advertised for bids. This design consists of a com

pacted embankment overlaid with 6 in. of masonry sand which in turn is 

overlaid with a 12-in.-thick granular filter. The entire system is 

covered with a 27-in.-thick stone protection layer all placed on a 

1V-on-3H slope. The maximum size stone was increased to 1300 lb. The 

design was developed using the following design guidance: 

(1) EM 1110-2-2300, 1 Mar 1971, updated by ETL 1110-2-222 
dated 10 July 1978. 

(2) EM 1110-2-1901, Part CXIX, Chapter 1, February 1952. 

(3) Shore Protection Manual, 1977, Volume 2. 

The gradation limits for the recommended replacement stone and for spec

ification No. 4851 (place~ in 1974) which experienced damage are as 

follows: 
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Weight Finer by Weight 
lb Percent 

Specification No. 4851 400 100 

200 70-90 

100 30-70 

50 20-50 

20 10-30 

5 0-10 

Replacement gradation 1300 100 

1000 80-90 

500 50-70 

100 10-30 

50 0-10 

6. The existing speed limit within the study reach for all ocean

going craft is as follows: 

a. When going against a current of 2 knots or more, the maxi
mum speed over the bottom shall not exceed 5 knots 
(5.8 mph). 

b. When going with the current, in slack water, or against a 
current of 2 knots or less, the maximum speed through the 
water shall not exceed 7 knots (8.05 mph). 

Past speed surveys have shown that the average speed of all vessels was 

8.4 mph. 
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PART III: PURPOSE OF THE MODEL STUDY 

7. The purpose of the model study was to determine the mode of 

failure of the existing riprap along the SRDWSC and to evaluate the 

adequacy of the rock to be used in repairing the damaged sections. A 

side benefit of this study is the opportunity for future model-prototype 

correlation of results. Results of this study are applicable spe

cifically to the SRDWSC and generally to similar confined waterways. 
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PART IV: PERTINENT LITERATURE 

8. The study of navigation effects such as drawdown, surges, and 

waves created by ships in a confined waterway has received considerable 

attention in the literature. Cases similar to the SRDWSC having a 

hor i zontal berm have received limited attention, but much of the re

search based on trapezoidal channels without berms can yield informa

tion pertinent to the berm situation. 

9. Passage of large ships in confined channels results in signif

icant drawdown levels but relatively small waves compared with the 

smaller but much faster vessels that induce very little drawdown. Proto

type measurements on the St. Lawrence Seaway are reported (Gelencser 

1977) which confirm and quantify these observations. A plot of the time

history of the water surface for a relatively large ship is shown in 

Plate 3. The cross-section ratio for the trapezoidal channel and vessel 

was 5.3 and the speed of the vessel was 7.6 mph. Maximum drawdown be

low the $tatic water level was 2.1 ft. 

10. Model experiments were also reported (Gelencser 1977) which 

were directed at bank stabilization. '' ... the cost studies preconcluded 

have shown that the riprap protection is the cheapest one and therefore 

became the only protection investigated in the model." These tests 

showed that a design vessel of 730-ft length traveling at 14 to 15 mph 

would fail riprap as large as 5 ft in diameter. They also found that by 

limiting speeds to 10 mph, riprap material of 30 in. (maximum size) 

would not be damaged. The cross-section ratio for these tests was 7.0. 

11. Various studies have addressed the drawdown that occurs with 

ship passage (Gelencser 1977, Balanin et al . 1977, Dand and White 1977, 

Kao 1978, and Lee and Bowers 1947). Most relate drawdown as a function 

of channel depth, ship speed, and cross-section ratio. 

12. Research connected with the design of the Kiel Canal in Europe 

revealed that the final channel size was more dependent on bank and bed 

stability than on navigability requirements (Wiedemann 1978) . 

13. Dand and White (1977) report on surge waves that result from 
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drawdown effects in the Suez Canal. The following excerpt is from Dand 

and White (1977): 

The present western side of the Suez Canal has a 
horizontal berm which runs out from the bank at a 
level between 1 m and 2 m below water levPl. One 
disadvantage of a horizontal berm [see cross section, 
Plate 4] is that under certain circumstances surge 
waves can be created by vessels in transit. Condi
tions which increase the likelihood of surge waves 
include shallow depths of water over a berm, hb , 
high speeds of transit, and significant drawdown of 
the water surface caused by the passing ship. 

At s low speeds of transit there is a gradual and 
small fall i n water level as the bow of the vessel 
passes and a gradual increase as the stern reaches 
the point under consideration. As the speed of 
transit increases, the amount of drawdown increases 
and at some stage a weak undular disturbance is 
initiated over the berm. At even higher speeds this 
weak undular disturbance is transformed into a surge 
wave which travels along the berm roughly in line 
with the stern of the vessel. 

It is unwise to design new banks which will induce 
damaging surge waves under the operating conditions 
anticipated for the new canal. Hence it was desir
able to be able to predict when these effects would 
occur and to develop design criteria which would 
avoid them. 

A semiempirical approach to the problem, utilizing 
the observed drawdown characteristics, indicated a 
general relationship between the Froude number (based 
on the speed of the ship and the undisturbed depth 
over the berm), the blockage ratio and the type of 
wave disturbance. The plot is given in nondimen
sional form in [Plate 4]. 

Dand and White (1977) also verify "bank erosion is caused by drawdown 

from large vessels and free waves from small vessels moving at a higher 

speed." 

14. Lee and Bowers (1947) report on restricted channel tests for 

the Panama Canal. Extensive drawdown measurements were made for a wide 

range of channel depths, widths, ship speed, and relative position in 

the cross section. 
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15 . Helm (1953) states that: 

The speed of return-flow gives us an 
attack on the bottom to be expected. 
restricted by imposing a speed-limit 
according to the nature of the soil. 
report, the speed of the return flow 
at 1m/sec [3.3 ft/sec]. 

idea of the 
It should be 

on navigation, 
For the present 

has been fixed 

Heil1 (1953) states that the limiting speed of a ship in a canal is a 

function of the speed of the translation wave and the ratio of the water

way area to the submerged ship area (n). 

16 . Jansen and Schijf (1953) present curves in Plate 5 for 

determining the water- surface drawdown and the speed of return flow as 

a f unction of the reciprocal of the cross-section ratio and the ship 

Froude number. 

17 . Tenaud (1977) reports on the damaging effects of waves in a 

navi gation channel. Extensive model testing was conducted over a wide 

range of channel shapes, rock sizes, ship sizes, and ship speeds. 

Techniques are presented for estimating the wave heights as well as 

the protective stone required. 
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PART V: THE MODEL STUDY 

Description 

18. A straight 0.5-mile-long reach of the SRDWSC was reproduced in 

the model at a scale of 1:30 (Figure 1). The as-built cross section 

(Plate 2) was used throughout the model study with the exception that 

the replacement rock was tested at a 1V-on-3H side slope as proposed for 

the prototype. Only the east berm (left side of channel) was reproduced 

in the model. The correct channel area was maintained by a small adjust

ment of the bottom width of the channel. The channel used in the study 

was a slack-water channel; therefore, the small tidal-induced velocities 

that occur in the prototype were not reproduced in the model. The berm 

and side slopes on the east bank were molded in concrete with sand used 

in the bottom of the channel. 

19. The 1:30-scale model ship used in the study (Figure 2) repre

sented a tanker having a prototype length of 660 ft, beam of 102.6 ft, 

and drafts up to 40 ft. The ship is self-propelled with an operator on 

board. The draft of the model ship was varied to represent different 

ship displacements. This allowed variation of the ratio n (channel 

cross-section area/submerged ship cross-section area ) during the test 

program. The model ship was capable of prototype speeds up to 11 mph. 

Ship speeds were determined by measuring the time required for the ship 

to traverse the middle 0.25-mile length of the test reach. 

20. Crushed limestone was sieved and mixed to the proper gradation 

to simulate the prototype riprap. The specific gravity of the crushed 

limestone used in the model was 2.67. Movement of riprap in the model 

was determined by inspection during and immedia tely f ollowing each pas

sage of the model ship. The w
50

's simulated in the model were 90 lb 

and 340 lb for grada tion No. 4851 and the replacemen t riprap, 

respectively. 

21. A continuous recording water-level det ector was used to moni

tor the water level over the berm at the midpoint of the test section as 

shown in Figure 2. 
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Figure 1. 1:30-scale model of 0.5-mile reach of SRDWSC 

Figure 2. 1:30-scale ship in SRDWSC model 
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where 

Scaling Relations 

22 . The equations of similitude based on Froude's law 

v 

g 

L 

Froude No. Model = Froude No. Prototype = 

velocity, ft/sec 

gravity, ft/sec
2 

characteristic length, ft 

v 

~ 

were used to express mathematical relations between the dimensions and 

the hydraulic quantities of the model and prototype. The following 

relations were used: 

Dimension Ratio Scale Relations 

Length L 1:30 
r 

Time T Ll/2 1:5 . 48 
r r 

Velocity v Ll/2 1 : 5 . 48 
r r 

Weight w L3 1:27,000 
r r 

However, frictional resistance of ships is dependent on Reynolds number 

where 

R Reynolds number 

V velocity, ft/sec 

R 

L characteristic length, ft 

VL 
v 

v = kinematic viscosity, ft
2
/sec 

and the model and prototype Reynolds numbers are different when the same 

fluid is common to both model and prototype and the Froude criteria are 

used as the basis of similitude. Greater relative thrust must be 

applied in the model to overcome the greater friction in the model. The 

drag coefficient as a function of ship Reynolds number is shown in 

Figure 3. Also shown in this figure is the point on the curve for a 
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typical prototype and the point on the curve for the 1:30-scale model 

used in this investigation. Drag coefficients in the model are rela

tively close to those of the prototype, and only a small increase in 

thr st in the model was required. Water-level drawdown and return surge 

or a classical bore are the most likely failure mechanisms in the SRDWSC. 

Drawdown is a function of the cross-section ratio and the ship speed. 

The increase in thrust required in the model to simulate a given proto

type speed should not affect the similarity of the drawdown phenomenon. 

6 

5 
.., 
0 -
X 
f-
z 
w 
u 
u: 
u.. 
w 
0 PROTOTYPE 
u 
(.!) 
<( 
a: 
0 

(AFTER HOERNER) 

SHIP REYNOLDS NO. ; VIIL 

Figure 3. Drag coefficient as a function 
of ship Reynolds number (from Huval and 

Pickering 1978) 

23. Other scale effects are present relative to the rock movement 

resulting from the return surge or wave occurring on the berm. Dai and 

Kamel (1969) compared rock stability of rubble-mound breakwater models 

constructed with a wide range of model Reynolds number. Their tests in

dicated that scale effects due to viscous forces were significant below 

a certain Reynolds number. Unlike the case of the breakwater, the speed 

of the surge on the berm affects the stability of the riprap. The 

mec anics of a moving surge or bore departs considerably from that of a 
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wave train. The forces generated by the surge moving parallel to the 

bank line are more analogous to forces generated by flow over a channel 

boundary than to wave-generated forces. Unfortunately, certain viscous 

scale effects are present when testing riprap stability in a channel 

flow environment in models not having sufficiently large Reynolds number. 

The particle Reynolds number is defined as 

where 

R 

average velocity, ft/sec 

50 percent riprap size, ft 

k . . . . f 2; lnematlc VlSCOSlty, t sec 

O'Loughlin et al. (1970) recommends a particle Reynolds number greater 

than 2.5 x 10
3 

to minimize Reynolds number scale effects. The particle 

Reynolds number for the model using a surge speed of 8 mph to represent 

the average velocity and the d
50 

for gradation No. 4851 is 7 x 103 , 

indicating minimal Reynolds number scale effects. 
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PART VI: TEST RESULTS 

Existing Design 

24. The riprap plan based on gradation No. 4851 was placed in the 

model for the initial test series. Two values of the cross-section 

ratio, n , were tested for each of three different water depths over 

the berm. For each test the speed of the ship was varied and the draw

down of water over the berm was monitored and recorded. This drawdown 

was the difference between the static water level and the minimum water 

level that occurred during the passage of the ship. Results are shown 

in Plates 6 and 7, for cross-section ratios of 6.1 and 4.3, respectively. 

A typical trace of the water level as a function of time for a 4-ft depth 

over the berm and a cross-section ratio of 4.3 is shown in Plate 8. The 

speed of the ship for this test was 8.8 mph. The speed at which the 

water surface falls can be a significant factor in the stability of the 

riprap on the levee. For the condition shown in Plate 8, a fall of 

3.5 ft occurs in approximately 1 min in the prototype. This rapid draw

down can result in removal of bank material through the revetment if 

adequate filters are not installed. The drawdown over the berm is shown 

in Figure 4. 

25. During these tests, the ship speed at which the riprap on the 

levee began moving was observed for each water depth over the berm and 

each cross~section ratio for gradation No. 4851. Results of these rock 

movement observations are shown in Plate 9. The surge or bore which 

caused the rock movement is shown in Figure 4. 

Alternate Designs 

26. Limited testing was conducted to evaluate the effects of 

gabion dikes on the levee riprap stability. Gabion dikes were placed 

along the berm (Plate 10) at 150-ft intervals. These dikes were 3 ft 

high and 40 ft in length. Tests were conducted for an n ratio of 4.3 

and a 4-ft depth over the berm. Results of the drawdown measurements 
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are shown in Plate 11. Only a small decrease in drawdown was observed 

with the gabion dikes. However, the ship speed at which rock movement 

occ rred was increased from approximately 7.8 to 9 mph with the 4-ft 

depth over the berm and the cross-section ratio of 4.3. 

27. The gabion dike spacing was increased to 300 ft with the 

length and height remaining 40 ft and 3 ft, respectively. Rock movement 

tests were conducted with this design, and the ship speed at which rock 

movement began remained unchanged from the original design without dikes. 

28. The third alternate design tested was an attempt to reduce 

the rapid drawdown occurring over the berm and particularly on the levee. 

A gabion fence was constructed in the model as shown in Plate 12. This 

design stopped the drawdown at the top elevation of the gabion fence and 

none of the rock was moved at speeds up to 9.8 mph. However, this 

design reduced the effective channel area and the cross-section ratio and 

res lted in more adverse conditions out in the channel, particularly at 

the .toe of the gabion fence. One engineer observing tests noted that a 

gabion levee revetment could be constructed with the same amount of 

gabions required to construct the gabion fence and thus avoid any reduc

tion in the channel area. 

29. The fourth alternative tested was a 20 percent increase in 

cha nel area which changed the cross-section ratio with the largest ship 

from 4.3 to 5.2. The resulting drawdown plot as a function of ship 

speed is shown in Plate 13. Rock movement tests indicated only a small 

increase from 7.8 mph with the original design to~ 8.5 mph with the 

increased channel area could be achieved. These tests were conducted 

wit a 4-ft depth of water over the berm. 

Proposed Replacement Design 

30. The riprap design proposed for repair of the prototype was 

then placed in the model. Rock movement tests were conducted for a 

cross-section ratio of 4.3 with water depths over the berm of 2, 4, and 

6 ft. The replacement rock was moved at ship speeds of ~ 1.0 mph faster 

than the speeds for the original No. 4851 gradation (Plate 9) for all 

depths over the berm. 
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PART VII: DISCUSSION OF RESULTS AND CONCLUSIONS 

31. Model tests show that surging and rapid drawdown in the 

SRDWSC are caused by the low waterway to submerged ship cross-section 

ratio in conjunction with the typical speed of the using vessels. The 

average cross-section ratio for the channel and all ships sampled was 

4.8. Model tests showed rock movement began along the levee with ship 

speeds as low as 8 mph for a cross-section ratio of 6.1. Model results 

are valid for the original as-built cross section. Results of model 

tests with a 20 percent increase can be used to estimate the effects of 

the altered prototype cross section (paragraph 3). Based on these tests, 

rock movement on the levee with the enlarged section will occur at ship 

speeds of 0.5 to 1.0 mph faster than with the as-built section. 

32. The failure mechanisms observed in the model study were simi

lar to those stated by Jones (1980). The rapid drawdown that occurs as 

the ship passes can lead to riprap failure if adequate filters are not 

provided beneath the revetment. At the highest ship speeds and ship dis

placements, the drawdown can be equal to the depth of water over the 

berm. The surge or bore that follows the rapid drawdown leads to rock 

revetment failure. The surge or bore height always exceeded the bow or 

stern waves coming off the ship. The surge moved along the berm approx

imately equal to the location of the stern of the ship. The rock move

ment curves approximate the point at which rock moved off the levee and 

onto the berm. For determining the speed at which revetment failure 

should not occur, a safety factor should be incorporated by selecting a 

speed less than the speed at which initial rock movement occurred. 

33. The gabion dike (150-ft spacing) alternative did not solve 

the rapid drawdown problem but was effective in allowing an increase of 

ship speed at which rock movement was initiated. The gabion fence alter

native solved both the rapid drawdown and the rock movement due to the 

surge or bore but reduced the cross-sectional channel area in an already 

critically confined channel. 

34. The proposed larger replacement riprap will help solve the 

problem of riprap failure if past failures have been caused by the 
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action of the surge or bore. If past failures have been caused by rapid 

drawdown, the filters proposed for the replacement riprap may solve the 

problem of failure due to rapid drawdown. 

35. Only a small increase (: 1.0 mph) in ship speed above the 

speeds shown in Plate 9 for gradation No. 4851 can be tolerated without 

movement of the replacement riprap. This is surprising since the aver

age diameter of the replacement stone is 50 percent greater than the 

exis ting riprap. The reason for this small increase is the small cross 

section ratio of the SRDWSC to the using vessels. The drawdown curves 

shown in Plates 6 and 7 show a large increase in drawdown (and therefore 

surge or bore height) for a relatively small increase in ship speed. 

Only an increase in channel area or a decrease in ship speed can result 

in favorable conditions within the channel and along the riprapped levees 

with the using vessels and the proposed replacement riprap. 

36. According to research conducted on the Suez Canal a horizon

tal berm can result in severe surging if the depth over the berm is 

shallow or ships travel at high speeds. These breaking surge waves or 

bores occur in the SRDWSC and may result in rock failure along the levee 

at the higher ship speeds. 

37. Drawdown, surge or bore height, wave action, and rock failure 

would be reduced by enforcement of longer travel times and/or lower 

speed limits. 

38. Results of this study are valid quantitatively to only the 

specific channel dimensions of the SRDWSC. Results ar e valid qualita

tively t o o t her confined channels . Qualitat i ve application of these 

results to large navigable waterways that canno t be considered as con

fined channels is not valid . 
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Table 1 

Sam12le of Vessels Loading at the Port of Sacramento 

1976-79 

Des ign Sailing 
Length Beam Draft Dr aft Tons ll 

DWT ft in. ft in. ft in. ft in. Loaded Ratio 

25,040 585 8 75 1 34 1 30 6 20,235 5.1 
22,593 539 2 75 2 32 4 30 6 21,041 5.1 
35,657 655 5 91 5 36 10 31 5 30,166 4.1 
16,588 557 10 86 0 29 10 30 6 16,421 4.1 
52,225 700 0 96 2 41 10 30 0 33,075 4.0 

26,900 581 4 75 0 34 3 31 0 23,681 5.0 
38,711 656 0 88 9 36 7 28 0 27,305 4.7 
20,203 518 4 76 11 31 3 30 4 18,682 5 . 0 
26,600 600 6 74 8 34 5 30 6 23,422 5.1 
60,740 736 3 106 0 41 4 29 2 39,225 3.8 

25,604 591 7 75 1 33 6 29 10 20,944 5.2 
34,602 604 9 85 9 36 3 28 9 24,182 4.7 
52,733 716 9 102 2 39 5 30 10 37,449 3.7 
39,796 623 4 90 9 37 3 29 8 29,848 4.3 
30,668 623 4 75 6 35 1 30 0 24,556 5.2 

19,030 506 0 74 10 30 2 30 4 19,711 5.1 
29,168 593 2 91 3 35 1 28 9 22,046 4.4 
22,697 544 5 75 1 34 0 30 4 16,204 5.1 
16,061 474 6 67 10 30 4 31 0 16,017 5.6 
20,520 520 0 74 3 30 1 31 2 19,996 5.0 

16,230 534 4 66 7 30 10 30 4 16,436 5.8 
40,347 669 11 90 7 38 7 30 5 29,423 4.2 
27,306 597 1 75 2 34 11 30 5 21,600 5.1 
51,658 655 11 105 8 40 9 30 10 36,904 3.6 
29,202 593 2 75 11 35 0 30 3 24,595 5.1 

27,593 577 0 75 0 36 1 31 0 21,934 5.0 
23,625 555 11 80 10 32 6 31 2 21,197 4.6 
37,836 615 9 93 2 35 2 30 6 32,554 4 . 1 
41,035 602 3 90 8 39 4 29 7 29,944 4 . 4 
27,890 564 0 85 2 34 2 30 4 4.5 

29,709 564 0 85 2 35 4 31 0 4.4 
27,890 564 0 85 2 34 2 29 6 4 . 6 
27,890 564 0 85 2 34 2 29 6 4.6 
28,939 593 10 95 11 34 4 27 8 4.4 
24,090 534 4 75 2 34 2 29 6 5.3 

29,623 574 7 85 5 33 9 30 8 20,609 4.5 
19,418 512 4 74 4 31 3 30 5 15,064 5.2 
18,820 508 8 75 0 29 4 30 6 14,512 5.1 
20,009 502 0 77 6 30 11 30 6 15,804 4.4 
18,546 469 10 75 0 30 0 29 2 13,244 5.3 

16,549 465 9 71 7 29 10 30 2 13,769 5.4 
19,297 512 4 74 4 31 3 31 0 14,603 5.1 
25,401 576 11 83 5 31 2 31 6 20,684 4.4 
20,000 555 10 75 0 33 8 31 1 17,236 5.0 

* Ratio of waterway cross-sectional area t o submerged cross-sectional area 
of the ship. 
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EFFECTS OF PROPELLER WASH FROM INLAND NAVIGATION 
ON CHANNEL BOTTOM STABILITY 



SECTION 32 PROGRAM 

STREAMBANK EROSION CONTROL EVALUATION AND DEMONSTRATION 

EFFECTS OF PROPELLER WASH FROM INLAND NAVIGATION 

ON CHANNEL BOTTOM STABILITY 

Hydraulic Model Investigation 

Introduction 

1. Under the Section 32 Program,* hydraulic research was con

ducted to study the effects of propeller wash from inland navigation on 

channel bottom stability. This research addressed the riprap size re

quired in maneuvering areas such as docks and lock approaches where ves-

sel speeds are low but the energy of propeller wash can be high. The 

increasing size of vessels and vessel horsepower has exposed inland 

waterways to increased hydraulic forces and previously stable maneuver

ing areas are experiencing problems with scour of the channel bottom. 

Engineers planning and designing rehabilitation of existing or construc

tion of future inland navigation facilities requiring bottom protection 

can use the results of this research within the limits stated in 

paragraph 10. 

Model Appurtenances and Test Procedures 

2. A 1:20-scale model was used for the investigation and model 

quantities were converted to prototype quantities based on the Freudian 

similarity criteria. The scaling relations are as follows: 

Characteristic 

Length 

Area 

Dimension 

L 
r 

A = 1 2 
r r 

(Continued) 

Model:Prototype 

1:20 

1:400 

* PL 92-251, Section 32, Streambank Erosion Control Evaluation and 
Demonstration Act of 1974 . 
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Characteristic Dimension Model:Prototype 

Volume Vol L3 1:8000 
r r 

Weight w L3 
r r 

1:8000 

Time T Ll/2 1:4.47 
r r 

Velocity v Ll/2 
r r 

1:4.47 

Thrust Th L3 1:8000 
r r 

Revolutions R 1/Ll/2 
r r 

1:0.224 

An outdoor slack-water channel with depths up to 25 ft (prototype) was 

used to represent the maneuvering areas. All references to sizes refer 

to the prototype unless stated otherwise. The channel bottom was sand 

havi ng a median diameter of approximately 0.5 mm (model dimension) and 

the side slopes of the channel were covered with filter fabric (proto

type). To form the model riprap test sections, filter fabric was placed 

over the horizontal sand bed and riprap was placed on the filter fabric 

to simulate 300-ft-long by 100-ft-wide (prototype) test sections. Riprap 

used in the model was crushed limestone having a specific gravity of 

2.67 and d
50 

sizes used in the investigation simulated prototype stone 

with diameters up to 2.92 ft. Gradations of the prototype stone simu

lated in the different model riprap test sections are shown in Plate 1. 

3. The 1:20-scale model tow (Figure 1) used in the investigation 

represents an inland waterway vessel having twin screws, main and 

flanking rudders for each screw, tunnel stern with twin rudder gear, and 

without Kart nozzles. Dimensions and other pertinent data for the 

simulated towboat are as follows: 

Length 208.8 ft 

Width 45 . 6 ft 

Draft 9 ft 

Horsepower = 5600 

No. of propellers 2 

Propeller diameter 10 ft 

(Continued) 
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No . of blades ~ 4 

Propeller rpm 190 

KT , thrust coef- 0 . 36 
ficient at zero 
ship speed 

4. Each test was conducted with the vessel held in a stationary 

position over the riprap test section in the slack-water channel and the 

required propeller speed was established in the model. Depths were 

gradually lowered until failure of the bottom riprap was detected. Each 

riprap size was subjected to a 9-min duration of the full thrust of the 

towboat at each dep t h be fore the test section was inspected for failure. 

Depths were measured with staff gages and riprap failure was determined 

by observing either rock movement or exposure of the underlying filter 

fabric. Tests were conducted with both forward and backward thrust and 

attack of the rock was similar in the slack-water channel. 

Figure 1. 1:20-scale model tow 
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Test Results 

5. A summary of tests conducted and results is shown in Table 1. 

A p lo~ of rock size as a function of channel depth for the 5600-hp tow

boat ls shown in Plate 2. These results are applicable to attack on the 

channel bottom without the effects of any lateral walls. Details of the 

rock gradations simulated and investigated are shown in Plate 1. These 

gradations represent very uniform riprap or capstone and do not address 

energy absorption or filter requirements between the riprap and soil. 

A rock gradation with a wide variation in sizes contains fine material 

that may be transported by the propeller wash and deposited in undesir

able areas within the maneuvering zones. 

Comparison of Model Results with Engineering Literature 

6. A search of the literature was conducted to evaluate existing 

design information regarding bottom protection against propeller wash. 

A recent article by Fuehrer et al.* gives an excellent review of past 

work and presents a design procedure for protecting both the bottom and 

side slope of navigation canals. This procedure requires computing the 

induced jet velocity, Vo , defined as 

whe:re 

Vo 1.6nDKT 

Vo induced jet velocity at ship speed 

n propeller speed, rev/sec 

D propeller diameter, m 

KT thrust coefficient, at ship speed 

(1) 

0, m/sec 

0 

* M. Fuehrer, K. Romisch, and G. Engelke. 1981. Criteria for Dimen
sioning the Bottom and Slope Protections and for Applying the New 
M1:!thods of Protecting Navigation Canals," Permanent International 
Association of Navigation Congresses, 25th Congress, Section I, 
Volume I. 



For the 5600-hp towboat, the induced jet velocity is Vo = 9.27 m/sec 

30.4 ft/sec. Many times the thrust coefficient may not be known and 

Blaauw and van de Kaa* present an equation for estimating Vo based on 

horsepower and propeller diameter 

where 

Vo 
(P ) 1/3 

D 
1. 48 --2:---

D 

installed engine power, kw (1 Hp 

D propeller diameter, m 

hp horsepower 

(2) 

0.746 kw) 

Based on Equation 4 for the 5600-hp towboat, Vo = 9.0 m/sec = 29.4 ft/ 

sec which is close to the value obtained by Equation 3. Next, the bottom 

velocity is determined as a function of Vo , propeller diameter, and 

depth by Fuehrer as 

where 

VB,max 

hp 

VB,max 
-1 0 Vo • E • (hp/D) ' 

maximum bottom velocity at zero ship speed, m/sec 

distance from center of propeller to bottom, m 

E a coefficient depending upon the stern shape and type 

(3) 

of rudder arrangement; 0.25 for inland ship, tunnel stern, 
single screw, with twin rudder gear 

This value of E was determined by Fuehrer using single screw vessels 

whereas the model vessel used in this investigation was a twin screw 

vessel. At the shallower depths, the propeller jet may attack the bot

tom before the jets intersect. At deeper depths, the jets may intersect 

before attacking the bottom and result in greater attack than with the 

single screw vessel. Comparison of the twin screw model results with 

the results of Fuehrer's design procedure should help resolve the 

* H. G. Blaauw and E. J. van de Kaa. 1978. "Erosion of Bottom and 
Sloping Banks Caused by the Screw Race of Maneuvering Ships," Delft 
Hydraulics Laboratory, Publication No. 202. 
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difference between single screw-double screw ships. The final step is 

relating the maximum bottom velocity to the required stone size by 

Fue rer's equation for VB,max defined as 

whe:re 

VB,max 

average stone diameter, m 

gravity = 9.81 m/sec2 

stone density 

water density 

(4) 

a coefficient depending upon the type of stern and type of 
rudder arrangement; 0.9 for inland ship, tunnel stern, and 
twin rudder gear 

This value of B is the limiting condition or point at which rock 

movement would be incipient. For safe design the d
50 

size should be 

incr eased by an appropriate factor. 

7. A comparison of the 1:20-scale model data and the Fuehrer, 

RBm:Lsch, and Engelke technique is shown in Plate 3 for the 5600-hp tow

boat . The curve represents incipient motion for bottom riprap protec

tion without the effects of walls or flowing water which inhibit spread

ing of the flow and concentrate the attack. 

8. According to Fuehrer, a significant reduction in the maximum 

bottom velocity occurs for normal navigation, i.e. navigation that is 

under way at a constant rate of speed. The maximum bottom velocity 

(VB ,max) for normal navigation is given by the relation 

where 

-1 0 ( v ) VB,max = Vo • E • (hp/D) . 1 - nD 

V ship speed, m/sec 

n propeller revolution, rev/sec 

D propeller diameter, m 
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Di scussion of Results and Conclusions 

9. The relation between rock size and water depth developed from 

the model tests is as expected; large rock required for small depths and 

small rock with large depths. Further, it appears that asymptotic 

limits of depth exist such that the size of stone required for stability 

increases and/or decreases at an infinite rate. For example, with a 

depth of 12.5 ft a significant increase in rock size does not permit any 

decrease in the depth allowed. This is not unexpected because at this 

condition there exists a jet of water approximately 10 ft in diameter 

with a velocity of about 30 ft/sec at a distance of only 3.5 ft from the 

riprap. The energy dissipation and ve·locity reduction at the boundary 

will be small for this condition. One preliminary conclusion from these 

tests is that riprap should not be used as protection with these small 

depths for the towboat size tested in this investigation. Stated dif

ferently , a greater depth of water would be necessary for use of riprap 

to protect the bottom of a berthing area or navigation channel, lock 

approach, etc. 

10. Good correlation was found between the design procedure 

recommended by Fuehrer and the results of this investigation. These 

results , although more conservative than Fuehrer's, show that Fuehrer's 

design procedure for single screw vessels is applicable to the twin 

screw vessel used in this investigation. The curve shown in Plate 3 

represents incipient motion of the bottom riprap protection and rock 

size should be increased to provide a stable design. This curve and the 

model results should not be used where adjacent lock or training walls 

limit spreading of t he jet or in flowing waters. This occurs mainly 

when propeller thrus t is angled toward a wall or upstream against flow

ing water which results in concentrated attack on the bottom. 

11. Fuehrer' s design procedure can be used to estimate the rock 

size r equi red in maneuvering ar eas for various towboat sizes and water 

dep ths . Additional r esearch is needed to determine the individual and 

collective effects of walls, angl e of attack, depth , draft, horsepower, 

and velocity of vessel relative to riverflow. The capability to do 
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such research experiments has been demonstrated and such additional R&D 

would result in improved guidance and criteria for plan, design, opera

tion, and maintenance of the nation's waterways. 
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Table 1 

Summary of Test Results 

Gradation dso Depth hp 
No. ft ft ft hp/D* Test Result 

1 2.92 15.6 11.6 1.16 Stable 

2.92 14.6 10.6 1.06 Stable 

2.92 13.6 9.6 0.96 Stable 

2.92 12.4 8.4 0.84 Failed 

2 2.08 15.3 11.3 1.13 Stable 

2.08 14.2 10.2 1. 02 Stable 

2.08 13.2 9.2 0.92 Stable 

2.08 12.2 8.2 0.82 Failed 

3 1.46 18.0 14.0 1.40 Stable 

1.46 17.0 13.0 1. 30 Stable 

1.46 16.0 12.0 1. 20 Stable 

1.46 14.0 10.0 1. 00 Failed 

4 1.04 19.0 15.0 1. 50 Stable 

1.04 18.0 14.0 1.40 Stable 

1.04 17.0 13.0 1. 30 Failed 

5 0.50 24.0 20.0 2.00 Stable 

0.50 22.0 18.0 1. 80 Stable 

0.50 20.0 16.0 1. 60 Stable 

0.50 18.0 14.0 1.40 Failed 

* hp is the distance from the center of the prop to the channel bot
tom; D is the prop diameter. 
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WAVE AND SEEPAGE-FLOW EFFECTS ON SAND STREAMBANKS 
AND THEIR PROTECTIVE COVER LAYERS 



SECTION 32 PRO GRAM 

STREAMBANK EROSION CONTROL EVALUATION AND DEMONSTRATION 

WAVE AND SEEPAGE- FLOW EFFECTS ON SAND STREAMBANKS 

AND THEIR PROTECTIVE COVER LAYERS 

Demons t ration Hydraulic Mode l s 

PART I: INTRODUCTION 

The Prototype 

1. Streambank erosion is a major problem along many miles of 

rivers and streams in the United States. In many instances, this ero

sion results in the loss of valuable land, flooding, and/or blocking of 

navigation channels. Streamflow velocities, wave action, overbank flow, 

and water- level drawdown, which induces seepage flows , are some of the 

major hydraulic factors that influence streambank erosion. Erosion can 

be initiated and sustained by any one or a combination of the above fac

tors. This investigation addresses demonstration and documentation of 

waves, drawdown, and seepage- flow effects on a sand streambank with and 

without several types of protection . 

Purpose of Demonstration Mode l Tasks 

2 . I n many ins t a nces individua ls are aware that they have stream

bank stability problems but are not certain as to the cause or causes of 

the instability . ~1any times the instability is due to more than one 

erosion-inducing process. Unless adequate protection is provided against 

all causes of local erosion, the streambank will continue to fail. One 

example would be a case of a streambank instability caused by the com

bined effect of wave action and seepage flow out of the streambank, the 

l at ter induced by the differential elevation between the stream and the 

groundwater table. If the streambank was covered with a solid concrete 

blanket it would be adequately protected from the wave-induced erosion 



but the streambank protection might fail due to the buildup of hydro

static water pressure caused by the higher groundwater table . Thus, the 

total problem needs to be understood before measures can be taken to 

provide adequate protection. 

3. The purpose of these tests was not to establish any new pro

tection techniques or design criteria for streambank protection. The 

main purpose of the test series reported herein wa s to demonstrate the 

effect of wave action, drawdown, and seepage flow on an unprotected 

streambank and then to demonstrate and compare the effectiveness of some 

of the state-of-the-art streambank protection techniques. 

Tests Conducted 

4. Wave- and seepage-flow-induced erosion are the two areas con

side red in this test series. Wave-induced erosion is obviously the 

result of the impingement of waves, which are short-period fluctuations 

in the still water level (swl), against the streambank slopes. Seepage 

floN is induced both into and out of the streambank by the periodic wave 

action and is induced either into or out of the streambank by static 

differential heads between the groundwater level and the water level in 

the river or stream. With the drawdown of the stream relative to the 

groundwater level or the raising of the water table relative to the 

stream level, seepage flow out of the embankment will result. The fol

lowing tests were conducted to demonstrate both the individual and com

bined effects of waves, drawdown, and static-differential heads on both 

prot ected and unprotected streambank slopes: 

a. Static-differential heads across the streambank to induce 
seepage flow. 

b. Drawdown followed by static-differential heads across the 
streambank. 

c. Wave penetration without static-dif ferential heads across 
the streambank. 

d. Wave stability without static-differential heads across 
the streambank. 

e. Wave stability with static-differential he ads across the 
streambank. 
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Each of these tests will be explained in more detail in their respective 

sections of the report. 
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PART II: TEST FACILITY AND STREAMBANK 

Selection of Test Scale 

5. Laws of similitude have not been developed for accurate model 

reproduction of the interaction of fine streambank material and fluid 

mediums. Froude model laws are used for wave-stability tests where 

inertia and gravity are the predominant forces. Reynolds model laws are 

used for modeling flows where inertia and viscous forces predominate. 

The force ratios and scaling factors involved are different for these 

two laws of similitude for models and both cannot be satisfied simul

taneously when water is the fluid in both the model and prototype sys

tems. Therefore, to preclude any possible scale effects in the tests a 

prototype streambank was constructed in the available facility and 

tes t ed at full scale (1:1, model to prototype). 

Test Facility and Equipment 

6. All tests were conducted in a 2-ft-wide and approximately 165-

ft-long flume in which the depth varied from 4.5 ft in the test area to 

6.5 ft at the wave paddle (Figure 1). The flume was equipped with a 

flap-type wave generator capable of producing monochromatic waves of 

various periods and heights. All test plans were constructed and tested 

within the flat bottom area of the test flume, labeled test area viewing 

windows in Figure 1. Changes in water-surface elevation (wave heights) 

as a function of time were measured by electrical wave-height gages and 

recorded on chart paper by an electrically operated oscillograph. The 

electrial output of the wave gage was directly proportional to its sub

mergence depth in the water. Al l wave-height measurements were made 

prior to installing any of the test sections. The measurements were 

made where the toes of the streambank slopes would be located. 

7. A system of bulkheads, overflow weirs, pumps, water supply 

hoses, and water-level control valves was installed in the flume test 

area to monitor and control the streamside and landside water levels for 
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the drawdown and static differential head tests. The test area layout 

is shown in Figure 2. 

8. For all but one of the test plans, a porous wooden bulkhead 

was used to support the vertical face on the landside of the streambank. 

The screen and cheese cloth used on the bulkhead were able to keep the 

sand from leaching out but were porous enough not to restrict the flow 

of "'ater into or out of the sand streambank. 

Selection of Streambank Material 

9 . Although the basic types of soils are generally finite in num

ber, the combinations of soil types that occur along rivers and streams 

are almost infinite. Very seldom will a homogeneous streambank material 

be f ound along the entire reach of a streambank. In most all cases the 

streambank profile will be made up of layers of varying soil and/or rock 

types. It was not feasible to test all the naturally occurring soil 

types for all the proposed tests in this series. It was also necessary 

to eproduce the streambank as closely as possible, frQm one test to the 

next . Taking all this into account, it was decided to use a fine sand 

and one construction technique. This made it possible to closely repro

duce the streambank properties, bulk density, porosity, etc., each time 

the streambank was rebuilt and thus allow the comparison of test results. 

The material used in all tests in this series was a uniform fine sand 

obtained from a source near the Bjg Black River about 7 miles south of 

Vicksburg, Mississippi. It is referred to locally as Reid-Bedford model 

sand. Materials laboratory tests indicated maximum and minimum dry unit 

weights of 104.2 and 87.2 lb per cu ft (pcf), respectively. Specific 

gravity of the sand was 2.65. Average grain size (n
50

) was 0.24 mm, and 

the uniformity coefficient, n60 ;n10 , was 1.5. Examination of sand 

grains under a low power microscope indicated that the predominant grain 

shapes were subrounded to subangular. The grain-size distribution, or 

gradation curve, is shown in Figure 3. Conventional consolidated 

drained, d:J..rect shear tests performed on laboratory samples prepared at 

20 o 100 percent relative density indicated angles of internal friction 
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of 29.2 to 32.3 deg, respectively, and cohesion equal to zero 

(Poplin 1965). 

Construction of Model Streambanks 

10. The sand was thoroughly dried and passed through a number 10 

U. S. Standard sieve. To obtain as uniform density as possible, the 

sand was sprinkled from a shovel through standing water. The sand was 

added and let fall to its natural angle of repose, slope of lV on l.6H, 

until the sand mound slightly exceeded the size of structure that had 

been laid out on the test flume walls. The test flume was drained and 

the sand was allowed to drain thoroughly before the excess sand was 

screeded off. In all but one test series, the streambank sand was 

tested at its natural angle of repose. This closely simulated an 

alluvial sand deposit and was the steepest and thus most unstable slope 

that could occur naturally. For this reason any protective measures 

that successfully stabilized this slope would more than likely work on 

flatter slopes. In situ undisturbed sand samples were taken from sev

eral test sections. Laboratory tests showed dry unit weights ranging 

from 96.8 to 100.5 pcf with an average dry unit weight of 98.0 pcf. 

This corresponds to an average relative density of 67.5 percent. 
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PART III: TESTS AND RESULTS 

Development of Plans 

11. Three unprotected and fourteen protected sand streambank 

plans were used in all or a portion of the tests discussed in para

graph 4. All the sand streambanks were constructed using the procedures 

described in paragraph 10. 

12. Plan 1, Figures 4 and 7, was an unprotected sand streambank 

4 ft high with a 4-ft-crown width. The landside face of the structure 

was vertical while the streamside face was constructed with a 1V-on-1.6H 

slope. 

13. Plan 2, Figures 5 and 8, was an unprotected sand streambank. 

The landside face of the structure had a vertical rise of 3 ft and the 

structure had no crown width. The streamside face of the structure used 

a 1V-on-1.6H slope between the base and the 1.0-ft elevation and a 

1V-on-4H slope between the 1.0-ft elevation and the crown. 

14. Plan 3, Figures 6 and 9-12, was a protected sand streambank. 

The streambank was constructed using the identical dimensions and geom

etry as Plan 1, paragraph 12. The streamside face was protected by a 

0.5-ft-thick layer of riprap, a 0.17-ft-thick layer of filter B below 

the riprap, and a 0.04-ft-thick layer of filter A between filter B and 

the sand. Engineer Technical Letter 1110-2-222 (OCE 1978) was used as 

design guidance for the riprap. The sizing of the riprap was based on 

the following equations: 

where 

WA yH~ I 4. 37 cot a. (G-1) 

w 4WA max 

w . WA/8 m1n 

WA weight of median sized stone, lb 

y unit of weight of stone, pcf 
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H 
s 
a 

G 

w max 
w . 

m1n 

significant wave height, ft 

angle streambank slope makes with the horizontal, deg 

specific gravity of stone 

weight of maximum sized stone, lb 

weight of minimum sized stone, lb 

A significant wave height of 0.75 ft, streambank slope of lV on 1.6H 

(a= 32 deg), and a 165-pc f unit weight of stone gave a WA equal to 

2.24 lb and this weight was used for all plans designed with riprap as 

the primary cover layer protection. The criteria call for the riprap to 

be well graded and the gradation curve should approximately parallel the 

gradation of the filter layer beneath it. The riprap gradation used is 

shown in Figures 10 and 11. The riprap layer thickness should be based 

on the following equation : 

T (4) 

where T equals riprap layer thickness, in. Engineer Manual 1110-2-

2300 (OCE 1971) states that a minimum riprap thickness of 12 in. should 

be used even if Equation 4 calls for a smaller thickness. Equation 4 

called for a riprap thickness of 4.78 in. A thickness of 0.5 ft was 

used on a portion of the protected streambanks. This was well below the 

12-in. minimum designated in the design criteria. It was felt that if 

this thickness proved to be adequate, then structures designed using 

Equations 1-4 should be more stable designs. Sizing and gradation of 

the two-layer filter system were based on the following equations from 

EM 1110-2-1913 (OCE 1978) : 

(5) 

(6) 

(7) 
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Figure 7. Plan 1 

Figure 8. Plan 2 
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where 

DlSF the lS percent passing size of filter 

DSOF the so percent passing size of filter 

D8SF the 8S percent passing size of filter 

DlSE the lS percent passing size of material under filter 

DSOE the so percent passing size of material under filter 

Gradation curves for filters A and B are given in Figures 10 and 12. 

The thickness of the individual filter layers was considerably less than 

the 9- in. minimum called for in the design guidance. If these thinner 

layers (1/2 and 2 in., respectively) proved to be adequate, prototype 

filter layers designed using the minimum thickness criteria should be 

adequate. 

lS. Plan 3A, Figures 13 and 16, was a protected sand streambank . 

Plan 3A was identical with Plan 3 except for the increased riprap layer 

thickness of 1 . 0 ft used in Plan 3A. 

16. Plan 4, Figures 14 and 17, was a protected sand streambank 

using the same riprap design as Plan 3. The size and geometry of the 

sand streambank were identical with Plan 1. No filter was used between 

the riprap and sand. 

17 . Plan 4A, Figures lS and 18, was a protected sand streambank. 

Plan 4A was identical with Plan 4 except for the increased riprap layer 

thickness of 1.0 ft used on Plan 4A. 

18. Plans S and SA, Figures 19, 20, 22 and 23, were protected 

sand streambanks identical with Plan 4 except for the woven filter 

fabric that was placed between the riprap and sand in Plans S and SA. 

Selection of the appropriate woven filter fabric was based on the design 

guidance given in the Civil Works Construction Guide Specifications for 

Plastic Filter Fabric, CW- 0221S (OCE 1977). The woven filter fabric had 

an equivalent opening size (EOS) of 40, as determined by the procedures 

in CW-0221S. The design guidance specifies the following: 

8S percent passing size of soil (D
8

S) 
> 1 Opening size of EOS sieve 

(8) 
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STREAMSIDE 
6.29' 

... ~ .'b 

/SAND 

12.69 ' 

POROUS BULKHEAD 
SUPPORT-----..; 

NOTE: FOR SIZE AND WEIGHT GRADATIONS OF RIPRAP AND FILTER 
LAYERS SEE FIGURES 10-12. 

LANDSIDE 

Figure 13. Plan 3A, sand streambank with 1.0 ft of riprap and 
filter (two well-graded rock layers) protection 

STREAMSIDE 

RIPRAP 

4.94 ' 

~SAND--------

11.34 ' 

POROUS BULKHEAD 
SUPPORT-----., 

NOTE: FOR SIZE AND WI::IGHT GRADATIONS OF RIPRAP 
SEE FIGURES lOAND 11. 

LANDSIDE 

Figure 14. Plan 4, sand streambank with 0.5 ft of riprap protection 

STREAMSIDE LANDSIDE 
5.89' 

POROUS BULKHEAD 
SUPPORT ____ _., 

12.29' 

NOTE: FOR SIZE AND WEIGHT GRADATIONS OF RIPRAP SEE 
FIGURES lOAND 11 . 

Figure 15. Plan 4A, sand streambank with 1.0 ft of riprap protection 
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Fi gure 16 . Plan 3A 

~--·-

.. 3.5 FT ' 

Figure 17. Plan 4 

Figure 18. Plan 4A 
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STREAMSIDE 

VIEW A-A 

/(SEE FIG~RE 20) 

TOP EDGE OF 
FILTER FABRIC 
(BURIED)-

I 4.94 

......, ___ TOE EDGE OF 

FILTER FABRIC 
(BURIED) 

SAND 

FILTER FABRIC (WOVEN) 

11.34' 

POROUS BULKHEAD 
SUPPORT------.~ 

NOTE : FOR SIZE AND WEIGHT GRADATIONS OF RIPRAP SEE FIGURES 
10 AND 11. WOVEN FILTER FABRIC HAD EQUIVALENT OPENING 
SIZE, EOS, OF A NO. 40 U.S. STANDARD SIEVE . 

•FILTER FABRIC HOLD- DOWN PINS. 

PLAN 5 FILTER NOT SEALED TO FLUME WALLS. 
PLAN 5A FILTER FABRIC SEALED TO FLUME WALLS (SEE FIGURE 20.) 

LANDSIDE 

Fig re 19. Plans 5 and SA, sand streambanks with 0.5 ft of riprap and 
woven filter fabric protection 

A. RAPID DRAWDOWN AND STATIC 
DIFFERENTIAL HEAD TESTS 

· . .' . . . . 
f+._:_,.:.____,~-HOLD-DOWN PINS ~~c.__,--'-..:._,.;.j 

B. WAVE STABILITY TEST 

Figure 20. Details of filter fabric sealing used for drawdown, static 
differential head, and wave-stability tests 

STREAMSIDE 

RIPRAP 

12.29' 

5.89' 

\-ot--- TOP EDGE OF 
FILTER FABRIC 
(BURIED) 

F/L TER FABRIC (WOVEN) 

POROUS BULKHEAD 
SUPPORT----~ 

LANDSIOE 

NOTE : FOR SIZE AND WEIGHT GRADATIONS OF RIPRAP SEE FIGURES 10 AND 11. 

Figure 21. 

WOVEN FILTER FABRIC HAD EQUIVALENT OPENING SIZE, EOS, OF A 
NO. 40 U.S. STANDARD SIEVE . SIDES OF FILTER FABRIC WERE SEALED 
TO THE FLUME WALLS TO PREVENT LEACHING OF SAND AROUND THE 
EDGES OF THE Fl LTER FABRIC. FIGURE 20b. 

•FILTER FABRIC HOLD-DOWN PINS. 

Plan SB, sand streambanks with 1.0 ft of riprap and 
woven filter fabric protection 
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Figure 22 . Plan 5 

Fi gure 23 . Plan SA 

Figure 24. Plan SB 
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As shown in Figures 3 and 10, the DSS size of the Reid-Bedford model 

sand was approximately 0.38 mm and aU. S. standard number 40 sieve has 

openings of 0.42 mm. Therefore from Equation 8: 

0.38 mm 
0.42 mm 

0.90 

This fell slightly short of the design criteria and added conservatism 

to the test results for the plans that utilized the woven filter fabric. 

As shown in the test results, this slight diversion from the exact 

design criteria did not have a significant effect on the stability of 

the plans that used the woven filter fabric. The filter fabric was 

tested to ensure that it did not impair the flow of water either into or 

out of the streambank. This was checked by measuring the gradient ratio 

which is the ratio of the seepage gradient through the fabric and 1 in. 

of soil to the gradient through 2 in. of soil specimen. The gradient 

ratio, determined by the procedures described in CW-0221S, should not 

exceed 3. Laboratory measurements showed a gradient ratio of 1.4 be

tween the woven filter fabric and the sand. On the test section, the 

filter fabric was buried at both the toe and crest of the slope and was 

held in place by using 1-ft-long steel pins fitted with 1-in.-diam caps. 

The initial tests on Plan S resulted in sand leaching between the filter 

fabric and the flume walls; therefore, the sides of the filter fabric 

were sealed to the flume walls with silicone sealer for both the static 

differential head and drawdown tests (Figure 20a). For the wave

stability tests, wooden strips were installed along the sides of the 

streambank and the filter fabric was stapled to the strips as well as 

being sealed to the walls with silicone sealer (Figure 20b). The wooden 

strips and staples were necessary to keep from breaking the silicone 

seals at the flume walls. The plan where the woven filter fabric was 

sealed to the flume walls was referred to as Plan SA. 

19. Plan SB, Figures 21 and 24, was a protected sand streambank. 

rlan SB was identical with Plan SA except for the increased riprap

layer thickness of 1.0 ft used in Plan SB. 
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20. Plan 6, Figures 25 and 28, was a protected sand streambank 

identical with Plan SA except for the nonwoven, or random mesh, filter 

fabric that was used in Plan 6. The nonwoven filter fabric was in-

stalled in the same manner as described in paragraph 18 and Figures 20a 

and 20b. The nonwoven filter fabric had an EOS of 50. From Equation 8 

0.38 mm 
0.297 mm 

1.28 > 1.0 

and the gradient ratio for the nonwoven filter fabric was 1.4. 

21. Plan 6A, Figures 26 and 29, was a protected sand streambank. 

Plan 6A was identical with Plan 6 except for the increased riprap-layer 

thickness of 1.0 ft used in Plan 6A. 

22. Plan 6B, Figures 27 and 30, was a protected sand steambank 

identical with Plan 6A except for the 2-in.-thick layer of sand placed 

between the riprap and filter fabric in Plan 6B. In the prototype, a 

layer of sand is often placed over the filter fabric to help prevent 

tearing or puncturing of the filter fabric during the riprap placement. 

23. Plan 7, Figures 31 and 33, was an unprotected sand streambank. 

The streambank was 4 ft high, had a crown width of 3.5 ft, and had side 

slopes of lV on 1.6H on both the streamside and the landside of the 

structure. This plan was tested prior to the installation of the porous 

bulkhead support used on the landside of all other plans. 

24. Plan 8, Figures 32 and 34, was a protected sand streambank. 

The sand streambank was identical with Plan 1. The streamside face was 

protected by riprap-filled cells. The cells were constructed of 3/4-in. 

marine plywood (in the prototype, the cells could be fabricated of tim

bers, concrete, plastics, etc.) and consisted of twelve 1-cu-ft chambers. 

The cells were placed from the toe to an elevation of 3.2 ft and filled 

with the same size riprap as had been used on previous plans with riprap 

protection. The area below the toe of the cells was constructed with 

the same size riprap. No filter was used between the riprap-filled 

cells and the sand. Previous model tests of the riprap-filled cells 

were conducted at a 1:4 scale for a range of wave heights, wave periods , 



STREAMSIDE 

TOE EDGE OF 

·4.94 ' 
~ I 

TOP EDGE OF 
FILTER FABRIC 
(BURIED) 

FILTER FABRIC (NONWOVEN) 

FILTER FABRIC 
(BURIEDI ------.,.,.C.::.__ • .A 

' POROUS BULKHEAD 
SUPPORT-----! 

11.34 

NOTE: FOR SIZE AND WEIGHT GRADATIONS OF RIPRAP SEE FIGURES 10 AND 11. 
NONWOVEN Fl LTER FABRIC HAD EQUIVALENT OPENING OF A NO. 50 
U.S. STANDARD SIEVE. THE SIDES OF THE FILTER FABRIC WERE SEALED 
TO THE FLUME WALLS TO PREVENT LEACHING OF SAND AROUND EDGES 
OF Fl LTER FABRIC, FIGURE 20. 

•FILTER FABRI C HOLD-DOWN PINS. 

LANDSIDE 

Fi gure 25. Plan 6, sand streambank with 0.5 ft of riprap and nonwoven 
filter fabric protection 

STREAMSIDE 

RIP RAP 

TOE EDGE OF 
FI LTER FABRIC 
(BURIED>!---~c 

NOTE: 

5.89' 

SAND 

TOP EDGE OF 
FILTER FABRIC 
(BURIED) 

FILTER FABRIC (NONWOVEN/ 

POROUS BULKHEAD 
SUPPORT--------t 

FOR SIZE AND WEIGHT GRADATIONS OF RIPRAP SEE FIGURES 10 AND 11. 
NONWOVEN FILTER FABRIC HAD AN EQUIVALENT OPENING SIZE, EOS, 
OF A NO. 50 U.S. STANDARD SIEVE . THE SIDES OF THE FILTER FABRIC 
WERE SEALED TO THE FLUME WALLS TO PREVENT LEACHING OF SAND 
AROUND EDGES OF FILTER FABR IC, FIGURE 20b. 

• FI L TEA FABRIC HOLD-DOWN PINS. 

LANDSIDE 

Figure 26. Plan 6A, sand streambank with 1.0 ft of riprap and nonwoven 
filter fabric protection 

STREAMSIDE 

12.61 ' 

6.21 ' 

POROUS 
BULKHEAD 
SUPPORT ------1 

NOTE: FOR SIZE AND WE IGHT GRADATIONS OF RIPRAP SEE FIGURES 10AND 11 . 
NONWOVEN FILTER FABRIC HAD AN EQUIVALENT OPENING SIZE OF NO. 50 U.S. 
STANDARD SIEVE . THE SIDES OF THE FILTER FABRIC WERE SEALED TO THE 
FLUME WALLS -:-c PREVENT LEACHING OF SAND AROUND THE FILTER FABRIC 
EDGES, FIGURE 20b. 

"F ILTER FABRIC HOLD-DOWN PINS. 

LANDSIDE 

Figure 27. Plan 6B, sand streambank with 1.0 ft of riprap, 0.17 ft 
of sand and nonwoven filter f abric protection 
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Figure 28 . Plan 6 

Figure 29. Plan 6A 

Figure 30. Plan 6B 
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STREAMSIDE 

Figure 32. 

STREAMSIDE 

A·s~ 
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:::-1• 

LANDSIDE 

Figure 31. Plan 7, unprotected sand streambank 
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SUPPORT ------t~ 

NOTE : FOR SIZE A['jD WEIGHT GRADATIONS OF RIPRAP SEE FIGURES 10 AND 11. 

LANDSIDE 

Plan 8, sand streambank with riprap-filled cells protection 
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SECTION 32 
STREAM BANK EROSION 

Figure 33. Plan 7 

Figure 34. Plan 8 
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and angles of wave attack and the results are reported in Appendix B-8. 

25. Plan SA, Figures 35-37 and 40, was a protected sand stream

bank. Plan SA was identical with Plan S except for the material used to 

fill the cells and the area below the toe of the cells . A gravel mix 

ranging in size from 1 in. to 1/2 in. (Figure 35) and in weight from 

0 . 16 lb to 0.013 lb (Figure 36) was used in Plan SA. Like Plan S, no 

filter was placed between the cells and the sand. 

26 . Plan SB, Figures 3S and 41, was a protected sand streambank. 

Plan 8B was identical with Plan SA except for the 0.1-ft-thick layer of 

granular filter material that was placed between the gravel-filled cells 

and the streambank in Plan SB. The filter size and gradation were cal

culated using the methods and design criteria discussed in paragraph 14. 

The calculations showed that a one-layer granular filter should be 

adequate. Filter A (Figures 10 and 12) fit well within the upper and 

lower limits of the size and gradation of the filter needed. This is 

the same filter that was used in Plans 3 and 3A. The filter layer thick

ness was arbitrarily set at 0.1 ft. This thickness was still well below 

the 9-in. minimum specified in the design criteria. It was felt that if 

this thickness proved adequate, then the 9-in. minimum thickness recom

mended for the prototype structures should be adequate. 

27. Plan SC, Figures 39 and 42, was a protected sand streambank. 

Plan 8C was identical with Plan SB except for the nonwoven filter fabric 

that was used in place of the granular filter layer . The nonwoven fil

ter fabric was identical with the fabric used in Plans 6, 6A, and 6B. 

Static Differential Head Tests 

2S. The differential head tests consisted of maintaining constant, 

but different, water levels on the landside and the streamside of the 

streambank. A streamside water depth of 1.0 ft was used for all tests, 

and landside water depths of 1.5, 2.0, 2 .95, and 3.0 ft were used to 

produce differential heads across the streambank of 0.5, 1.0, 1.95, and 

2.0 ft, respectively. 

29. Plan 1 was subjected to a differential head of 0.5 ft. 
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Figure 43 shows Plan 1 at the start of the test. The streambank showed 

a slight instability at and slightly above the swl but the damage in 

this area was progressing at a very slow rate. After 48 hr of testing, 

the damage to the slope was progressing at such a slow rate that it was 

hard to distinguish any change in the slope over a period of several 

hours . The test was stopped at 48 hr and the damage to the slope is 

shown in Figure 44. 

30. Plan 1 was rebuilt and Figure 45 shows the streambank at the 

start of the 1.0-ft-static dif ferential head test. The damage to the 

slope became progressively worse as the test proceeded and had not 

stabilized when the test was stopped after 461 hr (about 19 days). Fig

ure 46 shows conditions at the end of the test; Figure 47 shows the 

condition of the streambank slope at intervals t hroughout the test. 

31. Plan 1 was not rebuilt after the 1.0-ft-static differential 

head test; the l andside water depth was increased to 3.0 ft and the 

already damaged streambank was subjected to a 2.0- ft static differential 

head. The erosion of the slope occurred in the same manner but at a 

fas ter rate than had occurred with the 1 .0-ft static differential head . 

After 252 hr (10.5 days) of erosion induced by the 2.0- ft differential 

head, the streambank had totally failed . Between hours 25 0 and 252 , the 

landside water breached the crown of the streambank , allowing free flow 

of water over the streambank. Figures 48 and 49 show the condition of 

the streambank at 5 days and 10 days during the test. 

32. Plan 2 was exposed to a 1.95-ft static differential head. 

The 1V-on-4H slope eroded to a slope equivalent to the hydraulic grade 

line during the first 85 min of the test (Figure 50). This occurred by 

progressive head cutting and erosion of the slope that proceeded from 

the toe to the crown of the structure. Once the head cutting reached 

the crown of the streambank, the landside water breached the crown and 

within 6 min the streambank had eroded to the condition shown in 

Figure 51 . 

33 . Plan 3 was exposed to a static differential head of 2.0 f t. 

Figure 52 shows the streambank at the start of the test. The riprap 

protection, granular filter layers, and sand streambank were 
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Figure 37. 

Figure 38. 

4.0' 

----SAND_-/ 

POROUS BULKHEAD 
SUPPORT ------......j 

12.29' 

NOTE : FOR SIZE AND WEIGHT GRADATIONS OF GRAVEL SEE FIGURES 35AND36 . 

-., .. 

Plan 8A, sand streambank with gravel-filled cells protection 

STREAMSIDE 

GRAVEL 

12.48 ' 

4.0' 

POROUS BULKHEAD 
SUPPORT -----1 

NOTE: FOR SIZE AND WEIGHT GRADATIONS OF GRAVEL AND FILTER A SEE 
FIGURES 35,36, IOAND 12. 

LANDSIDE 

Plan 8B, sand streambank with gravel-filled cells and filter 
(one well-graded rock layer) protection 

STREAMSIDE 

NOTE : 
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FOR SIZE AND WEIGHT GRADATIONS OF GRAVEL SEE FIGURES 35 AND 36. 
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SO U.S. STANDARD SIEVE. THE SIDES OF THE FILTER FABRIC WERE SEALED 
TO THE FLUME WALLS TO PREVENT LEACHING OF SAND AROUND THE 
EDGES OF THE FILTER FABRIC, FIGURE 20b. 

• FILTER FABRIC HOLD·OOWN PINS 

-., .. 

Figure 39. Plan 8C, sand streambank with gravel-filled cells and 
nonwoven filter fabric protection 
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Figure 40. Plan 8A 

Figu~e 41 . Plan 8B 

Figure 42 . Plan 8C 
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Figure 43. Plan 1, at start of the 0.5 - ft 
static differential head test 

Figure 44 . Plan 1, after the 0 . 5- ft static 
differential head test 
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Figure 45 . Plan 1, at start of the 1.0-ft 
static differential head test 

Figure 46. Plan 1, after the 1 . 0-ft static 
differential head test 
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...... 

d. 11 days e . 14 days f . 17 days 

Figure 47. Plan 1, at various times throughout the 
1.0-ft static differential head test 

B-7-36 



Figure 48 . Plan 1, after 5 days of the 2.0- ft 
static differential head test 

Figure 49 . Plan 1, after 10 days of the 2 .0-ft 
static differential head test 
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Figure 50. Plan 2, after 85 min of the 1.95-ft 
static differential head test 

Figure 51. Plan 2, after 91 min of the 1.95-ft 
static differential head test, end of test 
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Figure 52 . Plan 3 , at start of t he 2.0- ft 
stati c different i al head test 

Figure 53. Plan 3 , after 3 days of the 2 . 0- ft 
static differential head test, end of test 
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unquestionably stable under the seepage flow produced by the 2.0-ft 

static differential head and the test was stopped after 3 days. Fig

ure 53 shows Plan 3 at the end of the test. 

Tests of Drawdown Followed by Static Differential Head 

34. Drawdowns followed by static differential head tests were con

ducted by starting with landside and streamside water depths of 3.5 ft. 

The streamside water depth was dropped to 0.5 ft at a rate of either 2.0, 

4.0, or 30.0 ft/hr while the landside water depth was maintained at 

3.5 ft. These ending landside and streamside water depths were main

tained for a sufficient amount of time to see if the 3.0-ft static dif

ferential head would continue to cause or would initiate failure of the 

plan being tested. 

35. Plan 1 was exposed to drawdown rates of 2.0, 4.0, and 

30.0 ft/hr followed by 20 min of 3.0-ft static differential head. The 

sa d streambank was rebuilt between each testing. The unprotected sand 

streambank failed at all of the drawdown rates, and continued to fail 

throughout the static differential head portion of each of the tests. 

Figures 54, 55, and 56 show Plan 1 before, at various times throughout, 

an at the end of the 2.0, 4.0, and 30.0 ft/hr drawdown tests, respec

tively. As shown in the photographs, the streambank failure rate varied 

with the drawdown rate; but at the end of all the drawdown and static 

differential head tests, the streambank profiles were almost identical. 

The eroded portion of the bank, above the streamside water elevation, 

had degraded to a slope that was very close to the slope of the hydrau

lic grade line through the streambanks. 

36. Plan 3 was exposed to drawdown rates of 2.0, 4.0, and 

30.0 ft/hr followed by 1.0 hr of 3.0-ft static differential head. Fig

ure 57 shows Plan 3 before testing the drawdown rate of 2.0 ft/hr. As 

shown in Figure 58 the riprap, filter layers, and sand streambank showed 

no instability at the end of either the 2.0 ft/hr drawdown or the 3.0-ft 

static differential head, respectively. The test section was not re

built and the streamside water level was raised to the initial 3.5-ft 
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Figure 54. Plan 1, before, at various times during, and at 
end of the 2 .0-ft/hr drawdown test 
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Figure 55. Plan 1, before, at various times during, and at 
end of the 4.0-ft/hr drawdown test 
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Figure 56. Plan 1, before, at various times during, and at 
end of the 30.0- ft/hr drawdown test 
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Figure 57. Plan 3, before the 2.0-ft/hr drawdown test 

END OF TEST 

Figure 58. Plan 3, after drawdown and at end of the 
2.0-ft/hr drawdown test 
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Figure 59. Plan 3, after drawdown and at end of the 
4.0- ft/hr drawdown test 

Figure 60. Plan 3, after drawdown and at end of the 
30 . 0- ft/hr drawdown test 
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Figure 61. Plan 4,before and at end of the 2 . 0-ft/hr drawdown test 
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Figure 62. Plan 4, at various times during the 
2 . 0- ft/hr drawdown test 
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depth and the plan was exposed to a 4.0-ft/hr drawdown rate followed by 

1.0 hr of 3.0-ft static differential head. Plan 3 showed no instability 

at the end of either the drawdown or static differential head tests, as 

evident in Figure 59. The streamside water level was raised to the 

3 . 5--ft depth and Plan 3 was exposed to a 30.0-ft/hr drawdown rate fol

lowed by 1 . 0 hr of 3.0-ft static differential head. Figure 60 shows 

that Plan 3 had accrued no damage at the end of the 30.0-ft/hr drawdown 

and 3.0- ft static differential head tests . 

37 . Plan 4 was tested for a drawdown rate of 2 . 0-ft/hr followed 

by 1 . 0 hr of 3 . 0-ft static differential head. Figure 6la shows Plan 4 

before testing . With no filter between the riprap and the sand, the 

sand leached through the riprap protection during both the drawdown and 

3 . 0-- ft static differential head portions of the test. The final condi

tion of Plan 4 (Figure 6lb), was very similar to Plan 1 (Figure 54) 

after the same test conditions. Figure 62 shows the condition of Plan 4 

at various times throughout the test. The slopes of both Plans 1 and 4 

showed continuing damage throughout the tests and had not stabilized 

whe the tests were stopped. The final slopes on both plans were very 

close to the slope of the hydraulic grade lines through the structures. 

38. Plan 5 was exposed to a 2.0-ft/hr drawdown followed by 1.0 hr 

of 3.0- ft static differential head. Figure 63a shows Plan 5 before 

testing. After approximately 1.0 ft of drawdown (0.5 hr of the 2.0- ft/hr 

drawdown rate), the streambank began to fail due to sand leaching around 

edges of the woven filter fabric adjacent to the flume wall and viewing 

window . This failure continued for the remainder of the drawdown test 

and throughout the 1.0 hr of 3.0-ft static differential head . The rate 

of failure was much slower than that observed in Plans 1 and 4 when ex

posed to the same test conditions, but like Plans 1 and 4, the sand 

streambank of Plan 5 would have completely failed if the 3.0-ft static 

differential head had been maintained for a sufficient period of time. 

After-test photographs, Figure 63b, show that a significant amount of 

sand had leached around the woven filter fabric and had been deposited 

at the streambank toe. 

39 . Plan SA was tested for drawdown rates of 2.0, 4.0, and 
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Figure 63. ?lan 5, before and at end of the 2.0-ft/hr drawdown test 
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Figure 64. Plan SA, before and at end of the 2.0-ft/hr drawdown test 
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Figure 65 . Plan SA, at end of the 4.0-ft/hr drawdown test and 
at end of the 30 .0-ft/hr drawdown test 
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Fi gure 66. Plan 6, before and at end of the 2 . 0- ft/hr drawdown test 
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Figure 67 . Plan 6, at end of the 4.0-ft/hr drawdown test and 
at end of the 30.0-ft/hr drawdown test 
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30.0 ft/hr, and each drawdown test was followed by 1.0 hr of 3.0-ft 

static differential head. With the edges of the woven filter fabric 

sealed to the flume wall and viewing window, as shown in Figure 20a, 

Plan SA proved to be totally stable for all the combined drawdown and 

static differential head tests. The test section was not rebuilt be

tween subsequent tests. Figure 64a shows Plan SA before testing the 

2.0-ft/hr drawdown rate. Figures 64b, 6Sa, and 6Sb show Plan SA after 

testing each of the combined drawdown and static differential head test 

conditions. 

40. Plan 6 was exposed to drawdown rates of 2.0, 4.0, and 

30.0 ft/hr, each of which was followed by 1.0 hr of 3.0-ft static dif

ferential head. The nonwoven filter fabric was sealed in the same man

ner as the woven filter fabric in Plan SA. No riprap, filter, or stream

bank instability was observed for any of the combined drawdown and 

static differential head test conditions. The test section was not 

rebuilt between tests, and Figure 66a shows Plan 6 before the 2 .0- ft/hr 

drawdown test. Figures 66b, 67a, and 67b show Plan 6 after testing each 

of the combined drawdown and static differential head conditions. 

Wave Penetration Tests 

41. Plan 7 was exposed to 0.2- to 1.0-ft nonbreaking waves with 

wave periods ranging from 2.0 to 6.0 sec. Both the landside and stream

side water depths were maintained at 2.0 ft. By injecting dye into the 

sand streambank, at the points indicated in Figure 31, and then exposing 

the structure to wave attack, it was possible to get an indication of 

whether or not these short-period fluctuations in the streamside water

surface elevation could create sufficient differential heads across the 

strearnbank and maintain them for a long enough period of time to induce 

seepage flow in the sand; and also if seepage was induced, does it occur 

very deep in the streambank. 

42 . A control test was conducted to see if the dye would show any 

net movement in any one direction when no wave action was occurring . 

The landside and streamside water depths were brought up to 2.0 ft and 

B- 7- 54 



maintained at that static level. The structure was allowed to stand for 

1.0 hr (sufficient time for the water to reach a static capillary rise 

elevation in the streambank). Dye was injected and the outer perimeters 

of the dye injection patterns were outlined. After 3.0 hr, though some 

diffusion of the dye occurred, no net migration of the dye in a given 

direction had occurred. Thus, it can be concluded that if any net trans

port of t he dye occurs during wave action, this motion can be attributed 

to seepage flow induced by the short-period fluctuations in the landside 

wat er- surface elevation. 

43 . Four wave penetra t ion t es t s were conducted (Plan 7 being 

r ebuil t each time) wi t h headwat e r and t ailwat er depths of 2 . 0 ft as 

shown be l ow : 

Nonbreaking 
Test Wave Period Wave Height Test Time 
No . sec ft min Figures 

1 6.0 0.25 and 0 . 50 1.0 and 1 . 5 68 

2 4 . 0 0. 25 and 0 . 50 1 . 0 and 1 . 5 69 

3 2.0 0 .50 and 1 . 00 1.0 and 1 . 5 70 

4 2 . 0 0. 20 and 0 . 40 1 . 5 and 1 . 0 71 

For each test , the flume was flooded to a 2.0- ft depth and the dye in

jected in the same manner as described in the control test. After each 

of these rebuildings and dye injections, the structure was exposed to 

the nonbreaking wave conditions given above. Before, during, and after 

test photographs (Figures 68- 71) were taken during this test series . 

These photographs show the high degree of instability inherent in the un

protected sand streambank when exposed to short-period waves. Though it 

is not obvious in some of the photographs, observations during the test 

showed that seepage flow is induced by these short- period, nonbreaking 

waves and that flow occurs up to 4 to 5 ft back into the streambank . 

Wave Stab i lity Without a Static Differential 
Head Acros s t he Streambank 

44 . Plans 1, 3 , 4A , SA , and 6 were expo s ed to 2 . 0- and 4.0 - sec, 

0 . 70- f t and / or 2 . 0-sec, 0 . 75- ft nonbreaking waves withou t a static 
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Figure 68. Plan 7, before testing , after 1.0 min, and at end of Test 1 
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SECTION 32 

SECTION 32 

Figure 69 . Plan 7, before testing , after 1.0 min, and at end of Test 2 
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Figure 70. Plan 7, before testing, after 1.0 min, and at end of Test 3 
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SEC:TIOH 32 

Figure 71. Plan 7, before testing, at 1.0 min, and at end of Test 4 
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differential head across the streambank (both landside and streamside 

water depths were maintained at 2.0 ft). These tests were conducted to 

demonstrate and compare the effect of wave attack on protected and unpro

tected sand streambanks without the influence of seepage flow induced by 

differential heads across the streambanks. (The combined effect of wave 

attack and seepage flow will be addressed in the next section.) All 

test plans were built and tested at least twice using the same test con

ditions. This was done to help ensure that stability, or instability, 

was not due to any added strength, or weakness, inadvertently built into 

each structure. If the results of the initial and repeat tests were not 

similar a third test, and on some occasions a fourth test, was conducted. 

For reporting purposes, the most representative test results are given 

of what occurred on each plan for at least two of the tests using the 

identical test conditions . Each plan was exposed to intermittent wave 

attack until such a time that damage to the structure had stopped or the 

structure was considered failed. In most instances, where the structure 

was considered failed, further damage would have occurred had the wave 

attack been continued. A structure was considered failed if the sand 

showed any degree of sustained erosion . This means that a slowly pro

gressing, continuous erosion of the sand was considered to be as critical 

as erosion that progressed at a fast rate. An example of this would be 

erosion occurring due to a hole in the protective filter fabric (slow 

progressing) as compared with the erosion occurring on a unprotected 

streambank (fast progressing). In many instances the protective cover 

layers sustained minor to moderate damage but the streambank remained 

stable. These structures were not considered failed as long as the re

sulting damage to the cover layer, or layers, had stabilized well before 

the end of the test and the sand showed either no damage or very minor 

damage that had stabilized before the test was concluded. 

45. Plans 3, SA, and 6 were exposed to 2.0- and 4.0-sec, 0.70-ft 

nonbreaking waves. All three plans accrued minor to moderate damage to 

the riprap protection; but in all cases, displacement of the protective 

riprap layer stabilized well before the end of the tests. At no time 

were any of the filters exposed to direct wave attack due to holes 
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occurring in the riprap layer. The granular filter and both of the 

fabric filters performed adequately. With both the woven and nonwoven 

filter fabrics, a small amount of sand migrated downslope between the 

filter fabric and the streambank. In most all tests, the downslope sand 

movement beneath the filter fabric stopped once the void areas on the 

lower slope had filled; but in a few cases, a small amount of sand 

leached out from beneath the filter fabric toe. This leaching could oc

cur as the toe of the filter fabric was trenched into the streambank but 

was not sealed to the flume floor in the same manner as it had been 

sealed to the walls (Figure 20b) . The void areas referred to above were 

those areas where the filter fabric was not held tightly to the slope by 

the overburden of riprap; thus, these areas could bulge out until they 

were stretched tight by the sand migrating downslope. It should be 

noted that the sand migration was a surface movement and was not due to 

a subsidence, or slipping, of the entire streambank. This sand migra

tion did not occur when the two-layer, granular filter system was used 

between the riprap and sand (Plan 3). Figures 72-77 are before and 

after test views of Plans 3, SA, and 6 for one testing of each test con

dition. It should be noted that in the after-testing, streamside views 

of Plan SA and 6, all of the sand at the toe of the structures did not 

leach from beneath the filter fabric . The major portion of this sand 

resulted from sand being placed on the top of the filter fabric when the 

toe of the fabric was being entrenched into the streambank (Figures 19 

and 2S) . 

46. Plans 1, 3, 4A, and 6 were exposed to 2 .0-sec, 0.7S-ft non

breaking waves. Plans 1 and 4A failed and would have continued to dete

riorate had the tests been continued . Plans 3 and 6 showed similar re

sults to that which occurred when they were exposed to the 2.0- and 

4 .0-sec, 0.70-ft nonbreaking waves. Some increased riprap displacement 

was noted with this higher wave height, but all damage had stopped be

fore the end of each test and in no instance did either of Plans 3 or 6 

fail to protect the sand streambank. Some downslope movement of sand 

occurred beneath the filter fabric in Plan 6. This movement was the 

same, both in type and amount, as had occurred in Plans SA and 6 when 
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a. BEFORE TESTING 

Figure 72. Plan 3, before and after testing 2.0-sec, 
0.70-ft nonbreaking waves 
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Figure 73. Plan 3, before and after testing 4.0-sec, 
0.70-ft nonbreaking waves 
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Figure 74. Plan SA, before and after testing 2 . 0-sec, 
0.70-ft nonbreaking waves 
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Figure 75. Plan SA, before and after testing 4.0-sec, 
0.70-ft nonbreaking waves 
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Figure 76. Plan 6, before and after testing 2.0 sec, 
0 . 70-ft nonbreaking waves 
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Figure 77. Plan 6, before and after testing 4.0-sec, 
0 . 70- ft nonbreaking waves 
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Figure 78. Plan 1, before and after testing 2.0-sec, 
0.75-ft nonbreaking waves 
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Figure 79. Plan 3, before and after testing 2.0- sec, 
0 . 75- ft nonbreaking waves 
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BEFORE TESTING 

Figure 80 . Plan 4A, before and after testing 2.0-sec, 
0 . 75-ft nonbreaking waves 
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Figure 81. Plan 6, before and after testing 2.0-sec, 
0.75- ft nonbreaking waves 



exposed to the 0.70-ft nonbreaking waves discussed in paragraph 45. Fig

ures 78-81 show the condition of Plans 1, 3, 4A, and 6 both before and 

after exposure to the 2.0-sec, 0.7S-ft nonbreaking waves. 

Wave Stability with a Static Differential 
Head Across the Streambank 

47. Plans 3, 3A, SA, SB, 6, 6A, 6B, 8, 8A, 8B, and 8C were ex

posed to 2.0- and 4.0-sec, 0.70-ft and/or 2.0-sec, 0.7S-ft nonbreaking 

waves with a l.S-ft static differential head across the streambank (the 

lanclside and streamside water depths were maintained at 3.5 and 2.0 ft, 

respectively). These tests were conducted to demonstreate and compare 

the combined effect of wave attack and seepage flow, induced by a con

tinuous differential head, on various streambank protection methods . 

Each plan was exposed to intermittent wave attack, until such time that 

damage to the structure had stopped or the structure was considered 

failed. A constant l.S-ft static differential head was maintained 

throughout the test. All tests were run twice using the same test con

dit ~ons and almost all tests showed good repeatability. Where there was 

a d i fference in test results, the test showing the greatest damage was 

reported. Structure failure was based on the same criteria discussed in 

paragraph 44. 

48. Plans 3, SA, and 6 were exposed to 2.0- and 4.0-sec, 0.70-ft 

nonbreaking waves. All plans showed comparable damage to the riprap as 

had occurred with the same wave conditions without the static differen

tia head. None of the test sections failed in that the sand streambank 

never accrued any significant degree of erosion. In the cases where 

minor erosion occurred, this damage subsided well before the end of the 

test. Some disruption and minor leaching of the granular filters into 

the riprap occurred in Plan 3 during the 2.0-sec wave period tests. Also 

Plans SA and 6 showed the same downslope movement of sand beneath the 

filter fabrics as had occurred during the tests where the static differ

ential head was not used. The amount of movement was very similar to 

these earlier tests, and movement appeared to subside during the test. 

Figures 82-87 show the condition of the plans both before and after each 

test. 
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49. Plan 3 (Figure 88a) was tested with 2.0-sec, 0.75-ft nonbreak

ing waves and the 1.5-ft static differential head to see if the in

creased wave height would cause a larger amount of disruption and leach

ing of granular filters than what had occurred with the 0.70-ft waves . 

The riprap sustained moderate damage and the granular filter was exposed 

and started to leach through the riprap. This did not result in any 

significant damage to the sand streambank . All damage had subsided at 

the end of the test and the granular filter that leached through the rip

rap can hardly be detected in the after-test photographs (Figures 88b) . 

50. The riprap thickness was increased to 1 ft in Plans 3A, SB, 

and 6A (Figures 89a, 90a, and 9la, respectively), to see if this would 

add some reserve stability to the riprap and reduce the amount of wave 

energy reaching the filters and sand. These plans were exposed to 

2.0-sec, 0.75-ft nonbreaking waves combined with the 1.5- ft static dif 

ferential head. Only a minor amount of riprap displacement occurred in 

Plan 3A while a moderate amount of displacement occurred in Plans SB and 

6A. The amount of damage accrued by Plan 3A was significantly less than 

what had occurred in Plan 3 when exposed to the identical test condi

tions. The damage in Plans SB and 6A was similar to what had occurred 

in Plans SA and 6 when exposed to the 2.0- and 4.0- sec, 0.70-ft waves 

combined with the 1.5-ft static differential head. The granular filters 

on Plans 3A showed no instability or leaching into the riprap. With the 

increase from 0.5- to 1.0-ft thickness of riprap, there was an obvious 

decrease in the amount of wave energy reaching the granular filters. 

Movement of sand beneath the filter fabrics, as noted during earlier 

tests with the fabric filters, continued to occur in Plans SB and 6A. 

The movement of sand in Plan SB was significant enough to creat a hole 

in the sand streambank (Figure 90b). As with the riprap displacement 

that occurred on all three plans, the movement of sand under the filter 

fabric of Plan SB had stopped well before the end of the test. The 

after-test conditions of all three plans are shown in Figures 89b, 90b, 

and 9lb . 

51. To help prevent the tearing or puncturing of the filter 

fabric, some contractors place a layer of sand over the filter fabric 
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Figure 82 . Plan 3, before and after testing 2.0- sec, 0.70-ft non
breaking wave combined with 1 . 5-ft static dif f erential head 
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Figure 83. Plan 3, before and after testing 4.0- sec, 0.70-ft non
breaking wave combined with 1.5- ft static differential head 
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. AFTER TESTING 

Figure 84. Plan SA, before and after testing 2.0-sec, 0.70-ft non
breaking wave combined with 1 . 5-ft static differential head 
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Fi gure 85 . Plan SA, before and after testing 4.0- sec, 0.70- ft non
breaki ng wave combi ned with 1 . 5- ft static differential head 
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b. AFTER TESTING 

Figure 86. Plan 6, before and after testing 2 .0-sec, 0.70-ft non
breaking wave combined with 1.5-ft static differential head 
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Figure 87. Plan 6, before and after testing 4.0-sec, 0.70-ft non
breaking wave combined with 1.5-ft static differential head 

B- 7-79 



Figure 88. Plan 3, before and after testing 2.0- sec, 0.75- ft non
breaking wave combined with 1.5-ft static differential head 
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Figure 89. Plan 3A, before and after testing 2.0- sec, 0 . 75- ft non
breaking wave combined with 1 . 5-ft static differential head 
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Figure 90. Plan 5B, before and after testing 2.0-sec, 0.75-ft non
breaking wave combined with 1.5-ft static differential head 
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Figure 91. Plan 6A, before and after testing 2.0-sec, 0.75-ft non
breaking wave combined with 1 . 5- ft static differential head 
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Figure 92. Plan 6B, before and after testing 2.0-sec, 0.75-ft non
breaking wave combined with 1.5-ft static differential head 

B-7-84 



prior to the riprap placement. Some question arose as to what effect 

the sand layer might have on the riprap stability. Tests were conducted 

on Plan 6B, Fi gure 92 a , to give some insight into what effect a 2-in. 

l ayer of sand might h av e . Aft e r exposure to the 2 .0-sec, 0.75-ft non

breaking wave s combined with a 1.5-ft static differential head, all of 

the 2-in. sand lay er in the wave action zone had been displaced downslope. 

As the sand displaced, the riprap covering subsided into this area. As 

the riprap subsided, it also moved downslope somewhat; but as shown in 

after-test photographs (Figure 92b) the overall riprap stability was the 

same as had been observed in Plan 6A when exposed to the same test 

conditions. 

52. Plan 8, Figure 93a, was tested to see if the riprap-filled 

cells would increase the stability of the streambank when a riprap pro

tective layer was used and no filter was placed between the riprap and 

the sand. The cells were not needed for stability of the riprap, as the 

riprap had already been shown to be stable in Plan 6A when exposed to 

2.0-sec, 0.75-ft nonbreaking waves combined with a 1.5-ft static dif

ferential head. No riprap was displaced by wave action during the test; 

but the riprap did subside in each cell as the sand eroded from beneath 

it. The wave action produced rapid streambank erosion during the first 

part of the test. As the test progressed, a sand berm formed at the toe 

of the slope and the wave-induced erosion diminished. The streambank 

erosion produced by the seepage flow, induced by the static differential 

head, continued throughout the test and had not subsided when the test 

was stopped. The streambank was considered failed and had the test been 

continued, the crown of the structure would have eventually been 

breached. Figure 93b shows the condition of Plan 8 when the test was 

stopped. 

53. Plan 8A, Figure 94a, was test ed to see if gravel- filled cells 

would be stable for the 2.0- sec, 0. 75-ft nonbreaking wave action and 

also would act as a filter to prevent the sand from leaching out through 

the protective covering. During the f irst part of the test, the gravel 

was displaced f rom the cells in the wave action zone but this diplace

ment stopped well before the end of the t est . The combined wave action 
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Figure 93 . Plan 8, before and after testing 2.0-sec, 0.75-ft non
breaking wave combined with 1.5-ft static differential head 
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b. AFTER TESTING 

Figure 94. Plan 8A, before and after testing 2.0-sec, 0.75-ft non
breaking wave combined with 1.5-ft static differential head 
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Figure 95. Plan 8B, before and after testing 2.0-sec, 0.75-ft non
breaking wave combined with 1.5-ft static differential head 
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Figure 96. Plan 8C, before and after testing 2 . 0-sec, 0.75- ft non
breaking wav e combined with 1.5- ft static differential head 
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and seepage flow caused the sand streambank to leach through the protec

tive covering but this erosion proceeded at a much slower rate than had 

occurred in Plan S . When the test was stopped the streambank was con

sidered failed. The sand was still leaching and the rate of erosion was 

not decreasing with time. This indicated that the crown of Plan SA 

would have eventually been breached had the wave action and static dif

ferential head test conditions been continued for a long enough period 

of time. Figure 94b shows Plan SA when the test was stopped. 

54 . Plan SB, Figure 95a, was tested to see if a 0.1- ft-thick 

layer of granular filter between the cells and the streambank would pre

vent t he sand from leaching t hrough the gravel- filled cells . The struc

ture was exposed to 2 . 0- sec, 0.75-ft nonbreaking waves combined with a 

1 . 5-·ft static differential head across the structure . The cells at and 

below the swl were partially emptied, but the granular filter and stream

bank were not exposed to direct wave action . At the end of the test, the 

displacement of the gravel had stopped; and as shown in after-test photo

graphs, Figure 96b, the granular filter and streambank showed no sign of 

damage. 

55. Plan SC, Figure 96a, was exposed to the same test conditions 

as Plan SB to see if the nonwoven filter fabric would be as effective as 

the granular filter in stabilizing the sand streambank. At the end of 

the test, Plan SC looked identical with the test results in Plan SB ex

cept for a minor hole in the sand beneath the filter fabric. This hole 

was located above the swl. It appeared that the hole occurred due to 

both downslope movement of the sand beneath the filter fabric and a small 

break in the seal where the fabric was attached to the viewing windows . 

The hole appeared early in the test and did not worsen as the test pro

cee ed . At the conclusion of the test, all damage to the structure had 

stopped . Figure 96b shows the condition of Plan SC after testing . 
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PART IV: SUMMARY AND OBSERVATIONS 

56. The test results reported herein demonstrate two causes of 

instability of noncohesive streambank material: nonbreaking wave attack 

and seepage flow. Waves can be either boat- or wind-generated and seep

age flow is induced by a hydraulic gradient in the streambank. The 

hydraulic gradient occurs due to a difference in the water-surface ele

vations between the groundwater table and the stream, river, or reser

voir. The hydraulic gradient produces flow into the streambank when the 

groundwater table is low relative to the stream or reservoir level and 

produces flow out of the streambank when these conditions are reversed. 

The latter case is usually the most damaging and was the only condition 

considered in this test series. Table 1 is an outline of the tests con-

ducted and a tabulation of the figures that relate to each of the tests. 

57. During the conduct of the demonstrations and based on the 

test conditions and results reported herein, the following observations 

were made: 

a. Plans 1 and 2 (unprotected streambanks) and Plans 4 and 5 
(protected streambanks) showed high degrees of instabil
ity when exposed to seepage flow out of the streambanks 
while Plans 3, SA, and 6 (protected streambanks) showed 
no instability. 

b. Plans 1 and 7 (unprotected streambanks) and Plan 4A 
(protected streambanks) were unstable when exposed to 
wave attack. Plans 3, SA, and 6 (protected streambanks) 
showed little or no instability when exposed to the same 
wave conditions. 

c. Plans 8 and 8A (protected streambanks) were very unstable 
when exposed to the combined wave and seepage flow con
ditions, while Plans 3, 3A, SA, SB, 6, 6A, 8B, and 8C 
(protected streambanks) showed little or no instability 
when exposed to the same test conditions. 

d. When filter fabric is being used in lieu of granular fil
ters, care must be taken to ensure that the fabric is not 
punctured and that the sides and toe of the filter fabric 
are sealed, or trenched, so that leaching of the stream
bank sand does not occur in these areas. Methods of at
taching adjacent sections of filter fabric together was 
not addressed in this test series, but it is obvious that 
care needs to be taken to ensure that good sewn, over
lapped, or welded seams are used to prevent leaching of 
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the streambank sand through the seams. The tests did in
dicate that noncohesive streambank material tends to mi
grate downslope beneath the filter fabric when the 
streambank is exposed to wave attack and/or seepage flow 
out of the streambank. This downslope movement of sand 
did not occur beneath the granular filters when the test 
sections were exposed to the same wave and/or seepage 
flow conditions. 

e. The 1.0-ft- thick layer of riprap showed more reserve 
stability then the 0.5-ft - thick layer. This was due to 
more material being available to move into damaged areas 
that occurred on the structure. This larger thickness 
also provided better streambank protection from wave at
tack in that more wave energy was dissipated before it 
reached the filter and streambank. 

f . For the limited amount of tests conducted in Plan 6B, it 
appears that a 2-in . -layer of sand placed over a filter 
fabric, to help protect the filter during riprap place
ment, does not have an adverse effect on the riprap or 
streambank stability; but it does result in movement of 
the riprap that otherwise would not have occurred. There
fore, if this movement is not wanted, the sand layer 
should not be used. 

K· All of the protective cover layers that proved successful 
in stabilizing the sand s treambank, during wave a t tack 
and/or seepage flow out of the streambank, failed when the 
filters were removed from the designs . Both the riprap 
(a graded design for wave attack) and the gravel-filled 
cells withstood the design level wave attack combined 
with seepage flow induced by a hydraulic gradient of 0 . 21. 
These designs failed under the same test conditions when 
adequate filters, granular or fabric, were not provided. 
The same riprap gradation, placed over granular or fabric 
filters, was tested for drawdown rates up to 30 ft/hr and 
proved successful in stabilizing the sand streambank. 
This same gradation of riprap without a filter failed 
when exposed to 2-ft/hr drawdown. These tests have 
shown that protective cover layers that are adequately 
designed to be stable in a highly turbulent wave environ
ment will not provide the needed streambank protection if 
adequate filters are not provided to reduce the wave 
energy reaching the sand streambank and prevent leaching 
of the sand when seepage flow out of the streambank is 
occurring due to a hydraulic gradient produced by either 
a drawdown or a static differential head condition. 
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Table 1 

Outline Summary of Tests Conducted 

I.. Sta t ic Different ial Head Tests 

A. Differential head 0.5 ft; Plan 1, Figures 43 and 44 

B. Differential head 1.0 ft; Plan 1 , Figures 45-47 

c. Differential head 1. 95 ft; Plan 2 , Figures 5, so, and 51 

D. Differential head 2.0 ft 

1. Plan 1, Figures 48 and 49 

2 . Plan 3, Figures 52 and 53 

II.. Rapid Drawdown Followed by 3 . 0- ft Static Differential Head Tests 

A. Drawdown rate = 2 . 0 ft/hr 

1. Plan 1, Figure 54 

2. Plan 3, Figures 57 and 58 

3 . Plan 4, Figures 61 and 62 

4 . Plan 5, Figure 63 

5 . Plan SA, Figure 64 

6 . Plan 6, Figure 66 

B. Drawdown rate = 4 . 0 ft/hr 

1. Plan 1, Figure 55 

2. Plan 3 , Figure 59 

3 . Plan SA , Figure 65a 

4. Plan 6, Figure 67a 

c. Drawdown rate = 30.0 ft/hr 

1. Plan 1., Figure 56 

2. Plan 3, Figure 60 

3. Plan SA, Figue 65b 

4. Plan 6, Figure 67b 

III. Wave Penetration Tests, 2.0-, 4.0-, and 6.0-sec, 0.25- and 1.0-ft 
nonbreaking waves; Plan 7, Figures 68-71 and tabulation on 
page B- 7- 55. 

(Continued) 
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Table 1 (Concluded) 

IV. Wave Attack Without a Static- Differential Head Across the 
Streambank 

A. Wave Periods = 2 . 0 and 4 . 0 sec; Nonbreaking Wave Height 
0. 70 ft 

1. Plan 3, Figures 72 and 73 

2 . Plan SA, Figures 74 and 7S 

3. Plan 6, Figures 76 and 77 

B. Wave Period = 2 . 0 sec; Nonbreaking Wave Height 0.7S ft 

1. Plan 1, Figure 78 

2 . Plan 3, Figure 79 

3. Plan 4A, Figure 80 

4. Plan 6, Figure 81 

V. Wave Attack Combined with a l.S-ft Static Differential Head Across 
the Streambank 

A. Wave Periods = 2.0 and 4.0 sec; Nonbreaking Wave Height 
0. 70 ft 

1. Plan 3, Figures 82 and 83 

2. Plan SA, Figures 84 and 8S 

3. Plan 6, Figures 86 and 87 

B. Wave Periods = 2.0 sec; Nonbreaking Wave Height 0.7S 

1. Plan 3, Figure 88 

2. Plan 3A, Figure 89 

3. Plan SB, Figure 90 

4. Plan 6A, Figure 91 

s. Plan 6B, Figure 92 

6. Plan 8, Figure 93 

7. Plan 8A, Figure 94 

8. Plan 8B, Figure 9S 

9. Plan 8C, Figure 96 
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WAVE STABILITY STUDY OF RIPRAP-FILLED CELLS 



SECTION 32 PROGRAM 

STREAMBANK EROSION CONTROL EVALUATION AND DEMONSTRATION 

WAVE STABILITY STUDY OF RIPRAP-FILLED CELLS 

Hydraulic Model Investigation 

PART I: INTRODUCTION 

The Prototype 

1. Availability and ease of construction have made riprap the pre

dominant method used for protecting streambanks from erosive forces. In 

many instances, the size of riprap needed for stability is not available 

locally and must be transported to the construction area. Depending on 

distance, the transporting costs may exceed the benefits derived from 

the riprap protection. When such a problem arises, alternative methods 

of bank protection using locally available material must be considered . 

Purpose of Model Study 

2. Both two-dimensional (2- D) and three-dimensional (3-D) hydrau

lic model investigations were conducted to test a new streambank protec

tion concept . The concept, referred to as "Riprap-Filled Cells," con

sists of containerizing the riprap; and the various plans tested will be 

described in detail in later sections of this report . The idea behind 

the concept is the ability to use smaller riprap to protect streambank 

from wave attack that would normally require much larger riprap for 

stability. 
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PART II: THE MODEL 

Design of Model 

3. An undistorted linear scale of 1:4, model to prototype, was 

selected for both the 2-D and 3-D wave stability models. Scale selec

tion was determined by size of model materials, capabilities of the wave 

generator, and water depth at the toe of the test sections. Based on 

Froude's model law* and the linear scale of 1:4, the following model-to

prototype relations were derived. Dimensions are in terms of length (L) 

and time (T). 

Model-Prototype 
Characteristics Dimensions Scale Relations 

Length L L 1:4 
r 

Area 12 A 12 1:16 
r r 

Volume 13 v 13 1:64 
r r 

Time T T 1
1/2 = 1:2 

r r 

4. The relationship between the weight of model and prototype rip

rap was based on the following transference equation:** 

where 

subscripts m, p 

w 
r 

model and prototype quantities, respectively 

weight of individual stone, lb 

(1) 

* J. C. Stevens et al. 1942. "Hydraulic Models," Manual on Engineer
_ing Practice No. 25, American Society of Civil Engineers, New York, 
N. Y. 

** R. Y. Hudson. 1974 (Jan). "Concrete Armor Units for Protection 
Against Wave Attack," Miscellaneous Paper H-74-2, U. S. Army Engineer 
Waterways Experiment Station, CE, Vicksburg, Miss. 
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Yr 
L /L 

m p 
s 

r 

specific weight of individual stone, pcf 

linear scale of model 

specific gravity of an individual stone relative 
to the water in which it is placed, i.e., 
s = y /y 

r r w 
y = specific weight of water, pcf 

w 

Specific weights of the stone and water were assumed to be the same in 

the model as they are in the prototype, 165 pcf and 62.4 pcf, respec

tively . Therefore Equation 1 reduces to: 

(2) 

Representation of Streambank Slopes 

5. The streambank slopes were represented by wooden frameworks 

which were filled with sand and the sand was overlaid with a sand

cement crust (Figure 1). With the state of the art as it is today, the 

CRUST 

WOODEN FRAMEWORK · 

Figure 1. Wooden framework with sand fill and sand-cement crust 
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interaction of waves and streambank soils can only be simulated at a 

1:1 scale. Therefore, for these 1:4-scale model tests the streambank 

stability was not tested and the soil was assumed to be impermeable 

and stable once the protection was placed on the slope. Only the sta

bility against wave attack of the bank protection concept was tested. 

Test Facilities and Equipment 

6. All tests were conducted in an L-shaped concrete flume 250 ft 

long, 50 and 80 ft wide at the top and bottom of the L, respectively, 

and 4 . 5 ft deep (Figure 2). The 2-D tests, 90-deg wave attack, and 3- D 

tests, 60- and 30-deg wave attack, were tested in the flat bottom por

tion of the flume as indicated in Figures 2 and 3 . The photograph was 

taken from an elevated angle, looking from the wave generator toward 

the test sections . The flume was equipped with a paddle- type wave gen

erator capable of producing monochromatic waves of various periods and 

heights . Changes in water- surface elevations, as a function of time 

(wave heights), were measur ed by parallel, resis t ance , electrical wave

heigh t gages and recorded on chart paper by an electrically opera t ed 

oscillograph . The electrical output of each gage was directly propor

tional t o its submergence depth. 

Selection of Test Conditions 

7. All tests were conducted for a streambank slope of lV on 2H . 

Prototype wave heights ranging from 1.0 to 3.0 ft for wave periods of 

2 . 0, 4.0, and 6.0 sec were chosen as representative of wind- and boat

generated waves. A prototype water depth of 8 ft was modeled for all 

tests; this water depth ensured that all waves were free of depth limi

tations and were mostly nonbreaking waves as are found on rivers and 

streams . All plans were tested for angles of wave attack of 90 deg 

(2- model, wave direction 1), 60 deg (3-D model, wave direction 2), 

and 30 deg (3-D model, wave direction 3). 
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PART III: TESTS AND RESULTS 

Development of Plans 

8. Four plans were tested. Plans 1 and 2 (Plates 1 and 2) con

sisted of 1-ft-cube cells. In Plan 1 the cells were filled with 0.58-

to 4.6-lb riprap (Figure 4), whereas in Plan 2 the cells were only half

full of the same size riprap. Plans 3 and 4 (Plates 3 and 4) consisted 

of 2-ft-high by 4-ft-wide by 1.5-ft-deep rectangular cells. The same 

size riprap as used in Plans 1 and 2 was used to half-fill and completely 

fill the cells in Plans 3 and 4, respectively. The riprap-filled cells 

extended 4.5 ft vertically below the still-water level (swl) on all four 

plans and extended 6.75 and 7.2 ft vertically above the swl in Plans 1 

and 2, and Plans 3 and 4, respectively. Wooden toe strips were used on 

all four plans, on both the 2- D and 3-D test sections, to hold the cells 

at the proper elevation on the streambank slopes. Galvanized sheet 

metal was used to construct the model cells . In the prototype, the 

cells could be manufactured out of wood, concrete, plastics, etc., de

pending on available materials and manpower capabilities . The cells 

could be manufactured in place on the streambank or they could be pre

fabricated units which could be transported to and set into place on the 

streambank slopes. The banks would have to be graded to a uniform slope 

and some means of anchoring the cells would have to be used. Two meth

ods of anchoring, though not model-tested, could be: (a) partial or 

complete burying of the cells into the bank, or (b) construction of a 

longitudinal stone dike of large riprap along the toe of the slope and 

buttressing the base of the cells against it. Any anchoring method used 

needs to be substantial as the weight of the riprap-filled cells could 

be quite large and the downslope component of this weight will increase 

with increasing streambank steepness. 

Discussion of Results 

9. Plan 1 (Figures 5, 9, and 13) was exposed to 2 .0-sec , 
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Figure 4 . Riprap weight and size grada tion, prototype 
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1.0- to 1 .7 5- ft, 4.0- sec , 1.0- to 3 . 0-ft, and 6.0-sec, 1.0- to 2 .5-ft 

nonbreaking waves for incident wave angles of 90, 60, and 30 deg . Some 

partial emptying of the cells occurred in the wave action zone, but none 

of the cells were emptied enough to cau se bank exposure. The volume of 

riprap removed from the cells varied from one-fourth t o two-thirds of 

the cell volume with the maximum emp t ying occurring at the swl. The 90-

to 60-deg angles of wave attack caused similar damage, whereas the 30-

deg angle of wave attack appeared to cause less riprap displacement . 

The a rea of cells showing emptying increased with increasing wave height 

a nd wave period . The structures were rebuilt after testing each wave 

period. Figures 6-8, 10- 12, and 14-16 show the stabilized conditions of 

Plan 1 after testing the range of wave heights at each wave period for 

the three angles of wave attack . 

10 . Plan 2 (Figures 17, 19, and 21) was exposed to the three 

angles of wave attack with 2 . 0-sec, 1.75-ft, 4.0- sec, 3 . 0- ft, and 6 . 0-

sec, 2 . 5 - ft nonbreaking waves. Some downslope shifting of the riprap 

in the individual cells occurred, but no emptying of the cells occurred . 

Reorientation of the riprap in the cells did not result in any bank ex~ 

posure, but the riprap thickness became very thin toward the upslope 

side of the cells in the wave action zone . The structures were not re

built between testing of subsequent wave conditions and Figures 18, 20, 

and 22 show the conditions of Plan 2 at the end of testing. Most likely 

Plan 2 could have withstood higher wave heights, but these were the maxi

mum heights that could be produced for the water depth and wave periods 

using the available wave generator. 

11. Plan 3 (Figures 23, 25, and 28) was exposed to 2 .0-sec, 1.0-

to 2.0- ft, and 6.0-sec, 1 .0- to 3 . 0- ft nonbreaking waves . Photographs 

were taken and the structures were rebuilt after testing the range of 

wave heights at each wave period . For the two wave periods and three 

angles of wave attack, Plan 3 was stable for wave heights u p to and in

cluding 1.5 ft. Some reorientation of the riprap occurred in the indi

vidual cells but no bank exposure occur red. Wave heights above 1.5 ft 

caused spot exposure of the streambank . No riprap was displaced out of 

the cells, but it shifted downslope and forward in the cells causing 
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Figure 5. Plan 1, before 90-deg wave attack; wave direction 1 

Figure 6. Plan 1, after exposure to 2.0-sec, 1.0- to 1.75-ft 
nonbreaking waves; wave direction 1 
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Figure 7 . Plan 1, after exposure to 4.0-sec, 1.0- to 3.0- ft 
nonbreaking waves; wave direction 1 

- ' ... -.. - . ..-

Figure 8 . Plan 1, after exposure to 6.0-sec, 1.0- to 2.5-ft 
nonbreaking waves; wave direction 1 
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Figure 9. Plan 1, before 60-deg wave attack; wave direction 2 

Figure 10. Plan 1, after exposure to 2.0-sec, 1.0- to 1.75-ft 
nonbreaking waves; wave direction 2 
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Figure 11 . Plan 1, after exposure to 4.0-sec, 1.0- t o 3.0-ft 
nonbreaking waves; wave direction 2 

Figure 12. Plan 1, after exposure to 6.0-sec, 1 . 0- to 2 . 5-ft 
nonbreaking waves; wave direction 2 
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Figure 13 . Plan 1, before 30- deg wave attack; wave direction 3 

Figure 14 . Plan 1 , after exposure to 2 . 0- sec, 1.0- to 1 . 75- ft 
nonb r eaki ng waves; wave direction 3 

B- 8- 14 



Figure 15. 

Figure 16. 

Plan 1, after exposure to 4.0-sec, 1.0- to 3 . 0- ft 
nonbreaking waves ; wave direction 3 

Plan 1, after exposure to 6.0-sec, 1.0- to 2 . 5-ft 
nonbreaking waves; wave direction 3 
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Figure 17. Plan 2, before wave attack 
from wave direction 1 

Figure 18. Plan 2, after exposure to 2 .0-sec, 
1.75-ft, 4.0-sec, 3.0-ft, and 6.0-sec, 2.5-ft 

nonbreaking waves; wave direction 1 



Figure 19 . Plan 2, before wave attack f r om wave d irec tion 2 

Figure 20 . Plan 2, after exposure to 2.0-sec, 1.75-ft, 4 . 0- sec, 3 . 0- ft, 
and 6.0-sec, 2.5-ft nonbreaking waves; wave direction 2 
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Figure 21. Plan 2, before wave attack from wave direction 3 

Figure 22. Plan 2, after exposure to 2.0-sec, 1.75-ft, 4.0-sec, 3.0-ft, 
and 6.0-sec, 2.5-ft nonbreaking waves; wave direction 3 
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Figure 23. Plan 3, before wave attack 
from wave direction 1 

Figure 24. Plan 3, after exposure to 2.0-
sec, 1 . 0- to 2.0-ft nonbreaking waves; wave 

direction 1 



Figure 25 . Plan 3, before wave attack from wave direction 2 

Figure 26. Plan 3, after exposure to 2.0-sec, 1.0- to 2.0-ft 
nonbreaking waves; wave direction 2 
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•INDICATES CELLS WITH 
STREAMBANK EXPOSURE. 

Figure 27. Plan 3, after exposure to 6.0-sec, 1.0- to 3.0-ft 
nonbreaking waves; wave direction 2 

exposure of the streambank in the upper side of some cells. The bank 

exposure is indicated in after-test photographs, Figures 24, 26, 27, 29, 

and 30. For the 2.0-sec wave period, the 90- and 60-deg incident wave 

angles produced more riprap movement than the 30-deg incident wave angle. 

For the 6.0-sec wave period, riprap movement in the cells was similar 

for all three incident wave angles. 

12. The 6.0-sec wave period produced the most severe wave attack 

and riprap movement during testing of Plan 3. For this reason, Plan 4 

(Figures 31, 35, and 39) was only tested for the 6.0-sec wave period. 

Nonbreaking wave heights from 1.0 to 3.0 ft were tested for incident 

wave angles of 90, 60, and 30 deg. Plan 4 sustained its most severe dam

age from the 60-deg T-Tave attack with the 30-deg wave attack causing 

somewhat less damage and the 90-deg wave attack causing the least damage. 

For all three angles of wave attack, no streambank exposure occurred for 

wave heights up to and including 2.0 ft. The 3.0-ft wave heights caused 

bank exposure for the 60- and 30-deg wave attack angles but only a maxi

mum of two-thirds emptying of some cells for the 90-deg angle of wave 
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attack. As with all plans previously reported, riprap movement had 

stopped at the end of the tests and Figures 32, 36, and 40 show the con

ditions of Plan 4 after testing. 

13. During the testing of Plan 4, photographs were taken to show 

the \-Tave action produced by the three angles of wave attack. The wave 

runup and rundown are shown in Figures 33, 34, 37, and 38 for the 90- and 

60- deg wave attack angles. Figure 41 shows the waves moving across the 

cells being exposed to an incident angle of 30 deg. 

14 . Runup (Ru) and rundown (Rd) were observed and recorded for 

all the wave conditions tested on Plans 1-4. Runup is the distance a 

wave progresses upslope, measured vertically above the swl, and the run

down is the distance a wave progresses downslope, measured vertically 

belo\of the swl. These data are presented in Table 1 . Relative runup 

(R /H) as a function of wave steepness (H/L) and relative depth (d/L) 
u 

are presented in Plates 5-8 and 9-11, respectively, where d = water 

depth , H = wave height , and L = wavelength . Plates 12-15 and 16-18 

present relative rundown (Rd/H) as a function of H/L and d/L , 

respectively. Due to the very limited data for Plan 4, plots of R 
u 

and versus d/L are not presented. 

These data show both R 
u 

nonbreaking waves to be functions of 

for Plans 1-4 subjected to 

d/L , and angle of wave 

attack. In general, the 60-deg angle of wave attack produced the largest 

Ru and Rd with the 90-deg angle of wave attack showing the next high

est 'ralues. The 30-deg angle of wave attack produced the smallest values 

of Ru and Rd . There were sufficient data on Plans 1 and 3 to see a 

general trend for 

of H/L and d/L 

both R and 
u Rd to decrease with increasing values 

trends of R and 
u 

defined. 

Due to the limited 

Rd as functions of 

amount of data on Plans 2 and 

H/L and d/L are not well 

16. No major differences in Ru and Rd were observed for the 

two cell sizes tested. When the cells of Plans 1 and 4 were full of 

4, 

riprap the Ru and Rd were larger than what occurred for the same 

wave conditions in Plans 2 and 3, respectively. As riprap was displaced 
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and the cells of Plans 1 and 4 became partially emptied, the R and 
u 

Rd decreased and were similar to what occurred in Plans 2 and 3, 

respectively. 
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Figure 28. Plan 3, before wave attack from wave direc tion 3 

Figure 29 . Plan 3, after exposure to 2.0-sec, 1.0- to 2.0-ft 
nonbreaking waves; wave direction 3 
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Figure 30. Plan 3, after exposure to 6.0-sec, 1.0- to 3.0-ft 
nonbreaking waves; wave direction 3 
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Figure 31. Plan 4, before wave attack from 
wave direction 1 

Figure 32. Plan 4 , after exposure to 6.0-
sec, 1.0- to 3.0-ft nonbreaking waves; wave 

direction 1 
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Figure 33. Wave runup on Plan 4 for 6.0-sec, 
3.0-ft nonbreaking waves; wave direction 1 

Figure 34. Wave rundown on Plan 4 for 6.0-sec, 
3.0-ft nonbreaking waves; wave direction 1 



Figure 35. Plan 4, before wave attack from wave direction 2 

Figure 36. Plan 4, after exposure to 6.0-sec, 1.0- to 3.0-ft 
nonbreaking waves; wave direction 2 
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Figure 37. Wave runup on Plan 4 for 6.0-sec, 3.0-ft 
nonbreaking waves; wave direction 2 

Figure 38. Wave rundown on Plan 4 for 6.0-sec, 3.0-ft 
nonbreaking waves; wave direction 2 
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Figure 39. 

Figure 40. 

Plan 4, before wave attack from wave direction 3 

Plan 4, after exposure to 6.0-sec, 1.0- to 3.0-ft 
nonbreaking waves; wave direction 3 
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Figure 41. Wave runup on Plan 4 for 6.0-sec, 3.0-ft 
nonbreaking waves, wave direction 3 
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PART IV: CONCLUSIONS FROM 1:4-SCALE MODEL TESTS 

17. Based on the 1:4-scale model tests and results reported 

herein for the "riprap-filled cells" bank protection placed on 1V-on- 2H 

streambank slopes that are assumed to be stable and impermeable and for 

angles of wave attack of 90, 60, and 30 deg, it is concluded that: 

a. Plans 1 and 2 (1-ft-cube cells, full and half-full) are 
stable (no streambank exposure) for 2.0-sec, 1.0- to 
1.75-ft, 4.0-sec, 1.0- to 3.0-ft, and 6.0-sec, 1.0- to 
2.5-ft nonbreaking waves. 

b. Plan 3 (rectangular cells, half-full) was stable for non
breaking wave heights up to and including 1.5 ft for wave 
periods of 2.0 and 6.0 sec. Wave heights exceeding this 
produced spot exposures of the streambank. 

c. Plan 4 (rectangular cells, full) was stable for 6.0-sec, 
nonbreaking wave heights up to and including 2.0 ft. Wave 
heights exceeding 2.0 ft produced spot exposures of the 
streambank. 

d. Both runup (R ) and rundown (Rd) for Plans 1-4 subjected 
to nonbreakin~ waves appear to be functions of wave steep
ness (H/L), relative depth (d/L), and angle of wave 
attack. The angles of wave attack, listed in descending 
magnitudes of R and Rd produced, are 60, 90, and 
30 deg. Plans luand 3 show trends of decreasing Ru and 
Rd for increasing values of H/L and d/L . Insuffi
cient data are available for these trends to be well 
defined for Plans 2 and 4. 
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PART V: DISCUSSION AND RECOMMENDATIONS 

18. Limited 2-D tests at a 1:1 scale have been conducted on the 

1- ft-cube cells with both gravel and riprap fill. These tests indicate 

that as with other bank p rotection concepts, care must be taken to pro

vide an adequate filter between the cells and the streambank composed of 

noncohesive soils. More detailed results of these tests a re included in 

Appendix B-7. 

19 . The cell depth needed fo r stability of riprap fill increases 

with increasing steepness of the streambank slope and increasing height 

of the individual cells (Figure 42) . If the cell is full of riprap and 

begins to empty under wave attack, the riprap surface usually approaches 

a = ANGLESTREAMBANK SLOPE 
MAKES WITH HORIZONTAL 

Figure 42 . Nomenclature for cell sizing 
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approxi mat ely a horizont al p r ofile. If the cell is not deep enough to 

contain t he r ip r ap for t he cell height and streambank slope , bank expo

sur e will o ccur in the upper portion of the ce l ls (Figures 43a and 43b , 

and Fi g u res 24, 26, 2 7, and 30). Partial emptying of the cells will 

most likely not cause streambank exposure if a sufficient cell depth is 

used for a given streambank slope and cell height (Figures 43c and 43d). 

The following equation could be used as a starting point for selecting 

the cell depth. 

Depth~ 1.33 x tan ax Height (3) 

To a l low for an adequate thickness of riprap a cell height of less than 

10 to 12 in . would not be recommended. Even so, this cell height will 

not assure that streambank exposure will not occur . If the riprap is 

too light relative to the incident wave energy, the cell could be 

emptied more than what is depicted in Figure 43d. 

20. As stated earlier, model cells were constructed of galvanized 

sheet: metal due to ease of construction. Methods and material for pro

totype constru ction have not been investigated . It is recommended that 

close scrutiny be given to the economics of building and placing the 

cells. Once the cost of prototype construction is better understood, an 

economic analysis could be done to determine the most economical bank 

protection method . In some cases , transporting larger riprap to an area 

lacking a local source may be less costly than the construction and 

placing o f the riprap- filled cells. 

21 . Fur t her testing is needed to gain more insight into the riprap

filled cells concept. Addi t ional testing should pursue the optimizing 

of cell size and geometry and riprap weight relative to incident wave 

pe r iods, wave heights, angles of wave attack, current velocity, and 

streambank slopes. 
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Table 1 

Values of R /H and Rd/H for Riprap-Filled Cells u 

d/L T H , ft H/L R u , ft R /H Rd , ft Rd/H , sec u 

Plan l, 90-deg Wave Attack 

0.09 6.0 l.O 0.011 l. 56 l. 56 1.56 1.56 
0.09 6.0 1.5 0.016 2.45 l. 63 l. 56 l. 04 
0.09 6.0 2.0 0.022 2. 92 l. 46 2.02 l.Ol 
0.09 6.0 2.5 0.027 3.81 l. 52 2.45 0.98 
0.14 4.0 l.O 0.017 1. 56 1. 56 l. 56 1.56 
0.14 4.0 1.5 0.026 2.24 1. 49 l. 56 1.04 
0.14 4.0 2.0 0.035 3.35 l. 68 l. 34 0.67 
0.14 4.0 2.5 0.043 3.94 l. 58 2.45 0.98 
0.14 4.0 3.0 0.052 4. 75 1. 58 2.02 0.67 
0.40 2.0 l.O 0.050 1.13 1.13 0.89 0.89 
0.40 2.0 1.5 0.074 L 79 1.19 0.89 0.59 
0.40 2.0 l. 75 0.087 1. 56 0.89 0.68 0.39 

Plan l, 60-deg Wave Attack 

0.09 6.0 l.O O.Oll 2.02 2.02 1. 56 1.56 
0.09 6.0 1.5 0.016 3.35 2.23 2.02 l. 35 
0.09 6.0 2.0 0.022 4.24 2.12 2.45 1.23 
0.09 6.0 2.5 0.027 5.60 2.24 2.45 0.98 
0.14 4.0 1.0 0.017 1. 79 l. 79 l. 79 l. 79 
0.14 4.0 1.5 0.026 3.13 2.09 1.56 1.04 
0.14 4.0 2.0 0.035 3.81 1.91 l. 56 0.78 
0.14 4.0 2.5 0.043 4. 70 l. 88 2.45 0.98 
0.14 4.0 3.0 0.052 5.60 l. 89 l. 79 0.60 
0.40 2.0 l.O 0.050 0.89 0.89 0.45 0.45 
0.40 2.0 1.5 0.074 1. 79 1.19 0. 89 0.59 
0.40 2.0 L 75 0.087 1.56 0.89 1.13 0.65 

Plan l, 30-deg Wave Attack 

0.09 6.0 l.O O.Oll 1. 56 1. 56 1.13 1.13 
0.09 6.0 1.5 0.016 2.02 1. 35 1. 56 1.04 
0.09 6.0 2.0 0.022 2.45 l. 23 
0.09 6.0 2.5 0.027 2.45 0.98 l. 79 0. 72 
0.14 4.0 l.O 0.017 1.13 1.13 l. 34 l. 34 
0.14 4.0 1.5 0.026 l. 79 1.19 1.56 1.04 
0.14 4.0 2.0 0.035 2.45 1. 23 2.02 l.Ol 
0.14 4.0 2.5 0.043 2.24 0.90 2.45 0.98 
0.14 4.0 3.0 0.052 2. 92 0.97 2.45 0.82 
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Table 1 (Continued) 

d/L ft H/L 
R 

' 
ft R /H Rd ' 

ft Rd/H 
T 

' 
sec H ' u u 

Plan 1, 30- deg Wave Attack (Continued) 

0.40 2.0 1.0 0.050 1. 34 1. 34 0 . 45 0 . 45 

0 . 40 2.0 1.5 0.074 1. 34 0.89 1.13 0.75 

0.40 2.0 1. 75 0.087 0.68 0.39 1.13 0.65 

Plan 2, 90-deg Wave Attack 

0.09 6.0 2.5 0.027 4.24 1. 70 4.5 1.80 

0.14 4.0 3.0 0.052 5.60 1. 87 4.5 1.50 

0.40 2.0 1. 75 0.087 2.45 1. 37 0.89 0 . 51 

Plan 2, 60-deg Wave Attack 

0.09 6.0 2.5 0.027 4.70 1. 88 2 . 29 0 . 92 

0.14 4.0 3.0 0.052 6 .03 2.01 3 . 35 1.12 

0.40 2 .0 1. 75 0.087 2.24 1. 28 0 . 89 0.51 

Plan 2, 30-deg Wave Attack 

0.09 6.0 2 . 5 0.027 2.45 0 .98 2.68 1. 07 

0.14 4.0 3.0 0.052 2.24 0.75 2.02 0.67 

0.40 2.0 1. 75 0.087 1. 56 0.89 0.89 0.51 

Plan 3, 90-deg Wave Attack 

0.09 6.0 1.0 O.Oll 1. 07 1. 07 1. 97 1. 97 

0.09 6.0 2.0 0.022 2.50 1. 25 1. 97 0.99 

0.09 6.0 3.0 0.033 3. 76 1. 25 2.68 0.89 

0.40 2.0 1.0 0.050 0. 72 o. 72 1. 07 1.07 

0.40 2.0 1.5 0.074 1.16 o. 77 1. 07 o. 71 

0.40 2.0 1. 75 0.087 1. 61 0.92 1. 43 0.82 

0.40 2.0 2.0 0.099 1. 61 0.81 1. 61 0.81 

Plan 3, 60-deg Wave Attack 

0.09 6.0 1.0 O.Oll 1. 61 1. 61 2.33 2.33 

0.09 6.0 2.0 0.022 3.22 1. 61 2.15 1.08 

0.09 6.0 3.0 0.033 5. 72 1. 91 3.04 1.01 
0.40 2.0 1.0 0.050 0 . 72 o. 72 1. 07 1.07 
0.40 2.0 1.5 0.074 1. 25 0.83 1. 07 0.71 
0.40 2.0 1. 75 0.087 1. 79 1. 02 1. 79 1.02 
0.40 2.0 2.0 0.099 1. 79 0.90 1. 61 0.81 
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Table 1 (Concluded) 

d/L T H ft H/1 R 
u ' 

ft R /H Rd ' 
ft R/H 

' 
sec u 

Plan 3, 30-deg Wave Attack 

0.09 6.0 1.0 0.011 0. 72 0. 72 1. 07 1.07 
0.09 6.0 2.0 0.022 2.15 1. 08 2.15 1.08 
0.09 6.0 3.0 0.033 2.68 0.89 2.15 0. 72 
0.40 2.0 1.0 0.050 0.54 0.54 0 . 89 0.89 
0.40 2 .0 1.5 0.074 1. 07 0. 71 0.89 0.59 
0.40 2.0 1. 75 0.087 0.89 0.51 1. 25 0. 71 
0.40 2.0 2.0 0.099 0.89 0.45 1. 07 0.54 

Plan 4, 90-deg Wave Attack 

0.09 6.0 1.0 0. 011 1. 43 1. 43 1. 25 1. 25 
0.09 6.0 2.0 0.022 2.68 1. 34 2.33 1.17 
0.09 6.0 3.0 0.033 4 . 47 2 .68 1.16 0.89 

Plan 4, 60-deg Wave Attack 

0.09 6.0 1.0 0.011 1. 79 1. 79 2.15 2 .15 
0.09 6.0 2.0 0.022 3 . 58 1. 79 2.86 1.43 
0.09 6.0 3.0 0.033 6.44 2.15 4.50 1.50 

Plan 4, 30-deg Wave Attack 

0.09 6.0 1.0 0.011 0.89 0.89 1.25 1. 25 
0.09 6.0 2.0 0.022 2.15 1. 08 1. 97 0.99 
0.09 6.0 3.0 0.033 3.22 1. 07 2.86 0.95 
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