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FOREW'.lRD 

This report describes a series of large-scale hydraulic model experiments 
to simulate flcxrls overtopping highway embankments. Test conditions included 
embankments with arrl without pavement, with and without grass cover, with a 
range of hea:awater arrl tailwater elevations, and with a limited number of 
protective measures. The report will be of interest to hydraulic engineers 
for State highway agencies, consultants and other Government agencies who 
deal with flood damage evaluations of highway embankments or who deal with 
evaluations of darn safety in general. 

Sufficient copies of the report are being distributed to provide a 
minimum of tw::, copies to each FHWA regional office, one copy to each FHWA 
division office and one copy to each State highway office. Direct distri
bution is being made to the division offices. 
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Highway Operations 
Research and Developnent 
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NOTICE 

This document is disseminated under the sponsorship of the Department of 
Transportation in the interest of information exchange. The United States 
Government assumes no liability for its contents or use thereof. The contents 
of this report reflects the views of the author, who is responsible for the 
accuracy of the data presented herein. The contents do not necessar:ly 
reflect the official policy of the Department of Transportation._ This 
report does not constitute a standard, specification, or regulation. 

The United States Government does not endorse products or manufacturers. 
Trade or manufacturers' names appear herein only because they are considered 
essential to the object of this document . 
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METRIC CONVERSION FACTORS 

For readers who prefer metric units rather than inch-pound units, the 
conversion factors for the terms used in this report are listed below: 

Multiply 

ft (feet) 

ft/s (feet per second) 

ft/ft (feet per foot) 

ft 2 (square feet) 

ft 3/s (cubic feet per 
second) 

in (inches) 

lb, avdp (avoirdupois pound) 

lb/ft2 (pounds per square 
foot) 

lb/ft3 (pounds per cubic 

foot) 

mi (miles) 

~ 

0.3048 

0.3048 

1.0 

0.0929 

0.0283 

25.4 

0.4536 

4.882 

16.02 

1.609 

i i 

To Obtain 

m (meters) 

m/s (meters per second) 

m/m (meters per meter) 

m2 (square meters) 

m3/s (cubic meters per 
second) 

mm (millimeters) 

kg (kilograms) 

2 kg/m (kilograms per 
square meter) 

3 kg/m (kilograms per 
cubic meter) 

km (kilometers) 
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I NTROOUCTI ON 

Embankment damage due to flood overtopping is a relatively new issue for 
highway engineers because traditionally they have ignored the consequences of 
floods larger than the "design flood." There have been several attempts to 
develop an approximate method of estimating embankment damage, but all 

attempts lacked the benefit of a set of controlled experimental data and 
differ by several orders of magnitude. 

Numerous protection materials have been utilized for protecting embank
ments from flood erosion. These measures reduce embankment erosion mainly in 
two ways: (1) protect or strengthen soil to increase its resistance to ero
sion, and (2) increase surface roughness to reduce flood erosive force. 
Materials commonly utilized include vegetation, riprap, soil cement, and mats. 

Information about the performance of various materials available to protect 
embankments from damage due to flood overtopping is quite limited. 

The objectives of this project were to perform a review of 1 iterature, 
collect field data, and conduct laboratory tests to develop a methodology to 

quantitatively determine embankment damage and to assess protection measures. 
During this project the following sources of literature were searched: 

• ASCE (complete index of all publications of journals, conferences, pro
ceedings, papers). 

• U.S. Army Corps of Engineers (experimental model studies). 

• National Technical Information Services (current published searches and 
bibliography of abstracts). 

• Federal Highway Administration (index of research and development 
reports). 

• Hydromechanics and Hydraulic Engineering Abstracts (Delft Hydraulics 
Laboratory, Indices, The Netherlands). 
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• Literature identified by Federal Highway Administration (FHWA) and United 
States Forest Service (USFS). 

Seventy-nine reports and papers were identified as potentially use-
ful to the study. These reports were reviewed to: 

• Identify important parameters that control embankment damage. 

• Investigate the failure mode of embankments. 

• Assess effects of pavement, vegetation, and other protection measures on 
embankment stability. 

• Assess erosion rate of embankment due to flood overtopping and other fac
tors. 

Field data of roadway erosion caused by flood overtopping were collected 
at five sites in Arkansas, three sites in Missouri, seven sites in Wyoming, 
one site in Colorado, and five sites in Arizona. These field data were anal

yzed and utilized to evaluate the methodology developed for determining 

embankment damages due to flood overtopping. 

Embankment overtopping tests were conducted. The embankments tested in 
this study were 6 ft (1.8 m) high, 10 to 22 ft (3.0 to 6.7 m) in crest width, 
and 3 ft (0.9 m) in length, with slope varying from 2:1 to 3:1. The embank
ment surfaces which were tested included various combinations of two surface 
materials (bare soil and pavement) and five protective measures (grass, 

mattresses, geoweb, soil cement, and enkamat). Two base soils forming the 
embankments were tested and included soils classified as clay and as sandy 
clay. The flood overtoppi ng condit i ans include overtoppi ng depths ranging 
from 0.5 to 4 ft (0.2 to 1.2 m), discharges ranging from 1 to 25 n 3/s-ft 

(0.031 to 0.77 m3/s-m), and tailwater conditions ranging from 10 percent water 
surface drop to free fall. 

The literature review, field data, and laboratory data were analyzed to 
develop embankment erosion equations considering the configuration and 
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material characteristics of the embankment and hydraulics of overtopping flow. 
A mathematical model was developed and verified using the collected field data 
and laboratory data. This model was then utilized to generate design charts 

for estimating embankment damages caused by floods of various overtoppi ng 
depths and tailwater conditions. 

This report presents the study results. The following sections deal with 
description of predominant modes of embankment failure, collection of field 
embankment damage data, the laboratory embankment test program, the hydraulics 
of overtoppi ng fl ow, the parameters and equations governing embankment ero
sion, the development of a procedure for determining embankment erosion due to 

flood overtopping, and the evaluation of embankment protection measures. 
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DESCRIPTION OF PREDOMINANT MODES OF EMBANKMENT FAILURE 

1. General 

Roadway embankments are subjected to several types of failure during 

floods, including erosion due to flood overtopping, piping and liquefaction, 

and possibly mass wasting due to slip circle failure. The most common type of 

failure during flooding is caused by excessively high flood waters overtopping 

and eroding the embankment. Failures due to piping and liquefaction require a 

substantial amount of time for saturation of a soil matrix. This may be pos

sible where embankments serve as a detention type structure or for longer

duration floods. Mass wasting also require some significant degree of soil 

saturation due to a longer flood event and occurs as flood waters recede, 

leaving saturated banks in an unstable condition. These types of embankment 

failure are briefly discussed first. Then, failure due to flood overtopping 

is focused upon, as the purpose of this study is to understand and develop 

methods of predicting damage caused by flood overtopping. 

2. Piping and Liquefaction 

Piping and 1 i quefact ion can occur when a soil has an effective stress 

which approaches zero. This commonly occurs in two situations: (1) an upward 

fl ow of water of such magnitude that the tot a 1 upward force of water equals 

the total soil weight in an unloaded situation, and (2) the occurrence of a 

shock or vibration which produces a volume decrease in a loose soil skeleton, 

transferring the effective stress from the soil particle to the pore water. 

When either of these situations occur, the soil becomes essentially a fluid 

which flows and is easily moved and eroded by water either overtopping or 

flowing through the embankment. This type of failure for roadway embankments 

is not expected to be common unless the soil is quite permeable, and there is 

considerable ponding time and potential for embankment saturation. However, 

this failure factor required consideration when roadway embankments serve a 

dual purpose of providing detention for excess storm water. 
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3. Mass Wasting by Slip Circle Failure 
An alternate form of embankment failu.re is caused by local mass wasting. 

If the embankment becomes saturated and possibly undercut by flowing water, 
blocks of the embankment may slump or slide downslope. Various forces are 
involved in mass wasting. These forces are associated with the downslope 
gravity component of the slope mass. Resisting these downslope forces are the 
shear strength of the earth's materials and any additional contributions from 
vegetation via root strength or man's slope reinforcement activities. When a 
slope is acted upon by water flowing over or through it, an additional set of 

forces is added. These forces are associated with removal of material from 
the toe of the slope, fluctuations in groundwater levels, and vibration of the 

slope. A slope may fail if stable material is removed from the toe. When the 
toe of a slope is removed, the slope loses more resistance by buttressing than 
it does by downslope gravitational forces. The slope materials may then tend 

to move downward into the void in order to establish a new balance of forces 
or equilibrium. Oftentimes, this equilibrium is a slope configuration with 

less than original surface gradient. The toe of the failed mass can provide a 
new buttress against further movements. However, if this buttress is removed 
by erosion, the force equilibrium may again be upset. For slope toes acted 
upon by erosive water, the continual removal of toe material can upset the 

force balance. 

4. Flood Overtopping 
Once floodwater overtops an embankment, erosion of the embankment wi 11 

occur when locally high velocities over the embankment create a high erosion 
force which exceeds the strength of embankment resisting erosion. Failure of 
the embankment is also caused by large standing waves occurring on the embank

ment. 

The primary mode of embankment failure due to flood overtopping begins by 
erosion of the downstream shoulder and slope. Figure 1 shows the progression 

of this type of failure where dashed lines show erosion at times t 1, t 2, 
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Figure 1. Erosion of the downstream·shoulder. 
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and t 3• As water flows over the roadway it accelerates near the break point 
between the roadway shoulder and the downstream slope. Within a range of 
tailwater condition an undulating hydraulic jump with standing wave is created 

just downstream of the breakpoint. The energy dissipation in the hydraulic 
jump and the high velocities due to acceleration will greatly increase the 
erasion force of the water. Embankment is scoured from the area near the 
break point, forming a nick point which progresses upstream. 
downstream is also eroded from turbulence in the hydraulic jump. 

The area 

Another mode of failure occurs when the toe of the embankment slope 
erodes. Figure 2 shows this type of embankment erosion failure. With low 
tailwater, often as the water accelerates over the top of an embankment it 
passes through critical depth and then forms an undulating hydraulic jump near 
the toe. The toe erosion may also be initiated by water flowing through the 
embankment and then down the slope. As the toe is eroded, the material above 

it becomes unstable and more erodible as erosion works its way up the embank
ment in the form of a headcut or slide. 

On an earth embankment the erosion process will form a breach. Breaching 

will not be uniform over the entire embankment length, because weaker areas of 
embankment will fail first and cause the flow to concentrate at the failed 
sections. Continued washout of the embankment will occur from lateral erosion 

along with overtopping erosion of the embankment. 
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Figure 2. Erosion of the toe. 
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COLLECTION OF FIELD EMBANKMENT DAMAGE DATA 

1. Field Data Co 11 ect ion Proc.edure 

Roadway embankment damage data due to flood overtopping were collected at 
21 sites by a joint force of personnel from the FHWA; State Highway Agencies; 
U.S. Geological Survey; and Simons, Li & Associates, Inc. (SLA). These field 
sites included data collected from five sites in Arkansas and three sites in 
Missouri due to the December 1982 flood, four sites in Wyoming and one site in 
Colorado due to the May 1983 flood, five sites in Arizona due to the September 

1983 flood, and three sites in Wyoming due to the August 1985 flood. The 
following procedures were generally utilized in collecting these data: 

(1) FHWA and State Highway Agency identified potential sites. 

(2) FHWA invited the SLA team members to visit the study sites if time and 
budget al lowed. SLA team members have visited all the sites except those 
in Arizona to acquaint themselves with the damage conditions; visit local 
residents to comprehend the flooding history; and collect soil and stage 
data, such as soil samples, high water marks, and photographs. 

(3) FHWA contracted the U.S. Geological Survey to determine flood conditions 
based on indirect methods and facts collected following the flood. The 
USGS estimated peak streamflow, maximum depth and peak flow over the 
roadway, headwater and tailwater elevations, velocity over the roadway, 
and duration of the flood for all sites damaged by the 1983 flood, except 
those in Wyoming and Colorado. SLA project team made estimates for these 
sites. 

(4) State Highway Agency personnel provided descriptions of the damage to the 
highway embankment, some cross-sectional data, and itemized the cost for 
repair. 

2. Presentation of Field Data 
Table 1 summarizes the estimated flood conditions and table 2 summarizes 

the embankment characteristics and damage conditions for the 21 flood sites. 
These data were utilized to verify the methodology for determining embankment 
damage due to flood overtopping as described in "Development of a Procedure 

for Determining Embankment Erosion Due to Flood Overtopping." Details of field 
data were presented elsewhere.( 1,2) 
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Table 1. Flood data at field study sites. 

Peek 0Yert9'!~ln!! Conditions 

Peek Average Maixll!IUnt Average Madnwa Heodwote,- Tel h11-ater 
Ol~h"'!J& Depth Oepth Length Our"'etlon Velocity Velocity Elevatlon Eleve-tJon 

srte If /sl 1ft) lftl 1ft) (hours) lft/sl lft/sl (ft) 1ft) 

I• Cestor R l var at Za ima, St-ate 
Highway 51, Bollfnger County, 
MO 19,500 2.1 3.0 1,795 26 4.7 5.4 380.7- 319.6-

381.8 380.J 
2. Bl acl< River at HI ll lord, County 

lif9hwnv W_, Outler Co~nty., MO '5,300 4,5 6.1 1,370 41 5.7 6,2 66.2 65-9 

3. L1 ttle Bl ad< RI ver near Grandin 
County Ill gh••Y K, RI pley 
County_, l«l 9,:'70 2.e 3,6 700 9 5.e 5.9 417.0 414.2 

4. Sp<-ln9 River et 1-... AA 
98,500 6•' 10., 1,863 22 10.5 12.6 JI0.5 J07.6 

5, Eleven Pofnt RI VEW"' near 
R&vend&n Springs. AR_, at 
Arkansas State Iii ghwa)' 91 ot 17,500 2-5 3,7 1,255 " 6.5 7.8 348.J J44.63 ...... Oedton, AA 

0 
6. South Fork LI ttle Re<! River at 

Cl Jnton, AA 6,290 2-6 J.3 508 10 5.2 6.3 515,7 514.e 

1. 1111 nor• Boyou near 
Scottnl t le, AR. 1--t Arkan545 
State Highway 164 10,100 2.1 4.0 672 12 6-6 s.o 479.0 47◄ .e 

8. West Fork PoJnt Remove Creek 
near Hattlevflle. AR> et 
Arkansas S1'ote Hlghwoy 247 to>300 J.2 2.0 3,118 12 ,.2 5. I }17.} 315.3 

9. Grav&l Road I -112 MIi es North 
of Hfllsdale,. WY 60 --- ,.o 80 80 J.O --- --- low 

1 o. Morrle Street et Cr0t111 Creek In 
Cheyenne,. WY -- --- 1.0 -- 12 4 & --- lo• 

1 I. Earth. Road ln: Grenlte 
R♦serYOir • WY 300 --- 1.0 120 10 --- 5 

12. Wy01tl og State HI ghwoy 487 at 
Sand Creek near Shlrley Bast• 6,680 --- 2.3 , • 134 42 --- --- 7,005.8 Free Fol I 



Table 1. (continued} 

Peak Over~elng Conditions 

Peak Average, MaxllW.II Average MaXIIIIID HHdwater Tal!weter 
Olsc~...-ge Depth Dept~ Length D1.1rotJ-on Velocity Velocity Elevation Elevation 

Site (ft Isl tftl (ftl Utl (hours.} (ft/5) (ft/s) (ft) lftl 

1'. Toft HI 11 RQod at Cache h 
Poudre River IA fort Col llns, 
co 500 -- o., .l,00 30 --- 1 --- lo• 

14. GI la River at u.s. Hlghwoy 
70 IByl as Bridge) 27,000' 2,5 }.4 2.,00 Ja 5,1 5.; 2,5Bl.4 2,577.l 

15. San frand.sco River at u.s. 
Hlgh•aJ 666 a1" Clifton, AZ 1,200 2,6 4.0 2,100 4 a. 1 10.5 l,457.5 l,456,0 

..... 16 • GI I a RI var at State HT gway 87 ,_. near Sacaton, AZ (11llepost 
148.0l 26,000 2. I ,. 1 2,240 60 5,6 ;.a 1,281.1 1,280,9 

17. Peak Canyon at lnterstate 
Highway 19 near Nogales, AZ 
11111 lepo,t 141 6,200 1.; 1,8 t. 100 --- l.6 4.0 l,157.2 l,l54.8 

18, Snn-ta cruz RI ver at Cortaro 
Road near Tucson, AZ "23,000 l.9 ,., 1,600 44 l,6 7. I 2, 151,9 2,149.8 

19. Pralrle Ave., Cheyenne, li'I' ~.200 -- 2., --- 3 --- 8.5 ~ ltt.E. - T .E.• l ftl 

20. Wlndm-t 11 Road,.. Cheyenne,.. WY 5,500 -- ,.o -- l --- \J lit, IH 0 E• - T,E.• 3 ftl 

21. Ridge Road_. Cheyenne. WY 5,700 --- 1,5 --- J --- 12 <ll, CH,E, - T,E a 5 ftl 



Table 2. Summary of embankment characteristics and damage. 

Eribankment Chcracterhtrcs Oamaige 

WT<tth/ Width of Y&g<r Tin& of 
Height Pa-ve111&nt Side totlon length Width vorr, Cos"t of Closure 

Site (It) Soll Type (ft) Slope OR Slope 1ft) 1ft) (yd l Repairs thqurs) 

1. Costar River at Z11 I-mo,. St.ate 24/4 Sendy_. low- 20 I ;5:1 Fesc.- 600 --- 200 5,150 26 
Hlghwlly 51, Bolllnger County, Coh&she !blt,..,,lnou•l bern,udo !shoulder I 
MO 

2. Blacll RI....- at HI l llard, County 28/4 Sandy_. Low- 22 --- fescue- 75 --- --- 1,450 41 
HI ghwoy II. Outler County, NO Coh&slv& (bltlMllnousl (shoulder ud 

pavement) 

J. little Black River near Grandin 24/10 Sandy 20 I ,5: l Fescue 400 --- 700 ,,ooo 9 
Coun~y Hlg~~ay K, Rfp~ey -Cloy !ol I Cshoutder- estd 
Courrty, t«> aggregate) embankfflen:t-J 

4. Sprln11 River ot l11boden, AR 

5 • Eleven PolnT River ne-ar ....... Ravenden Springs, AA, et 
N Ark4osos State Hlgf'.1111tay 9J at-

Oe.lton,. AR 

6. Sout-h Fork Lftt"1-e Red River a-t 
Ct rnton,. AR 

l. II I lnol s &!you near 26/10 Sandy-SI It, 20 2,5:1 Gr-ass 155 20-55 2,000 
Scottsvlfte, AA. •t Arkansas NoncobesJ ve (waslted) 
Stote Klghwoy 154 

8. West FOf"k Paint Remove Creek 26/6 --- 20 2:1 Gr41S5 2,500 -- 910 
near Hattlevr I le, AR. ot t.houlder ond 
Arkansos Stete HI ghllfoy 247 1000' 

povement) 

9. Gro•el Rood 1-1/2 Ml les North 201' o;0-o., ... 0 J:I Sparse 80 17 190 
of Hr Usdele. WY <surfocel 

do;o•O. IJ ... 
(subsurface) 
Noncohashe 

10. f.br-r Je Street at Crow Cr-eek f n 34/4 ~ro.12,.. 24 2.5:1 Sparse- 2'J 54 JJO 
Cheyenne, Vi S t & cloy (breached) 

content• 
24-42 Percent, 
lov-COhesfva 



Table 2. {continued) 

Einban'k111ent a, aracterl st tcs DaN:i!; 

Width/ WI dth of fege- rrr ... of 
Height Pavement Side totlon Length Width Vair,' Cost of Closure 

Site (ft) Soll Type lf-tl Slope OR Slope (ft} 1ft) 1yd l Repolrs lhoursl 

11. Earth· Road ~n Granlta 20/4 ,1;0-2.1,.. Q 2:,,1 Spars& 120 10-35 210 
ReservoJ r, ;rt Ho.ncohes l ve lds>agedl (d.,...gedl 

20 70 
lbreochedl lbreacl,edl 

12. \lyomlng State Highway 487 ot 45/10 ;!?o•0-4 .. y; 2:1 Sps-s& 1,100 70 9.600 300,000 >1,-000 
Sand Greek near Shirley &sin P • 10 

I:,. Toft HI 11 Rood of Cache 1• :l0/8 Sandy 24 l:1 Sporse 230 lO l50 -- 300 
Poudre Rher- In Fort COllln$1- Lov-CO-hes Ive lsbooldel"I tshoulder-1 
co 70 5 

lpa•""'8nt> tp••-ntl 

..... 
14. GI la River at U.S. Kl ghway 45/6 Sandy sl It '4 4:1 SporH 1,500 --- 45,500 e:io,ooo 310 w 70 (Byles Brldgol . d;o • 0.4 .., 

15. San Fr and sco RI ver at u.s. 45/5 Sand/gravel 35 l! 1 Sparse --- --- --- 85,000 10 
Hlgh~•Y 666 ot Clifton, AZ d;Q • 4 ID 

16- GI la River ot State lllgway 87 5015 Sandy 40 6:1 Sparse 1.000 --- 1,060 51,000 80 
near Sac:e:ton. AZ <ml le,post d;o • 0.50 -
14B,Ol lo•-COhesl we 

17. Peek Canyon at Inter-state 58/5 Sandy lB 3: I Sporse 500 - 1,000 48,000 2 
Hlghvoy 19 n<>nr NGglaes, AZ 
(rAI lepost 141 

d;o • O.lO -
lolil--■cohes r v• 

18- San ta C.ruz RI ver at Cortaro 44/- -- 24 2:1 Sparse 
Rood near Tucson. AZ 

19. Pr.nlrle Ave., Cheyenne,, Wf 15/5 Sandy clay 24 41 I Sparse ,o 15 450 8,400 

:10■-.~;9 .... 
20. illndr'll U Road,. ettevenne, WY 40/5 Sand sl It 30 l:I Sparse 100 15 980 26,000 

d50 • t .. O m 

21. RI dge Road, Cheyenne, WY 40/5 Sandy sllt lO ,,1 Sparse 60 10 190 1,,00 
d50 • 0.6 .. 



The field data are limited in that they consist of overtopping condition 
at peak flow, total embankment damage after the flood, and limited soil data. 
However, these field data are. useful for verification of the modeling assump
tions and of the methodology that is developed using data from controlled 
laboratory conditions. 
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LABORATORY EMBANKMENT TEST PROGRAM 

The details of the hydraulic model utilized to collect the laboratory 
data and the characteristics of the embankment soils tested by the model are 
presented in this section. The calibration of the hydraulic model is docu
mented and provided along with a description of the embankment construction 
procedures. This section a 1 so presents the details of the embankment test 
program, the schedule of tests, flow conditions tested by the model, and data 
collection procedures. Finally, a review of the procedures utilized to edit, 
review, and analyze the data is presented. 

1. Test Facilities and Instrumentation 
The embankment overtopping tests were conducted in an outdoor testing 

facility at the Engineering Research Center ( ERC) of Co 1 or ado State 
University. The outdoor testing facility was designed to conduct tests upon 
full-scale roadway embankments. The utilization of a testing facility which 
allows full-scale tests minimized the inaccuracies inherent with modeling the 
physical processes associated with the hydraulic and sediment transport mecha
nics of embankment erosion. 

Testing the erosion of the full-scale embankments necessitated the fabri
cation of a large moveable flume and construction of a prototype section of 
roadway embankment. The desig~ features of the flume included a headbox and 
tailwater control section, an embankment test section, and a data collection 
carriage mounted on the flume walls. An inlet diffuser was installed as an 
integral part of the headbox. A series of four outlet gates provided the 
tailwater control for the flume. The flume also includes a 6O-foot (18.3-
meter) section of 8-inch (2O3-mm) pipe to pass water from the headbox to the 
downstream embankment slope. This allowed for setting the initial tailwater 
conditions during the high tailwater tests. The flume utilized for this study 
is depicted in figures 3 and 4. 
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Figure 3. Profile of testing facility. 



Figure 4. Testing facility 
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Extensive modifications to the property leased from Colorado State 
University were made to allow for a recirculating water supply and full-scale 

embankment construction. An embankment approximately 300 ft (91.4 m) in 
length was constructed in accordance with AASHT0 guidelines. Unpaved and 
paved sections of roadway embankment were included in combination with 
sideslopes ranging from 4:1 (horizontal to vertical) to 2:1. The embankment 
sideslopes were vegetated with a seed mixture approved by representatives of 
the Federal Highway Administration. 

The discharge required for the testing was provided by a pumping plant 
owned and operated by SLA. The pumping plant, consisting of an Aurora Diesel 
8V-92T .engine (435 BHP at 2100 rpm), provided in excess of 75 ft 3/s (2.1 m3/s) 
to the flume. If needed, an additional 30 ft 3/s (0.8 m3/s) could have been 
provided by a 300-hp, 24-inch (0.6-m) electric pump owned by Colorado State 
University. The source of water for the testing was a detention pond con
structed at the testing site. The experimental facilities were designed to 
recirculate the design discharge from the flume to the detention pond and back 
to the pump pit. A plan view of the test site illustrating the recirculating 

water supply system and roadway embankment is presented in figures 5 and 6. 

As indicated by figure 6, the test site was sufficiently large and was 
arranged to allow for stockpiling and mixing a variety of soil materials. The 

stockpiled soil materials were utilized during the construction and testing of 
the roadway embankment for the fixed-flume tests and duplicated the soils 

which composed the 300-ft (91.4-m) roadway embankment. The test site was also 
designed to allow for moving the flume to test successive sections of the 

300-ft (91.4-m) roadway embankment. A 40-foot (12.2-m) telescoping section of 
36-inch (0.9-m) pipe was utilized in conjunction with successive lengths of 
36-inch (0.9-m) pipe to move the flume to the required locations. 
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Figure 6. Overview of the testing facilities. 

20 



The data collected during the testing program included discharge, velo
city, depth, water-surface profile, and embankment profile. The discharge 
rate in the flume was determined by utilizing a calibrated elbow meter 
i nsta 11 ed in the water supply line. The device was connected to a manometer 
tube and the difference in water heads across the elbow meter determined, The 
difference in water heads coupled with the calibration curve for the meter 
provided the discharge. The calibration curve for the discharge measuring 
device is provided in figure 7. During the testing, data collection was 

facilitated by the use of a carriage which traversed the length of the flume, 
The carriage provided support for the point gauge and the instrumentation for 
velocity measurements. The point gauge measured the elevations of the bed and 

water surface. Velocity measurements were taken by a Marsh-McBi rney 201 
electromagnetic current meter capable of measuring velocities from O to 20 

ft/s (Oto 6.1 m/s). 

2. Verification of Flow Hydraulics 
An understanding of the hydraulics of water flowing over an embankment is 

essential to understanding the erosion process. Consequently, a series of 
rigid-bed embankment tests were conducted to evaluate the hydraulic variables. 
Table 3 summarizes the various flow conditions generated during this series of 

tests. 

The data collected duriffg each test included discharges, water-surface 
e 1 evati ons, and velocity measurements. The data were analyzed to determine 
the velocity distribution and coefficient of discharge for free flow and sub

merged flow conditions. The results of the analysis are presented in 
"Hydraulics of Flow Over an Embankment." 

3, Characteristics of Embankment Soils 
During this study a soil testing program was performed to evaluate all 

fil 1 materi a 1 used for construction of the embankment test sect i ans. Soi 1 
materials were selected based on specifications provided by the Federal 
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Run 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Table 3. Flow overtopping conditions of rigid 
embankment runs. 

Overtopping Water Surface 
Depth, h Drop Discharge 
(ft) (Percent) (ft3/s) 

0.5 20 2.0 

0.5 40 2.5 

1.0 10 4.9 

1.0 20 6.2 

1.0 40 6.4 

2.0 10 22.5 

2.0 20 22.9 

2.0 40 23.4 

2.0 75 24.0 

4.0 10 72.0 

4.0 20 78.5 

4.0 40 75.0 
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Highway Administration and included a clayey sand mixture, as well as a sandy, 
more erosive soil. 

Two sources of embankment material were tested for comparative purposes 
before selecting the initial testing material, hereafter referred to as soil 
type I. Following a series of flood overtopping tests, a soil composed of a 
higher percentage of sand, hereafter referred to as soil type II, was utilized 
to construct additional test sections. 

Laboratory and field tests were performed to classify and determine the 
engineering properties of the fill material. The soil tests, conducted in 

accordance with ASTM procedures, provided information concerning soil classi
fication, grain-size distribution, Atterberg limits, hydraulic conductivity, 
critical shear stress, shear strength, compaction characteristics, and disper

sivity. 

Soil type I was classified as a clay of low plasticity (CL) by the Uni
fied Soil Classification. According to the AASHTO classification system, the 
material was classified to be an A-6 soil. The grain-size distribution curve 
for soil type I is provided on figure 8. In general, soil type I contained 
approximately 40 percent sand and 60 percent silt plus clay. Results of the 
laboratory analyses are presented in table 4. A comparison of the selected 

laboratory analyses of soil type I before and after embankment construction is 
also provided in table 4. 

Soil type II was classified as a SM-SC by the Unified Soil Classification 
and a A-4(0) by the AASHTO classification system. The grain-size distribution 

curve is provided on figure 9. Soil type II was created by mechanically mix
ing a sandy material with soil type I, which produced a soil with approxi
mately 20 percent more sand than soil type I. The results of the laboratory 
analyses conducted for soil type II are presented in table 5. 
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Table 4. Soil test results, soil type I. 

Soil Property/Test 

Grain-size Distribution 
Percent Sand 
Percent Passing #200 Sieve 

Atterberg Limits 
Liquid Limit 
Plastic Limit 
Plasticity Index 

AASHTO Classification 

Unified Soil Classification 

Specific Gravity 

Compaction 
Optimum Moisture Content 
Maximum Dry Density 

Hydraulic Conductivity 

Dry Density 
Maximum Standard Proctor 
Density 

Water Content 

Torvane Shear Test 
Before Saturation 
After Saturation 

Pin-Hole Dispersion Test 

Critical Shear, Tc 

Results Before 
Construction 

40 
60 

32.8 to 47 .8 
20.7 to 23.2 
11.6 to 24.6 

A-6 

CL 

2.58 to 2.60 

18 percent 
108 l b/ft3 

1 9 X 107 to 
4:8 x ·107 cm/s 

100.3 to 102.8 lb/ft3 

92.7 to 95 percent 
15.6 to 16.3 percent 

2.5 tons/ft2 
0.1 to 3.2 tons/ft2 

ND1 (no dispersive) 

0.078 lb/ft2 

26 

13 
102 

Results After 
Construction 

40 
60 

32.7 to 35,1 
19.3 to 22.3 
11.7 to 15.7 

A-6 

CL 

to 19 percent 
to 111 l b/ft3 
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Table 5, Soil test results, soil type II. 

Soil Property/Test Test Result 

Grain-size Distribution 
Percent Sand 
Percent Passing #200 Sieve 

Atterberg Limits 
Liquid Limit 
Plastic Limit 
Plasticity Index 

AASHTO Classification 

Unified Soil Classification 

Compaction 
Optimum Moisture Content 
Maximum Dry Density 

28 

59 percent 
41 percent 

24.4 
18,7 
5.7 

A-4(0) 

SM-SC 

14.7 
113.5 



A detailed discussion of the testing procedures and soil test results 

is provided in a report entitled, "Report for Task D: Soil Tests," submitted 

to the Federal Highway Administration on January 28, 1985. 

4. Embankment Construction Procedures 

All embankment test sections were constructed to be 6 f.t (1.8 m) high, 

and allow a top pavement width of 12 ft (3.7 m) and shoulder width of 10 ft 

( 3.0 m). The sidesl ope of the embankments tested during this study varied 

from 2:1 (horizontal to vertical) to 3:1. Two types of soil were utilized as 

fill material and two roadway surfaces were tested along with five embankment 

protection measures. Table 6 presents the types of roadway surfaces and pro

tection measures tested during this study. 

The original proposal was to construct a long embankment, allow it to 

age, and test various conditions by moving the flume to various segments of 

the embankment where prescribed embankment conditions were set up. The effect 

of aging on the soil cohesion could be taken into account by this procedure. 

After several experiments, it was decided to move the flume for the grassed 

embankments only because the effects of the disturbed edges next to the flume 

walls were significant. More reliable data could be obtained by compacting 

the bare soil experiments in place rather than attempting to move the flume to 

the precompacted sections. 

The procedures established for i nsta 11 i ng the embankment fi 11 materials 

and embankment protection measures were an important aspect of this study. 

This is especially true for the tests which required the construction of the 

soil embankment within the flume. For these tests, the procedure consisted of 

mechanically mixing the individual soils composing the embankment fill 

material , foll owed by p 1 a cement of the materi a 1 in the flume with a Bobcat 

front-end loader. Water was carefully added during placement of the fill 

material to ensure that optimum moisture content (~18 percent) was obtained. 

Engineering technicians mechanically compacted the fi 11 materi a 1 in 6-i nch 
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Soil 

Paved 

Paved 

Soil 

Soil 

Soil 

Soil 

Soil 

Table 6. Roadway surfaces and protection measures 
selected for testing. 

Roadway Surface 

Surface 

Surface/Gravel Shoulder 

Surface/Gravel Shoulder 

Surface 

Surface 

Surface 

Surface 

Surface 

30 

Protection Measures Selected 
For Testing 

None 

None 

Grass 

Geoweb 

Enkamat 

Enkamat and Grass 

Gabion Mattress 

Soil Cement 



(152-mm) lifts to obtain the compaction requirements (95 percent of maximum 
dry density, Standard Proctor). To the maximum extent possible, all test sec
tions were constructed to meet Federal Highway Administration specifications. 
Figure 10 illustrates the installation and compaction of the embankment 
material. An illustration of the soil embankment fol lowing construction is 
provided in figure 11. 

Tests of a paved roadway were also conducted within the flume. The soil 
embankment was constructed in accordance with the procedures previously 
described. A 12-inch (0.3-m) gravel base was placed on the surface of the 
soil embankment. The roadway was capped with a 4-inch (102-mm) thick bitumi
nous pavement. The completed test section was 6 ft ( 1.8 m) high with a top 
pavement width of 12 ft (3.7 m) and a gravel shoulder width of 10 ft (3.0 m). 
Figure 12 illustrates a paved roadway test section ready for testing. 

Testing an embankment slope vegetated with grass required the construc
t ion of a full-scale embankment. Consequently, a 300-foot (91.4-m) embankment 
was constructed to test the influence of a vegetated embankment slope under a 
variety of flow conditions. The embankment was constructed in accordance with 
Federal Highway Administration specifications. A gravel base and paved road
way surface were placed on top of the soil embankment. Figure 13 presents a 
sequence of photographs i 11 ustrati ng the construct ion procedure. Following 
construction of the road embankment, sideslopes were planted with a seed mix
ture accepted by the Federal Highway Administration. The seed mixture is pre
sented in table 7. 

The vegetated embankment was excavated for the movable flume tests using 
the following procedure. After adding sufficient sections of 36-inch (0.9-m) 
pipe to allow advancement of the flume, two 18-inch (0.5-m) trenches were 

excavated in the embankment. The embankment test section was approximately 32 
inches (0.8 m) in width between the trenches. The trenches were lined with a 
bentonite mixture and a flume wall was placed in each trench. The headbox and 

31 



Figure 10. Installation and compaction of embankment. 
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Figure 11. Illustration of the soil embankment 
following construction. 
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Figure 12. Illustration of a paved roadway test section. 
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Figure 13. Construction of full-scale embankment. 
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Figure 13. Construction of full-scale embankment (continued). 
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Table 7. Seed mixture. 

Common Name lb/Ac1 

Western Wheatgrass 7.0 

Fairway Wheatgrass 5.0 

Smooth Brome 4.5 

Buffalo Grass 4.0 

White Dutch Clover 1.0 

21.5 

1 Lb/Ac of live seed commonly abbreviated Pls/Ac. 
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tailwater control section were attached to the flume walls and the recir
culating piping system was attached. Excess fill material was backfilled and 
compacted along the outside of the flume walls to minimize the bowing of the 
flume walls during the test. Bentonite gravel chips were obtained from a 
manufacturer in Casper, Wyoming, and placed along the flume walls next to the 
embankment test section. Mixing the bentoni te with water a 11 owed the ben
toni te mixture to swell and seal the void between the flume walls and the 
embankment. This procedure minimized the loss of water through the embankment 
test section when the flume was moved. 

Several embankment protection measures were also tested. Included in the 
testing schedule were gabion mattresses, soil cement, geoweb, and enkamat. 
Testing the embankment protection measures did not necessitate movement of the 
flume; consequently, the procedures for construction of the soil embankment 
within the flume were followed. 

The gabion mattresses were constructed to be 3 ft (0.9 m) wide, 8 ft (2.4 
m) long, and 6 inches (152 1111t) in depth. The wire mattresses, made from 19 
gauge wire, were filled with 3- to 6-inch (76- to 152-mm) rock and placed on 
the top of the embankment and downstream sides 1 ope. The mattresses were 
double wire wrapped at each mattress seam and single wire wrapped along each 
side of the mattress. A Dupont Typar 3401 nonwoven filter fabric was placed 
and pinned beneath the gabion mattresses. Figure 14 presents a cross-
sectional view of the embankment protected by gabion mattresses. A view of 
the gabion mattresses within the flume is provided in figure 15. 

The erosion protection afforded by soi 1 cement was tested by pl acing a 
layer, 1 foot thick, along the top of the embankment and downstream sideslope 
(see figure 16). The soil cement was commercially produced by a local ready
mix contractor and delivered to the testing site. The specifications for the 
soil cement called for a cement content by weight of approximately 11 percent 
and a moisture content of approximately 10 percent. Plaster sand composed the 
remaining additive to the soil cement mixture. The test section protected by 
soil cement is depicted in figure 17. 
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Figure 15. Illustration of mattress-protected embankment. 
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Figure 17. Illustration of soil-cement protected embankment. 
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Geoweb is a grid confinement system made of high-density polyethylene. 

The geoweb system has been utilized for erosion control along lake shores and 

river banks, and for control 1 i ng embankment washouts due to surface water 

runoff. A standard geoweb section expands to a section 8 ft (2.4 m) wide and 

20 ft (6.1 m) long and is 8 inches (203 rrm) in depth. The nominal thickness 

of each grid wall is 0,047 inch (1.2 mm). For this study, the geoweb system 

was placed along the top of the embankment and downstream sideslopes in the 

manner indicated by figure 18. Wooden stakes, recommended by the manufacturer 

of geoweb, were initially utilized to secure the geoweb to the embankment. 

The individual grids or cells were filled with 1- to 2-1nch (25- to 51-mm) 

rock. As with the gabion mattresses, a Dupont Typar 3401 nonwoven filter 

fabric was placed and pinned beneath the geoweb system. Figure 19 depicts the 

embankment protected by geoweb. 

The final erasion protection measure tested was enkamat. Enkamat is a 

matting made from heavy nylon monof i 1 amen ts fused at their intersections. 

The thickness of the tested material was 9 rrm, During this study, the primary 

purp'ose of enkamat was to function as a permanent turf reinforcement. Prev

ious applications have included the successful stabilization of natural and 

artificial embankments, steep excavated slopes, bridge and vi a duct aprons, and 

drainage ditches. The enkamat was utilized in conjunction with a vegetated 

slope during the conduct of the testing program. On a 6-ft (1.8-m) wide sec

tion of the roadway embankment, enkamat was placed along the downstream shoul

der and sideslope. Enkamat was installed with the peaked side down and the 

sections were overlapped by 3 inches (76 rrm) and pinned with metal stakes 

every 3 ft (0,9 m). The upstream edge was buried not less than 12 inches (0.3 

m). Figure 20 presents the cross-sectional view of the enkamat after instal

l at ion, The entire embankment protected by enkamat was covered with 1 to 2 

inches {25 to 51 mm) of soil and seeded with the grass mixture previously 

described, In addition to the installation of enkamat on the roadway embank-
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Figure 19. Illustration of geoweb-protected embankment. 
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ment, a separate section of level ground was isolated for placing the enkamat. 
In this instance, the enkamat material was placed in four adjacent strips with 
each strip overlapped by 3 inches (76 mm). The enkamat was covered with 1 to 
2 inches (25 to 51 mm) of soil and seeded with the grass mixture. For this 
application and testing of enkamat, the material was cut and rolled after 
vegetation was established. The enkamat/vegetation material was placed on the 
soil embankment and pinned by metal stakes. Figure 21 provides an illustra
tion of the enkamat material prior to testing. 

5. Embankment Test Program 
Following the fabrication of the modeling facility and all construction 

at the testing site, rigid bed embankment tests were conducted to verify the 
hydraulics of the flow as described in section 2. Once completed, the 
hydraulic testing of the soil embankments was initiated. The flood over
topping tests included testing a variety of side slopes, overtopping depths, 
water-surface drops, overtopping durations, road surfaces, and embankment pro
tection measures. The schedule of tests completed during this study is pre
sented on table 8. Test data are presented in appendix B. 

An integral part of the study involved the simulation of different 
tailwater conditions. The tailwater conditions were dictated by the over
topping depth and water-surface drop over the embankment. During the flood 
overtopping tests, a free-flow condition was simulated along with two levels 
of submerged flow. The purpose of testing different combinations of tailwater 
depth was to determine the impact of tailwater depth upon the location and 
magnitude of embankment erosion. Figure 22 provides an illustration of a high 
tailwater and a free-fall condition simulated during the testing program. 

Tailwater conditions also influenced the discharge required to obtain the 
overtoppi ng depth dictated by the test schedule. Testing a wide range of 
overtoppi ng depths and consequently, discharges, a 11 owed for assessing the 
relationship between discharge and erosion rate. The relationship between 
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Figure 21. Illustration of enkamat-protected embankment. 
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Table 8. Schedule of tests. 

Water Surface Drop Testing 
Description of Soll OvertoPplng Over Embankment Duration 

Serles Test Type Slldeslope Depth, ft <Dotl (percent of 00 t> (hr) 

FHWA I Bare-So I I Surface; I l:1 o.5, 1, 2. 4 20, 70, Free Fal I CFF) I, 4, 10, 20 
No Protection 

FHWA 11 Bare-Sol I Surface; 11 l: 1 o.5, ,. 2, 4 70 1, 4, 10, 20 
No Protection 

FHWA 111 Paved Surf&OE1/ I I l:1 0.5, 1, 2, 4 70 1, 4, 10, 20 
Gravel Shoulder; 
No Protection 

FHWA IV Paved Surface/ I l: 1 0.5, 2, 4 FF 1, 4, 10 

""' Gr ave I Shou I der; 
1.0 Grass 

FHWA V Paved Surface/ I l: 1 o.5, 2 70 1. 4, 10 
Gravel Shoulder 
Grass 

USfS I Bare-Sol I Surface; II l: 1 0.5, 2 FF 1, 4, 10 
Enk11111&t 

USfS 11 Bare-Sol I Surface; 11 l:1 ,. 2, 4 FF 2 
Geoweb 

USfS 111 Bare-Sol I Surface; II l:1 o.5, 1, 2, 4 FF 2 
Enkamat/Grass 

USFS IV Bare-Sol I Surface; II 2:1 ,. 2, 4 FF 2 
Gablon Mattress 

USFS V Bare-Sol I Surface; II 2:1 ,. 2, 4 FF 2 
Sol I Cel!l&nt 



Figure 22. Illustration of embankment tests under high 
tailwater and freefall conditions. 
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Figure 22. (continued) 
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tailwater depth, overtopping depth, and discharge varies depending upon the 
flow conditions, (i.e., submerged flow versus free flow). This relationship 
is exp 1 a i ned in detai 1 in "Hydraulics of Fl ow Over an Embankment." 

The duration of the flood overtoppi ng tests ranged from 1 hour to 20 

hours. By systematically increasing the overtopping duration, the signifi
cance of overtopping duration and its impact on the magnitude and rate of ero
sion of the embankment or embankment protection measure could be ascertained. 

Two series of tests were conducted over bare soil embankments. The 
information gained from these tests provided a basis for judging the erosion 
protection afforded by pavement, vegetation, and the other embankment protec

tion measures. 

As indicated by table 8, the embankment test program included fixed-flume 
tests and tests which necessitated the movement of the flume. In every 

instance, the movement of the flume coincided with tests conducted over slopes 
vegetated with grass. The test procedures followed in accomplishing the tests 
presented in table 8 are described in the following section. 

a. Test Procedures 
Essential to the embankment testing program was the development of a con-

s i stent and accurate testing procedure. Knowledge gained from the rigid 

embankment tests provided insight into the deve 1 opment of a procedure for 
establishing the appropriate flow conditions while minimizing the initial 
disturbance to the embankment. The testing procedure deve 1 oped as part of 
this study consisted of four steps: filling, flow establishment, running the 
test, and draining. A detailed description of the four steps follows: 

1. Filling: To initiate a test run, water was slowly fed into the flume 
through the upstream manifold. Except for zero tailwater cases, part of 
the water entered the downstream side of the embankment through a bypass. 
In this way, water at both sides of the embankment slowly raised to the 
same level. The initial disturbance in the embankment was a minimum. 
This filling was completed when the tailwater reached the desired level. 
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2. Flow Establishment: After the desired tailwater level had been reached, 
the water discharge was increased at a moderate rate to establish the 
desired discharge. Simultaneously, the tailwater-control device was 
adjusted to maintain the desired tailwater level. The flow establishment 
was not conducted quickly or initial surge damage would result, nor was 
it conducted too slowly or significant erosion would occur before the 
actual run. 

3. Running: Once the flow was established, the discharge and tailwater 
levels were maintained throughout the duration of the run. If the ero
sion was so severe that the embankment was washed out before the test was 
completed, the run was stopped. The run was al so stopped if failure of 
the protection measure was evident. 

4. Draining: Immediately upon the completion of the run, the water dis
charge was stopped. The water remaining in both sides of the embankment 
was slowly drained, resulting in minimum disturbance to the postrun 
embankment. 

A sequence of photographs illustrating the testing of various types of 
embankments and embankment protection measures is provided in appendix A. 

b. Data Collection and Analysis 
The data collected during each test included discharge, velocity, over

topping depth, water-surface profile, and embankment profile. The discharge 

for the test was measured by means of a calibrated fl ow meter and manometer 
tube. The overtopping depth was established by utilizing a staff gauge 
mounted to the flume wal 1. After the overtoppi ng depth was set and the 

appropriate tailwater conditions established, the discharge was measured. The 
carriage mounted on top of the flume facilitated the measurement of the water 

surface elevation, velocity of flow, and bed elevation. Bed and water surface 
elevation measurements were taken at intervals of 2 ft (0.6 m) beginning with 
the upstream shoulder of the embankment. Flow velocity was measured once 
along the top of the embankment and at 3-ft (O. 9-m) i nterva 1 s from the 
downstream embankment shoulder. Still photographs of all tests were taken to 
assist in documenting the test condition and results. 
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The field data and laboratory test data co 11 ected in this study were 
analyzed to determine the hydraulic condition associated with embankment over
topping flow. This information was applied to erosion equations to facilitate 
the development of a methodology for quantitatively determining embankment 
damage due to flood overtopping and to assess effects of various protective 

measures. Specifically the following analyses were made: 

• The fixed-bed embankment test data summarized in table 3 were analyzed to 
determine hydraulic conditions of overtopping flow including flow mode, 
discharge coefficients, local velocity, and shear stress immediately 
above embankment surface. A mathematical model was developed to deter
mine the hydraulic conditions of overtopping flow and was verified using 
the test data. These hydraulic parameters are important factors 
affecting the flood conditions and embankment damage. The results of 
analysis are presented in ''Hydraulics of Flow Over an Embankment.'' 

• Data collected during FHWA test series I and II tests (refer to table 8) 
were analyzed to (1) determine the erosion patterns and critical shear 
stress of bare soil, (2) evaluate applicability of existing soil erosion 
equations, and (3) establish soil erosion equations that can be utilized 
to determine the rate of embankment soil erosion as a function of soil 
characteristics and hydraulics of overtopping flow. The results of anal
ysis are presented in "Parameters and Equations Governing Erosion of 
Embankment." 

• A mathematical model was developed by incorporating the erosion equations 
established in step two into the mathematical model developed in step one 
to determine embankment damage rate due to flood overtopping. This model 
was calibrated using the bare soil test results (FHWA test series I and 
I I). The effects of pavement and grass were assessed by comparing the 
results of tests with and without pavement/grass (FHWA test series III, 
IV, and V with FHWA test series I, and II). The model was then applied 
to develop a set of nomographs for estimating embankment damages con
sidering various flood conditions and embankment characteristics. These 
nomographs were verified using the field data described in "Collection of 
Field Embankment Damage Data." The results of analysis are presented in 
"Development of a Procedure for Determining Embankment Erosion Due to 
Flood Overtopping." 

• Based on the results of USFS test series I to V, the effects of various 
protective measures on embankment stability were assessed. The critical 
conditions that would initiate the failure of these protective measures 
were determined and are discussed in "Evaluation of Embankment Protection 
Measures." 
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HYDRAULICS OF FLOW OVER AN EMBANKMENT 

l. Flow Patterns 
An understanding of the hydraulics of water flowing over an embankment 

provides a basis for understanding the erosion process. Several studies have 
been conducted in the past concerning this topic. <3,4, 5> Perhaps the most 
comprehensive material is found in the USGS water supply paper by Kinds
vater. <4) The purpose of his study was to determine the discharge character
istics of embankment-shaped weirs so the USGS could make more accurate 
estimates of flood discharges. The observations of laboratory tests are use
ful in understanding this phenomenon. Various flow patterns have been 
observed as water flows over an embankment. These flow patterns were 
classified in Kindsvater< 4> as (1) free-plunging flow, (2) free surface flow, 
and (3) submerged flow. 

For the low-tailwater condition known as free flow, critical flow control 
occurs on the roadway, and the discharge is determined by the upstream head. 
At higher tailwater levels, when the depth of flow over the roadway is 
greater than the critical depth, the discharge is controlled by the tailwater 
as well as the headwater. Under conditions of tailwater control, the flow is 
said to be submerged. With a rising tailwater level, the change from free 
flow to submerged flow occurs rather abruptly. The flow pattern antecedent to 
the change is described as incipient submergence. 

Free flow is subclassified into plunging flow and surface flow. Plunging 
flow occurs when the jet plunges under the tailwater surface, producing a sub
merged hydraulic jump on the downstream slope. Surface flow occurs when the 
jet separates from the roadway surface at the downstream shoulder and "rides" 
over the tailwater surface. Whereas free flow can be either a plunging or a 
surface flow, submerged flow is always a surface flow. 
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The free-flow transition range is the range of tailwater levels within 
which a given discharge can produce either a plunging flow or a surface flow, 

depending on the antecedent conditions. Thus, if the tailwater is initially 
1 ow and the fl ow plunging, this pattern persists as the tail water level rises 
until it reaches the upper limit of the transition range, whereupon the plung
ing flow changes abruptly to a surface flow. However, if the tailwater is 

initially high and the flow is a surface flow, this pattern persists as the 
tailwater drops until it reaches the lower limit of the transition range, 
whereupon the flow pattern changes abruptly to plunging flow. The stability 
or persistence of the flow patterns within the transition range is related to 
the inertia of the large, horizontal-axis rollers which occur on the down
stream side of the embankment. 

The tailwater level limits of the transition range were recorded for all 
the models investigated by Kindsvater. (4) These transition range data are 
significant in the description of the characteristic flow pattern. Also these 
data are useful in determining the safety of the structure against destructive 
erosion. This conclusion is based on the observation that surface flows are 
doubtless less erosive than plunging flows. 

Kindsvater( 4} presented charts for determining flow patterns over embank
ments. Figure 23 defines variables utilized in the charts and figure 24 sum

marizes the 1 imits of the incipient submergencl;! and free-flow transition 
ranges for screen-wire roughness surface. Figure 24 can be utilized to deter
mine the patterns of flow overtopping an embankment and ultimately provides a 
good indicator of embankment erosion patterns. 

Figure 24 was checked using the data collected from fixed-bed embankment 
tests and evaluated to determine its applicability for large-scale embank
ments. The test results are also plotted on figure 24. These results indi
cate that figure 24 is applicable to determine the transition range between 

surface and plunging flow for large-scale embankments. 
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2. Discharge Equations for Flow Over an Embankment 

The generally accepted form of the equation that computes discharge over 

an embankment for the free flow condition is 

( 1) 

where q is the discharge per unit width, C is a coefficient that has been 

determined exper1menta lly by a number of 1 aboratory tests, and H
1 

is the 

total head above the embankment crest as defined in figure 23. Using 

Kindsvater's data for a smooth roadway surface, Bradley(S) presented figure 

25 to determine discharge coefficient. To determine the discharge flowing 

over a roadway, first enter curve B (figure 25) with H1/W and obtain the 

free-flow coefficient of discharge C. Should the value of H/W be less 

than 0.15, it is suggested that C be read from curve A of the same figure. 

If submergence is present (i.e., if t/H1 is larger than 0.7), enter curve C 

with the proper value of submergence in percent and read off the submergence 

factor C/C• The resulting discharge is obtained by substituting values in 

the expression: 

C 
Q = C L H312 2 

C 

where L represents the 1 ength of inundated roadway, H1 
upstream head measured above the crown of the roadway, and C 

coefficients of discharge for free flow and with submergence, 

(2) 

is the total 

and Cs are 

respectively. 

Where the depth of flow varies along the roadway, it is advisable to divide 

the inundated portion into reaches and compute the discharge over each reach 

separately. The process, of course, can be reversed to aid in determining 

backwater for a combination of bridge and roadway configurations. 

Based on experimental results, it was found that the embankment side 

slope is insignificant in its effect on the flow except perhaps for the effect 
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on rolling waves on the downstream side. For the free-flow case, variation in 
embankment height, pavement, cross slope and shoulder slope do not affect the 
hydraulic conditions of flow on the embankment crest. 

3. Method of Determining Hydraulic Variables 
The physical processes governing the embankment erosion are closely 

related to flow-induced local velocity and effective shear stress adjacent to 
the embankment surface. At present, all of the hydraulic equations that have 
been presented relate the discharge to the head and tailwater conditions. No 
equations to determine the nonuniform velocity field and shear stress distri
bution over the embankment have been developed. All of these variables are 
highly nonuniform in this rapidly varied flow condition. Another complicating 

factor is the change of hydraulic conditions over time as erosion of embank
ment occurs. The experimental program conducted in this study provided useful 
data to evaluate these governing factors. 

A concrete-bed embankment model was tested in this study. The flow con
ditions overtopping the embankment included: 

• 0vertopping depth, h = 0.5, 1, 2, and 4 ft. 

• Tailwater drop, (h-t)/h = 0.1, 0.2, 0.4, and 0.75 and free-fall 
conditions. 

The data collected included water-surface profiles and velocity at selected 
stations as shown on figure 26. The flow conditions were summarized in table 

3. These data were analyzed to determine velocity and shear stress of flow 
overtopping an embankment. 

During the rigid embankment tests, the overtopping flow was either sur
face flow or plunging flow, depending on the tailwater conditions. This flow 
mode can be determined from figure 24 as a function of h/W and t/H1• 
Examination of velocity data indicates that for surface flow the velocity over 
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the downstream slope surface would be in reversed direction (e.g., figure 27). 
Its magnitude would be relatively constant down the slope, and generally less 
than the depth-averaged velocity. Therefore the actual embankment erosion 

would generally be less than the computed erosion if the average velocity was 
utilized for this determination. Examination of the rigid embankment test 
data as shown in figure 28 yields: 

where Vr is the flow velocity over the downstream slope surface and Vu is 
the average velocity at the upper edge of slope (station 2 on figure 26), 

For plunging flow the velocity over the downstream slope surface would 
generally be larger than the depth-averaged velocity for with-tail water con

dition and would be the same as the depth-averaged velocity for free-fall con
dition (e.g., figure 29), The following relation as shown in figure 30 was 
developed for plunging flow with tailwater condition, 

(4) 

where Vuj is the averaged flow velocity inwnediately upstream of a hydraulic 
jump, found by iteration in the computer program. 

For plunging flow with no appreciable tailwater, the representative velo
city vr would be the average flow velocities at each grid point obtained 
from the standard step solution: 

( 5) 

where vi is the average velocity at a point i on the embankment. 
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The local shear stress can be related to local velocity by: 

( 6) 

where f is the Darcy-Weisbach coefficient, p is the water density, and 
V r is a local reference velocity equal to depth-averaged velocity over the 
embankment crest and upstream slope, or equal to that determined from 
equations 3 or 4 for the downstream slope. 

A computer model was developed to determine water-surface profile, velo
city and shear stress of the embankment overtopping flow by solving the momen
tum equation and incorporating the following embankment hydraulic relations: 

• 
• 
• 
• 

Discharge coefficient, figure 25 • 

Flow mode, figure 24 • 

Hydraulic jump relations, Chow.( 6) 

Velocity and shear stress relations,(equations 3 to 6) . 

Figure 31 shows a flow chart of this computer model, Steps 2, 13, and 14 
are not required for determining flow conditions over rigid embankments, but 
are needed for determining embankment erosion due to flood overtopping. De
tailed explanation of these c'omputational steps will be given in "Development 
of a Procedure for Determining Embankment Erosion Due to Flood Dvertopping." 

The major steps for hydraulic computations are explained below: 

Step 1. Divide the modeled embankment into computational sections. The 
geometry is then input as (x,z) pairs. Manning's n is input for each com
putational section. Figure 32 shows an example. 

Step 2. Input embankment soil /structure coordinates and erasion equa
tions (not used for rigid-bed version of model). 
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!. Input the embankment 10. Computer water-surface 
crosswsection shape profile downstream of 
and Manning's n the control section by -

• solving momentum 
equation 

2. Input embankment -r soil/structure 
characteristics II. Compute jump condition 
and erosion equations considering tailwater 

• depth 

3. Input the hydrographs ! 
of headwater and 12. Determine velocity and 
tail water shear stress using figure 

• 24 and equations 3, 4, or 
5 and 6 

4. J • 0 1 • 13. Determine erosion rate at 
5. Determine the bed each section 

s10pe at each ! section 

• 14. Determine embankment bed 
erosion at each section 

6. Determine overtopping • discharge using 
I figure 25 15. Print computed results 

,I, No 
,I, 

7. Compute critical 16. J • J + 1 
depth and critical • slope 

• I 17 • If J > !TIME 

8. Determine the con-
trol section, IC, 
us f ng singular 
point method (Chow) Yes 

,I, 

9. Compute water-surface 
profile upstream of 

I Stop I the control section 
by solving momentum 
equation 

Figure 31. Flow chart of the computer model EMBANK. 
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Step 3. Input step hydrographs of headwater and tailwater. Figure 33 
shows an example. For asumed steady flow, the hydrograph is a straight line. 

Step 4. Initiate the computational step, 

Step 5. Determine the bed slope at each section using the equation: 

z. 1 -1-

X. 1 1-
(7) 

where i+l and i-1 indicate the downstream and upstream sections of section 

i, respectively. For the most upstream section 

= 

For the most downstream section 

Step 6. Determine the discharge coefficient for~ 
tailwater elevation from figure 25 and then compute the 

equation 2. 

(8) 

(9) 

given headwater and 
flow discharge from 

Step 7. Compute critical depth Ye and critical slope Sc 
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s : 
C 

9 n2 
2 2 1/3 

• Ye 
( 11) 

where q is the unit width discharge, g is the gravitational acceleration, 
and n is the Manning's roughness coefficient. 

Step 8. Compare the bed slope with the critical slope at each section, 
starting from the upstream section, and determine the control sections, IC, at 
which the bed slope is just equal to or larger than the critical slope. Steps 
5, 6, 7 and 8 are set up so that they will work for either the rigid embank

ment runs or the erosion runs. If the model were set up for rigid embankments 
only, these steps would be simplified, 

Step 9, Compute water-surface profile upstream from the control sec-
tions by solving the momentum equation using the standard step method: 

(12) 

where h is the stage, V is the average velocity, flX is the spatial incre
ment, Sf is the friction slope, and subscripts 1 and 2 denote the upstream 
and downstream sections, respectively. 

Step 10. Compute water-surface profile downstream of the control section 
by solving the momentum equation using the standard step method: 
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Step 11. Compute jump conditions considering tailwater effects as shown 
on figure 34. The following relations are utilized in this step and are based 
on the equations and figures developed by Bradley and Peterka! 7l. 

(1) Compute sequent depth assuming the jump will occur at computational 
section I 

Y2 = 
Y1 

2cos e 
/8Fi cos

3 
e 

(1 - 2 K tan 8 + 1 - 1) (14) 

in which y1 is the depth before the jump, F
1 

is the corresponding Froude 

number, 8 is the angle of embankment slope (tane = S
0
), and K is an 

empirical coefficient given by: 

K = 21.98 tan2e - 14.40 tan e + 3,74 

(2) Compute jump length: 

(15) 

(3) Compute water surface elevation at the end of jump: 

(16) 

where: Ze is the bed elevation at the end of the jump 

The computed water surface elevation, TWH, is compared to the 
tailwater elevation, TW. The iteration to downstream sections con
tinues until a section is found at which TW > TWH or it can be 
concluded that a jump cannot occur on the slope. 
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Figure 34. F1ow chart showing the computation of jump conditions. 
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(4) Determine the distance between the end of the jump and the edge of 

the embankment 

-0.78 [( ) ] L2 = 2.05 S0 TW - ZNX - 0.9 y2 (17a) 

For (TW - ZNxllY2 > 1.3 

( 17b) 

where: TW is the tailwater elevation. 

Step 12. Determine the flow mode (surface flow or plunging flow) from 

figure 23 and compute local reference velocity using equations 3, 4, or 5 and 

shear stress from equation 6. 

Step 13. Determine erosion at each computational section (step used for 

erosion runs only). 

Step 14. Determine embankment bed erosion at each section during a time 
step (step used for erosion runs only). 

The developed computer model was verified using the water-surface data 
collected for the rigid embankment runs. A comparison of the computed and 

measured water-surface profiles is shown in figure 35. In general the agree
ment is good. This model was later combined with a submodel for estimating 

embankment erosion due to flood overtopping. 
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PARAMETERS AND EQUATIONS GOVERNING EROSION OF EMBANKMENT 

1. General 
Attempts to mathematically characterize embankment failure due to over

topping have relied on mathematical and physical models based on broad assump
tions because performance data were lacking. In the following section, 
results of model studies and observational data are utilized to (1) demon
strate different approaches for characterizing overtopping erosion, and (2) 
demonstrate the role of shear stress and other parameters as related to 
embankment or dike design and construction. Embankment erosion equations are 
then developed using the laboratory test data conducted in this study. 

2. Identification and Evaluation of Important Parameters 
The erosion of soil, particularly cohesive soil, is complicated because 

m~ny controlling parameters act interdependently. Principal factors involved 
are the physical and chemical properties of the soil itself, its behavior when 
partially and fully saturated, and the hydraulic properties of the flow. The 
following parameters are generally considered useful for evaluating the erodi
bility of cohesive soil: flow shear stress, critical shear stress of soil, 
percent clay, percent organic matter, cation exchange capacity, pl ast i city 
index, compaction, and temperature. Results of model studies which have moni
tored the role of these parameters more closely are given below. 

Townsend and Goodings(B) performed several tests of waste embankment 
using centrifugal models to simulate embankment failure due to pore pressure 
changes and overtopping. Their results indicate that particle size distribu
tion, and. consequently permeability, are two important factors governing the 
failure of cohesionless materials in embankments. Permeable materials in 
embankments are subject to pore pressures due to seepage, which can cause mass 
instability. Less permeable embankments retard seepage and thus eliminate 
problems regarding throughflow erosion, but are susceptible to overtopping 
erosion. The mode of failure observed in embankments with intermediate per-
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meabil ities was mass instability (pore pressures) preceded by toe erosion. 
The nature of the foundation 1 ayers did not affect stability because the 
embankment was constructed such that the foundation strength was adequate for 
the embankment height. 
during the experiments. 

Hence, failure occurred in the embankment itself 

The Waterways Experiment Station of the Corps of Engineers in Vicksburg, 
Mi ssi ssi ppi, has drawn several conclusions about embankment performance when 
overtopping occurs. Their conclusions are based on case histories and docu
mented in unpublished papers and reports. Their findings indicate: 

• Low emb.ankments constructed of cohesive or well-graded granular material 
with fines having good compaction can withstand limited overtopping 
depths for limited periods. Seepage through relatively clean rockfil 1 
is detrimental to stability and can lead to shallow slides which progress 
downhill. 

• Two of the most important factors influencing durabi 1 ity of the embank
ment are the effects of concentration of flow at abutments or low areas 
along the crest and erosion resistance of the construction material at 
the downstream toe area. If downstream toe material is undercut and ero
sion progresses upslope, large rock, concrete or other measures can 
reduce scour in this area. Provision for tailwater can also reduce 
erosion. 

• High embankments, i.e., over 75 feet, experience very high erosion forces 
on the downstream slope compared to low embankments. 

• Other embankment failure modes, e.g., internal seepage and mass bank 
instability, can combine with the conditions of overtopping to cause 
breaching and failure of an embankment. 

Researchers at the Waterways Experiment Station( 9) suggested that if 

overtopping cannot be prevented, flow should be 
uniform areas of the embankment and abutments. 
tion be used as protection, particularly on the 

directed to more resistant and 
They recommended that vegeta

crest and downstream slope. 

In general, there are three major problems resulting from overtopping of 
highway embankments by floodwaters: destructive erosion, backwater impacts, 
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and magnitude of flood discharge. Kindsvater( 4) studied the latter problem 

to determine the re 1 at i onshi p of embankment form, roughness, and boundary 

1 ayer conditions with discharge. Results of model tests indicated that 

discharge fl ow is virtually independent of embankment shape and height, and 

the influence of boundary resistance is appreciable only for small heads. 

Tinney and Hs)lO) tested the erodibility of fuse plugs of spillways 

for dams. Fuse plugs are simply rockfill dams with clay cores surrounded by 

sand or other filtering materi a 1 s designed to wash out at a certain fl ow 

discharge. The model study defined rates of erosion in terms of sediment 

transport characteristics (particle size), tractive force, and critical trac

tive force. The washout rate was found to be a function of grain size, i.e., 

the rate decreased as grain size increased, Also, by increasing the volume of 

rockfil l (decrease the thickness of clay core), the washout rate decreased 

slightly. Scale modeling was conducted at laboratory scales of 1:20 and 1:40, 

Large-scale field model studies were conducted at 1:2 and prototype scales. 

Cohesionless material ranging from coarse to crushed rock was used in all 

studies. Using the DuBoys erosion rate equation, the Darcy-Weisbach friction 

factor critical shear stress equation, and geometry of the embankment, an 

equation was derived for the "rate of recession of the eroding face" in units 

of length per unit time. Based on a theoretical analysis, the ratio of the 

rate of recession between a physical model and its prototype was found to be 

the length ratio to the one-th.ird power. 

When embankments are overtopped by flood waters, erosion damage can be 

significant due to high velocities on the downstream side of the embankment. 

As the shear stress exerted by the fl ow exceeds the cri ti ca 1 shear stress of 

the soil, erosion begins. The shear stress increases with the increase in 

velocity. Velocity depends on the headwater and tailwater conditions. 

Another important parameter is the erodibility of the soil. Cohesive soil or 

soil with larger particles is more resistant to erosion when compared to non

cohesive, fine-grained soils. Finally, the duration of overtopping affects 

the amount of damage. 
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Embankment failure due to piping and liquefaction depends mainly on the 
permeability of the soil, the head difference driving the water through the 
soil, and the duration of flood water allowing the soil to become saturated. 

3. Critical Shear Stress 
The critical or permissible shear stress and velocity are defined as the 

largest shear stress and velocity of flow that will not cause erosion. For 
noncohesive materials, the following equation can be utilized to determine the 
critical shear stress:(ll) 

(18) 

where ys and y are the unit weights of soil and water, respectively, and 
d50 is the median particle size of soil. Equation 18 is valid for a shear 
Reynolds number greater than 70. Fortier and Scobey(lZ) published the well
known table of "Permissible Canal Velocities" shown on table 9. This table 
can be utilized to estimate an average shear stress for noncohesive as well as 
cohesive soil. 

Several relations for determining critical shear stress have been devel
oped for cohesive soil. In the study of hydraulic erosive forces required to 
initiate motion of cohesive soils in open channels, Smerdon and Beasley(l 3,i4) 

found that critical tractive force of cohesive soil correlated well with 
plasticity index. The relation developed for 11 uncompacted Missouri soils, 
ranging from a silty loam soil with little cohesion to a highly cohesive clay 
soil, was ; 

(19) 
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Table 9. Maximum permissible velocities recommended by Fortier 
and Scobey and the corresponding unit-tractive-force 
values converted by the U.S. Bureau of Reclamation 
(for straight channels of small slope, after aging). 

Material 

Fine sand, colloidal 

Sandy loam, noncollofdal 

Silt loam, noncolloidal 

Alluvial silts, noncolloidal 

Ordinary firm loam 

Volcanic ash 

Stiff clay, very colloidal 

Alluvial silts, colloidal 

Shales and hardpans 

Fine gravel 

Graded loam to cobbles when noncolloidal 

Graded silts to cobbles when colloidal 

Coarse gravel, noncolloidal 

Cobbles and shingles 
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Clear Water 
Ve Tc 

Water Trans
porting col
loidal silts 
Ve Tc 

ft/s lb/ft2 ft/s lb/ft2 

1.50 0.027 

1.75 0.037 

2.00 0.048 

2.00 0.048 

2.50 0.075 

2.50 0.075 

3.75 0.26 

3. 75 0.26 

6.0 0.67 

2.50 0.075 

3. 75 0.38 

4.00 0.43 

4.00 0.30 

5.00 0.91 

2.50 

2.50 

3.00 

3.50 

3.50 

3.50 

5.00 

5.00 

6.00 

5.00 

5.00 

5.50 

6.00 

5.50 

0.075 

0.075 

0.11 

0.15 

0.15 

0.15 

0.46 

0.46 

0.67 

0.32 

0.66 

0.80 

0.67 

1.10 



where PI is the plasticity index. Plasticity is defined as the ability of a 
material to change shape continuously under the influence of an applied stress 
and to retain the new shape after removal of the stress. The plasticity index 
is defined as the difference between the liquid limit and plastic limit. 
Values of plastic limit and 1 iquid 1 imit for different clays, obtained from 
Grissinger, (l5) are given in table 10. Lyle and Smerdon(l5) used a flume and 
Arumugam< l 7) used a rotating cylinder erosion test apparatus to study the 
relationships between critical shear stress and a variety of soil properties. 
They developed relations of the critical shear stress to the cation exchange 
capacity, percent organic matter, and other soil parameters. 

Because the plasticity index is generally available or can oe easily 
determined for different types of soils, it was decided that a power relation 
in the form of equation 19 be utilized in this study to determine critical 
shear stress. By using the data from McWhorter, et a 1., ( 18 ) and soi 1 data 
from this study, the following relation was obtained: 

(20) 

Mcwhorter, et a1.,< 13J conducted a comprehensive study for the design of open 
channels utilizing artificial lining materials. In the course of experimenta
tion, 11 soils ranging from a noncohesive sand gravel to an inorganic clay 
were utilized in the tests. McWhorter conducted a series of tests to deter
mine erosion rates of these soils by flow. In this study, the erosion rates 
were plotted versus shear stress for different soils. Regression lines were 
fit to the data points and then extended to zero erosion to determine the 
critical shear stress. These data are summarized on table 11, plotted on 
figure 36, and fitted by a power function (equation 20). The critical shear 
stress for type I soil was also plotted on figure 36. Equation 20 generally 
agrees with the values recommended by Chow.< 6l However, it calculates higher 
critical shear stress than using equation 19. The reason could be that 
equation 20 was derived from tests of well compacted soils (dry density 
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Table 10. Liquid limit, plastic limiti and plasticity 
index values, Grissinger. ( 5) 

Liquid Plastic Plasticity 
Material Limit Limit Index 

Grenada silt loam 31 20 11 

Mixed with 

2 Percent Ca 
montmorillonite 32 21 11 

5 Percent Ca 
montmorillonite 33 21 12 

10 Percent Ca 
montmori 11 oni te 41 24 17 

2 Percent Na 
montmorillonite 32 21 11 

5 Percent Na 
montmorillonite 40 24 16 

10 Percent Na 
montmorillonite 62 27 35 

2 Percent coarse kaolinite 28 21 7 
5 Percent coarse kao·l inite 29 22 7 

10 Percent coarse kao·1 i nite 30 20 10 
15 Percent coarse kaolinite 30 20 10 
20 Percent coarse kaolinite 32 22 10 

2 Percent fine kaolinite 28 21 7 
5 Percent fine kaolinite 31 19 12 

10 Percent fine kaolinite 29 18 11 

84 



Table 11. Critical shear stress derived from McWhorter's data. 

Soil 
Identification Critical 

Number Unified Soil Liquid Plastic Plasticity Shear Stress 
(after 18) Classification Limit Limit Index ( 1 b/ft2) 

1 SC 31 16 15 0;11 

3 SM 28 24 4 0.04 

6 CH 51 22 29 0.12 

7 CL 28 16 12 0.06 

8 CL 38 23 15 0,09 

9 ML-CL 24 18 6 0.06 

10 CH 76 29 47 0.17 

11 CL 45 22 23 0.09 
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ranging from about 90 to 105 lbs/ft3) (1,440 to 1,682 Kg/m3), while equation 
19 was derived from uncompacted soil tests (dry density ranging from about 60 
to 75 lb/ft3) (960 to 1,202 Kg/m3). Compaction increases the strength of soil 
against erosion. 

Stability of vegetated side slopes varies with flow velocities to dif
ferent degrees, depending on the kind of vegetation present. Table 12 shows 
critical shear stress in channels lined with vegetation. (l 9) Classification 
of vegetal covers is defined by the USDA Soil Conservation Service.< 20 ) These 
permissible velocities may be decreased somewhat when utilized to protect 
embankments with a slope up to 2H:1V, 

4, Evaluation of Existing Equations for Estimating Erosive Rate 

From the literature review several erosion equations related to embank
ment erosion were presented. These equations mainly relate the erosion rate 

to effective shear stress and velocity. Table 13 summarizes these equations. 
These equations were evaluated by comparing the erosion rates calculated by 
the equations versus the measured erosion rates from the laboratory tests. 
The results of the comparative analysis are provided in the following 
paragraphs. 

Figure 37 compares the Wiggert and Contractor( 2ll equation with the 
measured erosion rate. The average velocity used in the comparison was deter

mined as the average velocity at the middle point on the downstream slope of 
the embankment, and the measured erosion rate was the erosion amount during 
the first hour of the tests. Only results from FHWA test series I and II were 
utilized for the comparison. Figure 37 shows that, for most of the runs, the 

calculated erosion rates from the Wiggert and Contractor equation are larger 
than the measured values. While the erosion or transport rate is usually 

dependent on the velocity to the third to fifth power for a noncohesive soil 
embankment, the sensitivity of erosion rate to velocity is usually less, on 

the order of first to third power, for a cohesive soil embankment. Therefore, 
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Class 

B 

C 

D 

E 

Table 12. Critical shear stress for channels lined 
with vegetation. 

Condltlor, 

Weeping lovegrass ••••••••• Excel lon1' shnd, hi I <aver11ge 30") (76 c:m) 

Crltlcol Shear 
StresJ 

( lb/ft") 

Yellow bluestem :5,70 
lschll8mUm H••••••••••••• Excel lent stand, tal I (average 36"} (91 cm) 

Kudzu •••••••• , •• , • , , • • •• • • Vt1try dense growth, uncut 
Banruda gr-ass ••••••••••••• Good stand, tal I (averagi, 12") (:50 cml 
Native grass mixture 

C11+tle bluest9111 blua
stem, blue game, and 
other I or,g and shol"t 
mldilest grasses), •••••••• Good stand, unmowed 

Weeping lovegress ••••••••• Good stand, hi I <average 2411 1 (61 an) 
Li!tsped&Za sll!ll"lcea ••••••••• Good stand, not woody, tal I Coverage 19") 

(48 c:111) 

Alfalfa •••··•·••••••••u•• Good stand, uncut (average 11'"> C28 c:111) 
Weeping lovegrass ••••••••• Gopd stand, unim.ed <average 13") 0} cm> 
Kudzu • •••••••••••••••••••• Dense gr011th, uncut 
Blue g8111U ••••••·••••••••• Good stand, uncut <average 13"'> (28 c11) 

Crabgrass ·•••••••••••••••• Fair stand, uncut (10 to 48""> (25 to 120 cm> 
Ben1L1da grass ••••••••••••• Good stand, 111:111ed (average 6•1 (15 c11> 
Co11110n lespedeu •••••••••• Good stand, uncut (average 11"'1 (28 c111l 
Gr-ass-legU119 mixture--

summer (orchard grass, 
redtop, Ital Ian ryegri,ss, 
and corrmon lospedeu) •••• Good stand, uncut C6 to 8 Inches) (15 to 

20 c111) 
Centlpedegrass ••••••••••• :.. Very dense cover Caver-age 6 lnct'les) (15 cm) 
Ken1'ucky bluegrass •••••• ; •• Good stand, headed (6 to 12 Inches (15 to 

30 c111> 

Bermuda grass•••••••••••••• Good stl!lfld, cut to 2.5-lnch height C6 cm) 
Cotrwnon lespedoza ·••••• •••• Excel lent stand, uncut (average 4.5") !I I cm) 
Buffalo grass ••••••••···•, Good stmid, uncut c, to 6 Inches (8 to 

Grass-legume mlxti.lre-
fel I, spring <orchard 
grass, redtop, Ital I an 
r'fE!grass, and c0111non 

15 cm) 

lespedeza) ••••••••••••••• Good stand, uncut l4 to 5 Inches> (10 to 
13 cm> 

Lespedeza serlcea • •••••••• After cutting to 2-1 nch height t5 cm> 
Very good stand before cutting 

Bermuda grass ••••••••••••• Good stand, cut to 1 .5 Inch height C4 cm} 
Bermuda grass •••••••····•· Burned stubble 
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Table lJ. Existing embankment erosion equations. 

Developer 

(21) 
J. Wlggert & O:>ntractor 

(22) 
2. Crlstofano 

3. Arlathural and 
Arulanandan 

(241 
4. Chee 

(23) 

q 

5, Agrlcultural Research 
lab 

s 

qc 

Equation 

E • a yl3 

0 -x i,. Ke 
Ow 

E=M(.L-1) 
'tc 

1/20 
0-0.5H 

(~ K1KlJ"·4 (g f 2 >) 
Qc 

11/CS -1)12 CO/d}l/S 
s 

E ., K (1; - 't )a 
C 

Colllnents 

This equation was derived specific
ally for embankment erosion due to 
flood overtopplng, where E = the 
erosion rate In tons/day/ft of the 
roadway and V = mean flow veloclty 
on the downstream slope In ft/s. The 
given values of a = 0,25 and 13 
= 3,8 represent a compromise between 
cohesive and noncoheslve solls. 

This equation computes rate of 
erosion for earth dam failures due 
to overtopplng, where Os = erosion 
rete, Ow= overtopplng flow dls
char~e, K = constant, x = (b/Hl 
tan •d• b = base length of the 
breach, H • hydraullc head and 
,d = angle of friction, 

This equation computes erosion of 
cohesive soll, where M = erosion 
rate constant, ~anglng from 0,00012 
to 0,0012 lb/ft /s; T = shear 
shear stress, and Tc= critical 
shear stress. 

This equatlon computes erosion rates 
for erodible fuse-plug dams, where 
qs = erosion rate per unit width; 
0 = water depth upstream of the dam; 
Qc = crltlcal water discharge per 
unit width for O, helght of dam, 
d = mean grain size, S5 = specific 
gravity of grain, and K = coef
ficients, 

This equation computes detachment 
rate for erosion of cohesive sol ls, 
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the Wiggert and Contractor equation is more applicable to noncohesive soil 
embankments. 

The Cristofano( 22 ) equation was developed for estimating the rate of ero
sion in an earth dam failure due to overtopping. This equation shows that the 
erosion rate depends on overtopping depth exponentially. Figure 38 compares 
the Cristofano equation with the measured erosion rate. Only test runs with 
free-fall conditions were utilized for comparison. Again the Cri stofano 
equation estimated larger erosion rates than those measured in the flume. 

The equation developed by Ariathurai and Arulanandan( 23 ) was plotted 
against measured erosion rates on figure 39. The agreement between the upper
band equation and the type I soil erosion rate is reasonable. This indicates 
that the form of the Ariathurai and Arulanandan equation is generally correct. 
However, the relation between the erosion rate and net shear stress rate may 
not always be linear. Therefore, a more general form, such as the one recom
mended by the Agricultural Research Laboratory 

(21) 

may be more correct. Additional discussion of equation 21 is provided in sec
tion 5 on development of an erosion equation. 

Chee's relation( 24 ), as given in table 13, was developed for determining 
erosion rates of "fuse plug" dams which were formed by uniform size material 
ranging from 0.14 mm to 10 mm with clay core. This relation cannot be 
directly applied for estimating erosion of roadway embankments. 

In 1980, the FHWA collected and analyzed data from highway agencies and 
work by Schneider and Wilson( 2S) to derive the relationships between over
topping depth and 1 oss of pavement and embankments. The data were based on 
observations of roadway damage due to flood overtoppi ng. The cumulative 
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effects of overtoppi ng over ti me based on these data and studies are i 11 us
t rated by the relationship in figure 40. Data defining this relationship 

were obtained from highway sections 48 ft (14.6 m) wide, 40 ft (12.2 m) of 
asphalt, well vegetated 3:1 side slopes, and sandy-clay fill material. Addi
tional hydraulic analysis of the observational data was done to determine time 
and depth of overtopping for various floods. 

Embankment test data collected for this study were plotted on figure 40 
for comparison with the 20-hour erosion curve. Type I soil embankment erosion 
data (with t/h = 0.3 conditions) showed good agreement with the curve, while 
the test data with free-fall conditions and the type II soil embankment ero
sion data showed higher erosion rates than the curve. 

FHWA test series I I to V tested paved embankments. During overtoppi ng 
depths of 0.5, 1, and 2 ft (0,15, 0,3 and 0,6 m), the damage to the pavement 
was negligible. Only shoulder gravel was eroded. However, during the 4-ft 

(1.2-m) overtopping run, pavement was broken and lifted off the embankment 
surface. The entire pavement was eroded in four hours, as shown in figure 41. 

Similar situations have been observed in the field, The field situations, 
however, are more complicated and nonhomogeneous. Laboratory study of pave

ment damage and its effect on embankment erosion can be applied to field con
ditions only to a limited degree. Further discussion of the effect of 
pavement on embankment erosion is provided in "Development of a Procedure for 
Determining Embankment Erosion Due to Flood Overtopping." 

5. Development of the Erosion Equation 
Based on the evaluation of existing erosion equations and the literature 

review, a promising equation for estimating the embankment erosion rate is 

(22) 

where E is the detachment rate per unit area, T is the local effective 
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shear stress based on hydraulic conditions, -re equals the critical shear 

stress of soil, and K and a are empirical coefficients dependent upon soil 

properties. 

Erosion equations were developed for the two types of soils utilized for 
this study and a noncohesive soil tested by McWhorter et al., (l3) using the 

following procedure: 

1. Determine the critical shear stress from equation 18 for noncohesive 

soils, and from equation 21 for cohesive soils. The critical shear 

stresses for type I soil, type II soil, and the noncohesive soil are 

0.085, 0.053, and 0.050 lb/ft2, respectively. 

2. Determine the maximum local erosion rates during the first hour of the 

tests for FHWA test series I and II. 

3. Determine the local shear stress based on 

(23) 

where V is the local velocity at tbe eroding site, f is the Darcy

Weisbach coefficient, and p is the water density. For the relatively 

smooth clay-soil surface, f = 0.02. 

4. Plot the net shear stress (-r - -re) versus the local erosion rate on 

figure 42 and determine the coefficients of K and a in equation 22 

based on a linear regression method. 

Three equations were thus developed: 
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1. For embankments made from highly cohesive soil such as clay {PI 2. 10) 

(24) 

2. For embankments made from low-cohesive soil such as sandy clay {PI _s. 5) 

(25) 

3. For embankments made from noncohesive sand/gravel soil 

(26) 

where E is the erosion rate in ft 3/s-ft2• 

Equations 24, 25 and 26 were utilized to generate design charts for esti
mating embankment damage due to flood overtopping as discussed in "Development 
of a Procedure for Determining Embankment Erosion Due to Flood 0vertopping." 
The experiments for evaluating effects of grass covers on embankment erosion 
were inconclusive. All the tests were conducted with free-fall conditions. 
In tests with low overtopping depths [0.5 ft (0.15 m)], the grass-lined 
embankment appeared to perform well. In tests with high overtopping depths [2 
and 4 ft (0.6 and 1.2 m)], pockets of grass were removed and induced the for
mation of local scour along the embankment. A partial explanation of this 
phenomenon could be the existence of weak spots along the embankment or area 
where the root system of the grass was not fully established. Severe toe ero
sion also occurred. It appeared that this spot and toe erosion was related to 
erodibility of underlying soil, therefore it is reasonable to assume that the 
erosion equation coefficients K and a for grass cover would be the same as 
for the underlying soil, and only the Tc value would change. 
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DEVELOPMENT OF A PROCEDURE FOR DETERMINING EMBANKMENT EROSION DUE TO FLOOD 

OVERTOPPING 

1. Development of a Computer Model for Determining Embankment Erosion 

The computer model presented in "Hydraulics of Flow Over an Embankment" 

for determining embankment overtopping flow hydraulics was modified to compute 

embankment erosion. Figure 31 presented a flow chart of this model. Steps 2, 

13, and 14 were added to the basic model for determining embankment erosion 

due to flood overtopping. These steps are explained below. 

Step 2. Input embankment soil and structure characteristics and erosion 

equations. Figure 43 shows an example embankment with pavement and grass. 

This embankment was considered to contain four layers: pavement, gravel base, 

grass cover, and base soil. The critical shear stresses and Manning's n 

values for the four layers are input as data to the model. Al so, the thick

ness of the layers at each computational section are input as data. Table 14 

lists the example input data for the embankment shown on Figure 43. A user's 

manual and a listing of the computer program are provided in Appendix C. The 

developed model can also consider gravel or earth embankment with or without 

grass and with homogeneous or nonhomogeneous soil base. When one layer is 

eroded, the critical shear stress and Manning's n for the immediate lower 

layer are utilized for next ti,me-step computation·. 

Considering the erosion equations developed by the various researchers 

referenced in "Parameters and Equations Governing Erosi o·n of Embankment," the 

following equation form proposed by the Agricultural Research Laboratory was 

selected for the computer model: 

E a = K{-r--r) 
C 

where E is the erosion rate in tt3/s-ft2, and -r and 

shear and critical shear stress, respectively, in lb/ft2• 

100 

(27) 

are effective 



Table 14. Sample input of embankment geometry and soil/structure 
characteristics for the embankment illustrated in 
figure 43. 

Layer Thickness (ft) 
X z Gravel Grass Base 

Section (ft) (ft) Pavement Base Depth Soi 1 

1 D 0.00 o.oo o.oo 0.00 0.00 
2 5 2.50 0.00 0.00 0.50 2.00 
3 10 5.00 o.oo 0.00 0.50 4.50 
4 15 7.50 o.oo 0.00 0.50 7.00 
5 20 10.00 o.oo 0.50 0.00 g,50 
6 25 10.20 0.25 0.50 0.00 9.45 
7 30 10.40 0.25 0.50 0.00 9.65 
8 35 10.50 0.25 0.50 0.00 9.75 
9 40 10.40 0.25 0.50 0.00 9.65 

10 45 10.20 0.25 0.50 0.00 9.45 
11 50 10.00 0.00 0.50 o.oo 9.50 
12 55 7.50 0.00 0.00 0.50 7.00 
13 60 5.00 0.00 0.00 0.50 4.50 
14 65 2.50 o.oo o.oo 0.50 2.00 
15 70 0.00 0.00 0.00 0.00 0.00 

Manning's n 0.015 0.025 0.030 0.015 

Critical shear stress 100.0 0.15 1.00 0.53 

Erosion coefficient K 1.0 0.00324 0.000220 0.000220 

Erosion coefficient a 1.0 1.300 0.43 0.43 
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As discussed in section 5 of "Parameters and Equations Governing Erosion 
Embankment," the fo 11 owing coefficients were utilized in the computer model 
for determining erosion of bare soil embankment: 

• For highly cohesive soil with PI 2_ 10, K = 0.000086 and a= 0.91 

• For low cohesive soil with PI~ 5, K = 0.00022 and a= 0.43 

• For noncohesive soil K = 0.00324 and a= 1.30 

Step 13. Determine erosion at each computational section from equation 
27 using the critical shear stress of the surface layer. If the surface layer 
was eroded within a period shorter than a computational time step, then the 

critical shear stress of the immediate lower layer would be utilized for the 
computation for the remaining time period. 

Step 14. Determine embankment bed erosion at each section during a time 
step. For grass, gravel, or soil surface, the bed erosion depth is: 

AZ=EAt (28) 

where E is the erosion rate from equation 27 and At is the time step dura
tion. For paved sections, it was assumed that damage to the pavement is not 
due to direct flow erosion, but instead to the erosion undermining the roadway 
base and cantilevering the pavement. Considering the condition illustrated by 
figure 44, the maximum normal stress of pavement due to flow is: 

M 
( a ) - -x max· S 

m 
(29) 

where M is the bending movement induced by the weight of the pavement and 

water above point A, and Sm is the section modulus. Let D = the average 
depth of flow at the middle of undermined pavement, t = the thickness of 
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pavement, yw = the unit weight of water and ya = the unit weight of pave
ment, then 

and (30) 

(31) 

Substituting equations 30 and 31 into equation 29 yields 

(32) 

For the computer model, the undermining length, x is assumed to be one-tenth 
of the eroded depth at the edge of pavement, D is the computed flow depth at 
the edge of pavement, and yw' ya' and t are known variables, By subst i

( ax)max is 
it is assumed 

tuting these values into equation 32, (a) is computed, If x max 
larger than the allowable tension stress of the pavement aa• 
that the pavement from the downstream edge to its immediately upstream com-
putational section is eroded within one time step. Then this computation sec
tion becomes the downstream edge of the pavement for the next computational 

step. 

2. Calibrations of the Computer Model 
The bare-soil embankment test data from FHWA test series I and II were 

utilized to calibrate the computer model. The geometry and soil charac
teristics of these embankments and overtopping headwater and tailwater depths 
were input to the computer program to calculate the volume of material eroded 
during the first hour. Then the calculated values were compared with the 
measured volumes during the first hour of the tests and plotted on figure 45. 

The agreement is reasonable, The model was then utilized to develop 
nomographs for estimating embankment damages for various flow and embankment 

conditions. 
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3. Development of Nomographs for Determining Embankment Erosion Due to 
Flood Overtopping 

The computer model calibrated in section 2 was applied to develop nomo
g raphs for estimating erosion of bare-soil embankment and paved embankment 
with and without vegetal cover under various conditions: 

• Base soils consisting of high-cohesive material, low-cohesive material 
and noncohesive material. 

• Paved embankment with and without class A, C, and E grass covers. 

• Embankment heights ranging from 2.5 ft (0.8 m) to 15 ft (4.6 m). 

• Overtopping depths ranging 1.0 ft (0.3 m) to ten ft (3.0 m). 

• Ratio of tailwater depth to overtopping depth ranging from free fall to 
0.9. 

The computed erosion rates (averaged over a four-hour period) were 
plotJ;ed on figure 46 for 5-foot (1.5-m) high-cohesive (PI = 13) and low
cohesive (PI = 5) bare soil embankments, and on figure 47 for 5-foot (1.5-m) 

noncohesive soil embankments (d50 = 4 mm). These two figures can be utilized 

for estimating erosion rates of 5-foot (1,5-m) bare-soil embankments. Because 
critical shear stress is not a very sensitive parameter, it is suggested that 
figure 46 be applied to high-cohesive•soil embankment with PI~ 10, and to 

low-cohesive soil embankment with PI~ 5, and figure 47 be applied to non
cohesive soil embankment with d50 < 8 mm. For the embankment soil with PI 
between 5 and 10, the erosion rate can be determined by interpolation. 

Other factors considered in the procedure include the effects of pavement 
and grass, duration of overtoppi ng, and embankment heights. Pavement and 
grass affect the embankment erosion rate. Figure 48 shows the embankment pro

files eroded by a flow with a 2-foot (0,6-m) overtopping depth and 70 percent 

water-surface drop (t/h = 0.3) in two runs--one without and one with the road
way paved, As shown on figure 48, most erosion of the bare-soil embankment 
took place on the top and downstream shoulder. The pavement reduced the sur-
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face area that would be eroded, as shown on figure 48. Figure 49 shows the 
average erosion rates versus time for these two runs. The pavement reduced 
the erosion by about 50 percent with t/h = 0.3. When tailwater is low, most 
erosion would occur near the downstream toe of the embankment and the effect 
of pavement on erosion is less. Figures 50 through 56 provide a series of 
nomographs for estimating average erosion rate of paved 5-foot high embankment 
without and with vegetal cover on embankment s 1 opes during four-hour flood 
overtopping: 

Figure Base Soil Vegetal Cover 

50 Cohesive None 
51 Noncohesive None 
52 Cohesive A 
53 Cohesive C 
54 Cohesive E 
55 Noncohes i ve C 
56 Noncohesive E 

The cl asses of vegetal covers have been defined in table 12. Erosion rates 
for other conditions can be determined by interpolation. 

The 1 aboratory test data cl early showed that the erosion rate reduced 
with time. Figure 57 shows aproximated relations of E/Ea versus time, based 

on 1 aboratory test data, where E is the average erosion rate over a test 
time period and Ea is the erosion rate during the first four hours. With 
high tailwater, the water-surface profile of overtopping flow is controlled by 

the tailwater and remains about the same during the erosion of embankment. 
Therefore, the velocity and shear stress generally decrease during the 
progress of embankment erosion and thereby reduce the erosion rate. With low 
tailwater and free-fall conditions, the reduction in erosion rate with time 
would be less. Figure 58 provides the adjustment factor when the embankment 

height is different from 5 feet (1.5 m}. Embankment erosion increases with 
increases in embankment height. 
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Figures 46, 47, or 50 through 56, coupled with figures 57 and 58, can be 

applied for estimating embankment erosion rate using the following procedure: 

1. Find out the type of embankment base soil (high-cohesive, low-cohesive, 
or noncohesive soils), embankment height, paved or nonpaved surface, and 
type of vegetal cover. 

2. Select headwater depth, h, and tailwater depth, t, and duration for a 
design flood (see figure 23 for definition). 

3. Compute t/h. 

4. With h and t/h enter figure 46 (for cohesive bare soil), figure 47 
(for non-cohesive bare soil), or figures 50 through 56 (for paved embank
ments) to determine erosion rate, E , for a 5-foot (1.5-m) embankment. a 

5. Determine adjustment factor K1 from figure 57 considering design flood 
duration. 

6. Determine K2 from figure 50 if the embankment height is different from 
5 ft {1.5 m). 

7. Compute the average erosion rate over the design flood duration. 

(33) 

The procedures described above were app 1 i ed to 1 aboratory test data 

(series FHWA I and II in table 8) and field cases listed on tables 1 and 2. 

The estimated results were compared to measured erosion rates in figure 59. 

The agreement is reasonably good. This indicates that the developed nomo

graphs are useful for estimating embankment erosion rates with reasonable 

accuracy. However, only limited soil bases were considered in developing 

these nomographs and effects of pavement and grass were evaluated by using 

1 imited laboratory data. Therefore, for other types of embankments or for 

more detailed estimation of embankment erosion, the computer mcdel developed 

earlier should be utilized. The nomographs and developed computer model 

should be verified and/or modified using additional field and experimental 

data. 
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4. Application Examples 
Two examples were developed to demonstrate the application of the design 

nomog raphs. 

a. Example 1. Erosion of a High-Cohesive Earth Road 
The hydraulic conditions of overtopping flow are: (1) overtopping depth 

h = 3 feet (0.92 m), (2) tailwater depth t = 1.8 feet (0.55 m), (3) flood 
duration T = 20 hours, (4) earth embankment, 10 feet (3.0 m) in height with 

sparse grass on slope. The procedure follows: 

1. Compute f = j:~ = 0.6. 

2. For high-cohesive base soil, find erosion rate Ea= 0.06 yd3/hr/ft (0.15 
m3/hr/m) from figure 46 for h = 3 feet (0.92 m) and t/h = 0.6. 

3. Determine the duration correction factor K1 = D.40 from figure 57 for a 

20-hour flood and t/h = 0.6. 

4. Determine the embankment height correction factor K2 = 1.16 from figure 
58 for t/h = 0.6 and an embankment height of 10 feet (3.0 m). 

5. Compute the total erosion volume. 

V5 =ET= K1 K2 Ea T 

= 0.40 X 1.16 X 0.06 X 20 

= 0.56 yd3/ft (1.39 m3/m) 

b. Example 2. Erosion of a Paved Road With a Low-Cohesive Soil Base 
The hydraulic conditions of overtopping flow are: (1) overtopping depth 

h = 3 feet (0.92 m), (2) tailwater depth t = o.o feet, (3) flood duration T 
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= 20 hrs, (4) paved road, 10 feet (3.0 m) in height with class C grass on 
slope. 

The procedure follows: 

1. Compute f = t~ = 0.0. 

2. For paved low-cohesive soil embankment with class C grass on slope, find 

erosion rate Ea= 0.21 yd3/hr/ft (0.53 m3/hr/m) from figure 53 for h = 
3 feet (0.92 m) and t/h = 0.0. 

3. Determine the duration correction factor K1 = 0.52 from figure 57 for a 

20-hour flood and t/h = 0.0. 

4. Determine the embankment height correction factor K2 = 1.76 from figure 
58 for t/h = 0.0 and an embankment height of 10 feet (3.0 m). 

5. Compute the total erosion volume 

= 0.52 X 1.76 X 0.21 X 20 

= 3.84 yct 3/ft (9.64 m3/m) 
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EVALUATION OF EMBANKMENT PROTECTION MEASURES 

As described in "Laboratory Embankment Test Program," this study al so 

evaluated the effectiveness of several erosion protection measures. These 

measures included vegetated embankments and embankments protected with gabion 

mattresses, soil cement, geoweb, and enkamat. The protection measures were 

tested under the flow conditions indicated by table B. 

1. Performance of Protection Measures 

For each protection measure tested, a preliminary assessment of the fail

ure mechanism or threshold conditions for failure of the protection measure 

was conducted. The failure signal was identified by a noticeable change in 

the water surface during the test or noticeable erosion of the protection 

measure or embankment material following the test. 

The failure mechanism associated with the gabion mattresses appears to be 

related to the movement of the rocks within the mattress. As the rocks move 

to the downstream end of each mattress diaphragm, the liner installed beneath 

the mattress may become exposed. Although a properly installed 1 iner still 

affords some erosion protection of the embankment material, the moment the 

liner becomes exposed was construed as the threshold condition for failure. 

During the tests conducted over the gabion mattresses, the liner did not 

become exposed. Under the most severe test conditions [4-ft (1.2-m) over

topping depth, free-fall condition], 10 to 20 percent of the rocks in the 

upstream end of the mattress mi grated to the downstream end of the mattress. 

In general, the gabion mattresses performed very well and in no instance was 

the embankment in danger of erosion. 

The potential failure mechanisms associated with soil cement were ini

tially identified as the presence of surface cracks or the undermining of the 

layer of soil cement at the toe of the embankment. Due to the nature of the 

tests, neither failure mechanism was realized. A number of cycles involving 
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freezing and thawing or wetting and drying of the soil cement layer are the 

catalyst needed for surface cracks to form, The relatively short testing 

period prevented this effect. To undermine the toe of the embankment, a sec

ti on of undisturbed ground is required downstream of the embankment. The 

concrete floor in the flume prevented the toe erosion from occurring, It is 

reconmended, however, that some means of toe protection be afforded when 

placing soil cement as an embankment protection measure in the field, In 

general , the soil cement protective measure performed very we 11. After 10 

hours of testing under the most severe conditions, no erosion was evident in 

either the soil cement or the embankment material. 

For the geoweb grid confinement system, the failure mechanism appears to 

be associated with the boiling of rocks out of the cells of the geoweb, As 

the rocks are boiled out, the flow velocity directly impinges on the geoweb 

structure and creates an elongation of the geoweb section. The elongation 

effect, in turn, exposes the embankment material to direct erasion by the 

flowing water, Increased loss of rocks from the cells creates a void in the 

cells which is filled by the flowing water. Consequently, the water is 

directed toward the embankment and increases the rate of embankment erosion. 

In general, the geoweb performed poorly under the configuration tested by this 

study, Attempts were made to improve the stability of the protection measure 

by increasing the length and number of staples in the geoweb system, In addi

tion, the configuration of the geoweb system was al so changed, In the first 

series of tests, the geoweb was installed to expand down the sideslope, The 

second test series found the geoweb inst al led in a manner which would al low 

expansion across the sideslope. In all cases, the results were the same. The 

integrity of the geoweb grid confinement system was maintained for less than 

an hour during each test. 

The failure mechanism associated with enkamat was related to ripping or 

stretching of the enkamat material or noticeable erosion of the embankment 

beneath the enkamat. The presence of grass in the enkamat had very little 
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effect. 
1 ength) 

This resulted from an unsatisfactory stand of grass (density and 
during a growth period of only one year. Due to the relatively short 

growth period, the root system was not fully developed. The vegetation inter

mingled with the enkamat was quickly removed during the tests of the enkamat/ 
grass protection measure. For overtopping depths less than or equal to 1 ft 

(0.3 m), the enkamat material caused a noticeable decrease in flow velocity 

near the embankment and afforded reasonably good erosion protection. As the 
flow velocity increased with the increase in overtopping depth, however, the 
enkamat sustained severe damage from stretching and ripping, and unusually 
high local scour occurred near the staples. In the initial stapling pattern, 

the staples were installed perpendicular to the flow at 3-ft (0.9-m) intervals 
along the embankment. The local scour near the staples was evident to a minor 
degree during the 0.5 ft (0.15 m) overtopping tests, while ripping and severe 
stretching of the enkamat occurred at overtopping depths greater than 1 ft 

( 0.3 m). A second stap 1 i ng pattern was tested in which the staples were 
installed along the path of the flow. In this case, the local scour near the 
staples was minimized and only minor stretching/ripping of the enkamat 
occurred at overtoppi ng depths greater than 1 ft ( 0. 3 m). In a 11 cases, 

regardless of stapling pattern, minor erosion of the embankment material 
occurred as the flow velocity increased with overtopping depths greater than 1 
ft (0.3 m). In general, enkamat afforded reasonably good erosion protection 
during the tests of 1 ow overtoppi ng depths. As the overtoppi ng depths 

increased beyond 1 ft (0.3 m), erosion of the embankment appeared to be accel
erated by the presence of the enkamat. 

For embankments vegetated with grass, the failure mechanism was asso
ciated with the direct erosion or loss of grass. In tests with low velocities 

and overtopping depths [0.5 ft (0.15 m)J, the grass-lined embankment appeared 
to perform well. In tests with overtopping depths greater than 0.5 ft (0.15 
m), pockets of grass were removed and induced the formation of local scour 

along the embankment. A partial explanation of this phenomenon may be the 
existence of weak spots along the embankment or areas where the root system of 
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the grass was not fully established. In addition to the local scour, severe 

toe erosion occurred during the tests involving overtopping depths of 2 and 4 
ft (0.6 and 1.2 m). Although grass-lined slopes usually retard the flow velo

city and reduce erosion, these tests did not confirm those results. 

2. Comparison of Protection Measures 
Based on the results of the flood 

sion protection measures can be made. 
overtopping tests, a comparison of ero

If comparison is based solely on the 
test results, soil cement and gabion mattresses performed very well in pro

tecting the embankment from erosion. Enkamat, grass, and geoweb accelerated 
embankment erosion in some cases. Additional factors must also be taken into 
account, however, in the evaluation process. These factors are discussed in 
the paragraphs that follow. 

Soil cement performed the best of all erosion protection measures. No 
erosion of the soil cement or embankment material was evident in any of the 
tests conducted. It must be noted, however, that these were short-term tests. 

The failure mechanism associated with soil cement involves long-term weather

ing processes. In addition, placement of soil cement is subject to the local 
availability of suitable soil material for mixing with the cement. Finally, a 
form of toe protection is recommended with the soil cement protection measure. 
Based on the results of this study, additional testing of soil cement as a 

protection measure should include: 

1. Develop a technique, such as rotating cylinders, to measure the rate of 
wear of soil cement (with various proportions of cement) due to flow ero
sion and weathering, and thereby determine proper thickness and cement 
ratio. 

2. Investigate the long-term weathering process for failure of the soil 
cement, i.e., subject the protection measure to a winter weathering pro
cess before testing. 

3. Vary the slope at which the protective measure is tested. 
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4. Test a different configuration of the protection measure, such as a 
stairstep configuration or placement in 6-inch (0.15-m} lifts. 

Gabion mattresses performed very well during the flood overtopping tests. 

Minimal failure of the gabion mattress occurred, and when failure was evident, 
it appeared only during the most severe flow condition. No erosion of the 
embankment material occurred in any test. An important aspect of the gabion 
mattress, however, is the deterioration of the wire basket with time. For 
mattresses which sustain periodic wetting and drying, the deterioration wil 1 

occur much faster. The i nsta 11 at ion of gabi on mattresses is al so the most 
labor intensive of all the protection measures tested by this study. As with 
soil cement, toe protection is recommended with the installation of gabion 
mattresses. Additional testing of this protection measure may include: 

• Variation in the thickness of the gabion mattresses and the size of rock
fi 11 materi a 1 • 

• Variation in the slopes at which the protective measure is tested. 

Enkamat performed well during tests involving the low overtopping depths. 
Minimal, if any, erosion of the embankment was observed and the enkamat main
tained its structural integrity. For overtopping depths greater than 1 ft 
(0.3 m), however, enkamat accelerated the erosion of the embankment. Enkamat 
was the least labor intensive of all the protective measures, but its effec
tiveness depended greatly upon the type and pattern of the staples. Toe pro
tection is also required with enkamat. Enkamat has potential to be an effec
tive protective measure if properly installed. Proper installation would 

include a liner beneath the enkamat, an appropriate stapling pattern, and a 
well-established growth of vegetation combined with the enkamat material. 

Additional testing of enkamat is recommended, and should include: 

• Testing an installation involving a liner and enkamat. 
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• Testing a well-established growth of vegetation in place on the enkamat 
material. This type of test would require a long term (maybe two years), 
but the results would be very enlightening. 

• Testing the enkamat with an improved stapling pattern and an asphalt mix
ture on top of the enkamat. 

• Varying of the slope at which the protection is tested. 

• Testing a well established sod on the enkamat material. The sod could be 
established under ideal growth conditions, rolled onto the test embank
ment, and stapled properly. 

The geoweb grid confinement system geoweb performed poorly in comparison 

with the other protective measures. The main problem with the geoweb was the 
boiling of rocks from the cells of the system. As this occurred, the embank
ment was subject to direct erosion by the flowing water, and in most cases, 
erosion of the embankment was accelerated by the geoweb. As with enkamat, toe 

protection will be required. In spite of the test results, geoweb may have 
potential to be an effective protective measure. Additional testing of the 
geoweb is recommended, and should include: 

• Testing a variety of measures which prevent boiling of rocks from the 
cells of the geoweb, (e.g., cap the geoweb with asphalt, soil cement, or 
a wire netting). 

• Varying the slope at which the protection measures are tested. 

The results of the tests over grass-protected embankments were incon
sistent with previous tests results. For flows with low overtopping depths, 
the grass-1 ined embankment performed reasonably well. Higher overtoppi ng 

depths, however, indicated an increase in erosion with a grass-lined embank
ment. The nature of the increase in erosion is attributable to the occurrence 
of local scour following the removal of a pocket of vegetation. These results 
are inconclusive and additional tests are recommended. 

3. Hydraulic Stability of Protection Measures 
Table 15 shows the hydraulic conditions of flow overtopping the protec

tion measures before significant failure occurred. The velocity and shear 
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Table 15. Evaluation of crltlcal conditions for the protection measures. 

Overtoppll'lg Average Average Maximum Shear* 
Protection Depth Dls~harge Flow Depth Velocity Velocity Energy Manning's Stress 
Measure (ft) (1t /s-ft> (ft) (ft/s> (ft/sl Slope n Ob2/ft2l Remarks 

Geoweb l .o J.o o.Ja 7.9 a.J 0.21 0.051 1.0 Significant toe ero-
slon occurred after 
9 hours of test. 

Gabl on 1.0 J.o 0,42 1 • t 7.9 0.34 0,068 1.0 Stable 

Gabl on 2.0 a.4 0.82 10.2 to.9 0.21 0,066 2.0 Stable 

Gab Ion 4.0 25.0 1.59 15,7 17,2 0.22 0,060 5,0 Some rock migrated, 
but gablon r-alned 
stable. 

Sol I Cement I .o J.o 0,32 9,4 11.5 0.21 0,034 0,6 Stable 
...... 
~ Sol I Cement 2.0 8,4 0,55 15,3 1a.o o. 11 0.022 1,6 Stable 

Soll Cement 4,0 25,0 1. 48 16,9 20.0 0.022 0.011 I ,9 Stable 

Enkamat l ,0 J.o 0,38 7.9 0.0 0,28 0,051 1.0 Stable 

Enkamat 2.0 8,4 0,80 10,5 12.0 0.15 0,047 2.5 Soms erosion 

Grass 0,5 J.O 0.17 5.9 6-1 0,JJ 0,044 0,4 Stable 

2 
*Note: Shear stress 'C = - PfV , where p Is the water density, f Is Oarcy-Welsbach coefficient and V Is the velocity. 

8 

Based on Information by Chow,<6) f = 0,02 (soll cement), 0,04 (grass), 0,06 (geowebl, 0,07 (enkamat and gablon), 



stress of flow given in table 15 provide indications of stability and rough
ness of the protection measures. In general, erosion of the geoweb system 
started when the flow velocity exceeded 8.0 ft/s (2.4 m/s). Rocks within each 
gabion were observed to migrate as the flow velocity exceeded 15 ft/s (4.6 
m/s). However, gabion still provided sufficient protection during the 15-hour 
testing period. Even at velocities in excess of 20 ft/s (6.1 m/s), no failure 
of soil cement was observed. Damage to the enkamat material was observed when 
the flow velocities exceeded 10 ft/s (3 m/s). Based on the tests conducted, 
the critical velocities associated with the various protection measures are 
given in table 16. Table 16 also includes critical shear stress recommended 
by Chen and Cotton<19 ) for gabion, enkamat, and grass. 

Table 16. Critical velocity associated with protection measures. 

Protection Measures 

Geoweb 
Gabion 
Soil Cement 
Enkamat 
Grass 

Critical Velocity (ft/s) 

'6 .0 
15.0 
>20.0 
10.0 

Varies (see table 12) 
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SUMMARY AND CONCLUSIONS 

The objectives of this project were to perform a review of literature, 

collect field data, and conduct laboratory tests to develop a methodology to 

quantitatively determine embankment damages due to flood overtoppi ng and to 

assess protection measu_res, A comprehensive literature review was conducted 

to identify existing research works and data pertinent to embankment damage 

due to flood overtopping and protection measures. Seventy-nine reports and 

papers were identified as potentially useful to the study. These reports and 

papers were reviewed to identify important parameters that control embankment 

damage, investigate the failure mode of embankments, and assess effects of 

protection measures on the embankment due to flood overtoppi ng and other fac

tors. Very limited data are available for quantitatively estimating embank

ment damage due to flood overtopping. 

Field data of roadway erosion caused by flood overtopping were collected 

at five sites in Arkansas, three sites in Missouri, seven sites in Wyoming, 

one site in Colorado, and five sites in Arizona. These field data were ana

lyzed and utilized to evaluate the methodology developed for determining the 

embankment damage due to flood overtopping. 

Embankment overtoppi ng tests were conducted in a large flume. The 

embankments tested in this study were 6 ft (1.8 m) high, 10 to 22 ft (3.0 to 

6.7 m) in crest width, and 3 ft (0.9 m) in length, with slopes varying from 

2:1 to 3:1. The embankment surfaces which were tested included various com

binations of two surface materials (bare soil and pavement), along with five 

protective 

enkamat). 

classified 

measures (grass, rock-filled mattresses, geoweb, soil cement, and 

Two base soils forming the embankments were tested, including soils 

as a clay of low plasticity (CL) and a sandy clay (SM-SC) by the 

Unified Soil Classification. The flood overtopping conditions include over

topping depths ranging from 0.5 to 4 ft {0.15 to 1.2 m), discharges ranging 

from 1 to 25 ft 3/s-ft (0.031 to 0.77 m3/s-m), and tailwater conditions ranging 
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from 10 percent water surface drop to free fall. The embankment test program 

included fixed-flume tests and tests which necessitated the movement of the 

flume, For the tests that did not involve grass, embankments were constructed 

inside the flume by filling material in 6-inch (0.15-m) lifts and mechanically 

compacted to obtain the compaction required (95 percent of maximum dry den

sity, Standard Proctor). For the tests involving grass, the flume was moved 

to an embankment slope constructed in accordance with Federal Highway Adminis

tration specifications and vegetated with grass. 

Also a series of fixed-bed embankment tests were conducted to determine 

the hydraulic conditions of overtopping flow. This set of data was analyzed 

along with small-scale model data conducted by Kindsvater( 4 ) to determine dis

charge coefficients, flow patterns, velocity distribution, and shear stress 

over an embankment. It was found that flow patterns and discharge coeffi

cients determined from the small-scale model tests are applicable to the pro

totype conditions. When tailwater was high, free surface flow or submerged 

flow occurred with the flow jet separating from the roadway at the downstream 

shoulder and "rides" over the tailwater surface, Flow velocity near the down

stream slope surface became reversed. When tailwater was low, free plunging 

flow occurred when the jet plunged under the tailwater surface, producing a 

submerged hydraulic jump on the downstream slope, The plunging flow causes 

more erosion of embankment than the surface fl ow for the same overtoppi ng 

depth. A mathematical model was established to determine the hydraulic con

ditions of overtopping flow. 

Bare-soil embankment tests were analyzed to evaluate existing embankment 

erosion equations. The results of the evaluation indicate that in general the 

erosion rate can be related to a net shear stress by a power relation. A 

relation was then developed to determine the critical shear stress as a func

tion of plasticity index. Three equations were established to determine 

embankment erosion rate for high-cohesive, low-cohesive, and noncohesive 

soils. 

135 



A mathematical model was then developed by integrating the hydraulic 

model with the soil erosion equations to determine embankment erosion due to 

flood overtopping. This model was calibrated using the bare-soil test data 

( FHWA test series I and I I). The calibrated model was utilized to generate 

three sets of nomographs for determining the embankment erasion rates for 

high-cohesive (PI~ 10), low-cohesive (1 <PI~ 5) and noncohesive soils. The 

effects of embankment heights, flood duration, pavement and grass are con

sidered in the procedure. The developed procedure was evaluated using field 

data with reasonable agreement. Two examples were developed to explain the 

applications of this procedure. It should be pointed out that only limited 

soil bases were considered in developing these nomographs, and effects of 

pavement . and grass were assessed by using 1 i mited laboratory data. For 

embankment with soil significantly different from those analyzed, or for more 

detailed estimation of embankment erosion, the computer model developed should 

be utilized. These nomographs and the computer model should be verified 

and/or modified when additional field and experimental data become available. 

The effectiveness of five erosion protection measures was evaluated: 

gabion mattresses, soil cement, geoweb, enkamat, and grass. Critical veloci

ties that initiate the erosion of these protection materials were estimated. 

It was found that gabion mattresses and soil cement performed very well during 

the flood overtoppi ng tests. Some rock movement was observed during the 

gabion tests. However, no erosion of the embankment material occurred in the 

tests. An important aspect of the gabion mattress, however, is the deteriora

tion of the wire basket with time. Additional testing of gabion mattresses 

may include: 

• Variation in thickness of the gabion mattresses and the size of rock-fill 
material. 

• Variation in the slopes at which the protective measure is tested. 

Soil cement performed the best of all erosion protection measures tested 

in the study. No erosion of the soil cement or embankment material was evi-

136 



dent in the tests. However, the long-term weathering effects and potential 
toe erosion were not evaluated in the study. Additional testing of soil 
cement may include: 

• Develop a technique to measure the rate of wear due to flow erosion and 
weathering and thereby to determine proper thickness and cement content. 

• Investigate the long-term weathering process for failure of the soil 
cement. 

• Vary the slope at which the protective measure is tested. 

• Test a different configuration of the protection measure. 

Enkamat performed well during tests involving the low overtopping depth. 
For overtopping depths greater than 1 ft (0.3 m), however, enkamat accelerated 
the erosion of the embankment because of additional turbulence generated at 
the staples and ripped enkamat. Enkamat has the potential to be an effective 
protective measure if properly installed. Proper installation would include a 

liner beneath the enkamat, an appropriate stapling pattern, and a wel 1-

establ i shed growth of vegetation combined with the enkamat material. Addi
tional testing is recommended: 

• Test an installation involving a liner and enkamat. 

• Test a well-established growth of vegetation on the enkamat material. 

• Test the enkamat with an improved stapling pattern and an asphalt mixture 
on top of the enkamat. 

• Varying the slope at which the protection is tested. 

The geoweb grid confinement system with geoweb filled with 1- to 2-inch 
(25- to 51-mm) gravel performed poorly in comparison with the other protective 
measures. The main problem with the geoweb focused upon the boiling of rocks 

from the cells of the system. As this occurred, the embankment was subject to 
direct erosion by the flowing water, and in most cases erosion of the embank

ment was accelerated by the geoweb. In spite of the test results, geoweb may 
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also have potential to be an effective protective measure. Additional testing 
of the geoweb is recommended. 

• Test measures which prevent boiling of rocks from the cells of the 
geoweb. 

• Vary the slope at which the protection measures are tested. 

The results of the tests over grass-protected embankments indicated 
results inconsistent with previous tests results. For flow with low over
topping depths, the grass-lined embankment performed reasonably well. Higher 
overtopping depths, however, caused an increase in erosion with a grass-] ined 
embankment. The nature of the increase in erosion is attributable to the 
occurrence of local scour following the removal of a pocket of vegetation. 
These results are inconclusive, and additional tests are recommended. 
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APPENDIX A - PHOTOGRAPHS ILLUSTRATING LABRATORY TESTS CONDUCTED IN THIS STUDY 

The following series of photographs depict the embankment following the 

1 aboratory tests. Photographs are not provided for every test conducted 
during this study. In particular, no photographs are provided for the soil 

cement tests. Erosion of the soil cement embankment protection measure was 
not evident following the completion of testing. For an illustration of the 

soil cement embankment protection measure, refer to figure 17 in the main 
report. 

The first series of photographs illustrate the erosion of the bare-soil 

embankment (figures 60 to 62). Erosion of the paved embankment with and 

without vegetation is provided in figures 63 to 66. The erosion protection 

afforded by gabi on protection measure is i 11 ustrated in figures 67 to 69. 

Figures 70 to 73 depict the erosion of the geoweb material. Finally, the ero

sion of the embankment sustained during the utilization of enkamat is 

illustrated in figures 74 to 76. 
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Figure 60. Bare-soil surface (Type I Soil) following overtopping depth of 
0.5 feet and 20 percent water surface drop. 
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Figure 61. Bare-soil surface (Type II Soil) following overtopping depth of 
1 foot and 70 percent water surface drop. 
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Figure 62. Bare-soil surface (Type II Soil) following overtopping depth of 
2 feet and freefall conditions. 
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Figure 63, Paved embankment (Type II Soil) without vegetation following 
overtopping depth of 0,5 feet and 70 percent water surface 
drop, 
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Figure 64. Paved embankment (Type I Soil) with vegetation following 
overtopping depth of 0.5 feet and 70 percent 
water surface drop. 
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Figure 65. Paved embankment (Type I Soil) with vegetation following 
overtopping depth of 1 foot and 70 percent water surface 
drop. 
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Figure 66. Paved embankment (Type I Soil) with vegetation following 
overtopping depth of 0.5 feet and freefall con-ditions. 
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Figure 67. Gabi on protection fo 11 owing overtoppi ng depth of 1 foot and 
free fall conditions. 
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Figure 68. Gabion protection following overtopping depth of 2 feet and 
freefall conditions. 
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Figure 69, Gabion protection following overtopping depth of 4 feet and 
freefall conditions. 
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Figure 70, Geoweb protection fo 11 owing overtoppi ng depth of 1 foot, free
f a 11 conditions, and testing duration of 30 minutes. 
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Figure 71. Geoweb protection following overtopping depth of 1 foot, free
fall conditions and testing duration of 1 hour. 
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Figure 72, Geoweb protection following overtopping depth of 2 feet, freefall 
conditions and testing duration of 1 hour, 
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Figure 73. Geoweb protection following overtopping depth of 2 feet, freefall 
conditions and testing duration of 2 hours. 
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Figure 74. Enkamat protection following overtopping depth of 0.5 feet, free
fall conditions and testing duration of 1 hour. 
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Figure 75. Enkamat protection following overtopping depth of 2 feet, free
fall conditions and testing duration of 1 hour. 
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Figure 76. Embankment (Type II Soil) beneath enkamat protection following 
overtopping depth of 2 feet, freefall conditions and testing 
duration of 1 hour. 
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APPENDIX B - DATA SUMMARY 

Table 17 lists a schedule of tests. Totally there were 35 runs conducted 
in this study. Table 18 tabulates the water-surface and bed-surface profile 
changes with time. Table 19 tabulates the velocity measurements. 
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Table 17. Schedule of tests. 

Water 
0vertoppi ng Surface 

Run Description Soil Side Discharge Depth, ft Drop 
No. Series of Test Type Slope (cfs) (Dot> (% of D0 t} 

1 FHWA I Bare-Soil Surface; I 3:1 3.0 0.5 70 
No Protection 

2 FHWA I Bare-Soil Surface; I 3:1 3.2 0.5 Free Fa 11 ( Ff ) 
No Protection 

3 FHWA I Bare-Soil Surface; I 3:1 9.0 1.0 20 
No Protection 

~4 FHWA l Bare-Soil Surface; I 3:1 28.0 2.0 20 
O> No Protection 

5 FHWA I Bare-Soil Surface; I 3:1 28.5 2.0 70 
No Protection 

6 FHWA I Bare-Soil Surface; I 3:1 28.0 2.0 Ff 
lllo Protection 

7 FHWA I Bare-Soil Surface; I 3:1 72.6 4.0 20 
No Protection 

8 FHWA I Bare-Soil Surface; I 3:1 70.0 4.0 70 
No Protection 

9 FHWA I Bare-Soil Surface; I 3:1 70.0 4.0 FF 
No Protection 



t-' 
U1 
\0 

Run 
No. 

10 

11 

12 

13 

14 

15 

16 

Series 

FHWA II 

FHWA I I 

FHWA II 

FHWA I I 

FHWA III 

FHWA III 

FHWA Ill 

Table 17. Schedule of tests. (continued) 

Description 
of Test 

Bare Soil Surface; 
No Protection 

Bare-Soil Surface; 
No Protection 

Bare-Soil Surface; 
No Protection 

Bare-Soil Surface; 
No Protection 

Paved Surface/ 
Gravel Shoulder; 
No Protection 

Paved Surface/ 
Gravel Shoulder; 
No Protection 

Paved Surface/ 
Gravel Shoulder; 
No Protection 

Soil 
Type 

II 

II 

II 

II 

II 

II 

II 

Side 
Slope 

3:1 

3:1 

3:1 

3:1 

3:1 

3:1 

3:1 

Discharge 
{cfs) 

3.0 

9.0 

30.0 

70.0 

3.0 

9.0 

30.0 

Overtoppi ng 
Depth, ft 

(Dot> 

0.5 

1.0 

2.0 

4.0 

0.5 

1.0 

2.0 

Water 
Surface 

Drop 
(% of D0t) 

70 

70 

70 

70 

70 

70 

70 



,_. 

Run 
No. 

17 

18 

O'> 
0 19 

20 

21 

22 

23 

24 

Series 

FHWA III 

USFS II 

USFS II 

USFS IV 

USFS IV 

USFS IV 

USFS V 

USFS V 

Table 17. Schedule of tests. ( continued) 

Description 
of Test 

Paved Surface/ 
Gravel Shoulder; 
No Protect ion 

Bare-Soil Surface; 
Geoweb 

Bare-Soil Surface; 
Geoweb 

Bare-Soil Surface; 
Gabion 

Bare-Soil Surface; 
Gab ion 

Bare-Soi1 Surface; 
Gabi on 

Bare-Soil Surface; 
Soil Cement 

Bare-So_i 1 Surf ace; 
Soil Cement 

Soil 
Type 

II 

II 

II 

II 

II 

II 

II 

II 

Side 
Slope 

3:1 

3:1 

3:1 

2:1 

2:1 

2:1 

2:1 

2:1 

Discharge 
{cfs) 

70.0 

9.0 

30.0 

9.0 

30.0 

70.0 

9.0 

30.0 

Overtopping 
Depth, ft 

(Dot> 

4.0 

1.0 

2.0 

1.0 

2.0 

4.0 

1.0 

2.0 

Water 
Surface 

Drop 
(% of Dot) 

70 

FF 

FF 

FF 

FF 

FF 

FF 

FF 



Table 17. (continued) 

Water 
Overtopping Surface 

Run Description Soil Side Discharge Depth, ft Drop 
No. Series of Test Type Slope (cfs) (Dot) (% of D0 t) 

25 USFS V Bare-Soil Surface; II 2:1 70.0 4.0 FF 
Soil Cement 

26 FHWA IV Paved Surface/ I 3:1 3.0 0.5 FF 
Gravel Shoulder; 
Grass 

'o'.. 27 FHWA IV Paved Surface/ I 3:1 30.0 2.0 FF ...... 
Gravel Shoulder; 
Grass 

28 FHWA IV Paved Surface/ I 3:1 70.0 4.0 FF 
Gravel Shoulder; 
Grass 

29 FHWA V Paved Surface/ I 3:1 3.0 0.5 70 
Gravel Shoulder; 
Grass 

30 FHWA V Paved Surface/ I 3:1 30.0 2.0 70 
Gravel Shoulder; 
Grass 

31 USFS I Bare-Soil Surface; II 3:1 3.0 0.5 FF 
Enkamat 



Tal>le 17. Schedule of tests. (continued) 

Water 
0vertopping Surface 

Run Description Soil Side Discharge Depth. ft Drop 
No. Series of Test Type Slope (cfs) (Dot> (% of Dot> 

32 USFS I Bare-Soil Surface; II 3:1 30.0 2.0 FF 
Enkamat 

33 USFS III Bare-Soil Surface; II 3:1 3.0 0.5 FF 
...... Enkamat/Grass 
°' 
N 34 USFS II I Bare-Soil Surface; II 3:1 9.0 1.0 FF 

Enkamat/Grass 

35 USFS III Bare-Soil Surface; .II 3:1 70.0 4.0 FF 
Enkamat/Grass 



Table 18. Water surface (WS) and bed surface (BS) elevations. 

--~------------------------------------------------------------------------
Distance Allll"d Elbriaent (ft. l * 

Run Tiae 
Huaber (hrs) 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 35 

1 o.oo ws 6,53 &.so 6.48 6.46 6,44 6,43 6,39 6,37 6,36 6,30 6,06 6,14 &,19 6,16 &,16 6,15 6,16 6,10 6,19 
BS 5,77 5,88 5,915,975,965.97 5,96 5,94 5,915,965,83 5,40 4,614,043.39 2,672,141.511,19 

1 0,75 115 6,53 6,50 6,48 6,466,446.43 6,39 6,37 6,36 6,30 6,06 6,14 6,19 6,16 6,16 6,15 6,16 6,18 6,lf 
BS 5,805,895.915,975,95 5,90 5,935,965.89 5,95 5,82 5,44 4,73 4,03 3,43 2,68 2,13 1,511,21 

1 4,00 ws 6,60 6,546,506.49 6,44 6,44 6,43 6,41 6,17 6,32 5,97 6,17 6,18 6,13 6,116,136,14 6,16 6,16 
BS 5,81 5,90 5,915,935,95 5,90 5,905,895.84 5,85 5,59 5,40 4,58 3,93 3,40 2,69 2,15 1,45 1,22 

1 10,00 ws 6,59 6,54 6,50 6,50 6,47 6,45 6,44 6,41 6,38 6,33 5,93 6,13 6,17 6,14 6,12 6,13 6,14 6,16 6,16 
BS 5,80 5,88 5,90 5,92 5,94 5,92 5,90 5,88 5,80 5,80 5,45 5,35 4,55 3,90 3,35 2,67 2,15 1,44 1,18 

...... 1 20,00 ws 6,61 6,56 6,51 6,50 6,45 6,44 6,43 6,41 6,376,345.85 6,10 6,16 6,13 6,12 6,13 6,14 6,16 6,16 
°' BS s.ao S,89 5,119 S,90 S,93 5,90 5,90 S,88 5,82 5,70 5,40 5,31 4,50 3,84 3,M 2,68 2,15 1,42 1,17 w 

2 0,00 WS 6,58 6,54 6,52 6,50 6,49 6,48 6,43 6,31 6,33 6,30 6,07 5,68 5,01 4,40 3,74 3,11 2,52 2,03 1,80 
BS 5,98 6,15 6,12 6,17 6,12 6,12 6,12 6,11 6,04 6,12 5,87 5,54 4,87 4,29 3,62 2,99 2,40 1,86 1,61 

2 1,75 vs 6,57 6,53 6,516,506,49 6,48 6,43 6,316,336,30 6,05 5,67 5,00 4,34 3,80 3,08 2,49 2,02 1,78 
BS 5,99 6,13 6,11 6,10 6,10 6,10 6,11 6,09 6,05 6,07 5,85 5,45 4,85 4,24 3,67 2,96 2,36 1,86 1,61 

2 5,00 ~s 6,52 6,49 6,46 6,41 6,43 6,45 6,39 6,33 6,39 6,37 6,04 s.65 5,02 4,34 3,72 3,012,481,95 1,n 
BS 5,95 6,03 6,09 6,08 6,08 6,05 6,04 6,00 6,04 6,05 5,83 5,42 4,84 4,18 3,54 2,89 2,39 1,84 1,57 

2 10,00 WS 6,56 6,52 6,47 6,42 6,44 6,40 6,39 6,44 6,40 6,35 6,04 S,54 4,95 4,28 3,73 3,012,451,98 1,80 
BS 5,92 6,01 6,07 6,06 6,08 6,03 6,01 5,99 5,98 6,015,835,37 4,76 4,13 3,53 2,86 2,36 1,81 1,54 

2 20,00 W5 6,55 6,53 6,47 6,43 6,43 6,40 6,44 6,38 6,15 6,09 5,96 5,44 4,79 4,21 3,54 2,98 2,39 1,82 1,74 
BS 5,90 6,02 6,06 6,04 6,02 6,01 5,99 5,94 5,BO S,75 5,68 5,25 4,66 4,10 3,43 2,80 2,24 1,65 1,50 

*See figure 26 for the measurement locations. 



Table 18. Water surface (WS) and bed surface (BS) elevations. (continued) 

---------------- -----------------------------------------------------------
Distance ~ions E1bwaent Cft,> 

Run Ti1e ·----------------·-----------------------------· ltu1ber (hrs) o 2 4 6 8 w u " Y ra ~ n ~ u a D ~ M ~ 
--------------------------------------------------- --------------------------------------------------

l o.oo 115 6,98 6,95 6,90 6,82 6,73 6,65 6,73 6,85 6,947,057.10 7,12 7,15 7,07 6,92 7,00 6,85 6,88 6,90 
BS 5,77 5,85 5,91 5,99 5,99 5,94 6,00 5,99 6,00 5,99 5,85 5,49 4,71 4,08 3,46 2,68 2,18 1,50 1,18 

3 1.00 ws 6,96 6,93 6,90 6,85 6,77 6,70 6,73 6,85 6,94 7,00 7,07 7,10 7,13 7,06 6,95 7,01 6,85 6,85 6,87 
BS 5,76 5,85 5,915,995,97 5,94 6,00 6,00 6,00 5,97 5,82 5;47 4,70 4,05 3,45 2,70 2,19 1,49 1,19 

3 4,50 WS 6,97 6,95 6,90 6,88 6,74 6,70 6,73 6,83 6,91 6,98 7,00 7,08 7,117,086,98 6,99 6,90 6,85 6,88 
BS 5,77 5,88 5,915,945,96 5,96 5,96 5,94 5,91 5,96 5,83 5,40 4,61 4,04 3,39 2,67 2,14 1,511,19 

l 10,00 115 6,99 6,95 6,92 6,90 6,77 6,71 6,75 6,81 6,92 6,98 6,97 7,05 7,10 7,08 6,99 6,94 6,88 6,90 6,90 
BS 5,76 5,88 5,90 5,95 5,96 5,96 5,97 5,95 5,90 5,93 5,79 5,30 4,55 4,03 3,37 2,66 2,111,50 1,18 

.... 3 20,00 ws 6,97 6,94 6,93 6,90 6,80 6,75 6,74 6,82 6,92 6,97 6,99 7,03 7,08 7,07 7,00 6,91 6,87 6,88 6,87 
°' BS 5,77 5,87 5,89 5,94 S,95 5,96 5,94 5,94 5,88 5,915,775,27 4,50 3,98 3,35 2,63 2,13 1,50 l,18 .p. 

4 0,00 ws 7,85 7,79 7,69 7,64 7,60 7,62 7,617,607,63 7,61 7,43 7,62 7,57 7,65 7,55 7,80 7,65 7,72 7,62 
BS 5,82 S,91 5,92 5,95 5,95 5,90 5,90 5,89 5,85 5,92 5,69 5,45 4,62 3,98 3,41 2,68 2,111,44 1,21 

4 1,00 ws 7,81 7,75 7,66 7,63 7,58 7,61 7,57 7,54 7,59 7,59 7,42 7,71 7,59 7,73 7,55 7,78 7,65 7,71 7,60 
BS 5,77 5,BB 5,915,945,91 5,78 S,80 5,79 5,76 5,85 5,68 S,41 4,76 4,11 3,41 2,68 2,211,521,20 

4 10,00 VS 7,75 7,69 7,64 7,61 7,58 7,61 7,53 7,60 7,61 7,60 7,58 7,66 7,70 7,70 7,63 7,71 7,74 7,71 7,65 
BS 5,77 5,85 5,87 5,85 5,80 5,85 5,69 5,71 S,60 5,69 5,57 S,37 4,514,003,38 2,422,061,46 1,17 

4 20,00 115 7,74 7,68 7,63 7,58 7,56 7,60 7,50 7,58 7,60 7,60 7,56 7,63 7,67 7,66 7,60 7,70 7,72 7,71 7,63 
BS 5,76 5,83 5,85 5,80 5,79 5,78 5,55 5,66 5,48 5,58 5,50 5,31 4,40 3,95 3,30 2,35 2,011,35 1,13 



Table 18. (continued). 

--------------------------------- --------------------------------------
Distance Alond E•biflkunt (ft.) 

Run Tiae --------- ------------ ------------- ------- ----------Nuaber (hrs) 0 2 4 6 B 10 12 " U U-W n ~ U ~ 30 ~ ~ ~ 

5 o.oo us 7,73 7,62 7,497,391.11 7.19 7.05 6,86 6,87 7,00 6,71 6,65 6,40 6,51 6,53 6,65 6,66 6,61 6,73 
BS 5,77 5,85 5,87 5,86 5,84 5,87 5,75 5,73 5,65 5,75 5,63 5,37 4,71 4,03 3,43 2,52 2,10 1,511,19 

5 0,75 us 7,737.62 7,49 7,39 7,27 7,17 7,03 6,82 6,83 7,016.87 6,42 6,36 6,49 6,50 6,62 6,65 6,58 6,71 
BS 5,76 5,87 5,85 5,81 5,77 5,84 5,57 5,56 5,52 5,58 5,57 5,35 4,63 4,01 J,36 2,66 2,13 1,45 1,17 

5 3,75 ws 7,62 7,50 7,36 7,25 7,14 6,97 6,82 6,64 6,52 6,72 6,79 6,44 6,27 6,41 6,54 6,58 6,61 6,61 6,68 
BS 5,74 5,81 5,80 5,71 5,74 5,82 5,52 5,39 5,33 5,47 5,49 5,26 4,63 4,02 3,27 2,63 2,08 1,39 1,11 

5 9,75 ws 7,587,471.2, 1.10 1.0, 6,87 6,10 6,46 6,33 &,51 6,65 ,.12 6,34 6,45 6,56 6,66 6,66 ,.n 6,11 
BS 5,69 5,79 5,74 5,68 5,72 5,68 5,43 5,15 5,13 5,215,385,12 4,43 3,83 3,23 21511,731,31 0,57 

...... 5 19,50 ws 7,61 7,50 7,33 7,19 7,09 6,86 6,68 6,436,306.51 6,66 6,30 6,33 6,42 6,51 6,58 6,62 6,65 6,67 
cr, es 5,6B 5,78 s,73 5,6B 5,68 5,46 5,22 s,oo 5,01 s.oa 5,18 4,8o 4,153,681.10 2.39 1.82 1,28 o,50 u, 

6 0,00 us 7,85 7,74 7,65 7,55 7.44 7,65 7,68 7,46 7,41 7,37 6,,5 6,46 5,87 5,26 4,55 J,70 3,23 2,57 2,21 
BS 5,B9 6,00 6,06 6,04 6,03 6,00 6,01 5.~ 5,77 6,08 5,86 5,45 4,94 4,46 3,78 3,012,611,98 1,66 

6 1,00 WS 7,84 7,71 7,63 7,52 7,417,627,64 7,46 7,40 7,31 6,93 6,41S,544,65 4,27 J,76 3,2J 2,45 2,15 
BS 5,89 5,99 6,05 6,03 5,78 6,00 S,99 S,97 5,97 6,07 5,86 5,45 4,77 3,96 3,50 2,98 2,48 1,86 1,61 

6 3,50 us 1.a21.111,61 7,47 7,39 1.s, 1,66 7,417,351,256,876.36 s.19 4,46 3,97 3,34 2,93 2,612.21 
BS 5,89 5,97 6,05 6,02 5,95 5,92 5,96 5,9B 5,96 6,01 5,80 S,42 4,313,863,44 2,65 2,37 1,80 1,50 

6 9,50 us 7,81 7,67 7,56 7,43 7,23 7,43 7,83 7,31 7,19 7,13 6,74 6,19 5,02 4,06 J,37 2,82 2,15 1,73 1,73 
BS 5,87 5,93 5,96 5,97 5,94 5,79 5,97 5,91 5,93 5,92 5,74 5,14 4,17 3,34 2,68 2,06 0,57 0,52 0,52 

6 20,00 WS 7,75 7,61 7,49 7,31 7,03 7,08 7,63 7,39 7,15 7,04 6,58 5,96 4,70 3,27 1,30 1,30 1,30 l,30 1,30 
BS 5,83 S,915,895,87 5,77 5,66 5,815,805,88 5,80 5,67 4,95 3,80 0,68 0,31 0,00 0,00 0,00 0,00 
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Table 18. Water surface (WS) and bed surface {BS) elevations. (continued) 

-------------------- ------------------
Roo Tiae 

Nuaber (hrs) 

Disiance Alorul E•briaeni (ti.> 

o 2 4 6 8 ro n H u ~ ~ n ~ u 28 JO ~ M ~ 
-------------------------------------------- ----------------------------------------------------------

7 0,00 IIS 9,10 8,85 8,61 8,42 8,30 8,017,777,68 7,72 8,50 8,93 8,94 8,63 8,71 8,81 8,82 8,60 8,65 9,05 
BS S,86 5,945.97 6,01 5,93 5,87 5,955,955.96 5,99 5,79 5,16 4,28 3,44 2,812,331,72 0,61 0,52 

7 0,75 ws 9,05 8,80 8,56 8,41 8,28 7,99 7,74 7,617,688,46 8,91 8,91 8,61 8,71 8,81 8,81 8,51 8,56 8,91 
BS 5,66 5,76 S,70 S,66 S,69 S,66 5,39 4,99 5,06 S,12 5,33 5,06 4,48 3,83 3,24 2,56 2,10 1,38 0,81 

7 3,25 WS 8,88 B,70 8,49 B,36 8,21 7,927,697.51. 7,58 7,78 8,58 8,55 8,43 8,26 8,78 8,63 8,45 8,47 8,45 
BS S,65 5,76 5,70 5,67 5,72 5,67 5,42 5,01 5,04 5,18 5,39 5,14 4,57 3,88 3,24 2,59 2,15 1+41 0,73 

7 10.00 WS 8,87 8,71 8,48 8,34 8,17 7,90 7,51 7,42 7,47 7,71 8,42 8,44 8,37 8,27 8,80 8,62 8,44 8,47 8,47 
BS 5,64 5,71 5,68 S,65 5,67 5,60 S,21 4,85 4,80 5,05 5,115,054,45 3+80 3,20 2,47 2,011,32 0,53 

7 20,00 WS 8,'10 8,73 8,51 8,39 8,11 7,85 7,38 7,25 7,19 7,37 8,21 8,35 8,36 8,25 8,70 8,59 8,45 8,46 8,68 
iS 5,61 5,6t 5,65 5,61 5,60 5,414,954,44 4,35 4,71 4,89 4,90 4,313,683,11 2,411,951,30 0,48 

8 0,00 115 9,10 8,92 8,71 8,518,488,46 8,35 8,33 8,12 8,05 7,44 7,50 7,54 7,62 7,71 7,80 7,67 7,32 7,23 
BS 5,86 5,96 5,94 6,01 5,91 5,87_5,92 5,96 5,89 5,84 5,81 5,16 4,24 3,46 2,82 2,32 1,74 0,63 0,56 

B 4,00 ws 8,74 8,54 8,30 8,08 7,82 7,45 7+22 7,04 6,83 6,67 6,53 6,60 6,61 7,08 7,71 7,90 7,72 7,31 7,25 
BS 5,56 5,69 5,58 5,52 5,28 5,18 5,18 4,93 4,65 4,n 4,72 4,65 4,26 3,72 3,17 2,33 2,011,15 0,51 

8 10,00 VS 8,61 8,43 8,12 7,81 7,46 7,06 7,01 6,43 6,35 6,91 7,35 6,61 7,22 7,20 7,38 7,56 7+48 7,32 7,21 
BS 5,41 5,42 5,37 5,02 4,77 4,56 4,SO 4,54 4,35 4,20 4,03 3,94 3,70 3,47 2,45 2,16 1,54 1,21 0,76 

8 20,00 ws 8,59 8,33 8,21 7,86 7,55 7,13 6,81 &,18 6,39 6,50 6,59 6,63 6,56 6,87 6,80 7,10 7,16 7,19 7,20 
BS 4,81 5,02 4,80 3,34 3,40 3,22 2,95 2,79 2,82 2,13 1,82 1,76 1,59 1,411+62 1,49 1,52 1,44 1,39 



Table 18. (continued). 

--------------------------------------- ------------------- ------------
Distance Alon!i Elbank•ent Cft..t 

Run Ti1e 
Huaber (hrsl 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 35 
----------------------------------------------------------- -------- ---------------------

9 o.oo VS 9,09 8,93 8,75 8,70 8,67 8,67 8,70 8,57 B,43 8,12 7.72 7,256.36 5.71 5,05 4,38 4,01 3,21 J,03 
BS 5,81 5,83 S,82 S,86 S,84 5,81 S.90 5.98 5,99 5,88 5,75 5,41 4,78 4,20 J,62 2,87 2,47 1,95 1,67 

9 1.00 WS 9,09 8,93 B,75 B,55 8,53 8,67 S.BO 8,57 8,43 8,12 7,39 6,B16.065,45 4,85 4,28 J,73 3,06 2,93 
BS 5,755.77 5.87 5,805.62 5,61 5,85 5,90 5,93 5,77 5,35 4,90 4,40 3,92 3,38 2,75 2,18 1,75 1,56 

9 4,00 MS 9,018,788,58 8,31 8,28 8,34 8.43 B,47 8,25 7,89 7,07 6,34 5,61 5,07 4,77 4,23 3,63 3,06 2,82 
BS 5.75 5,745,765.76 5.54 5,71 5,795,935.86 5,76 5,01 4,51 4,06 3,41 3,29 2,65 2,16 1,69 1,44 

9 10.00 115 8,93 B,78 8,46 8,27 8,03 7,84 7,95 8,21 8,19 7,73 6,58 5,56 4,112,761,751.56 1,56 1,56 1,56 
BS 5,63 5,67 5,67 5,63 5,45 5,35 5,59 5,75 5,76 5,69 4,33 3,47 1,49 0,24 0,21 0,00 0,00 0,00 0.00 

9 ~~ US 8,618,438,127.81 7,467.06 i,01 7,08 6,86 6,35 5,35 4,012,761,56 1,56 1,56 l,56 1,56 1,56 
..... 
C, 

BS 5,36 5,44 5,43 5,15 4,89 4,46 4,40 4,46 4,16 3,72 2,65 1,12 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
...... 

10 0,00 ws 6,626.59 6,55 6,53 6,47 6,42 6,39 6,30 6,26 6,20 6,30 6,39 6,40 6,45 6,49 6,38 6,20 6,19 6,20 
BS 5,98 6,03 6,06 6,11 6,09 6,00 6,02 5,99 6,015,935,78 5,42 4,82 4,18 3,59 2,812,271,76 1,55 

10 1,50 ws 6,58 6,54 6,50 6,48 6,43 6,40 6,32 6,28 6,216,155,90 6,29 6,28 6,17 6,17 6,23 6,28 6,28 6,27 
BS 5,66 5,76 S,75 5,83 5,77 5,78 5,79 S,73 5,71 S,67 S,415,294,66 3,93 3,33 2,i5 2,32 1,811,52 

10 4,50 ws 6,46 6,47 6,41 6,46 6,43 6,46 6,39 6,33 6,24 6,23 6,10 6,31 6,416,456.57 6,646.21 6,31 6,36 
BS 5,44 5,65 S,75 S,37 S,44 5,46 S,48 5,43 5,31 5,315,295,28 4,65 3,95 3,36 2,78 2,33 1,85 1,56 

10 10,50 ws 6,47 6,47 6,47 6,43 6,41 6,39 6,41 6,40 6,40 6,41 6,36 6,39 6,41 6,42 6,39 6,40 6,36 6,38 6,36 
BS S,36 S,42 5,47 5,40 5,46 5,48 5,47 5,44 5,35 5,27 5,27 5,07 4,62 4,27 3,61 2,812,421,82 t.53 

10 20,00 WS 6,45 6,43 6,40 6,29 6,26 6,33 6,33 6,26 6,30 6,31 6,30 6,29 6,32 6,33 6,31 6,30 6,29 6,28 6,27 
BS 5,37 5,41 5,44 5,34 5,31 5,33 5,41 5,19 5,17 4,91 4,91 5,04 4,62 3,68 3,36 2,54 2,32 1,73 1,53 



Table 18. Hater surface {WS) and bed surface (BS} elevations. (continued) 

------------------------------------------------------Distance Alon!I Elhilhent (ft,) 
Run Tiae 

Nuaber (hrs) 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 35 
------------------------------------------ ------------------------------------ ---------

11 o.oo 115 7,067.00 6,94 6,91 6,916,866.7' 6,71 6,896,676.90 7,01 6,92 6,81 6,46 6,41 6,40 6,41 6,42 
BS 5,745,916.015,945,92 5,99 6,0l 6,00 S,94 5,92 5,62 5,19 4,61 4,07 3,42 2,7' 2,311,711,41 

11 2.00 IIS 6,86 6,85 6,79 6,76 6,74 6,61 6,59 6,41 6,216,476,51 6,46 6,52 6,57 6,57 6,61 6,616,566,53 
BS 5,60 5,69 5,74 5,92 5,80 5,97 6,01 6,00 5,56 5,575,264.83 4.61 4,01 3,21 2,70 2,19 1,59 1,26 

11 4,00 IS 6,71 6,67 6,61 6,57 6,56 6,53 6,47 6,416,506,506.59 6.51 6,506,526.57 6,616.61 6,59 6,57 
BS 5,515,595,52 5,56 5,59 5,61 S,515,475,26 5,17 5,01 4,89 4,57 4,10 3,37 2,76 2,26 1,66 1,31 

11 10,00 ws 6,63 6,56 6,51 6,48 6,42 6,27 6,23 6,30 6,416,386.45 6,52 6,49 6,52 6,51 6,516,496,48 6,47 
BS 5,39 5,44 5,49 5,49 5,56 5,53 5,47 5,42 5,26 5,164,914.57 4,33 3,81 3,33 2,82 2,49 1,59 1,40 

11 20,00 us 6.60 6.57 6.52 6.46 6,416.23 6,356.49 6.50 6,416.43 6.43 6,48 6,51 6,51 6,47 6,466,496.49 ,..... BS 5,36 5,43 5,40 5,46 5,54 5,43 5,45 5,305,134.95 4,61 4,50 4,26 3,80 3,22 2.BO 2.39 1,57 1,40 
O'l 
0:, 12 0,00 VS 7,747,737.58 7,45 7,39 7,32 7,25 7,20 6,956,796.55 6,20 6,49 6,48 6,52 6,53 6,566,466.53 

BS 5,81 5,80 5,885,835.83 5.89 5,92 5,93 5,91 5,905,595.18 4,59 4,12 3,44 2,83 2,33 t.65 1,41 

12 1,50 ws 7,65 7,63 7,53 7,41 7,23 7,00 6,73 6,616,456.24 5,90 5,69 6,06 6,13 6,34 6,39 6,41 6,41 6,53 
BS 5,295.27 5,53 5,79 5,78 5,48 5,47 5,43 5,29 5,18 5,02 4,67 4,17 3,74 3,19 2,40 2,111,59 1,23 

12 4,50 IIS 7,22 7,24 7,29 7,11 7,03 6,95 6,81 6,71 6,50 6,32 5,81 6,09 6,33 6,31 6,49 6,41 6,57 6,54 6,62 
BS 5,25 5,26 5,26 5,33 5,38 5,315.47 5.42 5,29 5,19 4,6B 4,4B 4,19 3,84 3,212,402,09 1,45 1,09 

12 9,00 ws 7,18 7,15 7,19 7,05 6,95 6,76 6,61 6,49 6,39 6,13 5,71 6,15 6,31 6,48 6,55 6,55 6,576,586.63 
BS 5,24 5,22 5,24 5,28 5,34 5,28 5,42 5,35 5,20 5,18 4,62 4,42 4,013,592,91 2,412,031,33 1,10 

12 20M ws 7,20 7,18 7,22 7,07 6,97 6,85 6,74 6,60 6,43 6,20 5,78 6,10 6,25 6,35 6,49 6,59 6,646,656.65 
BS 5,22 5,18 5,20 5,23 5,30 5,23 5,36 5,10 5,14 5,15 4,54 4,36 3,88 3,40 2,60 2,25 1,93 1,211,02 



Table 18. (continued). 

------------------------------------------ -------~--------------------------------------------------------
Distance Alons Ellbankaent (ft,l 

Run Tiae ----------------------------------------------------------------------· 
bber (hrs) 0 2 4 & 8 10 12 14 1& 18 20 22 24 26 28 JO 32 34 35 
------------------------------------------------------------------------------------------------------

13 0,00 WS 9,04 8,93 8,83 8,66 8,50 8,18 8,14 7,99 7,81 7,70 7,35 6,90 6,71 7,01 7,10 7,18 7,22 7,28 7,28 
BS S,85 5,98 6,04 6,02 6,01 6,00 6,01 5,96 5,90 5,91 5,62 5,22 4,67 4,03 3,47 2,78 2,33 1,87 1,46 

13 1,00 115 9,02 8,91 8,81 8,64 8,48 8,15 8,14 7,97 7,79 7,&3 7,Jl 6,75 6,51 6,88 7,08 7,16 7,21 7,29 7,26 
BS S,44 5,86 5,91 5,91 5,98 5,95 5,95 5,915,875,86 5,614,864,43 3,77 3,20 2,57 1,99 1,48 1,41 

13 4,50 WS 8,98 8,81 8,73 8,64 B,52 8,39 8,31 8,07 7,79 7,47 6,76 6,31 6,80 6,93 7,05 7,17 7,31 7,41 7,31 
BS 5,39 5,65 5,62 5,71 5,7J 5,69 5,89 5,88 5,76 5,56 4,85 4,54 4,02 J,66 J,112,411,90 1,34 1,23 

lJ 10,50 WS 8,77 8,60 8,43 8,31 8,13 7,91 7,82 7,67 7,32 6,87 6,32 6,17 6,71 &,91 7,0l 7,18 7,26 7,28 7,31 
BS 5,31 S,60 5,61 5,69 5,70 5,68 5,63 5,57 5,515,174,68 4,33 3,96 3,51 3,012,321,76 1,15 1,00 

13 20,00 WS 8,76 8.58 8.41 B,27 8,10 7,87 7,77 7,60 7,256,816.24 6,09 6,58 6,81 6,94 7,11 7,24 7,27 7,30 
,__. BS 5,215.56 5,57 5,65 5,67 5,58 5,37 5,27 5,214.45 4,40 4,09 3,88 3,27 2,85 2,20 1,52 0,95 0,80 
a, 
<D 14 0,00 ws 6,60 6,59 6,58 6,53 6,50 6,49 6,48 6,39 6,34 6,26 6,30 6,28 6,25 6,24 6,26 6,28 6,27 6,26 6,27 

BS S,91 S,98 6,16 6,20 6,19 6,17 6,18 6,14 6,11 5+94 5,56 5,15 4+44 3,86 3,21 2,53 2,19 1,59 1,41 

14 1,00 ws 6,596.59 6,59 6,53 6,50 6,49 6,48 6,39 6,34 6,24 6,30 6,28 6,24 6,24 6,26 6,27 6,27 6,25 6,28 
BS 5,91 6,02 6,16 6,19 6,19 6,17 6,17 6,13 6,11 5,37 5,32 5,04 4,41 3,79 3,18 2,49 2,08 1,54 1,48 

14 5,00 ws 6,59 6,59 6,55 6,53 6,50 6,49 6,46 6,35 6,35 6,39 6,27 6,28 6,29 6,26 6,27 6,28 6,25 6,26 6,23 
BS 5,89 5,99 6,15 6,20 6,19 6,18 6,186,136.11 5,32 5,22 4,98 4,36 3,81 3+25 2,57 2,111,511,45 

14 9,00 ws 6,59 6,59 6,56 6,55 6,51 6,50 &,49 6,396,366.19 6,18 6,216,156.19 6.25 6,296,266.25 6,24 
BS 5,90 6,00 6,15 6,19 6+19 6,18 6,18 6,14 6,11 5,21 5,13 4,81 4,42 3,85 3,21 2,53 2,07 1,56 1,40 

14 20,00 us 6,60 6,60 6,56 6,55 6,51 &,54 6,47 6,38 6,33 6,29 6,276,286.27 6,26 6,27 6,28 6,26 6,25 6,23 
BS 5,BB 5,97 6,15 6,19 6,19 6,18 6,18 6,13 6,115,024,97 4,51 4,36 3,81 3,14 2,451,981,51 1,38 



Table 18. Water surface (WS) and bed surface (BS) elevations. (contirn.1ed) 

------------------ -----------------------------------------------------------------Distance Alons Eabanbent (ft,) 
Run Tiae ------------------------------------- ---------------

lluaber {hrs) 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 JO 32 34 35 
-------------------------------- ---------------------------------------------------------------

1S 0,00 IIS 7,13 7,127,077.01 6,94 6,91 6,87 6+7S 6,67 6,65 6,30 6,40 6,41 6,45 6,48 6,66 o,45 6,43 6,42 
BS 5,96 6,05 6,14 6,19 6,19 6,166,176.14 6,12 5,98 5,615.07 4,45 3,81 3,19 2,54 2,08 1,511,01 

15 1,00 us 7,12 7,12 7,07 7,09 6,94 6,94 6,87 6,75 6,67 6,23 6,27 6,48 6,416,456,48 6,45 6,44 6,43 6,41 
BS 5,92 6,03 6,19 6,21 6,21 6,18 6,17 6,13 6,11 5,51 5,23 4,81 4,39 3,80 3,21 2,43 2,05 1,29 1,03 

15 4,00 WS 7,12 7,09 7,03 6,97 6,92 6,90 6,89 6,76 6,68 6,30 6,33 6,JS 6,47 6,45 6,45 6,45 6,46 6,46 6,44 
BS 5,89 6,03 6,15 6,19 6,19 6,19 6,18 6,14 6,12 5,45 4,59 4,25 3,99 4,19 3,15 2,54 1,53 1,53 1,08 

15 9,00 lfS 7,22 7,17 7,11 7,Dl 6,99 6,95 6,99 6,85 6,76 6,316,396,39 6,40 6,38 6,44 6,50 6,49 6,48 6,47 
BS 5,915,986,136,196.19 6.18 6,18 6,15 6,12 5,30 4,51 4,20 3,85 3,63 l,11 2,99 2.611,491,05 

15 20,00 IIS 7,207,167.08 7.0l 6,97 6.97 6.96 6+88 6,71 6+316.326.33 6,15 6,47 6,46 6+44 6,466,466.47 .... BS 5,88 5,95 6,13 6,19 6,19 6,17 6,17 6,14 6,115,134,31 4,18 3,81 3,35 3,05 2,75 2,60 t.45 1,02 
'-I 
a 

16 0,00 US 7,96 7,91 7,76 7,61 7,51 7,48 7,45 7,ll 7,19 6,89 6,40 6,016,696,80 6,53 6,62 6,81 6,70 6,73 
BS 5,92 6,0J 6,16 6,20 6,19 6,18 6,17 6+14 6,115,935,52 5,07 4,49 3,87 3,16 2,612,131,60 1,47 

16 1.00 ws 7,95 7,907,767.61 7,51 7,48.7,45 7,33 7+19 6,65 5,94 5,86 6,69 7,10 6,53 6,52 6,85 6,69 6,71 
BS 5,715.87 6,16 6,20 6,19 6,18 6,17 6,14 6,10 5,415,044,814,444,03 3,23 2,63 2,211,681,45 

16 4,00 ws 7,93 7,89 7,75 7,60 7,47 7,49 7,43 7,317,186,55 5,85 5,65 6,24 6,36 6,49 6,53 6,54 6,63 6,64 
BS 5,63 5,78 6,15 6,20 6,19 6,16 6,17 6,14 6,115,365,04 4,7S 4,363.81 3,16 2,49 2,07 1,65 1,47 

16 10.00 WS 7,96 7,93 7,75 7,65 7.51 7,49 7,45 7,Jl 7,18 6,47 6,05 6,07 6,28 6,31 6,47 6,49 6,51 6,53 6,52 
BS 5,58 5,77 6,15 6,19 6,19 6,16 6,16 6,12 6,10 5+17 4,514,043.68 3,58 3,05 2,411,84 1,31 O,B7 

16 20,00 IIS 7,96 7,91 7,76 7,61 7,49 7,49 7,45 7,317,156,55 5,78 6,04 6,05 6,23 6,36 6,37 6,51 6,53 6,53 
BS 5,57 5,73 6,15 6,19 6,19 6,15 6,16 6,13 6,10 5,10 4,03 3,95 3,67 3,30 2,98 2,29 1,78 1,15 0,81 



Table 18. (continued). 

--. ----------------------------------------------- -------- -------------------------------Distiflee Aloll!I Elbankaent <ft.) 
Run Tiae -----------------------------------------------------------------------------------

Hl.lllber ( hn) 0 2 4 6 8 ~ U H U ~ ~ n ~ U ~ ~ ~ M ~ 

17 o.oo ws 9.60 9,46 9,219,04 B,90 8,688.47 a.36 s.20 1.947,551.051.111.201.10 1.111,507,651.11 
BS 5,98 6,07 6,15 6.~ 6.19 6,17 6,17 6,15 6,10 5,94 5,514,954,32 3,77 3,18 2,48 t.88 1,22 0,99 

17 1,00 VS 9,57 9,43 9,24 B,99 8,82 8,59 8,36 8,28 8,13 7,6! 7,05 6,48 6,87 6,91 7,76 7,77 7,30 7,36 7,69 
BS 5,415,486,196,236.23 6,19 6,196,156.115.554.813.903,82 3.51 2,922,111.71 0,97 0,78 

17 4,00 US 8,66 8,55 B,26 8,09 8,01 7,97 7,76 7,59 7,60 7,15 6,96 7,35 7,30 7,61 7,64 7,86 7,88 8,01 8,01 
BS 5,43 5,47 5,51 5,47 5,50 5,46 5,45 5,39 5,42 4,93 3,963,653.50 3,28 2,87 2,18 1,61 1,00 0,73 

17 10,00 WS B,68 8,47 8,30 8,01 7,93 7,84 7,63 7,51 7,43 6,94 6,17 6,31 6,81 6,67 6,97 7,177,177.41 7,40 
BS 5,34 5,47 5,435,495.49 5,49 5,46 5.36 5.38 5,013.95 3,633.36 3,25 2,812,171,62 0,89 0,70 

17 20,00 WS 8,618.51B,328,03 B,00 7,85 7,71 7,60 7,34 6,90 6,21 6,1.9 6,71 6,82 6,97 7,16 7,217.31 7,35 
....... BS 5,20 5,43 5,41 5,32 5,34 5,34 5,43 5,28 5,32 3,98 1,05 0,93 0,92 0,53 0,52 0,71 0,82 0,51 0,20 
-.s 
....... 18 0,00 VS 7,08 7,07 7,06 7,05 7,05 6,90 6,81 6,79 6,75 6,52 6,19 5,69 4,96 4,57 4,01 3,51 3,00 2,63 2,40 

BS 6,01 6,01 6,01 6,01 6,01 6,19 6,15 6,16 6,18 6,17 5,81 5,37 4,64 4,08 3,61 J,11 2,65 2,14 2,01 

18 2,00 WS 7,06 7,06 7,06 7,06 7,06 6,89 6,81 6,79 6,75 6,516,195,69 4,95 4,42 3,B9 3,49 3,01 2,59 2,38 
BS 5,99 5,99 5,99 5,99 5,99 6,21 6,16 6,09 6,17 6,09 5,59 5,27 4,47 3,93 3,41 2,99 2,711,99 1,93 

18 4,00 ws 7,03 7,03 7,03 7,03 7,03 6,89 6,816,726,716,526,19 5,63 4,93 4,43 3,95 3,41 3,05 2,49 2,37 
BS 5,935,935.93 5,93 5,93 6,19 6,15 6,13 6,11 5,97 5,75 5,29 4,41 3,91 3,55 3,01 2,612,111,97 

19 0,00 ws 7,97 7,95 7,64 7,55 7,50 7,116,696.51 5,70 5,14 4,43 3,87 3,40 2,82 2,43 2,11 2,10 2,10 2,10 
BS 6,10 6,31 6,30 6,31 6,22 6,17 5,94 5,42 4,81 4,25 3,64 3,08 2,512,021,64 0,00 0,00 0,00 0,00 

19 2.50 ws 7,94 7,93 7,59 7,51 7,48 7,10 6,66 5,814,854,403.40 3,09 3,01 2,11 2,11 2,11 2,11 2,11 2,11 
BS 5,41 6,05 6,30 6,32 6,24 6,12 5,98 4,42 J,95 J,56 2,66 2,14 1,65 0,00 0,00 0,00 0,00 0,00 0,00 



Tab1e 18. vlater surface (HS) and bed surface (BS) elevations. (continued) 

----------------------------------------------------------- ---------------------------
Distance Aloml tlbankaent 1ft,) 

Run Tiae 
Mulber (hrs) 0 2 4 6 8 W U " U H 20 22 ~ U ~ 30 ~ 34 35 

20 o.oo US 7,157,146.90 6,94 6,Bl 6,59 6,30 5,92 4,79 j•30 3,79 2,92 2,35 2,111,90 1,90 1,90 1,90 1,90 
BS 6,33 6,33 6,22 6,22 6,24 6,14 5,B6 5,52 4,38 ,74 2,88 2,311,85 1,64 1,510,000,00 0,00 0,00 

20 2,17 US 7,09 7,09 6,74 6,81 6,76 6,48 6,29 5,58 4,91 4,15 3,64 3,012,382,06 1,89 1,89 1,89 1,89 l,89 
BS 6,33 6,33 6,22 6,216,206,18 5,88 5,20 4,54 3,82 2,87 2,44 1,Q8 1,65 1,54 0,00 0,00 0,00 0,00 

21 0,00 WS 7,95 7,95 7,59 7,27 7,29 7,07 6,7B 6,09 5,31 4,60 3,76 3,09 2,71 2,44 2,34 2,34 2,34 2,34 2,34 
BS 6,33 6,33 6,28 6,22 6,23 6,14 5,90 5,35 4,59 J,76 2,96 2,45 1,90 1,65 1,53 0,00 0,00 0,00 0,00 

21 2,00 ws 7,95 7,95 7,56 7,25 7,27 7,11 6,71 6,13 5,314,533,75 3,12 2,80 2,37 2,27 2,27 2,27 2,27 2,27 
BS 6,35 6,35 6,27 6,22 6,21 6,16 5,85 5,34 4,69 3,80 2,8' 2,53 l,87 1,62 1,54 0,00 0,00 0,00 0,00 

22 0,00 WS 9,55 9,55 9,55 8,80 8,34 8,11 7,81 7,15 6,29 5,534,564.01 3,31 3,03 2,90 2,902,902.90 2.,0 ,_. BS 6,31 6,21 6,21 6,19 6,23 6,13 5,92 5,23 4,57 3,79 2,87 2,57 1,83 1,65 1,69 0,00 0,00 0,00 0,00 
-...i 
N 

22 2,00 WS 9,38 9,38 9,24 B,61 8,44 8,01 7,73 7,12 6,31 5,57 4,513,953,27 2,96 2,84 2,84 2,84 2,84 2,B4 
BS 6,26 6,26 6,25 6,22 6,23 6,14 5,93 5,17 4,63 3,89 2,87 2,50 1,85 1,65 1,65 0,00 0,00 0,00 0,00 

22 6,00 WS 9,43 9,43 9,22 8,76 8,38 8,13 7,81 7,10 6,43 S,61 4,57 3,92 3,30 3,00 2,93 2,93 2,93 2,93 2,93 
BS 6,22 6,22 6,25 6,20 6,20 6,13 5,95 5,18 4,70 3,87 2,912,501,87 1,64 1,52 0,00 0,00 0,00 0,00 

23 0,00 WS 7,07 7,06 6,95 6,91 6,89 6,81 6,57 5,67 4,65 3,80 2,70 2,01 1,35 0,91 0,91 0,91 0,91 0,91 0.,1 
BS 6,17 6,17 6,22 6,22 6,23 &,21 6,18 5,35 4,38 3,54 2,42 1,73 1,13 0,85 0,00 0,00 0,00 0,00 0,00 

23 2,00 US 7,05 7,05 6,95 6,91 6,91 6,81 6,57 S,67 4,63 3,75 2,69 1,95 1,32 0,91 0,91 0,91 0191 0,91 0,91 
BS 6,14 6,14 6,21 6,23 6,25 6,22 6,17 S,'35 4,36 3,48 2,411,68 1,10 0,69 0,00 0,00 0,00 0,00 0,00 

24 0,00 WS 7,83 7,82 7,63 7,S6 7,S5 7,39 7,116,155,06 4,13 3,012,291,58 1,17 1,17 1,17 1,17 1,17 1,17 
BS 6,18 6,18 6,21 6,23 6,25 6,22 6,18 5,344,363.49 2,411,68 1,07 0,71 0,00 0,00 0,00 0,00 0,00 

24 2,00 WS 7,B2 7,82 7,63 7,56 7,53 7,39 7,116,155.06 4,09 2,97 2,29 1,58 1,17 1,171,171.17 1,17 1,17 
BS 6,18 6,18 6,21 6,23 6,23 6,22 6,18 S.32 4,17 l,412,341,75 1,07 0,710,000,00 0,00 0,00 0,00 



Table 18. (continued). 

Di~tilllCe Alons Eabankaent (ft.) 
Run Hae -----------------------------------------------------------------------------------

tluliber (hrsl 0 2 4 6 8 10 12 H 16 18 20 22 24 26 28 30 32 34 35 
----------------------------------------------------- -------------- -----------------------

25 o.oo ws 9,359,349.09 8,84 8,518,187,941.21 6.16 4,93 3,83 3,06 2,39 1,92 1,92 1,92 1,92 1,92 1,92 
BS 6.16 6,16 6,21 6,22 6,24 6,22 6,18 5,35 4,36 J,48 2,37 1,64 1,08 0,710,000,00 0,00 0,00 0,00 

25 2,00 us 9,34 9,34 9,09 8,84 8,51 8,18 7,94 7,11 6,16 4,83 3,63 3,05 2,29 1,92 1,92 1,92 1,92 1,92 1,92 
BS 6,13 6,13 6,21 6,23 6,24 6,22 6,17 5,21 4,35 3,27 2,17 1,63 0,95 0,69 0,00 0,00 0,00 0,00 0,00 

26 0,00 IIS 6,58 6,56 6,51 6,47 6,42 6,34 6,22 6,14 6,02 5,70 5,56 5,62 4,17 3,60 3,07 2,62 2,03 1,56 1,41 
BS 5,93 6,04 6,01 6,04 6,06 6,09 6,01 5,95 5,83 5,69 5,17 4,67 4,00 3,41 2,68 2,27 1,68 1,26 0,91 

26 1,00 ws 6,59 6,55 6,51 6,47 6,42 6,32 6,22 6,14 5,97 5,44 5,46 5,63 4,14 3,55 3,04 2,39 1,85 1,55 1,41 
BS 5,93 6,03 6,01 6,04 6,07 6,05 6,01 5,94 5,79 5,31 5,05 4,89 3,97 3,35 2,65 1,98 1,45 1,14 0,91 

...... 26 l,50 ws 6,43 6,40 6,376,336.31 6.23 6,13 6,08 5,35 5,32 5,39 4,83 4,07 3,52 2,84 2,16 1,90 1,93 1,19 
-..J BS 5,89 6,01 6,01 6,07 6.DS 6,D5 6,00 5,94 5,20 5,18 5,164,643.95 3,34 2,511,llll 1,73 1,10 0,90 
w 

26 10,00 ws 6,406.36 6,39 6,31 6,32 6,25 6,15 6,11 5,34 5,37 5,35 4,83 4,11 3,49 2,54 2,37 1,86 1,41 1,13 
BS 5,B7 6,00 6,01 6,09 6,08 6,05 6,015,955,05 5,17 5,15 4,59 3,85 3,17 2,16 1,80 1,44 1,01 0,80 

27 0,00 IIS 7,BQ 7,71 7,67 7,57 7,42 7,35 7,14 6,97 6,61 6,13 5,87 5,41 4,75 4,11 3,52 3,01 2,31 2,01 1,98 
BS 5,81 6,03 6,01 6,07 6,08 6,05 6,01 S,94 5,80 5,47 5,13 4,53 l,95 3,33 2,37 1,90 1,701,060.88 

27 1,25 IIS 7,81 7,71 7,67 7,55 7,42 7,35 7,14 6,96 6159 6,03 5,77 5,31 4,67 4,05 3,48 2,512,031,85 1,31 
BS 5,86 6,03 6,01 6,05 6,08 6,05 6,015,955,215,165,014,483,84 J.25 2,311,39 1,35 0,05 0,09 

27 3,50 IIS 7,81 7,71 7,67 7,55 7,42 6,96 6,86 6,56 6,62 6,24 5,60 5,15 4,22 3,40 1,58 1,35 1,30 1,07 1,07 
BS 5,86 6,03 6,01 6,05 6,00 6,05 6,015,955,10 5,054,994.45 3,80 3,15 1,23 0,53 0,41 0,27 0,00 

27 10.00 us 7,82 7,70 7,66 7,54 7,43 6,95 6,88 6,15 5,74 5,65 5,40 4,89 4,0B 2,15 l.511,06 1,06 t.06 1,06 
BS 5,85 6,03 6,01 6,05 6,08 6,05 6,01 5,26 4,87 4,75 4,70 4,35 3,66 2,35 0,71 0,15 0,00 0,00 0,00 



...... 
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Table 18. Water surface (WS) and bed surface (BS) elevations. (continued) 

Run Tiae 
N111ber (hrs) 

----------------------------------------------------------
Distance Aloos Eabankaent (ft.) 

0 2 4 6 8 ~ U ~ U U ~ ~ ~ U ~ ~ ~ ~ 35 

~ o.oo WS 9,56 9,549,539.52 9.50 9,49 9,25 8,BQ 8,43 7,83 6,69 6,20 5,59 4,81 3,93 3,212,115 2,56 2,16 
BS S,35 S,67 5,95 5,93 5,94 5,93 5,92 5,93 5,85 5,63 4,81 4,49 3,83 3,15 2,311,79 1,49 1,03 0,67 

28 1,00 ws 9,54 9,54 9,53 9,539,509.49 9,258.73 7,04 6,93 6,19 5,87 5,39 4,713,933,11 2,71 2,34 2,06 
BS 5,35 5,67 5,95 5,93 5,94 S,93 5,92 5,93 4,84 4,73 4,43 4,15 3,59 3,05 2,29 1,98 1,160,670.43 

~ 4,00 ws 8,63 8,61 8,62 8,63 8,45 8,37 8,12 7,556,966.74 6,23 5,64 5,51 4,67 3,29 2,37 1,73 1,711,71 
BS 4,92 4,90 4,91 4,90 4,91 4,81 4,79 4,n 4,61 4,57 4,26 3,83 3,58 2,78 1,64 0,61 0,00 0,00 0,00 

28 10.00 us 8,618,608,57 8,55 8,38 8,298,057.45 6,866.59 6,08 5,33 5,25 4,54 2,58 1,73 1,73 1,73 1,73 
BS 4,88 4,85 4,BO 4,834,804.71 4.69 4.58 4150 4,37 4,06 3,43 3,20 2,61 0,81 0,00 0,00 0,00 0,00 

29 0,00 US 6,616,606,52 6,35 6,25 6,24 6.20 6,09 5,86 5,86 S,80 5,39 5,32 5,01 5,12 S,40 S,39 5,70 S,68 
BS 5,93 5,93 S,93 5,93 5,93 5,93 5,85 5,82 5,59 5,41 S,07 4,17 3,51 2,53 2,09 1,63 1,23 0,95 0,90 

29 1,00 WS 6,61 6,61 6,50 6,34 6,25 6,24 6,19 6,10 5,85 5,86 S,74 S,29 S,32 S,01 5,16 S,41 S,37 S,68 S,66 
BS 5,93 S,93 S,93 5,93 5,93 5,93 5,86 5,82 5,61 4,99 4,75 4,08 3,50 2,57 2,111,621,190.97 0,88 

29 4,00 US 6,61 6,55 6,34 6,25 6,22 6,23 6,12 6,02 5,91 6,01 5,92 5,41 S,53 S,11S,275,31 5,49 5,80 5,84 
BS 5,93 5,93 5,93 5,93 5,93 5,93 5,84 5,62 5,64 4,94 4,71 4,00 3,46 2,54 2,07 1,64 1,16 0,94 0,88 

29 10.00 IIS 6,61 6,56 6,33 6,246,236.216,085,95 5,88 5,90 5,84 5,37 5,49 5,13 S,22 S,32 5,49 5,70 5,66 
BS S,93 5,93 5,92 5,92 5,915,905,80 5,77 5,614,824,61 3,95 3,41 2,48 2,03 1,63 1,15 0,92 0,85 

30 0,00 VS 7,95 7,94 7,60 7,35 7,27 7,23 7,05 6,96 6,66 6,63 5,87 S,18 5,37 5,59 5,38 5,52 5,84 5,90 6,11 
BS 5,935,935.93 S,93 5,93 5,93 5.BS 5,B2 5,59 5,41 5,07 4,17 3,51 2,53 2,09 1,63 1,23 0,95 0,90 

30 1,00 WS 7,95 7,95 7,55 7,34 7,27 7,22 7,10 7,016,666,62 S,91 5,18 5,33 5,59 5,37 5,49 5,81 5,91 6,10 
BS 5,93 5,93 5,93 5,93 5,93 5,93 5,84 5,81 5,59 5,40 5,01 4,15 3,48 2,54 2,111,591,20 0,91 0,88 

30 4,00 IIS 7,95 7,95 7,59 7,34 7,22 7,24 7,09 6,94 6,62 6,57 6,64 5,91 5,86 5,35 5,44 5,58 5,74 6,02 6,11 
BS 5,935,935.93 5,93 5,93 5,93 5,B2 5,80 5,57 5,39 5,04 4,10 3,47 2,53 1,97 1,59 1,18 0,88 0,87 

JO 10,00 WS 7,94 7,94 7,53 7,35 7,22 7,24 7,08 6,91 6,55 6,57 6,40 5,88 5,81 5,33 5,40 5,57 5,74 6,04 6,12 
BS 5,93 5,93 5,93 5,93 5,93 5,93 5,77 5,76 5,53 5,29 5,00 4,05 3,45 2,49 1,67 1,51 1,10 0,87 0,83 
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Table 18. (continued). ____________________________________________________________ , 
Distance Aloo!I Elbanlr.aent lft.l 

Ruri Tiae ·------------------------------·------------------------Hutber (hrs) 0 2 4 & 8 ~ n M u ~ 20 n ~ u ~ ~ n J4 ~ 

·------------- ----------------------------------------------------------------------------

31 0,00 

31 1,00 

32 0,00 

33 0,00 

33 1,00 

33 2,00 

33 4,00 

34 0,00 

34 1,00 

34 2,00 

35 0,00 

35 1,00 

ws 
BS 

ws 
BS 

IJS 
BS 

ws 
BS 

ws 
BS 

!,IS 
BS 

ws 
BS 

ws 
BS 
ws 
BS 

ws 
BS 

ws 
BS 

ws 
BS 

6,65 6,65 6,58 &,SS &,53 6,50 6,486,436.39 6,34 5,85 5,46 4,75 4,20 3,45 2,&2 1,96 1,30 1,20 
5.49 5,83 6,0B 6.04 6,00 6,12 6,13 6,16 6,10 6,08 5,73 5,214,663,82 3,16 2,26 1,66 1,12 0,'12 

6,63 6,59 6,56 6,57 6,516,486,48 6,42 6,37 6,32 5,44 5,26 4,47 4,05 2,64 2,611,77 1,111,11 
5,43 5,79 5,99 6,01 6,016,086,08 6,11 6,13 6,05 5,24 4,93 4,38 3,67 2,312,211,44 O,B9 0,7B 

7,85 7,73 7,67 7,58 7,44 7,65 7,50 7,48 7,43 7,39 6,53 5,99 5,65 4,49 3,67 2,98 2,25 1,60 1,31 
5,36 5,83 6,03 6,08 6,03 6,05 6,03 6,08 6,03 5,B15,364,99 4,45 3,85 3,07 2,34 1,65 0,98 0,72 

6,68 6,60 6,58 6,57 6,57 6,56 6,54 6,43 6,35 6,28 5,70 5,42 5,25 4,48 3,612,821,95 1,42 1,34 
5,46 5,85 6,09 6,05 6,08 6,10 6,07 6,14 6,07 5,95 5,45 5,23 4,79 4,05 3,26 2,391,471.12 0,89 

6,67 6,59 6,58 6,57 6,57 6,57 6,53 6,41 6,34 6,23 5,60 5,N 4,90 4,10 3,47 2,64 1,991,281,26 
5,33 5,81 6,07 6,01 6,05 6,08 6,09 6,11 6,05 5,89 5,33 5,00 4,413,653,10 2,211,5& 0,95 0,81 

6,60 6,61 6,69 6,55 6,57 6,53 6,516,376,34 6,21 5,71 5,21 5,01 3,813,532,46 1,65 1,19 1,01 
5,43 5,81 6,07 6,01 6,03 6,06 6,07 6,10 6,07 5,88 5,24 4.84 4,43 3,60 3,13 2,15 1,36 0,98 0,76 

6,62 6,61 6,57 6,61 6,51 6,49 6,516,376,JS 6,19 5,63 5,114,82 3,813,392,45 1,99 1,111,10 
5,45 5,81 6,02 6,01 6,03 6,09 6,09 6,16 6,07 5,86 5,17 4,83 4,45 3,58 3,12 2,111,51 0,93 0,71 

7,06 7,05 6,97 6,96 6,88 6,86 6,82 6,75 6,62 6,44 5,94 5,52 4,86 4,20 3,59 2,612,171,43 1,27 
5,37 5,816,036,01 6,07 6,08 6,03 6,116,045,86 5,415,164.49 3,813,252.26 1,59 1,00 0,75 

7,06 7,05 6,96 6,96 6,90 6,84 6,82 6,72 6,61 6,42 5,915,434,87 4,18 3,59 2,58 2,14 1,40 1,27 
5,37 5,81 6,01 6,01 6,01 6,05 6,07 6,07 6,02 5,84 5,34 5,04 4,58 3,79 3,10 2,211,53 0,96 0,74 

7,07 7,06 6,93 6,94 6,90 6,84 6.88 6,71 6,60 6,39 5,98 5,45 4,83 4,17 3,65 2,69 1,90 1,47 1,70 
5,34 5,BO 6,05 6,00 6,02 6,03 6,02 6,08 6,03 5,8J 5,35 5,03 4,48 3,813,202,27 1,51 0,98 0,73 

9,79 9,70 9,48 9,23 9,11 B,92 8,77 8,44 8,20 7,91 7,70 6,96 6,25 5,70 4,98 4,18 3,36 2,62 2,23 
5,39 5,84 6,02 5,98 6,04 6,06 6,03 6,06 5,92 5,80 5,54 5,05 4,54 3,97 J,76 2,46 1,79 1,05 0,80 

9,75 9,64 9,48 9,21 9,04 8,8'1 8,73 B,41 8,18 7,92 7,40 6,95 6,21 5,71 4,79 3,88 3,30 2,46 2,18 
5,34 5,76 6,01 5,95 5,92 6,01 5,97 6,02 5,90 5,81 5,19 5,02 4,48 4,01 J,07 2,12 1,72 0,88 0,74 



Table 19. Velocity measurements. 

Disunce AlOR!I Eabant,.aent. <rt,) 
------------------------------------------ ----- ---------10.0 21,2 24,0 27,0 29,0 33,0 

------------- -------------- -------------- ------------- -------------- --------------
Run Tiae Va Vr Va Vr Va Vr Va Vr Va Vr Va Ur 

No Chrs) lft/s) (ft/s) (f\/s) (ft/s) lft./s) Cft/s) (ft/s) (ft.ls) (ft.ls) (ft/s) (fl/sl lft.lsJ -- ---- ------ ------ ------ ------ ----- ----- ------ ------ --- ---- ----- ---· 
1 o.o 2,l 2,l 2,2 1,3 0,7 0,4 D,4 0,1 0,3 0.1 0,2 0,1 
1 10.0 2.0 2,2 1,7 1,0 D,7 0,3 0,4 0,1 0,3 0,1 0,2 0.1 
2 o.o 3,0 2,9 6,3 5,1 7,7 6,1 9,4 6,6 9,0 6,6 7,4 5,5 
2 10,0 2,9 2,5 5,7 4,5 5,7 4,3 6,2 4,9 6,2 4,8 8,3 5,8 
3 o.o 4,1 3,8 2,1 1,1 1,2 -0,5 0,9 -0,l 0,8 -0.2 0,6 -0,3 
3 10,0 4,0 3,9 2,0 1,1 1,2 -0,4 0,9 -0,2 o.a -0,2 0,6 -0,3 
4 o.o S,4 4,9 4,8 1,4 3,1 -0.6 2,4 -0,6 2,0 -0,5 1,6 -0,6 
4 10,0 5,3 4,7 4,3 1,3 2,9 -0,S 2,3 -0,5 1,9 -0,5 1,5 -0,6 
s o.o 7,2 5,8 7,5 5,5 5,6 4,6 l,B 4,3 2,6 4,3 1,9 -4 ,4 ..... 5 '1,7 8,0 6,1 7,7 5,6 5,0 4,5 3,2 4,2 2,5 4,2 1,8 3,7 ..., 
6 0,0 5,6 4,9 8,8 5,3 10,0 6,1 11,9 7,5 12,7 8,2 15,4 10,3 a, 
6 9,5 5,7 5,2 9,1 5,4 10,9 6,9 13,2 8,3 12,8 8,3 9,4 7,5 
7 0,0 11,3 10,5 7,0 3,6 5,5 1,2 4,3 -1.2 3,9 -1,l 3,2 -1,S 
7 10,0 10,5 10,1 7,2 l,7 6,2 1,3 4,8 -l,2 4,1 -1,l 3,5 -1,5 
8 0,0 9,0 7,7 11,8 6,8 7,8 7,2 5,2 5,5 4,5 6,0 3,7 5,5 
8 10,0 9,3 7,8 7,8 7,7 6,6 5,1 5,4 4,7 4,5 5,0 3,9 5,2 
9 0,0 8,2 7,8 12,2 6,7 14,8 8,5 15,8 9,5 15,9 9,5 16,7 '1,7 
9 10,0 9,4 8,0 10,8 8,9 8,9 6,9 U.5 6,9 15,0 8,3 15,0 8,5 

10 0,0 2,4 2,3 1,3 1,5 0,6 0.4 0,4 0,3 0,3 0,2 0.2 0,2 
10 10,5 1,1 1.0 0,8 0,7 0,5 0,3 0,4 0,3 0,3 0,2 0,2 0,2 
11 o.o 3,4 J,3 1,9 1,3 1,3 0,7 1,0 -t,4 0,9 -0,6 0,7 -0,5 
11 10,0 4,1 3,9 1,7 1,5 1,4 0,7 1.0 -0,4 0,9 -0,6 0,7 -0,4 
12 0,0 7,0 6,7 10,1 7,9 5,3 4,8 3,9 4,7 2,9 4,8 2,2 5,0 
12 9,0 6,8 6,6 7,1 5,0 4,3 4,7 3,1 4.t, 2,6 4,8 2,0 4,9 
13 o.o 10,7 10,0 13,7 7,1 11,4 7,9 7,1 6,7 5,8 6,9 4,5 7,2 
13 10,5 10,5 10,7 13,4 6,9 8,5 6,4 6,3 6,7 5,3 6,8 4,0 6,9 

Va = averaged ve1ocity, Vr = local velocity at about 0.5" above the bed surface. 

See-,fi gure 26 for the measurement 1 oca t ions. 
Detailed velocity information is available upon formal request. 



Table 19. (continued). 

Distance lllons Elbankaent (ft.) 

----------------------------------------------------------------------------------------------10.0 21.2 24,0 27,0 29,0 33,0 
-------------- -------------- -------------- -------------- -------------- --------------Run Tiae Va !Jr Va IJr Ua 1/r Va Vr Va Vr Va IJr No (hrs) (ft.ls) (tt/s) tft./s) (ft.ls) {ft.ls) (ft/s) (ft/s) <ft.ls) tfi/s) (ft/s) <ft.Isl (ft.Isl --- ---- ------ ------ ------ ------ ------ ------ ------ ------ ------ ----- ------ -----· 

14 0,0 l,4 3,0 1,2 0,7 0,6 0,3 0.4 O,l 0,3 0,1 0.2 0,1 14 9,0 3,4 3,0 0,9 0,1 0,6 0,3 0,4 0,3 0,3 0,1 0,2 D,1 15 0,0 4,0 3.5 3,0 1,7 1,5 1,0 1,0 --0,3 0,8 --0,5 0,6 -D,5 15 9,0 3,9 3,5 1,5 0,9 1,2 O,l 1,0 -0.2 0,9 -0,4 0,7 -0,4 16 0,0 7,7 7,0 11,0 6,0 4,5 4,5 3,2 4,7 2,7 4,8 2,0 5,0 lt. 10,0 7,5 5,8 5,6 ' 3,8 4,6 3,2 4,7 2.7 4.9 2,0 4,9 17 0,0 9,3 7,5 11,3 8,5 8,2 6,5 5,9 5,2 4,8 4,8 3,9 4,4 17 10,0 9,9 7,8 9,5 ' 6,8 5,2 t.,2 5,0 5,1 5,2 3,9 •t.2 18 0,0 4,2 3,4 8,6 6,0 9,4 6,0 6,7 5,2 7,5 4,8 7,1 4,4 ~ 18 2,0 4,4 3,8 5,9 5,0 6,3 4,8 6,2 5.6 6,1 2,4 6,7 4,2 .._, 19 o.o 10.2 9,B 12,7 10,2 11.2 8,2 12,6 7,9 12,7 8.2 • ' 
.._, 

19 2,5 10,2 9,5 11,B 6,7 7,4 3,5 ' t. • ' • ' 20 o.o 8,5 7,9 3,9 3,5 6,0 3,5 7,0 4,3 7,7 4,0 ' • 20 2,2 10,0 8,5 4,5 4,0 6,0 3,2 7,3 4,4 B,6 4,3 t ' 21 o.o 10,8 9,8 13,9 8,2 12,3 7,5 12,5 7,3 12,3 7,4 • t 21 2,0 10,5 10,0 13,8 8,4 10,8 7,3 13,5 7,3 13,7 7,4 • ' 22 0,0 11,8 10,7 14,9 8,5 15,8 8,3 18,0 8,1 19,l 9,6 ' * 22 2,0 12,4 11,0 15,1 8,5 16,4 8,5 18,7 0.2 19,6 9,8 • ' 23 o.o 5,0 4,5 10,7 10,5 13,6 13,6 15,0 15,0 • • • ' 23 2,0 5,1 4,5 10,9 10,5 13,& 13,6 13,6 13,6 ' ' • ' 24 o.o 8,5 7,5 u .. s 15,2 19,& 18,0 21,7 19,5 • * • ' 24 2,0 8,5 7,5 17,1 15,l 19,6 18,0 21,7 19,5 ' ' ' ' 25 0,0 11,9 10,5 16,2 15,2 17,8 17,5 19,3 18,0 • ' • ' 25 2,0 11,9 10,5 1&,2 15,0 17,4 17,5 19,3 17,5 • • t • 26 0,0 4,0 3,8 1,5 2,0 5,9 5.9 l,◄ 1.5 2,7 1,5 3,1 1,6 26 3,5 5,6 4,5 4,8 3.5 8,3 8,3 3,9 1.7 3,3 1,6 3,3 1,6 27 0,0 7.4 6,8 12,l 10,0 12,5 8,3 10,4 7,0 8,8 6,0 12,8 7,0 28 0,0 6,6 5,1 13,0 8,9 13,3 8,0 14,2 8,0 15,4 8,0 16,1 B,2 28 4,0 6,6 5,1 12,J 7,B 12,1 7,8 13,2 8,1 13,7 8,2 • ' *Measurement location was off_ embankment or was in vortex region. 



Table 19. Velocity measurements. (continued) 

Distance lllon!J &bankaent (ft,) 
------------------------------------------------------------ --------------10,0 21,2 24,0 27,0 29,0 33,0 

-------------- -------------- ------------- -------------- -------------- -------------Run Tiae Va Ur Va Vr Ua Ur Va Ur Ua Ur Ua Vr 
No (hrs) (ftlsl (ft.Isl (ftlsl <ft.Isl (tt/s) tftlsl Cftlsl (ft.Isl tft/sl !ft.Isl tftlsl Cft/sl ---- ------ ----- ---- ------ ---- ------ --· 

29 o.o 3,2 3,0 1,0 1,3 1,2 0,6 0,4 0,1 0.3 0.1 0,2 0,0 
2f 4,0 3,3 3,0 0,8 0,8 o., 0,5 0,3 0,1 0,3 0,1 0,2 0,1 
30 o.o 1.1 5,9 11,0 8,2 5,4 5,6 3,1 4,6 2,8 4,7 2,1 5,0 
30 4,0 7,6 5,7 5,9 4,0 4.2 4,5 3,2 4,6 2,7 4,7 2,1 5,0 
31 0,0 2,6 2,0 5,1 5,0 11,1 11,0 3,0 3,0 3,1 3,0 4,2 2,0 
31 1.0 2,5 1,8 3,B 3,5 11,0 11,0 2,9 2,7 2,8 2,7 3,6 3,0 
32 0,0 6,3 5,5 9,2 10,0 8,3 10,0 15,B 8,0 15,8 7,0 16,0 7,0 
33 0,0 2,2 2,0 4,5 4,5 2,2 2,0 2,6 2,6 2,6 2,6 2,6 2,6 - 33 2,0 2,1 2,0 2,4 2,4 1,7 2,0 3,3 3,0 2,8 2,5 4,0 3,0 

...... 34 0,0 3,9 4,1 6,7 4,5 B,l 7,8 8,2 5,5 8,7 4,8 5,9 4,0 
co 34 2,0 3,7 3,6 5,7 4,2 8,6 7,7 7,4 4,5 6,9 4,3 6,8 4,1 

35 0,0 12,5 11,5 11,5 12,0 13,6 14,0 15,8 11,5 15,8 11,5 14,'I 12,0 
35 1,0 12,4 11,8 11,3 11,0 13,5 13,0 13,6 11,0 13,4 11,0 14,8 12,0 



APPENDIX C - USER'S MANUAL AND LIST OF COMPUTER PROGRAMS 

1. Introduction 
A computer model "EMBANK" has been developed to determine unit-width 

embankment damage due to flood overtopping. The input data required to apply 
the model are: 

Number of computational points and composition layers of the embankment 
studied. 

Digitized cross-sectional shapes of the embankment, 

Critical shear stresses and erosion equations. 

Manning's roughness coefficients. 

Thickness of composition layers. 

Headwater hydrograph. 

Tailwater hydrograph. 

Sec ti on 2 of this appendix describes the procedure for preparing input 
data, section 3 presents an example of an output file, and section 4 presents 
a listing of the computer program. 

2. Description of Input Data 
The example shown on tables 20 and 21 is utilized to demonstrate the pro

cedures for preparing the input data file. Tab 1 e 20 shows an example of an 
input data file. 

3. Description of Output Results 
Table 22 shows an example of output results. The variables on table 22 

are explained below: 

J = Computational time step. 

TIMEP = Time in hours after beginning of flood overtopping. 

HW = Headwater elevation in feet. 

TW = Tailwater elevation in feet. 

Q = QO. 
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YC = Critical depth at control piont. 

SC= Critical slope. 

IC= Location of control point. 

LAYER= Identification of surface layer. For example, if the pavement layer 
remains on the embankment surface points, LAYER= 1. But if the pave
ment layer is removed and the gravel layer is exposed, then LAYER be
comes 2, and so on. 

X = Horizontal distance of computational points in feet. 

Y = Flow depths in feet. 

Z = Embankment elevations in feet. 

H = Water surface elevation in feet. 

V = Velocity in ft/s. 

F = Froude number. 

SF= Friction slope. 

SO= Bed slope. 

QE = Erosion rate in ft3/s-ft. 

SH= Shear stress in lb/ft2, 

TL= Remaining thickness of surface layer in feet. 

DZTL = Cumulative embankment elevation change in feet. 

4. Listing of Computer Program 
The listing of the computer program is provided in table 23. 
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Table 20. Example input file. 

Card 
Number 

1 1 
2 EXAKPLE EHBANKHENT WITH PAVEMENT & C VEGETAL COVER, TYPE 1 SOIL 3 15 1 4 1 1 1 4 o. o.oo 5. 2, 50 10. 5.oo 15, 7,50 5 20. 10,00 25. 10.20 30. 10,40 35, 10,50 6 40. 10,40 45, 10,20 50, 10,00 55, 7,50 7 60, 5,00 65, 2,50 70, 0,00 8 5 11 
9 100.0 0,15 1.00 0,053 10 0,015 0.025 0,030 0,015 11 t.94 I-' 

co 12 l ,O 1,0 0,003240 1,300 0,000220 0,43 0,000220 0,43 ...... 13 6 10 
14 142, 0,25 700. 15 0,00 0,00 0,00 0,00 0,00 0,25 0,25 o. 2.5 16 0,25 0,25 o.oo 0,00 0,00 0,00 0,00 17 0,00 0,00 0,00 0,00 0,50 0,50 0,50 0,50 18 0,50 0,50 0,50 0,00 0,00 o.oo 0,00 19 0,00 0,50 0,50 0,50 0,00 0,00 0,00 0,00 20 0,00 0,00 0,00 0,50 o.so 0,50 0,00 21 8 
22 1,5 1,5 0,8 0,8 1,0 1,0 1.0 1,0 23 9,5 11.5 13,0 14,0 12,0 12,0 12.0 12,0 24 (). 0 5,0 10.0 12,5 10,5 10,5 10,S 10,5 25 o.o 5,B 15,9 24, 5 8,7 8,7 8.7 8,7 



Card 
Number 

1 

2 

3 

4 - 7 

8 

9 

Table 21. Input file description. 

Variable 

NCASE 

TITLE 

NX 

IPAV 

NLAYER 

IEOS 

IPRINT 

ITM 

[x(I),ZO(I) 
I =l, NX] 

[IP(I), I = 
1,2] 

[SHCI( I), I = 
1, NLAYER] 

Format 

IlD 

IlO 

IlO 

IlO 

IlO 

IlO 

no 

BFlO.O 

2Il0 

4F10.0 

Description 

Number of study cases. 

Title description. 

Number of digitized computational 
points. NX should be less than or 
equal to 50. 

= 1, paved embankment 
= 0, earth embankment 

Number of composition layers. In the 
example shown on figure u_ and table 
20, NLAYER = 4, indicating there are 4 
layers: pavement, gravel, grass, and 
soil. NLAYER should be less than or 
equal to 10. 

= 1, erodible embankment, 
= 0, rigid embankment. 

Output control to print out the calcu
lated results once every IPRINT step. 

= 0, overtopping flood hydrographs are 
single-step hydrographs with a constant 
headwater and tailwater. 
= 1, overtopping flood hydrographs are 
multiple-step hydrographs. 

Coordinates of computational points, 
X(I) = horizontal distance, Z(I) = ele
vation in feet. 

Upstream and downstream edges of 
embankment surface. 

Critical shear stresses for individual 
composition layers in lbs/ft2. 
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Table 21. (continued). 

Card 
Number 

10 

11 

12 

13 

14 

Variable 

[RNI( I), I = 
1, NLAYER] 

Format 

4Fl0 .0 

P FlO.O 

[SCI(!), BCI(I), 8Fl0.0 
I= 1, NLAYER] 

[LPAV(I l, 2110 
I= 1,2] 

PS Fl0.0 

TS 

SA 

FlO.O 

Fl0.0 

15 - 20 [TL (I, J), 
I = 1, NX 
J = 1, 
NLAYER -1] 

8Fl0.0 

21 !TIME 

22 

23 

[DT(J), J = 1, 
!TIME] 

[HW(J), J =l, 
!TIME] 

no 

8Fl0.0 

8Fl0 .0 

Description 

Manning's roughness coefficient for 
individual composition layers. 

Density of flow fluid. 

Coefficients of erosion equations for 
each composition layer: QS(J) = 
ACI(l) * (SH(J) - SHCI(I)) ** BCI(l) 
where QS(J) is the erosion rate in 
ft3/ft/s, and SH(J) is the flow shear 
stress in lb/ft2, at each computational 
point J. 

Upstream and downstream edges of paved 
section. This card should be deleted 
if !PAV= 0. 

Unit weight of pavement in lb/ft3, 

Thickness of pavement in feet. 

Allowable tension stress of pavement in 
lb/ft2. This card should be deleted 
if !PAV= 0. 

Thickness of individual composition 
layers from Layer 1 to Layer (NLAYER -
1). These cards should be deleted if 
NLAYER = 1. 

Number of time steps for overtopping 
flow hydrographs. 

Duration of each time step in hours 
(ITM = 1). ITM = 0 indicates a con
stant DT and only a single DT value 
has to be input. 

Headwater elevation of each step hydro
graph in feet ( !TM = 1). ITM = 0 
indicates a constant HW and only a 
single HW value has to be input. 
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Card 
Number 

24 

25 

Table 21. Input file description. (continued) 

Variable 

[TW(Jl, J = 1, 
!TIME] 

[QO(Jl, J = 1, 
!TIME] 

Format 

8Fl0.0 

8F10.0 

Description 

Tailwater elevation of each step hydro
graph in feet (!TM= 1). For free-fall 
condition, let TW = O. !TM= 0 indica
tes a constant TW and only a single TW 
value has to be input. 

Maximum overtopping flow discharge for 
each step hydrograph in ft3/s-ft. QO = 
C * (HW - ZMAX) ** 1.5, where C is the 
discharge coefficient, and ZMAX is the 
crest elevation of embankment. ITM = O 
indicates a constant QO and only a 
single QO value has to be input. 
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..... 

Table 22. Example output file. 

EXAHPLE EHBAHKHENT WITH PAVEHEHT l C UEGETAL COVER, TYPE 1 SOIL 

J,TlHEP,HW,TW,Q,YC,SC,IC 2 O.JOOOEt-01 O,ll50Et02 0,5000Et01 O,l032Et01 0,6595Et00 0,1051E-Ol 9 
I LAYER X Y Z H U F S SO ~ ~ TL DZTL 

1 4 O,OOOEtOO 0,115Et02 O,OOOEtOO 0,115Et02 0,264Et00 0,137£-01 0.276E-06-0,500Et00 O,OOOEtOO 0,197£-03 O,OOOEtOO O,OOOEtOO 
2 3 0,500Et01 0,900Et01 0,250Et0l 0,115Et02 0,337Et00 0,198E-01 0,250E-05-0,500EtOO O,OOOEtOO 0,826E-03 0,500Et00 O,OOOEtOO 
3 3 0,100Et02 0,650Et01 0,500Et01 0,115Et02 0,466Et00 0,322£-01 0,738E-05-0,500Et00 O,OOOEtOO 0,158E-02 0,500EtOO O,OOOEtOO 
4 3 0,150Et02 0,400Et01 0,750Et0l 0,115Et02 0,758Et00 0,66l!E-D1 D,372E-04-0,50DE¼OO o,ooortoo 0,418[-02 0,500Et00 O,OOOftOO 
5 2 0.200Et02 0,148Et01 0,100Et02 0,115Et02 0,205Et01 0,297Et00 0,709E-Ol-0,270Et00 O,OOOEtOO 0,lJlE-01 0,500Et00 O,OOOEtOO 
6 l 0,250Et02 0,125Et01 0,102Et02 0,115Et02 0,242Et01 0,382Et00 0,447£-03-0,400E-01 O,OOOEtOO 0,214£-01 0,250Et00 O,OODEtDO 
7 1 0,300Et02 0,993Et00 0,104Et02 0,114Et02 0,305Eto10,540Et000,962E-Ol-0,300E-01 O,OOOEtOO 0,339E-01 0,250Et00 O,OOOEtOO 
8 1 D,350Et02 0,559Et00 0,105Et02 0,111Et02 0,542Et01 0,128Et01 0,650£-02 O,OOOEtOO o.ooortoo 0,107£tDO 0,250Et00 O,OOOEtOO 
9 l 0,400Et02 0,659Et00 0,104Et02 0,111Et02 0,460Et01 0,998EtDO 0,376E-02 0,553E-01 O,OOOEtOO 0,769E-Ot 0,250Et00 O,OOOEtOO 

10 2 0,450Et02 0,451Et00 0,995£t01 0,107Et02 Q;673Et01 0,177£♦01 0,133E-Ot 0,152Et00 0,000EtOO 0,165£♦00 0,497Et00 0,253EtOO 
11 4 0,500Et02 D,425Et00 0,888Et010,104Et020,713Et01 0,193Eto1 0,451£-01 0,294Et00 0,141lE-03 0,401Et00 0,888E♦01 0,112Et01 
12 3 0,550Et02 0,244Et00 0,701Et01 0,774Et01 0,124F.t02 0,444Et01 0,414f.t00 0,388Et00 0,90SE-04 0,113Ft01 O,!IJE-01 0,489Et00 
13 3 0,600Et02 0,1l6Et01 0,500Et01 0,616Et01 0,261Et01 0,42BEtOO 0,230£-02 0,451EtOO O,OOOEtOO 0,282EtOO 0,500Et00 O,OOOEtOO 
14 3 0,650Et02 0,300Et01 0,250Et01 0,550Et01 0,101Et01 O,lOJEtOO 0,966E-04 0,500Et00 O,OOOEtOO 0,282Et00 O,SOOEtOO O,OOOEtOO 
15 4 0,700Et02 0,500Et01 0,000EtOO 0,500Et01 0,606Et00 0,478£-01 0,442£-05 0,500Et00 0,788E-04 0,145Et00 O,OOOEtOO O,OOOEtOO 

g; CASE 1 TIIIE(HRSl= 3,00 TOT ERDSIOH(fl**l/fll= 0,9327Et01 AVG EROSION RATEIYDJJ3/FT/HR)= 0,1151EtOO 

J,TIHEP,1111,TU,D,YC,SC,IC 3 0,3800Et01 0,1300Et02 0,1000Et02 0,1204Et02 0,1654Et01 0,7736E-02 9 
I LAYER X y z H IJ f SF SD llE SH Tl DZTL 
1 4 O,OOOEtOO 0,130Et02 0,000EtOO 0,130Et02 0,926Et00 0,453E-01 0,289E-05-0,500E400 O,OOOEtOO 0,2JJE-02 O,OOOEtOO O,OOOEtOO 
2 3 0,500Et010,105Et020,250Et010,130Et020,115Et01 0,625E-01 0,237[-04-0,SOOEtOO O,OOOEtOO 0,9:.9E-02 0.500EtOO O,OOOEtOO 
3 3 0,100Eto2 0,797Et01 0,500Ef01 0,130Et02 0,151Et01 0,943E-01 0,590£-04-0,SOOEtOO O,OOOEtOO 0,166E-Ot 0,500Et00 O,OOOEfOO 
4 l 0,150Et02 O,S43Et01 0,750Et01 0,129Et02 0,222Et01 0,168Et00 0,212E-03-0,498Et00 O,OOOE+oo O,J58E-01 0,500Et00 O,OOO[tOO 
5 2 0,200Eto2 0,269Et01 0,998Et010,127£4020,440Et01 0,481Et00 0,153E-02-0,270Et00 0,602E-05 0,158EtOO 0,483Et00 0,173E-01 
6 1 0,250Et02 0,241Et01 0,102Et02 0,126Et02 0,500Et01 0,569Et00 0,797E-OJ-0,417E-Ol O,OOOEtOO 0,911£-01 0,250Et00 O,OOOEtOO 
7 1 0,300Et02 0,206Et01 0,104Ef02 0,125£402 0,585Et01 0,7l9Et00 0,134E-02-0,300E-01 O,OOOEtOO O.t25Et00 0,250EtOO O,OOOEtOO 
B l 0,350£t02 0,165Et01 0,105Et02 0,122Et02 0,728Et01 0,997Et00 0,277£-02 O,OOOEtOO O,OOOEtOO 0,193Et00 0,250Et00 O,OOOEtOO 
9 1 0,400Et02 0,165Et01 0,104Et02 O,l21Et02 0,728Et01 0,997Et00 0,277£-02 0,159Et00 O,OOOEtOO O,l9JEtOO 0,2SOEtOO O,OOOEtOO 

10 4 0,450Et02 0,114Ef01 O,B91Et01 0.111Et02 0,105Et02 0,174Et01 0,265£-01 0,212Et00 0,202£-03 0,877Et00 0,891Et01 0,129ft01 
11 4 0,500Eto2 O,B68Et00 0,828Et01 0,974Etot .0,1J9Et02 0,262Et01 o,i37E-01 0,190£t00 0,206E-03 0,908EtOO 0,82BEt01 0,172Et01 
12 3 0,550Et02 0,2B6Et01 0,701Et01 0,987Et01 0,421Et0l 0,438EtOO 0,179£-02 0,32BE400 O,OOOEtOO O,J49Et00 O,ltJE-01 0,48~EtOO 
13 3 0,600Et02 0,493Et01 0,500Et01 0,993Et01 0,244Et01 0,194EtOO 0,293£-03 0,451Et00 O.OOOEtOO 0,349Et00 0,500Et00 O,OOOEtOO 
14 3 0,6SOEt02 0,747[¼01 0,2SOEtOl 0,997Et01 0,161Et01 0,104Et00 0,734£-04 0,500Et00 O,OOOEtOO 0,349Et00 0,500EtOO 0,000EtOO 
15 4 0,700EtD2 0,100Et02 O,OOOEtOO 0,100Et02 0,120Et01 0,671£-01 0,69JE-05 0,500Et00 0,779E-04 0,143f.t00 O,OOOEtOO O,OOOEtOO 

CASE 1 TI11E(IIRSI: 3,80 TOT EROSIOH<FT*J3/FTI= 0,1754Et02 AIJG EROSION RAT£lYB**3/FT/HRI= 0,1710EtOO 



Table 23. Listing of computer program. 

PROGRAII EIIBANK 
C *** THIS PROGRAII IS FOR COIIPUTING HYDRAULICS OF 
C EIIBANKNENT OVERTOPPING FLOW 

CHARACTER*BO T ITI..E 
COIIIION/GEOII/X(50),Z(50l,IT(50l,RN(50l,S0(50l,TCS<50l, 

1TCB(50l,IPl2),RL,NX,SMAX,IS,ZMAX,LPAV<2),7.0(50l,DZTL(50) 
COIIIION/HYDRO/TIIIE(50),HW(50l,TW<50),Q(501,YN,ITIME,DT(501,00(50l 
CDIIIION/YSC/YC,SC,IC,G 
COIIIION/WS/H(50l,SF(50l,V(50l,Y(50l,F(50l,IJUMP 
COIIIION/EROS/IPAV,NLAYER,TL(50,IOl,IEOS,SHCl(\Ol,RNl(10l,Sfl(50l, 

1ILAYER<SOl,QE(SOl,DZT(50l,DZ(501,P,PS,AC<501,BC<50l, 
2SA,EL,SHC(50l,TS,ACI(10l,BCl(10l,XB<50l,DEC,IPRINT,TIIIEP,ITM 
OPEN<UNIT=5,FILE='INPUT',STATUS='OLD'l 
OPEN<UNIT=6,FILE='OUTPUT',STATUS='NEW'l 

C OPEN<UNIT=7,FILE='TEIIP',STATUS='UNKNOWN') 
C OPEN(UNIT=B,FILE='OUTEROS',STATUS='NEW'l 
C *** INPUT THE EHBANKIIENT CHARTERISTICS AND HYDROGRAPH 

READ<S,1lNCASE 
1 FORIIA T( I10 l 

DO 200 NC=1,NCASE 
TVOL=O, 
DEC=O, 
CALL INP<TITL.El 
IF<IPRINT,EQ,OlIPRIHT=1 
WRITE(6, 300)TITI..E 

C WRITE(7,300lTITLE 
C WRITE<B,300lTITLE 

300 FORIIAT(///2X,A80l 
CALL LAYER 
TIIIEP=O, 
DO 100 J=1,ITIHE 

C *** COIIPUTE OVERTOPPING DISCHARGE 
TIIIEP=TIIIEP+DT(Jl/3600, 
CALL DISCH(J) 
IF(Q(Jl,LT,0,01)60 TO 100 
YN=(Q(J)*RN(ISl/(1,486*SQRT(SMAXl)l**0,6 

C *** COIIPUTE CRITICAL DEPTH AND CONTROL SECTION 
CALL CRICT<Jl 

C *** COIIPUTE UPSTREAII STAGE4 FROM THE CONTROL SECTION 
IF<IC,EQ,1lGO TO 10 
I=IC 
ID=I-1 
DO 11 K=l,ID 
K1=1-Ktl 
CALL USWS(K1,Jl 

11 CONTINUE 
10 CONTINUE 

C *** COIIPUTE DOWNSTREAII STAGE FROII THE CONTROi.. SECTION 
IF(IC,EQ,NXlGO TO 20 
I=IC 
NXl=NX-1 
DO 21 K=l,NX1 
CALL DSWS<K,J) 

21 CONTINUE 
20 CONTINUE 

C *** COMPUTE FLOW PROFILE UPSTREAII FROM THE TAILWATER 
C DEPTH AND DETERMINE JUIIP LOCATION 

CALL JUHP(Jl 
C *** DETERMINE EROSION OF EM8ANKHENT 

IF<IEOS,EQ,OlGO TO 101 
CALL SHEAR(Jl 
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Table 23. (continued). 

CALL SEDO 
CALL SEDZ<J> 
IFCIPAV,NE,OICALL PAVZ 
CALL NEWSO 

101 CONTINUE 
C *** OUTPUT 

IJ•<J-11/IPRINT*IPRINT 
IF<IJ,EQ,(J-lllCALL OUTP(J) 
TVOL=O, 
DO 210 I=l,NX 

210 DZTL(Il•ZO(!)-Z(Il 
DO 102 I=1,NX1 

102 TVOL•TVOLt(DZTLIIl+OZTLCitl)l*IX(Itl)-X(I))/2, 
ERATE•TVOL/TIMEP/27, 
WRITE(6,103JNC,TIMEP,TVOL,ERATE 

100 CONTINUE 
103 FORMAT(/' CASE',I3,' TIMECHRS)=',F6,2,' TOT fROSJONCFTl*3/FT)=' 

1,E11,4,' AVG EROSION RATECYD*l3/FTIHR)=',E11,4) 
200 CONTINUE 

CALL EXIT 
END 
SUBROUTINE INP(TITLEI 

C *** INPUT THE EMBANKMENT CHARACTERISTICS AND HYDROGRAPH 
CHARACTER*BO TITLE 
COMHON/GEOH/X(50),7.(501,ITl501,RN(501,S0(501,TCSl501, 

1TCB(501,IP(2),RL,NX,SMAX,IS,ZMAX,LPAVl21,ZOC501,DZTLC50) 
COMMON/HYDRO/TIMEl501,HW(501,TWl501,Q(50),YN,ITIME,DTl50),00(50) 
COHMON/EROS/IPAV,NLAYER,TL(50,10l,!EOS,SHCIC10),RNI(101,SH(50), 

1ILAYER1501,~E(50),DZT(501,DZ(50),P,PS,ACl50),BC(50), 
2SA,EL,SHCC501,TS,ACIC101,BCil101,XBC50),DEC,IPRINT,TIMEP,ITM 

DIMENSION TLTC501 
READ( 5, 1l TITLE 

1 FORMAT< ABO I 
READC5,21NX,IPAV,NLAYER,IEOS,IPRINT,ITH 

2 FORHATIBI101 
READ(5,4lCX<Il,ZO(Il,I=1,NXl 
DO 10 I=t,NX 
Z<l>=ZO<Il 
DZ<Il=O, 
TLT<I>=O, 
DZT (I )=0, 

3 FORMATII10,7F10,0) 
10 CONTINUE 

READCS,2)(IP(Il,I=1,2l 
READl5,4)CSHCIIIl,I=1,NLAYERl 
READl5,4llRNI(Il,I•l,NLAYfRl 
IF<IEOS,EQ,0160 TO 21 
READ<5,4)P 
READ(5,4) CACI< I l, BC! ( I l, I=1,NI .. AYER) 
IFIIPAV,EQ,1lREAD(5,211LPAV(i),t=1,2l 
IF<IPAV,E0,1)READl5,41PS,TS,SA 
NL=NLAYER-1 
IF<NL,EQ,0)60 TO 40 
DO 41 J:t,NL 
READ15,4l(TL(I,Jl,I=l,NX) 

41 CONTINUE 
DO 42 I=1,NX 
TL TC I )=O, 
DO 43 J=1,NL 
TLT(I>=TLT<I>tTL(l,J) 

43 CONTINUE 
42 CONTINUE 
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Table 23. Listing of computer program. (continued) 

40 DO 44 1=1,NX 
44 Tlll,HLAYERl•ZIIl-TLTll) 
21 CONTINUE 

NXl=NX-1 
S011l=IZ11)-Zl2ll/lX12l-X(1l) 
SOCNXl=CZINX-11-ZINXll/(XINXl-XINX-111 
DO 11 I=2,NX1 
SOII)=IZII-11-Z(Itl)l/lXII+ll-X(I-1)1 

11 CONTINUE 
DO 50 I=l,NX 
Il=lPlll 
XB(Il=X<Il-X(Ill 

50 CONTINUE 
SHAX=S0111 
DO 13 1=2,NX 
IFISHAX,GT,SOIIIIGO TO 13 
SHAX=S011) 
IS=I 
IFISHAX,LT,1,0E-61 SHAX=l,OE-6 

13 CONTINUE 
READl5,2lITIHE 
IF IITH,NE,01 GO TO 60 
READl5,4) DTH 
READl5,41 Hl<IH 
READl5,4) TWH 
READl5,4) QOM 
DO 61 J=l, ITIHE 
DTCJ>=DTH 
HWIJ)=HWH 
TW(Jl=TWH 
OOIJl=GOtl 

61 CONTINUE 
GO TO 62 

60 CONTINUE 
READ(5,411DTIJl,J=1,ITIHEI 
READ<5,4)1HW1Jl,J=1,ITIME) 
READl5,4)1TWIJl,J=1,ITIHfl 
READl5,4)(00(Jl,J=1,ITIHEl 

62 CONTINUE 
DO 12 J=l,ITIME 
DTIJl=DT(Jl*3600, 

4 FORHATl8F10,0) 
12 CONTINUE 

RETURN 
END 
SUBROUTINE LAYER 
CHARACTER*BO TITLE 
COMHON/GEOM/Xl50l,Z(501,IT(50l,RNl50),SOl50),TCSl501, 

1TCBC50l,IPl2l,RL,NX,SMAX,IS,ZNAX,LPAVl21,ZOl50l,DZTLl50) 
COHMON/EROS/IPAV,NLAYER,TLIS0,101,IEOS,SHCI(lOl,RNlllO),SH<SOl, 

1ILAYER<SO),QE(SOl,DZTl50l,DZl501,P,PS,ACl50),BCl50l, 
2SA,EL,SHCISOl,TS,ACil10),BCil10),XBl50),DEC,IPRlNT,TlNF.P,ITM 

DO 22 I=l,NX 
ILAYER(Il=l 
RNC I l=RNII 1 l 
SHCC l l=SHCI< 1 > 
ACCl l •ACII 1) 
BCCil=BCI(1) 
IFCNLAYER,LE,llGO TO 22 
NLA=NLAYER-1 
DO 23 K=t ,NLA 
IFCIEOS,EG,OlTLII,K)=ZII) 
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Table 23. (continued). 

IF<TL<I,Kl,GE,O,OllGO TO 24 
I LAYER ( I l =K+l 
RN(I)=RNI(Ktll 
SHC<Il=SHCI<K+ll 
AC< I l=ACI (K+l > 
BC( I l=BCI ( K+l l 

23 CONTINUE 
24 CONTINUE 

C WRITE<7,1lI,lLAYER(Il,RNCll,SHC(Il,TL<l,Kl,AC<I>,BC(I) 
1 FORMAT<' LAYER I,ILAYf.R,RN,SHC,TC,AC,BC',2I5,5E11,4) 

22 CONTINUE 
RETURN 
END 
SUBROUTINE DISCHCJl 

C *** COMPUTE OVERTOPPING DISCHARGE USING EMPIRICAL RELATION 
CHARACTER*SO TITLE 
COl1MON/GEOl1/X(50),Z(50l,IT(50),RNC50l,S0(50l,TCSC50l, 

1TCBC50l,IP(2l,RL,NX,SMAX,IS,ZMAX,LPAVC2l,ZOC50),DZTL(50) 
COMl10N/HYDRO/Tl11F.(50l,HW(50l,TW(SO>,G(50l,YN,1TIME,DT(50),Q0<50) 

C *** COMPUTE ZHAX 
ZMAX=Z<ll 
DO 10 I=2,NX 
IF<ZMAX,GT,Z(Il)GO TO 10 
ZMAX=ZCI) 

10 CONTINUE 
Il=IP<ll 
I2=IP(2l 
RL=X<I2l-X( t1 l 
IFCRl.,LT,O,OllRL=0,01 

C *** COMPUTE OVERTOPPING HEADWATER AND TAIL.WATER DEPTH 
HM=HW(J)-ZHAX 
IF<HM,GT,O,lGO TO 100 
Q(Jl=O, 
RETURN 

100 CONTINUE 
TH=TW(Jl-ZHAX 

C *** COMPUTE OVERTOPPING DISCHARGE 
HL=HM/RL 
IFCHL,LT,0,15lGO TO 11 
CF=-1,809*HL**2+1,074*HL+2,930 
IF<HL,GT,0,30lCF=3,09 
GO TO 16 

11 IF<HM-2,7)14,15,15 
15 CF=3,05 

GO TO 16 
14 IF<HM-0,05)17,17,18 
17 CF=2,90 

GO TO 16 
18 IF<HM,LE,0,6lGO TO 19 

CF=3,032*HM**0,0046 
GO TO 16 

19 CF=3,052*HH**0,0176 
16 TH=TM/Hl1 

CSF=l,O 
IFCTM,LT,O,lGO TO 12 
IFCTH,LE,0,92lGO TO 20 
CSF=-63,830*TH**2+115,838*TH-51,666 
GO TO 12 

20 IFCTH,GE,O,SOlGO TO 21 
CSF=1,0 
GO TO 12 

21 CSF=-9,722*TH**2t15,806*TH-5,432 



Table 23. Listing of computer program. (continued) 

12 GCJ>=CF*HM**1,5*CSF 
IFCGCJ),GT,QO(JllO(J)=QO(J) 
RETURN 
END 
SUBROUTINE CRICT(Jl 

C *** COMPUTE CRITICAL DEPTH YC, SLOPE SC, AND SECTION IC 
CHARACTER*BO TITLE 
COMMON/GEOM/XC50),Z(50l,IT(SO),RN<50l,SOC50),TCS(50l, 

1TCDC50),IP<2l,RL,NX,SMAX,IS,ZMAX,LPAVC2l,ZOl50l,OZTL(50) 
COMMON/HYDRO/TIMEC501,HWC501,TWC50),Q(50l,YN,!TIHE,DT(50),GOC50) 
COMMON/YSC/YC,SC,IC,G 
COMHON/WS/H(50),SFC50),VC50l,YC501,FC501,IJUMP 
6=32, 2 
l=IPCll 
YC=G<J>**0,667/G**0,333 
SC=G*RN<Il**2/(2,2*YC**0,333l 
DO 10 I=l,NX 
IF(SO<Il,GT,SClGO TO 11 

10 CONTINUE 
11 IC=I 

IF<IC,GT,NXJIC=NX 
Y<Il=YC 
H(Il=YC+z(I) 
V<Il=Q<Jl/YC 
F<Il=VCI)/SGRT(YCI>*G> 
SF<I>=<RN(I)*V<Ill**2/(2,2*YCil**1,33l 
RETURN 
END 
SUBROUTINE USWS<I,Jl 

C *** COMPUTE UPSTREAM STAGE AT SECTION 1-1 
CHARACTER*BO TITLE 
COMHON/GEOM/X(50>,Z<50l,IT(50),RN<50l,SOC50),TCSC50l, 

1TC8(50),IP<2l,RL,NX,SMAX,IS,ZMAX,LPAV<2>,Z0(50),D7.TLC50) 
COMMON/HYDRO/TIMEC501,HW1501,Tll(50l,GC50l,YN,ITIME,DTC50l,QOC50l 
COMMON/YSC/YC,SC,IC,G 
COMMON/IIS/H(SO>,SF<SO>,V<SOl,YC50),F(501,IJUMP 
HTRY=H CI I U, l 
ITRY=O 
ID=I-1 
IF<I,EQ,11RETURN 
DX=X<I>-X<IDI 

11 YTRY=HTRY-Z(IDI 
ITRY=ITRY+l 
IF(YTRY,LT,YN)YTRY=YN 
HTRY=YTRY+z(IDI 
IFCHTRY,LE,HWCJ)lGO TO 110 
HTRY=HW(Jl 
YTRY=HTRY-Z<IDI 

110 CONTINUE 
IF<HTRY,GT,H(ll)GO TO 200, 
HTRY=H<Il 
YTRY=HTRY-Z< ID l 

200 CONTINUE 
VTRY=G(J)/YTRY 
SFTRY~(RN(IDl*VTRYl**2/C2,2*YTRY**1,33l 
FRO=VTRY/SQRT<G*YTRY> 
IF<ITRY,GE,1160 TO 10 
HTRY=H(Il+(V(IltVTRYl*CV(I)-VTRYl/(2,*Gl 

1t(SF(Il+SFTRYl*DX/2, 
GO TO 11 

10 FUNC=G*DX*<SF(IltSFTRYltCVCI)tVTRYl*CVCil-VTRYI 
1+2,*G*<H<I>-HTRY) 
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FP=-G*DX*3,33*SFTRY/YTRY+2,*VTRY**2/YTRY-2,*G 
HTRYN=HTRY-FIJNC/FP 

C WRITE(7,2)ID,J,ITRY,HTRY,HTRYN,FUijC,FP,VTRY,SFTRY,FRO 
2 FORMAT(' USWS',3I4,7Ell,4) 

IF<ABS(HTRYN-HTRY>,LT,O,Ol)GO TO 12 
IF<ITRY,GT,10)00 TO 13 
HTRY=HTRYN 
GO TO 11 

13 CONTINUE 
C WRITE<7,1)ID,J,ITRY,HTRY,HTRYN,FUNC,FP 

1 FORMAT(' SECTION I, TIME J',2I3, 
1/' THE USWS IS NOT CONVERGED AFTER STfP',I3, 
2/' HTRY,HTRYN,FUNC,FP=',4E12,4/) 

12 V<ID>=VTRY 
SF (ID> =SFTRY 
Y(ID>=YTRY 
H<ID)=YTRY+Z(ID) 
F<ID)=V<ID)/SORT(G*Y<IDll 
RETURN 
END 
SUBROUTINE DSWS<I,J) 

C *** COMPUTE DOWNSTREAM STAGE AT SECTION 1+1 
CHARACTER*SO TITLE 
COMMON/GEOM/X(50l,Z(50l,IT(50l,RN<50l,S0(50l,TCS(50), 

1TCB(50),IP(2l,RL,NX,SMAX,IS,ZMAX,LPAV(2),Z0(50),DZTL(50) 
COKKON/HYDRO/TIKE<50>,HW(50l,TW(50l,0(50),YN,ITIKE,DT(50),G0(50) 
COKKON/YSC/YC,SC,IC,G 
COKMON/WS/H(50l,SF(50l,V(50J,Y(50l,F(50l,IJUMP 
YTRY=Y(ll*0,9 
ITRY=O 
ID=IH 
IF<I,EQ,NXlRETURN 
DX=X<ID>-X<Il 

HTRY=YTRY+Z ( ID! 
11 CONTINUE 

YTRY=HTRY-Z< ID! 
ITRY=ITRYH 
IF<YTRY,LT,YNlYTRY=YN 
IF(YTRY,GT,Y<IllYTRY=Y<I) 
HTRY=YTRY+z (ID) 
VTRY=Q(Jl/YTRY 
SFTRY=(RN<ID>*VTRYl**2/(2,2*YTRY**1,33) 
FRO=VTRY/SQRT<G*YTRY) 
IF(ITRY,GE,l)GO TO 10 
HTRY=H<Il-<V<I>+VTRY>*(VTRY-V(Il)/(2,*Gl 

1-DX/2,*(SF(Il+SFTRY) 
GO TO 11 

10 FUNC=G*DX*(SF<I>+SFTRYl+(V(I)tVTRYl*<VTRY-V(I)l 
1+2,*G*<HTRY-H<I>> 
FP=-G*DX*3,33*SFTRY/YTRY-2,*VTRY**2/YTRY+2,*G 
HTRYN=HTRY-FUNC/FP 

C WRITE<7,2lID,J,ITRY,HTRY,HTRYN,FUNC,FP,VTRY,SFTRY,FRO 
2 FORMAT(' DSWS',3I4,7E11,4) 

IF(ABS(HTRYN-HTRYl,LT,O,Ol)GO TO 12 
IF(ITRY,GT,10)00 TO 13 
HTRY=HTRYN 
GO TO 11 

13 CONTINUE 
C WRITE<7,1)ID,J,ITRY,HTRY,HTRYN,FUNC,FP 

1 FORMAT(' SECTION I,TIHE J',2I3, 
1' THE DSWS IS NOT CONVERGED AFTER STEP',13, 
2/' HTRY,HTRYN,FllNC,FP=' ,4E12 ,4/l 
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12 V(!Dl=VTRY 
SF ( ID)=SFTRY 
Y(ID)=YTRY 
H(IDJ=YTRY+Z<ID> 
F<IDl=U<IDl/SQRT(G*YCIDl) 
RETURN 
END 
SUBROUTINE JUMP(J) 

C *** COMPUTE FLOW PROFILE UPSTREAM FROM THE TAILWATER DEPTH 
C AND DETERHINE JUMP LOCATION 

CHARACTER*BO TITLE 
COMHON/GEOM/X(50),Z(50J,IT(50l,RN<50J,S0<50),TCS(50), 

1TCB(50),IP<2l,RL,NX,SHAX,IS,ZHAX,LPAV(2),Z0(50),DZTL(50) 
COMHON/HYDRO/TIHE(50),HW(501,TW(50),Q(50),YN,ITIME,DT(SOJ,Q0(50l 
COHHON/YSC/YC,SC,IC,G 
COMHON/WS/H(50),SF(50),U(50l,Y(50),F(50),IJUMP 

C *** DETERMINE EFFECT OF TAILWATER ON WATER SURFACE PROFILE AND JUMP 
C *** COMPUTE D2 

I=IC 
HJUMP=HCIJ 

101 IF(SOCil,GT,O,lGO TO 100 
I=I+l 
IJUMP=I 
IF(I,GE,NXJRETURN 
GO TO 101 

100 Yl=H<Il-Z(I) 
IF (I,EO,l>RETURN 
SOl=(SOCI>*2,+SO<I-1))/3, 
IF<SOl,LT,0,JSOI=l,Of.-10 
PHI=ATAN(SOil 
D1=Y1*COS(PHI) 
Vl=IHJJ/D1 
Fl=Ul/SQRT<G*Dl> 
RK=21,97B*SOI**2-14,396*SOI+3,740 
RKl=l,-2,*RK*SOI 
IF(RKl,LT,0,lS>RKl=0,15 
D2=D1/2,/COS(PHl)*(SQRT<B,*F1**2*COS<PHI>**3/(RK1> 1+1,l-1,> 

C WRITE<7,2JI,Y1,PHI,D1,U1,F1,RK,D2 
2 FORMAT(/' JUMP I,Y1,PHI,D1,U1,Fl,RK,D2',I4,7E11,4) 

C *** COMPUTE JUMP LENGTH ON SLOPE & LOCATION 
RLl=D2*<2,89+1,89*S0Il*SQRT<Fll 
XX=RLl+X( I l 
DO 10 K=I,NX 
IF(XX,GE,X<K>)GO TO 10 
IK=K-1 
GO TO 11 

10 CONTINUE 
IK=NX-1 

11 CONTINUE 
IF<IK,LT,IC)IK=IC 

C *** COMPUTE THE JUMP WATER SURFACE PROFILE ON SLOPE 
CC=(XX-X(IK)J/(X<IK+ll-X(IKll 
ZZ=Z(IK>+<Z<IKtlJ-Z(!Kll*<XX-X(IKll/(X(IKtll-X(IKll 
SS=SOI 
IF(SS,LT,O,lSS=O, 
TWX=D2*<1,t11,2*SS**1,5l 
TWH=TWX+zZ 

C WRITE<7,3JIK,RL1,XX,TWX,ZZ,TWH 
3 FORMAT<' IK,RL1,XX,TWX,ZZ,TWH',I5,5E11,4> 

IF<XX,GT,X<NX>JGO TO 20 
IF(HJUMP,LE,TW<J)t,21,AND,TWH,Gf,TW(Jl-,21)60 TO 44 
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Table 23. (continued). 

IFIHJUMP,GE,TWIJl-,21.AND,TWH,LE,TWIJlt,211GO TO 44 
GO TO 22 

44 IJ=I-1 
IJllHP=IJ 

C *** ASSUME HORIZONTAL SURFACE DOWNSTREAM OF THf JIJMP 
IFIIK,LT,IIC+111IK=IC+1 
DO 23 K=IK,NX 
HIKl=TWIJI 
YIKl=HIKI-ZIKI 
IFIYIKl,LT,0,21YIKl=0,2 
VI IO=!ll JI/YI KI 
SFIKl=IRNIKl*V<Kll**2/12,2*Y<Kl**1,331 
FIKl=VIKI/SQRTIG*YIKll 

C WRITEl7,41K,H<Kl,YIKl,V(Kl,SFIKl,FIKI 
4 FORHATI' JUHPI K,H,Y,U,SF,F',15,5E11,41 

23 CONTINUE 
C *** APPROXIMATE THE JUMP PROFILE BY A PARABOLIC 

IFIIJ,ED,IKIIK=IJ+I 
DO 24 K=IJ,IK 
DIST=IXIKI-XIIJII/IXIIKI-XIIJII 
IFIDIST,LT,0,)DIST=O, 
HIKl=HIIJl+IHIIKI-HIIJll*SDRTIDISTI 
Y<Kl=HIKI-Z(Kl 
IFIY(Kl,LT,0,21YIKl=0,2 
V(Kl=D(JI/YIKI 
SFIKl=IRNIKl*VIK1l**2/12,2*YIK1**1,331 
FIKl=V(Kl/SQRT<G*YIKII 

C WRITE<7,51K,DIST,HIKl,YIKl,VIKl,SFIKl,FIKI 
5 FORMAT(' JUMP2 K,DIST,H,Y,V,SF,F',IS,6El1,41 

24 CONTINUE 
RETURN 

22 l=I+1 
IF<I,GT,NXII=NX 
IJUHP=I 
HJUKP=TWH 
IFITWH,LT,TW(J),AND,I,EQ,(ICt111GO TO 21 
IFITWH,LT,TW(JIIGO TO 44 
GO TO 100 

C *** FLOW BECOMES SUBMERGED 
21 H<NXl=TW(JI 

YINXl=HINXl-!(NXl 
VINXl=QCJl/YINXI 
SFINXl=IRNINXl*V<NXl1**2/12,2*YINXl**1,331 
FINXl=VINXI/SQRTIG*YINXII 
NX1=NX-1 
IF<ITW(Jl-ZIICll,LT,1,4*YCINX1=IC-2 
DO 25 K=1,NX1 
K.1=NX-K+1 
CALL USWSIK1,JI 

25 CONTINUE 
RETURN 

20 IFITWIJl,GT,H(ICllGO TO 21 
IFIITW(Jl-Z(NXll,GT,1D2*0,7l)GO TO 30 
IFll,LT,NXIGO TO 22 

C WRITE17,1) 
1 FORHATI' THERE IS NO JUMP OCCURRING ON SLOPE') 

RETURN 
C *** DETERMINE JUMP LENGTH ON THE SLOPE/HORIZDNTI\L REACH 

30 DTW=TW(JI-ZINX) 
RD=DTW/D2 
XXL=XCNXl-XI I I 
IFIXXL,LT,O,Ol)XXL=0,01 
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SS=(Z(I)-Z(NX))/XXL 
IF(SS,LT,0,01)5S=0,01 
IF<RD,LE,1,3)GO TO 31 
RL2=D2*0,82*SS**<-0,78)t(RD-1,3)/SS*D2 
GO TO 32 

31 RL2=D2*2,05*SS**<-0,7B>*<RD-0,9) 
32 CONTINUE 

IF(RD,LT,1,01)RL2=0, 
IF<RL2,GT,RL1)RL2=RL1 
XX=X<NX>-RL2 

C WRITE<7,6)DTW,RD,RL1,RL2,XX 
6 FORMAT(' JUMP3 DTW,RD,RL1,RL2,XX',5Ell,4) 

DO 43 K=I,NX 
IF<XX,GE,X<K>>GO TO 43 
IJ=K-1 
GO TO 45 

43 CONTINUE 
45 XX=XCNX> 

IJ=I . 
IJUHP=IJ 
DO 46 K=IJ,NX 
XXL=XX-XCIJ> 
IF<XXL,LT,0,0l)XXL=0,01 
DIST=<X<K>-X<IJ))/XXL 
IF(DIST,LT,O,>DIST=O, 
H(Kl=H<IJlt(TW(J)-H(IJ>>*SGRT<DIST) 
Y(Kl=H(K)-Z<Kl 
IF(Y(K),LT,YNlY(Kl=YN 
V<K>=O(Jl/Y<IO 
SF(Kl=(RN(Kl*V<Kll**2/(2,2*Y<Kl**1,33) 
F(Kl=V(K)/SORT(G*Y<K)l 

C WRITE<7,7>K,DIST,H<K>,Y<Kl,V(K>,SF(K>,F<K) 
7 FORMAT<' JUHP4 K,DIST,H,Y,V,SF,F',IS,6E11,4) 

46 CONTINUE 
RETURN 
END 
SUBROUTINE OUTP(Jl 

C ***PRINTOUT THE COMPUTED RESULTS 
CHARACTER*BO TITLE 
COHHON/GEOM/X(SO>,Z<SO>,IT<SO>,RN(SO),SO(SO>,TCS(SO>, 

1TC8(50),IP<2>,RL,NX,SHAX,IS,ZMAX,L.PAV<2l,Z0(50),DZTL(50) 
COHHON/HYDRO/TIME(50l,HW(50),TW(50),Q(SO>,YN,ITIME,DT<SO),Q0(50) 
COHHON/YSC/YC,SC,IC,G 
COMHON/WS/H(SO>,SF(50),V(50l,Y(50),F(50),IJUHP 
COHHON/EROS/IPAV,NLAYER,TL(50,10),IEOS,SHCI(10l,RNI(10),SH(50), 

11LAYER(50),QE(SO>,DZT(50),DZ<50),P,PS,AC(50),BC(50), 
2SA,EL,SHC(50>,TS,ACI(10),BCI(lO>,XB(50),DEC,IPRINT,TIHEP,ITH 

DIHENSION DA<SO>,DE<SOl 
C WRITE(6,1)TITLE 

1 FORHAT</8A10) 
WRITE<6,2)J,TIHEP,HW(J),TW(J),Q(Jl,YC,SC,IC 

2 FORHAT(//2X,' J,TIHEP,HW,TW,Q,YC,SC,IC',IS,6E11,4,I4) 
WRITE<6,4l 

4 FORHAT(/2X,'1',1X,'LAYER',4X,'X",9X,'Y',9X,'Z',9X,'H',9X,1HV, 
19X,'F',9X,'SF',8X,'SO';Bx,'aE',8X,'SH',8X,'Tl',8X,'D7.TL'/) 

DO 10 I=l,NX 
NL=ILAYER<I) 
DZTL(ll=ZO(I)-Z(I) 
WRITE<6,3)I,ILAYER<I>,X<I>,Y<I>,Z<Il,H(Il,V(l),F(Il,SF(I),SO<I> 

1,QE<I>,SH(l),TL(I,NL),DZTL(I) 
10 CONTINUE 
3 FORMAT(2I4,12El0,3) 
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RETURN 
ENI) 
SUBROUTINE SHEAR ( J l 
CHARACTER*80 TITLE 
COHHON/6EOH/X(SOl,Z(SOl,IT(50),RN(50l,S0(50l,TCS(50l, 

1TC8(50l,IP(2),RL,NX,SMAX,IS,7.MAX,l.PAV(2),Z0(50),DZTL(50l 
COHHON/HYDRO/TIHE<50l,HW<50),TW(50l,OISOl,YN,ITIME,DT<50),QOl50l 
COHHON/YSC/YC,SC,IC,G 
COMHON/WS/Hl50),SF(SOl,V150l,Y<SOl,F(50J,I,JUMP 
COHHON/EROS/IPAV,NLAYER,TL(50,10l,IEOS,SHCIC10l,RNil1Ql,SH(50J, 

1ILAYER(50l,QEl50l,DZTl50l,DZl50l,P,PS,ACl501,BC(50), 
2SA,EL,SHC(50l,TS,ACI(10l,BCll101,XB(501,DEC,IPRINT,TIMEP,!TM 

C *** DETERMINE SHEAR STRESS BASED ON FLOW HYDRAULICS 
ISG=IC 
IS=l 
DO 10 1=1,NX 
YI=Y<I> 
IF<YI,LT,1,0)Yl=1,0 
FC=8,*G*RN<Il**2/12,2*YI**0,3331 
IFIFC,GT,(1,3*RNIIll)FC=1,3*RN(Il 
IF<FC,GT,RN(Il,AND,SHC(Il,GT,0,31 FC=RN(I) 

C*** CONSIDER FLOW MODE (SURFACE OF PLUNGING FLOW) 
HH=HW(Jl-ZHAX 
TH=TW<Jl-ZHAX 
HL=HH/RL 
THHC=1,914*HL*t0,558 
IF<THHC.GT,0,65lTHHC=0,65 
THM=TH/HH 
IF(THH,GT,THHCIGO TO 20 

C *** PLUNGING FLOW 
IF(I,LE,IJUHPlGO TO 21 
VL=O,S*V<IJUHPI 
IF<VL,LT,V<IllVL=V(II 

C WRITE<7,21I,IJUHP,HH,TH,HL,THMC,THM,VL 
2 FORMAT(' PLUNGING FLOW I,IJUMP,HM,TH,HL,THHC,THH,VL', 

1214,6[10.3) 
GO TO 23 

21 VL=V(Il 
GO TO 23 

C *** SURFACE FLOW 
20 IFll,LE,IC)GO TO 21 

IF<IS,EQ,1,AND,SO(Il,GT,0,15)60 TO 30 
GO TO 31 

30 IS=IStl 
ISG=I 
GO TO 32 

31 IF<IS,E0,11GO TO 32 
VL=0,2iV(ISGI 
GO TO 33 

32 VL=V(ll 
33 CONTINUE 

C WRITEl7,31I,ISG,IS,HH,TH,HL,THHC,THM,VL 
3 FORMAT<' SURFACE FLOW I,ISG,IS,HH,TH,THHC,THH,VL', 

13I4,6E10.3) 
23 SHII>=P*FC*VL**2/8, 

C WRITEl7,1lI,FC,RN<I>,Y<Il,SH<Il 
1 FORMAT(' SHEAR I,FC,RN,Y,SH',I5,4E11,4l 

10 CONTINUE 
RETURN 
END 
SUBROUTINE SEDll 
CHARACTER*80 TITLE 
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COMMON/GEOM/X(50l,Z(50l,IT(50l,RN(50l,S0<50l,TCS(50l, 
1TCB(50l,IP(2l,RL,NX,SMAX,IS,ZMAX,LPAV(2l,Z0(50),DZTLl50) 
COMMON/HYDRO/TIME(SOl,HW(50l,TW(SO),G(SO),YN,ITIME,DT(50),G0(50) 
COMMON/YSC/YC,SC,IC,G 
COMMON/WS/Hl50l,SF(50l,V(50l,Y(501,F150l,IJUMP 
COMMON/EROS/IPAV,NLAYER,TL(50,IOl,IEOS,SHCI(IO),RNI(10l,SHC50), 

1ILAYER(50l,GE(50l,DZT(50l,DZ(50l,P,PS,AC(50J,BC(50l, 
2SA,EL,SHC(50l,TS,ACI(lOl,BCI(10l,XBC50l,DEC,IPRINT,TIMf.P,ITM 

C *** COMPUTE EROSION RATE 
DO 10 I=l,NX 
IF<SH(ll,LE,SHCIIllGO TO 11 
GE(Il=AC(Il*<SH(Il-SHC(lll**BC(Il 
GO TO 12 

11 GE(Il=O, 
12 CONTINUE 

C WRITE17,11I,AC(IJ,BC(Il,SHC(Il,GE(ll 
1 FORMAT(' SEDG I ■ AC,BC,SHC,OE',IS,4E11,4l 

10 CONTINUE 
RETURN 
END 
SUBROUTINE SEDZ(Jl 
CHARACTER*80 TITLE 
COMMON/GEOM/X(50l,Z(50),JT(501,RN(50l,S0150l,TCS(50l, 

1TCBl50l,IP(2l,RL,NX,SMAX,IS,ZMAX,LPAV(2),Z0(50),DZTL(SO) 
COMMON/HYDRO/TIME(50l,HW(50),TW(50),Ql50l,YN,ITIME,DT(50),Q0(50l 
COMMON/YSC/YC,SC,IC,G 
COMMON/WS/Hl50l,SF150l,V(50l,Yl50),F(50l,IJUMP 
COMMON/EROS/IPAV, NLAYER, TU 50, 10 >, IEOS, SHCI ( 10 >, RNI ( 10 l, SH ( 50), 

1ILAYER<50l,OE(50l,DZT<50l,Dl<50l,P,PS,AC(50l,BCl50l, 
2SA,EL,SHCl50l,TS,ACil10l,BCil101,XBISOl,DEC,IPRINT,TIMtP,ITM 

C *** COMPUTE BED ELEVATION CHANGES FOR FLEXIBLE SURFACE ( SOIL., GRASS,ETC .J 
DO 10 I=l,NX 
DTl=DTIJl 

13 DZ(Il=GE<I>*DTl 
NL=ILAYER <I l 
IFCQE(I),LT,1,E-20)60 TO 30 
IFCTLII,NL),LT,DZ(IllGO TO 11 
TLCI,NL)=TLII,Nl.l-DZ(I) 
Z<Il=Z<Il-DZ<I) 
DZT(I)=DZT<IltDZCI) 

C WRITEC7,2)I,ILAYER(Il,QE(Il,DZII),Z(I),TLII,Nl..l,SHC(Il,DZTIIl,DT1 
2 FORMAT(' SEDZ1 I,ILAYER,QE,DZ,Z,TL,SHC,DZT,DT1',2I4,7E11,4) 

GO TO 30 
11 DZZ=DZ(Il-TLII,NLI 

DTT=TL<I,NLl/GEIIl 
Z(Il=Z(Il-TL<I,Nll 
DZ(I)=TL<I,NU 
DZTCI>=DZTIIltTLII,NLl 
TL< I ,NU=O, 
NL=NL+l 
IF(NL,GT,NLAYERlGO TO 30 
DO 40 INL=NL,NLAYER 
IF<TLII,INLl,GT,0,0llGO TO 31 

40 CONTINUE 
31 CONTINUE 

NL=INL 
IFCNL,GT,NLAYERlGO TO 30 
DTl=DTl-DTT 
ILAYER(Il=NL 
SHCII>=SHCICNLl 
AC(I)=ACJINL) 
BC( I l=BCI ( NL> 
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Table 23. (continued). 

IF<SHC(Il,GT,SHCI)JGO TO 20 
QE(IJ=AC(Ilt(SH(l)-SHC(Ill*IBCCIJ 
GO TO 21 

20 QECil=O, 
21 RN<I>=RNl<NLJ 

C WRITE(7,3)1,ILAYER(IJ,QE(IJ,DZCil,Z(I),TL(I,NLJ,DTT,DZTCil,DT1 
3 FORMAT(' SEDZ2 I,ILAYER,GE,DZ,Z,TL,OTT,DZT,DT1',2I4,7E11,41 

GO TO 13 
30 CONTINUE 

C WRITEC7,11I,ILAYER<Il,QECI),DZ<Il,ZCil,TL(I,NLJ,SHCCil,DZT<Il,DT1 
1 FORMAT(' SEDZ3 I,ILAYER,OE,DZ,Z,TL,SHC,DZT,DT1',2I4,7E11,41 

10 CONTINUE 
RETURN 
END 
SUBROUTINE PAVZ 
CHARACTER*BO TITLE 
COHMON/GEOM/XCSOl,Z(501,ITC50),RNCSOl,S01501,TCS(SOl, 

1TCBl50l,IPC2l,RL,NX,SMAX,IS,7.MAX,LPAVl2l,Z0(501,DZTLC50l 
COMMON/HYDRO/TIHECSO),HW(501,TWC50J,GC50l,YN,ITIME,DTC50J,QOC50) 
COMMON/YSC/YC,SC,IC,G 
COMMON/WS/HC501,SFC50),Vl50J,Y(501,FC501,IJUMP 
COMMON/EROS/IPAU,NLAYER,TLC50,101,IEOS,SHCI(10l,RNil101,SHC50J, 

1ILAYER(50l,QE(501,DZTl50J,DZ<501,P,PS,AC(501,BCl501, 
2SA,EL,SHC(501,TS,ACIIIOl,BCil10J,XB(50J,DEC,IPRINT,TIHEP,ITM 

C *** DETERMINE EROSION OF PAVEMENT 
IFILPAV<2l,LT,LPAV<llJRETURN 
KK=LPAV(2l 
EZ=DZT<KKtl I 
EL=E2*0,125 
RM=<P*G*Y<KKJ+PS*G*TSJ*EL**2/2, 
SH=TSU2/6, 
STM=RH/SH 

C WRITE<7,1lKK,EZ,EL,RH,SH,STM,SA 
1 FORMAT<' PAVZ1 KK,EZ,EL,RM,SM,STM,SA',I5,6E11,4J 

IF(STH,LT,SAlRETURN 
IK=l 

11 IF<EL,LT,<X<KKl-X<KK-IKlllGO TO 10 
IK=IKtl 
IF<<KK-IKl,LT,llGO TO 10 
GO TO 11 

10 DO 12 K=l,IK 
Kl=KK-Ktl 
DZ<Kll=DZT(KKtll*<EL-X<KKJ+X<K1ll/(EL+X(KK+1)-X(KJ) 
Z<Kll=ZCK1J-DZ<K11-TS 
DZT(Kll=DZ<Kll+DZTCKll 

C WRITE<7,21K1,DZCK1l,ZCK11,DZTCK1) 
2 FORMAT(' PAVZ2,K1,DZ,Z,DZT',IS,3E11,4l 

12 CONTINUE 
DO 20 K=l,IK 
Kl=KK-Kt1 
NL=ILAYER(Kll+l 

22 IF<TL<Kl,NLJ,LT,DZ(KlllGO TO 21 
IF(NL,GT,NLAYERJNL=NLAYtR 
TL(Kl,NLl=TL(Kl,Nll-DZCKll 
ILAYER(Kll=NL 
SHCCKll=SHCI<NLl 
AC<Kl l=ACI<Nll 
BC(Kl l=BCI<NU 
RN(Kll=RNI<NU 
GO TO 30 

21 DZZ=DZ(Kll-TL<Kl,NLJ 
TL<Kl,Nll=O, 
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Table 23. Listing of computer program. (continued) 

NL=NL+l 
IFINL,GT,NLAYERIGO TO 30 
ILAYERIKll=NL 
SHCIK1l=SHCIINLl 
ACIK1 l=/\CI<Nll 
BCIK1l=BCIINU 
DZ I Kll =DZZ 
RN< Kl l =RNII NI .. l 
GO TO 22 

30 CONTINUE 
C WRITEC7,3lK1,NL,ILAYERIK1l,TL(K1,NLl,SHCIK1l,RNIK11,DZCK1l 

3 FORMAT(' PAVZ3 K1,NL,ILAYER,Tl,SHC,RN,DZ',3I4,4E11,4l 
20 CONTINUE 

LPAVl21=LPAVC2l-IK 
C WRITE17,4lLPAVC1l,LPAVC2l 

4 FORMAT(' PAVZ4 LPAV1,LPAV2',2151 
RETURN 
END 
SUBROUTINE NEWSO 
CHARACTER*SO TITLE 
COMKON/EROS/IPAV,NLAYER,TLIS0,101,IEOS,SHCIC101,RNil101,SHC501, 

11LAYER(50l,OECSOl,DZTISOl,DZISOl,P,PS,ACISOl,BCISOI, 
2SA,EL,SHC(50l,TS,ACI(101,BCI(101,XBC50l,DEC,IPRINT,TIMEP,ITM 

CONNON/GEOM/XISOl,ZISOl1ITC501,RNC501,SOC50l,TCSC50l, 
1TCB(501,IP(21,RL,NX,SHAX,IS,ZHAX,LPAVC21,Z0(501,DZTLC501 

C *** COMPUTE NEW BED SLOPE 
NXl=NX-1 
DO 10 I=2,NX1 
SOIIl=(ZCI-11-ZIIt11l/lX(It11-XCI-1ll. 

10 CONTINUE 
S0(1l=CZl11-ZC2ll/lX(21-Xl11l 
SO(NX)=IZINXl)-ZCNXll/CX(NXI-XINX111 
SHAX=SO(II 
DO 11 1=2,NX 
lF(SMAX,GT,SO(lllGO TO 11 
SNAX=S011) 
IFISMAX,LT,1,0E-6) SMAX=l,OE-6 

11 CONTINUE 
C *** DETERMINE THE CHANGE IN THE ROADWAY WIDTH 

I1=IP(1l 

$ 

I2=IPC21 
21 IFIDZTCill,LT,0,5)60 TO 20 

I1=I1t1 
IPC1)=I1 
IF(I1,GE,I21GO TO 22 
GO TO 21 

20 IFCDZT(I21,LT,O,Sl60 TO 23 
!2=12-1 
IPC21=I2 
IF(I2,LE,I11GO TO 22 
GO TO 20 

22 IP< 1 l=Il 
IPl21=I1 

23 RETURN 
END 
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FEDERALLY COORDINATED PROGRAM (FCP) OF HIGHWAY RESEARCH, 
DEVELOPMENT, AND TECHNOLOGY 

The Offices of Research, Development, and 
Technology (RD&T) of the Federal Highway 
Administration (FHW A) are responsible for a broad 
research, development, and technology transfer pro
gram. This program is accomplished using numerous 
methods of funding and management. The efforts 
include work done in-house by RD&T staff, con
tracts using administrative funds, and a Federal-aid 
program conducted by or through State highway or 
transportation agencies, which include the Highway 
Planning and Research (HP&R) program, the Na
tional Cooperative Highway Research Program 
(NCHRP) managed by the Transportation Research 
Board, and the one-half of one percent training pro
gram conducted by the National Highway Institute. 

The FCP is a carefully selected group of projects, 
separated into broad categories, formulated to use 
research, development, and technology transfer 
resources to obtain solutions to urgent national 
highway problems. 

The diagonal double stripe on the cover of this report 
represents a highway. It is color-coded to identify 
the FCP category to which the report's subject per
tains. A red stripe indicates category 1, dark blue 
for category 2, light blue for category 3, brown for 
category 4, gray for category 5, and green for 
category 9. 

FCP Category l)escriptiof!s 
1 . Highway Design and Operation for Safety 

Safety RD&T addresses problems · associated 
with the responsibilities of the FHW A under the 
Highway Safety Act. It includes investigation of 
appropriate design standards, roadside hard
ware, traffic control devices, and collection or 
analysis of physical and scientific data for the 
formulation of improved safety regulations to 
better protect all motorists, bicycles, and 
pedestrians. 

2. Traffic Control and Management 
Traffic RD&T is concerned with increasing the 
operational efficiency of existing highways by 
advancing technology and balancing the 
demand-capacity relationship through traffic 
management techniques such as bus and carpool 
preferential treatment, coordinated signal tim
ing, motorist information, and rerouting of 
traffic. 

3. Highway Operations 
This category addresses preserving the Nation's 
highways, natural resources, and community 
attributes. It includes · activities in physical 

maintenance, traffic services for maintenance 
zoning, management of human resources and 
equipment, and identification of highway 
elements that affect the quality of the human en
vironment. The goals of projects within this 
category are to maximize operational efficiency 
and safety to the traveling public while conserv
ing resources and reducing adverse highway and 
traffic impacts through protections and enhance
ment of environmental features. 

4. Pavement Design, Construction, and 
Management 
Pavement RD&T is concerned with pavement 
design and rehabilititation methods and pro
cedures, construction technology, recycled 
highway materials, improved pavement binders, 
and improved pavement management. The goals 
will emphasize improvements to highway 
performance over the network's life cycle, thus 
extending maintenance-free operation and max
imizing benefits. Specific areas of effort will in
·clude material characterizations, pavement 
damage predictions, methods to minimize local 
pavement defects, quality control ,;;pecifications, 
long-term pavement monitoring, and life cycle 
cost analyses. 

5. Structural Design and Hydraulics 

Structural RD&T is concerned with furthering the· 
late~t technological advances in structural and 
hydraulic designs, fabrication processes, and con
struction techniques to provide safe, efficient 
highway structures at reasonable costs. This 
category deals with bridge superstructures, earth 
structures, foundations, culverts, river 
mechanics, and hydraulics. In addition, it in
cludes material aspects of structures (metal and 
concrete) along with their protection from cor
rosive or degrading environments. 

9. RD&T Management and Coordination 
Activities in this category include fundamental 
work for new concepts and system character
ization before the investigation reaches a point 
where it is incorporated within other categories 
of the FCP. Concepts on the feasibility of new 
technology for highway safety are included in this 
category. RD&T reports not within other FCP 
projects will be published as Category 9 projects. 





FEDERALLY COORDINATED PROGRAM (FCP) OF HIGHWAY RESEARCH, 
DEVELOPMENT, AND TECHNOLOGY 

The Offices of Research, Development, and 
Technology (RD&T) of the Federal Highway 
Administration (FHW A) are responsible for a broad 
research, development, and technology transfer pro
gram. This program is accomplished using numerous 
methods of funding and management. The efforts 
include work done in-house by RD&T staff, con
tracts using administrative funds, and a Federal-aid 
program conducted by or through State highway or 
transportation agencies, which include the Highway 
Planning and Research (HP&R) program, the Na
tional Cooperative Highway Research Program 
(NCHRP) managed by the Transportation Research 
Board, and the one-half of one percent training pro
gram conducted by the National Highway Institute. 

The FCP is a carefully selected group of projects, 
separated into broad categories, formulated to use 
research, development, and technology transfer 
resources to obtain solutions to urgent national 
highway problems. 

The diagonal double stripe on the cover of this report 
represents a highway. It is color-coded to identify 
the FCP category to which the report's subject per
tains. A red stripe indicates category I, dark blue 
for category 2, light blue for category 3, brown for 
category 4, gray for category 5, and green for 
category 9. 

FCP Category Descriptions 
1 , Highway Design and Operation for Safety 

Safety RD&T addresses problems associated 
with the responsibilities of the FHW A under the 
Highway Safety Act. It includes investigation of 
appropriate design standards, roadside hard
ware, traffic control devices, and collection or 
analysis of physical and scientific data for the 
formulation of improved safety regulations to 
better protect all motorists, bicycles, and 
pedestrians. 

2. Traffic Control and Management 
Traffic RD&T is concerned with increasing the 
operational efficiency of existing highways by 
advancing technology and balancing the 
demand-capacity relationship through traffic 
management techniques such as bus and carpool 
preferential treatment, coordinated signal tim
ing, motorist information, and rerouting of 
traffic. 

3. Highway Operations 
This category addresses preserving the Nation's 
highways, natural resources, and community 
attributes. It includes activities in physical 

maintenance; traffic services for maintenance 
zoning, management of human resources and 
equipment, and identification of highway 
elements that affect the quality of the human en
vironment. The goals of projects within this 
category are to maximize operational efficiency 
and safety to the traveling public while conserv
ing resources and reducing adverse highway and 
traffic impacts through protections and enhance
ment of environmental features. 

4. Pavement Design, Construction, and 
Management 
Pavement RD&T is concerned with pavement 
design and rehabilititation methods and pro
cedures, construction technology, recycled 
highway materials, improved pavement binders, 
and improved pavement management. The goals 
will emphasize improvements to highway 
performance over the network's life cycle, thus 
extending maintenance-free operation and max
imizing benefits. Specific areas of effort will in
clude material characterizations, pavement 
damage predictions, methods to minimize local 
pavement defects, quality control specifications, 
long-term pavement monitoring, and life cycle 
cost analyses. 

5. Structural Design and Hydraulics 
Structural RD&T is concerned with furthering the 
latest technological advances in structural and 
hydraulic designs, fabrication processes, and con
struction techniques to provide safe, efficient_ 
highway structures at reasonable costs. This 
category deals with bridge superstructures, earth 
structures, foundations, culverts. river 
mechanics, and hydraulics. In addition, it in
cludes material aspects of structures (metal and 
concrete) along with their protection from cor
rosive or degrading environments. 

9. RD&T Management and Coordination 
Activities in this category include fundamental 
work for new concepts and system character
ization before the investigation reaches a point 
where it is incorporated within other categories 
of the FCP. Concepts on the feasibility of new 
technology for highway safety are included in this 
category. RD&T reports not within other FCP 
projects will be published as Category 9 projects. 






