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Chapter I 

INTRODUCTION 

1.1.0 OBJECTIVES 

The purpose of this chapter is to lay the groundwork for applica-
tion of the concepts of open-channel flow, fluvial geomorphology, and 
river mechanics to the d~sign, maintenance, and related environmental 
problems associated with highway crossings and encroachments. 

Basic definitions of terms and notations adopted for use herein 
have been presented in the preceding section for easy use and rapid 
reference. Additionally, these important terms and variables are 
defined and explained as they are encountered. 

1.2.0 CLASSIFICATION OF RIVERS, RIVER CROSSINGS AND ENCROACHMENTS 

There is a wide variety of types of rivers, river crossings and 
encroachments. En.Cll.oa.c.hme.n;t M a.n.y oc.c.u.pa.n.c.y at) .the. Jtivvr. a.n.d M-ood-
plain t)o~ highway u.6e.. The objective herein is to consider the fluvial, 
hydraulic, geomorphic, and environmental aspects of highway encroach-
ments , including bridge locations, bridge alignment training, longitudi-
nal encroachments, stabilization works and road approaches. En.Cll.oa.c.hme.~ 

Me u.6uall!:f n.o p~ob.tem du.Jtin.g n.otuna..t 6.toW6 bu.t Jte.quitte. .6pe.c.ial. p!to:te.c.tion. 
a.ga.in..6.t fi.taad.6. Flood protection requirements vary from site to site. 
Some bridges must accommmodate the passage of livestock and farm equipment 
underneath during periods of low flow. Other bridges require low em-
bankments for aesthetic appeal, especially in populated areas. Still 
other bridges require short spans with long approaches and numerous 
piers for economic reasons. All of these factors and many more contri-
bute to the difficulty in generalizing the design for all highway 
encroachments. 

A classification of encroachments based on prominent features is 
helpful. Classifying the regions requiring protection, the possible 
types of protection, the possible flow conditions, the possible chan-
nel shapes, and the various geometric conditions aids the engineer in 
selecting the design criteria for the conditions he has encountered. 
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1.2.1 Types of encroachment 
In the vicinity of rivers, highways generally impose a degree of 

encroachment. In some instances, particularly in mountainous regions 
or in river gorges and canyons, river crossings can be accomplished with 
absolutely no encroachment on the river. The bridge and its approaches 
are located far above and beyond any possible flood stage. More commonly, 
the economics of crossings require substantial encroachment on the river 
and its floodplain, the cost of a single span over the entire flood-
plain being prohibitive. The en.CJtoa.c.hmen:t c.a.n. be -Ln. :the fioJUn o6 e.aJLth 
oill emba.n.kmerzh OVVt the fii.oodp£.tUn. OIT.. -i.n:to the ma.-i.n. c.ha.n.n.d UJ.,e_tfi, 

Jr..eduun.g the Jr..equ.Uc.ed blr..-Ldge len.g:th; o1r.. -Ln. the 0oJUn o0 p-Lvu, a.n.d a.bu.t-
menh -Ln. the ma.-Ln. c.ha.n.n.e.t of the river. 

There are also longitudinal encroachments not connected with river 
crossings. Floodplains often appear to provide an attractive low cost 
alternative for highway location, even when the extra cost of flood 
protection is included. As a consequence, h-Lghwa.y~, including inter-
changes, o 6ten. en.CJtoa.c.h on. a. 6loodp£.tUn. ovVt long futa.n.c.u. In some 
regions, river valleys provide the only feasible route for highways. 
This is true even in areas where a floodplain does not exist. In many 
locations the highway must encroach on the main channel itself and the 
channel is partly filled to allow room for the roadway. In some instances 
this encroachment becomes severe, particularly as older highways are up-
graded and widened. There is often also the need to straighten a stretch 
of the river, eliminating meanders, to accommodate the highway. 
1.2.2 Types of rivers 

By way of classification, rivers can be divided into those with 
floodplains and those without. Floodplains are usually not the direct 
result of large flood flows but rather the result of lateral movement 
of the river from one side of the plain to the other through geologic 
time. Rivers which have downcut in their valleys have left former 
floodplains high above modern-day flood levels. These former flood-
plains are called terraces. By definition the floodplain is low 
enough to be completely inundated by floods with fairly short recurrence 
periods. 

Whether or not floodplains exist, Jr..-Lvvu, c.a.n. ~o be c.tah~-L6-Led ~ 

UthVt blr..a.-Lded, ~tlr..a.-Lght oJr.. mea.n.delr..-Ln.g. The character of each classifi-
cation is shown in Fig. 1. 2 .1. Braided rivers may be quite stable to the' 
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extent that the associated islands support farms and even urban com-
munities. Under other geographic conditions braided rivers are extremely 
unstable with the channels shifting with each sharp change in discharge. 
The potential width of a braided river may be much greater than casual 
observation indicates. Unpredicted channel shifting has been the cause 
of many crossing failures. 

As seen in Fig. 1.2.1, even straight rivers are to some degree 
sinuous. The s inuosity is a measure of this meandering feature. The 

.6.lnuo.6ily -i...6 defJ.<.ned a..6 .the. Jtilio on .the length ofJ .the IL.<.ve!L 1 .6 .thal.weg .to 

.the length o!J .the va.Ue.y ptLopetL. The .thaiJAJe.g -i...6 .the path ofJ deepe.6.t 
6low. Rivers with sinuosity less than 1.5 are usually considered straight. 
Meandering rivers are commonly associated with erodible floodplains, 
although very regular and highly developed meanders have occurred in 
rivers incised in solid rock valleys. 

Braided Straight Meandering 

0 0 ' b b' g 
f f' g 

Fig . 1.2.1 River channel patterns. 
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1.2.3 Geometry of bridge crossings 
The bridge crossing is the most common type of river encroachment. 

The geometric properties of bridge crossings i llustrated in Fig. 1.2.2 
are commonly used depending on the conditions at the site. The app~oach~ 
ma.y be .6 k.ewed o!t rw!tmal. ( pe!tpend.tculatt) :to :the cU!tewon o 6 6low, oJt one 
app~oach may be .tonge!t :than :the o:theJt, p!todu.ci.ng an ecc.ent!Uc. cA0.6.6ing. 
Abutments used for the overbank-flow case may be set back from the 
low-flow channel banks to provide room to pass the flood flow or simply 
to allow passage of livestock and machinery, or the abutments may extend 
up to the banks or even protrude over the banks, constricting the low-
flow channel. Piers , dual bridges for multi-lane freeways, channel bed 
conditions, and spur dikes add to the list of geometric classifications. 

Elevation 

I 
I 
i . 

Plan 

,.,.,,,~,..,·-,..;;~~-~)))))77; 
· Section A-A' 

(a) Spill- through 

Elevation 

I . . 
I . 
\ . 

Plan 

...,,,,,,n ~7?':""".:i~;..,;.,.;.,.;.,; ..,>r-
Section A- A' · 

(b) Wing-wall 

Fig. 1.2.2 Geometric properties of bridge crossings. 

The design procedures have been derived from laboratory and field 
observations of bridge crossings. The d~ign p!tOc.ed~~ inc.lude ateow-
anc.~ made 6o~ :the e66ec.:t6 on .6k.ewn~.6, ec.c.e.n.-tJUc.Lty, .6c.o~, abu..:tmen:t 
.6e:tba.ck., cha.nnei .6ha.pe, .6u.bmeJtgence o0 :the .6U.pe!t.6.tlr.u.~e, debw, 
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.6pWL cUku, w,tnd wavu, ..tc.e, p..te1L6, a.bu:tmen.t .typu, a.n.d 6-f.ow c.on.c:Uti..oM. 
These design procedures take advantage of the large volume of work that 
has been done by many people in describing the hydraulics and scour 
characteristics of bridge crossings. 

1.3.0 DYNAMICS OF NATURAL RIVERS AND THEIR TRIBUTARIES 

Frequently, environmentalists, river engineers, and others involved 
in transportation, navigation, and flood control consider a river to be 
static; that is, unchanging in shape, dimensions, and pattern. However, 
a.n a.liuvla.t f!.iveJL ge.neJta..U.y l.6 c..on.:U.nua..U.y c..ha.ngln.g ill pM..t.tion a.n.d 
.6ha.pe a..6 a. c.oMequenc.e at) hyc/Jr.a.u,U.c. t)oftc.u a.wn.g on. ill bed a.nd ba.n.k-6. 
Thue. c.ha.n.gu ma.y be .6.f.oW oft Jta.p..td a.n.d ma.y fte.J.>I.LU t)ftom n.a..twr.a.t en.vhc.on.-
men-tal c.ha.n.ge.J.> oft t)ftom c.ha.n.gu by ma.n.' .6 a.c..tlvilie.J.>. When an engineer 
modifies a river channel locally, this local change frequently causes 
modification of channel characteristics both up and down the stream. 
The response of a river to man-induced changes often occurs in spite of 
attempts by engineers to keep the anticipated response under control. 

The point that must be stressed is that a river through time is 
dynamic, that man-induced change frequently sets in motion a response 
that can be propagated for long distances, and that in spite of their 
complexity all rivers are governed by the same basic forces. The high-
way engineer must understand and work with these natural forces. It 
is absolutely necessary for the design engineer to have at hand competent 
knowledge about: (1) geological factors, including soil conditions; 
(2) hydrologic factors, including possible changes in flows, runoff, 
and the hydrologic effects of changes in land use; (3) geometric 
characteristics of the stream, including the probable geometric alter-
ations that will be activated by the changes his project and future 
projects will impose on the channel; and (4) hydraulic characteristics 
such as depths, slopes, and velocity of streams and what changes may be 
expected in these characteristics in space and time. 
1.3.1 Historical evidence of the natural instability of fluvial systems 

In order to emphasize the inherent dynamic qualities of river channels, 
evidence is cited below to demons trate that most alluvial rivers are not 
static in their natural state. Indeed, scientists concerned with the 
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history of landforms (geomorphologists), vegetation (botanists), and the 
past activities of man (archaeologists), rarely consider the landscape 
as unchanging. Rivers, glaciers, sand dunes, and seacoasts are highly 
susceptible to change with time. Over a relatively short period of time, 
perhaps in some cases as long as man ' s lifetime , components of the land-
scape may be relatively s t able. Nevertheless stability cannot be. auto-
matically assumed. Rlv~ ane, in 6act, the mo~t actively changing o6 
ali. geomonphie 6o~. 

Evidence from several sources demonstrate that river channels ar.e 
continually undergoing changes of position, shape, dimensions, and 
pattern. In Fig. 1.3.1 a section of the Mississippi River as it was in . 
1884 is compared with the same section as observed in 1968. In the 
lower 6 miles of river, the surface area has been reduced approximately 
50 percent during this 84-year period. Some of this change has been 
natural and some has been the consequence of river development work. 

Mile 
0 --~~-------------4~~~ 

2 

3 

4 

6 

7 

1968 1884 

Fig. 1.3.1 Comparison of the 1884 and 1968 Mississippi River Channel 
near Commerce, Missouri. 

1 n al.lu.vict.e. Jtiv en ~ y~t~, U ~ the !LUte M.then than the ex.eep-
:Uon :tha.:t bank-6 will. enode, ~ec:U.men.t6 will be depo~Ued and 6-f.ood-
p.R..ai~, ~tan~, and ~ide ehann~ wm u.ndeJLgo modi6ic.a.Uon wLth -time. 
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Changes may be very slow or dramatically rapid. Risk's (1944) report 
on the Mississippi River and his maps showing river position through 
time are sufficient to convince everyone of the innate instability of 
the Mississippi River. The Mississippi is our largest and most impres-
sive river and because of its dimensions it has sometimes been considered 
unique. This is, of course, not so. Hydraulic and geomorphic laws apply 
at all scales of comparable landform evolution. The Mississippi may be 
thought of as a prototype of many rivers or as a much larger than proto-
type model of many sandbed rivers. 

Rivers change position and morphology (dimensions , shape, pattern) 
as a result of changes of hydrology. Hydrology can change as a result 
of climatic change over long periods of time, or as a result of natural 
stochastic climatic fluctuations (droughts, floods), or by man ' s modifi-
cation of the hydrologic regime . For example, the major climatic changes 
of recent geological time (the last few million years of earth history) 
have triggered dramatic changes in runoff and sediment loads with 
corresponding channel alteration. Equally si~1ificant during this time 

' were fluctuations of sea level. During the last continental glaciation, 
sea level was on the order of 400 feet lower than at present, and this 
reduction of base level caused major incisions of river valleys near 
the coasts . 

In recent geologic time, major river changes of different 
types occurred . These types are deep incision and deposition as sea level 
fluctuated, changes of channel geometry as a result of climatic and 
hydrologic changes, and obliteration or displacement of existing channels 
by continental glaciation. Climatic change , sea level change, and 
glaciation are interesting from an academic point of view but ar e not 
considered as cause of modern river instability. The movement ofi the 
eaJtth' .6 cJtU.6t .L6 on.e geologic. a.gent c.auJ.:Jin.g modeJLn. JtiveJL in..6tability. 
The earth's surface in many parts of the world is undergoing cont inuous 
measurable change by upwarping, subsidence or lateral displacement. As 
a result , the study of these ongoing changes (called neotectonics) has 
become a field of major interest for many geologists and geophysicists. 
Such gradual surface changes can affect stream channels dramatically. 
For example, Wallace (1967) has shoh~ that many small streams are clearly 
offset laterally along the San Andreas fault in California. Progressive 
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lateral movement of this fault on the order of an inch per year has 
been measured. The rates of movement of faults are highly variable, 
but an average rate of mountain building has been estimated by Schumm 
(1963) to be on the order of 25 feet per 1000 years. Seemingly insigni-
ficant in human terms, this rate is act ually 0.3 inches per year or 3 
inches per decade. For many river systems, a change of slope of 3 inches 
would be significant. (The slope of the energy gradient on the Lower 
Mississippi River is about 3 to 6 inches per mile.) 

Of course, the geologist is not surprised to see drainage patterns 
that have been disrupted by uplift or some complex warping of the earth's 
surface. In fact, complete reversals of drainage lines have been docu-
mented. In addition, convexities in the longitudinal profile of both 
rivers and river terraces (these profiles are concave under normal 
development) have been detected and attributed to upwarping. Further, 
the progressive shifting of a river toward one side of its valley has 
·resulted from lateral tilting. Major shifts in position of the 
Brahmaputra River toward the west are attributed by Colman (1969) 
to tectonic movements. Hence, neotectonics should not be ignored as 
a possible cause of local river instability. 

Lon.g-tvzm c..Uma..tic. 0.tu.c..:tu.a.;t,i.on.6 have c.a.u.6e.d majoJr. c.ha.n.gu o6 uve.Jr. 
moJr.phology. Floodplains have been destroyed and reconstructed. The 
history of semiarid and arid valleys of the western United States is one 
of alternating periods of channel incision and arroyo formation followed 
by deposition and valley stability which have been attributed to climatic 
fluctuations. 

It is clear that rivers can display a remarkable propensity for 
change of position and morphology in time periods of a century. Hence 
rivers from the geomorphic point of view are unquestionably dynamic, 
but does this apply to modern rivers? It is probable that ~n.g a 
pe.JL,[od o0 .6eve.Jr.al ye.aM, n.eilhe.Jr. n.e.ote.c.ton1c..6 n.oJr. a pJr.ogJr.U.6ive. c..U.mate. 
c. hang e. will have. a de.te.c.table. in.6fue.n.c.e. on. Jr.iv e.Jr. c.ha.Jr.ac.te.Jr. and be.havioJr.. 
What then. c.au-6 e6 a .6table. Jr.iv ell. to appe.aJr. Jr.ela..tiv ely u.n.6table. 6Jr.om the. 
point o6 view o6 the. highway e.n.gin.e.e.Jr. oJr. the. e.n.viJr.on.me.n.tali-6t? It i-6 
the. .6low but implac.able. .6hi6t o6 a Jr.ive.Jr. c.han.n.e.l thJr.ou.gh e.Jr.o.6ion. and 
de.p0.6Uion. at be.n.d-6, :the. .6hi6t o6 a c.ha.n.n.ei. to 6oJr.m c.hu.tu and i.6lan.d6, 
and :the. c.u.to66 o6 a bend to 6oJr.m oxbow laku. Wolman and Leopold (1957) 
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state that lateral migration rates are highly variable; that is, a river 
may maintain a s table position for long periods and then experience 
rapid ~ovement. Much therefore depends on flood events, bank stability, 
permanence of vegetation on banks, and floodplain land use. 

A compilation of data by Wolman and Leopold shows that rates of 
lateral migration for the Kosi River of India range up to approximately 
2500 feet per year. Rates of lateral migration for two major rivers in 
the United States are as follows: Colorado River near Needles, California, 
10 to 150 feet per year; Mississippi River near Rosedale, Mississippi, 
15 8 to 6 30 feet per year. 

Archaeologist s have also provided clear evidence of channel changes 
that are completely natural and to be expected. For example, the number 
of archaeologic sites on floodplains decreases significantly with age 
because the earliest sites are destroyed as floodplains are modified by 
river migration. Lathrop (1968), working on the Rio Ucayali in the 
Amazon headwaters of Peru, estimates that on the average a meander loop 
begins to form and cuts off in 5000 years. These loops have an amplitude 
of 2 to 6 miles and an average rate of meander growth of approximately 
40 feet per year. 

A study by Schmudde (1963) shows that about one-third of the 
floodplain of the Missouri River over the 170-mile reach between Glasgow 
and St. Charles, Missouri, was reworked by the river between 1879 and 
1930. On the Lower Mississippi River , bend migration was on the order 
of 2 feet per year, whereas in the central and upper parts of the river 
below Cairo it was at times 1000 feet per year (Kolb, 1963). On the 
other hand, a meander loop pattern of the lower Ohio River has altered 
very little during the past thousand years (Alexander and Nunnally, 1972). 

ALthough :the dynamic behavioJt ofi peJtemu.a£ .6bteam.6 i-6 hnpJtU.6ive, 
:the modifiic.a.:Uon. on UVeJt-6 in. a!Ud a.n.d .6emia.Jtid Jtegiol1.6 a.n.d upec1.a.U.y 
o6 epheme!ta.i. { 6.towin.g oc.CJUlon.a.Uy) .6bteam eha.n.n.e.t-6 i-6 J.>.ta.Jt;t.U_n.g. A 

study of floodplain vegetation and the distribution of trees in different 
age groups led Everitt (1968) to the conclusion that about half of the 
Little Missouri River floodplain in western North Dakota was reworked in 
69 years. 
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Historical and field studies by Smith (1940) show that floodplain 
destruction occurred during major floods on rivers of the Great ~lains. 
An exceptional example of this is the Cimarron River of southwestern 
Kansas, which was 50 feet wide during the latter part of the 19th and 
first part of the 20th centuries (Schumm and Lichty, 1963). Following 
a series of major floods during the 1930 ' s it widened to 1200 feet, and 
the channel occupied essent~ally the entire valley floor. During the 
decade of the 1940's a new floodplain was constructed, and the river 
width was reduced to about 500 feet in 1960. Equally dramatic changes of 
channel dimensions have occurred along the North and South Platte Rivers 
in Nebraska and Colorado as a result of man's control of flood peaks 
by reservoir construction. Natural changes of this magnitude due to 
changes in flood peaks are perhaps exceptional, but emphasize 
the mobility of rivers. 

Another somewhat different type of channel modification which testi-
fies to the rapidity of fluvial processes is described by Shull (1922, 
1944). During a major flood in 1913, a barge became stranded in a chute 
of the Mississippi River near Columbus, Kentucky. The barge induced 
deposition in the chute and an island formed. In 1919, the island was 
sufficiently large to be homesteaded, and a few acres were cleared for 
agricultural purposes. By 1933, the side channel separating the island 
from the mainland had filled to the extent that the island became part 
of Missouri. The island formed in a location protected from the erosive 
effects of floods but susceptible to deposition of sediment during floods. 
For these reasons the channel filling was rapid and progressive. It 
cannot be concluded that islands will always form and side channels 
fill at such rapid rates, but island formation and side-channel filling 
appear to be the normal course of events in any river transporting 
moderate or high sediment loads regardless of the river size. 

In summary, archaeological, botanical, geological, and geomorphic 
evidence supports the conclusion that most rivers are subject to constant 
change as a normal part of their morphologic evolution. Therefore, 
stable or static channels are the exception in nature. 
1.3.2 Introduction to river hydraulics and river response 

In the previous section it was established that rivers are dynamic 
and respond to changed environmental conditions. The direction and 
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extent of the change depends on t he forces acting on the system. The 
mechanics of flow in rivers is a complex subject that requires special 
study which is unfortunately not included in basic courses of fluid 
mechanics. The major complicating factors in river mechanics are: 
(a) the large number of interrelated variables that can simultaneously 
respond to natural or imposed changes in a river system and (b) the 
continual evolution of river channel patterns, channel geometry, bars 
and forms of bed roughness with changing water and sediment discharge. 
In order to understand the responses of a river to the actions of man 
a.nd nature, a few simple hydraulic and geomorphic concepts are presented 
here. 

Rivers are broadly classified as straight, meandering, braided 
or some combination of these classifications, but any changes that are 
imposed on a river may change its form. The dependence of river form 
on the slope which may be imposed independent of the other river 
characteristics is illustrated schematically in Fig. 1.3.2. By changing 
the slope, it is possible to change the river from a meandering one 
that is relatively tranquil and easy to control to a braided one that 
varies rapidly with time, has high velocities, is subdivided by sand-
bars and carries relatively large quantities of sediment. Such a change 
could be caused by a natural or artificial cutoff. Conversely, it is 
possible that a slight decrease in slope could change an unstable 
braided river into a meandering one. 
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Fig. 1.3.2 Sinuosity vs. slope with constan~ discharge. 

Channel patterns are illustrated in Fig. 1.2.1. 
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Based on research results of Lane (1955), Leopold and Maddock (1953), 
Santos-Cayudo and Simons (1973) and Schumm (1971), the following general 
statements concerning a river's response to altered water discharge and 
sediment load can be made: 

(1) Depth is directly proportional to discharge and invers_ely 
proportional to the bed-material discharge. 

(2) Channel width is directly proportional to discharge and to 
sediment load. 

(3) Channel shape (width-depth ratio) is directly related to 
sediment load. 

(4) Meander wavelength is directly proportional to discharge and 
to sediment load. 

(5) Gradient is inversely proportional to discharge and directly 
proportional to sediment load and grain size. 

(6) Sinuosity is proportional to valley slope and inversely 
proportional to sediment load. 

Gradient is considered in the above to be a dependent variable in that 
a river can reduce the gradient by becoming more sinuous. It is important 
to remember that the relations given above pertain to natural rivers 
and not necessarily to artificial channels with bank materials that are 
not representative of sediment load; however, the relations help to 
determine the response of any water conveying channel. 

The. ~.:JigrU.6ic.anfty cUnneJte.n.t c.ha.n.n.el. cUme.11-6iol1-6, ~.:Jha.pe-6, and paA::teJtl1-6 
MI.:Jocia.:te.d wUh cUfineJte.n.t qua.n..t,U,i.e-6 on cUI.:Jc.luvtge. an.d amou.n.:l:6 ofi ~.:Je.cUme.n.t 

load -<.n.cUc.a.:te. .that M .the6e. in.de.pe.n.de.n.t vaJU.a.ble-6 c.ha.nge., majoJt adjM.t-
me.nt6 ofi c.han.n.el. moJtphology c.a.n. be. antic.ipa..te.d. Further, if changes 
in sinuosity and meander wavelength as well as in width and depth are 
required to compensate for a hydrologic change, then a long period of 
channel instability can be envisioned with considerable bank erosion 
and lateral shifting of the channel before stability is restored. One 
is led to conclude that the reaction of a channel to changes in 
discharge and sediment load may result in channel dimension changes 
contrary to those indicated by many regime equations. For examp-le, it 
is conceivable that a decrease in discharge together with an increase in 
sediment load could actuate a decrease in depth and an increase in width. 
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Changes in sediment and water discharge at a particular point or 
reach in a stream may have an effect ranging from some distance upstream 
to a point downstream where the hydraulic and geometric conditions can 
have absorbed the change. Thus, it is well to consider a channel 
reach as part of a complete drainage system. Artificial controls that 
could benefit the reach may, in fact , cause problems in the system as 
a whole . For example, flood control structures can cause downstream 
flood damage to be greater at reduced flows if the average hydrologic 
regime is changed so that the channel dimensions are actually reduced. 
Also, where major tributaries exert a significant influence on the main 
channel by introduction of large quantities of sediment, upstream control 
on the main channel may allow the tributary to intermittently dominate 
the system with deleterious results. If discharges in the main channel 
are reduced, sediments from the tributary that previously were eroded 
will no longer be carried away and serious aggradation with accompanying 
flood problems may arise. 

An insight into the direction of change, the magnitude of change, 
and the time involved to reach a new equilibrium can be gained by studying 
the river in a natural condition; having knowledge of the sediment and 
water discharge; being able to predict the effects and magnitude of man's 
future activities; and applying to these a knowledge of geology, soils, 
hydrology, and hydraulics of alluvial rivers. 

The current interest in ecology and the environment have made people 
aware of the many problems that mankind can cause. Previous to the 
present interest in environmental impact, very few people interested 
in rivers ever considered the long-term changes that were possible. It 
is imperative that anyone working with rivers, either with localized 
areas or entire systems , have an understanding of the many factors 
involved, and of the potential for change existing in the river system. 

Two me;thocl6 o6 pnecUc.U11g Jte6pon6e Me employed. They a.Jte :the 
phy~ieat a11d :the ma:thema:tieat mod~. Engineers have long used small 
scale hydraulic models to assist them in anticipating the effect of 
altering conditions i n a reach of a river. With proper awareness of 
the large scale effects that can exist, the results of hydraulic 
model testing can be extremely useful for this purpose. A more recent 
and perhaps more elegant method of predicting short-term and long-term 
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changes in rivers involves the use of mathematical models. To study 
a transient phenomena in natural alluvial channels, the equations of 
motion and continuity for sediment laden water and the continuity 
equation for sediment can be used. These equations are powerful analyt-
ical tools for the study of unsteady flow problems. However, because of 
mathematical difficulties, many practical solutions can only be obtained 
by numerical analysis using iteration procedures and digital computers. 
The potential of numerical mathematical models for flood and sediment 
routing, degradation and aggradation studies, and long-term channel 
development studies is now being realized. 

1.4.0 EFFECTS OF HIGHWAY CONSTRUCTION ON RIVER SYSTEMS 

Highway construction can have significant general and local effects 
on the geomorphology and hydraulics of river systems. Hence, it is 
necessary to consider induced short-term and long-term responses of the 
river and its tributaries, the impact on envi~onmental factors, the 
aesthetics of the river environment and short-term and long-term effects 
of erosion and sedimentation on the surrounding landscape and the 
river. The biological response of the river system should also be 
evaluated and considered. 
1.4.1 Immediate responses 

Let us consider a few of the numerous and immediate responses of 
rivers to the construction of bridges, training and channel stabiliza-
tion works and approaches. 

In the preceding paragraphs we indicated that local changes made 
in the geometry or the hydraulic properties of the river may be of 
such a magnitude as to have an immediate impact upon the entire river 
system. More specifically, eo~aetion& due to the eon&tnuetion o6 
enCJtoaehmeYIM geneJz.ally ea.Me geneJz.a.i and loea..t .6eoWt, and the .6ecU.men.t.6 

. Jtemoved 6Jtom t?U-6 loeation Me U.6ually dJtopped .-i.n the .-i.mmed.-i.ate Jteaeh 
down&tneam. In the event that the contraction is extended further 
downstream, the river may be capable of carrying the increased sediment 
load an additional distance but only until a reduction in gradient and 
a reduction in transport capability is encountered. The increased 
velocities caused by encroachments may also affect the general 
lateral stability of the river downstream. 
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In addition, the development of c·rossings and the contraction of 
river sections may have a significant effect on the water level in the 
vicinity and upstream of the bridge. Such changes in water level up-
stream of the bridge are called backwater effects. The highway engineer 
must be in a position to accurately assess the effects of the construction 
of crossings upon the water surface profile. 

To offset increased velocities and to reduce bank instabilities and 
related problems, one ends up, in many instances, with stabilizing or 
channelizing the river to some degree. M1en it is necessary to do this, 
every effort should be made to do the channelization in a manner which 
does not degrade the river environment including its aesthetic value. 

A6 a C..OYL6e.qu.e.n.c..e. on C..OYL6:tlu.Lc...tion., many CV1.e.M be.c..ome. IUghl..y .6u.6c..e.p.tibte. 
to ~o.oion.. The transported sediment is carried from the construction 
site by surface flow into the minor rills, which combine within a short 
distance to form larger channels leading to the river. The water flowing 
from the construction site is usually a consequence of rain. The surface 
runoff and the accompanying erosion can significantly increase the sedi-
ment yield to the river channel unless careful control is exercised. The 
large sediment particles transported to the main channel may reside in 
the vicinity of the construction site for a long period of time or may 
be slowly moved away. On the other hand, the fine sediments are easily 
transported and generally pollute the whole cross section of the river. 
The fine sediments are transported downstream to the nearest reservoir 
or to the sea. As will be discussed later, the sudden injection of 
the larger sediments into the channel may cause local aggradation, thereby 
steepening the channel, increasing the flow velocities and possibly causing 
instability in the river at that site . Over a long period of time after 
the injection has ceased, the river would return to its former geometry. 

The. .6u..6pe.n.de.d nine. .oe.dimmto c..a.n. have. V e!L!f .oignifiic.a.n.t e.fine.c.t6 on 
the. bioma..o.o ofi the. .otne.a.m. Certain species of fish can only tolerate 
large quantities of suspended sediment for relatively short periods 
of time. This is particularly true of the eggs and fry. This type of 
biological response to development normally falls outside of the competence 
of the engineer. Yet his work may be responsible for the discharge of 
these sediments into the system and if he is unable to cope with the 
problem, the engineer should ut i lize adequate technical assistance from 
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experts in fisheries, biology, and other related areas to overcome the 
consequences of sediment pollution in a river. Only with such knowledge 
can he develop the necessary arguments to sell his case that erosion 
control measures must be exercised to avoid significant deterioration of 
the stream environment not only in the immediate vicinity of the bridge 
but in many instances for great distances downstream. 

Another possible immediate response of the river system to construc-
tion is the loss of the recreational use of the river. In many streams, 
there may be an immediate drop in the quality of the fishing due to the 
increase of sediment load, or other changed hydraulic characteristics 
within the channel. Most natural rivers consist of a series of pools 
and riffles. Both form an important part of the environment from the 
viewpoint of fisheries. The introduction of larger quantities of sediment 
into the channel and changes made in the geometry of the channel may 
result in the loss of these pools and riffles. Along the same lines, 
construction work within the river may cause a loss of food essential to 
fish life and often it is difficult to get the food chain re-
established in the system. 

CoYL6:tJr.u.c.tion. and ope.Jta.tion. o6 highway-6 in. wa.teJL-.6u.pply wa.teJL.6hecL6 
pnuent veJty neal pnoblem-6 an.d nequ.ine .6pec.ia.l pnec.au.tion.a.ny duigYL6 .to 
pno.tec..t .the wa.teJL .6u.ppliu 6Jr.om highway nuidu.e. These residues may be 
largely sedimentary and may increase the turbidity of the water. There 
have been instances, however, where other unwelcome materials such as 
asphalt distillates have been traced to highway operation. 

The preceding discussion is related to only a few immediate responses 
to construction along a river. However, they are responses that illustrate 
their importance to design and the environment. 
1.4.2 Delayed response of rivers to development 

In addition to the example of possible immediate responses discussed 
above, there are important delayed responses of rivers to highway develop-
ment. As part of this introductory chapter, consideration is given to 
some of the more obvious effects that can be induced on a river system 
over a long time period by highway construction. 

Often it is necessary to employ training works in connection with 
bridges to favorably align the flow with the bridge ope~ings. When such 
training works are used, they generally straighten the channel, shorten 
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the flow line, and increase the velocity within the channel. Any such 
changes made in the system that cause an increase in the gradient may 
cause an increase in velocities. The increase in velocity increases 
local and general scour with subsequent deposition downstream where 
the channel takes on its normal characteristics. If significant len&ths 
of the river are trained and straightened, there can be a noticeable 
decrease in the elevation of the water surface profile for a given dis-
charge in the main channel. Tributaries emptying into the main channel 
in such reaches are significantly affected. Having a lower water level 
in the main channel for a given discharge means that the tributary streams 
entering in that vicinity are subjected to a steeper gradient and higher 
velocities which cause degradation in the tributary streams. In extreme 
cases, degradation can be induced of such magnitude as to cause failure of 
structures such as bridges on the tributary systems. In general, any 
increase in transported materials from the tributaries to the main channel 
causes a reduction in the quality of the environment within the river. 
More specifically, as degradation occurs in the td butaries, hank instabi li-
ties are induced and the sediment loads arc greatly increased. Increased 
sediment loads usually result in a deterioration of the given environment. 

1.5.0 THE EFFECTS OF RIVER DEVELOPMENT ON HIGHWAY STRUCTURES 

Some of the possible immediate and delayed responses of rivers and 
river systems to the construction of bridges, approaches, channel sta-
bilization and the utilization of training works have been mentioned. 
1:t .L6 nec.e6.6CU!.Ij mo :to C.On6ideJr. the e6t)ec.:t6 on hJ..ghwatj .6;(Jl.UUWle6 un 

niveJr. development Wohk-6. These works may include, for example, water 
diversions from the river system, water diversions to the river system, 
construction of reservoirs, flood control works, cutoffs, levees, 
navigation works, and the mining of sand and gravel. Tt is essential to 
consider the possible or probable long-term plans of a11 agencies and 
groups as they pertain to a river when designing crossings or when 
dealing with the river in any way. Let us consider a few typical 
responses of a crossing to different types of water resources development. 
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Cutoffs may develop naturally in the river system or cutoffs can 
be constructed by man. The general consequence of cutoffs is to shorten 
the flow path and steepen the gradient of the channel. The local steep-
ening can significantly increase the velocities and sediment transport. 
Also, this action can induce significant instability such as bank 
erosion and degradation in the reach. The material scoured in the 
reach effected by the cutoff is probably carried only to the adjacent 
downstream reach where the gradient is flatter. In this region of slower 
velocities the sediment drops out rapidly. The deposition can have 
significant detrimental effect on the downstream reach of river, increasing 
the flood stage in the river itself and increasing the base level for 
the tributary stream, thereby causing aggradation in the tributaries. 

Consider a classic example of a cutoff that was constructed on a 
large bend in one of the tributaries to the Mississippi. Along this 
bend, small towns had developed and small tributary streams entered the 
main channel within the gooseneck bend. · It was decided to develop a 
cutoff across the gooseneck to shorten the flow line or the river, re-
duce the flood stage and generally improve poor conditions in that loca-
tion. Several interesting results developed. 

In the vicinity of the cutoff the bankline eroded and degradation 
was initiated. Within the gooseneck bend, the small tributaries 
continued to discharge their water and sediment. Because of the flat 
gradient in the bend, this channel section could not convey the sediment 
from the small systems through it and aggradation was initiated. Within 
a short period of time sufficient aggradation had occurred so as to 
jeopardize water intakes, sewage outfalls and so forth. As a consequence 
of the adverse action in the vicinity of the cutoff and within the 
gooseneck itself, it was finally decided that it would be more beneficial 
to restore the river to its natural form through the gooseneck. This 
action was taken and the serious problems were alleviated. 

In such a program of river development, the highway engineer 
would be hard pressed to maintain and plan for his highway system along 
and over this reach of river. 

Another common case occurs with the development of reservoirs for 
storage and flood control. These reservoirs serve as traps for the 
sediment normally flowing through the river system. With sediment 
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trapped in the reservoir, essentially clear water is released at the dam 
site. This clear water has the capacity to transport more sediment than 
is immediately available. Consequently the channel begins to supply this 
deficit with resulting degradation of the bed. This degradation may 
significantly affect the safety of bridges in the immediate vicinity. 
Again, the degraded main channel causes steeper gradients on tributary 
streams in the vicinity of the main channel . The result is degradation 
in the tributary streams. It is entirely possible, however that the 
additional sediments supplied by the tributary streams would ul timately 
offset the degradation in the main channel. It must be recognized that 
downstream of storage structures the channel may either aggrade or 
degrade and the tributaries will be affected in either case. 

There are important responses induced upstream of reservoirs as 
well as downstream. When the stream flowing into a reservoir encounters 
the ponded water, its sediment load is deposited forming a delta. This 
deposition in the reservoir flattens the gradient of the channel upstream. 
The flattening of the upstream channel induces aggradation causing the 
bed of the river to rise, threatening highway installations and other 
facilities. For example, Etepha.nt Bu;Ue. Re6vr.vo..i.Jt, bu.,{ft on. the. Rio GJra.n.de., 
ha.6 ea.uJ.>e.d .the. Rio GJLa.n.de. .to a.ggJra.de. ma.n.y mileA upotlte.a.m on the. JLe6VLvo..i.Jt 
~i.te.. At Albuquerque, New Mexico, the riverbed has aggraded until it is 
presently several feet above the level of the city. This degree of change 
in bed level can have very significant effects upon bridges, other hydraulic 
structures and all types of training and stabilization works. Ultimately 
the river may be subjected to a flow of magnitude sufficient to overflow 
existing banks, causing the water to seek an entirely new channel. With 
the abandonment of the existing channel there would be a variety of 
bridges and hydraulic structures that would also be abandoned at great 
expense to the public. Further, t here are investigations underway that 
may lead to the construction of a storage reservoir upstream of 
Albuquerque. With the construction of this reservoir, clear water would 
be released which could initiate degradation in the channel in the 
immediate vicinity of the reservoir but would supply even greater sediment 
downstream \vhere the channe l is affected by Elephant Butte. 

The clear-water diversion into South Boulder Creek in Colorado is 
another example of river development that affects bridge crossings and 
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encroachments as well as the environment in general. Originally the 
North Fork of South Boulder Creek was a small but beautiful scenic 
mountain stream. The banks were nicely vegetated; there was a beautiful 
sequence of ripples and pools which had all the attributes of a good 
fishing habitat. Approximately ten years ago, water was diverted from 
the Western Slope of the rockies through a tunnel to the North Fork of 
South Boulder Creek. The normal flow in that channel was increased by a 
factor of 4 to 5. The extra water caused significant bank erosion and 
channel degradation. In fact, the additional flow gutted the river valley, 
changing the channel to a straight raging torrent capable of carrying 
large quantities of sediment. Degradation in the system had reached 
as much as 15 to 20 feet before measures were taken to stabilize the 
creek. 

Stabilization was achieved by flattening the gradient by constructing 
numerous drop structures and by reforming the banks with riprap. The 
system has stabilized but it is a different system. The channel is 
straight, much of the vegetation has been washed away, and the natural 
sequence of ripples and pools has been destroyed. The valley may never 
again have the natural form and beauty it once possessed. It is 
necessary for us to bear in mind that diversions to or from the natural 
river system can greatly alter its geometry, beauty and utility. 
The river may undergo a complete change, giving rise to a multitude of 
problems in connection with the design and maintenance of hydraulic 
structures, encroachments and bridge crossings along the affected 
reach. 

In the preceding paragraphs possible immediate and long-term 
responses of river systems to various types of river development have 
been described. Nothing has been indicated about how to determine the 
magnitude of these changes. This important aspect of response of rivers 
to development will be treated more quantitatively in other chapters. 

1.6.0 ENVIRONMENTAL CONSIDERATIONS 

There is a 15 mile canyon above Glenwood Springs, Colorado, in which 
the Colorado River flows. The natural river was narrow and flowed within 
the canyon walls extending essentially down to the river banks. In the 
early 1900's, a two-lane highway was constructed on one side of the 
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river and a railroad was constructed on the other side in this 15 mile 
reach. Because of the lack of floodplain, the space for the highway 
and railroad was developed by cutting into the valley wall and encroach-
ing on the river channel. This development converted the river from one 
with a natural sequence of pools and ripples to essentially a straight 
man-made channel. This development greatly reduced the value of the 
river from the environmental point of view. On the other hand, the 
development did meet the transportation needs at that time. 

Presently we have a four-lane divided highway both upstream and 
downstream of this canyon reach. Hence, the possibility of further 
encroachment on the river in the canyon to provide space for a four-
lane highway has been investigated. This could be done but may further 
deteriorate the quality of the river. Environmental considerations 
have become the major issue in the development of this four-lane highway 
through this reach. 

A6 .the p1LeAeJLva..ti..on otS env.UC..onmerLt.a.t qiJ.tLU.:ty hct6 bec.ome a. ma..t.teJL ofi 
na.ilona.t ..[n.teJLu.t a.nd pwJLUy, .the dec.W..[oJU made. on .the loc.a.ilon, 
du).gn a.nd c.on6.br.u.c:ti..on otS a.n enc.Jz.oa.c.hmen.t .6hou.U, all fia.JL a.6 po.M..[ble, 
a.vo..[d OJL m..[n..[m..[ze .the a.dv eJt.6 e en n ec..t6 0 n .the qu.a.,U;ty 0 n .the envJJto nmen.t, 
..[nce.u..d.Lng etSfiec..t6 on .6c.en..[c., no..:t:uJc.a..R, hA.l:J.to}L..[c.a.l, Mc.ha.eolog,[c.a.l, 
Jt.ec.Jz.e.a.ilo na.l a.nd .6 0 Ua.l vai.u.U a.nd JLeA 0 u.JLC.eA 0 n .the pJLO j ec..t Mea.. To 
do this, the engineer must have sufficient knowledge to recognize 
potential problems. 

A general methodology can be put forth for bringing environmental 
impact into the decision process. The fibt.6.t .6.tep is to locate the 
several alternative areas where the bridge or highway could feasibly be 
located. These areas would be chosen to provide a choice of environ-
mental considerations as well as a range of purely technical require-
ments. An inventory and analysis of the environmental resources of each 
site would then be prepared. The i nventory would show the uniqueness of 
the area for supporting specific vegetation, wildlife and aquatic life, 
especially rare or endangered species. Relevant specialists need 
to be consulted to define the interdependencies and chains that exist 
between biological groups and species and to evaluate the response of 
the species to stress conditions. Existing and future possible uses 
of the area must be set down, whether it is urban residential, industrial, 
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farm, recreation or preservation for natural scenic beauty. The area 
may possess a community unity that would be destroyed by highway 
development or it may possess unique qualities of significant historical 
or cultural importance. All these and more are environmental consider-
ations .to inventory. 

The ~eeond ~tep is to conduct an interdisciplinary study of the 
impact of the alternative plans on the environmental factors identified 
in the first step. The alternatives would ideally include not only 
different sites but alternative forms of construction that would differ 
in their environmental impact. The impact would not be all negative. 
Highways and bridges are means of access, and access to areas ·of excep-
tional recreational or scenic value can be a positive impact. The impact 
of scarring the landscape most often is negative, but a major highway 
cut west of Denver exposed colorful geological strata that now is a 
center of attraction for tourists, students and serious geologists. 

The t~d ~tep is to prepare preliminary plans and cost estimates 
for those alternatives that provide the best compromise between function 
cost and environmental impact. These plans would include rehabilitation 
plans to ameliorate the expected harmful impacts and to achieve the most 
productive and environmentally harmonious future use. The final choice 
then can be made based on an understanding of the impact of the crossing. 

The specific considerations pertinent to bridge engineering are 
described in more detail in the following sections. 
1.6.1 Site selection 

While the site selection of an encroachment is usually closely 
dictated by the location planning of the proposed road, the encroach-
ment must be sited with full knowledge of its environmental impact. 

To minimize the environmental impact, the site should be located: 
(1) Where satisfactory geological and soil conditions exist, as 

determined through extensive investigation. 
(2) Where a minimum of scour or fill of hydraulic sediments are 

expected to occur at or near the crossing. 
(3) Away from Teaches of highly unstable channel. 
(4) Where possible adverse effects on the other existing 

bridges and hydraulic structures can be avoided. 
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(5) Where it is possible to m1n1m1ze the hazards from floods, 
landslides, tornadoes or hurricanes, tsunamis, avalanches, 
earthquakes or subsidence. 

(6) Where river banks are stable. 
(7) Where ecological impact is acceptable. 
(8) Where aesthetic considerations are favorable. 

1.6.2 Recreation, fish and wildlife 
Preserving and enhancing the quality of recreation, fish and 

wildlife areas is a major goal of the current national environmental 
movement. Proximity to sensitive areas requires an understanding ·of the 
effect of the encroachment and attention to possible remedial measures. 

The effects of construction activities on fish and wildlife should 
not be overlooked. Dredging, excavating, and storage of materials may 
disturb aquatic and wildlife areas and should be minimized. If disruption 
of natural habitat is necessary, it should be restored to its natural 
state as soon as possible. 
1.6.3 Identification of the existing ecosystem 

Pre-project consideration of the total ecosystem must be an integral 
part of the plan. Ecological studies are necessary to document the 
present characteristics of the environment, to estimate the effect of 
the construction and operation of the proposed bridge on the environment, 
and to provide the basis for selecting measures which minimize any 
projected adverse effects. 

The measures taken to assure that ecological studies are adequate 
include: 

(1) Identifying important and supportive biological species. 
(2) Formulating the ecological studies, including data collection 

techniques. 
(3) Guiding the ecological studies. 

1.6.4 Construction effects 
Although construction may be of short duration as compared to the 

operating life of the project, some changes during construction could 
have long-term damaging effects. 

The impact of each of the construction activities on the environ-
ment must be assessed and measures should be planned and carried out to 
minimize such impact. Erosion control and other pollution control 
measures, the impact on area water supplies, and restoration of the 
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landscape after completion of construction must be considered. The 
effects of construction on navigation, the biota, water quality, 
aesthetics, recreation, water supply, flood damage prevention, ecosystems 

J 

and, in general, the needs and welfare of the people require careful 
attention. 

The environment of the site during construction is of importance 
and should be considered. Specifically, adverse environmental and 
aesthetic impacts induced by the construction can be minimized by: 

(1) Following natural topography to reduce construction scarring. 
Cutting, filling and clearing should usually be held to a minimum. 

(2} Closely monitoring the use of mobile heavy equipment during 
the various construction phases so that damage to the environ-
ment can be minimized. 

(3) Timing the clearing operation to minimize damage to critical 
areas. 

(4) Properly draining rainwater from approach or access roads to 
prevent erosion. 

(5) Controlling the air-emission pollution from all construction 
vehicles. 

(6) Preventing pollution from the burning of waste, littering or 
disposing excess excavation material into water channels. 

(7) Transporting construction equipment to and from the site 
without causing inconvenience to traffic flow or damage to 
the environment. 

(8) Consulting with the land management agencies and complying with 
their requirements. 

(9) Revegetating borrow and spoil areas as soon as practicable 
after disturbance. 

1.7.0 TECHNICAL ASPECTS 

Effects of river development, flood control measures and channel 
structures built during the last century have proven the need for 
taking into account delayed and far-reaching effects of any alteration 
man makes in a natural alluvial river system. 

Because of the complexity of the processes occurring in natural 
flows and the erosion and deposition of material, an analytical 
approach to the problem is very difficult and time consuming. Most 
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of our river process relations have been derived empirically. Never-
theless, if a greater understanding of the principles governing the 
processes of river formation is to be gained, the empirically derived 
relations must be put in the proper context by employing the analytical 
approach. In that way the distinct limitations of the empirical relations 
can be removed. 

Mankind's attempts at controlling large rivers has often led to the 
situation described by J. Hoover Mackin (1937) when he wrote: 

"the engineer who alters natural equilibrium relations by 
diversion or damming or channel improvement measures will 
often find that he has the bull by the tail and is unable 
to let go - as he continues to correct or suppress undesirable 
phases of the chain reaction of the stream to the initial 'stress' 
he will necessarily place increasing emphasis on study of the 
genetic aspects of the equi librium in order that he may work with 
rivers, rather than merely on. them." 
Through such experiences, man realizes that, to prevent or reduce 

the detrimental effects of any modification of the natural processes and 
state of equilibrium on a river, he must gain an unders tanding of the 
physical laws governing them, and become knowledgeable of the far-
reaching effects of any attempt to control or modify a river's course. 
1.7.1 Variables affecting river behavior 

Variables affecting alluvial river channels are numerous and inter-
related. Their nature is such that, unlike rigid boundary hydraulic 
problems, it is not possible to isolate and study the role of any 
individual variable. 

Major factors affecting alluvial stream channel forms are: 
(1) Stream discharge. 
(2) Sediment load. 
(3) Longitudinal slope. 
(4) Bank and bed resistance to flow. 
(5) Vegetation. 
(6) Geology including types of sediments . 
(7) Works of man. 
The 6R.uviai.. pJz.oc.eJ.>.6 e6 .,[nvo.tved aJr.e veJz.y c.omplic..a.:ted a.n.d the va.Jr..,[a.bleJ.> 

on .,[mpotda.n.c.e Me. d.-[66.-[c.ul;t to .-[.6o.ta..:te. Many laboratory and field 
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studies have been carried out in an attempt to relate these and other 
variables to the present time. The problem has been more amenable to an 
empirical solution than an analytical one. 

In an analysis of flow in alluvial rivers, the flow field is compli-
cated by the constantly changing discharge. Significant variables are, 
therefore, quite difficult to relate mathematically. It is desirable 
to list measurable or computable variables which effectively describe 
the processes occurring and then to reduce the list by making simpli-
fying assumptions and examining relative magnitudes of variables, 
striving toward an acceptable balance between accuracy and limitations 
of obtaining data. When this is done, the basic equations of fluid 
motion may be simplified (on the basis of valid assumptions) to 
describe the physical model. 

It is the role of the succeeding chapters to present these variables, 
define them, show how they interrelate, quantify their interrelations 
where feasible, and show how they can be applied to achieve the success-
ful design of river crossings and encroachments. 
1.7.2 Basic knowledge required 

In order for the engineer to cope successfully with river 
engineering problems, it is necessary that he have an adequate back-
ground in engineering with an emphasis on hydrology, hydraulics, erosion 
and sedimentation, river mechanics, soil mechanics, structures, economics, 
the environment and related subjects. In fact, as the public has 
demanded more comprehensive treatment of river development problems, the 
highway engineer should further improve his knowledge, and the applica-
tion of it, by soliciting the cooperative efforts of the hydraulic 
engineer, hydrologist, geologist, geomorphologist, meteorologist, 
mathematician, statistician, computer programmer, systems engineer, 
soil physicist, soil chemist, biologist, water management staff, and 
economist. Professional organizations involving these talents should 
be encouraged to work cooperatively to achieve the long range research 
needs and goals relative to river development and application of 
knowledge on a national and international basis. Through an appropriate 
exchange of information between scientists working in these fields, 
opportunities to do a better job with all aspects of river development 
should be greatly enhanced. 
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1.7.3 Data requirements 
Large amounts of data pertaining to understanding the behavior of 

rivers have been acquired over a long period of time. Nevertheless, 
data collection efforts are sporadic. Agencies should take a careful l ook 
at present data requirements needed to solve practical problems along 
with existing data. Perhaps a careful analysis of data requirements 
would make it possible to more efficiently utilize funds to collect data 
in the future. The basic type of information that is required includes: 
water discharge as a function of time, sediment discharge as a function 
of time, the characteristics of the sediments being transported by streams, 
the characteristics of the channels in which the water and sediment are 
transported, and the characteristics of watersheds and how they deliver 
water and sediment to the stream systems. Environmental data is also 
needed so that proper assessment can be made of the impact of river 
development upon the environment and vice versa. The problem of data 
requirements at river crossings is of sufficient importance that it 
is treated in greater detail in subsequent chapters. 

1.8.0 FUTURE TECHNICAL TRENDS 

When considering the future, it is essential to recognize the 
present state of knowledge pertaining to river hydraulics and then 
identify inadequacies in existing theories and encourage further 
research to help correct these deficits of knowledge. In order to 
correct such deficits there is need to take a careful look at existing 
data pertaining to rivers, future data requirements, research needs, 
training programs and methods of developing staff that can apply this 
knowledge to the solution of practical problems . 
1.8.1 Adequacy of current knowledge 

The basic principles of fluid mechanics involving application of 
continuity, momentum and energy concepts are well known and can be 
effectively applied to a wide variety of river problems. Considerable 
work has been done on the hydraulics of rigid boundary open channels 
and excellent results can be expected. The steady-state sediment 
transport of nearly uniform sizes of sediment in alluvial channels 
is well understood. There is good understanding of stable channel 
theory in noncohesive materials of all s i zes. The theory is adequate 
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to enable us to design stable systems in the existing material or, if 
necessary, designs can be made for appropriate types of stabilization 
treatments for canals and rivers to have them behave in a stable manner. 
A good understanding of plane bed fluvial hydraulics extsts. There have 
been extensive studies of the fall velocity of noncohesive sediments in 
static fluids to provide knowledge about the interaction between the 
particle and fluid so essential to the development of sediment transport 
theories. 

In conclusion, a.va.Le.a.b.te. c.on.c.e.pu a.n.d :the.otUe-6 wYU.c.h c.a.n. be. a.ppUe.d 
:to :the. be.ha.v).oJt ofi tUveM a.Jte. e.x:te.l10.i_ve.. However, in many instances 
only empirical relationships have been developed and these are pertinent 
to specific problems only . Consequently, a more basic theoretical under-
standing of flow in the river systems needs to be developed. 

With respect to many aspects of river mechanics, it can be concluded • that knowledge is available to cope with the majority of river problems. 
On the other hand, :the. n.u.mbe.Jt ofi .i_n.d.i_v.i_d.u.a1..6 who a.Jte. c.ogn.).za.n.:t ofi exi-6:tbr.g 
:the.oJty a.n.d c.a.n. a.pp.ty U .6uc.c.e6.66uf.ly :to :the. .6o£.uti.on. o6 /[.)_ve.Jt p!Lob.tem6 ~ 
.timite.d. Particularly, the number of individuals involved in the actual 
solution of applied river mechanics problems is very small. There is a 
specific reason for this deficit of trained personnel. Undergraduate 
engineering educators in the universities in the United States, and in 
the world for that matter, devote only a small amount of time to teaching 
hydrology, river mechanics, channel stabilization, fluvial geomorphology, 
and related problems. It is not possible to obtain adequate training 
in these important topics e;x:cept at the graduate level, and only a limited 
number of universities and institutions offer the required training 
in these subject areas. A great need at this time (1974) is to adequately 
train people to cope with river problems. 
1.8.2 Research needs 

As knowledge of river hydraulics is reviewed, it becomes quite 
obvious that many things are not adequately known. Relle.a.Jtc.h n.e.e.d-6 a.Jte. 
pa.Jttic.u.ta.Jt.ty u.Jtge.n.:t d.vui p!Lom~e. a. Jta.:the.Jt qu.i_c.k. Jte.:twr..n.. The classifica-
tion of rivers needs additional research. Different kinds of rivers 
should be studied separately because the factors governing their behavior 
may not be the same. Stabilization of rivers and bank stability of 
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river systems needs further consideration. Also, the study of bed forms 
generated by the interaction between the water and sediment in the river 
systems deserves further study. The types of bed forms have been identified 
but theories pertaining to their development are inadequate. Simple 
terms have been used to describe the characteristics of alluvial material 
of both cohesive and noncohesive types; a comprehensive look at the 
characteristics of materials is warranted. 

Other important research problems include the fluid mechanics of 
the motion of particles, secondary currents, two-dimensional velocity 
distributions, fall velocity of particles in turbulent flow and the 
application of remote sensing techniques to hydrology and river mechanics. 
The physical modeling of rivers followed by prototype verification, 
mathematical modeling of river response followed by field verification, 
mathematical modeling of water and sediment yield from small watersheds 
and studies of unsteady sediment transport are areas in which significant 
advances can be made. 

Operational research on decision making considering, cost and risk 
criteria to determine the hydrologic and hydraulic design of highway 
structures and project alternatives, is another pressing research area. 
Insufficient data is frequently a problem of river mechanics analysis. 
A comprehensive study on information theory is needed to cope with such 
difficulties. 

Finally the results of these efforts must be presented in such a 
form that it can be easily taught and easily put to practical use. 
1.8.3 . Training 

It has been pointed out that engineering training is somewhat 
inadequate in relation to understanding the developments of rivers. 
There is need to consider better ways to train engineers to disseminate 
existing knowledge in this important area . The training of individuals 
could be accomplished by conducting seminars, conferences or short 
courses in institutions in the spirit of continuing education. There 
should be an effort t o i mprove the curriculum of university education 
made available to engineer s particularly at the undergraduate level. 
At the very mi nimum such a curr icul um should strive to introduce con-
cepts of fluvial geomorphology, river hydraulics, erosion and sedimenta-
tion, environmental considerations and related topics. 
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Manuals, handbooks and reference documents should be prepared for 
practicing engineers in order to overcome the deficit of knowledge. 
Publications of material pertaining to rivers should be encouraged. 
This material can be and is being published to some degree in the pro-
ceedings of conferences, in journals and textbooks. Better use of 
informative films could be made, a technique that would be of assistance 
in teaching effectively, efficiently and economically. Similarly, 
television and video tapes can be economically prepared and utilized in 
instructional situations. Television cameras are available that enable 
the teacher to record and take field situations directly into the 
classroom for class consideration. 

Formal training should be supported with field trips and laboratory 
demonstrations. Laboratory demonstrations are an inexpensive method of 
quickly and effectively teaching the fundamentals of river mechanics and 
illustrating the behavior of structures. These demonstrations should be 
followed by field trips to illustrate similarities and differences 
between phenomena in the laboratory and in the field. 

Finally, larger numbers of disciplines should be involved in the 
training programs. Cooperative studies should involve research personnel, 
practicing engineers and people from the many different disciplines with 
an interest in rivers. 

1.9.0 APPLICATION 

River problems are complex and important. Furthermore, it has 
been illustrated that in many instances inadequate knowledge exists 
to appropriately cope with these problems. In the following chapters 
of this manual there is an effort to present the current state of know-
ledge on rivers and river crossings using fundamentals of fluid mechanics, 
geomorphology, hydraulics, and river mechanics. The final chapter is 
devoted to application of theories, concepts and techniques presented in 
)this manual to the solution of practical river crossings and encroachments 
by highways. 
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Chapter II 

OPEN CHANNEL FLOW 

2.1.0 INTRODUCTION 

In this chapter the fundamentals of rigid boundary open channel 
flow are described. In open channel flow, the water surface is not 
confined; surface configuration, flow pattern and pressure distri-
bution within the flow depend on gravity. In rigid boundary open channel 
flow, no deformations or movements of the bed and banks are considered. 
Mobile boundary hydraulics is discussed in Chapters III, IV and V. In 
this chapter, we restrict ourselves to one-dimensional analysis: that 
is, the direction of velocity and acceleration are large only in one 
direction and are so small as to be negligible in all other directions. 

Open channel flow can be classified as: (1) uniform or nonuniform 
flow, (2) steady or unsteady flow, (3) laminar or turbulent flow, and 
(4) tranquil or rapid flow. In unifio~ filow, the depth and ~eh~ge 

JLe.YnlUn eonl:dant wah JLUpeet to .6paee. Also, the velocity at a given 
depth is the same everywhere. In .6teady filow, no ehange oeeWL6 w.Uh 
JLe6peet to time. In iaminaJL filow, the flow field can be characterized 
by layers of fluid, one layer not mixing with adjacent ones. TUJLbulent 
6low on the other hand is characterized by random fluid motion. TJLanquit 
6low is distinguished from JLapid 6low by a dimensionless number called 
the Froude number, Fr. 16 FJL < 1, the 6low i-6 .:tM.nquit; i6 FJL > 1, the 
6low i-6 JLapid, and i6 F .fL = 1 , the nlow i-6 ealled CJvi..UeaL 

Open channel flow can be nonuniform, unsteady, turbulent and rapid 
at the same time. Because the classifying characteristics are indepen-
dent, sixteen different types of flow can occur. These terms, uniform 
or nonuniform , steady or unsteady, laminar or turbulent, rapid or 
tranquil, and the two dimensionless numbers (the Froude number and Reynolds 
number) are more fully explained in the following sections. 
2.1. 1 Definitions 

Veloeity : The velocity of a fluid particle is the time rate of 
displacement of the particle from one point to another. Velocity is a 
vector quantity. That is, it has magnitude and direction. In cartesian 
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coordinates, the mathematical representation of the fluid velocity is 

2 .1.1 

Stneamllne: An imaginary line within the flow which is everywhere 
tangent to the velocity vector is called a streamline. 

Accel~on: Acceleration is the time rate of change of the 
veloci t y vector, either of magnitude or direction or both. Mathematically, 
acceleration is expressed by the total derivative of the velocity vector 
or 

2 .1. 2 

where the subscript s is along the streamline and n refers to the 
direction normal to the streamline . The tangential accei~on 
component is 

av 
a =-s-+1 s at 2 as 2 .1. 3 

and the noltma.i accd~on component is 

2.1.4 

The first terms in Eq. 2.1.3 and 2.1.4 are the change in velocity, 
both magnitude and direction, with time at a point. This is called the 
loca.i accei~on. The second term in each equation is the change in 
velocity, both magnitude and direction, with distance. This is called 
convective accel~on. 

Uni6o1Lm 6low: In uniform flow, there is no change in velocity 
along a streamline with distance; that is, 

and 

av s as = o 

av n an = o 



II-3 

Nonuni6o~ 6low: In nonuniform flow, velocity varies with position 
so 

and 

av 
_s :1 0 
as 

Flow around a bend (av /an :1 0) and flow in expansions or contractions n -
(avs/as :1 0) are examples of nonuniform flow. 

Steady 6low: In steady flow, the velocity at a point does not 
change with time; that is, 

and 
av 
__!!. = 0 at 

Unoteady nlow: In unsteady flow, the velocity at a point varies 
with time so 

and 
av n at :1 0 

Examples of unsteady flow are channel flows with waves, flood hydro-
graphs, and surges . Unsteady flow is difficult to analyze unless the 
time changes are small. 

Laminan 6low: In laminar flow, the mixing of the fluid and momentum 
transfer is by molecular activity. 

T~bulent nlow: In turbulent flow the mixing of the fluid and momentum 
transfer 

The 

Reynolds 
inertial 

is by random fluctuations of finite "lumps" of fluid. 
flow is laminar or turbulent depending on the value of the 
number (Re = pVL), which is a dimensionless ratio of the 

l.1 
forces to the viscous forces. Here p and 1.1 are the density 
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and dynamic viscosity of the fluid , V is the fluid velocity and L is a 
characteristic dimension, usually the depth in open channel flow. In 
laminar flow, viscous forces are dominant andRe is relatively small. In 
turbulent flow, Re is large; that is, inertial forces are very much 
greater than viscous forces. 

In turbulent flow over a hyd4aulicatly ~mooth bound~y (see 
Section 2.3.2), viscous forces near the boundary are the dominant resis-
tance to flow. With a hyd4autically ~ough bound~y, form drag is more 
significant than viscous drag and is the dominant reason for resistance 
to flow. Between these two types of roughnesses there is an intermediate 
condition where viscosity and form drag affect the flow. 

Turbulent flows are predominant in nature. Laminar flow occurs 
very infrequently in open channel flow. 

T~quil filow: In open channel flow, the flow pattern, surface 
configuration, depth, and changes in these quantities in response to 
changes in channel geometry depend on the Froude number (Fr = V//g[), 
which is the ratio of inertia forces to gravitational forces. The 
Froude number is also the ratio of the flow velocity to the velocity of a 
small gravity wave in the flow. When Fr < 1, the flow is tranquil, and 
surface waves (with velocity /g[) propagate upstream as well as down-
stream. Control of tranquil flow depth is always downstream. 

Rap~ filow: When Fr > 1, the flow is rapid and surface disturbances 
can propagate only in the downstream direction. Control of rapid flow 
depth is always at the upstream end of the rapid flow region. When 
Fr = 1.0, the flow is critical and surface disturbances remain stationary 
in the flow. 

2.2.0 BASIC PRINCIPLES 

2.2.1 Introduction 
The basic equations of flow in open channels are derived from the 

three conservation laws. These are: (1) the COn6~VatiOn On m~~~ 
(2) the COn6~va.tion ofi Un~ momen:twn, and (3) the COn6~vation on 
en~y. The conservation of mass is another way of stating that (except 
for mass-energy interchange) matter can neither be created nor destroyed. 
The principle of conservation of linear momentum is based on Newton's 
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second law of motion which states that a mass (of fluid) accelerates 
in the direction of and in proportion to the applied forces on the mass. 

In the analysis of flow problems, much simplification can result 
if there is no acceleration of the flow or if the aeeel~on ~ 
p~~y ~n one ~ection, the accelerations in other directions being 
negligible. However, a very inaccurate analysis may occur if one 
assumes accelerations are small or zero when in fact they are not. The 
developments in this manual assume one-dlmen6~onal 6low and the 
derivations of the equations utilize a control volume. A eo~ol volume 
~ an ~oR..a.-ted vo.fume ~n .the body o6 .the 6Md, :th!Lou.gh wfUeh mM.6, 

momentum, and en~gy ean be eonvee.ted. The control volume may be 
assumed fixed in space or moving with the fluid. 
2.2.2 Conservation of mass 

Consider a short reach of r i ver shown in Fig. 2.2.1 as a control 
volume. The boundaries of the control volume are the upstream cross 
section, designated section 1, the downstream cross section, designated 
section 2, the free surface of the water between sections 1 and 2, and 
the interface between the water and the banks and bed. 

Control 
Volume 

Fig. 2.2.1 A river reach as a control volume. 

The statement of the conservation of mass for this control volume 

Mass flux 
out of the 
control volume 

Mass flux 
into the 
control volume 

Time rate of change 
+ in mass in the = 0 

control volume 
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Ma.6.6 c.a.n. e.n-t:Vt Oft .te.a.ve. :the. c.on.bto.t vo.tume. :th!tough a.n.y Oft a.U on :the. 
c.on.:tno.t vo.tume. .6unfia.c.e..6. Rainfall would contribute mass through the 
surface of the control volume and seepage passes through the interface 
between the water and the banks and bed. In the absence of rainfall, 
evaporation, seepage and other lateral mass fluxes, mass enters the 
control volume at section 1 and leaves at section 2. 

At section 2, the mass flux out of the control volume through the 
differential area dA2 is p2v2 dA2 . The values of p2 and v2 can 
vary from position to position across the width and throughout the 
depth of flow at section 2. The total mass flux out of the control 
volume at section 2 is the sum of all p2v2 dA2 through the 
differential areas that make up the cross-section area A2 , and may 
be written as 

Therefore 

Similarly 

Mass flux 
out of the 
control volume 

Mass flux 
into the 
control volume 

= L plvl dAl 
Al 

The amount of mass inside a differential volume dV inside the control 
volume is 

p dV 

and the total mass inside the control volume V is then the sum of the 
mass inside or 

Mass inside 
the 
control volume 

= r p dv 
v 
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The statement of conservation of mass for the control volume calls 
for the time rate of change in mass. In mathematical notation, the 
rate of change is 

so that 

For the 
becomes 

r 
A2 

a 
at 

Time rate of change 
in mass in the 
control volume 

reach of river, the statement of the conservation 

p2v2 d.A2 - L a {}: p dV} 0 plvl d.Al + at = 
Al v 

of mass 

It is often convenient to work with average conditions at a cross 
section so we define an average velocity V such that 

v = .!.r A A 
vd.A 

or in integral form, 

v 1 J vdA = A A 

The velocity V is the ~venage velocity at the cross section. 

2.2.1 

2.2.2 

2.2.3 

If the density of the fluid does not change from position to position 
in a cross section or in the reach, pl = p2 = p. When the flow is steady 

a 
at {L p dV} = 0 

v 
and Eq. 2.2.1 reduces to the statement that inflow equals outflow or 
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That is, 

2.2.4 

where Q is the volume flow rate or the discharge. 
Eq. 2. 2. 4 )A .the narni.UCVt noJun on .the C.OnbeJLva:tion on mctM 

equation 6oh niveJL filow~. It is applicable when the fluid density is 
constant, the flow is steady and there is no lateral inflows or seepage. 
2.2.3 Conservation of linear momentum 

The curved reach of river shown in Fig. 2.2.1 is rather complex 
to analyze in terms of Newton's Second Law because of the curvature in 
the flow. Therefore, as a starting point , the differential length of 
reach dx is isolated as a control volume . 

P,,v 
p I 
I 

Fig. 2.2.2 The control volume for conservation of linear momentum. 

For this control volume shown in Fig. 2.2.2, the statement of 
conservation of linear momentum is 

Flux of momentum 
out of the control 
volume 

Time rate cof 

Flux of momentum 
into the 
control volume 

+ change of momentum 
in the control volume 

= 
Sum of the forces 
acting on the fluid in 
the control volume 
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The tell.m6 .<..n the .6.:ta.:tement aJte vec..toM .6o we mw.,t be c.onc.eJr.ned wLth 
c:LUr.ection tU we.U. lU> ma.gn,.U;ude. 

Consider the conservation of momentum in the direction of flow 
(the x-direction in Fig. 2.2 . 2). At the outflow section (section 2), 
the flux of momentum out of the control volume through the differential 
area dA2 is 

Here p2 v2 dA2 is the mass flux (mass per unit of time) and p2v2 dA2 v2 
is the momentum flux through the area dA2 . The total momentum flux 
out through section 2 is 

so Flux of momentum 
out of the control 
volume 

Similarly, at the inflow section (section 1) 

so 

Flux of momentum 
into the 
control volume 

= 

The amount of momentum in the control volume is 

l pv dV 
v 

Time rate of 
change of momentum = 
in the control volume 

a 
at 

At the upstream section, the force acting on the differential area 
dA1 of the control volume is 

pldAl 

where p1 is the pressure from the upstream fluid on the differential 
area. 
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The total force in the x-direction at section 1 is 

Similarly, at section 2, the total force is 

There is a fluid shear stress acting along the interface between 
the water and the bed and banks. The shear on the control volume is 
in a direction opposite to the direction of flow and results in a 
force 

-T P dx 
0 

where T
0 

is the average shear stress on the interface area, P is the 
average wetted perimeter and dx is the length of the control volume. 
The term P dx is the interface area. 

If the x-direction is normal to the direction of gravity, the 
statement of conservation of momentum in the x-direction for the 
control volume is 

2.2.5 

In the limit, the summations can be replaced with integrals so that 
Eq. 2.2.5 becomes 

pv dV} 

2.2.6 

which is the integral form of the momentum equation. 
Again, as with the conservation of mass equation, it is convenient 

to use average velocities instead of point velocities. We define a 
momentum coefficient a so that when average velocities are used 
instead of point velocities, the correct momentum flux is considered. 
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The momentum coefficient is 

2.2.7 

which reduces to 

0 =_!_ J v2 dA 22 j.) 2 • • 8 
VA A 

if there is no variation in fluid density at a cross section. By 
assuming p1 = p2 = p , Eq. 2.2.6 is reduced to 

2 
p82V2 A2 

If the flow is steady 

= 

palvi Al + 

J pl dAl 
Al 

~t . { f v dV} = 0 
v 

a p at 

- J 
A2 

{j v dV} 
v 

P2 dA2 - 1: p 
0 

dx 2.2.9 

2.2.10 

The pressure force and shear force terms on the right-hand side of 
Eq. 2.2.10 are usually abbreviated as L F or 

X 

J p1 dA1 - J p dA - T P dx 
Al A2 2 2 o 

2.2.11 

Then, for steady flow of constant density fluid, the conservation of 
momentum equation becomes 

2.2.12 

For steady flow with constant density, the conservation of mass equation 
(Eq. 2.2.4) was 

With this expression, the. .6:t.e.a.dy nlow c.onMJtva.:ti..on ofi Une.aJt momentum 
e.qua.tion ta.ku on :the. fia.mi.V_a!t.. fiaJun 

2.2.13 
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2.2.4 conservation of energy 
The. Ffu:t Law o6 The.Junodyrt.a.rn-<.C-6 can be written 

Q _ W = dE 
dt 

where Q = the rate at which heat is added to a fluid system 

W = the rate at which a fluid system does work on its 
surrotmdings 

E = the energy of the system 

Then dE/dt is the rate of change of energy in the system. 

2.2.14 

The statement of conservation of energy for a control volume is 
then 

Flux of energy 
out of the 
control volume 

+ 

Flux of energy 
into the 
control volume 

Time rate of 
change of energy = Q 
in the control volume 

. w 

The choice of a control volume is arbitrary. Because of the 
complexities resulting from having to integrate over the cross-sectional 
area, the control volume which includes the entire cross section of the 
river is inconvenient. Therefore, the control volume is reduced to the 
size of a streamtube connecting dA1 and dA2 as shown in Fig. 2.2.3. 
The streamtube is botmded by streamlines through which no mass or 
momentum enters. 

P1 , v p· , , 

Fig. 2.2.3 The streamtube as a control volume. 
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For steady constant density flow in the streamtube 

Flux of energy 
out of the 
control volume 

Flux of energy 
into the 
control volume 

= plel dAl vl 

Here e is the energy per unit of mass. Accordingly, the total energy 
in a control volume of size v is 

E = J pe dV 2.2.15 
v 

Because the flow is steady 

Time rate of 
change of energy = 0 
in the control volume 

Unless one is concerned with thermal pollution, evaporation losses, or 
problems concerning the formation of ice in rivers, the rate at which 
heat is added to the control volume can be neglected; that is, 

2.2.16 

The work done by the fluid in the control volume on its surroundings 
can be in the form of pressure work W , shear work W , or shaft p T 
work (mechanical work) W • For the streamtube shown in Fig. 2.2 .3, no s 
shaft work is involved . 

The rate at which the fluid pressure does work on the control 
volume boundary dA1 in Fig. 2.2.3 is 

and on boundary dA2 , the rate of doing pressure work is 

At the other boundaries of the streamtube, there is no pressure work 
because there is no fluid motion normal to the boundary. Hence, for 
the streamtube 
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2.2.17 

Along the interior boundaries of the streamtube there is a shear 
stress resulting from the condition that the fluid velocity inside the 
streamtube may not be the same as the velocity of the fluid surrounding 
the streamtube. The rate at which the fluid in the streamtube does 
shear work on the control volume is 

W = tP dx v 
t 

2.2.18 

where t is the average shear stress on the streamtube boundary, P is 
the average perimeter of the streamtube, dx is the length of the stream-
tube and V is the fluid velocity at the . streamtube boundary. The product 
P dx is the surface of the streamtube subjected to shear stresses. 

Then for steady flow in the streamtube, the statement of the 
conservation of energy in the streamtube shown in Fig. 2.2.3 is 

2.2.19 

If the density is constant in the streamtube, the conservation of mass 
for the streamtube is (according to Section 2.2.2) 

and 

P2 = P1 = P · 

Now Eq. 2.2.19 reduces to 

2.2.20 

2.2.21 

The energy per unit mass e is the sum of the internal, kinetic 
and potential energies or 

2 v e = u + 2 + gz 2.2.22 
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where u = the internal energy associated with the fluid 
temperature 

v = the velocity of the mass of fluid 
g = the acceleration due to gravity 
z = the elevation above some arbitrary reference level. 

This expression for e 
2 

is substituted in Eq. 2.2.21 to yield 

vl P1 
2 + gzl + p = u2 

2 
v2 

+ -+ 2 
P2 TPvdx 

gz2 + -P + pdQ 

By dividing through by g and calling the term 

+ TPvdx 
pgdQ 

the head loss ht, the energy equation for the streamtube becomes 

2.2.23 

2.2.24 

16 .theJte. -L6 n.o .6 hea.Jr. .6:f:Ae..6.6 on. .the. .6:t.Jr..e.a.mtube. boundOJty and -Lo .theJte. -L6 
n.o c.han.ge. in. in.teJtna1. e.neJtgy (u1 = u2 ), .the. e.n.eJtgy e.qua..Uon Jr..e.duc.u .to 

2 2 
vl P1 v2 P2 
2g + y + zl = 2g + y + z2 2.2.25 

which is .the BeJtnouW Equation. 
Generally, there is not sufficient information available to do a 

differential streamtube analysis of a reach of river so appropriate 
changes must be made in the energy equation. A reach of river such as 
that shown in Fig. 2.2.1 can be pictured as a bundle of streamtubes. 
We know the statement of the conservation of energy for a streamtube. 
It is Eq. 2.2.24 which can be rewritten 

2 v p 
(2~ + f + zl) v 1 dAl 

2 v p2 
= (~+ -+ z2) v2 dA2 + h vdA 2.2.26 2g y t 

because vl dAl = v dA = vdA 2 2 
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for the streamtube. By summing the energies in all the streamtuhes 
making up the reach of river, we can write 

2.2.27 

Eq. 2.2.27 is the common form of the energy equation used in open 
channel flow. It is derived from Eq. 2.2.26 by integrating Eq. 2.2.26 
over the cross-section area; that is 

2 2 f (v2 + E. + z) vd.A = { aV + E. + z}Q A g y 2g y 

where a is the kinetie en~gy eo~ection nacto~ defined by the 
expression 

a = 1 J v3 dA 
V3A A 

2.2.28 

2.2.29 

to allow the use of average velocity V rather than point velocity v. 
The average pressure over the cross section is p, defined as 

- 1 f p = VA p vd.A 
A 

2.2.30 

-The term z is the average elevation of the cross section defined by the 
expression 

f z vd.A 
A 

and Q is the volume flow rate or the discharge. By definition 

Also 

Q = J vd.A 
A 

HL = ~A f h~ vd.A 
A 

2.2.31 

2. 2. 32 

2.2.33 

In summary, :the ex.p~e6.6...i..on no~ eoM~va.t...i..on on en~gy no~ -6:teady 
-6£.ow ...i..n a Jr.eaeh on uv~ ...i..-6 written 

2.2.34 
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The tendency in river work is to neglect the energy correction 
factor even though its value may be as large as 1.5. Usually it is assumed 
that the pressure is hydrostatic and the average elevation head z is 
at the centroid of the cross-sectional area. However , it should be kept 
in mind that Eqs . 2.2 .29, 2.2.30 and 2.2.31 are the correct definitions 
of t he te1·ms i n the energy equation. 
2.2 .5 Hydrostatics 

When the only forces acting on the fluid are pressure and fluid weight, 
the differential equation of motion in an arbitrary direction x is 

a 
-ax 

a cE. + z) = ....!. y g 2. 2. 35 

In steady uniform flow (and for zero flow), the acceleration is zero and 
we obtain the equation o6 hy~o~tattc& 

!?.. + z = Constant 2.2 .36 y 

However, when there is acceleration, the piezometric head varies in the 
flow. That is, the piezomet r ic head is not conste~t in t he flow. This 
is illustrated in Fig. 2.2.4. In Fig. 2.2. 4a the pressure at the bed is 
equal to yy whereas in the curvilinear flow (Fig. 2.2 . 4b) the pres-o 
sure is larger than yy

0 
because of the acceleration resulting from a 

change in direction. 

,-Piezometer Piezometer -....._ 

- ------
( o) Steady uniform flow ( b} Steady nonuniform flow 

Fig. 2.2.4 Pressure distribution in steady tmiform and in 
steady nonuniform flow. 

In general, \'lhen fluid acceleration is small (as in gradually 
varied flow) the pressure distribution is considered hydrostatic. 
However, for rapidly varying flmoJ where the streamlines are converging, 
expanding or have substantial curvature (curvlinear flow), fluid 
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accelerations are not small and the pressure distribution is not 
hydrostatic. 

In Eq. 2.2. 36, the constant is equal to zero for gage pressure 
at the free surface of a liquid, and for flow with hydrostatic 
pressure throughout (steady, uniform flow or gradually varied flow) 
it follows that the pressure head p/y is equal to the vertical 
distance below the free surface. In sloping channels with steady 
uniform flow, the pressure head p/y at a depth y below the 
surface is equal to 

E.= y case y 2.2.37 

Note that y is the depth (perpendicular to the water surface) to the 
point, as shown in Fig. 2.2.5. For most channels, e is small and 
case ~ 1. 

Fig. 2.2.5 Pressure distribution in steady uniform 
flow on large slopes. 

2.3.0 STEADY UNIFORM FLOW 

2.3.1 Introduction 
In. -O:te.ady, uvU.fioJtm ope.vr. c.havr.vr.e.l 6low :the.Jte. aJte. vr.o ac.c.e.f.eJr.a.:t{_of'L6, 

,o;tJte.amUvr.v., aJte. ,o;tJta.igh:t a.vr.d paJtaUe.l, a.vr.d :the. pJtU-OuJte. fu.t!Ubutiovr. ..iA 
hydJto-O:ta:tic.. The slope of the water surface Sw and the bed surface 
S

0 
and the energy gradient Sf are equal. Consider the unit width 

of channel shown in Fig. 2.3.1 as a control volume. According to 
Eq. 2.2.34, the conservation of energy for this control volume is 
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Control volume 

r--------....11 

Fig. 2. 3.1 Steady 1.miform flow in a unit width channel. 

The pressure at any point y below the surface is y cose. Then 
according to Eq. 2.2.30 

Assuming only small variations in the point velocity v with y, 
yy1 cose 

pl :::: 2 

Similarly 
ay2 cose 

~ p2 2 
Also according to Eq. 2.2.31 

yl cose 
zl :::: z + 2 1 

and 

With the above expres sions for p1, p2, z1, and z2 the energy 
equation for this control volume reduces to 
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or 

2 2 
alVl a2V2 
-- + y1·cose + z =- + y2cose + z2 + HL 2g 1 2g 

For most natural channels e is small and y cose = y. The velocity 
distribution in the vertical is no~mally a log function for which 
a1 = a2 = 1. Then the energy equation becomes 

v2 v2 
1 2 

2g + Y1 + zl = 2g + Y2 + z2 + HL 

and the slopes of the bed, water surface and energy gradeline are 
respectively 

and 

s = w 
(zl+yl) - (z2+y2) 

6L 

Steady uniform flow is an idealized concept for open channel 

2.3.1 

2.3.2 

2.3.3 

2.3.4 

flow and is difficult to obtain even in laboratory flumes. For many 
applications, the flow is steady and the changes in width, depth or 
direction (resulting in nonuniform flow) are so small that the flow can 
be considered uniform. In other cases, the changes occur over such a 
long distance the flow is a gradually varied flow. 

Variables of interest for steady uniform flow are: (1) the mean 
velocity V, (2) the discharge Q, (3) the velocity distribution. 
v(y) in the vertical, (4) the head loss HL through the reach, and 
(5) the shear stress, both local ~ and at the bed ~ • The variables 

0 
are interrelated and which variable we determine and how we determine 
it depends on the data available. For example, if the discharge and 
cross-sectional area are known, the mean velocity is easily determined 
for some suitable equation such as Manning's or Chezy's equation. 
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2.3.2 Shear-stress and velocity distribution 
Shear stress < is the internal fluid stress which resists 

deformation. The shear stress exists only when fluids are in motion. 
It is a tangential stress in contrast to pressure, which is a normal 
stress. 

The local shear stress at the interface between the boundary and 
the fluid can be determined quite easily if the boun~y ~ hy~ullcalty 
~mooth; that is, if the roughness at the boundary is submerged in 
a viscous sublayer as shown in Fig. 2 . 3.2. Here, the thickness of the 

y 

Velocity Profile 

Fig. 2. 3. 2 Hydraulically smooth boundary. 

laminar sublayer is o'. In laminar flow, the shear stress at the 
boundary is 

The velocity gradient is evaluated at the boundary. The dynamic 
viscosity ~ is the proportionality constant relating boundary shear 
and velocity gradient in the viscous sublayer. 

When the boundany ~ hy~Qally nough, there is no viscous or 
laminar sublayer. The paths of fl uid particles in the vicinity of 
the boundary are shown in Fig. 2.3 . 3. 

-x 

Fig. 2.3.3 Hydraulically rough boundary. 
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The velocity at a point near the boundary fluctuates randomly 
about a mean value. The. Jr.an.dom nfuctu..a:ti..on. in. ve.toc.-Utj i6 c.a.Ue.d 
tu!r.bule.n.c.e.. For the hydraulically rough boundary, 

dv 
'o ' 1l dy 

so another method of expressing • is required. So far, the only 
0 

satisfactory way of determining the boundary shear stress at a rough 
boundary has been experimentally. 

If we follow a unit of mass of fluid in the flow near a rough 
boundary, the path is erratic . As shown in Fig. 2.3.4a, the particle 
has a vertical component of velocity v as well as a horizontal y 
component v . 

X 

y 
v I 

I 
I 

I I 

I 
"-...!!:!_ 

dy 

t--1£~ 
dy 

( a ) Path of the parti cle (b) Velocity profile 

Fig. 2.3.4 Velocities in turbulent flow. 

The two components of velocity in Fig. 2.3.4a can be written as 

' v = v + v 2.3.6 
X X X 

and 

' v = v + v 2.3.7 y y y 

where v 
X 

and v are the time-averaged mean velocities in the x and 
y I I 

y direction and v and v are the fluctuating components. X y 
Through experimental correlations it has been found that the boun.da!Ly 

.6he.M l.l..t'te.-6.6 nolL tu!Lbule.n:t nlow a;t :the. bourtda!Ltj i-6 
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...,--, 
-r = -pv v 

0 X y 2.3.8 

...,--, 
The term v v 

X y 
I I 

is the time-average of the product of vx and vy at 
a point in the flow. It is called the Reynolds shear stress. 

I I 
Prandtl (1925) suggested that v and v are related and 

1 X y 
furthermore that vx is related to the velocity gradient . dv/dy 
in Fig. 2.3.4. He proposed to characterize the turbulence with a 
dimension called the "mixing length", t. Accordingly, 

I 
v '\, 

X 

shown 

2.3.9 

2. 3.10 

and 

2. 3.11 

If it is assumed that the mixing length can be represented by the 
product of a constant K and y (i.e; t = KY), then for steady 
uniform turbulent flow, 

T = 2. 3.12 

Using different reasoning Von Karman (1930) derived the same equation. 
Eq. 2.3.12 can be rearranged to the form 

dv 
dy = 

IT1P 0 2.3.13 

where K is the Von Karman universal velocity coefficient. For rigid 
boundaries K has the average value of 0.4 . The term T is the 

1/2 ° shear stress at the bed. The term (T
0
/p) has the dimensions of 

velocity and is called the shear velocity. Integration of 2.3.13 
yields 

v = .!_ ln L = 
r--;- K yl 

n I P 
0 

2. 31 - K 
log L yl 2.3 . 14 
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Here ln is the logarithm to the base e and log is tpe logarithm 
to the base 10. The term y' results from evaluation of the constant 
of integration assuming v = 0 at some distance y' above the bed. 

The term y' depends on the flow and has been experimentally 
determined. The many experiments have resulted in characterizing 
turbulent flow into three general types: 

(1) HydJtauUc.a..Uy .omoo:th bou..ndaJty :tu!r..bui.e.n:t 6-f.ow where the 
velocity distribution, mean velocity and resistance to flow are 
independent of the boundary roughness of the bed but depend on fluid 
viscosity. Then where o' is equal to 11.6v/~, y' = o'/107. 

0 
(2) HydJtauUc.alfy nou..gh bou..ndaJty :tu..nbui.e.n:t 6low where velocity 

distribution, mean velocity and resistance to flow are independent of 
viscosity and depend entirely on the boundary roughness. For this 
case, y' = k /30.2 where k is the height of the roughness element. . s s 

(3) Tnan.o~on where the velocity distribution, mean velocity 
and resistance to flow depends on both fluid viscosity and boundary 
roughness. Then 

0 I 
< y' 107 

k 
< _s_ 

30.2 

There are many forms of Eq. 2.3.14 depending on the experimental 
and the method of expressing y'. In this manual, the Einstein method 
of expressing y' is employed. The Ei..n.o:tun 6onm o6 :the. KaJuna.n-
P:Jtandti.. ve.loc.,Uy cUAWbu.Uon, me.a.n ve.loc.,i..:ty a.nd ne.o-lA:ta.nc.e :to 6low 
equ..ation.o Me: 

where 

~ = 5. 75 log (30. 2 fLl = 
* s 

2.5 ln (30.2 fLl 
s 

v c ~0 
- = - = 5. 75 log (12.27 k-) 
v* lg s 

~0 = 2.5 ln (12.27 r--l 
s 

X = a coefficient given in Fig. 2.3.5 

2.3.15 

2.3.16 

= the height of the roughness elements. For sand channels, 
ks is the o65 of the bed material 
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v = the local mean velocity at depth y 
y

0 
= the depth of flow 

v = the depth-averaged velocity 
= the shear velocity ~ and for steady uniform flow is 

0 

lgRSf 
T

0 
= the shear stress at the boundary and for steady uniform flow 

= yRSf 
R = the hydraulic radius equal to the area divided by the wetted 

perimeter. 
Sf = the slope of the energy gradeline 
o' = the thickness of the viscous sublayer 

11. 6v = 2.3.17 

C/fg = the Chezy discharge coefficient in the equation 

V = Cv'RSf or C = (~g ) l/2 2.3.18 

f = t he Darcy-Weisbach resistance coefficient and is given by 
the expression 

1.8 

1.6 

1.4 

1.2 

1.0 

.8 ,___ 

.6 

.4 
.1 

8T 
f = 0 

pV2 

.......... 

,( \ 
II 
'· 

~ 
" " () " 
·~~ " .;:) 

() ~ 
~ 0 

:PI 0 

I I I I 

1 

\ 
~ 

Hydraulically Rough Wal l 

I 

k /o' s 

I I I I 

10 
I I I 

100 

Fig. 2.3 .5 Einstein's multiplication factor x in the 
logarithmic velocity equations (Einstein, 1950). 

2.3.19 
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2.3.3 Empirical velocity equations 
Because of the difficulties involved in determining the shear 

stress and hence the velocity distribution in turbulent flows, the 
emp...i.JUc.a.t app!toac.h :to de:te.Jurlin.e mean. vel.oU:Uu in. JtiveJt-6 hM been. 
p!teva.ten.:t. Two such empirical equations are in common use. They are 
Man.n.in.g '.6 equa..:Uon. 

v = 1.486 
n 

R2/3 S 1/2 
f 

and Chez~!' .6 equa..:Uon. 

where 

V = CRl/2 S 1/2 
f 

V = the average velocity in the cross section 
n = Manning's roughness coefficient 

2.3.20 

2.3.21 

R = the hydraulic radius equal to the cross-sectional area 
A divided by the wetted perimeter P 

Sf = the energy slope of the channel 
C = Chezy's discharge coefficient known as Chezy's C. 

In these equations, the boundary shear stress is expressed implicitly 
in the roughness coefficient n or in the discharge coefficient C. 
By equating the velocity determined from Manning's equation with the 
velocity determined from Chezy's equation, the relation between the 
coefficients is 

C = 1. 486 Rl/6 
n 2.3.22 

If the flow is gradually varied, Manning's and Chezy's equations 
are used with the energy slope Sf replaced with an average friction 
slope . Sf The term Sf is determined by averaging over a 

ave ave 
short time increment at a station or over a short length increment 
at an instant of time, or both. 

OveJt man.y dec.ade-6, a c.a:ta.tog o6 va.tuu o.6 Man.n.in.g '.6 n. an.d 
Chezy'.6 C ha.-6 been. a.f.,.6embled so that an engineer can estimate the 
appropriate value by knowing the general nature of the channel boundaries. 
An abbreviated list of Manning's roughness coefficients is given in 
Table 2.3.1. Additional values are give~ by Barnes (1967) and V. T. Chow 
(1959). Manning's n for sandbed channels is discussed in detail in Chapter III. 
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Table 2.3.1 Manning's roughness coefficients for various 
boundaries. 

Rigid Boundary Channels 
Very smooth concrete and planed timber 
Smooth concrete 
Ordinary concrete lining 
Wood 
Vitrified clay 
Shot concrete, untrowelled, and earth channels in 

best condition 
Straight unlined earth canals in good condition 
Rivers and earth canals in fair condition-some growth 
Winding natural streams and canals in poor condition-

considerable moss growth 
Mountain streams with rocky beds 

Alluvial Sandbed Channels (no vegetation)!/ 
Tranquil flow, Fr < 1 

plane bed 
ripples 
dunes 
washed out dunes or transition 
plane bed 

Rapid flow, Fr : 1 
standing waves 
anti dunes 

!loata is limited to sand channels with 

2.3 . 4 Average boundary shear stress 

o50 < 1.0 mm. 

Manning's 
n 
0.011 
0.012 
0.013 
0.014 
0.015 
0.017 

0.020 
0.025 
0.035 

0.040-0.050 

0.014-0.020 
0.018-0.030 
0.020-0.040 
0.014-0.025 
0.010-0.013 

0.010-0.015 
0.012-0.020 

The shear stress at the boundary T for steady uniform flow is 
0 

determined by applying the conservation of mass and momentum principles 
to the control volume shown in Fig. 2.3.6. Recall that the statement 
of the conservation of mass is 

Mass flux 
out of the 
control volume 

Mass flux 
into the + 
control volume 

Time rate of change 
in mass in the = 0 
control volume 
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and the statement of the conservation of linear momentum is 

As 

and 

Momentum flux 
out of the 
control volume 

Momentum flux 
into the 
control volume 

Time rate of change Sum of the forces 
acting on the fluid in 
the control volume 

+ of momentum in the = 
control volume 

v, --. 

L 

Control volume 

Fig. 2.3.6 Control volume for steady uniform flow. 

the flow is steady 

Time rate of change 
in mass and momentum in = o. 
the control volume 

Mass flux 
into the 
control volume 

Mass flux 
out of the 
control volume 
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The conservation of mass is then 

or 2.3.23 

The conservation of momentum in the downstream direction is composed 
of the terms 

Momentum flux 
out of the 
control volume 

= 

where pV2 is the momentum of a unit volume at the outflow section, and 
y W is the outflow cross-section area . 

0 

Similarly 

Momentum flux 
into the 
control volume 

The pressure force acting on the control boundary at the upstream 
section is 

Yo 
F1 = f p1W dy 

0 

As the flowlines are parallel 

so 
Yo 

F ( = f yWy dy = 
0 

2 yy w 
0 
2 2.3.24 

Similarly at the downstream section t he force acting on the boundary 
is 

2 -yyo W 
F2 = -.....,2-

The body force is the weight of the fluid in the control volume 

yAL 

2.3.25 
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and the downstream component of this body force is 

yAL sine 
where e is the slope angle of the channel bed. The average boundary 
shear stress is T acting on the wetted perimeter P. The shear force 

0 
F in the x-direction is s 

F = T PL s 0 
2.3.26 

With the above expressions for the components, the statement of 
conservation of linear momentum becomes 

pV2yoW v2 - pV1y
0
W v1 = yAL sine 

2 2 w yy w yyo 0 T PL 2.3.27 + 2 2 0 

which reduces to 

A • e •o = y P s1n 2.3.28 

The term A/P is called the hydraulic radius R. If the channel slope 
angle is small 

sine ~ S 
0 

and the a.veJr.a.ge. J.>he.cvc. J.>bte.J.>-6 on the. bowtdaJr.y b., 

T = yRS 
0 0 

If the flow is gradually varied nonuniform flow, the average 
boundary shear stress is 

where sf is the slope of the energy gradeline. 

2.3.29 

2.3.30 

2.3.31 
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2.4.0 UNSTEADY FLOW 

Unsteady flows of interest to the designer of waterway crossings and 
encroachments are: (1) waves resulting from disturbances of the water 
surface by wind and boats, (2) waves resulting from the surface instabil-
ity that exists for flows with Froude numbers close to 1.0, (3) waves 
resulting from flow disturbance resulting from change in direction of 
flow with Froude numbers greater than 2 .0, (4) surges or bores resulting 
from sudden increase or decrease in the flow by opening or closing of 
gates or the movement of tides on coastal streams, (5) standing waves 
and antidunes that occur in alluvial channel flow, and (6) flood waves 
resulting from the progressive movement downstream of stream runoff or 
gradual release from reservoirs. 

Waves are an important consideration in bridge hydraulics when 
designing slope protection of embankments and dykes, and channel improve-
ments. In the following paragraphs, only the basic one-dimensional 
analysis of waves and surges is presented. Other aspects of waves are 
presented in other sections. 
2.4.1 Gravity waves 

The general equation for the celerity C of a small amplitude 
gravity wave (velocity of the wave relative to the velocity of flow) is 

A 2ey 1/2 
C = {.L tanh --0 } 21T A 

where the terms are defined in Fig. 2.4.1. 

0 

0 

Fig. 2 . 4.1 Definition sket ch for small amplitude waves. 

For deep water waves (short waves) 

1 > -2 

2.4.1 
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and 

For shallow water waves (long waves) 

and 

c = { }1/2 . gyo 

2.4.2 

2.4.3 

If T is the time (period) of travel of one water crest to another at 
a given point, then 

>.. c = T 2.4.4 

In Eq. 2.4.2, the celerity is independent of depth and depends on 
gravity and wave length. This is the celerity of ocean waves. In 
Eq. 2.4.3, the celerity is a function of gravity and depth and is used 
for small amplitude waves in open channels. These equations apply only 
to small amplitude waves; that is, r << 1. 

The celerity of finite amplitude shallow water waves has been 
determined both analytically using Bernoulli's equation and experi-
mentally and is given by the expression 

(y + 2a) 2 
c { 0 }1/2 = (y + a)y gyo 

0 0 

When 2a is small in comparison to y
0 

Generally as 2a/y 
0 

peak and breaks. 

C = { (l + 2a~ gy }1/2 
y

0 
o 

approaches unity the crest develops a sharp 

2.4.5 

2.4.6 

In the above equations, C is measured relative to the fluid. If 
the wave is moving opposite to the flow then, when C > V, the 
waves move upstream; when C = V, the wave is stationary; and when 
C < V, the wave moves downstream. When V equals C for small 
amplitude flow, 

v = rgy 
0 

The de6-inl.tion o6 :the FJc.oude nwnbeJL -L6 
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Fr = v 2.4.8 
liY 0 

Thus, .the Fll.oude rw.mbell. -<A .the Jr.a.tio o6 .the vel.oWCJ o6 6low .to .the 
c.el.eJU:ttj o6 a. J.Jma.i.l-ampu..tu.de wave. When Fr < 1 (tranquil flow), a 
small amplitude wave moves upstream. When Fr > 1 (rapid flow), a 
small amplitude wave moves downstream and when Fr = 1 (critical 
flow), a small amplitude wave is stationary. The fact that waves or 
surges cannot move upstream when the Froude number is equal to or 
greater than 1.0 is important to remember when determining the control 
points for gradually varied flows and for determining when the stage-
discharge relation at a cross section can be affected by downstream 
conditions. 
2.4.2 Surges 

A surge is a rapid increase in the depth of flow. A surge may 
result from sudden release of water from a dam, or from an incoming 
tide. If the ratio of wave height 2a to the depth y is less than 

0 
unity, the surge has an undulating wave form. If 2a/y is greater than 

0 
one, the first wave breaks and produces a discontinuous surface. The 
breaking wave dissipates energy and the previous equations for wave 
celerity do not hold. However, by applying the momentum and continuity 
equations for a control volume encompassing the surge (Fig. 2.4.2), 

Fig. 2.4.2 Sketch of a surge and its control volume. 

the equation 
c = {gy [.!.. Y2 {2 + l)] }l/2 

1 2 yl yl 

for the velocity of the surge can be derived. 

2.4.9 
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Equation 2.4.9 gives the velocity of a surge as it moves upstream 
as the result of a sudden total or partial closure of 'a gate, or of an 
incoming tide, or of a surge that moves downstream as the result of a 
sudden opening of a gate. The lifting of a gate in a channel not only 
causes a position surge to move downstream, it also causes a negative 
surge to move upstream. 
celer ity of the negative 
compared to .the depth . 
flattens out. 
2.4.3 Hydraulic jump 

Equation 2.4.9 is approximately correct for the 
surge if the height of the surge is small 

As it moves upstream a negative surge quickly 

When the oncoming velocity of flow is rapid or supercritical the 
surge is a moving hydraulic jump. When v1 equals the celerity of the 
surge the jump is stationary and Eq. 2.4.9 is the equation for a 
hydraulic jump. Equation 2.4.9 can be rearranged to the form 

2.4.10 

or 

-= !. { (1 + 8Fi) 1/ 2 - 1} 2 1 2.4.11 
yl 

Equation 2 .4.11 has been experimentally verified along with the dependence 
of the jump length and energy dissipation on the Froude number of the 
approaching flow . The results of these experiments are given in Fig. 2.4.3. 

When the Froude number for rapid flow is less than two, an undulating 
jump with large surface waves is produced . The waves are propagated 
for a considerable distance downstream. In addition, when the Froude 
number of the approaching flow is less than three, the energy dissipation 
of the jump is not large and jets of high velocity flow can exist for 
some distance downstream of the jump . These waves and jets can cause 
erosion a considerable distance downstream of the jump. 
2.4.4 Roll waves 

Sha..Uow 6low on .6te.e.p .6lope;., may .6Wlge. oJt pub..a.te.. The waves formed 
are called roll waves. They are observed in shallow flow over spillways, 
in steep alluvial channels and in steep lined channels. 
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Fig. 2.4 .3 Hydraulic jump characteristics as a function of the Froude 
number. 

There is no simple criterion for determining when roll waves form, 
their velocity or their size. Their formation, size and velocity depend 
on the roughness and slope of the channel, the initial depth of flow, the 
length of channel and the nature of any disturbance that triggers them. 
Roll waves form when the Froude number is greater than two or the slope 
is approximately four times greater than the critical slope. They can 
cause the resistance to flow to increase. 
2.4.5 Flood waves 

Methods of determining the velocity of flood waves and of routing 
floods through a channel or river reach is beyond the scope of this 
manual. Various methods and computer programs are available. In 
general, the methods are based on solutions of the basic differential 
equations for unsteady flow or on hydrologic methods that make no 
direct use of the equations of motion but use the continuity equation. 
In general, the front of a flood wave travels downstream with a greater 
speed than the mean water velocity at any cross section in the wave. 
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The flood wave velocities range from 1.2 to 1.7 times the mean water 
velocity, depending on the characteristics of the flood waves and the 
channel. 

2.5.0 STEADY RAPIDLY VARYING FLOW 

2.5.1 Introduction 
Steady filow .tlvwu.gh Jte..f.o.;Uvely .6holt.t :tltan6Lti..on6 wheJte. .the. filow -<A 

u.nifiorom be.fioJte. and afi.teJt .the. :tltan6Lti..on can be. analyzed u..6~ng .the. 
BVtno~ equation. Energy loss due to friction may be neglected, 
at least as a first approximation. Refinement of the analysis can be 
made as a second step by including friction loss. For example, the 
water surface elevation through a transition is determined using the 
Bernoulli equation and then modified by determining the friction loss 
effects on velocity and depth in short reaches through the transition. 
Energy losses resulting from separation cannot be neglected, and 
transitions where separation may occur need special treatment which may 
include model studies. Contracting flows (converging streamlines) are 
less susceptible to separation than expanding flow. Also, any time a 
transition changes velocity and depth such that the Froude number 
approaches unity, problems such as waves, blockage or choking of the 
flow may occur. If the approaching flow is rapid (supercritical), a 
hydraulic jump may result. Transitions for rapid flow are discussed 
in Section 2.8.0. 

TJtan6Lti..on6 Me u..6e.d .to con:tltact oJt expand a channel. w~d.th 
(Fig. 2.5.la); .to ~ne~te.a.6e. oJt de.e~tea-6e. ~n bottom el.e.va.tion (Fig. 2.5.lb); 
olt .to change. both .the. width and bottom elevation. The first step in 
the analysis is to use the Bernoulli equation (neglecting any head loss 
resulting from friction or separation) to determine the depth and 
velocity changes of the flow through the transition. Further refine-
ment depends on importance of freeboard, whether flow is rapid, and 
whether flow approaches critical. 

The Bernoulli equation for flow in Fig. 2.5.lb is 

v2 v2 
1 2 

2g + Y 1 = 2g + Y 2 + t:.z 2.5.1 
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(a) Width contraction (b) Bed rise 

Fig. 2. 5.1 Transitions in open channel flow. 

or 

Hl = H2 + llz 2.5.2 

where H 
v2 

= -+ y 2g 2.5.3 

The .teJr.m H JA cail.ed :the .6peciMc. hea.d a.n.d JA .the hugh.t at) .the .to.ta.t 
hea.d a.bove .the c.ha.n.n.et bed. 

In the analysis of flow through transitions, the Bernoulli equation 
gives a numerical solution to the problem but very little descriptive 
information of the depth variation. Only after the analysis is 
completed will it be known if the depth will increase or decrease as the 
fluid passes through the transition or even if the flow is physically 
possible. On the other hand, by investigating the various interrelations 
between the variables (H, V and y) in the specific head equation, the 
variation of depth through a transition can be predicted. 

There are two condi tions for analyzing the flow through transitions. 
In the first condition , the width is constant and the elevation of 
the stream bed changes; that is, q = Q/W is constant and H and y 

vary (Fig. 2.5.lb). In the second, the width changes and the elevation 
of the stream bed (neglecting the slope) is constant; that is, His constant. 
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2.5.2 Specific head diagram 
For simplicity, the following specific head analysis is done on a 

unit width of channel so that Eq. 2.5.3 becomes 
2 

H = ~ + y 2.5.4 
2gy 

For a given q, Eq. 2.5.4 can be solved for various values of H 
and y . When y is plotted as a function of H, Fig. 2.5.2 is 
obtained. TheJte. evte. :two po.M.-i.ble. de.p.:th6 c.all.e.d a£:teJtna.:te. de.pth6 noll.. a.ny 
H levtgeJt tha.n a. .6pe.un..tc. mbu . .mum. Thus, for specific head larger than 
the minimum, the given flow may have a large depth and small velocity 
.or small depth and large velocity. Flow cannot occur with specific 
energy less than the minimum. The single depth of flow at the minimum 
specific head is called the critical depth y and the corresponding c 
velocity, the critical velocity vc = q/yc. To determine yc the 
derivative of H with respect to y is set equal to 0. 

and 

or 

Fig. 2.5.2 Specific head diagram. 

dH 2 
dy = - , + 1 = 0 2. 5. 5 

gy 

q = (gy~)l/2 

2 
Y = (L)l/3 

c g 

v2 
= 2 ~ 2g 

2.5.6 

2.5.7 



Note that 

or 

But 

Also 

v c --= 1 
lgY c 

v -= Fr 
fiY 
H . mn 
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2.5.8 

2.5.9 

2.5.10 

2.5.11 

Thus flow at minimum specific energy has a Froude number equal to one. 
Flows with velocities larger than critical (Fr > 1) are called rapid or 
supercritical and flows with velocities smaller than critical (Fr < 1) 
are called tranquil or subcritical. These flow conditions are illustrated 
in Fig. 2.5.3, where a rise in the bed causes a decrease in depth when 

y 

Fig. 2.5.3 Changes in water surface resulting from an increase in 
bed elevation. 

the flow is tranquil and an increase in depth when the flow is rapid. 
Furthermore there is a maximum rise in the bed for a given H1 where 
the given rate of flow is physically possible. If the rise in the bed 
is increased beyond ~z for H . then the approaching flow depth max m1.n 
y1 would have to increase (increasing H) or the flow would have to be 
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decreased. ThU6, fio!L a. g.ive.n 6-f.ow .in a. c.ha.nne.l, a. we .in the bed R.eve..t 
ca.n occun up to a. 6z w.ithout ca.U6.ing ba.c~~. ma.x · 
2.5.3 Discharge diagram 

For a constant H, Eq. 2.5.4 can be solved for y as a function of 
q. By plotting y as a function of q, Fig. 2.5.4 is obtained and for 

Tranqui I F,r < I 

H : 
Constant 

Rapid Fr>l 

y 

Fig. 2.5.4 Specific discharge diagram. 

any discharge smaller than a specific maximum, two depths of flow are 
possible. To determine the value of y for q · Eq. 2.5.4 is max 
rearranged to obtain 

q = yv'2g (H-y) 2.5.12 

The differential with respect to · y is set equal to zero. 

~ = 0 = R.[ (2H-3y) 
2 1/2 2.5.13 

y (H-y) 

from which 

or 

. v2 
= ~ H = 2.-£ Yc 3 2g 

v = lgy c c 

2.5.14 

2.5.15 

Thus for maximum discharge at constant H, the Froude number is 1. 0 and 
the flow is critical. From this 

v2 
2 c 

· y c = 3 H = 2 2g = 

2 
(qmax) 1/3 

g 2.5.16 

For critical conditions, the Froude number is 1.0, the discharge is 
a maximum for a given specific head and the specific head is a minimum 
for a given discharge. 

Flow conditions for constant specific head for a width contraction 
are illustrated in Fig. 2.5.5. The contraction causes a decrease in 
flow depth when the flow is tranquil and an increase when the flow is 
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rapid. The maximum contraction possible for these flow conditions is 
to the critical depth. Then the Froude number is one, the discharge per 

2 foot of width q is a maximum, and yc is 3 H. A further decrease 
in width causes backwater. That is, an increase in y1 upstream to get 
a larger specific energy and increase yc in order to get the flow through 
the decreased width. 

... c 
E 
Ill • c 
0 u 
J: 

y 

Y, 
~-------+------

H H 

Fig. 2.5.5 Change in water surface elevation resulting from a change 
in width. 

The flow in Fig. 2.5.5 can go from point A to C and then back 
to D or down to E depending on the boundary conditions. An increase 
in slope of the bed downstream from C 
the flow to follow the line A to C 
can go from B to C and back to E 

and no separation would allow 
to E. Similarly the flow 
or up to D depending on boundary 

conditions. Fig. 2. 5.5 is drawn with the side boundary forming a smooth 
streamline . If the contraction were a bridge abutment, the upstream flow 
would follow a natural streamline to a verna contracta but then downstream 
the flow would probably separate. Tranquil approach flow could follow 
line A-C but the downstream flow probably would not follow either line 
C-D or C-E but would have an undulating hydraulic jump. There would 
be interaction of the flow in the separation zone and considerable energy 
would be lost. If the slope downstream of the abutments was the same as 
upstream, t hen the flow could not be sustained with this amount of energy 
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loss. Backwater would occur, increasing the depth in the constriction 
and upstream, until the flow could go through the constriction and 
establish uniform flow downstream. 

2.6.0 STEADY FLOW AROUND BENDS 

Because of the change in flow direction with results in centrifugal 
forces, theJr.e. AA a. .6U.peJl. el.e.va..tion. On the. Wa.teJL .6Wtna.c.e. -in. lUVeJl. be.n.d6. 
The water surface is higher at the concave bank than at the convex 
bank. The resulting transverse slope can be evaluated quantitatively. 
Using cylindrical coordinates (Fig. 2.6 .1), the differential pressure 

z 

1L----· -r ~1111• 
I. .I 

6r 

Channel Section In Bend 

Fig. 2.6.1 Definition sketch of dynamics of flow around a bend. 

in the radial direction arises from the radial acceleration or 

1 
p 

2 a ve 
~=-. ar r 

The total superelevation between the outer and inner bend is 

dp = dr • 

2.6.1 

2.6.2 
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Two assumptions are made: 
(1) The radial and vertical velocities are small compared to the 

tangential velocities such that Ve ~ V. 
(2) The pressure distribution in the bend is hydrostatic, i.e., 

p = yy. 
r 

v2 1 0 
Then !J.z = I - dr . 2.6.3 g r r. 

1 

To solve Eq. 2.6.3, the transverse velocity distribution along the radius 
of the bend must be known or assumed. The results obtained assuming 
various velocity distribution are as follows: 

r 

or 

Woodward (1920) assumed V equal to the average velocity Q/A and 
equal to the radius to the 

1 
!J.z = -g 

!J.z = z 
0 

r 
0 

I 
r. 

1 

v2 
dr r c 

z. = 
1 gr c 

center of the stream r and obtained 

(r - r.) , 
0 1 

c 

2.6.4 

2.6.5 

in which z. and 
1 

r. 
1 

are the water surface elevation and the radius at 
the inside of the bend, and z and r are the water surface elevation 

0 0 
and the radius at the outside of the bend. 

By assuming the velocity distribution to approximate that of a free 
vortex, Shukry (1950) obtained 

!J.z = 1 
g 

r 
0 

I 
r. 

1 

c2 1 dr =- {--2g 2 r. 
1 

.!.._} 
2 r 
0 

2.6.6 

in which C = rV, the free vortex constant. By assuming the depth of 
flow upstream of the bend equal to the average depth in the bend, Ippen 
and Drinker (1962) reduced Eq. 2.6.6 to 

tJ.z = v2 
2W 

2g r c 
{ 1 } 
1-(~)2 2r c 

2.6.7 

For situations where high velocities occur near the outer bank of the 
channel , a forced vortex may approximate the flow pattern. With this 
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assumption and assuming a constant average specific head, lppen and 
Drinker (1962) obtained, 

v2 2W 1 
!::.z = 2 g r {--w~2:---} 

c 1 + 
12 r 2 

c 

2.6.8 

By assuming that the maximum velocities are close to the centerline 
of the channel in the bend and that the flow pattern inward and outward 
from the centerline can be represented as forced and free vortices, 
respectively, then: 

2 2 r c2 r C. r 1 0 
1 c 1 dr + f 0 dr, 2.6.9 !::.z = J r g 3 g r r r. c 

1 

and when r = rc• v = v max 
v 

Therefore, c. max and c v r = = 1 r 0 max c c 

and Eq. 2.6.9 becomes: 

y2 
(ri)2 r 

!::.z = ~{2 c..£)2} 2.6 .10 2g r r c 0 

The differences in superelevation that are obtained by using the 
different equations are small, and in alluvial channels the resulting 
erosion of the concave bank and deposition on the convex bank leads to 
further error in computing superelevation, Therefore, it is recommended 
that Eq. 2.6.5 be used to compute superelevation. For lined canals 
with sharp radii of curvature, superelevation should be computed using 
Eqs. 2.6.7 and 2.6.10. 

2.7.0 GRADUALLY VARIED FLOW 

2.7.1 Introduction 
Thus far, two types of steady flow have been considered. They are 

uniform flow and rapidly varying nonuniform flow. In uniform flow, 
acceleration forces are zero and energy is converted to heat as a result 
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of viscous forces within the flow; there are no changes in cross 
section or flow direction and the depth (called normal depth) is 
constant. In rapidly varying flow, changes in cross section, direction, 
or depth take place in relatively short distances; acceleration forces 
are not zero; viscous forces can be neglected (at least in the first 
approximation). 

Different conditions prevail for each of these two types of steady 
flow. In steady uniform flow, the slope of the bed, the slope of the 
water surface and the slope of the energy gradeline are all parallel 
and are equal to the head loss divided by the length of channel in which 
the loss occurred. In rapidly varying flow through short streamlined 
transitions, resistance is neglected and changes in depth due to accelera-
tion are dominant. In this section, a third type of steady flow is 
considered. In this type of flow , Qhang~ ~n depth and velocity take 
place hlowly ov~ l~ge ~tane~, resistance to flow dominates and 
acceleration forces are neglected . This type of flow is called gnadually 
v~ed 6low, and the study involves 1) the determination of the general 
characteristics of the water surface and 2) the elevation of the water 
surface or depth of flow. 

In gradually varied flow, the actual flow depth y is either larger 
than or smaller than the normal depth y

0 
and either larger than or 

smaller than the critical depth Yc · The water surface profiles which 
are often called backwater curves, depend on the magnitude of the actual 
depth of flow y in relation to the normal depth y and the critical 

0 
depth Yc· Nonmal depth y

0 
~ the depth o6 6low that would e~t 6on 

hteady-u~6onm 6low as determined using the Manning or Chezy velocity 
equations, and the critical depth is the depth of flow when the Froude 
number equals 1.0. Reasons for the depth being different than the 
normal depth are changes in slope of the bed , changes in cross section, 
obstruction to flow, imbalances between gravitational forces acceler ating 
the flow and shear forces retarding the flow. 

In working with gradually varied flow, the first step is to 
determine what type of backwater curve would exist. The second step 
is to per form the numerical computations. 
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2.7.2 Classification of flow profiles 
The classification of flow profiles is obtained by analyzing the 

change of the various terms in the total head equation in the x-
direction. The total head is 

or 

v2 Rr = 2g + y + z 

2 
H = J[_ 

T 2gA2 
+ y + z 

Then assuming a wide channel for simplicity 

The term dHT/dx is the slope of the energy gradeline 
assumed. For short distances and small changes in y 

sf, it is 
the energy 

2.7.1 

2. 7.2 

2.7.3 

gradient can be evaluated using the Manning or Chezy velocity equations. 
When Chezy's equation (Eq. 2.3.21) is used the expression for 

~/dx is 
2 

=S _ _g_ 
f- 2 3 c y 

2.7.4 

The term dy/dx is the slope of the water surface s and dz/dx is w 
the bed slope s . For steady flow, the bed slope is (from Eq. 2.3.21) 

0 

2 
s = _g_ 2. 7.5 

0 c2 3 
oYo 

where the subscript "o" indicates the steady uniform flow values,. 
When Eqs. 2.7.4 and 2.7.5 are substituted into Eq. 2.7.3, the 

namLUM 6oJtm o6 :the gJUtcluale.y vo.JUed 6£.ow equa..:Uon 
C

0 
2 y

0 
3 

~ = so {-1_-_cc;......_~---=~"""Y _)_} 
1 - c...£) y 

b., o b:taA..ned. 

2.7.6 
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If Manning's equation is used to evaluate Sf and S
0

, Eq. 2.7.6 
becomes 

1 _ ~ )2 (o)l0/3 
dy=S { oyY3 } 
dx o 

1 - c...£) y 

2.7.7 

The slope of the water surface ~ depends on the slope of the 
bed S

0
, the ratio of the normal depth y

0 
to the actual depth y 

and the ratio of the critical depth yc to the actual depth y. The 
difference between flow resistance for steady uniform flow n to 

0 
flow resistance for steady nonuniform flow n is small and the ratio 
is taken as 1. 0. 
surface profiles. 
in Table 2. 7. 1. 

With n = n , there are twelve types of water 
0 

These are illustrated in Fig. 2.7.1 and summarized 

Table 2.7.1 Characteristics of water surface 
profiles. 

Bed 
Class Slope Depth · ~ Classification 

Mild s >0 y>y >y 1 Ml 0 0 c 
Mild s >0 y >y>y 2 M2 o· 0 c 
Mild s >0 y >y >y 3 M3 0 0 c 

Critical s >0 y>y =y 1 cl 0 0 c 
Critical . s >0 y<y =y 3 c3 0 0 c 

Steep s >0 y>y >y 1 sl 0 c 0 
Steep s >0 y >y>y 2 s2 0 c 0 
Steep s >0 y >y >y 3 s3 0 c 0 

Horizontal s =0 y>y 2 H2 0 0 
Horizontal s =0 y >y 3 H3 0 c 

Adverse s <0 y>y 2 A2 0 c 
Adverse s <0 y >y 3 A3 0 c 
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Y. = oc 
0 

~2 Critical Slope 
~ SC:O, ~=yc 

------------T~-
~~y 

.... c 

Horizontal Slope 
~: O, Yo= 00 

Horizontal 
' f, s.,....---........... ........,, 

Yc .., ............... 
... , s ,, 

2 ......... , ... 

Horizontal 

~f-2 ---1-------r---- ~ l 

Yc ~3 , 

Fig. 2.7.1 Classification of water surface profiles. 

(1) With a type 1 eunve (M1, s1, c1), the actual depth of flow y 
is greater than both the normal depth y and the critical depth y . 

0 c 
Because flow is tranquil, control of the flow is downstream. 

(2) With a type 2 eunve (M2, s2 , A2, H2), the actual depth y is 
between the normal depth y and the critical depth y • The flow is 

0 c 
tranquil for M2, A2 and H2 and thus the control is downstream. Flow 
is rapid for s2 and the control is upstream. 

(3) With a type 3 eunve (M3, s3, c3 , A3, H3), the actual depth 
y is smaller than both the normal depth y

0 
and the critical depth Yc· 

Because the flow is rapid control is upstream. 
(4) For a mild ~lope, S is smaller than S 

0 c 
(5) For a ~teep .6lope, S

0 
is larger than Sc 

and y
0 

> y • c . 
and y 0 < y c· 

(6) For a cJU:t.i..eai. ~lope, S equals S and y = y • 
0 c 0 c 

(7) For an a.dveJL.6e ~lope, S is negative. 
0 

(8) For a honlzontal .6lope, S equals zero. 
0 

(9) The case where y + y is of special interest because the c 
denominator in Eq . 2. 7.6 approaches zero. 
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When y-+ yc' the assumption that accelerat'ion forces can be neglected 
no longer holds. Equations 2.7.6 or 2.7.7 indicate that ~~ is 
perpendicular when y -+ y . For cross sections close to the cross c 
section where the flow is critical (a distance from 50 to 10ft), curvi-
linear flow analysis and experimentation must be used to determine the 
actual values of y. When analyzing long distances (100 to 1000 ft or 
longer) one can assume qualitatively that y · reaches Yc· In general, 
when the flow is rapid (Fr ~ 1), the flow cannot become tranquil without 
a hydraulic jump occurring. In contrast, tranquil flow can become 
rapid (cross the critical depth line). This is illustrated in Fig. 2.7.2. 

When there is a change in cross section or slope at an obstruction 
to the flow, the qualitative analysis of the flow profile depends on 
locating the control points, determining the 'type of curve upstream and 
downstream of the control points, and t hen sketching the backwater 
curves. It must be remembered that when filow ~nap~ (Fn ~ 7), the 
c..on.:tJr.ol ofi .the depth ~ u.p.6.tne.am and .the bac..kwa.ten pnoc..eed.J., -in .the 
dawi'!A.tne.am d-i..necilon. When filow ~ .tnanqu.il (Fit < 1 J, .the depth c..on.t!Lol 
~ dawnf.l.tnea.m and -in .the c..ompu.ta.:ti..onf.l mu.6.t pnoc..eed u.p.6.tneam. The back-
water curves that result from a change in slope of the bed are illustrated 
in Fig. 2. 7.2. 
2.7.3 Computation of water surface profiles 

There are many computer programs available for the computation of 
the elevation or depth of flow for water surface profiles. Herein, 
the .6i.andMd .6.tep method is described. However, as with most computer 
programs, a qualitative analysis of the general characteristics of the 
backwater curves as described in the preceding section must be made. 
This is necessary in order to know whether the analysis proceeds upstream 
or downstream. Most available comput er programs cannot solve the water 
surface profile equations when the f l ow changes from rapid to tranquil 
or vice versa. 

The standard step met hod is derived from the energy equation 

v2 
_! + y + b.z = 2g 1 2.7.8 
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Fig. 2.7.2 Examples of wate~ su~face profiles. 
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h1=S1 AL 
11~....---=----f... V2'l2g 

Fig. 2.7.3 Definition sketch for step method computation backwater 
curves. 

From Fig. 2.7.3 

v2 v2 
1 2 

2 g + y 1 + So t.L = 2 g + y 2 + Sf t.L 2. 7. 9 

2.7.10 

and 

t.L - 2 . 7.11 

The ptwc.edWl.e ,{)., to .6:tcvz;t fiftom .6ame known y, a6.6ume anatheJr. y 
eU.heJr. up.6:tJtea.m aft dawn.6:tJtea.m depencUng an whetheJr. the filow ,{)., :tJtanq!Ul 
aft Jtap-i..d, and c.ompute the cU.6.ta.nc.e t.L to the M.6umed depth M-i..ng 
Eq. 2. 7. 11. 

2.8.0 RAPID FLOW IN BENDS AND TRANSITIONS 

2. 8.1 Bends 
Rap-i..d 6low oft .6upeJr.c.Jt)_tic.af. filaw -i..n a curved pwmilic. c.hanne.R. 

pftoduc.u c.Jta.6.6 wave futWl.banc.e pafteJr.n.6 wh-i..c.h peJr..6,{}.,t fioft lang fu.ta.nc.u 
-i..n a dawn.6tJtea.m d-i..Jtec.tion. These disturbance patterns are the result 
of nonequilibrium conditions which persist because the disturbances 
cannot propagate upstream or even propagate directly across the stream. 
Therefore, the turning effect of t he walls is not felt on all filaments 
of the flow at the same time and the equilibrium of the flow is destroyed. 
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The waves produced form a series of troughs and crests in the water 
surface along the channel walls. 

Plan view Section A - A 

Fig. 2. 8.1 Definition sketch for rapid flow in a bend-. 

Fig. 2.8.1 is a definition sketch to aid in the analysis of cross 
wave patterns in a bend with rapid flow. The water surface elevation 
in a bend can be computed if the following major assumptions are made: 
(1) the flow is two-dimensional; (2) the velocity is constant 
throughout the cross section; (3) the channel is horizontal; (4) there 
are no boundary shear stresses; and (5) the channel walls are vertical. 
The outer wall which turns the flow inward produces an oblique hydraulic 
jump and a corresponding positive disturbance line or positive wave 
front propagates across the channel . The inner or convex wall causes 
an oblique expansion or negative wave to propagate across the channel 
with a corresponding negative disturbance line or wave front. From 
analysis of Fig. 2. 8.1 and the hydraulic jump equation the following 
formulas can be derived. 

The initial velocity perpendicular to the wave front is given by 

v = nl 
{gy2 (1 

2 

The wave front angle is 

sine 

or 
sine ~ 

vnl 
vl 

1 
Fr1 

= 

+ Yz)}l/2 
yl 

2.8.1 

given by: 

{gyl . Yz Yz 1/2 
~ 

{- (1 +- )} 
Zyl yl 

2.8.2 
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The relationship of the deflection angle e and the Froude number is 
given by: 

e = 13 tan-l { ~ ) 1/ 2} - tan-l {( ~ ) 1/ 2} + const. 2.8.3 
Fr -1 Fr1-l 

where the constant may be determined from the condition that for e = 0, 
the depth y is the initial depth y1 . 

For practical applications, Eq. 2.8.3 is very involved and incon-
venient to use even with graphical charts. Knapp (1951) developed a 
much simpler equation which gives adequate results. The depth at the 
first maximum may be computed from 

v2 2 e y = - sin (8 + -) g 2 2.8.4 

Equation 2.8.4 results from experimental observations of a constant 
velocity occurring at a cross section. The locations of the first 
maximum may be fm.md from: 

-1 2W 
e =tan {(2r + W) tanS} 

c 
2.8.5 

where r is the radius of curvature and W is the channel width as c 
shown in a plan view of the cross wave pattern given in Fig. 2.8.2. 
The disturbance wave pattern oscillates about a plane located at the 
normal depth. The distance along the wall to the first maximum subtends 
a central angle, e, and this distance represents half a wave length. 

The amplitude of the disturbance pattern in the downstream tangent 
is dependent on whether the new disturbance pattern created in the 
change of flow from curved to straight reinforces or damps out the 
disturbance pattern already in existence. When the curve has central 
angles of e, 36, Se, etc., where e is given by Eq. 2.8.5., the two 
disturbance patterns reinforce each other and the resulting disturbance 
pattern in the tangent section oscillates about the normal depth with 
an amplitude approximately v2w/r g. By adopting central angles of 2e, c 
46, 6e, etc., the disturbance pattern generated by the change from a 
straight to curved channel will cancel out the disturbance created 
by the initial curve in the channel. 



II-54 

Fig. 2.8.2 Plan view of cross wave pattern for rapid flow in a 
bend. 

Two method6 have been Med in :the duign o6 cwz.vu 6oiL ILapid 6iow 
in c.ha.nnw. One method is to bank :the 6iooiL o6 :the channel and the 
other is to p!Lovide cunved vane6 in the flow. Banking of the floor 
produces lateral forces which act simultaneously on all filaments and 
causes the flow to turn without destroying the flow equilibrium. Curved 
vanes break up the flow into a series of small channels and since the 
superelevation is directly proportional to the channel width, each small 
channel has a smaller superelevation. 
2.8.2 Transitions 

Con:tll.action6 and expan6ion in !Lapid 6iow p!Loduce Cll.o~~ Uttve pa:t:tell.n6 
~..i..mU.aJc. :to :tho~e ob~eJtved in c.unved c.ha.nnw. The cross waves are 
symmetrical with respect to the centerline of the channel. Ippen and 
Dawson (1951) have shown that in order to minimize the disturbance 
downstream of a contraction, the length of the contraction should be: 

2.8.6 

where W is the channel width and the subscripts 1 and 2 refer to 
sections upstream and downstream from the contraction. The contraction 
angle is e and should not exceed 12°. The relationship between the 
channel widths and depths, y, can be determined from the continuity of 
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w1 y2 3/2 Fr2 
-w = ( -Y ~ (Fr ~ 

2 1 1 
2.8.7 

For an expansion, Rouse et al. (1951) have found experimentally 
that the most satisfactory boundary form is given by 

1 +-2 2.8.8 

where x is the longitudinal distance measured from the start of the 
expansion or outlet section and z is the lateral coordinate measured 
from the channel centerline. A boundary developed from this equation 
diverges indefinitely. Therefore, for practical purposes, the divergent 
walls are followed by a transition to parallel lines. 
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2.Al.O BRIDGE CONSTRICTIONS WITH NO BACKWATER (Neglecting energy losses) 

A stream is rectangular in shape and 100 ft wide. The design 
discharge is 5000 cfs and the uniform depth for this discharge is 10 ft. 
Neglecting energy losses wha-t 111 .the. ma.xhnum amount o6 con6:t/Uc.tion .tJuU:. 
can be. .impo.o ed wLthou.t cau.o.Lng bac.kwa..teJt a.t .the. de..o.Lg n d.i-6 chCVLg e.? 

The upstream flow rate per unit width is 
Q 5000 q = W = 100 = 50 cfs/ft 

the average velocity is 

Q 5000 
V = A = 100'0 = 5 • 00 fps 

and the specific head is (from Eq. 2.5.3) 

v2 sz 
H = Zg + Y = 64 _4 + 10 = 10.39 ft 

According to Section 2.5.3, the maximum unit discharge that can occur 
with this specific head is (from Eq. 2.5.16) 

= 103.4 cfs/ft 

There fore, the width of channe 1 which wi 11 accommodate this unit 
discharge is 

W=-Q- = 
qmax 

5000 
103.4 = 48. 3 ft. 

and the amount of the constriction is 100- 48.3 = 51.7 ft. 
Note, as discussed on page II-41, this contraction could cause an 

undulating hydraulic j ump downstream. When energy losses are considered 
there will be some backwat er at this constriction . This backwater is 
evaluated by conventional methods such as those given in "Hydraulics of 
Bridge Waterways" (Federal Highway Administration, 1970). 
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2.A2.0 .BACKWATER FROM A DOWNSTREAM DIVERSION DAM 

A small diversion dam is to be placed across a stream downstream 
of a highway bridge. The purpose of the dam is to head up water for 
diversion into a canal. At the bridge, the design flood discharge was 
5000 cfs. The river is 100 ft wide and has a uniform flow depth of 
10 ft for the design discharge. Wha.t .U :the ma.xhnwn height o6 .the dam 
:tha.t will no:t c.au6e ba.c.lu«t:teJt a.t :the b!Udge? 

The unit discharge in the river at design flood discharge is 

- Q - 5000 q - W- 100 = 50 cfs/ft 

the velocity is 

v = L = 50 = 5.00 fps y
0 

10 

and the specific head is (from Eq. 2.5.3) 

v2 sz 
H = Zg + y 0 = Zg + 10 = 10.39 ft 

As a first approximation assume no energy loss in the reach. Then 
at the dam, the elevation of the total energy line is 10.39 ft above 
the bed (see Fig. 2.A2.1). At the dam, 

H . + 6Z = 10.39 ft Inl.n max 

that is, the dam can be built to a height of 6Zmax which decreases the 
specific head at the dam to H . • From Eq. 2.5.11 nun 

3 H = -y min 2 c 

Hmln 
y 

Fig. 2.A2.1 Backwater curve upstream of the dam. 

i . 



and from Eq. 2.5.7 

so 

Thus 
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3 H . = -2 ( 4 • 2 7) = 6 • 40 ft 
Illl.n 

~z = 10.39 - 6.40 = 4.0 ft m 

If the dam is built to a crest e l evation 4.0 ft above the bed, 
critical flow will occur at the dam for a flow of 5000 cfs and the 
dam will cause no backwater. 

How much backwater will the dam cause for a flow of 1000 cfs if 
the normal depth for this discharge i s 5 ft and the dam height is 
4.0 ft? 

Upstream of the dam, 
Q 1000 q = W = 100 = 10 cfs/ft 

and 
V = L = 10 - 2 fps 

o Yo S-

At the dam the flow is critical so from Eq. 2.5 . 7 
2 

y = (L)l/3 
c g 

and from Eq. 2. 5. 11 

H . 

2 
= (!Q_) l/3 = 1. 46 ft 32. 2 

Illl.n 

3 = 2 (1. 46 ) = 2. 19 ft 

The specific head upstream of t he dam i s then (assuming no energy loss) 

H = H . + ~z 
Illl.n 
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or 
H = 2.19 + 4.00 = 6.19 ft 

Also, the specific head upstream of the dam is (from Eq. 2.5.4) 
2 

Therefore 

or 

The solution is 

H = ~+ y 
2gy 

2 
~ + y = 6.19 
2gy 

3 2 102 
y - 6.19 y + 64.4 = 0 

y = 6.14 ft 

As the normal depth is only 5 ft, the backwater is 

~y = 6.14 - 5.00 = 1.14 ft 

That is, the depth upstream of the dam is increased 1.14 ft by the 
4.0-ft high dam when the flow is 1000 cfs. 
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2.A3.0 STANDARD STEP METHOD FOR BACKWATER COMPUTATIONS 

Consider an abrupt change of slope in a lined rectangular channel 
100 ft in width . The discharge is SOOO cfs. Upstream of the slope 
change, the flow is at the normal depth of 10 ft. The normal depth in 
the downstream reach is 3ft. Manning's n for both reaches is 0.012. 

In both the upstream and downstream reaches, the flow per unit 
width is 

sooo q = 100 = SO . cfs/ft 

and the critical depth is (from Eq. 2.S.7) 
2 2 

y = cL) 113 = c~) 11 3 = 4 21 ft c g 32.2 . . 

Upstream where the flow is at normal depth, y = y > y so 
0 c 

the flow is tranquil here. 
The bed slope is obtained from Manning's equation for normal 

flow (from Eq. 2.3.20) 

Here 

n2 v2 
s - 0 

0 - 2.21 R 4/ 3 
0 

q so V = - = - = S. 00 fps o y
0 

10 

A = y W = 10 (100) = 1000 sq ft 
0 0 

p = 2y + w = 2 (10) + 100 = 120 
0 0 

A 1000 R 0 8.33 ft = -= -= 
0 p 120 

0 
2 

s = (0.012 X S) = 0.00009S 
0 2.21(8.33) 4/ 3 

ft 

Downstream where the flow has attained its normal depth, y = y <y 
0 c 

so in the downstream reach flow is supercritical. 
The bed slope in the downstream reach is obtained as follows: 

v = L= SO= 16 .67 fps 
0 y 3 

0 

A = y W = 3 x 100 = 300 sq ft 
0 0 
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P
0 

= 2y
0 

+ W = 2 (3) + 100 = 106 ft 

Ao 300 R
0 

= P = 106 = 2. 83 ft 
0 

n2 v2 
0 s = = 0 2.21 R 4/ 3 

0 

= 0.004523 

2 (0.012 X 16.67) 
2.21 (2.83) 473 

At the change in slope the flow must pass through the critical 
depth. Then, in the reach immediately upstream y

0 
> y > yc so the 

backwater curve in this reach is an M2 type (Table 2.7.1). 
Downstream, y < y < y so the backwater curve in this reach is 

0 c 
a s2 type (Table 2.7.1). 

The two backwater curves are sketched in Fig. 2.A3.1. 

Fig. 2 .A3.1 Sketch of backwater curves. 
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For the upstream reach, flow is subcritical so the standard step 
method computations start at the change in slope and proceed upstream. 

At the change in slope 

y = y = 4.27 ft c 

A = yW = 4.27 (100) = 427 sq ft 

V = q = ~ = 11. 71 fps y 4.27 

v2 11.112 
2g = 64.4 = 2.13 ft 

v2 
H = 2 g + y = 4 . 2 7 + 2 . 13 = 6 . 40 ft 

p = 2y + w = 2 (4. 26) + 100 = 108.52 ft 

A 427 
R = p = l O 8 • 54 = 3. 9 3 ft 

2 2 2 
8 _ n v _ (0.012 x 11.71) = 0 .001438 
f- 2.21 R4/ 3 - 2.21(3.93) 4/ 3 

Let's compute the distance upstream to where the flow is 4.50 ft 
deep. The flow conditions at this section are computed with the same 
equations employed at the change in slope section; i.e., 

y = 4.50 ft 

A = 4.50 (100) = 450 sq ft 

v = 4 :~o = 11.11 fps 

v2 11.112 
2g = 64.4 = 1. 92 ft 

H = 4.50 + 1.92 = 6.42 ft 

p 2 (4.50) + 100 = 109 ft 
450 R = 109 = 4.13 ft 

2 
S _ (0.012 X 11.11) = O.OOl2l 4 
f- 2.21 (4.13) 473 
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Now between these two sections where y = 4.27 ft andy = 4.50 ft the 
average friction slope is 

The distance between 

2 = 0.001326 

the two sections is (from Eq. 2.7.11) 

ilL 
H2 - H 1 = s - sf 0 ave 

= ~~6~. ::::-:40=---~6:::-'-::4~2":""::':~ = 16. 2 ft .000095 - 0.001326 

That is, the section where the depth is 4.50 ft is 16.2 ft upstream of 
the section where the slope changes. 

In a similar manner, the distance between the sections where the 
depths are 4.50 ft and 5.00 ft (arbitrary choice) is computed. The 
results are lis ted in Table 2. A3 .1. It is found that the flow is 
normal a distance approximately 44,000 ft above the change in slope. 

The b~ckwater calculations for the downstream reach are also 
presented in Table 2.A3.1. Here the computations start at the change 
in section and proceed downstream because the flow is supercritical. 
The computations show that the normal depth is reached approximately 
1600 ft below the change in slope. 



Table 2.A3.1 Computation of the backwater curve. 

y A v V2/2g H p R 
sf sf H2 - H1 t.L L 

ft ~ !E ft ft ft ft !!. ave ft ft ft 

At the change in slope 

4.27 427 11.71 2.13 6. 40 108.5 3.93 0.012 .001438 
s 2 backwat er curve 

,4.20 420 11. 90 2.20 6,40 108.4 3.87 0.012 . 001519 .001478 -0 . 00 0.0 0.0 
4, 00 400 12. 50 2.43 6. 43 108 3 . 70 .001779 .001649 -0.03 10.9 10.9 
3.50 350 14 . 28 3.17. 6.67 107 3.27 .002738 .002258 -0.24 105.96 116.86 
3.00 300 16 . 67 4.31 7.31 106 2.83 .004523 . 003630 -0.64 716.7 833.56 

H 
H 

M2 backwater curve >-
I 
~ 

4.50 450 11.11 1.92 6. 42 109 4.13 0.012 .001214 .001326 -0.02 16.2 16.2 
5.00 500 10.00 1.55 6.55 110 4.54 .000867 .001040 -0 .13 137.6 153.8 
6.00 600 8.33 1.08 7.08 112 5.36 .000482 .000674 -0.53 914.6 1068.4 
8.00 800 6.25 0.61 8.61 116 6.90 .000194 .000338 -1.53 6296.3 7364.7 

10.00 1000 5. 00 0.39 10.39 120 8.33 .000095 .000144 -1.78 36326.5 43691.2 

V=~ R=~ 
2 vz H2-H1 

A= Wy p = 2y + w S - n L = tt.L . A p f - 2.21 R4/ 3 t.L =s -S 
0 fave 
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2.A4.0 ENERGY AND MOMENTUM COEFFICIENTS FOR RIVERS 

In open channel flow problems it is common to assume that the energy 
coefficient a and the momentum coefficient S are unity. What ~e 
va£u.e6 on a a.n.d 8 nM. tt.iveJr.. c.ha.n.n.e1..6? 

From Eqs. 2.2.29 and 2.2.28 

1 I 3 a=-3- v dA 
VAA 

2.A4.1 

and 
2.A4.2 

In many wide channels, the distribution of velocity in the vertical is 
given by Eq. 2.3.15 which is 

Vv = 2.5 ln(30.2 ky ) 
* s 

2.A4.3 

for fully turbulent flow (x = 1.0). The average velocity in the vertical 
is 

1 /Yo v =- v dy 
Yo 0 

and by employing Eq. 2.A4.3 

2.5v* y 
V = Y - o J o ln (f) dy 

0 0 

2.A4.4 

2 .A4.5 

Here, the upper limit of integration is y
0

, the depth of flow and the 
lower limit is 

k . s 0 = 30.2 

the value of y for which Eq. 2.A4.3 gives a zero velocity. 
The integration of Eq. 2.A4.5 yields 

V . Yo Yo 
2 .5{~ (In (-) - 1)} V* = y -u 0 

0 

2 .A4.6 

2.A4.7 

·i 



IIA-11 

For a vertical section of uni t width, the momentum coefficient is 

13 ' = 1 
2 v (y -o) 

0 

2.A4.8 

If we substitute Eqs. 2.A4.3 and 2.A4.7 into Eq. 2.A4.8 and integrate 
the result is the expression 

1 y y 2 a• = ___ .;;;...... __ ~ { (ln ~) y y -o o 
11.11 k o)2 o (ln 

- 2 ln Y 0 + 2 - ~} 
o Yo 

2.A4.9 

s 

Similarly, the energy coefficient for a vertical section unit width is 

or 

1 
(l' = ---=---

v3 (y -o) 
0 

!Yo 3 v dy 
0 

1 
(l' = -------

y y 2 
_o_· {(ln ~) y -o o 

0 

+ 6 ln : 0 
- 6 + ~} 

Yo 

y 
3(ln ~) 2 

0 

2.A4.10 

2 .A4.11 

These equations (Eqs. 2.A4.9 and 2.A4.10) are rather complex, so a graph 
of a' and 13' vs y /k has been prepared. The relations are shown 

0 s 
in Fig. 2 . A4 . 1. 

For the entire river cross section (shown in Fig. 2.A4. 2) Eq. 2.2.29 
can be written 

(l = 2.A4.12 

where W is the top width of the section, z i s the lateral location 
of any vertical section, y

0 
is the depth of flow at location z, and v 

is the local velocity at the position y , z. The total discharge is Q 
and the total cross-sectional area is A. 



IIA-12 

1.14 

1.12 

1.10 

1.08 -ell. .. 
-1:5 1.06 

1.04 

1.02 

1\ 

' y -a' 
. ' "-.. '" /a' 

~ ~ r-------._ ---- -
1.00 

Fig. 2.A4.1 Energy and momentum coefficients for a unit width of river. 

Fig. 2.A4.2 The river cross section. 
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In Eq. 2.A4.12 the portion 

fyo 3 
v dy 

0 

is recognized as the integral portion of Eq. 2.A4.10. That is, 

fyo 3 
v dy ~ fyo 3 

v dy 
0 0 

and 
Yo 3 3 f v dy = ~'v (y -o) 

0 0 
2.A4.13 

Here ~' is the energy coefficient for the vertical section dz wide 
and y deep, V .is the depth-averaged velocity in this vertical section 

0 
and o = k /30.2 (from Eq. 2.A4.6) . s 

Now, Eq. 2.A4.12 can be written 

A2 W 3 
~ = --3 f ~'V (y -o)dz 

Q 0 0 
2.A4.14 

Except for cases of low flow in gravelbed rivers, the term o is very 
small compared to y so 

0 

A2 W 3 
~ = - 3 J ~'V y dz 

Q 0 0 
2.A4.15 

The discharge at a river cross section is determined in the field 
by measuring the local depth and two local ve locities at each of 
approximately 20 vertical sections. In accordance with this general 
stream gaging procedure, Eq. 2.A4.15 should be written 

A2 L 3 
~ = 'V y ~zi 3 ~i i oi Q i 

or 
A2 2 ~ = -3 I ~! v. ~Q. Q i 1 1 1 

Here, the subscript i refers to the i-th vertical section, and 
~~ is the river discharge associated with the i-th vertical or 

~Q. = V.y . ~z. 
1 1 01 1 

.2.A4.16 
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In a similar manner, the expression for S is 

8 = A2 L S!V . ~Q. 2.A4.17 
Q i 1 1 1 

Now, with Eq~. 2.A4.16 and 2.A4.17, and F~g. 2.A4.1 we ~e ~n a 
po~ition to eompute a and 8 non any ~ven eno~~ 4ect£on g~ven the 
fuehaJr.ge meMWLement notu. An example is given below. 

The information in Table 2.A4.1 is taken from the discharge 
measurement notes for Measurement No. 16 on the Rio Tigre at Las 
Piedritas in Venezuela. 

The discharge measurement was made on August 18, 1969 during the 
peak flood event for the year. From Table 2.A4.1, the following values 
are obtained: 

Q = 5370 cfs 
A = 1485 sq ft 
w = 163 ft 

r.vi~~ = 21,070 ft4/sec2 

2 5 3 
r.vi ~~ = 85 ;500 ft /sec 

. . 1 h The bed material at this gag1ng stat1on as a D50 of 0. 33 mm and a 
D67 of 0.45 mm and a gradation coefficient G of 3.27. If the 
value of D67 is used for ks' then for y

0 
= 12.8 ft (the maximum 

depth) 

y 
~- 12 ·8 (304 8)- 8700 k - 0.45 ° -s 

and for y
0 

= 1.1 ft (the smallest non-zero depth) 

Yo 1.1 (304.8) = 
ks = 0.45 750 

1simons, D. B., Richardson, E. V., Stevens, M.A., Duke, J. H., and 
Duke, V. C., Geometric and hydraulic properties of the rivers, Hydrology 
Report, Vol. III, Venezuelan International Meteorological and Hydrological 
Experiment, Civil Engineering Department, Colorado _State University, 
October, 1971. 



IIA-15 

Table 2.A4.1 Discharge measurement notes1. 

tlz. v. tlA. A~ V.AQ. 2 
Yoi V. AQ. 

1 1 1 1 1 1 1 
ft ft ~ sg ft cfs ft4/sec2 ft5/sec3 

0.0 4.0 0.00 0.0 0.00 0.00 0.00 
1.1 8.0 0.98 8.8 8.62 8.45 8.28 
2.6 8.0 0.54 20.8 11.23 6.06 3.27 
4.5 8.0 0.64 36.0 23.04 14.75 9.44 
8.5 8.0 2.40 68.0 163. 20 391.68 940.03 

11.0 8.0 3.17 88.0 278.96 884.30 2803.24 
11.6 8.0 4.02 92.8 373.06 1499.70 6028.80 
12.0 8.0 4.06 96.0 389.76 1582.43 6424.65 
12.8 8.0 3.78 102.4 387.07 1463.12 5530.61 
12.6 8.0 3.74 100.8 376.99 1409.94 5273.19 

12.4 8.0 3.78 99.2 374.98 1417.42 5357.86 
11.6 8.0 4. 71 92.8 437.09 2058.69 9696.45 
11.4 8.0 4. 30 91.2 392.16 1686.29 7251.04 
10.8 8.0 4.90 86.4 423.36 2074 .46 10164.87 
10.6 8.0 4.63 84.8 392.62 1817.83 8416.56 

10.9 8.0 4.32 87.2 376.70 1627.34 7030 .13 
11.4 8.0 3.89 91.2 354.77 1380.06 5368 . 42 
11.8 8.0 3.10 94.4 292.64 907.18 2812.27 
9.8 8.0 3.02 78.4 236.77 715. OS 2159.44 
6.4 7.0 1.69 44.8 75.71 127.95 216.24 

3.8 5.5 0.00 20.9 0.00 0.00 0.00 
0.0 2.5 0.00 0.0 0.00 0.00 0.00 
Total 163.0 1484.9 5368.74 21072.71 85494.77 

1simons, D. B., Richardson, E. V., Stevens, M.A., Duke, J. H., 
and Duke, V. C., Stream flow , groundwater and ground response 
data, Hydrology Report, Vol. II, Venezuelan International 
Meteorological and Hydrological Experiment, Civil Engineering 
Dept., Colorado State University, August 1971. 
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If we use a mean y /k of approximately 5000, then from Fig. 2.A4.1, 
0 s . 

the average values for the energy and momentum coefficients are 

a' = 1.024 
and 

a' = 1.oo8 

As it has been assumed that a' and a' are constant across the 
river (for convenience), Eqs. 2.A4.16 and 2.A4.17 become 

and 

a = Cl 1 A2 2 
-3 LV. AQ. Q i 1 1 

a = a ' -4. l: v. i.\Q. Q" i 1 1 

With the values computed in Table 2.A4.1 

a = 
2 

1.024 (1485 ) (85500) = 
(5370) 3 1.247 

Q = 1.008 (1485) (21070) = 1.094 
~ (5370) 2 

2.A4.18 

2.A4.19 

These values for a (1.247) and a(l.094) differ from l.D'lity by 
appreciable amol.D'lts. The difference may be important in many river 
channel calculations. 16 n.o data. aJte. a.va.Ua.b.te., :the. a..6.6umpUon6 .tha..t 
a ·= 1.25 a.n.d a= 1.1 .6hou.td be. U6e.d 6o~ ~v~ eha.n.n.e.i6. 
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2.AS.O AVERAGE PRESSURE AND ELEVATION AT A RIVER CROSS SECTION 

In the a~sence of heat transfer, and shaft and shear work, the 
energy convected through a cross section of river with area A is 

I 
2 

y(~g + z)v dA 
A 

and the pressure work done on this cross section is 

The sum of the pressure work and the convected energy is 

I y (v
2 

+ E.. + z)v dA 2g y 
A 

Instead of using the definition Eq. 2.2.28, we could write 

I y(v2 + E..+ z)v dA = {cN2 + n(z + y ) }yQ 2g y 2g 0 0 
A 

2.A5.1 

where a is the kinetic energy correction factor defined by Eq. 2.2.29 
and n is a correction factor to be applied to the piezometric head. 
The terms z and y are the elevation of the bed above datum and the 

0 0 
depth of flow respectively. According to Eqs. 2.2 . 29 and 2.A5.1, the 
expression for n must be 

1 
n = (z + y )VA 

0 0 
J (~ + z)v dA 2.AS.2 
A 

In straight reaches of river, the piezometric head does not vary appre-
ciably from point to poi nt in a cross section . Then the piezometric head 
at any point on the cross section can be used as the reference piezometric 
head. For example, at the wat er surface 

E.. + z = 0 + z + y y 0 0 
2.A5.3 
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Using this equation in Eq. 2.AS.2, we obtain 

or 

1 
n = (z + y )VA 

0 0 

n = 1 

I v ciA . 
A 

2.AS.4 

If the water surface at the cross section is not horizontal (as in a 
bend) , then the piezometric head should be referenced to the point on the 
water surface which is at the average elevation of the water surface. 
Then n = 1 for this case also. 

In general, the assumption th~t 

n = 1 
is satisfactory for rivers. Therefore., Eq. 2. 2. 34 can be written 

2.AS.S 

for a reach of river. Here y 1 + z1 is the water surface level at 
Section 1 and y 2 + z2 is the water surface elevation at Section 2. 
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Chapter III 

FUNDAMENTALS OF ALLUVIAL CHANNEL FLOW 

3.1.0 INTRODUCTION 

Most rivers that a highway will cross or encroach upon are 
alluvial . That is, the rivers are formed in cohesive or non-cohesive 
materials that have been and can be transported by the stream. The 
non-cohesive material generally consists of silt (0.004 mm- 0.062 mm), 
sand (0.062 mm - ,2,0 mm), gravel (2 . 0 mm- 64 mm), or cobbles (64 mm-
256 rnm), or any combinat i on of these sizes . Silt generally is not 
present in appreciable quantit ies with non-cohesive stream boundaries. 
Cohesive boundary material consists of clays (sizes less than .004 mm) 
forming a binder with silts and sand. Under most conditions clays are 
more resistant to erosion than non-cohesive material. 

In aliuv~ niv~, the ehannet bed ean ~eo~ to undenmine bnidge 
pi~ and abutme~; o~ the ~ediment in ~a~po~ ean depo~it in the 
~o~~ ~eetion, de~~ing the filow eapaeity ofi the bnidge opening, app~oaeh 

ehannet o~ the en~oached channel. Bed configuration and resistance to 
flow in alluvial rivers are a function of the flow and can change to 
increase or decrease the water surface level. The river channel can 
shift its location so that the bridge is unfavorably located with 
respect of the direction of flow. The moveable boundary of the alluvial 
river thus adds another dimension to the design and environmental prob-
lems associated with bridge crossings. Therefore, the design of highway 
crossings and encroachments in the river environment requires knowledge 
of the mechanics of alluvial channel flow. 

This chapter presents the fundamentals of alluvial channel flow. 
It covers flow in sandbed channels, prediction of bed forms, Manning's 
n for sandbed and other natural streams, how bed-form changes affect 
highways in the river environment, properties of alluvial material, 
methods of measuring properties of alluvial materials, beginning of 
motion , sediment transport, flow in coarse-material streams and 
modeling alluvial channel flow. These fundamentals of alluvial channel 
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flow are used in later chapters to develop design considerations for 
highway crossings and encroachments in river environments. 

3.2.0 FLOW IN SANDBED CHANNELS 

3.2.1 Introduction 
Most streams flow on sandbeds for the greater part of their length 

and nearly all large rivers have sandbeds. Thus there are potentially 
many more opportunities for highway crossings or encroachments on sandbed 
streams than in cohesive or gravel streams. In sandbed rivers, the sand 
material is easily eroded and is continually being moved and shaped by 
the flow. The mobility of the sandbed creates problems for the safety 
of any structure placed in or over the stream, for the protection of 
private property along these streams and in the preservation and enrrance-
ment of the stream environment. 

The interaction between the flow of the water-sediment mixture and 
the sandbed creates different bed configurations which change the resis-
tance to flow and rate of sediment transport. The gross measures of 
channel flow, such as the flow depth, river stage, bed elevation and flow 
velocity change, with different bed configurations. In the extreme case, 
the change in bed configuration can cause a three-fold change in resist-
ance to flow and a 10-to-15 fold change in concentration of bed-material 
transport. For a given discharge and channel width, a three-fold increase 
in Manning's n results in a doubling of the flow depth. 

The interaction between the flow and bed material and the inter-
dependency among the variables makes the analysis of flow in alluvial 
sandbed streams extremely complex. However, with an understanding of the 
different types of bed forms that may occur and a knowledge of the 
resistance to flow and sediment transport associated with each bed form, 
the engineer can analyze alluvial channel flow. 
3.2.2 Bed configuration 

The bed con6igunationh (roughness elements) that may form in an 
alluvial channel aJte pla.ne bed w.Uhou.t .&ecUme.n;t movement, ft)_pple6, Jt)_pple6 
on du..ne6 , du..nu , pla.ne. bed wlih .& ecUm e.n;t mo v em e.n;t, a.n:Udu..nu , a.nd chu..:te6 
a.nd pool.&. These bed configurations are listed in their order of 
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occurrence with increasing values of stream power (Vyy S) 
0 

for bed 
materials having o50 less than 0.6 mm. For bed materials coarser than 
0.6 mm, dunes .form instead of ripples after beginning of motion at small 
values of stream power. The typical forms of each bed configuration are 
shown in Fig. 3.2.1 and the relation of bed form to water surface is 
shown in Fig. 3.2.2. 

Plane Bed 

Dunes W1th R1pptes Superposed Ant1dune Standmg Wave 

Wffit~{?:;~:{{;f~}f~~WNWJ:~~ 
Pool 
~- ChuTe 

===·: .. ::::;·;~:·:::m:::s=~i~:.:.::~~:t::.~~':·:~~-;w: 
Washed -Out Dunes Chutes and Pools 

Fig. 3.2.1 Forms of bed roughness in sand channels. 

(a) Tranquil Flow, Alluvial Channel 

(c) Rapid Flow, A! I uvial Channel 

(b) Tranquil Flow, Rigid Boundary 

v~ -= 
(d) Rapid Flow, Rigid Boundary 

Fig. 3.2 .2 Relation between water surface and bed configuration. 
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The different forms of bed-roughness are not mutually exclusive 
in time and space in a stream. Bed-~oughne¢~ eteme~ may fio~ ~~de
b!}'-~~de ~ a CJLo~~ ~ec...:ti.on o~ ~eac..h ofi a n.a.twr.ai. ~;ttz.eam, g~v~ng a 
multiple ~oughne¢~; o~ th~y may fio~m ~n time ~equenc..e, p~odu~ng v~ble 
~oughne¢~. 

Multiple roughness is related to variations in she~r stress (yy
0

S) 
and stream power (Vyy S) in a channel cross section. The greater the 

0 
width-depth ratio of a stream, the greater is the probability of a 
spatial variation in shear stress, stream power or bed material. Thus, 
the occurrence of multiple roughness is closely related to the width-
depth ratio of the stream. 

Variable roughness is related to changes in shear stress, stream 
power, or reaction of bed material to a .given stream power over time. 
A commonly observed example of the effect of changing shear stress or 
stre~m power is the change in bed form that occurs with changes in depth 
during a runoff event. Another example is the change in bed form that 
occurs with change in the viscosity of the fluid as the temperature or 
concentration of fine sediment varies over time. It should be noted 
that a transition occurs between the dune bed and the plane bed; either 
bed configuration may occur for the same value of stream power. 

In the following paragraphs bed configurations and their associated 
flow phenomena are described in the order of their occurrence with increas-
ing stream power. 
3.2.3 Bed configuration without sediment movement· 

If the bed material of a stream moves at one discharge but not at 
a smaller discharge, the bed configuration at the smaller discharge will 
be a remnant of the bed configuration formed when sediment was movirrg. 
The bed configurations after the beginning of motion may be those illus-
trated in Fig. 3.2.1, depending on the flow and bed material. P~o~ to 
.the beg~mung on mown, .the p~oblem on ~u~.ta.nc..e .to 6low ~ one o6 
1Ug~-bourn:lalty hyd!ta.uUe1>. A6t~ beg-<.n~ng o6 mo.tion, the p~oblem ~eta.:tu 
.to de6mng bed c..on6.iguJl.at,Lon and ~u~.ta.nc..e .to 6low. 

Plane bed without movement has been studied to determine the flow 
conditions for the beginning of motion and the bed configuration that 
would form after beginning of motion. In geneJr.ai., Sh-<-etM' ~~on, 
F.<.g. 3.2.3, 6o~ the beg-<.n~ng o6 motion~ adequate. After the beginning 
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of motion, for flat slopes and low velocity, the plane bed will change 
to ripples for sand material smaller than 0.6 mm, and to dunes for 
coarser material. Resistance to flow is small for a plane bed without 
sediment movement and is due solely to the sand grain roughness. Values 
of Manning's n range from 0.012 to 0.014 depending on the size of the 
bed material . 

. 10 

.08 

.06 
a ,......, 
;:- .04 I 

Vl ;:-
'-' ....__ 
t-' .02 

.01 

" " Motion 

' I 

" I 
.............. 

....... 
~I"- --~--~ No Motion 

"---Beginning of Motion 

1 2 4 6 8 10 20 40 60 80 100 400 
V*D/v 

Fig. 3.2.3 Shields' relation for beginning of motion 
[Adapted from Gessler (1971)]. 

3.2.4 Ripples 

1000 

Ripples are small triangle-shaped elements having gentle upstream 
slopes and steep downstream slopes. Length ranges from 0.4 ft to 2 ft 
and height from 0.02 ft to 0.2 ft (See Fig. 3.2.1). Resistance to flow 
is relatively large (with Manning's n ranging from 0.018 to 0.030). 
There is a relative roughness effect associated with a ripple bed and 
the resistance to flow decreases as depth increases. The ripple shape 
is independent of sand size and at large values of Manning's n the 
magnitude of grain roughness is small relative to the form roughness. 
The length of the separation zone downstream of the ripple crest is 
about ten times the height of the ripple. Rippl~ eaU6e v~y little, 
in any, d.L6.twz.banee on the wa;t~ .owq)aee, and the 6low eon.tain.o v~y 
little .OU6pended bed ma;t~. The bed-material discharge concentra-
tion is small, ranging from 10 to 200 ppm. 
3.2.5 Dunes 

When the shear stress or the stream power is increased for a bed 
having ripples (or, a plane bed without movement if the bed material 
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is coarser than 0.6 mm), waves called dunes form on the bed. At smaller 
shear-stress values, the dunes have ripples superposed on their backs. 
These ripples disappear at larger shear values, particularly if the bed 
material is coarse sand with D50 > 0.4 mm. 

• Dunes are large triangle-shaped elements similar to ripples (Fig. 
3.2.1). Their lengths range from two feet to many hundreds of feet, 
depending on the scale of the flow system. Dunes that formed in the 
eight-foot wide flume used by Simons and Richardson (1963) ranged from 
two feet to ten feet in length and from 0.2 to 1 ft in height; 
whereas, those described by Carey and Keller (1957) in the Mississippi 
River were several hundred feet long and as much as 40 ft high. The 
maximum amplitude to which dunes can develop is approximately the 
average depth. Hence, in contrast with ripples, the amplitude of 
dunes can increase with increasing depth of flow. With dunes, the 
relative roughness can remain essentially constant or even increase 
with increasing depth of flow. 

Field observations indicate that dunes can form in any channel, 
irrespective of the size of bed material, if the stream power is suf-
ficiently large to cause general transport of the bed material without 
exceeding a Froude number of unity. 

Ru,.i6ta.nc.e. :to 6£.ow c.a.U6 e.d by dunv.. .i6 .taltg e.. Ma.nrU.ng '.6 n Jta.ng u, 
t}!tom 0.020 :to 0.040. The form roughness for flow with dunes is equal 
to or larger than the sand grain roughness. 

Vunu, c.a.U6e. .taltge. .t.e.pcvr.a.tion zonv.. in :the. t}low. These zones, in 
turn, cause large boils to form on the surface of the stream. Measure-
ments of flow velocities within the separation zone show that veloci-
ties in the upstream direction exist that are 1/2 to 1/3 the average 
stream velocity. Boundary shear stress in the dune trough is sometimes 
sufficient to form ripples oriented in a direction opposite to that 
of the primary flow in the channel. With dunes, as with any tranquil 
flow over an obstruction, the water surface is out of phase with the 
bed surface (see Fig. 3.2.2). 
3.2.6 Plane bed with movement 

A.6 :the. .6:tlte.a.m pOWe.Jt 0 n :the. t)low inc.Jte.a..6 V.. n U!t:the.Jt, :the. duneJ., 
e.lo nga.:te. a.nd Jte.duc.e. in a.mpU:tude.. Th.£6 be.d c.o nt}igwc.a..t)_o n .i6 c.aU.e.d 
:the. :t:Jta.n.6ilion oft wa..t.he.d ou:t dunv... The. ne.x.:t be.d c.ont}igwc.a..t)_on w.U.h 

i: 
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inc.Jtect6ing .6tlteam poweJt L6 pfune bed wah movement. Dunes of fine sand 
(low fall velocity) are washed out at lower values of stream power than 
are dunes of coarser sand. With coarse sands larger slopes are required 
to effect the change from transition to the plane bed and the result is 
larger velocities and larger Froude numbers. In flume studies with fine 
sand, the plane-bed condition commonly exists after the transition and 
persists over a wide range of Froude numbers (0.3 < F < 0,8). If the - r-
sand is coarse and the depth is shallow, however, transition may not 
terminate until the Froude number is so large that the subsequent bed 
form may be antidunes rather than plane bed. In natural streams, because 
of their greater depths, the change from transition to plane bed may occur 
at a much lower Froude number than in flumes. 
3.2.7 Antidunes 

Anti.dune.-6 J)oJUn M a .6eJt).e6 on .tJta.).n ol) inphMe (c.ou.p..ted) .6ymme:tJUc.a£ 
.6and and waten Wttve.-6 (Fig. 3.2.7). The height and length of these waves 
depend on the scale of the flow system and the characteristics of the 
fluid and the bed material. In the flume where the flow depth was about 
0.5 ft deep, the height of the sand waves ranged from 0.03 ft to 0.5 ft. 
The height of the water waves was 1.5 to 2 times the height of the sand 
waves and the length of the waves, from crest to crest, ranged from five 
to ten feet. In natural streams, such as the Rio Grande or the Colorado 
River, much larger antidunes form. In these streams, surface waves 2 to 
5 ft high and 10 to 40 ft long have been observed. 

Antidunes form as trains of waves that gradually build up from a 
plane bed and a plane water surface. The waves may grow in height 
until they become unstable and break like the sea surf or they may 
gradually subside. The former have been called breaking antidunes, 
or antidunes; and the latter, standing waves. As the antidunes form 
and increase in height, they may move upst ream, downstream, or remain 
stationary. Their upstream movement led Gilbert (1914) to name them 
antidunes. 

Resistance to flow due to antidunes depends on how often the 
ant idunes form, the area of the stream they occupy, and the violence and 
frequency of their breaking. Ifi the an.tldu.ne.-6 do not bJr..eaQ, Jr..e.-6-Wtance 
to &..tow L6 about the -eame M tha-t !;on fi..tow oveJt a p..tan.e bed. I fi many 
an.tldu.n.e.-6 bJr..eaQ, Jr..e6L6.tan.ce to fi..tow L6 fuJT..geJt becau.-6 e the bneak.<..n.g wave.-6 
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fu.6ipa.:te. a. c.onJ.JideJta.bi.e. a.mou.n:t ofi e.neJtgy . With breaking waves, 
Manning's n may range from 0.012 to 0.020. 
3.2.8 Chutes and pools 

At veJty .6te.e.p .6i.opu, a.Uu.via.£.-c.ha.nne.£. 6£.ow c.ha.ngu to c.hu.t.u a.nd 
poo£..6 (Fig. 3.2 . 1). In the 8-foot-wide flume at Colorado State Uni-
versity, this type of flow and bed configuration was studied using fine 
sands . The flow consisted of a long chute (10 to 30 ft) in which the 
flow was rapid and accelerating followed by a hydraulic jump and a 
long pool . The chutes and pools moved upstream at velocities of about 
one to two feet per minute. The elevation of the sandbed varied within 
wide limits. Resistance to flow was large with Manning's n of 0.018 
to 0.035 . 

The relation between stream power, velocity and bed configuration 
is shown in Fig. 3.2.4. This relation pertains to a fine sand and was 
determined in the 8-ft flume at Colorado State University. 
3.2.9 Bars 

In natural or /field size channels, some other bed configurations 
are also found. These bed configurations are generally called bars and 
are related to the plan form geometry and the width of the channel. 

BaJz..6 Me. bed fio!Un.6 ha.virzg i.e.ngt.h-6 0 n the. .6a.me. oltde!L a..6 the. c.ha.nnd 
width OIL glte.a.:tell.. a.rzd he_ig ht6 c.ompaJLa.bf.e_ to the_ me_a.n depth 0 n the. 
ge.neJta.:tirzg 6low. Several different types of bars are observed. They 
are classified as : 

(1) Point Ba.M whic.h OC.c.u.lt a.dja.c.e.n:t to the. c.onve.x. ba.nk-6 on c.ha.nne.£. 
be.nd-6. Their shape may vary with changing flow conditions, 
but they do not move relative to the bends. 

(2) AUeJLn.a.:tirzg Ba.M whic.h oc.c.u.lt in .6ome.wha.t .6tlta.ighteJL lte.a.c.hu ofi 
c.ha.nne.£.-6 a.nd tend to be. d.£.6.tJr.ibu.te.d pe!Uodic.o.Le.y a.i.ong the. 
lte.a.c.h, with c.onJ.Je.c.u.tive. baM on oppo.6Ue. .6idu ofi the. c.ha.nne.£.. 
Their lateral extent is significantly less than the channel 
width . Alternating bars move slowly downstream. 

(3) Tlta.nJ.Jvelt.6e. Ba.M whic.h a.£..6o oc.c.u.lt in .6tlta.ight c.ha.nne..£..6. They 
occupy nearly the full channel width. They occur both as 
isolated and as periodic forms along a channel, and move 
slowly downstream. 

li 
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( 4) T!Ubunvty Ba.M whic.h oc.c.U/1. imme.cU.a.-tely dowrL6.:tJte.am fiJtom poinh 
o 6 R.a.:te.Jtai_ infilow into a c.hannel. 
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Fig. 3.2.4 Change in velocity with stream power for 
a sand with o50 = 0.19 mm. 

In longitudinal section, bars are approximately triangular, with 
very long gentle upstream s lopes and short downstream slopes that are 
approximately the same as the angle of repose. Bars appear as small 
barren islands during low flows. Portions of the upstream slopes of 
bars are often covered with ripples or dunes. 
3.2 . 10 Regimes of flow in alluvial channels 

The flow in alluvial channels is divided into two flow regimes 
with a transition zone between (Simons and Richardson, 1963). These 
two flow regimes are characterized by similarities in the shape of the 
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bed configuration, mode of sediment transport, process of energy 
dissipation, and phase relation between the bed and water surfaces. The 
two regimes and their associated bed configurations are: 

Low~ filow neg~e (small stream power). 
(1) Ripples. 
(2) Dunes with ripples superposed. 
(3) Dunes . 

Tna.n.6ilion zone. 
The bed roughness ranges from dunes to plane bed or antidunes. 

Uppen filow neg~e (large stream power). 
(1) Plane bed. 
(2) Antidunes. 

a. Standing waves. 
b. Breaking antidunes. 

' 
(3) Chutes and pools. 

3.2.11 Lower flow regime 
In .the low~ filow neg~e, ne6~.ta.nc.e .to t}low ~ lcvtge a.nd .6e~evt.t 

.tna.n.6pon.t ~ .6ma.ll. The bed form is either ripples or dunes or some 
combination of the two. The water-surface undulations are out of phase 
with the bed surface, and there is a relatively large separation zone 
downstream from the crest of each ripple or dune. The most common mode 
of bed-material transport is for the individual grains to move up the 
back of the ripple or dune and avalanche down its face. After coming 
to rest on the downstream face of the ripple or dune, the particles 
remain there until exposed by the downstream movement of the dunes; 
then the cycle of moving up the back of the dune, avalanching, and 
storage is repeated. Thus, most movement of the bed-material particles 
is in steps. The velocity of the downstream movement of the ripples or 
dunes depends on their height and the velocity of the grains moving up 
their backs. 
3.2.12 Upper flow regime 

In .the upp~ filow neg~e, ne6~.ta.nc.e .to filow ~ .6mill _a.n.d .6e~evt.t 
.tna.n..6pon.t ~ lange. The usual bed forms are plane bed or antidunes. 
The water surface is inphase with the bed surface except when an anti-
dune breaks, and normally the fluid does not separate from the boundary. 
A small separation zone may exist downstream from the crest of an 
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antidune prior to breaking. Resistance to flow is the result of grain 
roughness with the grains moving, of wave formation and subsidence, and 
of energy dissipation when the antidunes break. The mode of sediment 
transport is for the individual grains to roll almost continuously 
downstream in sheets one or two grain diameters thick; however, when 
antidunes break, much bed material is briefly suspended, then movement 
stops temporarily and there is some storage of the particles in the bed. 
3.2.13 Transition 

The. bed c.on6..i.gu..tl..a.tion -in :the. .:t:!La.Yl.-6ilion zone. )A e.JlJl.a;ti..c. . It may 
range from that typical of the lower flow regime to that typical of 
the upper flow regime, depending mainly on antecedent conditions. If 
the bed configuration is dunes, the depth or slope can be increased to 
values more consistent with those of the upper flow regime without 
changing the bed form; or, conversely, if the bed is plane, depth and 
slope can be decreased to values more consistent with those of the lower 
flow regime without changing the bed form. Often in the transition from 
the lower to the upper flow regime, the dunes decrease in amplitude and 
increase in length before the bed becomes plane (washed-out dunes). 
Rv.,-i6.:tanc.e. :to filow a.Yl.d ~.>e.cUme.n:t :tJta.Yl.-6poJt:t a.l'->o ha.ve. :the. ~.>ame. va!Uab.U.U:.q 
a..6 :the. be.d c.onfi-iguna.:t£on -in :the. :tJta.Yl.-6ilion. This phenomenon can be 
explained by the changes in resistance to flow and, consequently, the 
changes in depth and slope as the bed form changes. Resistance to 
flow is small for flow over a plane bed; so the shear stress decreases 
and the bed form changes to dunes. The dunes cause an increase in 
resistance to flow which increases the shear stress on the bed and the 
dunes wash out forming a plane bed, and the cycle continues. It was the 
transition zone, which covers a wide range of shear values, that Brooks 
(1958) was investigating when he concluded that a single-valued function 
does not exist between velocity or sediment transport and the shear 
stress on the bed . 

3.3.0 VARIABLES AFFECT~NG ALLUVIAL CHANNEL FLOW 

Resistance to flmv in alluvial channels is complicated by the large 
number of variables and by the interdependency of these variables . 
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1.t -fA cUfi6ic.ui:t, e6pe.cJ..aUy bt fiiei.d .otucUe6, .to .tete. wh-Lc.h va!Ua.bie6 
Me. goveJtnin.g .the. 0.tow and wh-Lc.h va!Ua.bie6 Me. .the. Jte6ui:t o6 .tM..o 6£.ow. 

The slope of the energy grade line of an alluvial stream illustrates 
the changing role of a variable. If a stream is in equilibrium with its 
environment, slope is an independent variable. In such a stream, the 
average slope over a period of years has adjusted so that the flow is 
capable of transporting only the amount of sediment supplied at the 
upper end of the stream and by the tributaries. If for some reason a 
larger or smaller quantity of sediment is supplied to the stream than 
the stream is capable of transporting, the slope would change and would 
be dependent on the amount of sediment supplied. 

In the following sections the variables affecting resistance to 
flow are discussed. The effects produced by different variables change 
under different conditions. These changing effects are discussed along 
with approximations to simplify the analysis of alluvial channel flow. 

The variables that describe alluvial channel flow are: 
V = velocity 
y = depth 

0 
Sf = slope of the energy grade line ., 
p = density of water-sediment mixture 
~ = apparent dynamic viscosity of the water-sediment mixture 
g = gravitational constant 
D = representative fall diameter of the bed material 
G = measure of the size distribution of the bed material 
p = density of sediment s 
S = shape factor of the particles p 
SR = shape factor of the reach of the stream 
S = shape factor of the cross section of the stream c 
f = seepage force in the bed of the stream s 
C = the bed-material concentration T 
Cf = the fine-material concentration 
w = the terminal fall velocity of the particles. 

In general, the river problems are confined to flow of water over 
beds consisting of quartz particles with constant p • The value of s 
g is also constant in the present context. The effect of other variables 
on the flow in alluvial channels is qualitatively discussed in the 
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following sections. Most of this presentation is based on laboratory 
studies and has been supplemented by field experience when available. 
3.3.1 Depth 

With a constant slope and bed material, an increase in depth can 
change a plane bed (without movement) to ripples, and ripple-bed con-
figuration to dunes, and a dune bed to a plane bed or antidunes. Also, 
a decrease in depth may cause a plane bed or antidunes to change to a 
dune-bed configuration. A typical break in a depth-discharge relation 
caused by a change in bed form from dunes to plane bed or from plane 
bed to dunes is shown in Fig. 3.3.1. 

Often there is a gradual change in bed form and a gradual reduction 
in resistance to flow and this type of change prevents the break in the 
stage-discharge relation. Nevertheless, it ~ po~~~ble to expenience 
a .f.altge ~nCJteMe bt c:Li..f.,cha.Jz.ge with lime oft no change ~n ~tage. For 
this and related reasons the development of dependable stage-discharge 
relations in alluvial channels is very difficult. 
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Fig. 3.3.1 Relation of depth to discharge for Elkhorn River near Waterloo, 
Nebraska [after Beckman and Furness (1962)]. 

Ru~tance to 6£.ow vaJtiu wbth depth even when the bed con6~Wta
:t~on6 do not change. When the bed configuration is plane bed, either 
with or without sediment movement or ripples, there is a decrease in 
resistance to flow with an increase i n depth. That is, a relative 
roughness effect . 
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When the bed configuration is dunes, field and laboratory studies 
indicate that resist~nce to flow may increase or decrease with an increase 
in depth, depending on the size of bed material and magnitude of the depth. 
Additional studies are needed to define the variation of resistance to 
flow for flow over dune beds. 

When the bed configuration is antidunes, resistance to flow increases 
with an increase in depth to some maximum value, then decreases as depth 
is increased further. This increase or decrease in flow resistance is 
directly related to changes in length, amplitude, and activity of the 
antidunes as depth is increased. 
3.3.2 Slope 

The slope is an important factor in determining the bed configuration 
which will exist for a given discharge. The slope provides the downstream 
component of the fluid weight, which in turn determines the fluid velocity 
and stream power. The relation between stream power, velocity and bed 
configuration has been illustrated in Fig. 3.2.4. 

Even when bed configurations do not change, resistance to flow 
is affected by a change in slope. For example, with shallow depths and 
the ripple-bed configuration, resistance to flow increases with an increase 

I 
in slope. With the dune-bed configuration, an increase in slope increases 
resistance to flow for bed materials having fall velocities greater than 
0.20 fps. For those bed materials having fall velocities less than 
0.20 fps, the effect is uncertain. 
3.3.3 Apparent viscosity and density 

The effect of fine sediment (bentonite) on the apparent kinematic 
viscosity of the mixture is shown in Fig. 3.3.2. The magnitude of the 
effect of fine sediment on viscosity is large and depends on the chemi-
cal make up of the fine sediment. 

In a.dcU.;Uon :to c.ha.ngbtg .:the v...Uc.MUy, n..Ln.e .6ecii.men.:t .6CL6pended 
..Ln. wa..:teJt ..LnCJteM u .:the mM-6 den.6UIJ o 6 .:the mh<..:tu.Jte ( p) a.nd, c.o n.-6 equ.enily, 



1./') 
0 ..... 

.. 
>. 
~ 

·~ Vl 
0 u 
Vl 
·~ > 

III-15 

10~~~~--~-r-+~~~-+-4 

8~~~~~~~f?=~ 
6 .~~-+--r-~-+--r-~-+--~~ 

1~~-+--r-~~~r-~~~~~ 
.8~-r_,--+--+--r-1-~~+--r~ 

0 10 20 30 40 50 
Temperature, deg. C 

+-J 
~ 
Q) 
u 
1-4 
Q) 
p.. .. 
+-J 

~ 
·~ Q) ::=: 
>. 

,.0 

~ 
0 
·~ +-J 

t1S 
1-4 
+-J 
~ 
Q) 
u 
§ 
u 

Fig. 3.3.2 Apparent kinematic viscosity of water-bentonite dispersions. 

the ~pecifiie weight {y). The specific weight of a sediment-water 
mixture is computed from the relation, 

Y = Y -c (y -y ) s s s w 
3.3.2 

where Yw = specific weight of the water (about 62.4 lb per cu ft) 

Ys = specific weight of the sediment (about 165 .4 lb per cu ft) and 

c = concentration by weight (in fraction form) of the suspended s sediment. 
A sediment-water mixture , where C = 10 percent, has a specific weight s 
(y) of about 66.5 1b per cu ft, and any change in y affects the 
boundary shear stress and the stream power. 

Changes in the fall velocity of a particle caused by changes in the 
viscosity and the fluid density r esulting from the presence of suspended 
bentonite clay in the water are shown in Fig. 3.3.3a. For comparative 
purposes, the effect of t emperature on the fall velocity of two sands 
in clear water is shown in Fi g. 3.3.3b. 
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Fig. 3.3.3 Variation of fall velocity of several sand mixtures with 
percent bentonite and ·with temperature. 

3.3.4 Size of bed material 
The e66ec.t6 o6 .the phy.6-<.c.a1. .6-<.ze o6 .the bed ma.teJUa£. on ll.U-<..6ta.nc.e 

.to 6-f.ow Me (1) ill .<.nnfuenc.e on .the 6aU. vei.oc.Uy, which is a measure 
of the interaction of the fluid and the particle in the formation of the 
bed configurations, (2) ill e66ec..t on gnain ltoughne-6.6, and (3) ill 
e66ec..t on .the :twz.bulen.t .6.tfw.c.:twz.e a.nd .the vei.oc.Uy 6-<-el.d o6 .the 6low. 

The physical size of the bed material, as measured by the fall 
diameter or by sieve diameter, is a primary factor in determining fall 
velocity. U.6e o6 .the 6aU. d.<.a.me.teJt .<.n.6.tea.d o6 .the .6-<.eve d.<.a.me.teJt -<..6 
a.dvd.nta.geou& bec.a.U6 e .the .6ha.pe 6a.c..tolt a.nd den.6Uy o6 .the paM:ic.le c.a.n 
be el-<-rn.<.na.ted a..6 vaJt.<.a.blu. That is, if only the fall diameter is 
known, the fall velocity of the particle in any fluid at any temperature 
can be computed; whereas, to do the same computation when the sieve 
diameter is known, knowledge of the shape factor and density of the 
particle are also required. 

The physical size of the bed material determines the friction 
factor mainly for the plane-bed condition and for antidunes when they are not 
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actively breaking. The breaking of the waves, which increases with a 
decrease in the fall velocity of the bed material, causes additional 
dissipation of energy. 

The physical size of the bed material for a dune-bed configuration 
also has an effect on resistance to flow. The flow of fluid over the 
back of dunes is affected by grain roughness, although the dissipation 
of energy by the form roughness is the major factor. The form of the 
dunes is also related to the fall velocity of the bed material. 
3.3.5 Size gradation 

The gradation of sizes of the bed material affects bed form and 
resistance to flow. Flume experiments indicate that uniform sands 
(sands of practically the same size) have larger resistance to flow 
(except plane bed) t han graded sands for the various bed forms. Also 
the transition from upper flow regime to lower flow regime occurs over 
a narrower range of shear values for the uniform sand. For plane bed 
with motion, resistance to flow is about the same for either uniform 
or graded sand. 
3.3.6 Fall velocity 

Fate. vei..owy l6 :the p!WnMy va.!Uab.te .tha.t de.teJ£m-tn.e6 .the -tn..teJr..-
action. between. .the bed ma.teJr..-ta.t an.d :the fi.tuld. For a given depth and 
slope, the fall velocity determines the bed form that will occur, the 
actual dimensions of the bed form and, except for the contribution 
of the grai n roughness, the resistance to flow. 

Observations of natural streams have shown that the bed configura-
tion and resistance to fl ow change with changes in fall velocity when 
the discharge and bed material are constant. For example, the Loup 
River near Dunning, Nebraska has bed roughness in the form of dunes 
in the summer when the water i s war m and less viscous but has a nearly 
plane bed during the cold winter months. Similarly, two sets of data 
collected by Harms and Fahnestock (1965) on a stable branch of the Rio 
Grande at similar discharges show that when the water was cold, the 
bed of t he stream was plane, the resistance to flow was small, the 
depth was relatively shallow, and the velocity was large; but when 
the water was war m, the bed r oughness was dunes, the resistance to 
flow was l arge, the depth was large, and the velocity was low. 
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3.3.7 Shape factor for the reach and cross section 
. ; 

The shape of the reach and the shape of the cross section affect 
the energy losses resulting from the nonuniformity of the flow in a 
natural stream caused by the bends and the nonuniformity of the banks. 
Study of these losses in natural channels has long been neglected. 
Also, flow phenomena, bed configuration, and resistance to flow vary 
with the width of the stream. In narrow channels dunes and antidunes are 
more two-dimensional and resistance to flow is larger than for a wide 
channel. Also, in wide channels more than one bed form can occur in the 
cross section. 
3.3.8 Seepage force 

A seepage force occurs whenever there is inflow or outflow through 
the bed and banks of a channel in permeable alluvium. The ~eepage nlow 
a.66ect6 the a.Uuv.<.al c.ha.nneR. phenomena. by aU:e!Ung the velocity 6-( .. eld ht 
the vJ...unU..y on the bed pcvr.Uc..t~ a.nd by c.ha.ngJ...ng the ennec.Uve weJ...ght 
on the bed ~c..t~. Seepage may have a significant effect on bed 
configuration and resistance to flow. If there is inflow, the seepage 
force acts to reduce the effective weight of the sand and consequently, 
the stability of the bed material. If there is outflow, the seepage 
force acts in the direction of gravity and increases the effective weight 
of the sand and the stability of the bed material. As a direct result of 
changing the effective weight, the seepage forces can influence the form 
of bed roughness and the resistance to flow for a given channel flow. 
For example, under shallow flow a bed material with median diameter of 
0.5 mm will be molded into the following forms as shear stress is 
increased: Ripples, dunes, transition, standing sand and water waves, 
and antidunes. If this same material was subjected to a seepage force 
that reduced its effective weight to a value consistent with that of 
medium sand (median diameter, D = 0.3 mm), the forms of bed roughness 
would be ripples, dunes, transition, plane bed, and antidunes for the 
same range of flow conditions. 

A common field condition is outflow from the channel during the 
rising stage; this process increases the stability of the bed and bank 
material but stores water in the banks. During the falling stage, the 
situation is reversed; inflow to the channel reduces the effective 
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weight and stability of the bed and bank material and influences the 
form of bed roughness and the resistance to flow. 
3.3.9 Concentration of bed-material discharge 

The concentration of bed-material discharge (CT) affects the fluid 
properties by increasing the apparent viscosity and the density of the 
water-sediment mixture. However, the effect of the sediment on viscosity 
~ and density p in any resistance to flow relation is accounted for 
by using their values for the water-sediment mixture instead of their 
values for pure water. The presence of sediment in the flow causes a 
small change in the turbulence characteristics, velocity distribution 
and resistance to flow. 
3.3.10 Fine-sediment concentration 

Fine sediment or wash load is that part of the total sediment dis-
charge that is not found in appreciable quantities on the bed. If much 
sediment is in suspension, its effect on the viscosity of the water-
sediment mixture should be taken into account. The effect of fine 
sediment on resistance to flow is a result of i ts effect on the apparent 
viscosity and the density of the water-sediment mixture. Generally the 
fine sediment is uniformly distributed in the stream cross section. The 
method of defining and treating the fine-material load computations is 
subsequently discussed in this chapter. 

3.4.0 PREDICTION OF BED FORM 

In Fig. 3.4.1, the relation between stream power, median fall 
diameter of bed material, and form roughness is shown. Th<A tz.ei.a;tion 
giv e6 a.n. incUc.a;U.o 11 0 n :the. fioJtm 0 fi be.d Jtoug hne-6.6 0 ne. c.a.n. a.ntic.ipa.:te. i-6 
:the. de.p:th, .o.tope., vei.oc.ily, a.nd fia.U cUame.:te.tz. at) be.d ma.:te.Jtia..t a.tz.e. k.nown.. 
Flume data were utilized to establish the boundaries separating plane bed 
and ripples, ripples and dunes for all sizes of bed material, and dunes 
and transition for the 0.93 mm bed material. The lines dividing dunes 
and transition and dividing transition and upper regime are based on 
flume data and the following field data: (1) Elkhorn River, near 
Waterloo, Nebraska (Beckman and Furness, 1962) , (2) Rio Grande, 20 
miles above El Paso, Texas , (3) Middle Loup River at Dunning, Nebraska 
(Hubbell and Matejka, 1959), (4) Rio Grande at Cohiti, near Bernalillo, 
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Fig. 3.4.1 Relation between stream power, median fall diameter, and 
bed configuration. 

;.and at Angostura heading, N. Mexico (Culbertson and Dawdy, 1964), and 
(5) Punjab canal data upper regime flows that have been observed, in 
large irrigation canals that have fine sandbeds. 

3.5.0 MANNING'S n VALUES FOR NATURAL SANDBED STREAMS 

Observations by the authors on natural sandbed streams with bed 
material having a median diameter ranging from 0.1 mm to 0.4 mm indicate 
that the bed planes out and resistance to flow decreases whenever high 
flow occurs. Ma.n.nin.g'.6 n. c.ha.n.gu nJtom va.fuu a..6 lMge a..6 0.040 a.:t .tow 
n.tow to a..6 .6ma..t.e. a..6 0.012 a.:t high n.tow. An example is given in Fig. 3.5.1. 
These observations are substantiated by Dawdy (1961), Colby (196Q), 

·.Corps of Engineers (1968) and Beckman and Furness (1962). 
The range in Manning's n for the various bed configurations is 

as follows: 
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Discharge, mi llions of cfs 

Fig. 3.5.1 Change in Manning's n with discharge for Padma River in 
Bangladesh. · 

Lower flow regime 
(0.018 ~ n ~ 0.028) 
(0.020 < n ~ 0.040) 

upper flow regime 
Plane bed (0.010 < n < 0.013) 
Antidu.nu 

Standing waves (0.010 < n < 0.015) 
Breaking waves (0.012 < n < 0.020) 

Chute and poo~ (0.018 < n ~ 0.035) 

3.6.0 HOW BED-FORM CHANGES AFFECT HIGHWAYS IN THE RIVER ENVIRONMENT 

At high flows, most sandbed channel streams shift from a dune 
bed to a transition or a plane. The resistance to flow is then decreased 
two to threefold . The corresponding increase in velocity can increase 
scour around bridge piers, abutments, spur dikes or banks and also the 
required size of riprap. On the other hand , the decrease in stage re-
sulting from the planing out of the bed will decrease the required 
elevation of the bridge crossing, the height of embankments across the 
floodplain, the height of any dikes, and the height of any channel 
control works that may be needed. 

Another effect of bed forms on highway crossings is that with dunes 
on the bed thetc.e L6 a 6fuc.tu.a-U.ng pa;C;tetc.n a6 .oc.ou.tc. on the bed and atc.ou.nd 
the p).eJr).,, abu;tme.n-t;., aft .6 pu.tc. d.<.ku. The average height of dunes is 
approximately 1/2 to 1/3 the aver age depth of flow and the maximum height 
of a dune may approach the average depth of flow. If the depth of flow 
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is 10 feet, the maximum dune height may be of the order of 10 feet, and 
half of this would be below the mean elevation of the bed. With the 
passage of this dune through a bridge section, an increase of 5 feet 
in the local scour would be anticipated when the trough of the dune 
arrives at the bridge. 

A Veltl:f hnpoJr.ta.n:t e.fifie.c..t On be.d nOfLnl¢ and baJ1.,6 -<.6 the. c.hange. On n.toW 
~e.ction in c.hanne.t6. At low flow the bars can be residual and cause 
high velocity flow along or at a pier or abutment or any of the other 
structures in the stream bed, causing deeper than anticipated scour. 
As stated previously large discharges normally experience smaller 
resistance to flow in a sandbed stream due to the change in bed form. 
However, if the bridge crossing or encroachment causes appreciable 
backwater, the dune bed may not plane out at large discharges and a 
higher resistance to flow results. This increase in resistance to flow 
can decrease the velocity of flow and also decrease the transport 
capacity of the channel so that aggradation occurs upstream of the 
crossing. The aggradation and the roughness increases the river stage 
and thus the height of any control structure or the levees. Thus, the 
bridge crossing can adversely affect the floodplain, due to the change 
in bed form that would occur. 

With highways in the sandbed river environment, care must be used in 
analyzing the crossing in order to foresee possible changes that may 
occur in the bed form and what this change may do to the resistance 
coefficient, to the stability of the reach and its structures, and to 
the river environment. 

3.7.0 PROPERTIES OF ALLUVIAL MATERIAL 

A knowledge of the properties of the bed-material particles is 
essential, as they indicate the behavior of the particles in their 
interaction with the flow. Several of the important bed-material 
properties are discussed in the following sections •. 
3.7.1 Size 

Of the various sediment properties, physical size has by far the 
greatest significance to the hydraulic engineer. The particle size is 
the most readily measured property, and other properties such as shape, 
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fall velocity and specific gravity tend to vary with size in a roughly 
predictable manner. In. ge.n.eJtal., f.!ize. Jte.pJte.J.ie.n.U a. f.!u.nniue.nfty c.omple;te. 
duc.JUpUon on the. f.!e.dime.n.t pcvz.:t,[c.le. noJt ma.n.y pMilic.al p'wz.pof.!e.-6. 

Particle size may be defined by its volume, diameter, weight, fall 
velocity, or sieve mesh size. Except volume, these definitions also 
depend on the shape and density of the particle. The following definitions 
are commonly used to describe the particle size: 

(1) Nomin.a.l dia.me:te.Jt: The diameter of a sphere having the same 
volume as the particle. 

(2) Sieve. diame:te.Jt: The diameter of a sphere equal to the length 
of the side of a square sieve opening through which measured 
quantities (by weight) of the sample will pass. As an 
approximation, the sieve diameter is equal to the nominal 
diameter. 

(3) Se.dime.nta..tum dia.me:te.Jt: The diameter of a sphere with the 
same fall velocity and specific gravity as the particle in 
the same fluid under the same conditions. 

(4) S.ta.n.da.Jtd t}a.ll dia.me:te.Jt: The diameter of a sphere that has a 
specific gravity of 2.65 and also has the same terminal 
settling velocity as the particle when each is allowed to 
settle alone in quiescent, distilled water of infinite extent 
and at a temperature of 24°C. 

(5) Sta.n.da.Jtd nail ve.toc.i.ty: The terminal settling velocity of a 
particle falling alone in quiescent, distilled water of infinite 
extent at a temperature of 24°C. 

In general, .6 e.dime.n..t-6 ha.ve. be.e.n. ci.Mf.!inie.d in.to bou.lde.Jt-6, c.obble.-6, 
gMve.l-6, f.!a.n.d-6, -6~, a.n.d c.la.y-6 on the basis of their nominal or sieve 
diameters. The size range in each general class is given in Table 3.7.1. 

The boulder class is generally of little interest in sediment problems. 
The cobble and gravel class plays a considerable role in problems of 
local scour and resistance to flow and to a lesser extent in bed load 
transport. The sand class is one of the most important in alluvial 
channel flow. The silt and clay c l ass is of considerable importance in 
the evaluation of stream loads, bank stability and problems of seepage 
and consolidation. 
3. 7 • 2 ShaE_e 

Generally speaking, shape refers to the overall geometrical form of 
a particle. Sphe.Jtic.ity i-6 de.fiin.ed M the. Jta.tio ofi the. J.iu.Jtfia.c..e. a.Jte.a. ofi 
a. -6phe.Jte. on the. f.!ame. volume. M the. pa.Jr.Uc.le. to the. a.c..tu.a.l J.iu.Jtfia.c..e. a.Jte.a. ofi 



Size 

Millimeters 

4000-2000 
2000-1000 

. 1000-500 
500-250 
250-130 
130-64 

64-32 
32-16 
16-8 

8-4 
4-2 

2-1 
1-1 1/2 

1/2-1/4 
1/4-1/8 
1/8-1/16 

1/16-1/32 
1/32-1/64 
1/64-1/128 

1/128-1/256 

1/256-1/512 
1/521-1/1024 
1/1024-1/2048 
1/2018-1/4096 

(Rouse, 

2. 00-1.00 
1.00-0.50 
0.50-0.25 
0.25-0.125 

0.125-0.062 

0.062-0.031 
0.031-0.016 
0.016-0.008 
0.008-0.004 

0.004-0.0020 
0.0020-0.0010 
0.0010-0.0005 
0.0005-0.00024 

1950, p. 776) 

Table 3.7.1 Sediment grade scale. 

Microns 

2000-1000 
1000-500 

500-250 
250-125 
125-62 

62-31 
31-16 
16-8 
8-4 

4-2 
2-1 

1-0.5 
0.5-0.24 

Inches 

160-80 
80-40 
40-20 
20-10 
10-5 
5-2.5 

2.5-1.3 
1.3-0 .6 
0.6-0.3 
0.3-0.16 

0.16-0.08 

Approximate Sieve 
Mesh 

Openings per Inch 
u.s. 

Tyler Standard 

. . . . . 
0 0 0 

2 1/2 
5 5 
9 10 

16 18 
32 35 
60 60 

ll5 120 
250 230 

Class 

Very large boulders 
Large boulders 
Medium boulders 
Small boulders 
Large cobbles 
Small cobbles 

Very coarse gravel 
Coarse gravel 
Medium gravel 
Fine gravel 
Very fine gravel 

Very coarse sand 
Coarse sand 
Medium sand 
Fine sand 
Very fine sand 

Coarse silt 
Medium silt 
Fine silt 
Very fine silt 

Coarse clay 
Medium clay 
Fine clay 
Very fine clay 

H 
H 
H 
I 

N 
.j:::. 



III-25 

:the pa.!Ltici.e. Roundne-6.6 J..-6 def/.ned M ;the Jr.O.:ti._o on :the a.veJta.ge JUtcLW.-6 
On C.WtVa.;tWte On ;the C.OJtneJl.-6 a.nd edgu, On a. pa.JLticl.e ;to ;the Jta.cLW.-6 On a. 
c1Jt.c1.e iMCJU.bed in ;the ma.x.hnwn pJtojec.;ted Mea. on :the pa.JLticl.e. However, 
because of simplicity and effectiveness of correlation with the behavior 
of particles in flow, the most commonly used parameter to describe particle 
shape is the CoJtey .6ha.pe na.doJt Sp defined as 

s = p 
c 

lab 
3.7.1 

where a, b, and c are the dimensions of the three mutually perpendicular 
axes through a particle: a, the longest; b, the intermediate; and c, the 
shortest axis. 
3.7.3 Fall velocity 

The prime indicator of the interaction of sediment with the flow in 
suspension is the fall velocity of the sediment particles. The na.lt 
vel-oc.i:ty on a. pa.!Lticl.e J..-6 deMned M :the vdoc.i:ty on ;tha.;t pa.!Lticl.e 
na.ltillg ahme in qu.iu,c.en;t, fu:ti.Ued Wa.:te.Jt on inf/.n..Ue extent. In most 
cases, the particle is not falling alone, and the water is not distilled 
or quiescent. Measurement techniques are availabl e for determining the 
fall velocity of groups of particles in a finite field in fluid other 
than distilled water. However, the effect of turbulence on fall 
velocity is not known. 

A pa.!Lticl.e na.lting a.;t ;teJtmin.ai. vdoc.i:ty bt a. nlu.id J..-6 unde.Jt :the 
a.c.ilo n an a. dJt..i..ving noJtc.e due ;to ill buo ya.n;t weig h;t a.nd a. Jte6-i...6:Ung 
noJtc.e due ;to ;the nlu.id d!Utg. Fluid drag is the result of either the 
tangential shear stress on the surface of the particle, or a pressure 
difference on the particle or a combination of the two forces. The 
fluid drag on the falling particle is given by the drag equation 

2 w 
FD = CD A p 2 

The buoyant weight of the particle is 

W = (p -p)gV. s s 

3.7 . 2 

3.7.3 
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Where, 
CD = coefficient of drag 
w = terminal fall velocity of the particle 
A = projected area of the particle normal to the direction of flow 
p = fluid density 
ps = particle density 
g = acceleration due to gravity 
V = volume of the particle 
The area and volume can be written in terms of the characteristic 

diameter of the particle D or 

3.7.4 

and 
3.7.5 

If the particle is falling at its terminal velocity, FD = Ws or 
2 

(ps-p)gV = CDAp ~ 3.7.6 

By substituting Eqs. 3.7.4 and 3.7.5 into Eq. 3.7.6, the expression 

is obtained. 

2 2D K2 p s 
w =-- (-- l)g 

CD Kl P 

Four dimensionless variables 

3.7.7 

describing the fall velocity phenomenon result from Eq. 3.7.7. The 
~- .. 

coefficient of drag is dependent on the Reynolds number · 

the shape and the surface texture of the particle. 
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The ratio K2/K1 is usually replaced by the Corey shape factor 

s p = c 

Here a, b, and c are the dimensions of the major, intermediate and 
minor axis of the particle, respectively. 

The relation between the fall velocity of particles and the other 
variables are given in Figs. 3.7 . 1 and 3.7.2 
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Fig. 3.7.1 Coefficient of drag Co vs. Reynolds number Re for 
spheres and natural sediments with shape factors Sp 
equal to 0.3, 0.5, 0.7, and 0.9. Also, sediment 
diameter D vs. fall velocity w and temperature T. 
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Fig. 3.7.2 Nominal diameter vs. fall velocity (Temperature= 24°C). 

3.7.4 Cohesion 
Cohesion is the force by which particles of clay are bound together. 

TIU-6 t)oJz.c.e. )A .the. Jz.e.6u.U ot) ..WYlie. o.:ttJta.c.ilon among incUvidu.a.l pcvr.tide.6, 
and is a function of the type of mineral, particle spacing, salt con-
centration in the fluid, ionic valence, and hydration and swelling 
properties of the constituent minerals. 

Clays are alumino-silicate crystals composed of two basic building 
sheets, the tetrahedral silicate sheet and the octahedral hydrous aluminum 
oxide sheet. Various types of clays result from different configura-
tions of these sheets. The two main types of clays are kaolinite 
and montmorillonite. Kaolinite crystals are large (70 to 100 layers 
thick), held together by strong hydrogen bonds, and are not readily 
dispersible in water. Montmorillonite crystals are small (3 layers 
thick) held together by weak bonds between adjacent oxygen layers 
and are readily dispersible in water into extremely small particles. 
3.7.5 Angle of repose 

The. angle. ot) Jz.e.po~e. ~ .the. maximum ~lope. angle. upon whic.h non-
c.ohuive. ma.te.Jz.iaf uU.U Jz.e.6ide. without moving. It is a measure of the 
granular friction of the material. The angle of repose for dumped 
granular material is given in Fig. 3.7.3. 
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3. 8. 0 HETHODS OF MEASURING PROPERTIES OF ALLUVIAL t-1ATERIALS 

1:2 

Following is a summary of selected procedures for measuring size 
distribution, specific weight and porosity, and cohesion of alluvial 
materials. 
3.8.1 Size distribution 

Fou./t metlwdJ., on ob:ta.in,i..rtg .oize. fu.tJUbu;t{_on a./Le. described herein: 
-5-i.eve. ana..ly.oi-6, vi.ou.a.l a.c.c.u.mu.la.tion .tube. a..nai_y.oi-6, pe.bbt e. c.ou..nt method, 
and pipe;tte. a.na..ly.oi-6. In general, the first three methods are used for 
sands, gravels and cobbles. The pipette anal ysis is used for silts and 
clays. However, the methods for the size distribution analysis of 
coarse sediments are appropriate for only a particular range of particle 
sizes (see Table 3.8.1 ) . All to gether the f our methods provide a means 
of obtaining particle size distributions for most bed material samples. 
3.8.2 Separation of sand from fines 

If the sediment sample to be anal yzed (bed material or suspended 
sediment) has considerable fine material (D < . 062 mm) it must be 
separated prior to analysis . To separate t he coarser from the finer 
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Table 3.8.1 Guide to size range for different types of size analysis. 

Sieves 
VA tube 
Pipette 
Pebble count 

Size range 

0.062-32 mm 
0.062-2 mm 
0.002-0.062 mm 
0.5-40 in. 

Analysis 
Concentration 

(mg/1) 

2,000-5,000 

Quantity of 
sediment (g) 
or pebbles 

<0. OS 
0.05-15.0 
1. 0-5.0 
100 pebbles 

sediment, the sediment should be wet-seived using distilled water and 
a 250-mesh (0.062 mm) sieve. The material passing through the sieve can 
be analyzed by pipette analysis if further breakdown of the fine 
sediment is desired, or dried and included as percent finer than 0.062 mm 
with the analysis of the coarser material. If it is going to be dry-
sieved, the material retained on the sieve is ovendried for one hour 
after all visible water has been evaporated. If the material is to be 
analyzed by wet-sieving or with the accumulation tube it is not dried. 
3.8.3 Sieves 

Size distribution in the sand and gravel range is generally 
determined by passing the sample through a series of sieves of mesh 
size ranging from 4 mm to 0.062 mm. A minimum of about 1.0 gram of 
sand is required for an accurate sieve analysis. More is required if 
the sample contains particles of 1.0 mm or larger. Standard methods 
employed in soil mechanics are suitable for determining the sieve sizes 
of sand and gravel sediment samples. 
3.8.4 Visual accumulation tube 

The visual accumulation tube is used for determining the size 
distribution of the sand fraction of sediment samples (0.062 .::_D.::_ 2.0 mm). 
It is a fast, economical, and accurate means of determining the fall 
velocity or fall diameter of the sediment. The equipment for the visual 
accumulation tube analysis consists of (1) a glass funnel about 25 em 
long, (2) a rubber tube connecting the funnel and the main sedimentation 
tube, with a special clamping mechanism serving as a "quick acting" valve, 
(3) glass sedimentation tubes having different sized collectors, 
(4) a tapping mechanism that strikes against the glass tube and helps 



III-31 

keep the accumulation of sediment uniformly packed, (5) a special recorder 
consisting of a cylinder carrying a chart that rotates at a constant rate 
and a carriage that can be moved vertically by hand on which is mounted 
a recording pen and an optical instrument for tracking the accumulation 
and (6) the recorder chart which is a printed form incorporating the fall-
diameter calibration. 

In the visual accumulation tube method, the particles start falling 
from a common source and become stratified according to settling velocities. 
At a given instant, the particles coming to rest at the bottom of the tube 
are of one "sedimentation size" and are finer than particles that have 
previously settled out and are coarser than those remaining in suspension. 

It has been shown that particles of a sample in the visual tube 
settle with greater velocities than the same particles falling individually 
because of the effect of mutual interaction of the particles. The visual 
accumulation tube apparatus is calibrated to account for the effects of 
this mutual interaction and the final results are given in terms of the 
standard fall diameter of the particles. 

The visual accumulation tube method may not be suitable for some 
streams that transpor t large quantities of organic materi als such as 
root fibers, leaf fragments, and algae. Also, extra care is needed 
when a stream transports large quantities of heavy or light minerals 
such as taconite or coal. The method is explained in detail by Guy (1969). 
3.8.5 Pebble count method 

The pebble count method is used to obtain the size distribution of 
coarse bed materials (gravel and pebbles) which are too large to be 
sieved. These sizes are measured in situ by laying out a square grid 
or taking a line and either analyzing all the particles in the grid 
or on the line in selected c l ass intervals or analyzing random selection 
of particles in the various classes. Very often the coarser material 
is underlain by sands. Then the underlying sands are analyzed by si eving. 
Depending on the type of hydraulic problem, the two classes of bed 
material are either combined into a single distribution or used 
separately. 

A square-surface sample i s obtained by picking up and counting all 
the surface pebbles in a predetermined size class within a small enclosed 
area of the bed. The area is taken to be representative of the whole 
channel bed. 
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The pebble count method entails measurement of randomly selected 
particles in the field, often under difficult conditions. Therefore, 
use of the Zeiss Particle-Size Analyzer should be considered (Ritter and 
Helley, 1968). For this method, a photograph of the stream bed is made, 
preferably at low flow, with a 35 mm camera supported by a tripod about 
2 m above the stream bed, the height depending on the size of the bed 
materials. A reference scale, such as a steel tape or a surveyor's rod 
must appear in the photograph. The photographs are printed on the thinnest 
paper available. An iris diaphragm, illuminated from one side, is imaged 
by a lens onto the plane of a Plexiglas plate. By adjusting the iris 
diaphragm the diameter of the sharply defined circular light spot 
appearing on the photograph can be changed and its area made equal to 
that of the individual particles. As the different diameters are 
registered, a puncher marks the counted particle on the photograph. An 
efficient operator can count up to 1,000 particles in a half hour. 

In the line sampling method, a line is laid out or placed either 
across or along the stream. Particles are picked at random intervals 
along the line and measured. The measured particles are classified as 
to size or weight and a percent finer curve or table is prepared. Usually 
100 particles is sufficient to give an accurate classification of the 
size distribution of coarse materials. 
3.8.6 Pipette analysis 

The pipette method of determining gradation of sizes finer than 
0.062 mm is one of the most widely accepted techniques utilizing 
the Oden theory and the dispersed system of sedimentation. The upper 
size limit of sediment particles which settle in water according to 
Stokes law and the lower size limit which can be determined readily 
by sieves is about 1/16 mm or 0.062 mm. This size is the division 
between sand and silt (Table 3.7.1) and is an important division in 
many phases of sediment phenomena. 

The fundamental principle of the pipette method is to determine 
the concentration of a suspension in samples withdrawn from a pre-
determined depth as a function of settling time. Particles having 
a settling velocity greater than that of the size at which separation 
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is desired will settle below the point of withdrawal after elapse of a 
certain time. The time and depth of withdrawal are predetermined on the 
basis of Stokes law. 

Satisfactory use of the pipette method requires careful and precise 
operation to obtain maximum accur acy in each step of the procedure. Also, 
for routine analysis, special apparatus can be set up for the analysis of 
a large number of samples . A complete description of a laboratory set-
up and procedure for this method is given by Guy (1969). 
3.8.7 Specific weight 

Spe.ufi.-i.c. wught )A wught peA uM.t vofume.. In the English system of 
dimensions, specific weight is usually expressed in units of pounds per 
cubic foot and in the metric system, in grams per cubic centimeter. In 
connection with granular materials such as soils, sediment deposits, 
or water sediment mixtures, the specific weight is the weight of solids 
per unit volume of the material including its voids. The measurement of 
the specific weight of sediment deposits is determined simply by measuring 
the dry weight of a known volume of the undisturbed material. 
3.8.8 Porosity 

The. pOJc.o.6iltj o6 gJta.nui.CVt mcU:~ .W the. Jr.O..tio o6 :the. volume. o6 vo.-i.d 
.6pa.c.e. :to the. :total volume. o 6 an unfu.twr..be.d .6amp.te.. To determine porosity, 
the volume of the sample must be obtained in an undisturbed condition. 
Next, the volume of solids is determined either by liquid displacement 
or indirectly from the weight of the sample and the specific gravity of 
material. The void volume is then obtained by subtracting the volume 
of solids from the total volume. The porosity is the ratio of volume 
of voids t9 total volume. 
3.8.9 Cohesion 

Several laboratory and field measurement techniques are available 
for determining the magnitude of cohesion, or shear strength, of clays. 
Among these, the vane shear test, which is performed in the field is one 
of the simplest. The vane is forced into the ground and then the torque 
required to rotate the vane is measured. The shear strength is deter-
mined from the torque required to shear the soil along the vertical and 
horizontal edges of the vane. 
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3.8.10 Met'hods of swnmarizing distributions 
Sediments consist of many particles differing in size and fall 

velocity, in shape, and in specific gravity. In general the size distri-
bution of the sediment is determined by performing one or more of the 
size anal ys is techniques (described earlier) on a representative sample. 
The results of these anal yses yield either a cumulative frequency (as in 
the visual accumulation tube analysis ) or a size-class frequency (as in 
the Pebble count and sieving methods). The size distribution is then 
reported in terms of one or more statistical parameters. 
3. 8.11 Frequency curves 

A histogram is a graphical representation of the number, weight, or 
volume percentage of items in given class intervals. An example of 
a histogram is sho\m in Fig. 3.8.la. The abscissa scale represents the 
class intervals, usually in geometric progression, and the ordinate scale 
represents either actual concentration or percent (by number, volume, or 
weight) of the total sample contained in each class interval. If the 
class intervals are small, the shape of the histogram will approach a 
continuous curve. The successive sizes employed in the size analysis 
of sediment are usually in ratios of 2 or 1:2. 

When the ordinates of successive classes are added and plotted 
against the upper limit of the size class, the cumulative distribution 
diagram is obtained (see Fig. 3.8.lb). In this diagram, the abscissa 
scale (usually logarithmic) represents the intervals of the size scale 
and the ordinate scale is the cumulative percent of the sample up to 
(or percent finer than) the size in question. 
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Fig. 3.8.1 Frequency curves. 
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3.8.12 Quartile and moment measures 
In a size frequency distribution curve, it is. possible to choose 

certain particle sizes as representing significant values, such as 
particles just larger than one-fourth of the distribution (the first 
quartile), and particles just larger than three-fourths of the distribution 
(the third quartile). Measures of spread are based on differences or 
ratios between the two quartiles. Quartile measures are confined to the 
central half of the frequency distribution and the values obtained are 
not influenced by larger or smaller sizes. Quartile measures are very 
readily computed, and most of the data may be obtained directly from the 
cumulative curve by graphic means. 

In contrast to quartile measures, moment measures are influenced 
by each individual size class in the distribution. The t)~t moment 
0 tl a t)!Le.C(Ue.YI.C.!:f c.u!LV e iS itS center of gravity and .{.6 c.a11.ed the. 
a.Jtilhmetic. mean. and -<.6 the a.ve.Jta.ge f.Jize. o6 the. f.!edime.n.t. The. f.Je.c.on.d 
moment is a measure of the average spread of the curve and if.J e.xp!Lehf.Jed 
M the. .t.ta.n.da.nd deviation. ot) the fu.tJUbi.Lti.on.. 

Commonly the size distribution of natural sediments plots as a 
straight line on log probability paper. If this is true , then a natural 
sediment is completely described by the median diameter (the size of 
sediment of which SO% is finer) and the slope of the cumulative fre-
quency line on log probability paper. The slope of this line is 
proportional to the spread of the size distribution in a sediment sample. 
It is computed with the expression 

3.8.1 

Where G = gradation coefficient 
D = the sedi ment diameter particle of which x percent of sample 

x is finer. 

3.9.0 BEGINNING OF MOTION 

3.9 . 1 Int roduction 
Beginning and c.e.Min.g ot) f.!e.cU.ment motion. -<.6 on gne.at imponta.n.c.e. in. 

fuee Me.M ot) a.ppUc.ation.: ( 7) deh.ign. on f.Jta.bte. c.ha.n.n.e.t-6, ( 2) bed load 
tna.n.CJpont equa.tion.CJ ( 3) deh.ign. o6 nipno.p. 
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Beginning of motion can be related to either the shear stress on the 
grains or the fluid velocity in the vicinity of the grains. When the 
grains are at the beginning of motion, these values are called the critical 
stress and critical velocity. The choice of shear stress or velocity 
depends on which one is easier to determine in the field, the precision 
with which the critical value is known for the particle size, and the type 
of problem. In sediment transport, most equations use critical shear. 
In stable channel design either critical shear or critical velocity is 
used; whereas, in the design of riprap critical velocity is commonly used. 

It is not sufficient to determine the average value of the critical 
shear or critical velocity because both quantities are fluctuating. For 
the same mean values they may have larger values that act for a sufficiently 
long time to cause a particle to move. In addition to the forces on the 
particle resulting from the flowing water, waves and seepage into or out of 
the bed or banks affect the beginning of motion conditions. 
3.9.2 Theory of beginning of motion 

The forces acting on an individual grain on the bed of an alluvial 
channel are: 

(1) The body force Fg due to the gravitational field. 
(2) The external forces Fn acting at the points of contact 

between the grain and its neighboring grains. 
(3) The fluid force Ff acting on the surface of the grain. The 

fluid force varies with the velocity field and with the 
properties of the fluid. 

The relative magnitude of these forces determines whether the grain moves 
or not. 

For the individual grain, the body force is 

3.9.1 

where ps is the density of the grain, K2 is a coefficient and D is 
the grain diameter. The term K2o3 is the volume of the grain. 

For convenience, the fluid forces acting on the grain are divided 
into three components. The components are: 
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(1) The form drag _component Fd given by the expression 

(2) The viscous drag component F given by the expression v 

3.9.2 

3.9.3 

(3) The hydrostatic pressure component Fh is given by the expression 

3.9.4 

CD = coefficient of drag 

Kl = a coefficient associated wi th the area of the grain subjected 
to drag and shear. 

D = the diameter of the grain 

v = the velocity in the vicinity of the gr ain 

c = coefficient of shear s 
T = the average viscous shear stress 

The term K1D2 represents the cross-sectional area of the grain. 
The external forces F n depend on the values of the fluid and 

body forces. Under conditions of no flow, the fluid force is 

There is no form or viscous drag. Then the external force is 

F F Fh n g 
or 

F 3 3 . 9.5 = (ps-p)gK2D n 

That is, the external force is equal to the submerged weight of the grain. 
The form drag can be rewrit t en in terms of the shear velocity. For 

t urbulent flow, the local vel oci t y v is directly propor tional to the 
shear velocity V* according to Eq . 2 . 3.15 . Then , Eq. 3.9.2 reduces to 
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3.9.6 

The viscous drag is also related to the shear velocity but it is 
the shear velocity for laminar flow. For laminar flow 

dv 
T = \1 dy · 3.9.7 

Again, by replacing v with V* and y with D, we can write 

3.9.8 

With this expression for viscous shear, the viscous drag becomes. 

Now, consider the ratio of the form drag force 
shear force F . According to Eqs. 3.9.6 and 3.9.9 v 

or 

Fd DV* 
- 'V F v v 

p ' 
d 

3.9.9 

to the viscous 

3.9.10 

When the flow over the grain is turbulent, the form drag is predominant 
and the term DV*/v is large. M1en the flow over the grain is laminar 
the viscous shear force is predominant and the term DV*/v is small. 
Thus, the Reynolds' number for particle DV*/v is an indicator of the 
characteristic of the flow in the vicinity of the grain. 

As both the form drag and viscous shear are proportional to the shear 
velocity, the ratio of the forces tending to move the grain to the forces 
resisting movement is 

(p -p) gD3 s 
= T 

(y -y)D s 
3.9.11 
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(Recall that v* 2 = T/p). The ~elation between T/(y -y)D and DV*/v s 
no~ the condition on ~ncip~ent motion ha6 been det~~ned expenimentaliy 
by ShA..el..c1.1.! a.nd othe.lt-6. The lr.etation ,U, g~ven ~n F~g. 3. 2. 3. At conditions 
of incipient motion, the shear s t ress T is designated the critical shear 
stress Tc. 

Figure 3.9 . 1 shows relationships between critical tractive force 
(critical shear stress) and mean diameter as determined and/or recommended 
by different investigators for different soil types. The difference be-
tween investigators could possibly be due to the effects of cohesion, when 
present, causing the particles to aggregate and therefore not act neces-
sarily as individual par t icles. Chapter VI of this manual will provide 
more rational and better bal anced design methods for cohesionless soils. 

Figure 3. 9.2 shows relationships between maximum allowab l e velocity 
(velocity agai nst stone) and maxi mum size of r iprap (stone s ize or 
equivalent diameter) as determined and/or recommended by different investi-
gators for different applications. The difference could possibly be due 
to the lack of reflecting all the significant parameters. They obviously 
are attempting to describe all these parameters by a s ingle index, velocity. 
However, Chapter VI of this manual will provide a better analysis and 
design for riprap. 
3.9.3 Relation between shear stress and velocity 

Measuring the aver age bottom shear stress directly in the field is 
tenuous. However, the average bottom shear stress can be computed for 
steady uniform flow f r om the expression 

T = yRS 
0 

3.9.12 

The average shear stress on the bed can also be estimated by 
employing the velocity profi l e equations in Chapter II . If the local 
velocity v1 at depth y1 is known then, from Eq. 2.3.15 

2 
PVl 

'[' = ------------~------------
0 yl 2 

(5 . 75 log(30.2 r-)] 
s 

3.9.13 

This equation and the ones gi ven below are valid for fully turbulent 
uniform f low in wide channels wit h a plane bed . Alternatively, if two 
point velocities in a vertical profile are known 
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3.9.14 

If the depth of flow y , the grain size k and the average velocity 
0 s 

in the vertical V are known, then according to Eq. 2.3.16 

pV2 
L = -------------------

0 Yo 2 
[5. 75 log(l2 .2 7 k)] 

3.9.15 

s 

The preceding equations deal with average values of t he shear stress 
or velocity. 

The instantaneous value of the shear stress or local velocity v 
may be as much as two or three times greater than the average value . 
The fact that the .i..YL6ta.n:ta.n.e.ou.6 .ohe.M. .o tll.eM a;t .the. bed would be varying 
greatly .i...o a.c..c..oun..ted t)ott .i..n. S!Uei.d.o' d.i..a.gttam (Fig. 3 . 2 . 3) .i..t) .the. c..ha.n.n.ei.. 
.i...o pwma.lic.. a.n.d a.U the .twtbul.e.n.c..e. .i...o g e.n.etta.:te.d a..t .the. c..ha.n.n.el.. boun.da.tty. 
(Shields' curve was determined from experimental t ests. ) However, if 
the turbulence is being generated in some other manner (by a hydraulic 
jump for example), then the best estimate of the average boundary 
shear stress is (from Eq. 2.3.8) 

L - - pv 1v 1 
0 X y 3.9.16 

As the Reynolds' stress pv'v' is extremely difficult to obtain at 
X y 

the present time, there are f ew good estimates of the shear stress for 
flow conditions such as in hydr aulic jumps or in regions of flow 
separation. In special cases such as f low around prismatic bends, the 
boundary shear stress has been obtained from model tests in laboratories. 

1n. a.dd.i..tion. .to the vetoc..Uy ott .o he.M. .6.tlteM t)ottc..e6, .the. wa.ve. t)oJtc..u 
a.n.d .oeepa.ge. t)oJr.c..e.6 mu.o.t be c..on6.i..detted in. de..te.ttm.i..n..i..n.g a. CJl.,.{;t)_c_a£ .6he.M. 
.o.tltu.&, CJl.,.{;t)_c..a£ vel..oc..Uy ott ~>ize. ot) .6.ton.e. .to ttui.o.t motion.. 
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3.10.0 SEDIMENT TRANSPORT 

In this section the basic terms and methods of computing sediment 
load in alluvial channels are described. 
3.10.1 Terminology 

Bed lay~ : The flow layer, several grain diameters thick (usually 
taken as two grain diameters thick), immediately above the bed. 

Bed load: Sediment that moves by rolling or sliding along the bed 
and is essentially in contact with the stream bed in the bed layer. ' . 

Bed-load ~ch~ge: The quantity of bed load passing a cross 
section of a stream in a unit of time. 

Bed mat~al: The sediment mixture of which the stream bed is 
composed. 

Bed-mat~ ~c~ge: That part of the total sediment discharge 
which is composed of grain sizes found in the bed. The bed-material 
discharge is assumed equal to the transport capability of the flow. 

Contact load: Sediment particles that roll or slide along in 
almost continuous contact with the stream bed. 

Ven6Uy ofi wa;t~-.6ecU.men:t m-<..x.twr..e: The mass per unit volume 
including both water and sediment. 

V-i...6c~ge-we-i..ghed conce~on: The dry weight of sediment in a 
unit volume of stream discharge, or the ratio of the discharge of dry 
weight of sediment to the discharge by weight of water sediment mixture 
normally reported in parts per million (ppm) or parts per 1i ter (ppl) . 

Load (on .6ecU.men:t load): The sediment that is being moved by a 
stream. 

SecU.ment (on nluv~ .6ecU.ment): Fragmentary material that originates 
from weathering of rocks and is transported by, suspended in, or deposited 
from water . 

SecU.ment conce~on (by weight or by volume): The quantity of 
sediment relative to the quantity of transporting fluid, or fluid-
sediment mixture . The concentration may be by weight or by volume. 
When expressed in ppm, the concentration is always in ratio by weight. 

Sed-i..ment ~c~ge (or sediment load): The quantity of sediment 
that is carried past any cross section of a stream in a unit of time. 
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Sediment y-i.el.d: The dry weight of sediment per tmi t volume 
of water-sediment mixture in place, or the ratio of the dry weight of 
sediment to the total weight of water-sediment mixture in a sample or 
a unit volume of the mixture. 

Spa.t.lal. c.on.c.entJc.ctt{.on.: The dry weight of sediment per tmi t volume 
of water-sediment mixture in place, or the ratio of the dry weight of 
sediment to the total weight of water-sediment mixture in a sample or 
a unit volume of the mixture. 

SU6pen.ded load (or suspended sediment): Sediment that is supported 
by the upward components of turbulence in a stream and that stays in 
suspension for an appreciable length of time. 

SU6pen.de.d-.6e.dime.n:t cU.6c.haJLge (or suspended load): The quantity of 
suspended sediment passing through a stream cross section outside the 
bed layer in a unit of time. 

Total .6e.dimen.t c:U.6c.haJLge: The total sediment discharge of a stream. 
It is the sum of the suspended-sediment discharge and the bed-load discharge, 
or the sum of the bed-material discharge and the wash- load discharge or 
the sum of the measured suspended sediment discharge and the unmeasured 
sediment discharge . 

Unme.MU!Le.d .6e.cUme.n.t fuc.haJLge.: Sediment discharge close to the bed 
that is not sampled by a suspended-load sampler. 

WMhioad: That part of the t otal sediment discharge which is 
composed of particle sizes finer than those found in appreciable 
quantities in the bed material is determined by available bank and 
upslope supply rate. 
3.10.2 General considerations 

The amount of material transported or deposited in the stream 
under a given set of conditions is the result of the interaction of two 
groups of variables. In the first group are those vaJL-i.abie.-6 wh-i.c.h 
btnfue.n.c.e the quan.tUy an.d qua.LUy o6 the .6e.cUme.n:t bnought down. to t hat 
.6 e.c.t-i.o n. on :the. .6bte.am. In the second group are vaJL-i.abie.-6 wh-i.c.h -i.n.nfuen.c.e. 
:the. c.apac.Uy o 6 :the. .6bte.am to btan..6pon:t :that .6 e.cU.men.t. A list of these 
variables is given below. 

Group 1 - Sediment brought down to the stream depends on the 
geology and topography of watershed; magnitude, intensity, duration, 
distribution , and season of rainfall; soil condition; vegetal cover; 
cultivation and grazing; surface erosion and bank cutting. 
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Group 2 - Capacity of stream to transport sediment depends on 
hydraulic properties of the stream channel. These are fluid properties, 
slope, roughness, hydraulic radius, discharge, velocity, velocity 
distribution, turbulence, tractive force, viscosity and density of the 
fluid sediment mixture, and size and gradation of the sediment. 

These variables are not all independent and, in some cases, their 
effect is not definitely know~. The variables ~hich control the amount 
of sediment brought do~~ to the stream are subject to so much variation, 
not only between streams but at a given point of a single stream, that 
the analysis of any particular case in a quantitative way is extremely 
difficult. It is practicable to measure the sediment discharge over a 
long period of time and record the results, and from these records to 
determine a soil loss from the area. 

The variables which deal with the capacity of the stream to trans-
port solids are subject to mathematical analysis. These variables are 
closely related to the hydraulic variables controlling the capacity 
of the streams to carry water. 
3.10.3 Source of sediment transport 

Einstein (1964) stated that: 
"Every sediment particle which passes a particular cross section 
of the stream must satisfy the following two conditions: (1) It 
must have been eroded somewhere in the watershed above the cross 
section; (2) it must be transported by the flow from the place 
of erosion to the cross section. 
Each of these two conditions may limit the sediment rate at the 
cross section, depending on the relative magnitude of two controls: 
the availability of the material in the watershed and the trans-
porting ability of the stream. In most streams the finer part of 
the load, i.e., the part which the flow can easily carry in large 
quantities, is limited by its availability in the watershed. This 
part of the load is designated as wahh load. The coarser part of 
the load, i.e., the part which is more difficult to move by flowing 
water, is limited in its rate by the transporting ability of the 
flow between the source and the section. This part of the load 
is designated as be.d-ma;te!U..a..t .toad." 
Thus, for engineering purposes there are ~ ~o~ce.h o~ the. ~e.~e.nt 

transported by a stream: (1) the bed material that makes up the. ~~earn 
be.d, and (2) the fine material that comes from the. bank6 and the. wat0t-
~he.d (wash load). Geologically both materials come from the watershed. 
But for the engineer, the distinction is important because the bed 
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material is transported at the capacity of the stream and is functionally 
related to measurable hydraulic variables. The wash load is not 
transported at the capacity of the stream. Instead the wash load depends 
on the availability and is not functionally related to measurable hydraulic 
variables. 

There is no sharp demarcation between wash load discharge and bed-
material discharge. As a rule of thumb, many engineers assume that the 
bed-material load is composed of sizes equal to or greater than 0.062 mm 
which is also the division point between sand and silt. The sediment 
discharge consisting of grain sizes smaller than 0.062 mm is considered 
the wash load. A more reasonable criterion, although not necessarily 
theoretically correct, is to choose a sediment size finer than 
the smallest 10 percent of the bed material as the dividing size between 
wash load and bed-material load. I t is important to note that in a fast 
flowing mountain stream with a bed of cobbles that the wash load may 
consist of coarse sand sizes. 
3.10.4 Mode of sediment transport 

SecU.men:t po.Jt:tic.lu, aJte bta.nopoll.ted by JLolling oJL .6LULi.ng on the 
bed (bed load or contact load) OJL by .6U6peYL.6iOYL by the tuJLbulenee On 
the .6~eam. Even as there is no sharp demarcation between bed-material 
discharge and wash load there is no sharp line between contact load 
and suspended sediment load . A particle may move part of the time in 
contact with the bed and at other times be suspended by the flow. The 
distinction is important because the two modes of transport follow 
different laws. The equations for estimating the total bed-material 
discharge of a stream are based on these laws. 
3.10.5 Total sediment discharge 

The total sediment discharge of a stream is the sum of the bed 
material discharge and the fine material (wash load) discharge, or the 
sum of the contact load and suspended sediment load. In the former sum 
the total sediment discharge is based on source of the sediments and the 
latter sum is based on the mode of sediment transport. Whereas suspended 
sediment load consists of both bed material and fine material (wash 
load), only the bed-material discharge can be estimated by the various 
equations that have been developed. The fine material discharge (wash 
load) depends on its availability not on the transporting capacity of the 
flow and must be measured. 



III-46 

The sediment discharge that is measured by suspended-sediment 
samplers consists of both the wash load (fine material load) and 
suspended-sediment l oad . The contact load is not measured, and because 
samplers cannot travel the total distance in the vertical to the bed, 
part of the suspended sediment in a vertical is not measured. Generally, 
the amount of bed material moving in contact with the bed of a large 
deep, sandbed river is from 5 to 10 percent of the bed material . 
moving in suspension. And in general the measured suspended-sediment 
discharge is from 90 to 95 percent of the total sediment discharge. 
However , in shallow sandbed streams with little or no wash load the 
measured suspended-sediment load may be as small as 50 percent of the 
total load. 

The magnitude of the suspended or bed-load sediment discharge 
can be very large. Suspended-sediment concentrations as large as 
600,000 ppm or 60 percent by weight have been observed. Concentrations 
of this magnitude are largely fine-material load. By changing fluid 
properties (viscosity and density) the fine material in the flow increases 
the capacity of the flow to transport bed material. The concentration 
and sediment loads of some streams in t he United States and the world 
are given in Table 3.10.1. 

The sediment discharge of a stream at a cross section or through a 
reach of a stream can be determined by measuring the suspended-sediment 
portion of the load using samplers and estimating the unmeasured 
discharge or by using one of the many methods that have been developed 
for computing the bed-material discharge and estimating the wash load. 
In many problems, only the bed-material load, both in suspension and in 
contact with the bed, is important. In these cases the wash load can be 
eliminated from the measured suspended-sediment load if the size distri-
bution of the material is known. 

There have been many equations developed for the estimation of bed-
material transport. The variation in the magnitude of the bed-material 
discharge that these equations predict is tremendous. For the same 

discharge, the predicted discharge can have a 100 fold difference between 
the smallest a~d the largest value. This should not be unexpected given 
the number of variables, the interrelationship between them, the difficulty 
of measuring many of the variables and the statistical nature of 



River 

Yellow 
Ganges 
Brahmaputra 
Yangtze 
Indus 
Ching 

(Yellow Trib.) 
Amazon 
Mississippi 
Irrawaddy 
Missouri 

Table 3.10.1 Sediment transport in large rivers of the world 
[adapted from Shen (1971)]. 

Drainage Avera&e annual susEended load 
Basin Million Tons per 

Country sq. mi. Tons 2.S· mi. 

China 260,000 2,080 7,540 
India 369,000 1,600 4,000 
Bangladesh 257,000 800 3,700 
China 750,000 550 1,400 
Pakistan 374,000 480 1,300 
China 22,000 450 20,500 

Brazil 2,230,000 400 170 
U.S.A. 1,244,000 344 280 
Burma 166,000 330 2,340 
U.S.A. 529,000 240 450 

Lo (Yellow Trib.) China 10,000 210 20,200 
Kosi India 24,000 190 7,980 

(Ganges Trib.) 
Mekong Thailand 307,000 187 1,240 
Colorado U.S.A. 246,000 149 1,080 
Red North Viet Nam 46,000 143 3,090 
Nile Egypt 1,150,000 122 100 

Average 
discharge at 
mouth cfs 

53,000 
415,000 
430,000 
770,000 
196,000 

2,000 
H 

6,400,000 H 
H 

630,000 I 
~ 

479,000 -....J 

69,000 

64,000 

390,000 
5,500 

138,000 
100,000 
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bed-material transport. Nevertheless, with proper use, knowledge of the, 
river and knowledge of the limitations of each method, useful bed-
material discharge information can be obtained. 

In the next sections t~ee metho~ ofi ~timating bed-mat~ ~
c.haJr..ge aJr..e d~CJU..bed. The.6e aJr..e MeyeJt- PeteJt MuU.eJt '.6, UnJ.>teJ..n '.6 and 
Colby'!.>. Then the basic suspended-sediment equation is developed. The 
Meyer-Peter Muller equation is applicable to streams with little or no 
suspended-sediment discharge and is thus used extensively for gravel 
and cobble bed streams. The other two methods, based to some degree on 
Einstein's work are used for sandbed streams. Their use depends on the 
amount of information available. Methods for measuring suspended-
sediment discharge are not described. For information on these methods, 
the reader is referred to the publications by Guy (1969). 
3. 10.6 Suspended bed-material discharge 

The suspended bed-material discharge in lbs per second per unit 
width of channel q , for steady, uniform two-dimensional flow is s 

!Yo 
q = y v c dy s 3.10.1 

a 

where v and c vary with y and are the time-averaged flow velocity 
and concentrations, respectively. The integration is taken over the 
depth between a level "a" above the bed and the surface of the flow "y 

0
". 

The level "a" is assumed' to be 2 grain diameters above the bed layer. 
Sediment movement below this level is considered bed load rather than 
suspended load. 

The dis.charge of suspended sediment for the entire stream cross 
section, Q , is obtained by integrating Eq. 3.10.1 over the cross s 
section to give 

Qs = yQC 3.10.2 

where C is the average suspended sediment concentration. Both 
Eqs. 3.10.1 and 3.10.2 are exact. 

The vertical distribution of both the velocity and the concentration 
vary with the mean velocity of the flow, bed roughness and size of bed 
material. The distributions are illustrated in Fig. 3.10.1. Also v 
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and c are interrelated. That is, the velocity and turbulence at a 
point is affected by the sediment at the point and the sediment concen-
tration at the point is affected by the point velocity. Normally this 
interrelation is neglected or a coefficient applied to compensate for it. 

Fig. 3.10.1 Schematic sediment and velocity profiles. 

To integrate Eq. 3.10.1, v and c must be expressed as functions of 
y. The one-cUmen6ionai. gJta.dient type dinnuoion equa..:Uon ,u, employed .to 
obtain the veJr;t[c.a.l fuvubution nolt c and the logaJti.thm veloW.y 
fubtibuti..on c.a.n be a.6.6wne.d -Qolt v. 

The one-dimensional diffusion equation is obtained from the equili-
brium condition that the quantity of sediment settling across a unit 
area due to the force of gravity is equal to the quantity of sediment 
transported upwards resulting from the vertical component of turbulence 
and the concentration gradient. The resulting equation for a given 
particle size is 

w c 3.10.3 

where 
w = the fall velocity of the sediment particle at a point 
c = the concentration of particles 
e: = an exchange coefficient which characterizes the magnitude s of the exchange of particles across any arbitrary boundary 

by the turbulence . It is cal led the mass transfer coefficient 
de the concentration gradient dy = 
we = the average rate of settling of the sediment particles 

e: 
de _ 

the average rate of upwards sediment flow by diffusion s dy -
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Integrating Eq. 3.10.3 yields 

c = Yo dy c exp{-w J -} a E 
3.10.4 

a s 

where c is a concentration of sediment with settling velocity w at a 
the level y = a in the flow. 

In order to determine the value of c at a given y, the value 
of c and the variation of E with y must be known. To obtain an a s 
expression for E the s assumption is made that 

E = ~ E s m 3.10.5 

where E m is the kinematic eddy viscosity or the momentum exchange 
coefficient defined by 

dv 
1' = pE -m dy 

where T and dv/dy are the shear stress and velocity gradient, 
respectively, at point y. 

For two-dimensional steady uniform flow 

1' = y s (y - y) = 1' (1 - l-) 
o o Yo 

and from Eq. 2.3.13 

Thus 

where 
= 

dv 
dy = 

E = ~E s m 

r.;; 
0 ---= KY 

E to E s m a coefficient relating 

3.10.6 

3.10.7 

3.10.8 

3.10.9 

K = the von Karman's velocity coefficient taken as equal to 0.4 
V* = the shear velocity equal to {gRS in steady uniform flow. 

Equation 3.10.9 indicates that E and E are zero at the bed and m s 
at the water surface , and have a maximum value at mid-depth. 
The substitution of Eq. 3.10.9 into Eq. 3.10.3 gives 
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de -= c 3.10.10 

and after integration 

Ya-y a z c -= [-y- y -a] c a 0 
3.10.11 

where 
c = the concentration at a distance y from the bed 
c = the concentration at a point a above the bed a 
Z = SwV the Rouse number, named after the engineer who developed 

K * the equation in 1937. 
Figure 3.10 . 2 shows a family of curves obtained by plotting 

Eq. 3. 10.11 for different values of the Rouse number Z. It is seen that 
for small values of Z, the sediment distribution is nearly uniform . 

.----- Surface J --=:!:--- 1. 0 

.9 

.8 

K- -......... -
"'~ "\ \ ~ 

\ ' \ \ o~,- ~ 

~ 
!') 

~\- ' \ \ \ \ ' ~ .7 

l:!. .6 
y -a 0 .s 

\ ' \ ' ~ o\ 1. 
CPV ... 

~ 

\ ' -Ja\ve \ \ \ ~v-· 

\ \ \ ' \ 1\ .4 

\ \,..... \ \ \ 'iJ\ .3 \ . 1\ '\ ' \ \ ' \ .2 

~ 
/ ' " \ \\ " ....... ' I'-- ........_ --- ...... ..........._ 

~ ~" ~ 9..., - --.1 

---· ., ---
a/yo = .osto 

. 0 .1 • 2 .3 . 4 .5 .6 .7 .8 .9 1.0 
'~~"-Bottom 

Relative Concentration c/c a 
Fig. 3.10.2 Graph of suspended sediment distribution. 
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For large Z values, little sediment is found at the water surface. 
The value of Z is small for large .shear velocities V * or small fall 
velocities w and large for small V* and large w. Thus, for small 
particles or for extremely turbulent flows, the concentration profiles 
are uniform. 

The values of S and K have been investigated. For fine 
particles 6 ~ 1. Also , it is well known that i n sediment-laden water 
K # 0.4 but decreases with increasing sediment concentration. 

Us ing the logarithmic velocity distribution for steady uniform 
flow and Eq. 3.10.11 the equation for suspended sediment transport 
becomes 

!yo a yo-y Z ~ 
qs = yV* ca [y -a • -y-] [2.5 ln(30.2 k )] dy 

a o s 
3.10.12 

This equation has been integrated by many investigators and the assump-
tions and integration made by Einstein are presented later. 
3.10.7 Meyer-Peter and Muller Equation 

Meyer-Peter and Muller (1948) developed the following equation based 
on experiments with sand particles of uniform sizes, sand particles of 
mixed sizes, natural gravel, lignite, and baryta: 

Q ~ 3/2 1/3 y - y 2/3 
(-'b)(--b~ yy S = B' (y - y)D + B(1.) ( s ) 
Q Kr o s m g ys 3.10.13 

where q8 is the bed-load rate in weight per unit time and per unit 
width, .~ is water discharge quantity determining bed load transport, 
Q is total water discharge, y is the depth of flow, S is the energy 

0 
slope and B' and B are dimensionless constants. B' has the value 
0.047 for sediment transport and 0 .034 for the case of no sediment 
transport. B has a value of 0.25 for sediment transport and is meaning-
less for no transport since 
The quantities !), and Kr 

q8 is zero and the last term drops out. 
are defined by the expressions 

3.10.14 
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and 

3.10.15 

' where S is the part of the total slope, S, required to overcome the 
' grain resistance and S-S is that part of the total slope required 

to overcome form resistance . Therefore 

~ = J~ _v_ 
Kr 8 ..'g I),S 

3.10.16 

I 

where fb 
roughness. 

is the Darcy-Weisbach bed friction factor for the grain 

If the boundary is hydraulically rough (V*o90;v ~ 100), 

K is given by r 

K = 26 
r 0 1/6 

90 
1/3 in which o90 is in meters and Kr is in m sec. 

is the effective diameter of the sediment given by 

D = m 

I 
l
. p. D. 

l ~ 

100 

3.10.17 

The quantity D m 

3.10.18 

"'·here P. 
1 

is the percentage by "'·eight of that fraction of the bed 

material with geometric mean size, D .. 
1 

Equation 3.10.13 is dimensionally homogeneous so that any consistent 

set of units may be used . 
Equation 3.10. 13 has been converted to units generally used in the 

United States in the field of sedimentation for water and quartz particles 
by the U. S. Bureau of Reclamation (1960). This equation is 

1/6 
Dgo 

( r'b 
3/2 

) 
3/2 

y S - 0.627 D ] o m 3.10.19 

.,.;here q 8 is in tons per day per foot "'·idth, ~ is the ""'ater discharge 
quantity determining the bed-load transport in cfs, Q is the total 
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water discharge quantity in cfs, o90 and Drn are in millimeters. The 
quantity nb is given by 

2y n 
~ = n [l + Wo (l _ {nw)3/2)]2/3 3.10.20 

for rectangular channels and 

3.10.21 

for trapezoidal channels ., where, n, ~, and nw are roughness coefficients 
of the total stream, of the bed, and of the banks, respectively; and H 
is the horizontal side slope related to one unit vertically. The quantity 
~/Q is given by 

1 3.10.22 2y n 
1 + -vt ~)3/2 

for rectangular channels and 

1 
n 3/2 3.10.23 

1 + w ~) 

for trapezoidal channels. 
The Meyer-Peter and Muller formula (Eq . 3.10.13) is often written 

in the form 

where 
K = 1 3/2 

y -y 2/3) 
(-5-~ · 

Ys 

3.10.24 



'[ = 

'[ = c 

Qb ~ 3/2 
(-)(-) yy s Q K o r 

B' (y v)D s=' m 
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3.10.8 Einstein's bed load function 
E-i.Mtun'.6 ( 7950) mdhod 6otr. de.tellmirU.ng to:tal. bed-ma;te!Uai. fuc.Juvr.ge 

.i6 to .6um up the c.on:ta.et R..oad and the .6U.6pended R..oad. As mentioned 
earlier, there is no sharp demarcation between the contact bed material 
load and the suspended bed material load. However, the division is 
warranted by the fact that there is a difference in behavior of the two 
different loads which requires two physical models. 

Si.Mtein '.6 bed-ma;te!Uai. fuc.hcvtge 6unc...tion g-<.vu the tr.a.:t.e at which 
flow of any magnitude in a given channel transports the -<.ndiv-<-duai 
.6 ediment .6-<.zu wh-<-c.h mak.e up the bed ma;te!Ual.. This makes his equations 
extremely valuable in many studies because one can determine the change 
in bed material with time that occurs because each size moves at its 
own rate. For each size D of the bed material, the contact load is 
given as 

iB qB 3.10.25 

and the suspended sediment load is given by 

3.10.26 

and the total bed material discharge is 

3.10.27 

3.10.28 

where iT' is and i 8 are the fraction of the total, suspended and 
contact loads qT, qs and q8 for a given grain size D. The term 
QT is the total bed-material transport. The suspended sediment total 
is related to the contact load because there is a continuous exchange 
of particles between the two modes of transport. 
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With suspended-sediment load related to the contact load, Eq. 3.10.27 
becomes 

where 
• 4>* ib y s 

and 

Ys = 
p = 
Ps = 
g = 
4>* = 

!; = 

X = 

X = 

f!. = 
X = 

o' = 

v 
'\j""T = 
* = 

the 
the 
the 

1 q = 
B B (-p- _!_)1/2 

p - p 3 s gO 

unit weight of sediment 
density of the water 
density of the sediment 

gravitational acceleration 
f(ljl*) given in Fig. 3.10.3 

lj!* = !;Y (~)2 1jJ 
B 

X 

Ps - p D 
1jJ = Rbs p 

a correction factor given as a function 
Fig. 3.10.4. 

o. 77f!. if f!. v> 1.8 

1. 39o' if ~< o' 1.8 

the apparent roughness of the bed, k /x s 

of d/X 

a correction factor in the logarithmic velocity 
equation and is given as a function of k /o' s 

Einstein's velocity distribution equation 
5.75 log (30.2 t) 

V*' = the shear velocity due to grain roughness 
= v'gRbS 

3.10.29 

3.10.30 

3.10.31 

3.10. 32 

in 

3.10.33 

distribution 
in Fig. 2. 3.5 

3.10.34 

3.10.35 
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Rb = the hydraulic radius of the bed due to grain roughness, 

=1\-Rt; 
S = the slope of the energy grade line normally taken as the 

slope of the water surface. 

Y = another correction term given as a function of o65 /o' in 
Fig. 3.10.5 

B = log 10.6 

B = log (10.6 X/~) 
X 

The preceding equations are used to compute the fraction i 8 of 
the load. The other terms in Eq. 3.10 . 29 are 

Yo 
PE = 2.3 log 30.2 ~ 3.10.36 

11 and 12 are integrals of Einstei n's form of the suspended 
sediment Eq. 3.10.11 

... 10 
? 

1 

EZ- 1 
12 = 0.216 z 

(1-E) 

3.10.37 

3.10.38 

1 10 

Fig. 3.10.3 Einstein's ~* - ¢* bed load function, (Einstein, 1950). 
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Fig. 3.10.4 Hiding factor, (Einstein, 1950). 

l.G 
.8 

.6 

.4 

.2 
5 4 3 

/ 
./ ___.,-

2 

...... 

' " '\ 
'\ 

~ 

'\. 

1 0.8 0.6 0.4 0.3 
065 
61 

Fig. 3.10.5 Pressure correction, (Einstein, 1950). 
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Ill z = .4V! 

of the particle of size D , 

layer thickness to flow depth, 

the thickness of the bed layer, 2d 

3 .• 10. 39 

a/y 
0 

The two integrals I 1 and I2 are given in Figs. 3.10.6 and 
3.10.7 as a function of Z and E. 

In the preceding calculations for the total load, the shear velocity 
is based on the hydraulic radius for the bed, Rb. Its computation is 
explained in the following paragraph. 

Total resistance to flow is composed of two parts, surface drag 
and form drag. The transmission of shear to the boundary is accompanied 
by a transformation of flow energy into energy turbulence. The part 
of energy corresponding to grain roughness is transformed into tur-
bulence which stays at least for a short time in the immediate 
vicinity of the grains and has a great effect on the bed load motion; 
whereas, the other part of the energy which corresponds to the form 
resistance is transformed into turbulence at the interface between wake 
and free stream flow, or at a considerable distance away from the 
grains. This energy does not contribute to the bed load motion of 
the particles and may be largely neglected in the sediment transporta-
tion. 

Einstein's equation for mean flow velocity V in terms of V! is 

v Rb vr = 5. 75 log (12.27 x-) 
* 

or 
v Rb yr = 5 . 75 log (12. 27 k x) 
* s 

Furthermore Einstein suggested that 

v vrr=e[111'J 
* 

3.10.40 

3.10.41 
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Fig. 3.10.6 Integral 11 in terms of E and Z, (Einstein, 1950). 
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-I 
10 

Fig. 3.10.7 Integral I 2 in terms of E and Z, (Einstein, 1950). 
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where 
3.10.42 

The relation for Eq. 3.10.42 is given in Fig. 3.10.8. 
The procedure to follow in computing Rb depends on the information 

available. If mean velocity V, slope S, cross sectional dimensions 
Rb and bed-material size are known, then Rb is computed by trial and 
error using Eq. 3.10.40 and Fig . 3.10.8. 

100 

so 

10 

5 

3 
0.4 

['... 
" ~ 

1.0 

I' 1'-
...... 

~r--

. .. . . .. . 

5.0 10 
035 111' = 1.68 --· 
RbS 

-... 
i"""l'oo. 

so 

Fig. 3.10.8 V/V~ vs. 111' (Einstein, 1950). 

The procedure for computing total bed-material load in terms of 
different size fractions of the bed material is: 

(1) Calculate 111* using Eq. 3.10.31 for each size fraction. 
(2) Find ~* from Fig. 3. 10.3 for each fraction. 
(3) Calculate iB qB for each size fraction using Eq. 3.10.30. 
(4) Sum up the qB across the flow to obtain is~· 

(5) Sum up the size fractions to obtain ~· 

Suspended sediment load: 
(6) Calculate Z for each size fraction using Eq. 3.10.39. 
(7) 

(8) 

(9) 

Calculate E = 20/y 
0 

Determine I 1 and 3.10. 7. 
and I 2 

for each fraction. 
for each fraction from Fig. 3.10.6 

Calculate PE using Eq. 3.10.36 . 
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(10) Compute the suspended load from i 8q8 (PEil + I2). 
(11) Sum up all the q8 and all the i 8 to obtain the total 

suspended load Q . 
55 

Total bed material discharge: 
(12) Add the results of Step 5 and 11. 

3.10.9 Application of transport functions to field channels 
In applying the Einstein procedure (1950) to a particular water 

course, three steps should be carried out. The first step involves 
the choice of a river reach and the collection of the field data. The 
second step is to determine hydraulic parameters. The third step is 
the calculation of the total bed-material discharge. 
3.10.10 Description of the test reach 

A test reach, representative of the Big Sand Creek near Greenwood, 
Mississippi, was used by Einstein (1950) as an illustrative example for 
applying his bed-load function. His example is reproduced here. For 
simplicity, the effects due to bank frict i on are neglected. The reader 
can refer to the original example for the construction of the representa-
tive cross section. The characteristics of this cross section are as 
follows. 

The channel slope was determined as S = 0.00105. The relation 
between cross-sectional area, hydraulic radius, and wetted perimeter 
of the representative cross section and stage are given in Fig. 3.10.9. 
In the case of this wide and shallow channel, the wetted perimeter is 

R 

4 8 0 
Hydraulic ~) 
radius, ft 

2 4 6 
Perimeter of the bed 

ft X lQ-2 

,\' j \t ·. ·· 

A reo 

0 10 20 
(c) Average Area, ft x lo-2 

Fig. 3.10.9 Description of the average cross section (Einstein, 1950). 

30 
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assumed to equal the surface width. The averaged values of the four 
bed-material samples are given in Table 3.10.2. Ninety-six percent 
of the bed material is between 0.589 and 0.147 mm, which is divided 
into four size fractions. The sediment transport calculations are 
made for the individual size fraction which has the representative 
grain size equal to the geometric mean grain diameter of each fraction. 

-5 The water viscosity is v = 1.0 x 10 sq ft/sec, and the specific 
gravity of the sediment is 2.65. 

The calculation of important hydraulic parameters is performed 
in Table 3.10.3. The table heading, its meaning, and calculation are 
explained with footnotes. 

Table 3.10.2 Bed-material information for sample problem. 

Grain size Average grain size Settling velocity 
distribution, mm mm ft % em/sec f:es 

D > 0.589 2.4 
0.589 > D > 0.417 0.495 0.00162 17.8 6.25 0.205 
0.417 > D > 0.295 0.351 0. 00115 40.2 4.51 0.148 
0.295 > D > 0.208 0.248 0.00081 32.0 3.23 0.106 
0.208 > D > 0.147 0.175 0.00058 5.8 2.04 0.067 
0.147 > D 1.8 

035 = 0.29 mm = 0.00094 ft 

065 = 0.35 mm = 0. 00115 ft 

3.10.11 Bed-material discharge calculations 
The bed-material transport is calculated for each grain fraction of 

the bed material at each given flow depth. It is convenient to summarize 
the calculations in the form of tables. The procedure is given in 
Table 3.10.4. 
3.10.12 Colby's method of estimating total bed material discharge 

After investigating the effect of all the pertinent variables, 
Colby (1964) developed four graphical relations shown in Figs. 3.10.10 
and 3.10.11 for determining the bed-material discharge. In arriving 
at his curves, Colby Wa..6 gul.ded by :the ELn6tun bed-R..oa.d nu.nc.:tLon 
(Einstein, 1950) a.nd a. .f.a.ttge amount On da..ta nJtom .6bLe.am6 a.nd nR..u.mU. 
However, it should be understood that all curves for 100 ft depth, most 
curves of 10 ft depth and part of the curves of 1.0 ft and 0.1 ft are 
not based on data but are extrapolated from limited data and theory. 



Table 3.10.3 Hydraulic calculations for sample problem in applying the 
Einstein procedure (after Einstein, 1950). 

... v: 6 ' IC /0' 
' 

.. v v:: v~ .. R.. 'lo pb "x (B/8x) 2 •• 
Dl __UL_ _lll_ -.!.!..L ..hl. __ffi_ llL 1!L ..J2.l .ll.Ql .iill 1l1l .illl illl Jill .illL .l.!1l.. 1!!L .l.!.:!L JlQL __lliL _illL 
0.5 0.129 0.00095 1.21 1.59 0.00072 2 . 92 2.98 16.8 0.17 
1.0 0.184 0.00067 1. 72 1.46 0.00079 4.44 1. 49 27 . 0 0 . 16 
2 . 0 0.259 0.00047 2 . 44 1.27 0 .00090 6 . 63 0,75 51.0 0 . 13 
l.O 0.318 0.00039 2.95 1.18 0 . 00097 8.40 0.50 87 .0 0.10 
4.0 0.368 0.00033 3.50 1.14 0.00102 9 . 92 0.37 150.0 0 . 07 
5.0 0.412 0. 00030 3.84 1.10 o. 00104 11.30 0. 30 240.0 0 . OS 
6.0 0.450 0.00027 4.26 1.08 0.00107 12 .58 0 . 25 370 . 0 

1s ee the following for explanation of sy.~bols, column by column: 
(1) Rb .. bed hydraulic radius due to grain roughness, ft. 

(2) V! • s hear velocit y due to grain roughness, fps 

• liR;;S 
(3) 6' • thickness of the lll!llinar sublayer , ft 

• ll. 62v/U! 
(4) .::5 • roughness diameter, f t 

• 0os 
(5) x • corr ection factor in the logarithraic velocity 

distribution, given in Fig. 2.3.5 

(6) 6 • appa r ent roughness di8JIIeter, ft 
• r:.,tx 

(7) V • average flow velocity, fps 
• 5.75V! log(l2.27 R},/6) 

(8) "-'' • intensity of shear on repre!cntative particles 
P5-P o65 =-;-- nbs 

(9) V/11~ • velocity utio, given in Fig. 3 . 10.8 
(10) II~ • shear velocity due to form roufi!tmess, fps 

(II) Rb • bed hydraulic radius due to form roughness, ft 

• v~ 2/gS 

0,03 

0 .86 
o. 76 
0,50 
0.30 
0.14 
0 . 07 
0,03 

1.36 1.36 150.2 140 IOl 409 O.OOll2 0.84 1.29 0.63 
1.76 1.7tJ 150.9 240 136 1,065 0.00093 0.68 1.19 0.85 
2.50 2.50 152.1 425 170 2,820 0.00069 0.56 0.91 1.27 
3.30 3.30 153.3 640 194 5,380 0.00076 0.55 0. 91 1.27 
4 .1 4 4.14 154 .9 970 234 9,620 0.00079 0.54 0.91 1.27 
5.07 5,07 156.9 1,465 289 16,550 0 .00080 0.54 0.91 1.27 
6 . 03 6.03 159 . 5 1,400 398 30,220 0.00082 0,54 0 . 91 1.27 

(12} Rb • bed hydraulic radius, ft 

• R, t.he total hydraulic radius if there i s no additional 
friction 

• Rh + Rb 
(13) y

0 
• average flow depth, ft 

"' R for wide, shallow strea•s 
(14) z = staJt:e , ft, given in Fig . 3.10.9a 
(1 5) A • cross-sectiona l area, ft 2 , given in Fig . 3.10.9c 

(1ft) Pb " bed wetted perillleter, ft, given in Fig. l .l0 .9b 

(17) Q • flow discharge 

• AV 
(18) X • cha r acteristic distance, ft 

,. 0. 77tJ. for tJ./6' > 1.80 

• 1.396' for IJ./6' "' 1.80 
(19) Y .. pressure correction tel"'ll, given in Fig. l.lO.S 

{20) Bx " coefficient 

= loR(lO .ftX/.b.) 

(2 1) B • coefficient 

• logl0.6 
(2 2) PE • Einstein' 5 transport paraseter 

30.2 y 
• 2.303 log - 6 - 0 

10 .97 
11.10 
11.30 
11.50 
11.70 
11.90 
12.04 

1-1 
1-1 
1-1 
I 

(J\ 
Ul 



Table 3.10.4 Bed-material 
applying the 

load calculations for sample problem in 
Einstein procedure (Einstein, 1950) . 

i 8 Rj, ~ d/X ~. .. 1aqa 1aQa 
[g) [10) (l) (2) (3) (4) (S) [6) [7) (8) 

.00162 .178 o.s 5.08 1.23 1.08 2.90 1.90 0.0267 119 
1.0 2.54 1. 74 1.00 1. 73 4. 00 0.0561 330 
2 . 0 1.27 2.35 1.00 0.90 8.20 0.115 845 
3,0 0.85 2 . 16 1.00 0.60 12.8 0 . 180 1, 510 
4.0 0.63 2.05 1.00 0,43 18.0 0 . 253 2,560 
5.0 o. 51 2. 03 1.00 0 . 35 22.5 0 . 316 3,950 
6. 0 0.42 1.98 1.00 0.29 27.0 0.380 6,530 

.00115 . 402 0.5 3.38 0.82 1.36 2.44 2.45 0.0471 210 
1.0 1.69 1.16 1.10 1.27 5 . 50 0.106 623 
2.0 0.85 1.57 1.01 0. 61 12.6 0.242 1 , 780 
3.0 0.56 1.44 1.04 0 . 41 19 . 0 0.364 3,050 
4.0 0.42 1.37 1.05 0.30 26.0 0.500 5,050 
5.0 0.34 1.35 1.05 0.25 31.5 0.604 7,540 
6.0 0 . 28 1.32 1.05 0.20 39.0 o. 749 12,900 

. 00081 .. 320 0.5 2.54 0 .61 2.25 3.03 1. 75 0.0155 69.0 
1.0 1.27 0.87 1.26 1.09 6.80 0 .0600 3S3 
2. 0 0 . 63 1.17 1.10 0 . 4~ 15.8 0.139 1,020 
3 . 0 0 . 42 1.08 1.12 0 .33 23.5 0.207 1,730 
4.0 0.32 1.04 1.15 0.25 31.5 0.279 2,820 
5 . 0 0 . 25 1.01 1.17 0.20 39 . 5 0.349 4,360 
6.0 0.21 0.99 1. 19 0 . 17 46.0 0.406 6,980 

. 00057 . . 058. 0.5 1.80 0 . 43 5 .40 5.15 0.58 0.00056 2 . 49 
1.0 0.90 0.61 2.28 1.39 5.10 0.00500 29 . 4 
2.0 0 . 45 0.83 1.37 0.44 17.5 0.0171 126 
3.0 0.30 o . 76 1.52 0.32 25.0 0.0246 206 
4.0 0 . 22 o. 72 1.60 0.25 31.5 0 .0310 313 
5 . 0 0.18 0. 71 1.65 0.20 39 .5 0.0387 483 
6 . 0 0 . 15 0. 70 1.70 0.18 43.5 0.0426 732 

1see the following for explanation of symbols, coluan by co1Uiln: 
[I) 0 • representative grain si ze , ft, given in Table 3.10.2 
[2) •• ,. fraction of bed aaterial, given i n Table 3.10.2 
[3) Rj, "' bed hydraulic radius due to grain roughness, ft, 

given in Table 3.10. 3 
[4) • : intensity of shear on a particle 

Ps -p d 
• ...._- Rj,S 

[S) 0/X "'din~ensionless ratio, X given in Tab le 3.10.3 

[6) c • hidi ng factor, gi ven in Fig . 3 . 10.4 
(7) •• • intensity of shear on individual grain s ize 

,. (~(B/Bx) 2.,, (values of Y and (B/Bx) 2 are 
pven 1n Table 3.10. 3) 

(8) .. = intP.nsity of sedi111ent transport for individud 
gnin size, given in Fig. 3.10 . 3 

(9) i 8q8 • bed load discharge per unit width for a size 
fraction, lb/sec-ft 

= is•• Ps(gn)3/2 /(p/p) - 1 

[10) i Q8 • bed load d!'scharge for a size fraction for entire 8 cross section, tons/day 
"'43.2 Wi 8q8 , N"' Pb given in Table 3.10.3 

ti 8Q8 103E 2 I1 

[II) (12) [13 ) (14) 

~tz PEil•Iz+l iTqT 'r~ 
(18) 

tiT~ 

(19) [IS) [16) h7l 

400 2.38 3.78 0 .078 0.44 ·1.42 0.0380 168 670 
1,335 1.84 2.65 0.131 0 . 74 1.71 0.0958 561 3,938 
3,771 1.30 1.88 0. 240 1.27 2.44 0.281 2,050 30,500 
6,496 0.98 1.53 0.385 2.01 3.44 0.617 5,170 113,000 

10,745 0. 78 1.33 0.560 2 . 80 4. 75 1.20 12, 100 324,000 
16 , 333 0.63 1.18 0.810 3.85 6. 78 2.13 26,500 800,000 
27,142 0,54 1.08 1.09 4.90 9.20 3.48 59,800 1 ,940,000 

1.69 2.88 0 . 117 0.68 1.60 0 . 0754 335 
1.31 2.02 0. 210 1.19 2.14 0.227 1,330 
0 .92 1. 44 0.450 2.33 3.76 0.910 6 ,660 
0, 70 1.17 0 . 830 3.85 6. 73 2. 44 20.400 
0.56 1.01 1.37 5. 70 11.3 5.65 57,100 
0.45 0 .90 2.12 8.10 17.2 10.4 129,000 
0.38 0 . 83 2 .95 10.5 26 .0 19.6 335,000 

1.19 1.94 0 . 230 1.29 2.23 0.0345 153 
0.92 1.36 0 . 520 2 .60 4.16 0.250 1 , 460 
0 . 65 0 . 97 1.53 6 . 10 12.2 1. 70 12,500 
0.49 0 . 79 3,35 11.0 28.7 5 . 95 49,700 
0.39 0 .68 6.20 17 .5 56.0 15 . 0 157,000 
0.32 0.61 9.80 25.5 92.0 32.0 397,000 
0.27 0.55 · 15.0 36.0 146 59.5 1,020,000 

0.85 1.21 0. 720 3 . 35 5.55 0 . 00312 14 
0.65 0 . 86 2.44 8.10 20.0 0 . 100 587 
0.46 0.61 8.40 21.5 74.4 1.26 9,350 
0 . 35 0 .49 19.3 41.0 183 4.50 37,600 
0 . 28 0.43 32 .0 63.0 312 9 . 68 97,800 
0.23 0.38 51.0 91.0 516 20.0 248,000 
0.19 0.35 70.0 122 722 30 . 8 526,000 

[II) HBQD • bed load discharge for a size fraction for 
enthe cross section, tons/day 

[12) E .. ratio of bed layer thickness to water depth 
:: 2D/y

0
, for values of y0 See Table 3.10 .3 

[13) z :: exponent for concentration distribution 

"' w/ (0. 4U!) . for values of w and U! 
see Tables 3.10.2 and 3.10.3, respect ively 

[14) II .. integra l , given in Fit!. 3.IC.6 
[IS) 12 "'integral, given i n Fig. 3,10.7 
[16) PEil • 12 • 1 • factor between bed load and total load 
[17) iTqT • bed uterial load per unit width of streu 

for a she fraction , lb/sec-ft 
• iBqB (PE ll+I2+1} 

[18) 'r"r • bed aaterial load for a size fraction for 
entire cross section, tons/day 

(19) tiTQT • total bed aatertal load for all siz.o fractions, 
tons/day 
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Fig. 3.10.10 Relation of discharge of sands to mean velocity for six 
median sizes of bed sands, four depths of flow, and a 
water temperature of 60°F (Colby, 1964). 

In applying Fi gs. 3.10.10 and 3.10.11 to compute the total 
bed-material discharge, the following procedure is proposed: (1) the 
required data are the mean velocity V, the depth y , the median size 

0 
of bed material n50 , the water temperature T and the fine sediment 
concentration Cf; (2) the uncorrected sediment discharge qn for 
the given V, y

0 
and n50 can be found from Fig. 3.10.10 by first 

reading q knowing V and n50 for two depths that bracket the 
desired depth and then interpolating on a logarithmic graph of depth 
versus ~· to get the bed-material discharge per unit width; (3) the 
two correction factors k1 and k2 shown in Fig. 3.10.11 account for 
the effect of water temperature and fine suspended sediment on the bed-
material discharge. If the bed-mat erial size falls outside the 0.20 mm 



III-68 

,,.of!P <~~"' 

oo ,1-oP 

,oo.ooo 

ooo eo• 
10 

k3 

k2 
40,000 

40°F 2~~~320f k I 60oF 

1 .aoor 
. 5 I00°F 

100 

Depth, ft Median Size of 
Sediment, nun 

Fig. 3.10.11 Colby's correction curves for temperature and fine sediment 
(Colby, 1964). 

to 0.30 nun range, the factor k3 from Fig. 3.10.11 is applied to correct 
for the effect of sediment size; (4) the sediment discharge, q1 corrected 
for the effect of water temperature, presence of fine suspended sediment 
and sediment size is given by the equation 

3.10.43 

As Fig. 3.10.11 shows, k1 = 1 when the temperature is 60° F, k2 = 1 
when the concentration of fine sediment is negligible and k3 = 1 
when d50 lies between 0.2 nun and 0.3 mm. The total sand discharge is 

3.10.44 

where W is the width of the stream. 
In spite of many inaccuracies in the available data and uncertainties 

in the graphs, Colby (1964) found that " .•• about 75 percent of the sand 
discharges that were used to define the relationships were less than 
twice or more than half of the discharges that were computed from the 
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graphs of average relationship. The agreement of computed and observed 
discharges of sands for sediment stations whose records were not used 
to define the graphs seemed to be about as good as that for stations 
whose records were used." 
3.10.13 Calculation of bed-material discharge by the Colby method 

In order to compare the results calculated by Colby's method, the 
sample problem used to illustrate the Einstein method is used. The 
required data are taken from Table 3.10.3. In addition, the water 
temperature and the fine sediment concentration are assumed to equal 70°F 
and 10,000 ppm, respectively. For convenience, the calculations are 
summarized in the form of tables. Table 3.10.5 contains the calcula-
tions over all size fractions using the median diameter of bed material; 
whereas, Table 3.10.6 contains the calculations for individual fractions 
using the bed-material size distribution. 

Table 3.10.5 Bed material load calculations for sample problem by 
applying the Colby method (overall computations). 

(1) 

1.36 
1. 76 
2.50 
3.30 
4.14 

(1) 

(2) 
(3) 
(4) 

(5) 

(6) 

w 

QL 
103 
136 
170 
194 
234 

v 

QL 
2.92 
4.44 
6.63 
8.40 
9.92 

~ 
14.5 
50.0 

135. 
220. 
325. 

kl 

ill_ 
0.92 
0.91 
0.91 
0.90 
0.90 

k2 

lli__ 
1. 20 
1. 21 
1.22 
1. 23 
1.25 

= mean depth ft taken from Table 3.10 . 3. 

k3 

Ql_ 
.99 
.99 
.99 
. 99 
. 99 

= surface width ft taken from Table 3.10 . 3. 
= average velocity fps taken from Table 3.10.3. 

qT 

ill_ 
15.6 
55.0 

150. 
243 . 
365 . 

= uncorrected sediment discharge tons/day/ft width taken 
from Fig. 3.10.10 for the given V, y and o50 by 
logarithmic interpolation. 0 

= correction factor for temperature, given in Fig. 3.10.11. 
= correction factor for fine sediment concentration, given 

in Fig. 3.10.11. 

QT 

ill_ 
1,610 
7,480 

25,500 
47,100 
85,410 

(7) 

(8) 

= correction factor for sediment size, given in Fig. 3.10.11. 

(9) 

= true bed-material discharge per unit width of stream 
tons/day/ft width given by Eq. 3.10.43. 

= bed-material discharge for all size fractions for entire 
cross section tons/day given by Eq. 3.10.44. 



Table 3.10.6 Bed-material discharge calculations for sample problem 
by applying the Colby method (individual size fraction 
computation}. 

;. Yo • v 
"" kl k2 ., "r ;B"r ;.<l.r 

_ilL _ill_ _ill_ _ill_ _w_ _ill_ .J2L __ill_ __ill_ ..1!QL __!ill_ .Jill_ 
0 .495 .178 1.36 IOl 2 .92 12 0.92 1. 20 .62 ll 2.l 237 

1. 76 ll6 4.44 40 0 .9 1 1.21 : 62 4l 7.7 1.oso 
2.50 170 6.63 112 0.91 1.22 .62 119 21 3,570 
3.30 194 8.40 19l 0.90 1.23 .62 205 l7 7,180 
4.14 234 9.92 265 0 .90 1. 25 .62 288 51 11,900 

0.351 .402 l.l6 IOl 2.92 IS 0 .92 1.20 .92 16 6.4 659 
1. 76 ll6 4.44 45 0.91 1. 2 1 .92 49 20 2,720 
2.50 170 6.63 120 0 .91 1.22 .92 ll2 53 9,010 
3.30 194 8.40 210 0 . 90 1.23 .92 230 93 18,000 
4.14 234 9 .92 290 0.90 1.25 .92 323 llO 30,420 

0 .248 .320 1.36 IOl 2.92 18 0.92 1.20 1.00 20 6.4 659 
1.76 ll6 4. 94 Sl 0.91 1.21 1.00 58 19 1,580 
2.50 170 6.63 140 0.91 1.22 1.00 ISS so 8,500 
3.30 194 8 . 40 240 0.90 1.23 1.00 266 85 16,500 
4 . 14 214 9.92 l45 0 .90 1.25 1.00 , .. 124 29,000 

0 . 175 . 058 1.36 103 2.92 23 0.90 1.25 1.00 25 1.5 155 
l. 76 ll6 4.44 64 0.91 1.21 . 97 70 4.1 558 
2.50 170 6 .63 163 0.91 1.22 .97 180 10 1,700 
3.30 194 8 .40 305 0.90 1.23 . 97 ll7 20 3,880 
4.14 2l4 9.92 420 0.90 1.25 .97 471 27 6,320 

(I) 0 • representative arain size, -. given in Table 3 . 10.2 . (8) k2 • correction factor for fine sedi8Cnt, aiven in Fla . 3.10 .11. 
(2) ib • fraction of bed aaterial, taken f ro. Table 3.10.2. 

(9) ., • correction factor for sedi~t size, given in Fla . 3.10 . 11 . 
(l) y0 • average flow depth, ft , take n froa Table 3.10.3 . (10) "r • corrected bed-aateria1 discharae per unit width by 
(4) W • top width, ft, taken fr011 Table 3.10.3. ass~ing the bed is COitpOSed entirely of one sand of ai:te 
(5) v • average velocity, fps, taken fro•Tab1e 3 . 10 .3. D, tona/day/ft width, given by Eq. 3.10.43. 
(6) ~ • uncorrect sedient discharge per unit width auuaina (Ill ;B"r • bed-uterial discharge per unit width for a size fraction, 

the bed is c011posed entirely of one sand of siz.e tons/day/ft width. 
(d), tons/day/ft width, taken fr011 Fia. 3 . 10.10 (12) ;.~ • W 18Cir, the bed-aateria1 discharge for a s ite fraction for 
by interpolation on logarith•ic paper for the 

entire cross section, tons/day . aiven V, D, and d . 
(7) k1 • correction factor for te•perature, aiven in Fla. 3.10.11. 

H 
H 
H 
I 

-....) 
0 
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The results of bed-material discharge calculations for the sample 
problem by using Einstein's (1950) , and Colby's (1964) methods are shown 
in Fig. 3.10.12. The curves indicate that the sediment discharge increases 
rapidly with increasing water discharge. 
have resulted from different methods. As 
derived from bed load measurements, it is 

However, considerable deviations 
I Einstein's method is basically 

questionable to apply this 
method to calculate bed-material load having most sediment in suspension 
such as the case in this sample problem. 
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~ d 
~ 
0 
~ 

~ 
~ 
~ 
~ 
~ 
0 
~ 105 
·~ 
0 
~ · 
~ 
~ 
~ 
~ 

102 

102 107 

Bed-Material Load, tons/day 

Fig. 3.10.12 Comparison of the Einstein and Colby methods. 

3.10.14 Comparison of the Meyer-Peter, Muller and Einstein contact load 
equations 

Chien (1954) has shown that Meyer-Peter and Muller equation can be 
modified into the form 

~* = (~* - 0.188) 3
/

2 3.10.45 

Fig. 3.10.13 shows the comparison of Eq. 3.10.45 with Einstein's ~* vs. 
~* relation for uniform bed material and for sediment mixtures using 
o35 in the Einstein relation and o50 in the Meyer-Peter and Muller 
relation . They show good agreement . 
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Symbol Material o, m.m. Sp. Gr. 

• Gravel 2.8 .6S .•. 1 • Sand !5.20 2.68 
1 0 Lignite Brttzt 5.20 1.25 

0 Baryta 5.20 4.22 
0 Sand 0 .78!5 2.68 

• Palystrtne 4.7!5. '5.18 1.8e2 
.3 • 2.38 
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Fig. 3.10.13 Comparison of the Meyer-Peter, Muller and Einstein methods for 
computing contact load (Chien, 1954). 

3.11.0 COARSE-MATERIAL STREAMS 

The pJte.c.e.cU.ng fucuMion. on a...U.u.v...i.a.l c.ha.n.n.et n.e,.ow )A ma...i..nty Jteta..ted 
to ~a.n.dbed c.ha.n.n.~; that is , channels with noncohesive bed materials 
of size less than 2 nun. The o:theJt c.la.M on c.ha.n.n.~ pe.Jl..t,tn.e.n.t :to h,.[ghwa.y 
en.gin.ee.Un.g ~ :tha.:t o6 c.oa.Me.-ma.:te.Ua.l c.ha.YI.YI.~. This classification 
includes all channels with noncohesive bed materials coarser than 2rnrn 
size. 

The beha.vioJt of coarse material channels ~ ~omewha.:t di66eJten.t 
from sandbed channels. The main distinction between the two channels 
lies in the spread of their bed-material size distribution. In sandbed 
channels, for example, the bed may consist of particles from 0.02 to 
2.00 mrn; i.e. a 100-fold size range. In coarse-material channels, even 
if the maximum size is limited to cobbles (250 mm), the size range of 
particles may be 0.10 to 250 mm, which is a 2,500-fold size range. The 
armoring of a channel is, therefore, more pronounced in coarse material 
channels. In general, the coarse-material channels are less active and 
slower in bank shifting than sandbed channels. 
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The. phe.nome.non on aJUnoJU.ng -in mobile. be.d c.ha.nnel-6 OC.c.uiLO by the. 
Jt.e.aM.a.nge.me.nt on be.d ma.teJL.i.a1.. dwrJ..ng move.me.nt. The bed is covered by 
a one particle thick layer of the coarser material underlain by the 
finer sizes. (An example of armoring is given in Chapter VIII.) 
The absence of finer sizes from the surface layer is caused by the 
winnowing away of these sizes by the flow. As the spread of particle 
sizes available in the bed of coarse-material channels is large, these 
channels can armor their beds and behave as rigid boundary channels for 
all except the highest flows. The bed and bank forming activity in 
these channels is therefore limited to much smaller intervals of the 
annual hydrographs than the sandbed channels. 

The general lack of mobility in coarse-material channels also 
means the bed forms do not change as much or as rapidly as in sandbed 
channels. The roughness coefficients in coarse-material channels are 
therefore more consistent during the annual hydrographs than in sand-
bed channels. Most of the resistance to flow in coarse-material 
channels comes from the grain roughness and from bars. The river bed 
forms (dunes) are less important in the hydraulic behavior of coarse-
bed channels . 

Another special condition in coarse-material channels relates to 
the sampling and size analysis of bed material. As the particle sizes 
in these channels are large, fairly large volumes of material are 
needed to determine the particle size distribution. Also, the sudden 
variation in size from the surface layer to underlying material means 
that sampling has to be specifically oriented to either the bed layer 
or the material in a finite depth of the bed. These aspects of coarse-
material channels are discussed in the following paragraphs. 
3.11.1 Bed-material sampling in coarse-material channels 

are: 
The. puJtpo.6U on be.d-ma.te.JU.a.l .6amp.Ung in coarse-material channels 

(1) To determine the conditions of -i.nc.ip-i.e.nt move.me.nt. 
(2) To assess the bed roughness related to the Jt.eA~tanc.e. to 6tow. 
(3) To determine the be.d-ma.te.JU.a.l load for a given flow. 
(4) To determine the long and short time Jt.e..6pon.6e. of the channel 

to specific activities . 
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For objectives (1) to (3), the properties of the surface layer are needed. 
If it is anticipated that the bed layer will be disrupted at any given 
stage, it is necessary to take a scoop sample of both the surface and 
subsurface material. 

The surface sampling can be easily done on the channel bed by counting 
particles on a grid, as already explained in this chapter . However, special 
effort should be made to obtai n an objective sample. There is a tendency 
to select too many large particles. The scoop sample with bed-material 
sizes larger than an inch or so is difficult to obtain and such samples 
may have to be collected from bars and other exposed areas on channel 
perimeter~ 

In the size distribution analysis of coarse-bed materials, it is 
necessary to obtain particle counts by number, rather than by sieving 
or visual accumulation tube analysis for a part of the sample. Care 
must be taken in the interpretation of frequency distribution of part of 
a sample obtained by sieving. Only if the size distribution in a 
sample follows log-normal probability distribution can we transfer 
number counts to d1stributions by size, volume, weight or surface areas 
directly. For other distributions, special numerical techniques have to 
be used to transform the number distributions to weight or size 
distributions. 

If the objectives of bed-material sampling include bed roughness and 
channel response, then the particles coarser than o84 or o90 need to 
be analyzed with more care. These sizes also require large samples for 
their determination. 
3.11.2 Hydraulics of coarse-material channels 

In sandbed channels, the form roughness can be much greater than 
the grain roughness when the bed forms are ripples and dunes. In coarse-
material channels, the ripples never form and dunes are rare. The main 
type of bed form roughness in such channels is the pool and riffle 
configuration. With this configuration, the grain roughness is the main 
component of the channel roughness. 

A coarse-material channel may have bed material that is only partly 
submerged during most of the flows. It is difficult to determine the 
channel roughness for such beds. For other cases, analysis of data from 
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many rivers, canals and flumes (Anderson et al., 1968) shows that the 
channel roughness can be predicted by the equation 

1/6 n = 0.04 o50 
where o50 is measured in ft and n is Manning's n. 
3.11.3 Sediment transport irt coarse-material channels 

3.10.46 

In considering the sediment transport in coarse-material channels, 
the distinction between wash load and bed material load is reemphasized. 
The reason is that in such channels, particles as big as coarse sand may 
behave as wash load. These particles may not be available in sufficient 
quantities in the bed surface and yet may constitute a large part of 
the total sediment load. It is repeat ed here, that the wash load in an 
alluvial channel cannot be related to the local flow or the channel bed 
and therefore is not predictable f rom the known channel flow properties. 

The bed material load in coarse bed channels is mostly transported 
as bed load and not as suspended load . Fo~ t he bed-load tnanopo~, 
U.ute.hr. 1.6 bed-load fiu.nc.tion (w.L:thou.t the .6u..6pen.ded-load c.omponentl 
a.nd the Mey~-Pet~ Mu.U~ ~a.nopo~ fiu.nc.tion. ha.ve been fiou.nd :to be 
6 cU.!l.ly u..6 e fi u.L 
3.11.4 Long and shor t term response of coarse-material channels 

The time response of coarse-material channels also is differ ent 
from sandbed channels in the time scale of response. This time response 
is dominated by two factors: (1) the difference in particle size between 
the surface (armor) layer of the bed and the bed mateTial below it, and 
(2) the wash load may extend to coarse sand sizes. These factors are 
discussed below. 

The fio~ilion o6 a.n ~a~ lay~ on :the bed ma.y immobilize :the bed 
fio~ a. ~ge p~ ofi :the hy~og~a.ph . However, if the conditions for 
incipient movement of this layer ar e exceeded, the underlying finer 
bed material will be readily picked up by the f l ow. The channel t hen 
establishes an armor of larger size particles for which a substantial 
depth of the bed may be degraded. Thus, extreme flow events in 
coarse-material channels are capable of inducing rapid and large bed-
leve l changes. 

The coarse sand and larger part i cles may behave as wash load in 
coarse material channels; that i s , although the flow may be transporting 



I II -76 

a large quantity of these ?articles, the botmda:r:• .s 'hear may be large, 
so that these particles c::e not fC:;.L"'ld :..::-; appreciab le quanti :ies in the 
armor layer. I£ tl·.r_ bc;.L11d0.''-0 .:;.l:ea..~c ;_~ ~.c..C.:t...ce..C: b~· :::{tfux. a:t. a hi..ghjija.y 

CAOM .0tg , the £Lov.' ma.y r .. c< .6 U.!· t.o..i..v: :t.i>~c ~"'t;;~ v:.J~~.,C ::..~ vJaJ.. h tc o..d a.r:.d Jta.p..i..d 
aggJtO..da;t.{.on may C'CC.lL'L In general, afflu:x at higJ-:\\·ay crossings induces 
rapid and more pronounced channel response J.T: coarse material channels. 

3.12. 0 OPEN C~NEL MODEi.ING 

In the present context, J:Jodels are replication of phenomena associated 
with the behavior of highway crossings. The models may be physical 
models; that is, small-scale physical replications. They may also be 
mathematical when they are mathematical abstractions of the phenomena. 
Models are used to test the performance of a design or to study the 
details of a phenomenon. The performance tests of proposed structures 
can be made at moderate costs and small risks on small-scale (physical) 
models. Similarly, the interaction of a structure and the river environ-
ment can be studied in detail. 

The natural phenomena are governed by appropriate sets of governing 
equations. If these equations can be integrated, the prediction of a 
given phenomenon in time and space domains can be made mathematically. 
In many cases related to river engineering, all the governing equations 
are not known. Also, the known equations cannot be directly treated 
mathematically for the geometries involved. In such cases, models are 
used to physically integrate the governing equations. 

Similitude between a prototype and a model implies two conditions: 
(1) To each point, time and process in the prototype, a uniquely 

coordinated point, time and process exists in the model. 
(2) The ratios of corresponding physical magnitudes between 

prototype and model are constant for each type of physical 
quantity. 

3.12.1 Rigid boundary models 
To· satisfy the preceding conditions in clear water, geometric, 

kinematic and dynamic similarities must exist between the prototype and 
the model. Ge.ome.ttvi.c. .6~1j tc..e.ne.M to the .6.-i..mil.afl..,Lty on nOJtm between 
the ptc..ot.otype and U.6 modeL. K..i..nema.tic. .6~1J tr.ene.M to .6~1J 
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o6 motion, wfU.R..e. dyY!111rlic.. .6~Y b., a .6c..a.U.ng ot) ma.-Mu and fionc..u. 
For kinematic similarity, patterns or paths of motion between the model 
and the prototype should be geometrically similar . If similarity of 
flow is maintained between the model and the prototype, mathematical 
equations of motion will be identical for the two . Considering the 
equations of motion, .:the. dhne.Vl..6ion.£.u.6 natio-6 on ~ (Fnoude. numbe.n) ;gy 
and Vy (Re.yno.id.6 n.umbe.n) ane. bo.:th .6.igni6ic..an..:t paname..:te.M in model.-6 o6 

\) 

nigid boundany c..le.an wa.:te.n open c..ha.nne£ t)low. 
It is seldom possible to achieve kinematic, dynamic and geometric 

similarity all at the same time in a model. For instance, in open 
channel flow, gravitational forces predominate, and hence, the effects 
of the Froude number are more important than those of the Reynolds number. 
Therefore, the Froude criterion is used to determine the geometric scales, 
but only with the knowledge that some scale effects, that is, departure 
from strict similarity, exi sts in the model. 

Ratios (or scales) of velocity, time, force, and other characteristics 
of flow for two systems are determined by equating the appropriate 
dimensionless number which applies to a dominant force. If the two 
systems are denoted by the subscript m for model and p for pro-
totype, then the ratio of corresponding quantities in the two systems 
can be defined. The subscript r is used to designate the ratio of the 
model quant ity to the prototype quantity. For example, the length ratio 
is given by 

X Ym z 
L m m 3.12.1 = -= -= r X yp z p p 

for the coordinate directions x, y, and z. Equation 3.12 .1 assumes a 
condition of exact geometric simi larity in all coordinate directions . 

Frequently , open channel model s are distorted. A mode£ i-6 .6aid .:to 
be. di-6 .:to n.:te.d l6 .:then e. an e. v a.nia.b .e. u .:tha..:t ha. v e. .:the. .6 am e. dlm e.Vl..6lo n b u.:t a.n e. 
modete.d by dlfifie.ne.n..:t .6c..a.le na..:tlo-6. Thus, geometrically distorted models 
can have different scales in horizontal (x,y) and vertical (z) directions 
and two equations are necessary to define the length ratios in this case. 
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X ym 
L m = -= - 3.12.2 r X yp • p 

and 
z m z = 3.12.3 r z p 

If perfect similitude is to be obtained the relationships that must 
exist between the properties of the fluids used in the model and in the 
prototype are given in Table 3.12.1 for the Froude, Reynolds and Weber 
criteria. 

In free surface flow, the length ratio is often selected arbitrarily, 
but with certain limitations kept in mind. The Froude number is used as 
a scaling criteria because gravity has a predominant effect. However, if 
a small length ratio is used (that is, the water depths are very shallow) 
then surface tension forces, effects of which are included in the Weber 

v number ( ) may become important and complicate the interpretations 
lcr/pL 

of results of the model. The length scale is made as large as possible 
so that the Reynolds number is sufficiently large and friction becomes 
a function of the boundary roughness and essentially independent of the 
Reynolds number . A large length scale also insures that the flow is 
turbulent in the model as it is in the prototype. 

The boundary roughness is characterized by Manning's roughness 
coefficient, n, in free surface flow. Analysis of Manning's equation 
and substitution of the appropriate length ratios, based upon the Froude 
criterion, results in an expression for the ratio of the roughness which 
is given by 

n r 
= L 1/6 

r 3.12.4 

It is not always possible to achieve boundary roughness in a model and 
prototype that correspond to that required by Eq. 3.12.4 and additional 
measures, such as adjustment of the slope, may be necessary to offset 
disproportionately high resistance in the model. 
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Table 3.12 .1 Scale ratios f or similitude • 

Scale Ratios 

Characteristic Dimension Re Fr We 

Length L L L L 

Area L2 L2 L2 L 2 

Volume L3 L3 L3 L3 

Time T 2 pL Ill (Lp/y)l/2 (L3p/cr)l/2 

Velocity L/T ll/Lp (Ly/p) 1/2 (cr/Lp) 1/2 

Acceleration L/T2 / /p 2L3 y/p 2 cr/L p 

Discharge L3/T Lll / P L 5/ 2 y_l/2 L3/2(cr/p) l/2 
p 

M 3 L3p 3 Mass · L P L p 

ML/T2 2 L3y Force ll /p Lcr 

Density M/L3 p p p 

Specific weight M/L2T2 2 3 cr/L2 ll /L p y 

Pressure M/LT2 ll2/L2p Ly cr/L 

Impulse and 
L2ll L7 /2 (p y) 1/2 LS/2(pcr)l/2 momentum ML/T 

Energy and work ML2/T3 2 Lll /p L4y 2 L cr 

Power ML2/T3 ll3/Lp 2 
L7/2y3/2 

0 3/2(L/p)l/2 
1/2 p 

3.12.2 Mobile bed models 
In modeling highway ~o~~~ng~ and en~oaehment6 ~n the niv~ env~on

ment, :tfvtee-~eM~Onai. mobile bed modW M.e On.ten uoed. These models 
have the bed and sides molded of mater ials that can be moved by the 
model flows. Similitude in mobile bed models implies that the model 
r eproduces the fluvi al processes such as bed scour, bed deposition, 
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lateral channel migration, and varying boundary ro~ghness. It has not 
been considered possible to faithfully simulate all of these processes 
simultaneously on scale models. Distortions of various parameters are 
often made in such models. 

Two approaches are available to design mobile bed models. One is 
the analyzical derivation of distortions explained by Einstein and 
Chien (1956) and the other is based on hydraulic geometry relationships 
given by Lacey, Blench, and others (See Mahmood and Shen, 1971). In 
both of these approaches, a first approximation of the model scales and 
distortions can be obtained by numerical computations. The model is built 
to these scales and then verified for past information obtained from 
the prototype. In general, the model scales need adjusting during the 
verification stage. 

The model verification consists of the reproduction of observed 
prototype behavior under given conditions on the model. This is 
specifically directed to one or more alluvial processes of interest. 
For example, a model may be verified for bed-level changes over a 
certain reach of the river. The predictive use of the model should be 
restricted to the aspects for which the model has been verified. 
This use is based on the premise that if the model has successfully 
reproduced the phenomenon of interest over a given hydrograph as 
observed on the prototype, it will also reproduce the future response 
of the river over a similar range of conditions. 

The mobile bed mode.£6 Me moJte cU66)_c.u£.:t :to d~)_gn. and :thw :theoJty 
.V., vMily c.ompUc.a:ted M c.ompaJz.ed :to c.teaJL wa:teJt )t)_g)_d bed mode.£6. 
However, many successful examples of their use are available the world 
over. In general, all important river training and control works are 
invariably studied on physical models. The interpretation of results 
from a mobile bed model requires a basic understanding of the fluvial 
processes and some experience with such models. Even in the many cases 
where it is only possible to obtain qualitative information from a 
mobile bed models, this information is of great help in comparing the 
performance of different designs. 
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3.Al.O SEDIMENT TRANSPORT IN GRAVEL RIVERS 

In Section 3.10.8, the Meyer-Peter and Muller equations for bed-
material sediment transport is presented. The equation6 ~e ~ecommended 
nolL computa..:Uon6 on bta.n6poltt ~a:tu br. coaJL6e ma:teJU..al. channe£.6. A 

sample computation is presented below. 
3.Al.l Sediment transport rate 

A gravel river is 200 ft wide and has a slope of 0.0005. The 
discharge is 7000 cfs and the depth of flow is 9.80 ft. The bed 
material has the grain size distribution shown in Table 3.Al.l. 

Table 3.Al.l Bed material size distribution. 

Size range Percent of total 
rnrn weight in size range 

0.002 -0.0625 0.9 
0.0625-0.125 4.4 
0.125 -0.250 14 .2 
0.250 -0.500 74.9 
0.500 - 1.00 5.0 
1.00 -2.00 0.5 
2.00 -4.00 0.3 

We need to extract more information about the bed material so 
Table 3.Al.2 is prepared. The geometri c mean size is defined to be the 
square root of the product of the two extreme values; e.g. the geometric 
mean size for the first size range= 1(0.002)(0.0625) = 0.011 rnrn. 

The effective diameter of the bed-material sediments is given 
by Eq. 3.10.18 or 

D = m 

I P. D. 
i 1 1 

100 = 34.52 
100 = 0.345 rnrn = .00113 ft 

The size distribution i s plotted on log-probability paper in 
Fig. 3.Al.l and t he following values are obtained: 

D90 = 0.46 rnrn 

D84 = 0.42 rnrn 

Dso = 0.31 rnrn 

D16 .. 0.24 rnrn 
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Table 3.Al.2 Bed-material size fractions. 

Size range 
mm 

Geometric mean Percent of bed materi-
size, D. mm al in this si~e, P. 

1 1 ------
.002 - .0625 0.011 0.9 
.0625 - .125 0.088 
.125 - .250 0.177 
.250 - .500 0.354 
.500 -1.00 0.707 

1.00 -2.00 1.41 
2.00 -4.00 2.83 

1.0 
.8 

~ .6 

"' .4 Cl) 
N 

·.-! 
Vl 

Cl) 
> Cl) .2 ·.-! 
Vl 

.1 
TO 20 

4.4 
14.2 
74.9 
5.0 
0.5 
0.3 

Total 100.2 

80 
Percent finer than 

90 

Percent 
finer 

0.8 
5.1 

19.3 
94.2 
99.2 
99.7 

100.0 

95 98 

Fig. 3.Al.l Bed-material size distribution. 

and 

= !. (0.42 + 0.31) = 1.32 
2 0.31 0.24 

This gradation coefficient is used in later calculations. 

P.D. 
1 1 

0.01 
0.39 
2.51 

26.51 
3.54 
0. 71 

0.85 

34.52 

3 .Al.l 

The Meyer-Peter and Muller equation for bed-material transport is 
Eq. 3.10.13 

Qb K. 3/2 
Cq-) Cr) yyos = 

r 
(
Y, 1/3 y s -y 2/3 2/3 

B'(ys-y)Dm + B g:J C-y) qB 
s 
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where 
ys,y = specific weight of sediment and water, respectively, 

Qb = portion of total discharge, Q related to the channel bed 

Kb = roughness coefficient related to bed 
K = roughness coefficient related to the bed-material grain r roughness 

Yo = depth of flow 
s = energy gradient 
D = mean diameter of the bed material m 
g = gravitational acceleration 

qB = bedload in units of weight/unit width/unit time 

The coefficients B' and B have values of 0.047 and 0.025, 
respectively, for the case of sediment transport (from Section 3.10.7). 

The term Kr is computed by employing Eq. 3.10.17 or 

K = 26 
r (D )1/6 

90 

26 = = 93.6 
(.00046) 176 

The Manning's roughness coefficient for the reach is (from Eq. 2.3.20) 

n = 1.486 
v 

Here, the cross-sectional area is 

A = y W 
0 

= 9.8 x 200 = 1960 sq ft 
the wetted perimeter is 

p = 2y + w 
0 

= 2 X 9.8 + 200 = 219.6 ft 
so the hydraulic ~adius is 

A 
R = p 

= 
The average velocity is 

1960 
219.6 

v = g_ 
A 

= 8.92 ft 

7000 -= 1960 - 3.57 fps 
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1By putting these values and the value of the bed slope into Manning's 
equation, we obtain 

n = ;:~~6 (8.92) 2/ 3 (.0005) 1/ 2 = 0.040 
Assuming a rectangular channel, the Manning's roughness associated 
with the bed is (from Eq. 3.10.20) 

nb = n[l + 2~0 (1 - c:w)3/2)]2/3 

where n is the bank roughness. As n is not given, assume a value w w 
of 0.060; that is, the roughness of the banks is rather large. Then 

nb = 0.040[1 + 
2 ·~~08 ) (1- ~:~:~) 31 2 ] 2/ 3 = 0.0378 

With reference to Eq. 3.10.14 we can set 

From Eq. 3.10.22 

1 
~-

~ 

1 = --==-=- = 26. 45 .0378 

Qb - 1 Q - ----;::;-2y--n--=3'"T/:-2 
1 + __£_ (~) w ~ 

1 = = 0.836 1 + 2(9.8) (.060 )3/2 
200 .0378 

Now, we have values for all the variables in the Meyer-Peter and 
Muller equation so by inserting these values 

26.45 3/2 . . 0.836 (93.58) (62.4)(9.8)(.0005) = 0.047 (165-62.4)(.00113) 
0 25 (62.4,1/3 (165-62.4)2/3 2/3 

+ ' 32.2~ 165 qB 

or 0.0384 = 0.00545 + 0.227 qB213 

so qB = 0.055 lb/sec/ft 

The total sediment discharge for the channel is 
QB = qB W 

= .055 x 200 = 11 lbs/sec 
= 475 tons/day 
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3.Al.2 Armor coating 
If the movement of bed materials out of the river reach is not 

accompanied by an equal influx of bed material at the upstream end, the 
bed degrades and develops an armor coat. The size of the armor material 
is determined from the Meyer-Peter and Muller equation (from 3.10.13) 

Qb ~ 3/2 C-) Cr) yy
0
S = 0.034 (ys -y)Dm 3.Al.2 Q r 

for zero sediment discharge. That is, the armor-coat materials are 
of size D computed by Eq. 3.Al.2 and do not move. m 

For the flow conditions described in the previous section 

Kb 26 .45 
Kr = 93.58 = 

so from Eq. 3.Al.2 

0.283 

= 0.836 (0.283) 3' 2(62.4) (9.8) (0 .0005) 0m 0.034 (165 - 62. 4) 

= 0.0110 ft 

= 3.35 mm 
This size is larger than the larger bed-material sizes so the 

bed must degrade substantially to become armored. 
3.A1.3 Rapid computations 

If the channel is wide and the bed materials have a log-normal 
size distribution, the bed-material transport can be estimated 
very quickly. 

With the assumption of a wide channel, the ratio Qb/Q becomes 
unity. 

If the bed materials have a log-normal distribution 

D 
{!. (ln G) 2} . m exp 3.A1.3 0so 

= 2 

where 
1 D 0so G = 2 (~ + -) 0so 016 
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For the gravel bed river being considered in Section 3.A1.1 

so 

and 

D m 
05o 

= 

G = 1. 32 

1 2 exp{I (ln 1.32) } = 1.04 

D = 1. 04 X 0.31 = 0.322 mm m 

The USBR short form of the Meyer-Peter and Muller equation 
(Eq. 3.10.19) is 116 Qb D 3/2 

q8 = 1.606 [3.306(q-) ( ~ ) y0 S - 0.627 Dm] 3/ 2 

Recall that 

and 

Then 

o90 = 0.46 mm 

n = 0.0378 b 

y = 9.80 ft 
0 

s = 0.0005 

3.A1.4 

0 46116 312 3/2 
q8 = 1.6o6 [3.306 Cl) c. 0378 ) (9.8)c.ooo5) - .627 c.322)J 

= 3.3 tons/day/ft 

The total bed-material discharge is 

QB = qB W 

= 3.3 X 200 

= 660 tons/day 

This compares with 475 tons/day computed using the complete form· 
of the transport equations. 
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Chapter IV 

FLUVIAL GEOMORPHO LOGY 

4.1.0 INTRODUCTION 

Rivers and river systems have served man in many ways. Rivers are 
fundamental to agriculture particularly in the arid and semiarid parts of 
the world. To some degree the flood ing by rivers and the deposition of 
sediment therefrom on the river valleys have been a means of revitalizing 
the river ~alleys to keep them productive . Rivers have provided a means 
of traveling inland and developing trade. This has played a significant 
role in the development of all countries wherever rivers of significant 
size exist. 

Rivers have different alignments and geometry. There are meandering 
rivers, braided rivers, and rivers that are essentially straight. In 
general, braided rivers are relatively steep and meandering rivers have 
more gentle slopes . Meandering channels have characteristics that enable 
us to utilize them without experiencing extensive improvement and maintenance 
cost. 

Meandering rivers are not subject to rapid movement, are reasonably 
predictable in behavior and are utilizable to man's benefit. Nevertheless, 
they are unstable, banks are eroded, productive land, bridges, bridge 
approaches, control works, buildings, and urban properties are often 
destroyed by floods. Bank protection works are often necessary to stabi-
lize certain reaches of the river and to improve them for other aspects 
of flood control. 

4.2.0 FLUVIAL CYCLES AND PROCESS 

4.2.1 Youthful, mature and old streams 
Various methods are used to classify rivers according to their age. 

One of the methods used by geomorphologists, and widely accepted by the 
engineering profession, classifies streams as youthful, mature, and old. 
Yauth-6ui. implies the initial state of streams. As channels are first 
developed in the earth's surface by the flowing water, they ~e gen~y 
V-.6ha.ped , ve.Jty .bur.egu£.a.Jr. a.nd c.ai1.6Mt afi 6tc.a.c.twz.ed e.Jta.6ive a.nd nane.Jta.6ive 
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mat~. Examples of youthful streams are mountain streams and .their 
tributaries developed by overland flow. 

There is no clean line between youthful and mature rivers. In the 
c.Me ofi mCLtutr.e c.hannw, the !Uve.Jr.. va.ilelj-6 have w,i.dened, the !Uve.Jr.. J.Jlopu 
Me filat, and bank. c.u.;tt.,[ng hM f.a!Lg eltj Jtep.tac.ed downwaJtd c.u.;tt.,[ng. The 
streambed has achieved a gJtaded c.ond,[t,[on; that is, the J.J.tope and the 

ene.Jr..glj on the J.JtJteam Me j!LOt J.Ju.fifi,i.uent to .:tJtanJ.JpoJtt the mate.Jr..,[a£. 
_de.f.,[veJted to ,i.t. With mature channels, narrow floodplains and meanders 
have formed. The valley bottoms are sufficiently wide to accommodate 
agricultural and urban developments, and where development has occurred, 
usually channel stabilization works and other improvements have been 
made to prevent lateral migration of the river. 

R,lveJt c.hannw c..f.a..6J.J,[fi,i.ed M old Me extenJ.J,[onJ.J ,i.n age ofi the mCLtutr.e 
c.hannel. As erosion continues, the river valleys develop characteristics 
of greater width and low relief; the stream gradient has flattened 
further, and meanders and meander belts that have developed are not as 
wide as the river valley. Natural levees have formed along the stream 
banks. Landward of the natural levees, there are swamps. The tribu-
taries to the main channel parallel the main channel sometimes for long 
distances before there is a breach in the natural levee that permits a 
confluence. In conjunction with an old river and its river valley, wide 
areas are available for cultivation, improvements of all types are 
built, and flood levees are generally required to protect those occupying 
the valley. Because of the more sophisticated development of the river 
valley, channel stabilization and contraction work such as revetments 
and dikes are generally constructed. 

It J.Jhoui..d be emphM,[zed that the pJtec.ed,tng c.onc.ept on the t)fuv,[a.t 
C.tjc.le _,[-6 not ac.c.epted btj a.U geo.tog,[-6~. For ·example, some consider 
a channel to be mature only after the trunk stream as well as the side 
streams have achieved a graded condition. Some define old agd as a 
condition when the entire river system is graded. Graded streams are 
referred to as those that have achieved slopes such that their energy 
is just sufficient to transport the sediment through the system that 
is delivered by the tributaries. This concept can only be applied as an 
average condition extending over a period of years. No stream is 
continuously graded. A po,[J.Jed J.J.:tJteam Jtefie!t-6 to one that ne,i.the.Jr.. aggJtadu 
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OIL degtr.a.deo ili c.hannei oveJL :t<..me. Bo:th gtr.a.ded and pob..ed -6:tll.ea.m.6 Me 
detic.a:te.ly balanc.ed. Any change imposed on the river system will alter 
the balance and lead to actions by the stream to reestablish balance. 
For example, a graded or poised stream may be subjected locally to the 
development of a cutoff. The development of the cutoff increases the 
channel slope, increases velocity, and increases transport at least 
locally. Changes in these variables cause changes in the channel and 
deposition downstream. The locally steepened slope gradually extends 
itself upstream attempting to reestablish equi librium. 
4.2.2 Floodplain and delta formations 

Over time, the highlands of an area are worn down. The streams 
erode their banks . The material that is eroded is utilized further 
downstream to build banks and to further the meandering process. Streams 
move laterally pushing the highlands back. Low flat valley land and 
floodplains are formed. As the streams transport sediment t o areas of 
flatter slopes and in particular to bodies of water where the velocity 
and turbulence are too small to sustain the transport of the material, 
the material is deposited forming deltas. As deltas build outward the 
up-river portion of the channel is elevated through deposition and becomes 
part of the floodplain . Also, the str eam channel is lengthened and the 
slope is further reduced. The upstream river bed is filled in and 
average flood elevations are increased . As it works across the river 
valley :thb.. :type ofi devel.opmen:t c.aMeo :the :to:tal fii.oodp.ta.in :to tr.a.b..e in 
elevation. Hence, even old streams are far from static. Old rivers 
meander, are affected by changes in sea level, are influenced by move-
ments of the earth's crust, are changed by delta formations or glacia-
tion, and are subject to modifications due to climatological changes 
and as a consequence of man 's development of them. 
4.2.3 Alluvial fans 

Another feature of rivers i s al.lu.v.£a.l fian-6. They oc.c.u.JL wheJLeveJL 
:theJLe )A a c.hange fi!Lom a -6:teep :to a fi.e.a.:t gJLad)_en:t. As the bed material 
and water reaches the flatter section of the stream, the coarser bed 
material can no longer be transported because of the sudden reduction 
in both slope and velocity. Consequently, a cone or fan builds out as 
the material is dropped. The steep side of the fan faces the floodplain. 
There is considerable similarity between a de lta and an alluvial fan. 
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Both result from reductions in slope and velocity. Both have steep 
slopes at their outer edges. Both tend to reduce upstream slopes. 
Alluvial fans, like deltas, are characterized by unstable channel 
geometries and rapid lateral movement. An action very similar to the 
delta develops where a steep tributary enters a main channel. The 
steep channel tends to drop part of its sediment load in the main 
channel building out into the main stream. In some instances, the main 
stream can be forced to make drastic changes at the time of major 
floods by the stream's tributaries. 

4.3.0 STREAM FORM 

A study of the plan and profile of a stream is very useful in 
understanding stream morphology. Plan-view appearances of streams are 
many and varied and are the result of many interacting variables. Small 
changes in a variable can change the plan view and profile of a river, 
adversely affecting a highway crossing or encroachment. Conversely the . 
highway crossing or encroachment can inadvertently change the plan view 
or profile adversely affecting the river environment. In this section 
the stream form is classified and the channel processes are discussed. 
4.3.1 The braided stream 

A b!UU..de.d .t>:tJr.eam i-6 one. ;thCLt c.oMil>:t6 on muW.p.te. a.nd in-te!UA.ung 
c.ha.nne.£..6 (see Fig. 1. 2 .1). One. c.a.u..6e. on b!UU..ding i-6 ;the. .ta.Jr..ge. qua.n.:tU:y 
0 n b e.d .to a.d .:tluLt .:the. .6 :tJr.eam i-6 u.na.b.te. .:to :tJr.a.l1.6 polt..:t. The rna gni tude 0 f 
the bed load is more important than its size. Many geologists claim 
that braiding is independent of the size of the bed material at least in 
the sand range. If the channel is overloaded with sediment, deposition 
occurs, the bed aggrades, and the slope of the channel increases in an 
effort to obtain a graded state. As the channel steepens, the velocity 
increases, and multiple channels develop. These interlaced multiple 
channels cause the overall channel system to widen. Multiple channels 
are generally formed as bars of sediment are deposited within the main 
channel. 

Ano:theJc. c.a.u..6e. on b!UU..ding i-6 e.a.1>ily eJc.ode.d ba.nlu.. If the banks 
are easily eroded, the stream widens at high flow and at low flow bars 
form which become stabilized, forming islands. In general, a braided 
channel has a large slope, a large bed-material load in comparison with 
its suspended load, and relatively small amounts of silts and clay in 
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the bed and banks. Fig. 4.3.1 may assist to define the various conditions 
for multiple channel streams. 

B;raiding due to steep I slope ~ith degradation 

Braiding due Braiding due to s teep slope 
to steep slope vith approximate equilibrium 

Braiding due to steep slope 
Braiding •ulti ple with aggradation 

channel streams Braiding due to steep slope 
Nith aggradation 

Braiding due Braiding due to moderate 
to aggradation slope with aggradation 

Multiple 
channel 
streaas Braiding due to low slope 

with aggradation 

Lnnd de l ta t ype 

Non-braiding 
multiple channels 

Ordinary de 1 ta type 

Fig. 4.3.1 Types of multi-channel streams. 

The bJr.aided ,t,bteam )A cUfi fiic.u.U: :to WoJr.k. wah in. tha;t U )A un.-6ta.b.f.e, 
c.ha.n.g u w wg nm en.t Mpide.y, c.aJUU u .f.a.ttg e q ua.n,ti.;Uu o 6 -6 ecii.m en.t, i-6 
veJr.y wide a.n.d -6ha.Uow even. a;t filood filow a.n.d i-6, lvt gen.eJr.a.t, un.pJr.edic.ta.bte. 
4.3.2 The meandering channel 

The mea.n.de!r.in.g c.ha.n.n.el i-6 .the one .tha;t c.on.-6i-6.t.6 ofi a.Ue!r.n.a.Un.g ben.d6 
ofi a.n. S-,t,ha.pe. However, this is a static definition; in reality the 
meandering river is subjected to both lateral and longitudinal movement 
caused by the formation and destruction of bends. Even straight channels 
have a meandering current. In fact, in most straight channels ther e is 
a tendency for the current to meander therein and to develop alternate 
bars that may ultimately lead to the development of a meandering channel, 
given sufficient time. The meandering channel was defined by E. W. Lane 
(1957) as one whose channel alignment consi s ts principally of pronounced 
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bends, ·the shapes of which have not been determined predominately by the 
varying nature of the terrain through which the channel passes. For 
comparison, Gerald H. Matthes (1941) stated, "the term meander is here 
applied to any letter-S channel pattern, fashioned in alluvial materials, 
which is free to shift its location and adjust its shape as part of a 
migratory movement of the channel as a whole down the valley." 
Fig. 4.3.2 illustrates the meandering river form. 

The meandering river consists of pools and crossings. The thalweg, 
or main current of the channel, flows from the pool through the crossing 
to the next pool forming the typical S-curve. In the pools, the 
channel ·cross section is somewhat triangular. Point .bars form on the 
inside of the bends. In the crossings, the channel cross section is 
more rectangular and depths are smaller. At low flows the local slope 
is steeper and velocities are larger in the crossing than in the pool. 
At low stages the thalweg is located very close to the outside of the 
bend. At higher stages, the thalweg tends to straighten. More 

Fig. 4.3.2 Meanders in Mississippi River near Greensville, 
Mississippi. 

specifically, the thalweg moves away from the outside of the bend 
encroaching on the point bar to some degree. In the extreme case, the 
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shifting of the current causes chute channels to develop across the 
point bar at high stages. Fig. 4.3.3 shows the plan view and cross 
section of a typical meandering stream. In this figure, one can 
observe the position of the thalweg, the location of the point bars, 
alternate bars and the location of the pools and crossings. Note that 
in the crossing the channel is shallow compared to pools and the banks 
may be more subject to erosion. 
4.3.3 The meandering process 

Alluvial channels of all types deviate from a straight alignment. 
The thalweg oscillates transversely and initiates the formation of 
bends. In general, the river engineer concerned with channel stabili-
zation should not attempt to develop straight channels. In a ~tnaight 
c.ha.nnei. .the aU:vr.na.te bcvu, and .the .thalweg (.the deep~ and ~halloW!.> ) 
~e c.ontinuatty c.hanging; thus the current is not uniformly distributed 

-- High- water Profile - --;J.- =~-------. . Pool Cros-;;---J:ow- wat ... . ~ ·.\ ' ':·~.· ... ·,.:::·.· ··a .. •·• •·: ... · . ............ ';·:.,... g --!!:.f'!2!.i.!,e 

Section A-A 

...... : . . -----c . ···.':. ·.·.-.:. . -----

..,..~,. • •• -:r~ 
:·.:·. -; ·.... _._.·: · 

·.·,. .::·· 
Alternate · ··· 

Bar 
Section C- C 

••• 0 ••• 

Section 8-B 

~ 
Section 0-0 

Fig. 4.3.3 Plan view and cross section of a meandering stream. 

through the cross section but is deflected toward one bank and then the 
other. Sloughing of the banks, nonuniform deposition of bed load by 
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debris such as trees, and the Coriolis force have been cited as causes 
for meandering of streams. When. .the c.WVten..t ..L6 ciiJr.ec..ted .towa.Jr.d a. ba.n.k, 
.the ba.n.k ..L6 vwded )..n. .the a.Jr.ea. ofi hnpbtgemen..t a.n.d .the c.uMen..t ..L6 de-
filec..ted a.n.d hnp)..n.g e-6 upon. .the o ppM lie ba.n.k n WL.theJt down.6:tll.ea.m. The 
angle of deflection of the thalweg is affected by the curvature formed 
in the eroding bank and the lateral depth of erosion. 

In general, ben.do a.Jr.e fionmed by .the p~oc.e.-6~ o6 eJto~)..on. a.n.d depo~~n.. 
Erosion without deposition to assist in bend formation would result only 
in escalloped banks. Under these conditions the channel would simply 
widen until it was so large that the erosion would terminate. The 
material eroded from the bank is normally deposited over a period of 
time on the point bars that are formed downstream. The point bars 
constrict the bend and enable erosion in the bend to continue, accounting 
for the lateral and longitudinal migration of the meandering stream. 
Erosion is greatest across the channel from the point bar. As the point 
bars build out from the downstream sides of the points, the bends 
gradually migrate down the valley. The point bars formed in the bend-
ways clearly define the direction of flow. The bar is generally stream-
lined and its largest portion is oriented downstream. If there is very 
rapid caving in the bendways upstream, the sediment load may be sufficient-
ly large to cause middle bars to form in the crossing. 

As a meandering river system moves laterally and longitudinally, 
the meander loops move at an unequal rate because of the unequal erodi-
bility of the banks. This causes a tip or bulb to form and ultimately 
this tip or bulb is cut off. After the cutoff has formed, a new bend 
may slowly develop. Its geometry depends upon the local slope, the 
bank material, and the geometry of the adjacent bends. OveJt .time .the 
local ~.teep ~lope c.a.Med by .the c.u.to-66 ..L6 ~Wbu.ted both up~>:tll.ea.m a.n.d 
down.6:tll.ea.m. Years may be required before a configuration characteristic 
of average conditions in the river is attained. 

When a cutoff occurs, an oxbow lake is formed (see Fig. 4.3.4). 
Oxbow lakes may persist for long periods of time before filling. 
Usually the upstream end of the lake fills quickly to bank height. 
Overflow during floods carries fine materials into the oxbow lake area. 
The lower end of the oxbow remains open and the drainage and overland 
flow entering the system can flow out from the lower end. The oxbow 
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Fig. 4.3.4 Major floodplain deposits in the meander belt of the Mississippi 
River, after Waterways Experiment Station Potamology Investigation 
Report No. 12-15 (1965). 



gradually fills with fine silts and clays. Fine material that 
ultimately fills the bendway is plastic and cohesive. As the river 
channel meanders it encounters old bendways filled with cohesive 
materials (referred to as clay plugs). These plugs are sufficiently 
resistant to erosion to serve as essentially semipermanent geologic 
controls. Clay plugs can drastically affect river geometry. 

The variability of bank materials and t he fact that the river en-
counters such features as clay plugs causes wide variety of river forms 
even with a meandering river. The meander belt formed by a meandering 
river is often fifteen to twenty times the channel width. 
4.3.4 Natural levees and back swamps 

Natural levees are a characteristic of old river systems. The 
na..twr.a.i. ..e.eveu ne.aJt :the !UveJc. Me ncttheJc. .tdeep bec.a.w.,e c.oaMe mctte!Uai. 
dJtop.6 ou:t qc.Uc.kly. Farther from the river the gradients are flatter 
and the finer materials drop out. Beyond :the ..e.eveu Me :the ~wamp all.~. 
On the lower Mississippi River, natural levees on the order of ten 
feet in height are common. The rate of growth of natural levees is 
smaller after they reach a height equal to the average annual flood 
stage. 
4.3.5 Subclassification of river channels 

There are subclassifications within the major types of meandering, 
straight and braided channels that are of use to the geomorphologist and 
engineer . Low, moderate and high sinuosity are illustrated in Fig. 4.3.Sc. 
Classification based on oxbow .take6 is illustrated in Fig. 4.3.Sd. In 
Fig. 4.3.Se, types of mean.den ~efl..o..e..t fioJc..ma:tion.6 are illustrated. By 
studying scroll formations in terms of age of vegetation it is possible 
to quantify rate and direction of channel migration. The bank he.J..gh:t 
classification of rivers is given in Fig. 4.3.5f. Bank height is often 
an important index to age and activity of the river. Classification 
based on natural levees is illustrated in Fig. 4.3.5g. As pointed out 
earlier, well developed levees are associated with older rivers. Typical 
modern filoodplaln.6 are illustrated in Fig. 4.3.5h. The floodplain that 
is broad in relation to the channel width is indicative of an older 
river. Conversely when the river valley is narrow and confined by 
terraces or valley walls, the river flowing therein is usually mature. 
Typical vegetative patteJc.Yl.6 that are observed along meandering channels 
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T 3. Wider at Bends, Sinuous T 4. VOrioble Width, Braided 
Point Bon,~. Islands.! or Semi- Oroinoae Course of Low 
Detached tsOrs at Hands Sinuous 

Fbinf Bar Braid«~ Bor Braidtld or ldlnd 
Chan,./ Srttidtld Dro1flagtl Couae 

(a) Variability of unvegetated channel width: channel pattern at 
normal discharge 

(b) Braiding patterns 

5 I. Low ( 1-1.3) 52. Moderate ( 1.3- 2.0) 53. High (>2 .0) 

(c) Types of sinuosities 

Fig. 4.3.5 Classification of river channels (after Culbertson et al., 
1967). 
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.x2 . Many XO. Rare or Abs.nt 

(d) Oxbow lakes on floodplain 

M3. Scrolla Concentric, M2. Scroll a Foint,Mostly MI. Scrolls Poorly Developed, MO. Scroll• Ab-t,Fiood 
Regular, C~IIY Spaced Obscured by Vl91fOiion lrriQUICII', Bor • Li kl Plain hos Braided Pattern 

(e) Types of meander scroll formations 

81. I..Dw(5fl for Creeks, 
lOft for Rivers) 

BZ. Moclerolt (!HOft for 
Crllks,I0-20ft for Ri-s) 

(f) Types of bank heights 

83. HiQh(IOft for Creeks, 
20ft for· Ri-•1 

Fig. 4.3.5 Classification of river channels (after Culbertson et al., 1967) 
(Continued). 
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LO. No Levees Ll. Levees Mainly on 
Concave Bank 

L2. Levees Well Developed 
on Both Banks 

(g) Types of natural levee formations 

F2 . Broad in Relation to Channel Width Fl. Narrow, Confined by Terraces or Volley Sides 

(h) Types of modern floodplains 

··~ 
VO. Very Limited or No 

VeQetotion AlonQ 
Banks 

VI. VtQttol Growth on 
Inside of Be nds of 
the Channel 

(i) Types of vegetal patterns 

V2. Narrow Belt of V3 . Dense Vegetation 
Dense Vevetation Growth i n the 
Alono Both Bends Rive r Basin 

Fig. 4.3.5 Classification of river channels (after .Culbertson et al., 
1967) (Continued). 
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aFe shown in Fig. 4.3.Si. In general, the growth· of vegetation is 
indicative of the presence of silts and clays in the. river banks anc;l 
the floodplain. This is particularly true if the floodplain is well 
drained. With good drainage the silt and clay are essential to the 
growth of vegetation because of their water holding capability. 

A comparison of the hydraulic and morphological properties of th~ 
channels as classified in Fig. 4.3.5 is provided in Table 4.3.1. A 
detailed knowledge of the hydraulic characteristics of different typ,es 
of streams is of great value when dealing with the location of bridg_es, 
training works, flood control. works and other river ·structures. 
4.3.6 The river profile and its bed materials 

The slo.pe of a river channel or a river system is steepest in t·he 
headwater regions. The river profile is concave-upward; the slope of 
the river profile can be represented by the equation 

where 

s = s x - o 
-ax e 

S = the slope at any station a distance x downstream of the 
X f . re erence stat1on, 

S
0
= the slope at the reference station, and 

a = a coefficient . 

Similarly, the bed material is coarser in the upper reaches where the 
channel slopes are steep and the bed material becomes finer with 
distance downstream. Generally, the size of the bed material reduces 
with distance according to the relationship 

wher.e 

-Sx 0so = 050 e 
X 0 

= the size of bed material at distance 
of the reference station. 

4,. 3. 2 

X downstream 

n50 = the size of bed material at the reference station and 
0 

S = a coefficient. 
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Table 4.3.1 The comparison of hydraulic and morphological properties of 
each type of classification. 

~Uom-wtcl\11 
linuous chUUiel Tl 

Tha slop .. of rbinc ucl 
fallina llllbs an sttepar 
the for the •lnuous point 
bar chaMel and flatter 
U.... for point bar braided 
channels. Groundwater fed 
clwlnals have flat rho on4 
fall-curves. 

Tho chaanel can ba formed 
on a narrow or Oft a broad 
flooclplalll. 

Sinuosl ty low (P•I. S). 
80Cierate (l.S<P<2.0) 
or hiJII (P!.ZJi)-

A narrow belt of dense 
voret ation is found alone 
both the banks of channel. 
Tha veretal crcwth ... stly 
on the inside of chaMel 
bands is associated with 
hilh sinuosity, 

Banks are cohesive and 
"ahtant to erosion. 
hnk heights ora low to 
hilh· 

MOderate or bah bal\k 
hai&hU an aenerally 
associated with natural 
levees. 

Oxbow lakes are ceneT&lly 
not famed unless the 
slftuoslty 11 lara•· 

The concentric and regu· 
lar scTOlls are associ• 
atod with hiah sinuosity. 
The low sinuosity c:hanne 1 
h accompanied by poorly 
developed scrolls. 

braiding absent 

Sedl11ent is transported 
-.:1inly as suspended load 
c:onsistina of wash load 
and bed-mattrial load . 

Sllluous point bar 
chnnol T2 

Tha race of chance of 
slopes or rlslnr u cl 
lalllftl llllbo of tile 
hydrcrraph an 1•,. u. ... 
for the llftllore-wtdth 
slftuous chaMel ancl point 
bar braided chaMa! . 

A brood aoclern floodplain 
U auoclatod wl \II thit 
rypa of channel, 

IIOdanta (l . S<P<Z.II) 
or hip cP!,2.0)-

llallllibla to very dense 
veaetation uy be fonoe4 
021 the flooclplaift , 

lanka are relatively less 
cohesive than for the · 
llftl!ona-wt4th sinuous 
clwlnel. Tho banks are 
8odarau to hi1h. 

Natural levees are 
pnorally found on con• 
cave banks . 

Generally, oxbow lakes 
an formed by thia typo 
of channel. 

Replar. concentric and 
closely spacer! aeander 
ac:I'Ollt aTe usociated 
with this type of channel. 

braidin& absent 

Similar to t)'j)e TI . 
Sodi,.ent is Ninly 
transported throu&h aus~ 
pension . 

Point bar braided 
clwlnol TS 

Tho rho and fall of the 
hyclt'Ocraph h very otHp 
due to low sirNOii ty, 
steep tlopa and nano,. 
80Ciera flooclplalD of the 
ch&Mel. 

Cenen ll y. the mdtm 
flooclplala h narrow. 

low (1'•1.5) or 
8oderate (1 !,5 !!'!.2. 0) 

lfhea chunels have 
steep slopao tho vasa-
tal Jrclrth 11 usually 
nocli1lbla alon1 both 
!lo.nb of the ch&Mol. 

lbo banks are ltss 
~ohesive and e.ay be lov 
to IIOderately h!&h. 

Satural lev~es are 
aot fomed by tho 
choMel. 

The oxbow lakes are 
aot fo....S by the 
chaMII. 

Meander 1crolh are 
either absent OT poorly 
developed. 

sinalo bar braidina or 
single island braidina 

Sedbent is ulnly 
transported as bed load. 

lal' bnicled or !. tla.-..1 
braided clni~~ac• ecutw T~ 

Tho peat AantiOII cf 
the hycl:ornp" h 1 .... ,. 
If bni~•l il auocl-
ate4 wi~ the ne.-p 
slope of tiM chan=:el. 
Ula nto of rha a.ncl 
fall of ~ydrolftp?> 
_,be stoep. 

Tho -sm~ flooclp:air: 
•Y be :anow if "!he 
cltanael slope h stee-;-
11114 .. , be bread >f ·~ 
s1~ 1a flat, 

low (P•l .S) 

The pet:arn of ve il•ta· 
tion fa.:nd it aefteral::' 
althn w.se all ale::, 
the &reJ. of flov or 
necllal~la. 

The b&N:s arc a•r.~ral:y 
lov and c.ohe•icalcss. 

Natural levees arc no: 
fonecl. 

Oxbow laltu are n"t 
oxpecte! lo thh type 
of chan:ol. 

Meander scrolls a:-e 
DOstly a.bsent or rocn:y 
devaloptd. 

sinale :r 1111ltiple ba: 
or isla:.d braidir._. 

If slor~• are sttep., 
•ode of st"'!imer.t 
transpc::-t is si!1i lar 
to type T3. If 1 :oF•• 
are fla-:ttr, udi::ser.: 
is trar..!pcrted b,. 
suspcns=.on. 
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4.4.0 QUALITATIVE RESPONSE OF RIVER SYSTEMS 

Many rivers have achieved a state of practical equilibrium 
throughout long reaches. For practical engineering purposes, these 
reaches can be considered stable and are known as "graded" streams by 
geologists and as "poised" streams by engineers. However, this does not 
preclude significant changes over a short period of time or over a period 
of years. Conversely, many streams contain long reaches that are active-
ly aggrading or degrading. The!.> e. a.gg!ta.cUng a.nd de.gJta.cUng c..ha.nne..t6 ma.y 
po~e. a. de.6in£te. ha.za.Jtd to a.ny highway c..Jto~~ing olt e.nc..Jtoa.c..hme.nt. 

Regardless of the degree of the channel stability, man's local 
activities may produce major changes in river characteristics locally 
and throughout the entire reach. All too frequently the net result 
of a river improvement is a greater departure from equilibrium than 
that which originally prevailed. Good e.ngine.e.Jting du~n mU6t inva.Jtia.- . 
b.ty ~ e.e.k. to e.nha.nc..e. the. rza..twl.a.i te.nde.nc..y o 6 the. ~t!te.a.m towa.tr..d poM e.d 
c..onditio~. To do so, an understanding of the direction and magnitude 
of change in channel characteristics caused by the actions of man and 
nature is required. This understanding can be obtained by: (1) studying 
the river in a natural condition, (2) having knowledge of the sediment 
and water discharge, (3) being able to predict the effects and magni-
tude of man's future activities, and (4) applying to these a knowledge 
of geology, soils, hydrology, and hydraulics of alluvial rivers. 

To predict the response to channel development is a very complex 
task. There are large numbers of variables involved in the analysis 
that are interrelated and can respond to changes in a river system in 
the continual evolution of river form. The channel geometry, bars, and 
forms of bed roughness all change with changing water and sediment dis-
charges. Because such a prediction is necessary, useful methods have 
been developed to predict the response of channel systems to changes 
both qualitatively and quantitatively. 
4.4.1 Prediction of general river response to change 

Quantitative prediction of response can be made if all of the 
required data are known with sufficient accuracy. Usually, however, 
the. da.ta. a.Jte. not ~ un 6ic..ie.nt nO It qua.n:tU:a.:ti..ve. eJ.>:tima.teJ.>, a.nd 0 n.ty 
qua..U..:t.a.t,Lve. eJ.>:ti.ma.teJ.> a.Jte. po~~ib.te.. Examples of studies that have 
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been undertaken by various investigators for qualitative estimates 
follow. Lane (1955) studied the changes in river morphology caused by 
modifications of water and sediment discharges. Similar but more 
comprehensive treatments of channel response to changing conditions in 
rivers have been presented by Leopold and Maddock (1953), Schumm (1971), 
and Santos-Cayado (1972). All research results support the following 
general statements: 

(1) Depth of flow is directly proportional to water discharge and 
inversely proportional to sediment discharge. 

(2) Width of channel is directly proportional to water discharge 
and to sediment discharge. 

(3) Shape of channel expressed as width-depth ratio is directly 
related to sediment discharge. 

(4) Meander wavelength is directly proportional to water discharge 
and to sediment discharge. 

(5) Slope of stream channel is inversely proportional to water 
discharge and directly proportional to sediment discharge and 
grain size. 

(6) Sinuosity of stream channel is proportional to valley slope and 
inversely proportional to sediment discharge. 

It is important to remember that these statements pertain to natural 
rivers and not nec~ssarily to artificial channels with bank materials 
that are not representative of sediment load. In any event, the rela-
tions will help to determine the response of any water conveying 
channel to change. 

Sediment bed material transport (Q ) can be directly related to s 
stream power (• V) and inversely related to the fall diameter of bed 

0 
material (n50). 

T V W 
0 4.4.1 

Here T is the bed shear, V is the cross-sectional average velocity, 
0 

W is the width of the stream and Cf is the fine material load 
concentration. Equation 4.4.1 can be written as 

4.4.2 
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I.f specific weight, y is considered constant and the concentration of 
wash load Cf can be incorporated in the fall diameter, o50 , the 
relation can be expressed as 

4.4.3 

whi.ch is the Jtel.ation o!Ug..i.na..te.y pJtopo.6e.d by Lane. (7955), except Lane 
us:ed the median diamete.r of the bed material as defined by sieving 
instead of the fall diameter. The fall diameter includes the effect 
of temperature on the transportability of the bed m.aterial and is 
preferable to ·the use of physical diameter. 

Equation 4.4.3 is very useful to qualitatively predict channel 
r:esponse to climatological changes, river development or both. Two 
sintple example problems are analyzed using Eq. 4.4.·3. 

Consider a tributary entering the main river at point C that is 
relatively small but carries a large sediment load (see Fig. 4.4.1). 
Thi .. s increases the sediment discharge in the main stream from Q to s Q:. It is seen from Eq. 4.4.3 that, for a significant increase in 
se4iment discharge (Q:) the channel gradient (S) below C must 
increase if Q remains constant. The line CA (ind;_cating the or.igi-
nal channel gradient) therefore changes with time to position C'A. 
Upstream of the confluence the slope will adjust over a long period of 
time to the original channel slope. The river bed will aggrade from 
C to C'. 

OriQinol 
Equilibrium Gradl 

Equilibrium Grade 

A 

Fig. 4.4.1 Changes in channel slope in response to an increase in 
sediment load at point C. 

Construction of a dam on a river usually causes a decrease in 
sediment discharge downstream. Referring to .Fig. 4.4.2, and using 
Eq. 4.4.3 and the earlier discussion, it can be concluded that for a 
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decrease in bed material discharge from Qs to Q~, the slope S 
decreases downstream of the dam. In Fig. 4.4.2, the line CA, repre-
senting the original channel gradient, changes to C'A, indicating a 
decrease in bed elevation and slope in the downstream channel with 
time. Note, however, if the dam fills with sediment so that the 
incoming sediment discharge passes through, that, except for local 
scour at the darn, the grade line C'A would return to the line CA. 
Also upstream of the darn the grade would return to the original 
equilibrium grade but would be offset vertically by the height of the darn. 
Thus ~malt dam~ (storage capacity small in relation to annual discharge) 
ma.y c.a.u..oe. de.gJta.da.tion a.YI.d the.n a.ggJta.da.tion oveJt a. Jte.f.a.;ti_ve.ly ~hoJtt peJU..od 
on .t<.me.. 

Final 
Equilibrium Grade 

e ... L ... t 

Fig. 4.4.2 Changes in channel slope in response t o a darn at point C. 

The engineer is also interested in quantities in addition to 
directions of variations . The geomorphic relation QS ~ QsDSO is only 
an initial step in analyzing long-term channel response problems. 
However, this initial step is useful because it warns of possible 
future difficulties in designing channel improvement and flood protec-
tion works. 1he prediction of the magnitude of possible errors in 
flood protection design, because of changes in stage with time, requires 
the quantification of changes in stage. To quantify these changes it is 
necessary to be able to quantify future changes in the variables that 
affect the stage. In this respect, knowledge of the future flow conditions 
is necessary. 
4.4.2 River conditions for meandering and braiding 

In the preceding examples it was shown that changes in water, sediment 
discharge or both can cause significant changes in channel slope. The 
changes in sediment discharge can be in quantity Qs or caliber 0so or 
both. Often such changes can alter the plan view in addition to the 
profile of a river. 
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Fig. 4.4.3 illustrates the dependence of river form on channel slope 
and discharge. 

10-2 

10-3 

10-4 ~ 

II 
Ot-11 .,.,..,,. 0 

Sl. C1t11' ltlrt~, ltlv•' 0 

·~ 
10- 5~ 

L-------------~------------_.------------~~----

'102 

Fig. 4.4.3 
Mean discharge, cfs 

Slope-discharge relation for braiding 
streams (after Lane, 1957). 

It shows that when 

s Q
1' 4 ~ .0017 

a sandbed channel meanders. Similarly, when 

s Q
1

'
4 ~ .010 

or meandering in sandbed 

4.4.4 

4.4.5 
the river is braided. In these equations, S is the channel slope in feet 
per ·foot and Q is the mean discharge in cfs. Between these values of 
S q114 is the transitional range and many of the U.S. ri ve·rs, classified 
as intermediate sandbed streams, plot in this zone between the limiting 
curves defining meandering and braided rivers. If a river is meandering 
but its discharge and slope borders on the transitional zone a relatively 
small increase in channel slope may cause it to change, with time, •to a 
transitional or braided river. The -reader can deduce the consequence of 
other changes in variables on river form by employing Eq. 4.4.2 and 
Table 4.4.2. 
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4.4.3 Hydraulic geometry of alluvial channels 
Hydnaulie geometny is a general term applied to alluvial channels 

to denote relationships between discharge Q and the channel morphology, 
hydraulics and sediment transport. In self-formed alluvial channels, the 
morphologic , hydraulic and sedimentation characteristics of the channel are 
determined by a large variety of factors. The mechani cs of such factors 
is not fully understood. However, alluvial streams do exhibit some 
quantitative hydraulic geometry relations. In gen~, the6e n~n6 
apply :to eha.nne.l-6 w~n a. phy.6iognaph.ie ne.gion and ea.n be ea.~>ily deMved 
t)nom da-ta. available on gaged nivelr-6. I:t i-6 undelt-6:tood :tha.:t hydna.ulie 
geometny nel.a.tion6 expne6.6 :the in:tegM.t et)t)ect on a.U :the hydnologic., 
mdeonologic., and geologic. v~ble6 in a ~n.a.ge ba.~>in. 

The hydraulic geometry relations of alluvial streams are useful in 
river engineering. The forerunner of these relations are the regime 
theory equations of stable alluvial canals. A generalized version of 
hydraulic geometry relations was developed by Leopold and Maddock (1953) 
for different regions in the United States and for different types of 
rivers. In general the hydraulic geometry relations are stated as: 

b W = a Q 
f y = c Q 

0 

V = k Qm 
Q = p Qj 

T 

S = t Qz 
n = r Qy 

where W is the channel width, y is the channel depth, V is the 
0 

average velocity of flow, QT is the total bed material load, S is the 
energy gradient, n is the Manning's roughness coefficient, and Q is 
the discharge as defined in the following paragraphs. The coefficients 
a, c, k, p, t, r and exponents b, f, m, j; z, y in these equations are 
determined from analysis of available data on one or more streams. From 
the definition equation Q = Wy V, it is seen that 

0 

a • c • k = 1 
and 

b + f + m = 1 
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Leopold and Maddock (1953) have shown that in a drainage basin, two types 
of hydraulic geometry relations can be defined: (1) relating W, y , V 

0 
and Qs to the variation of discharge at a station, and (2) relating 
these variables to the discharges of a given frequency of occurrence at 
various stations in a drainage basin. Because QT is not available, they 
used Qs the suspended load transport rate. The former are called at-
4tatlon relationships and the latter down4tneam relationships. The 
distinction between at-4tation and down4tneam hydraulic geometry relations 
is illustrated in Figs. 4.4.4 and 4.4.5. 

The mean values of exponents b, f, m, j, z, and y as reported by 
Leopold et al. (1964) are given below. These values are based on an 
extensive analysis of stream data in the United 

Average At-A-Station Relations 

Avernge values midwestern 
United States 

Brand~<ine Creek, Pennsylvania 

Ephermeral Streams in semiarid 
United State• 

Appalachian Streams 

Average of 158 gauging stations 
in United Stat'es 

Ten gauging stations on 
Rhine River 

Symbols: Q discharge 
W channel width 
y 

0 
mean depth 

b f m 

.26 .40 .34 2.5 

,04 .41 .55 2.2 .OS -.2 

.29 .36 .34 

.12 .45 .43 

.13 .41 .43 

W • a Qb 

y • c Qf 
0 

States. 
Average Downstream Relations 
(bank-full or mean annual flow) 

b f m 

.s ,4 .1 .8 -.49 

. 42 .45 .OS -1.07 

.s .3 .2 1.3 - ,!15 

.55 .36 .09 

V menn velocity V • k Qm n • r qY 
Q

5 
suspended load transport rate Q • p Qj s 

S water-surface slope 
n roughness parameter of ~Ianning type 

More recently hydraulic geometry relations were theoretically 
developed at CSU. These relations are almost identical to those 
proposed by Leopold and Maddock. The at-4tatlon relations derived at 
CSU are: 

w "' Q0.26 4.4.6 

Yo "' Q0.46 4.4.7 

s "' Qo.oo 4.4.8 

v "' Q0.30 4.4.9 

-.28 

-.3 
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Low Discharge 

c 

High Discharge 

Low Discharge 
Constant Frequency of 
Discharge at Each Point 

B 

High Discharge 
Constant Frequency of 
Discharge at Each Point 

D 

Fig. 4.4.4 Variation of discharge at a given river cross section and 
at points do\mstream (after Leopold and Maddock, 1953). 
At-~tation relations pertain to individual sites such as 
A or B. Vow~~eam relations pertain to a channel (segment 
A-B) or drainage network for discharge of a given frequency 
of occurrence. 

Explanation 
- Change Downstream for Discharge of Given Frequency 
---:--- At Station Change for Discharges of Different Frequencies 

Fig. 4.4.5 Schematic variation of width, depth, and velocity with 
at-~tation and dow~~eam discharge variation (after 
Leopold and Maddock, 1953). 
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Equation 4.4.8 implies that slope is constant at a cross section. This. is 
not quite true. At low flow the effective channel slope is that of the 
thalweg that flows from pool through crossing to pool. At higher stag~s 
the thalweg straightens somewhat, shortening the path of travel and in-
creasing the local slope. In the extreme case, river slope approaches 
the valley slope at flood stage. It is during high floods that the flow 
often cuts across the point bars, developing chute channels. This path of 
travel verifies the shorter path the water takes and that a steeper chan-
nel prevails under this condition. 

The derived down6.tlr..e.a.m relations for ba.n.k-6uU. ciiAc.ha!r.ge are: 

yb = Qb 0.46 

wb = Q OA6 
b 

s = Qb-0.46 

vb = Qb0.08 

Here· the subscript b indicates the bank-full condition. · 
4.4.4 Dominant discharge in alluvial rivers 

4.4 .. 10 

4.4.ll 

4.4 . 12 

4.4.13 

The hydraulic geometry relations discussed in 4.4.3 indicate how the 
channel morphology and other characteristics vary with discharge at a 
station or in the downstream direction in a drainage network. In the 
hydraulic design of river crossings and encroachments, the relations 
need to be defined to determine the down6.tlr..e.a.m hydraulic geometry of the 
channel at a site between two gaged sites. The question then arises 
about the frequency of discharge to be used in the hydraulic geometry 
relations. The Jtei.a..Uon6 ex.pJte6.6ed .<.n. 4.4.3 Jtela.:te to .:the ba.n.k-6uU. 
.6.ta.ge, wh.tc.h 6oJt ma.n.y u.s. /U..veJr.J., hM a. 6Jte.quen.c.y on oc.c.UirJLen.c.e on one 
.<.n. 1. 5 ye.alr.J.l. In the past., various terms such as dom.i.n.a.n.t or 6oJtma..ti.ve 
discharge have been vaguely used for selecting some arbitrary discharge. 
for the purpose of developing down6.tlr..e.a.m hydraulic geometry relations. 
This arbitrariness is confusing to a designer. 

The characteristics of an alluvial channel, including its hydraulic 
geometry, vary with the discharge. In natural rivers, the characteris-
tics such as the bed material load, energy gradient and meander geometry 
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can be related to channel discharge as simple power functions. The 
formative discharge corresponding to the average value of such charac-
teristics can then be defined in terms of the power function and the 
frequency distribution of the flow as follows: 

F(Q) = a Qn 
T 

F (Q) = } f F (Q) • dt 
0 

Q =(.!_F(Q)]l/n 
f a 

where F(Q) is the power function relating the phenomenon of interest, · 
for example the bed material load, to discharge, Q; T is the time period 
over which the occurrence of the phenomenon is averaged and Qf is the 
formative discharge for the particular phenomenon. As the functions 
F(Q) are different for different characteristics, the value of Qf 
obtained from the preceding equations will also be different. Also, when 
n > 1, Qf will be greater than the mean discharge Q. For a given site, 
Qf can be expressed in terms of the frequency of occurrence or a return 
period. 

Analyses of bed material load estimations of Qf on sand bed 
rivers may show that up to 90 percent of the total transport is caused 
by flows that are equalled or exceeded about ten percent of the time 
only . . ThM, :the. a.veJr..a.ge. bed ma.te!Ual load i11 a JUveJt may be. ducM.be.d 
il1 .teJtm.6 on a noJUna.tive. fuc.haJtge. much laJtge.Jt.. .thaYl. .the. mean. aYl.n.ual &low. 
AJ...6o, .the. ave.Jt..age. c.ha1111d width, depth aYl.d meaYl.de.Jt.. geome.;tJty may be de&-L11ed 
-L11 .teJtm.6 on d-Lnne.Jt..ent noJUna.Uve. fuc.ha!tge~.> na.theJt .thaYl. aYl. aJtb..L:tJwJU..e.y 
c.ho~.>e.n. dominant dil.>c.ha!Lge.. 

The concept of frequency of occurrence of flows is important in the 
hydraulic design of highway crossings and encroachments. This concept 
can also be combined with the economic analysis to determine the design 
flow conditions. If this approach is used, the terminology of dominant 
and nofLma.tive discharges loses its relevance to design considerations, 
except for a gross representation of the channel behavior. Both the 
a.t-.6.ta..tiOYl. and down..6.tfLe.a.m hydraulic geometry relations are especially 
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useful when the hydraulic design is based on the frequency of occurrence 
of flows. After the design flow has been determined for a given highway 
structure, the channel hydraulics and morphology can be determined 
from the hydraulic geometry relations. 

The hydraulic geometry relations are applicable to continuous chan-
nel behavior. In some cases, this behavior may become ~co~nuo~. as 
the channel pattern changes from meandering to braided by the formation 
of cut-offs. Ca.u:Uon .ohoui..d be. ~e.d whe.n .ouch poMA..b~e..o e.wt. ooJt 
de_.o)_g n ofoW-6 1 a.nd the. cha.nne-f_ b e.ha.VA..OJt .6 houl_d be. .6 pe.c.A..a.illj a.l'l..Ctlljze.d, 
4.4.5 Prediction of channel response to change .· 

In section 4.4.1, it was illustrated that Eq. 4.4.3 could be used to 
predict changes in channel profiles caused by changes in water and sediment 
discharge . It is now possible to talk qualitatively about changes in channel 
profile, changes in river form and changes in river cross section both at a 
section and along the river channel using the other relations presented above. 

This can be best illustrated by application. Referring to Table 4.4.1, 
consider the effect of an increase in discharge indicated by a plus sign on 
line (a) opposite discharge. The increase in discharge may affect the 
river form, energy slope, stability of the channel, cross-sectional area 
and river stage. Eqs. 4.4.4 and 4.4.5 (or Fig. 4.4.3) show that an increase 
in discharge could change the channel form in the direction of a braided form. 
Whether or not the channel form changed would depend on the river form 
prior to the increase in discharge. With the increase in discharge the 
stability of the channel would be reduced according to Eq. 4.4.9, which in-
dicates an increase in velocity. On the other hand, this prediction could be 
affected by changes in form of bed roughness that dictate resistance to flow. 
This effect is discussed later. 

From Chapter III recall· that the wash load increases the apparent vis-
cosity of the water and sediment mixture. This makes the bed material behave 
as if it were smaller. In fact, the fall diameter of the bed material is 
made smaller by significant concentrations of wash load. With more wash 
load, the bed material is more susceptible to transport and any river 
carrying significant wash load will change from lower to upper regime at 
a smaller Froude number than otherwise. Also, the viscosity is affected 
by changes in temperature. 



Table 4.4.1 Qualitative response of alluvial channels . 

Change in Effect on 
Magnitude River Energy 

Variable of Variable Regime of Flm.,r Form Resistance to Flow Slope Stability of Channel Area Stage --
Dis- (a) + + M+B ± - - + + 
charge (b) - - B-*1 + + + 

Bed- (a) + - M+B + + ± + + 
Mater- ~ 

(b) - + B--*1 - - ± ial 
Size 

Bed- (a) + + B--*1 - - + 
Mater- 1-1 

(b) - - M+B + + - + + <: ial I 
N Load -...! 

Wash (a) + + - - ± 
Load (b) - - + + ± + + 

-
~~iscos- (a) + + - - ± 
~ ty (b) - - + + ± + + 

Seepage (a) ; Outflow - B--*1 + - + + + 
force (b) ' Inflow + M+B - + 

Vegeta- (a) + - B--*1 + - + + + 
tion (b) + M+B - + -
Wind (a) Downstream + M+B - + 

(b) Upstream - 8-*1 .+ ~ - - + + 
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Seepage forces resulting from seepage outflow help stabilize the 
channel bed and banks. With seepage inflow, the reverse is true. Vegeta-
tion adds to bank stability and increases resistance to flow, reducing the 
velocity. Wind can retard flow, increasing roughness and depth, when blowing 
upstream. The :reverse is true with the wind blowing downstream. Wind 
generated waves and their adverse influence ' on channel stability are the 
most significant effects of wind. 

In many instances it is important to assess the effects of changes 
in water and sediment discharge on specific variables such as depth of 
flow, channel width, characteristics of bed materials, velocity and so 
forth. For this type of analysis we can use Eq. 4.4.3, and the at-

.6.ta.tion hydraulic geometry relation. Eq. 4.4.3 can be written in terms 
of width, depth, velocity concentration of bed material discharge 
and water discharge Q or 

c s 

4.4.14 

and 

These equations are helpful for detailed analysis. 
4.4.6 Relative· influence of variables on bed material and water discharge 

The study of the relative influence of viscosity, slope, bed material 
size and depth on bed material and water discharge is examined in detail 
using Einstein's bed-load function (1950) and Colby's (1964) relationships. 
Un.6tun '.6 be.d-load fiunc.tion was chosen because it -L6 the. mOJ.>t de;ta,U.e.d and 
a.ompJte.he.n.6ive. tJtea:tme.nt fiJtom the. point ofi 6fuid me.c.hanic.-6. Colby' .6 Jtel.a.t<..on-6 
we.Jte. c.ho.6 e.n be.c.atL6 e. o -6 the. la!tg e. amount and Jtang e. o -6 data U.6 e.d in: thw 
de.vdopme.nt. 

The data required to compute the total bed material discharge using 
Einstein's relations are: 

s = energy slope 
065 = size of bed material for which 65 percent is finer 
035 = size of bed material for which 35 percent is finer 
\) = kinematic viscosity 
n = Manning's wall friction coefficient w 
A = cross-sectional area 
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Pb = wetted perimeter of the bed. 
P = wetted perimeter of the banks. w 
D. = size of bed-material fraction i. 

1 

ib = percentage of bed material in fraction i. 
ys = specific weight. 
V = average velocity. 

To study the relative influence of variables on bed material and 
water discharges, the data taken by the U.S. Geological Survey from 
October 1, 1940 to October 1, 1970 on the Rio Grande near Bernalillo 
are used. The width of the channel reach was 270 ft. In the analysis 
the energy slope was varied from 0.7S to 1.5S, in which S is the 
average bed slope assumed to be equal to the average energy slope. 
Further, the kinematic viscosity was varied to correspond with vari-
ations in temperature from 39 . 2° to 100°F inclusive. The variation of 
o65 , o35 , Di and iB was accomplished by using the average bed-material 
distribution given by Nordin (1964) and shifting the curve representing 
the average bed-material distribution along a line parallel to the 
abscissa drawn through o50 . The average water temperature was assumed 
to be equal to 70°F and the average energy gradient of the channel was 
assumed to be equal to 0.00095 ft /ft = 5.0 ft/mi. The water and sediment 
discharges were computed independently for each variation of the 
variables and for three subreaches of the Rio Grande of different width 
near Bernalillo . The applicability of the results depend on the relia-
bility of the modified Einstein bed-load function and Colby's relation-
ships used in the analysis rather than on the choice of data. 

The computed water and sediment discharges are plotted in Figs. 4.4.6, 
4.4.7 and 4.4.8 and show the variation of sediment discharge due to changes 
in bed material size, slope and temperature for any given water discharge. 
Figure 4.4.6 shows that when. .:the bed ma;te!Uai. bec.omeJ.> 6in.e.Jr., .:the .6ec:U.men.t. 
di.6c.h~ge in.~ea.6e6 c.on..6ide.Jr.ably. The second most important variable 
affecting sediment discharge is the slope variation (see Fig. 4.4.7). 
Temperature is third in i mportance (Fig. 4 .4. 8). The effects of 
variables on sediment discharge were studied over approximately the same 
range of variation for each variable. 

Fig. 4.4.9 shows the variation of the sediment discharge due to 
changes in the depth of flow for any given discharge, computed using 
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d50 =0.09 mm 
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fig. 4.4.6 Bed-material size effects on bed-material transport. 
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Fig. 4.4.7 Effect of slope on bed-material transport. 
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Fig. 4.4.8 Effect of kinematic viscosity (temperature) on bed-material transport. 
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Fig. 4.4.9 Variation of bed-material load with depth of flow. 
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Colby's (1964) relations. The values of depth of flow varied from 1.0 
to 10.0 ft, the median diameter of the bed material was maintained 
constant equal to 0.030 mm, the water temperature was assumed constant 
and the concentration of fine sediment was assumed less than 10,000 ppm. 
The channel width was also maintained constant at 270 ft. In Fig. 4.4.9, 
the curves for constant depth of flow show a steep slope. This indi-
cates that the capacity of the stream t .o transport sands increases very 
fast for a small increase of discharge at constant depth. Similar 
figures can be developed for other sizes of bed material, and the 
relations can be modified to include the effect of wash load and viscosity 
effects. 
4.4.7 Prediction of long term river response to change 

The information presented in the preceding portion of this chapter 
can be used to determine the direction of change of hydraulic variables 
when the water and sediment discharges are varied. It is important to 
notice that the E~n6tein'~, Colby'~, and Man~ng·~ equation6 apply to a 
CJUJ~~ ~ecUon ott. tr.each and ~nne.Jt fitr.om .6ome ofi the available geomotr.pMc 
equation.6 that have been derived by considering a reach or total length 
of river. Einstein's, Colby's and Manning's equations deal with depth 
of flow, width of flow and energy sl.ope whereas most geomorphic equa-
tions deal with channel depth, channel width and channel slope. 

The interdependency of top width, depth of flow, energy slope, 
bed-material size and kinematic viscosity on the water and sediment 
discharge allows the establishment of the relative influence of those 
variables on stage-discharge relationships. Information concerning 
the interdependency of top width, depth of flow, energy slope, bed 
material size and kinematic viscosity with water and sediment discharges 
can be used to establish the direction of variation of hydraulic vari-
ables as a consequence of changes imposed on the water and bed-material 
discharge. 

Neither Einstein's bed-load function nor Colby's relationships 
directly take into account the width of the cross section, except when 
transforming the sediment discharge per foot of width to the total 
ri.ver width. The influence of the width, nevertheless, indirectly 
enters any method of estimating transport, since width affects the 
depth of flow for a given water discharge and energy slope. With the 
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total information provided to date, the response of a river system to 
changes in variables are given in Table 4.4.2. A plus (+) sign signifies 
an increase in the value of the variable and a minus (-) sign signifies a 
decrease in the value of the variable. The letter B indicates an in-
crease in the product SQ1/ 4 and a shift toward a braided condition and 
the letter M indicates a reduction in SQ1/ 4 and a shift toward the 
meandering condition. No attempt is made here to determine whether or 
not the channel braids or meanders. 

Table 4.4.2 Change of variables induced by changes in sediment 
discharge, size of bed material and wash load. 

Equation Tendency to Braid or Meander 

Q+ 050/Cf s+ v+ - w+ B 'V Yo s 

Q~ 050/Cf s v - + w M 'V Yo 

+ s+ v+ - w+ Qs 050/Cf 'V Yo B 

Qs 0~o/Cf 
+ + + 

'V s v- - w- M yo 

+ + + + 
Qs 050/Cf 'V s v- - w- M Yo 

Qs osoiC£ s+ v+ - w+ B 'V Yo 

+ + s+ v+ - w+ Qs 0so/Cf 'V Yo B 

Q~ 0~0/Cf 
+ + -'V s v- y~ w M 

+- + - s+ v+ - w+ Qs 050/Cf 'V Yo B 

Q~ 
- + v± + + 05o/Cf 'V s y~ w- M 

Q+ 0+ /C+ s+ v+ - w+ M 'V Yo s so f 

Note: An increase in the value of the variable is denoted by a + ; 
and a decrease is denoted by a As an example, in the first 
line, if the value of Qs increases, the slope, velocity and width 
will increase and the depth of flow will decrease. 
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Chapter V 

RIVER MECHANICS 

5.1.0 INTRODUCTION 

The rivers are a dynamic geomorphic feature. Generally they are 
continuously changing their position, shape, and other morphological 
characteristics with the variation of discharges and with the passage of 
time. In the context of highway engineering, it ~ th~e6one impontant 
no.t oni.y .to J.J.tudy .the e.xi-6:Ung JUV~ btd al6o W pOJ.JJ.J.£b.f.e VaJUa.ti.On-6 
dwUng the Ufie o6 the h{.ghway pnojec:t. 

Rivers are nature's way of conveying water on the surface of the 
earth. The c.ha.Jtac..t~:Uc./.) ofi a !Uvell. Me de.teJun-<.n.ed by wa.t~ 
fuc.ha.Jtge, qu.an.tU:y and c.hanac;t~ ofi .oecliment d-<..oc.hange, c.ompo.o-<.-
:Uon o6 .the bed and bank. ma.t~ ofi .the c.han.n.d, van-<.a:UoV1..6 ofi .the.oe 
paname.ten.o -<.n. time, and man.'.o ac.:Uv-<.:Ue.o. In general, man's activities 
may relate to the variation of the imposed discharge and the sediment 
load in the channel or to the variation of the channel geometry by 
encroachment. These activities may pertain to the location of the 
highway in the river environment or farther upstream or downstream in 
the channel. To predict the behavior of a river in its natural state 
or as affected by man's activities , it is necessary to delineate the 
characteristics of the river as well as the mechanics of their formation. 

The more apparent ·characteristic of a river is its plan 6onm 
geometty. The rivers are classified as meandering, straight, and braided. 
The characteristics of .oec.:Uona.t geometty of the river relate to the 
channel width, the width-depth ratio, and the form of the cross section. 
Characteristics of the river also relate to the bed ma.t~ size. From 
the point of view of the hydraulics of a river channel, the characteristics 
pertaining to the bed forms in the channel are important. The river 
characteristics are -<.n.tenne.ta.ted so that a change in one may result in a 
change in others. 

In this chapter, it is shown that the characteristics of individual 
river systems are well behaved and that a small amount of information 
about a particular river may be sufficient to deduce the other important 
characteristics. 
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At the present time, developments in river mechanics are such that 
quantitative information from one river can be transferred to another 
river. However, this transfer must be based on an understanding of river 
mechanics. · The objective of this chapter is to introduce the highway 
engineer to the basic characteristics of rivers in a quantitative manner 
so that he is able to estimate and transfer information about rivers. 

5.2.0 RIVER FORM 

Rivers may be classified as meandering, straight, and braided. 
There are many transitional forms between .these types. The processes 
involved in these forms have been presented in Chapter IV. A brief 
description is given ·below for continuity. 
5.2.1 Meanders 

A meandering river has more or less regular inflections that are 
sinuous in plan. I:t c.oYL6M:t6 on a .6eMell on be.nd6 c.onne.c:te.d by Cll.0.6.6ing.6. 
In the bends, deep pools are carved adjacent to the concave bank by the 
relatively high velocities. Because velocities are lower on the'inside 
of the bend, sediments are deposited in this region forming the point 
b~. The centrifugal force in the bend causes a transverse water 
surface slope, and in many cases, helicoidal flow occurs in the bend. 
Point bar building is enhanced when large transverse velocities occur. 
In so doing, they sweep the heavier concentrations of bed load toward 
the convex bank where they are deposited to form the point bar. Some 
transverse currents have a magnitude of about 15 percent of the average 
channel velocity. The bends are connected by crossings (short straight 
reaches) which are quite shallow compared to ,the pools in the bendways. 
At low flow, large sandbars form in the crossings if the channel is not 
well confined. The scour in the bend causes the bend to migrate down-
stream and sometimes laterally. Lateral movements as large as 2500 feet 
per year have been observed in alluvial rivers. Much of the sediment 

· eroded from the outside bank is deposited in the crossing and ·on the 
point bar in the next bend downstream. Meandering rivers have relatively 

. flat slopes. 
The geometry of meandering rivers is quantitatively measured in 

terms of: (1) meander wavelength X, (2) meander width W , (3) mean m 
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radius of curvature r , (4) meander amplitude A and (5) bend de-c 
flection angle ~. A sketch defining these quantities is shown in 
Fig. 5.2.1. 

I' 

Bend Deflection Angle,</> 

Axia of Bend 

Meander 
Width 

Wm 

Fig. 5.2.1 Definition sketch for meanders. 

The actual meanders in natural rivers are generally not as regular 
as indicated in Fig. 5.2.1. The precise measurement of meander dimensions 
is therefore difficult in natural channels and tends to be subjective. 
The analysis of the median meander dimension in nature shows that the 
meander length and meander width are both related to the width of the 
channels. The empirical realtionships for the meander length A and 
the bank-full channel width as well as the meander amplitude A and 
the channel width are shown in Fig. 5.2.2 and Table 5.2.1. 
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Fig. 5.2.2 Empirical relations for meander characteristics 
(Leopold et al., 1964). 
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Table 5. 2.1 Empirical relations for meand.ers 
in alluvial valleys. 

Meander Length to Amplitude to 
Channel Width Channel Width 

A = 6.6W0.99 A = 18.6w0·99 

A = 10. 9Wl. 04 

A = 10.9Wl.Ol A = 2. 7Wl.lO 

5.2.2 Braiding 

Meander Length to 
Radius of Curvature 

4.7r 0.98 ' A = c 

Source 

Inglis (1949) 

Inglis ·(1949) 

Leopold and Wolman (1960 

The. b!UUde.d !UveJt c.hannd .i6 w-ide., :the. ba.nk..6 aJte. poott.ly de.6-ine.d a.nd 
u.YL6:ta.ble., a.nd :theJte. aJte. two ott motte. ma.-in c.ha.nne.£..6 :tha.:t c.tto-6-6 one. a.no:theJt 
g-iv-ing :the. tt-iveJtbe.d a. b!UUde.d a.ppe.a.tta.nc.e. a.:t low nlow. Between sub-channels 
there are sandbars and islands. The sub-channels and sandbars .change 
position rapidly with time and stage and in an unpredictable manner. At 
flood stage, the flow straightens, most of the sandbars are inundated or 
destroyed and the river has a canal-like appearance except that it is 
much wider and has a higher flow v~locity. Such rivers have relatively 
steep slopes and carry large concentrations of sediment. 
5.2.3 Straight 

The. J.dJtcU.gh:t c.ha.nnd ha.-6 11ma.U 11-inu.o11Uy a.:t ba.nk6u.£. 11:ta.ge.. At low 
stage the channel develops alternate sandbars and the thalweg meanders 
around the sandbars in a sinuous fashion. Straight channels are often 
considered as a transitional stage to meandering. If the channel is 
unconfined, more than one channel develops, creating middle bars as 
well as point bars, and the river is braided. 

5.3.0 BENDS IN ALLUVIAL CHANNELS 

5.3.1 Formation of bends in alluvial channels 
Mo-6:t be.nd-6 -in -6a.ndbe.d JUVe.M aJte. paJt:t on a. me.a.ndeJt ott de.6ottme.d 

me.a.ndeJt 11y11:te.m. Bends are normally formed as a result of the natural 
tendency for sinuous flow in alluvial channels when the slope of the 
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river is less than S = 0.0017 Q1/ 4. (See Section 4.4.2.) This 
tendency for bends to develop in sand channels with fl at slopes has 
been demonstrated by Friedkin (1945), Lane (1955) and many others. 

The actual shape of the bends varies from beautifully symmetrical 
patterns to the deformed bends encountered most frequently in nature, 
particularly on large river systems. 

The shape of a typical reveted bend in the Lower Mississippi River 
is illustrated in Fig. 5.3.1. The st atistical nature of Lower Mississippi 
River bends is illustrated in Figs . 5.3.2 and 5.3.3. The figures 
show the percent occurrence of bend radii r and the percent occurrence c 
of bend deflection angles ¢ in radians respectively. The most common 
radius is about 5,500 feet. This radius was observed on 11 percent of 
179 river bends. Similarly, the most common deflection angle is about 
1.15 radians. This deflection angle occurred for about 15 percent of 
these same bends. These distribution curves illustrate the variability 
of the characteristics of bends in the Mississippi river system that has 
been subjected to varying degrees of development . 

Fig. 5.3.1 Cypress Bend, Mississippi River, 1962 
(after Assifi, 1966). 



V-6 

14 
Q) 12 0 
t:: 
Q) 
~ 10 ~ 
0 
0 8 0 
+J 
t:: 6 Q) 
0 
~ 4 Q) 

p... 

2 

~ 179 bends 

I \ 

~ Pj 
I ~ _a 0 c 

1 ~ ~ _Q_ 

1 0 ~ ......_ K 00 ,r:Pc o0 a 
0 

0 4 8 12 16 20 24 28 32 36 40 

Radius of curvature, in 103 ft 

Fig. 5.3.2 Occurrence of bends in the Lower Mississippi River 
from the Ohio River to the Gulf (after Assifi, 1966). 
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Fig. 5.3.3 Occurrence of bend deflection angles in the Lower 
Mississippi River from the Ohio River to the Gulf 
(after Assifi, 1966). 
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5.3.2 Types of bends 
Two p!Unc.A..pa.t :type;., o-6 bend;., evte deepened oJt en:tJten.ched bend;., and 

meande!Ung ~UJtnace bend6. The first type includes those in which the 
river bends follow the curves of the valley so that each river bend 
includes a promontory of the parent plateau. The second type includes 
bends which are formed only by the river on a flat, alluvium covered valley 
floor, and where the slopes of the valley are not involved in the forma-
tion of such bends. This division of bends is correct and sufficiently 
definite with respect to external forms of the relief and the process 
of formation and development of bends. It is, however, incomplete from 
the standpoint of the work of the river and of the physical nature of 
this phenomenon. Both of the morphological types of bends can be put 
into one category--the category of freely meandering channel, i.e., 
meandering determined only by the interaction of the stream and the 
bed material. Such meandering, not distur bed by the influence of 
external factors, proceeds at an approximately equal rate along the 
length of the river. 

Under natural conditions, there is often encountered a third type 
of bend . This bend occurs when the stream impinging on a practically 
noneroding parent bank forms a forced curve which is gradually trans-
formed into a river bend of a more constricted shape. 

In all cases the effect of the character (density) of the bank 
material is important and, to a certain degree, determines the radius 
of curvature of the channel. In a free bend the radius of curvature 
increases with the density of the material. The radius of curvature 
is smallest in a forced bend. 

Both from the standpoint of the action of the stream and the 
interaction between the stream and the channel, as well as from the 
standpoint of the general laws of their formation, one can distinguish 
the following three types of bends of a natural river channel: 

(1) Fnee ben.d6 - Both banks are composed of alluvial floodplain 
material which is usually quite mobile. The free bend corresponds to 
the common concept of a surface bend. 

(2) ~ed bend6 - The banks of the stream are composed of 
consol idated parent material which limits the lateral erosion by 
the stream. Limited bends are entrenched bends. 
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(3) Fo~eed bend6 - The stream impinges onto an almost straight 
parent bank at a large angle (60° to 90°). 

A typical feature of bends is a close relationship between the type 
of stream bend and the radius of curvature. The fio~eed bend ~, the 
~mali~t 4a~ ofi eunv~e. Next in size are the radii of free bends. 
The UmUed bend6 have the g~ea:t~t 4acLU.. The average values of the 
ratios of the radii of curvature to the width of the stream at bankfull 
stage for the three types of bends are: 

Free bends 4.5 to 5.0 
Limited bends 7.0 to 8.0 
Forced bends 2.5 to 3.0 

A second characteristic feature of bends is the distribution of 
depths along the length of the bend. In n~ee bend6 and UmUed bend6, 
the depth g4adu.a.U.y In~ea..6~ and the maX-imum depth M fiound ~ome 
cU6tanc.e bdow the apex on the bend. In the no~eed bend, the depth .6hMp.ty 
In~eM~ at the beginning on the bend and then g4adu.a.U.y cUmiYLUhu. 
The greatest depth is located in the middle third of the bend,_ where there 
appears to be a concentrated deep scour. 
5.3.3 Transverse velocity distribution in bends 

The theory of superelevation in open channel bends was presented in 
Chapter II. ThM .6up~devmon p~odueu a .t'ta~veMe vdoc.Uy d1...6tU-
buti.on In c.hannd bend6. The transverse velocities result from an 
imbalance of radial pressures on a particle of fluid traveling around 
the bend. In Fig. 5.3.5, a cross section through a typical bend is shown. 

r 

( 0) 

Fig. 5.3.4 

ydz 

( b ) 

I 
.!!!!. - Ydz r 

Schematic representation of transverse 
currents in a channel bed. 
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The radial forces acting on the shaded control volume are the centrifugal 
force mv2/r and the differential hydrostatic force ydz caused by the 
superelevation of the water surface dz. As shown in Fig. 5.3.4, the 
centrifugal force is greater near the surface where the fluid velocity 
v is greater and less at the bed where v is small. 1be differential 
hydrostatic force is uniform throughout the depth of the control volume. 
As shown in Fig. 5.3.4, the sum of the centrifugal and excess hydrostatic 
forces varies with depth and can cause a lateral velocity component. The 
magnitude of the transverse velocity is dependent on the radius of 
curvature and on the proximity of the banks. In the immediate vicinity 
of the banks, there can be no lateral velocity if the river is narrow 
and deep, and this bank constraint to the transverse velocity field is 
felt throughout the cross section. 

The velocity distributions in natural stream bends are very complex. 
The Mua.£. wa.y :to duc.JUbe :the velocily fuWbu.,t.£on in a..U.u.v.-i..a-t c.ha.nnw 
b., by ac.:tu.al meMuJte.men..to. In this way, accurate knowledge of the 
various velocity components in the cross section can be obtained. 

In prismatic channels with rigid beds, it is possible to compute the 
velocity field in the bends. At any vertical in the bend , the variation 
of longitudinal velocity with respect to depth can be described by the 
von Karman velocity relation (Eq. 2.3.15). 

where 

~* = 2 ·~03 log{30.2 ~} 
s 

v = the velocity at depth y 
V* = the shear velocity 

5.3.1 

k = the diameter of the sediment grains that compose the bed s 
K = the universal velocity coefficient 

Extending this concept, if one can describe the longitudinal velocity 
distribution at several verticals in a cross section, the variation of the 
longitudinal velocity over the width of the stream is known. 
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(a} 
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Fig. 5.3.5 Lateral distribution of velocity. 

1 

For a gentle bend of a parabolic cross section, Fig. 5. 3.5 was 
developed. Fig. 5.3.5 shows the curves for velocities across the 
width of a prismatic channel for consecutive sections along a bend. 
In Fig. 5.3.5, Vis the depth-averaged velocity in any vertical, and 
V is the maximum velocity in the straight channel. Define max 

{).' = 0.426 ym~x 4 5.3.2 

where {). is the angle of the bend in degrees . The distribution of 
velocity in the straight reach is assumed to follow the form 

.;- = (-L)0.4 
max Ymax 

The V values for sections within a bend are referenced to v max 

5.3.3 

in the 
straight reach. 
vary as, 

The depth across the width of the channel is assumed to 

5.3.4 

Longitudinal velocities in natural river bends are similar to those 
shown in Fig. 5.3.5 but because the cross sections in river bends are 
not prismatic, the information in Fig. 5.3.5 cannot be readily used in 
rivers. 
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Several studies have been made of the transverse velocity field in 
the cross section of an open channel. The equation for transverse velocity 
developed by Rozovskii (1957) is 

in which 

5.3.5 

vr = the radial velocity corresponding to a flow depth y 
V = the average longitudinal velocity 
C = the Chezy coefficient 
n = the relative depth, y/y 

0 
K = the von Karman coefficient 

The functions F1(n) and F2(n) can be determined from Fig. 5.3.6 
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Fig. 5.3.6 Graph of functions F1(n) and F2(n). 

A comparison of the predicted (Eq. 5.3 .5) and observed transverse velocity 
distributions for a river bend is given in Fig. 5.3.7. For such sections 
fairly good results can be obtained . For the more irregular sections, 
the results are less impressive. 
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Fig. 5.3.7 Comparison of predicted and measured 
velocity distributions in a bend • . 

Another form of secondary circulation occurs in open channels. 
In channels with large width to depth ratios and approximately uniform 
depth, transverse flow cells occur, usually in pairs. One rotates clock-
wise and the other counterclockwise. Between alternate pairs of cells, 
the transverse surface flows come together and dive downward. This flow 
phenomena may accumulate debris, ice or other material floating on the 
surface into distinct parallel lines oriented in the direction of longi-
tudinal flow. 

5.4.0 ROUGHNESS CHARACTERISTICS OF ALLUVIAL RIVERS 

The ~oughne6h on altuv~ channeih ~ v~ble and complex. Roughness 
is a function of such variables as channel geometry, channel irregularities, 
type of bed and bank material, response of bed material to flow at the 
bed-water interface resulting in dunes and bars, the rate of bed-material 
discharge in the channel, the characteristics of channel alignment and 
slope, the temperature of the water-sediment mixture flowing in the channel, 
the characteristics of wash load, the intensity of turbulence, and other 
factors. 
5.4.1 Main channel 

The resistance to flow in the main channel resulting from grain 
roughness and form roughness is discussed in detail in Chapter III. 



V-13 

5.4.2 Floodplain 
The roughness characteristics on the floodplain are complicated by 

the presence of vegetation, natural and artificial irregularities, 
buildings) undefined direction of flow, varying slopes and other complexities. 
Resistance factors reflecting these effects must be selected largely on 
the basis of past experience with similar conditions. In gen~, 
Jte6-i6.tance :to filow -i6 .f.M..ge on the fi.toodpf.a)_JU. In some instances, 
conditions are further complicated by deposit i on of sediment and develop-
ment of dunes and bars which affect r esi stance to flow and direction of 
flow. 
5.4.3 Ice conditions 

The presence of ice affects channel roughness and resistance to 
flow in various unique ways . When an ice cover occurs, the open channel 
is more nearly comparable to a closed conduit. There is an added shear 
stress developed bet ween the flowing water and the ice cover. This 
'surface shear is much larger than the normal shear stresses developed 
at the air-water int erface. A study of ice cover by the U.S . Geological 
Survey has revealed t hat the ice-water interface is not always smooth. 
In many instances, t he underside of the ice is deformed so that it 
resembles ripples or dunes observed on the bed of sandbed channels. 
This may cause overal l resistance to flow i n the channel to be further 
increased. 

With total or partial ice cover, the drag of t he ice retards flow, 
decreasing the average velocity and increasing t he depth. Another 
serious effect is its influence on bank stabi l ity, in and near water 
structures such as docks , loading r amps , and ships . For example, the 
ice layer may f r eeze to bank stabilizat ion materials, and when the ice 
breaks up , large quantities of rock and other material embedded in the 
ice may be floated downstream and subsequently thawed loose and dumped 
randomly leaving banks raw and unprotected, 

5.5.0 LONGITUDINAL VELOCITIES OF ALLUVIAL RIVERS 

The usual refer ence to ve locity i n nat ura l streams is not to a 
velocity at a poi nt but rather to a mean velocity for the channel. 
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5.5. 1 Maximum velocities 
A tabulation was made by the USGS of the largest measured values of 

velocity at a single point (not the average for the whole cross section). 
The maximum point velocity usually is on the order of 25 to 50 percent 
greater than the average velocity for the cross section. Out of 2950 
measurements included in t he sample, the median value was 4.11 fps, 
the mean 4.84 fps, and less than one percent of the total exceeded 13 fps. 
One. ol) .the. hlghu.t vel.oc.Uiu e.veJr. me.MUJte.d by c..UJr.Jr..e.n..t me..teJr. by .the. 
USGS WM ZZ 1)p.6 ..<.n. a. Jtoc..k goJtge. ofi .the. Po.toma.c.. TU.ve!r. a..t Cha...<.n. BlvLdge. n.e.alt 
WMh..<.n.g.ton., V.C., dUJt..<.n.g .the. filood ofi Ma.Jtc..h, 7936 . Velocities up to 
30 fps have occasionally been observed, but none have been recorded 
greater than this value. 
5.5.2 Mean velocities 

The mean velocity of river corresponds to the mean or average dis-
charge of a stream. During the flood stages, the mean velocities in 
the river vary from about 6 to 10 fps. The mean velocity attained in 
large rivers is generally slightly larger than that in small ones. There 
are , of course, many local situations where, owing to the constrictions 
or rapids, velocities attain greater values. The figures cited above 
include a large majority of river channels in reaches that have no 
unusual features. Fig. 5.5 . 1 shows the variations of mean velocity 
along Yellowstone-Missouri-Mississippi River system . As discharge 
increases in the downstream river system, the velocity remains 
essentially constant. 
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Fig. 5.5.1 Mean velocity vs. discharge (after Leopold et al., 1964). 
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5.5.3 Minimum velocities 
The minimum velocities in alluvial rivers correspond to the average 

velocity of the river during the low flow. The minimum velocities range 
from zero to approximately 3 fps. 
5.5.4 Velocity fluctuations 

The .lntda.n.ta.n.eoU6 :t.wLbulen.t veioc.i..:ty .ln. a..U.u.v-ta..e. tr)._veJrA c.a.n. e.x.c.eed 
the .tUne a.veJutge vei.oc.li.y by a..6 muc.h a..6 70 peJtc.en.t oJt moJte. When the 
turbulent fluctuating component of velocity is expressed as a ratio 
root-mean-square of the fluctuating component (or standard deviation) 
to mean average velocity, the ratio can attain a value of 30 to 40 
percent. For the Mississippi River, Kalinske (1942) found that the 
maximum fluctuating component of velocity is about three times the 
standard deviation. A typical plot of fluctuating velocity against 
time for the Mississippi River is shown in Fig. 5.5.2. These data were 
reported by Tiffany (1950). 

10 VVetoclty Computed from every 5 revolution of meter 
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Fig. 5.5 .2 Velocity fluctuations in Mississippi River at Vicksburg, 
Missis sippi (Tiffany, 1950). 

5.6.0 METHODS OF PREDICTING, CONTROLLING, AND ANALYZING THE 
CHARACTERISTICS OF RIVERS 

5.6.1 Introduction 
To predict the characteristics of a river, one has t o separate the 

related variables into dependent and independent categories. In the 
case of rivers, the separation of variables becomes difficult because 
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the relative independence of variables depends on the time scale from 
which one is viewing the phenomena. In geological time scales, the 
independent variables of a river are the geological and meteorological 
factors devel oping the drainage basin. In such time scales, all the 
river characteristics, as well as the discharge and sediment load, become 
dependent variab l es. Such a viewpoint is not helpful from the engineer-
ing aspects of r i ver control. In engine~ng time ~eat~, the independent 
va.tUa.b.t~ fion a. given niven eha.nnd Me the wa.ten fueha.nge, the ~ecUment 
.toa.d, the ~ecUment ~ize a.nd pa.ntie-f.e ~ha.pe a.nd the a.nteeedent eha.nne.t 
eonditioM. 

If the channel is considered to be in equilibrium, considerable 
simplification of the number of variables and the relationships between 
such variables and the channel characteristics becomes possible. Channel 
equilibrium is sometimes a tenuous concept. However, one ea.n det)ine 
the equ.i.U..b!Uum condition o6 a. niven eha.nne.t M indi.ea.Ung the ewtenee 
o6 eenta.in ~.tcLtiOnMIJ vatu.~ at) a.vena.ge pnopenilru o6 the eha.nne.t. Most 
of the comput ational relationships presented in this chapter pertain to 
channels that are defined to be in equilibrium. In the hydraulic design 
of highways , these relationships can be developed from a study of the 
local characteristics of the river channel used. Many examples of 
equilibrium relations for river systems are given in the following 
sections. 

A problem arises when the existing equilibrium of a river channel 
is disturbed. Qualitative results are available for the prediction of 
such a behavior. The qualitative prediction of channel response when 
its equilibrium is disturbed is discussed in Chapter IV. Under the 
state-of-the-ar t , quantitative results have not been obtained for rivers 
"out-of-equilibrium" . However, the development of detailed mathematical 
models of the physical processes in rivers offers new hope for better 
river engineeri ng answers to changing river forms. 
5. 6.2 The geometry of pools and bendways 

In general, mea.nd~ng niveM M.6u.me a. n.a..:twr.a...e alignmen:t eon.6i.6.ting 
o6 ben~ a.nd eno~~ing~. The depth o6 the eha.nne.t ineneM~ along the 
eonea.ve ba.nk. o-6 the bend, a.nd deeneM~ a.t the enoMing. The profile of 
the thalweg consists of successive deeps or pools in the bends, and 
shallows or shoals in the crossings. 
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The geometry of the pool is a function of water and sediment dis-
charge, the hydraulic parameters of the stream, the geometry of the bend 
itself, the nature of the bank material and other less significant 
variables. 

The characteristics of bends can be approximated by the use of the 
following approach of Rzhanitsyn (1960). 

Let 
v = average stream velocity 

Yo = depth of flow 
w = width of the stream 
L = length of the bend 
r = radius of curvature of the bend c 
<P = bend deflection angle, 

The equation for superelevation 
can be simplified for the case where 

6.z = 

in radians 
6.z 
W/r c 

in a bend (given by Eq. 2.6.7) 
is very small to 

5.6.1 

The longitudinal drop 
(Eq. 2.3.21). 

6.z can be derived from the Chezy formula 
0 

5.6.2 

The ratio K of the longitudinal drop to the superelevation is 
0 

5.6.3 

and is a function of the roughness of the channel and the geometry of 
the bend. 

From the geometry of the bend 

L = <f>r c 5.6.4 
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By substituting this expression for L in Eq. 5.6.3 and then solvin~ 
for r , we obtain c 

As 

it follows that 

r = g_j Ko 
c V * . A<j> 

5.6.5 

5.6.6 

5.6.7 

The depth on 6-f.ow in a. pool is determined by a complex interaction 
of a number of factors, among them the stability of the river channel, 
the sediment concentration and the size of the river (stream order). 

In Fig. 5.6.1, the relation between the relative maximum depth in 
a pool y /W and the radius of curvature of the bend r /W is max c 
presented. The information was obtained from various Russian rivers. 
This figure shows that y /W decreases with increasing r /W for max c 
relatively stable rivers, while the converse is true for less stable 
rivers. For values of r /W in excess of 12, the relative maximum c 
depth approaches a constant value for a given stream . 

. 07 

.06 

.OS 
:s: .04 ' X 

I'd .03 s >.. 
.02 

.01 

.00 
0 

Don River 

Dnieper, Volqa Rivers 

10 
r /W c 

20 30 

Fig. 5.6.1 The maximum depth in the pool as a function of the bend 
radius (after Rzhanitsyn, 1960). 
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For streams of the same order, the mean annual sediment concentration 
is an important factor in determining the maximum depth. Fig. 5.6.2 shows 
the variation of y /W with sediment concentration for XII to XIV order max 
streams and r /W as a third variable. c 

.OS 

.04 

:::: .03 ....... 
>< 
CIS 
13 .02 >. 

/ 
~ ./_ 

.01 

rc/w = 5/ 
I I~ 

/L v 15 
~~ ~20 

.00 
25 50 75 100 125 150 175 

Average annual sediment concentration, ppm 

Fig. 5.6.2 The maximum depth in the pool as a function of sediment 
transport (after Rzhanitsyn, 1960). 

In Fig. 5.6.3, the general pattern of change of y /W with r /W max c 
is shown for rivers of different size and degree of stability. The 
stability of a river can be represented by the index of stability x 
defined as 

5.6.8 

When x is large the river is wide and shallow and relatively unstable. 
When x is small the river is narrow and deep and relatively stable. 

The curves in Fig. 5.6.3 have been obtained from data taken from 
rivers with low mean annual sediment concentrations, and are applicable 
for concentrations up to 90 ppm. For higher concentrations, use can be 
made of Fig. 5.6.2 extended to cover a wider range of stream sizes 
(From X to XIV). Figures 5.6 . 1, 5.6.2, and 5.6.3 were developed to 
determine the maximum depth in the pool. Care must be used in inter-
preting variations in the other parameters from these figures. 
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Fig. S.6.3 Variation in pool depth with bend radius, river stability 
and stream order (after Rzhanitsyn ; 1960). 

As mentioned earlier, in a bend there is a transverse water surface 
slope and transverse currents. These phenomena are greatest near the 
end of a bend. Upon emerging into the straight reach below the curve, 
the induced transverse currents slowly die out. The transverse slope is 
reduced and at some distance from the end of the curve the stream begins 
to move normally without the cross currents induced by the bend. This 
section is the end of the pool. 

The length on pool dep~~~~n is closely related to the instability 
of the river channel and the sediment transport: the greater instability 
and sediment discharge, the shorter the length of the pool depression. 



V-21 

The relative length of a pool depression can be plotted as a 
function of the relative depth and the relative radius, as shown in 
Fig. 5.6.4. The values in this figure correspond to a stability 
factor x = 1.5. For other indices of stability, the length given 
in Fig. 5.6.4 must be multiplied by k the correction coefficient X 
for stability given in Fig. 5. 6.5. Also, a correction for mean annual 
sediment concentration k given in Fig. 5.6.6 is required. c 

25 

X = 1.5 

o~------~--------~-------
0 .OS .10 . 15 

Ymax/W 

Fig. 5.6.4 Length of pools in meandering rivers (after Rzhanitsyn, 1960). 
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Fig. 5.6.5 Correction coefficient for the index of stability. 
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Fig. 5.6.6 Correction coefficient for meart annual sediment concentration. 

For example, suppose a river has a stability inde~ x = 0.5 and 
mean annual sediment discharge of 100 ppm. If a particular bend has 
y /W = 0.03 and r /W = 4, then according to Fig. 5.6.4, L/W = 7. max c 
The correction factor for stability is given in Fig. 5.6.5 as k = 0.5 

X 
and the correction factor for sediment concentration is given in 
Fig. 5.6.6 as k = 0.5. Therefore correct L/W for the bend .is c 



or 
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L -w = 7k k X c 

~ = 7(.5) (.5) = 1.8 

The .6h.ape. o6 :the. .f.ongU:ucUnai. pJto6ile. of a river channel bed in a bend 
is a function of the hydraulic characteristics of the stream and the 
bed material, the size of the stream and the mean annual sediment 
concentration. In general, the longitudinal profile of the pool 
depression bed becomes steeper in the first one-third of the pool in 
rivers carrying large sediment concentrations. Also, the profile then 
rises more rapidly to the next crossing. Fig. 5.6.7 shows how the 
profiles of rivers of different sizes compare, all other pertinent 
variables being held constant. The variables z, z , l and l max max 
are defined in Fig. 5.6.8. It is concluded from the analysis of 
this figure that stream size is not an important factor in shaping the 
profile of the bend. 

It is useful to compare the shapes of longitudinal profiles for 
rivers that differ in size but are similar with respect to their bed 
material and mean annual concentration. The longitudinal profiles of 
several such rivers are shown in Fig. 5.6.7. 

1.0 

0~~--~~~--~~~~~--~~~--~~ 0 0.4 1.0 
l 
r-max 

Fig. 5.6.7 Longitudinal profiles of pool depressions for rivers with 
similar stabilities and similar average annual sediment 
concentrations (after Rzhanitsyn, 1960). 

5.6.9 



V-24 

fmox 

Fig. 5.6.8 Definitions of variables describing the longitudinal 
profile in a pool. 

The analysis of these data shows that in relative terms, the shape 
of the longitudinal profiles of pool depressions do not depend on the 
size of the stream. Their shape is, therefore, similar for rivers of 
the same type. 
5.6.3 Variation of depth of flow 

To describe a river channel, it is necessary to know the maximum 
depth of the pool, the minimum depth in the crossing, and the position 
of the line of greatest depth in the channel. Thi6 line~ ealled the 
tha.R.weg. The greatest depth in the stream is located below the section 
of greatest curvature; the smallest depth is approximately the same 
distance below the point of inflection in the crossing. More precisely, 
the deepeot pcvr..:t o-6 the poo.t a.nd the J.Jhalioweot pcvr..:t o-6 the CJLoM.<.ng 
Me downJ.J:tJteam o-6 the po.<.nt o-6 gftea.teot a.nd .teMt c.Wtva.:twte by a.ppMx.i-
ma.te.ty a. -6ouJtth o-6 the length o-6 the poo.t p.f.u-6 the CJLOJ.JJ.J.<.ng. Th-<-.6 
Jtei..a.:Uon ho£.d6 .<.n the ma.jo!tliy o-6 c.a.6U wheJte J.Jbteam bend6 Me o-6 the 
n!tee a.nd .e.hn.Ued :typu. FoiL the no!teed bend, the g1tea.tut depth o-6 the 
poo.t Uu at the po.<.nt o-6 ma.x.imwn c.onJ.Jruct<.on. 

In natural rivers, it has been observed that the line of greatest 
depth in a bend may shift from its usual position, adjacent to the 
concave bank, towards the middle and sometimes even to the convex 
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bank. Therefore, a. deJ.J..i..gneJt .6ho!d.d p.f.ac.e a1.l fiooting.6 in. a. !UveJt 
c.ha.nnel a;t a.n eleva;tion a.ntic.ipa.tin.g tha;t the tha.-eweg ha..6 fiJteedom :to 
.6 elect a.ny p0.6ilion. in the c.Jr.0.6.6 .6 ec.tion.. 

The position of the line of greatest depth is affected most by the 
variability in the flow and by bank conditions. A change in the flow 
changes the channel forming processes of the stream. With each rise in 
stage, changes occur in the characteristics of flow in the channel. For 
example, the flow lines are straightened. The appearance of flow on the 
floodplain often leads to basic changes in the channel forming activity. 
The duration of the various phases of flooding and , therefore, the 
duration of stages and of phases of the channel-forming process are 
of great importance. The discharge, channel geometry, and channel 
conditions all combine to determine general trends in the further 
development of the channel. 
5.6.4 Straight reaches of a river channel 

The cross section of a channel in a straight reach of the river may 
assume a parabolic shape in many rivers. This shape is relatively stable 
and is due primarily to the interaction of the longitudinal flow with the 
bed material. Under natural conditions, a number of factors affect the 
shape of the straight river channel. With changes in discharge, the 
velocity structure and the depth of the stream change. This leads to 
the intensification of the process of development of channel shape. 
For a given bed material, the velocity structure of the stream and its 
depth are associated with a definite shape of channel. 

With continually changing hydraulic conditions, which are typical 
for natural streams , channel shapes develop. To these shapes, we 
attempt to r elate some constant , equivalent, channel-forming discharge. 
During periods when the filow ~ le6.6 tha.n domin.a.n.t, depo.6.£tion pltoc.eJ.J.6eA 
pltedomina;te. in. the c.ha.nn.el. Co nv eM ely, whe.n. the ~ c.ha.Jtg e. ~ hig heJt 
tha.n. domin.a.n.t, eJto.6ion.a.l pltoc.eJ.J.6eA U6ua..U.y p!te.domina;te.. 

In streams of different size, the parabolic shape of the channel 
is common , but its geometric ratios are changed. For example, larger 
rivers have larger width to depth ratios. 

The geologic structure and composition of the material of the 
riverbed are important in the development of channel shape. These 
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affect the relative channel dimensions. In general, a channel in fine 
material has smaller width to depth ratio than one formed of coarser 
particles. 

The sediment discharge affects the channel-forming action of the 
stream. With riverbeds composed of material with a small fall diameter 
the sediment load is greater, the channel process more intense, and the 
width to depth ratio is greater. 

The process of river channel formation in different materials is 
determined principally by the effect of two related factors. These are 
size of particles and their cohesion, and the sediment load. The change 
in width to depth ratio of the river channel depends on whether the 
influence of one or the other of these factors predominate. The width 
to depth ratio is also influenced by size of the stream (stream order). 
This effect is shown by Fig. 5.6.9 . The value of the relative depth 
y /W decreases and approaches some relatively small stable value for 

0 
streams of high order. This regularly is observed in both crossings and 
pools. Therefore, with a decrease in the size of the river, the natural 
stream develops an increasingly deeper channel • 

• 10 

3: .os ...... 
0 >-
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" 
' '""" 

I II Ill IV V VI VII VIII IX X XI XII XIII XIV XV 

Stream order 

Fig. 5.6.9 Relation of relative depth of natural streams to their 
stream order (after Rzhanitsyn, 1960). 

5.7.0 QUANTITATIVE PREDICTION OF CHANNEL RESPONSE TO CHANGE 

The necessity for quantitative prediction of river channel response 
is increasing. The accuracy of such a prediction depends on the quality 
of the data. There are generally two ways of predicting response. One 
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is the mathematical model and the other is the physical model. Mathe-
matical mod~ utilize a number of mathematical equations governing the 
motion of flow in the channel. In general , the equation of motion and 
continuity for sedi ment laden water, the continuity equation for sedi-
ment, and the sediment -transport equation are used to study a transient 
phenomena in alluvial channels. These equations are recognized as 
powerful tools for the study of unsteady flow problems. By solving these 
equations using numerical methods and digital computers, the response 
of the river system to var i ous natur al and man-made activities on 
channel improvement can be simulated by simply applying the mathematical 
model using different boundary conditions. Regardless of the potential 
of the mathematical models, up to dat e they have been restricted to the 
study of the response problems using one-dimensional approximations. 

For complex channel characteristics, it is very difficult to 
accurately formulate mathematically what happens in a river. Studies 
of channel response to development are t hen usually made by using a 
phy~i~ model. Some aspects of physical mode ling have been presented 
in Chapter III. To achieve similar behavior in the model and the proto-
type, the "relative importance of the governing parameters" must be the 
same in the model and protot ype model . This oft en leads to distortion 
and scale effects and results in experimental uncertainties. Further-
more, the construction, operation, and modification of physical models 
are expensive, time consuming and laborious, especially when long-term 
response is investigated. 

Adoption of a particular method f or estimating river response depends 
on quality and availabil i ty of data as well as the engineer's experience. 
More detail on the physica l and mathematical modeling can be found from 
works by Gessler (1971) and Chen (1973). 
5.7.1 River response to confinement by dikes 

The response of r iver s to varying degr ees of confinement is an 
interesting and challenging probl em. The basic t ypes of rivers, their 
bed configurations, the r esponse of bed configurati on to changing stage, 
the types and location of sandbars, the characteristics of the bed and 
bank mat erials, channel geometry , sedi ment t ransport, and historic 
characteristics of rivers with t heir variations and trends should be 
studied and understood. Wi t h this fundamental information, the potential 
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changes which may result from various degrees of river development can 
be investigated. This requires consideration of the effect of develop-
ment on channel geometry, flow characteristics, sediment discharge, 
aggradation, degradation, river stage, channel form, channel stability, 
bed and bank materials, possible changes in river alignment, and other 
important factors. A backwater analysis has been used to estimate the 
water surface profiles for rivers being confined by embankments. The 
increase in stage as determined from the analysis is usually based on: 
(1) a given design flood discharge; (2) given embankment setback distances; 
(3) Manning's n values based on field measurements, and (4) verifica-
tion of computational procedures and assumptions by using historical flood 
levels and verifying them by computations. Using these considerations a 
realistic appraisal can be made of river response, embankment setback 
distance, embankment alignment, height of embankments, and other factors. 
5.7.2 Observed channel changes 

The plan and profile of sandbed rivers are subject to changes of 
varying magnitude during an annual cycle. These changes are even more 
noticeable when the profile and banklines are compared over several years. 

The bank stability is greatly affected by the type of river, the 
characteristics of the sediment load, and the riverbed response to 
changing hydraulic conditions. The meandering river changes its position 
relatively slowly and it maintains its sinuous pattern. Hence the n~e 
beha.vioJt a.n.d geome;t.Jz.y on a. mea.n.deJtin.g JtiveJr. Me e.MieJr. .to p!tecUc..t. 

The plan. a.n.d pJtofi-<-le on bJta.ided Jtiv~ may change continuously. 
Erosion and deposition along the bankline and within the river channel 
a.Jte much le6¢ ~edictable. Both river banks may be attacked simultane-
ously and the pattern of alternate bars, braided channels, and middle 
bars and islands, experiences large and random changes with time and 
river stage. With the braided river and its unpredictable geometry, 
the embankments located adjacent to it should be set back further from 
the river to provide safety from changes in alignment. 

Unstable and stable reaches of rivers tend to remain so except for 
catastrophic events such as major earthquakes. These, accompanied by 
subsidence or upheaval and very large floods, may cause major changes in 
both stable and unstable reaches. Such events may even completely chang.e 
the course of a river. 
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Because of limited documentation of bank line migration and large 
potential changes in river alignment during flood events, river bank-
lines should be defined and compared annually by aerial photography. 
With this information, the river changes could be studied in greater 
detail and used with hydrologic, hydraulic and soils data to provide 
knowledge of interrelations between the projected aim and the river. 
This kind of study would also provide a history of river changes which 
would help to predict river response to the development of water resources. 

5.8.0 SUMMARY 

At the present time, the quantitative analysis of river response 
to natural or man-made activities is difficult to do. No clear straight-
forward methods of analysis have been developed. Often, the value of 
an analysis is almost totally dependent on the experience of the engineer. 
Hopefully, in the future, the experience of the engineers can be enhanced 
with rapid methods of analysis that will produce accurate quantitative 
predictions. 

In this chapter, we have tried to illustrate that the geometry of 
natural river systems can be described, at least in the form of graphi-
cal plots of the relations between a few key variables. Through samples 
of river data taken mostly from Russian literature, the basic relations 
have been depicted. With these types of relations and those given in 
Chapter IV, the response to changing activities in the river system 
can be estimated. 

The basic relations for one river system may differ from those 
of another. Therefore, at l east a sample of data is needed from a 
river system in order to assess how that river system is different or 
similar to other river systems for which good data is available. With 
this knowledge, one is in a position to assess the trends of future 
responses even if he cannot compute the precise amount of change. 
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Chapter VI 

RIVER STABILIZATION, BANK PROTECTION AND SCOUR 

6.1.0 INTRODUCTION 

From a study of the chapters on river mechanics and geomorphology, 
it should be clear that both short-term and long-term changes can be 
expected on river systems as a result of natural and man-made influences. 
Recommended structures and design methods for river control are presented 
in this chapter. The integrated and interactive effects of these 
structures with the river are discussed in Chapter VIII. 

Numerous types of river control and bank stabilization devices have 
evolved through past experience. Concrete, brick, willow and asphalt 
mattresses, sacked concrete and sand, riprap, grouted slope protection, 
sheet piles, timber piles, steel jack and brush jetties, angled and 
sloped rock-filled, earth-filled, and timber dikes, automobile bodies, 
and concrete tetrahedrons have all been used in the practice of training 
rivers and stabilizing river banks. An extenhive tn~e on the ~ubjeet 
o6 bank and ~hone pnotection ~ pnepaned by the Catinonnia Viv~ion ofi 
Highway~ (19701. A large number of publications on river training and 
stabilization have been prepared by the Corps of Engineers and the U.S. 
Bureau of Reclamation . Many more publications on the subject exist in 
the open literature. It is not intended that an exhaustive coverage of 
the various types of river control structures and methods of design be 
made in this manual ; rather, the purpose of this manual is to recommend 
methods and devices which provide useful alternatives to the highway 
engineer for the majority of circumstances which are likely to be 
encountered in highway practice. 

Generally, changes to river alignment, river cross section, training, 
and bank stabilization of rivers associated with highway projects are 
confined to short reaches of the river. While the methods for river 
training and bank stabilization discussed herein are applicable to short 
and long reaches of the river , they are not panacea to all problems 
associated with highway encroachments on rivers. Handbook analyses and 
designs usually lead to poor solutions of specific problems. Also, 
solution to a particular problem may generate problems elsewhere in the 
river system . 
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6.2.0 CHANNEL IMPROVEMENT 

In some circumstances it could be advantageous to change the river 
channel alignment because of highway encroachments. When a ~v~ 
cJw.M.£ng J.Jile b., J.Jo c.onJ.J.tJw.A..ned btj non-htjc:ltt.a.uUc. 6ac.toM .tha;t c.onJ.J..W-
eJW.tion .to a.U~n.a.tive J.Jile-6 b., no.t poMible, .the engine~ mLL6.t a.t.temp.t 
.to impJLov e .the .toc.a.t J.J.Ltua.:Uon .to meet .6 peei6ic. need-6. Also, the 
engineer may be forced to make channel improvements in order . to 
maintain and pno.tec..t exio.ting highwatj J.Jtnuc..tunu in or adjacent to the 
river. 

Suppose a meandering river is to be crossed with a highway, as 
shown in Fig. 6.2.la. Assume that the alignment is fixed by constraints 
in the acquisition of the right-of-way. 

H~y 

( 0) (b) ( c ) 

Fig. 6.2.1 Encroachment on a meandering river. 

To create better flow alignment with the bridge, consideration is 
given to channel improvement as shown in Fig . 6.2.lb . Similarly, con-
sideration for improvement to the channel would also be advisable for 
a hypothetical lateral encroachment of a highway as depicted in Fig. 
6.2.lc. In either case, the designer's questions are how to realign 
the channel, and what criteria to use to establish the cross-sectional 
dimensions . 
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In realigning a river channel, the channel may be made straight 
without curves, or may include one or more curves. If curves are 
included, the radii of curvature, the number of bends, the limits of 
rechannelization (hence the length or slope of the channel) and the 
cross-sectional area are decisions which have to be made by the 
designer. Different rivers have different characteristics and historical 
background with regard to channel migration, discharge, stage, geometry 
and sediment transport, and as indicated in the previous chapters, it is 
important for the designer to understand and appreciate river hydraulics 
and geomorphology when making decisions concerning channel improvement. 
It is difficult to state generalized criteria for channel improvement 
applicable to any river. Knowledge about river systems has not yet 
advanced to such a state as to make this possible. Nevertheless, it is 
important to provide some principles and guidelines for the design 
engineer. 

As the general rule, the radii of bends should be made about equal 
to the mean radii of bends, r , in extended reaches of the river. The c 
angle ~ shown in Fig. 6.2.1 between a line drawn tangent to the inside 
of two successive bends and the bank line in the crossing should be 
approximately 20 degr ees. This enables a sufficient crossing length for the 
thalweg to swing from one side of the channel to the other. Generally, 
it is necessary to stabilize the outside banks of the curves in order to 
hold the new alignment and depending upon crossing length, some amount 
of maintenance may be necessary to remove sandbars after large floods so 
that the channel does not develop new meander patterns in the crossings 
during normal flows. 

The sinuosity and channel bed slope are related in the following way. 
The bed elevations at the ends of the reach being rechannelized, 
(designated 1 and 2, in Fig. 6. 2.1) are established by existing conditions. 
Hence, the total drop in bed elevation for the new channels (subscript 2) 
and the old channels (subscript 1) are the same. 

bz = bz = bz 1 2 

The length of channel measured along the thalweg is labeled 
the mean slope of the channel bed before rechannelization is 

L • c 

6.2.1 

Thus, 



s = ~ 1 L 
cl 

and after rechannelization is 

s2 
!:J.z = L 
c2 
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6.2.2 

6.2.3 

Sinuosity is defined by the ratio of the length of channel to length of 
the valley, or 

p = 

Clearly, 

pl = 

p2 = 

but 

and !:J.zl 

L c > 1 
L v 

L 
cl 

L 
vl 

L 
c2 

L 
v2 

!:J.z2 

= L v 

!:J.z 
y;-= --= L L 
vl v2 v 

L 

P181 
cl !:J.z = L --= L Thus, 
v cl 

6.2.4 

6.2.5 

6.2.6 

6.2.7 

6.2.8 

L 
c2 !:J.z 

P2S2 --. r= L 6.2.9 
v c2 

The new channel slope and channel sinuosity are inversely related. If 
P2 < P1 then s 2 > s1 . The new channel alignment, hence P2, can be 
chosen by the designer with due consideration given to the radii of 
curvature, deflection angles and tangent lengths between reversing curves. 
As indicated before, consideration should also be given to prevailing 
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average conditions in the extended reach. The new slope s2 can be 
calculated from Eq. 6.2.9, and the relationship (from Eq. 4.4.4) 

s Q1/ 4 < 0 . 0017 2 6.2.10 

should be satisfied . If s1 is of such magnitude that Eq. 6.2.10 
cannot be satisfied with still larger s2, the possibility of the river 
changing to a braided channel because of steeper slope should be carefully 
evaluated. With steeper slope, there could be an increase in sediment trans-
port which could cause degradation and the effect would be extended both 
upstream and downstream of the rechannelized reach. The meander patterns 
could change. Considerable bank protection might be necessary to contain 
lateral migration which is characteristic of a braided channel, and if the 
slope is too steep, head cuts could develop which migrate upstream with 
attendant effects on the plan geometry of the channel. Even when changes 
in slope are not very large, a short-term adjustment of the average river 
slope occurs, consistent with the sediment transport rate, flow velocities 
and roughnesses, beyond the upstream and downstream limits of channel 
improvement. For small changes in slope, the proportionality (Eq . 4.4.3), 
QS - Qs n50 tends toward equilibrium by slight increases i n bed material 
size n50 and adjustment in the sediment transport rate Qs· 

A small increase in the new channel width could be considered which 
tends to maintain the same stream power in the old and new channels. 
That is, 

6.2.11 

With substitution of T = yRS, V = Q/A and R = A/P ~ A/W, Eq. 6.2.11 
0 

leads to 

6 . 2.12 

The increase in width should be limited to about 10 to 15 percent. Wider 
channels would be ineffective. Deposition would occur along one bank and 
the effort of extra excavation would be wasted. Furthermore, bar formation 
would be encouraged, with resultant tendencies for changes in the meander 
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pattern leading to greater maintenance costs of bank stabilization and 
removal of the bars to hold the desired river alignment. 

The depth of flow in the channel is dependent on discharge, effective 
channel width, sediment transport rate (because it affects bed form and 
channel roughness) and channel slope. Methods for determining flow depth 
are given in Chapter III. 

The foregoing discussion pertains to alluvial channels with fine-
sized bed materials (sands and silts). For streams with gravel and 
cobble beds , the concern is to provide adequate channel cross-sectional 
dimensions to convey flood flows. If the realigned channels are made 
too steep, there is an increased stream power with a consequent increase 
in transport rate of the bed material. The deposition of material in 
the downstream reaches tends to form gravel bars and encourages changes 
in the plan form of the channel. Short-term changes in channel slope 
can be expected until equilibrium is reestablished over extended reaches 
both upstream and downstream of the rechannelized reach. Bank stabiliza-
tion may be necessary to prevent lateral migration and periodic removal 
of gravel bars may also be necessary. 

6.3.0 RIVER TRAINING AND STABILIZATION 

Various devices and structures have been developed to control river 
flow along a preselected path and to stabilize the banks. Most have been 
developed through trial and error applications, aided in some instances 
by hydraulic model studies. Roek nipnap ~ pnobably the mo~t widely 
~ed matenial to stabilize river banks and protect the side slopes of 
embankments. Because of its wide use and importance in highway practice 
a separate section (Section 6.4.0) is devoted to rock riprap. Other 
materials useful in highway practice are discussed in this section. 

Viku, ne:taJt~, and j dtiu Me devic.u ~ ed to guide the niveJt 
nlow and to pnotec.t the ban/u,. Their use is illustrated in Fig. 6.3.1. 
In all instances, the intent of all the devices shown in Fig. 6.3.1 is 
to cause resistance or obstruction to flow along the channel bank, 
thereby creating lower velocities to stop bank erosion, contain the 
thalweg of the st ream to the center portions of the channel, and if 
possible cause deposition of sediment along the bank where erosion 
previously occurred. 



(a) .Retards to protect 
highway embankment 

(c) Jetties to train the flow 
and protect the bank 
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CcMno 
Bonk . 

~) Retard to prevent further 
bank caving 

(d) Dikes to train the flow 
and protect the bank 

Fig. 6.3.1 Retards, jetties and dikes to protect embankments and train 
channel flow. 

6.3.1 Dikes 
In general, dikes extend outward from the bank into the channel at 

right angles or angled thereto, depending upon the circumstances and 
particular success achieved in past experiences. Along straight reaches, 
dikes should be perpendicular to the bank. Along sharp curves the dikes 
should be angled slightly downstream so as to deflect the flow toward 
the center of the channel . Some of the dikes are terminated with ex-
tensions parallel to the flow, forming L or T shapes, and are 
correspondingly referred as L or T heads. 

TheJr.e aJte ;(J!Jo p!Un.cip.te :typu o6 cUk.u, peJLmea.b.te and ,impeJLmea.b.te. 
Permeable dikes are those which permit flow through the dike but at 
reduced velocities, thereby preventing further erosion of the banks 
and causing deposition of suspended sediment from t he flow. 
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Timb0t p~e dike¢ - Timber pile dikes (also retards) may consist of 
closely-spaced single, double, or multiple rows. There are a number of 
variations to this scheme . For example, wire fence may be used in con-
junction with pi le dikes to collect debris and thereby cause effective 
reduction of velocity. Double rows of timber piles can be placed 
together to form timber cribs, and rocks may be used to fill the space 
between the piles. Timber pile dikes are vulnerable to failure through 
scour. The piles can be driven to a large depth to achieve safety from 
scour or the base of the piles can be protected from scour with dumped 
rock in sufficient quantities to form a combination permeable 
and impermeable dike. The various forms of timber pile dikes are 
illustrated in Fig. 6.3.2. 

The arrangement of timber piles depends upon the velocity of flow, 
quantity of suspended sediment transport, and depth and width of river. If 
the velocity of flow is large, timber pile dikes are not likely to be 
very effective. Stabilization of the bank by other methods should be 
considered. On the other hand, in moderate flow velocities with high 
concentrations of suspended sediments, these dikes can be quite effective. 
Deposition of suspended sediments in the pile dike field is a necessary 
consequence of reduced velocities. If there is not sufficient concentration 
of suspended sediment in the flow, or the velocities in the dike fields 
are too large for deposition, the permeable timber pile dikes will be 
only partially effective in training the river and protecting the bends. 

The length of each dike depends on channel width, position relative 
to other dikes, flow depth and available pile lengths . Generally, pile 
dikes are not used in large rivers where depths are great, although 
timber pile dikes have been used in the Columbia River. On the other 
hand, banks of wide shallow rivers can be protected with dikes. The 
spacing between dikes varies from 3 to 20 times the length of the upstream 
dike, with closer spacing favored for best results. 

Stone-6ili dike¢ - Stone-fill dikes are classed as impermeable dikes 
and do not depend on deposition of sediment between dikes nearly as much 
as permeable dikes. The principal function is to deflect the flow away 
from the bank and the dikes must be long enough to accomplish this 
purpose. The dikes may be angled downstream, angled upstream, or con-
structed normal to the bank. Variations such as a sloping dike, with 
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I I 
b.l 

Port Elevation 
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(a) Single row timber pile with wire fence 

Part Plan 

s"x B"Wole 
Typical 

Section 

(b) Double row timber piles with rocks and wire fence 

--SI .• - .. m..""""-··M,k..-.._.. 

(c) Pi le clusters 

"x6"- rote 
Wire Mesh 01' 
Barbed Wn 

Stream Sldl 

Fig. 6.3.2 Timber pile dikes (retards would be similar). 

declining top elevation away from the bank, L or T head dikes, and 
curved dikes have been used. Stone-fill dikes are illustrated in 
Fig. 6.3.3. 

The spacing between dikes may vary from three or four dike lengths 
to 10 or 12 dike lengths depending upon velocity and depth. Short dikes 
with long spacing are generally not usefu l for bank protection unless 
jacks or riprap are used to protect the bank between them. 
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Shore Slope Protection Section 
--~Flood Level 

E levotion 

Fig. 6.3.3 Typical stone fill dike. 

The ends of the dikes are subjected to local scour and appropriate 
allowance should be made for loss of dike material into the scour hole. 
The size of rock to be used for the dike depends on availability of 
material. Large rocks are generally used to cover the surface, while 
the internal section may be constituted with smaller rocks or earth-
fill. Side slopes of 1.5:1 and 2:1 are common. 
6.3.2 Retards 

Retards are permeable devices placed parallel to embankments and 
river banks to decrease the stream velocities and prevent erosion. 

Timb~ pile~~ - The design of timber pile retards is essen-
tially the same as timber pile dikes discussed in the previous section, 
and shown in Fig. 6.3.1. They may be used in combination with bank 
protection works such as riprap. The retard then serves to reduce the 
velocities sufficiently so that the riprap behind the retard is stable. 

Steel jaek6 - These devices are basic triangular frames tied 
together to form a stable unit. The resulting framework is called a 
tetrahedron. The tetrahedrons are placed parallel to the embankment 
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and cabled together with the ends of the cables anchored to the bank. 
Wire fencing may be placed along the row of tetrahedrons. In order to 
function well, there must be considerable debris in the stream to 
collect on the fence and the suspended sediment concentration must be 
large so that there will be deposition behind the retard. Various forms 
of steel jacks may be assembled. Two types are shown in Fig. 6.3.4. 
Jacks must be tied together with cable and must have tiebacks to dead-
men set in the bank. Tiebacks should be spaced every 100 feet and space 
between jacks should not be greater than their width. 

Connection to Suit 
Main Members 

(a) Typical Tetrahedron (b) Kellner Jack 

Fig. 6.3.4 Steel jacks. 

6.3.3 Jetties 
The. pwr.po-6e. ofl a j e:ttlj -6-<-ei..d ~ .to add nou.ghneM .to a c.han.n.ei.. on 

ove.nban.k. Mea .to .tll..Mn .the. ma-<-n. -6.tll..eam along a -6ei..e.&ed pa.th. The added 
roughness along the bank reduces the velocity and protects the bank from 
erosion. Jetty fields are usually made up of steel jacks tied together 
with cables. Both lateral and longitudinal rows of jacks are used to 
make up the jetty field as shown in Fig. 6.3.5. 

The lateral rows are usually angled about 45 to 70 degrees down-
stream from the bank. The spacing varies, depending upon the debris and 
sediment content in the stream, and may be 50 to 200 feet apart. Jetty 
fields are effective only if there is a significant amount of debris 
carried by the stream and the suspended sediment concentration is high. 
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When jetty fields are used to stabilize meandering rivers, it may be 
necessary to use jetty fields on both sides of the river channel because 
in flood stage the river may otherwise develop a chute channel across the 
point bar . A typical layout is shown in Fig. 6.3.5. 

Fig. 6.3.5 Typical jetty-field layout . 

6.3.4 Spur dikes 
To river engineers, spur dikes are dikes placed laterally from the 

river bank. These were discussed previously in this chapter and were 
simply called dikes. Spur dikes, to highway engineers, have acquired 
a special meaning because of their localized interest with rivers. 
1 n. fU_g hwa.y en.g.in.ee!Un.g, 1.! pWt dik.u Me guide ba.n.k.l.l pla.c.ed a;t OJl. n.eaJt 
the en.d6 ob a.ppJtoa.c.h emba.n.kmentl.l to guide the l.l:tJr..eam .th!r.ou.gh .the 
bfl..idge open..in.g. Constructed properly, flow disturbances, such as eddies 
and cross-flow, will be eliminated to make a more efficient waterway 
under the bridge. They are also used to protect the highway embankment 
and reduce or eliminate local scour at the embankment and adjacent 
'piers. The effectiveness of spur dikes is a function of river geometry, 
quantity of flow on the floodplain, and size of bridge opening. A 
~ypical spur dike at the end of an embankment is shown in Fig. 6.3.6. 

The recommended shape of a spur dike is a quarter ellipse with a 
major to minor axis ratio of 2.5. The major axis should be approximatelo/ 
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parallel to the main flow direction. For bridge crossings normal to the 
river, the major axis would be normal to the highway embankment . However, 
for skewed crossings, the spur dike should be placed at an angle with 
respect to the embankment with the view of streamlining the flow through 
the bridge opening. An illustration of spur dikes for a skewed crossing 
is shown in Fig. 6.3.7. 

LL 

Fig. 6.3.6 Typical spur dike. 

Flood Ploin 
Flow 

Flood Plain 
Flow 

Fig. 6.3.7 Spur dikes at skewed highway crossing. 
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The length of the spur dike, Ls, required qepends upon quantity of 
flow on the floodplain, width of bridge opening and skewness of the 
highway crossing. Shorter spur dikes may be used where floodplain 
flow is small or scour potential at piers and embankment ends are small. 
6.3.5 Bank protection 

The term "bank protection" implies that the bankline has or is 
about to fail . In order to design bank protection properly, we must 
know how the bank fails. There are four principal ways in which a 
bank fails. They are: 

(1) The erosion of soil particles on the bank either by the river 
currents or by waves. 

(2) Sloughing banks caused by excessive internal hydrostatic 
pressure in the bankline materials. 

(3) Slip-circle failures caused by the undermining of the toe. 
(4) Liquefaction and subsequent movement of the soil mass (called 

a flow slide). 
The. mMt c.amman. method at) bank. pJLate.c..ti..an. ..iA w.U:h Jtac.k. Jt-i..pJLap. The 

sides of the bank or embankment are lined with large rocks to prevent 
erosion along the bank and at the toe. Section 6.4.0 in this chapter 
is devoted to riprap and further discussion is deferred. Other methods 
and devices are discussed in this section. 

Rac.k.-6ili tne.n.c.h~ - Rock-fill trenches are structures used to 
protect banks from caving caused by erosion at the toe. A trench is 
excavated along the toe of the bank and filled with rocks as shown in 
Fig. 6.3.8 . 

Fig. 6.3.8 Rock-fill trench. 
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As the stream bed adjacent to the toe is eroded, the t oe trench is 
undermined and the rock fill slides downward to pave the bank. The 
size of trench to hold the rock fill depends on expected depths of 
scour. It is advantageous to grade the banks before paving the slope 
with riprap and placing rock in the toe trench. The slope should be at 
such an angle that the saturated bank is stable while the river stage 
is falling. 

The rock-fill trench need not be at the toe of the bank. An 

alternative method is to excavate a trench above the water line along 
the top of the river bank and fill with rocks. Then as the bank erodes 
toward the trench, the rocks in the trench slide down and pave the 
bank. This method is applicable in areas of rapidly eroding banks of 
medium to large size rivers. 

A variation of this method of toe protection is to pile the rocks 
in a "windrow" along the bank line instead of excavating a trench. Then 
as the bank is scoured, the rocks in the windrow drop do~~ to pave the 
bank. 

Roek-and-~e nip~p - When adequate riprap sizes are not 
available, rocks of cobble sizes may be placed in wire mesh mats made of 
galvanized fencing and placed along the bank forming a mattress. The 
individual wire units are called ba6ket6 if the thickness is greater 
than 12 inches. The term m~~h implies a thickness no greater than 
12 inches. Toe protection is offered by extending the mattresses into 
the channel bed as shown in Fig. 6.3.9. As the bed along the toe is 
scoured, the mattress drops into the scour hole. Special wire baskets 
of manageable sizes are manufactured and sold throughout the United 
States. It should be noted that when rock-and-wire mattresses are used 
in streams transporting cobble and rocks, the wires of the basket can be 
cut rather rapidly, which will destroy the intended protection along the 
base of the bank. Rusting of the wire mesh may also be a problem. 

Mats can be made up in large sizes in the field. The mats are 
flexible and can conform to scour holes which threaten the stability of 
the banks. The mats should be linked together to prevent separation as 
subsidence takes place. 
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MATTRESS LAYOUT 

Probable Scour Dopth 

Notes : 
Make "w" Greater Than 2ds . Mattress After Scour --- __ ----, 

~ .......... --, ) 
SECTION ',J, 

Fig. 6.3.9 Rock and wire mattress. 

Antieulated eonenete m~~~ - Small precast concrete blocks 
held together by steel rods or cables can be used to form a flexible 
mat as shown in Fig. 6.3.10. 

The sizes of blocks may vary to suit the contour of the bank. It 
is particularly difficult to make a continuous mattress of uniform 
sized blocks to fit sharp curves. The open spacing between blocks 
permits removal of bank material unless a filter blanket of gravel or 
plastic filter cloth is placed underneath. For embankments that are 
subjected only to occasional flood flows, the spaces between blocks 
may be filled with earth and vegetation can be established. 

The use of articulated concrete mattresses has been limited 
primarily to the Mississippi River. This is due to the large cost of 
the plant required for the placement of the mattress beneath the 
water surface. Thus, it is economically feasible to use articulated 
concrete mattresses only on rivers which require extensive bank 
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LU..beded Bars, 
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Fig. 6.3.10 Articulated concrete mattress. 

protection. The expense of the installation plant is not required, 
however, for placement of articulated concrete mattresses above the 
water surface. Thus, paving the upper bank with articulated concrete 
mattresses has been used occasionally in the United States and 
Europe. 

Oth~ typ~ on mattn~~~ - Woven willow, brush, woven lumber, 
asphalt, and soil cement mattresses are other types that can be 
utilized. In modern highway construction practice however, occasion 
to use these types arises only rarely. Concrete paving slabs are 
occasionally used. While paving slabs may be satisfactory along high 
water lines, they are not satisfactory for use below normal water levels 
because with even minor scour of the bank or toe, the rigid paving 
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cannot conform to the scour hole and soon becomes undermined and the 
paving may break up. If the paving is extended well below the stream 
bed, or if the entire cross section is lined with concrete paving, 
(especially for small channels) this form of bank paving is satisfactory. 

T~b0t o~ concnete cnib~ - Timber and concrete cribs are sometimes 
used for bulkheads and retaining walls to hold highway embankments, 
particularl y where lateral encroachment into the river must be limited. 
Cribs are made up by interlocking pieces together in the manner shown in 
Fig. 6.3.11. The crib may be slanted or vertical depending on height 
and the crib is filled with rock or earth. Reinforced concrete retaining 
walls are alternatives to timber cribs which can be considered. However, 
concrete retaining walls are expensive and are generally only used in 
special confined locations where space precludes other methods of bank 
protection. In constructing concrete retaining walls drainage holes 
(weep holes) must be provided. The foundation of these walls should be 
placed below expected scour depths. 

Fig. 6.3.11 Concrete or timber cribs. 
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6.4.0 RIPRAP SIZE AND STABILITY ANALYSIS 

When. a.va..Ua.b.te in. .6u.00iuent .6ize, Jtoc.k. JtipJta.p i-6 Mu.a.liy .:the mo.6.:t 
ec.on.omica.t ma..:te.Jtia..e. fioJt ba.n.k. pJto.:tection.. Rock riprap has many other 
advantages over other types of protection. Rock riprap protection is 
flexible and local damage is easily repaired. Construction must be 
accomplished in a prescribed manner but is not complicated. Although 
the riprap must be placed to the proper level in the bed, there are 
no foundation problems. The appearance of rock riprap is natural and 
after a period of time vegetation will grow between the rocks. Wave 
runup on rock slopes is usually less than on other types. Finally, 
when the usefulness of the protection is finished, the rock is salvable. 

The important factors to be considered in designing rock riprap 
protection are: 

(1) The du.Jtabi.tity of the rock. 
(2) The den..6i.:ty of the rock. 
(3) The ve.toci.:ty (both magnitude and direction) of the flow in the 

vicinity of the rock . 
(4) The .6.tope of the bed or bankline being protected . 
(5) The a.n.g.te o 6 Jtepo.6 e for the rock. 
(6) The .6ize of the rock. 
(7) The .6 ha.pe a.n.d a.n.g u..ta.Jti.:ty of the rock. 

The theoretical development of the relations between these important 
factors is presented in the Chapter VI appendix. A summary of the 
equations for riprap design is given below. 
6.4.1 Oblique flow on a side slope 

Consider flow along the nose of an embankment as shown in the 
diagrams of Fig. 6.4.1. 

The forces on the rock particle are lift force F£, drag force 
Fd and weight of the particle Ws. Rock particles on side slopes tend 
to roll rather than slide, so it is appropriate to consider stability 
of rock particles in terms of moments about a contact point 0 about 
which rotation must take place. The components of forces relative to 
the plane of motion are shown in Fig. 6.4.lb. 
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(a) General view 

R, Direction o~-<1 
particle movement 

w,cos8 

(b) View normal to the side slope (c) Section A-A 

Fig. 6.4.1 Diagrams for the riprap stability analysis. 

At incipient motion, there is a balance of moments such that 

where e is the moment arm of each force. 

6.4.1 

The factor of safety, S.F., of particles against rotation is then 
determined by the ratio of the moments. 
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6.4.2 

By following the development given in the Chapter VI appendix, the 
following equations relating the safety factor for rock riprap on side 
slope where the flow has a non-horizontal velocity vector are obtained. 

where 

cose tancp s.F. = , . e a n tancp + s1n cos~ 

n' = n {1 + sin(A+t3)} 
2 

21 '[ 
0 n = (Ss -l)yD 

COSA 

s = tan -l g ~!;:! + sin~ 
The angle A shown in Fig. 6.4.1 is the angle between the 

horizontal and the velocity vector (drag force) measured in the 
plane of the side slope. 

The angles e and t3 are defined in Fig. 6.4.1, cp is 

6.4.3 

6.4.4 

6.4.5 

6.4.6 

the angle of repose (gi ven in Fig. 3.7.3 for dumped riprap), T is. 
0 

the bed shear stress, D is the representative rock size, S is the s 
specific weight of the rock, and n' and n are stability numbers. 

In full-scale experiments with rock riprap below culvert outlets, 
Stevens (1969) developed the expression 

6 .4. 7 

where 
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D. (i=2) 
DlO + D20 

= 
~ 2 

. 
D. (i=lO) 

D90 + DlOO 
= 

~ 2 

for the ILe.p!LeA e.rz;ta;t.,Lve. g!UUn. .6ize. 0 n MpJta.p. The terms DO, D1 O, ... 
D100 are the sieve diameters of the rock for which zero percent, 10 
percent, ... , 100 percent of the material by weight is finer. The value 
of D is greater than D50 except for uniform materials. If all the 
rock are one size, D = D50 . The representative grain size for riprap 
is discussed further in the Chapter VI appendix. 
6.4.2 Horizontal flow on a side slope 

In many circumstances the flow angularity with the horizontal is 
small, (i.e. A - 0), and Eq. 6.4.6 reduces to 

tanS = n tan<j> 
2 sine 6.4.8 

and Eq. 6.4.3 solved for n becomes 

2 2 S - (S.F.) 
( m ) cose 2 (S.F.)S m 

n = 6.4.9 

where S is the safety factor of rock particles from rolling down the m 
slope with no flow. Accordingly 

s m 
= tan<j> 

tane 

Alternatively, the safety factor may be expressed as 

6.4.3 Flow on a sloping bed 

6.4.10 

6.4.11 

When considering flow along a plane bed sloping at an angle ~ with 
respect to the horizontal (see Fig. 6.4.2), the equations describing the 
stability of the riprap on the bed reduce to 

cosa tancp 
S.F. = <P . n tan + s~n~ 6.4.12 



or 1 tana n = COSet [-- - --] S.F. tan~ 
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Fig. 6.4.2 Definition sketch for r i prap on a channel bed. 

6.4.4 Flow on a horizontal bed 

6.4.13 

The most simple case is flow on a plane horizontal bed. In that 
case 

1 S.F. =-n 6.4.14 

If the particles on a plane horizontal bed are in incipient motion, 
S.F. = 1 so n = 1 and from Eq. 6.4.5 

•o 
(S _ l)yD = 0.047 

s 
6.4.15 

which is the Shields' criteria for incipient motion in fully developed 
rough turbulent flow. The use of foregoing analysis for determining 
riprap size is illustrated by numerical examples in the appendix at the 
end of this chapter. 
6.4.5 University of Minnesota method for riprap size determination 

A method to determine si ze of riprap to line the entire channel of 
small to intermediate sizes (6 to 1000 cfs) has been proposed by Anderson, 
et al. (1970). The mu.hod appUe6 :to c.hanne..to tha.:t aJz.e :tJz.apezo-ldai. oJt 
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:t!Ua.ngu..f.cvt in !.>hape a.nd wiUc.h Me eJ.>.6en-tiaU.y .6-tluUgM: in aLignment. The 
proposed equation relating size of riprap to discharge and channel geometry 
is 

1 
Q=m 

D 5/2 
so p 

S 13/6 R 
0 

6.4.16 

in which P is the wetted perimeter and R is hydraulic radius. Equation 
6.4.16 is based on maximum shear stress related to rock diameter and 
Manning's equation of flow. It can be seen that for fixed channel size, 
P/R, the riprap size is a function of Q and S so that a family of 

0 
design curves can be made for fixed P/R values. 
6.4.6 Riprap gradation and placement 

1UpM.p g!UtcJa...t,i.on !.>hot.d.d no.Uow a. J.>moo:th J.>ize fu.tJUbuilon c.Wtve such 
as that shown in Fig. 6.4.3. The ratio of maximum size to median size, 

100 
90 

1-t 80 
Q) 
!:::+-' 70 

·r-4 .£:: 
~bO 60 •r-t 
+-' Q) 50 !::: :;:: 
Q) 40 o>-
1-t..O 30 Q) 
p.. 20 

10 
0 
O.IDeo 0.5Deo D&o 2050 

Sieve size 

Fig. 6.4.3 Suggested gradation for riprap. 

o50, should be about 2.0 and the ratio between median size and the 20 
percent size should also be about 2.0. This means that the largest 
stones would be about 6.5 times the weight of the median size and small 
sizes would range down to gravels. The representative rock size D for 
the gradation shown in Fig. 6.4.3 is 1.25 o50 (calculated using Eq. 
6.4.7) which is approximately equal to the D67 . 

With a distributed size range, the interstices formed by the larger 
stones are filled with the smaller sizes in an interlocking fashion, 
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preventing formation of open pockets. Riprap consisting of angular 
stones is more suitable than that consisting of rounded stones. Contro l 
of the gradation of the riprap is almost always made by visual inspection . 

If it is necessary, poor gradations of rock can be employed as riprap 
provided the proper filter is placed between the riprap and the bank of 
bed material. The representative grain size of the riprap is determined 
by Eq. 6.4.7 and the filter is designed in accordance with the criteria 
given in the next section. 

Riprap should be hard, dense and durable to withstand long exposure 
to weathering. Visual inspection is most often adequate to judge 
quality, but laboratory tests may be made to aid the judgment of the field 
inspector. 

Riprap placement is usually accomplished by dumping directly from 
trucks. If riprap is placed during construction of the embankment, rocks 
can be dumped directly from trucks from the top of the embankment. Rock 
should never be placed by dropping down t he slope in a chute or pushed 
downhill with a bulldozer. These methods result in segregation of sizes. 
With dumped riprap there is a minimum of expensive hand work. Poorly 
graded riprap with slab-like rocks requires more work to form a compact 
protective blanket without large holes or pockets. Draglines with 
orange peel buckets, backhoes and other power equipment can also be used 
advantageously to place the riprap. 

Hand placed rock riprap is another method of riprap placement. Stones 
are laid out in more or less definite patterns , usually resulting in a 
relatively smooth top surface. This form of placement is used rarely in 
modern practice because it is usually more expensive than placement with 
power machinery. 

The thickness of riprap shoul d be sufficient to accommodate the 
largest stones in the riprap. Wi th a well-graded ripr ap with no voids, 
this thickness shoul d be adequate. If strong wave action is of concern, 
the thickness should be increased by 50 percent . 
6.4.7 Filters for r i prap 

F.u..teJL.6 undeJtnea.th .the Jtip!tap Me Jtec..ommended .to pJto.tec...t .the fiine 
ernba.nkmen.t oJt JtiveJtba.nk ma..te!U.a...t fiJtom WMhing out .thJtough .the JtipMp. 
Two t ypes of filters are commonly used; gravel filters and plastic filter 
cloths. 
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Gnavet fiilt~ - A layer or blanket of well-graded gravel should be 
placed over the embankment or riverbank prior to riprap placement. Sizes 
of gravel in the filter blanket should be from 3/16 in. to an upper limit 
depending on the gradation of the riprap with maximum sizes of about 3 to 
3-1/2 in. Thickness of the filter may vary depending upon the riprap 
thickness but should not be less than 6 to 9 inches. Filters that are 
one-half the thickness of the riprap are quite satisfactory. Suggested 
specifications for gradation are as follows: 

(1) 

(2) 

(3) 

D50 (Filter) 
D50 (Base) < 40 

D15 (Filter) 
5 < ~~~--~-DlS (Base) 

D15 (Filter) 
D85 (Base) < 5 

< 40 

Pla4tie fiilt~ elo~h6 - Plastic filter cloths are being used beneath 
riprap and other revetment materials such as articulated concrete blocks 
with considerable success. The cloths are generally in 100 ft long rolls, 
12 to 18 ft wide. OVerlap of 8 to 12 inches is provided with pins at 
2 to 3 ft intervals along the seam to prevent separation in case of settle-
ment of the base material. Some amount of care must be exercised in 
placing riprap over the plastic cloth filters to prevent damage. Experi-
ments and results with various cloth filters were reported by Calhoun, 
Compton and Strohm (1971) in which specific manufacturers and brand 
names are listed. Stones weighing as much as 3000 lbs have been placed 
on plastic filter cloths with no apparent damage. 

Filters can be placed subaqueously by using steel rods as weights 
fastened along the edges. Additional intermediate weights would assist 
in sinking the cloth in place. Durability of filter cloths has not 
yet been established because they have been in use only since about 
1967. However , inspections at various installations indicate little or 
no deterioration had occurred in the few (1 to 4) years that have elapsed. 
for test installations. 
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6.4.8 Guide to channel improvement, river training and bank stabilization 
The type of channel improvement and devices used for training and 

bank stabilization depend upon the size of river with regard to width, 
depth and discharge; type of rivers, that is, meandering, braided or 
straight; sediment transport in terms of concentration and size distribution; 
length of river to be protected; availability of materials; environmental 
considerations; aesthetics; legal aspects; river use with regard to naviga-
tion, recreation, agriculture, municipal and industrial purposes; and 
perhaps other factors. Decisions concerning highway locations near rivers 
or across rivers, and designs for specific devices to integrate the high-
ways with the river systems are therefore very complex. 

Ta.ble. 6.4.1 L6 onneJr..e.d M a. guide. :to M.6-<A:t :the. IUghwa.y e.ng.<.n.e.e!r.. wlih 
JtegCVLd :to de.w.<.on~.> noJt c.han.n.e.£. hnpJtoveme.n.:t a.n.d .6e.le.c.ilon. on :type. on ba.n.k. 
pJto:te.c.tion. a.n.d Jt.<.veJr.. .:tJr..a..in..<.n.g WoJtk.-6. The rivers are first categorized as 
to size and type. The descriptors large, medium and small are relative 
terms but should give no interpretive problem. Straight rivers are those 
which have sinuosity less than 1.5, but in terms of highway concerns, 
long reaches between meander bends which are essent ially straight may be 
included in the straight river classification. Because they are part of 
meander systems, stabilization and improvements may be required. This is 
the interpretation to be used in the table. The X in the box indicates 
that consideration could be given to use of the particular device. The 
absence of a check mark in the box indicates that the devices are not often 
used, but consideration could be given to them in special circumstances. 
Additional remarks are noted on the table. 

6.5.0 SCOUR AND DEGRADATION 

Changes in bed level which affect highway construction and structures 
may be described by three types of interrelated phenomena. They are: 

(1) Loc.a.£. .6C.OUJt, caused by local disturbances in the flow such as 
vortices and eddies. Examples are scour at the base of piers, dikes and 
other obstructions in a stream. 

(2) Ge.n.e.Jta.l .6C.OUJt due t o contractions causing increasing velocities 
across the entire contracted width. Examples are scour at contracted 
stream channels caused by spur dikes, embankments, and accumulation of 
debris at bridge openings. 



Table 6.4.1 Guide for selection of methods and devices for river channel improvement and bank 
protection works. 

I Channel 

Dikes Retards : Jetties Bank Protection 
Type of I Mattresses 

~ize of River River 1 Improvement ~imber Stone-fill Earth Timber Stee 1 l Timber Steel Riprap Rock Trench Rock and Wire Concrete Other 
. Jacks Jacks 

Meandering X X * . j ! X X X * X X 

Large BTaided . . : ! ' . X X X X X X X I X 

Straight X X . l X X X I . X i 

Meandering X X X X \ 
I 

X X X X X X X I X 
I I MediUil Braided X X X X X X I X X X X X X X 

Straight X X X ! X X X t X 

Meandering X X 
1 : I : 

X X X I t X 

Small Braided X X X X X I t X 

Straight X I - -_ _l_ - X X I * X I I 
-------- --- -- - -

Floodplain embankment protection 
f ~nere large rocks for riprap are not available 

Cribs 

X 

X 

X 

X 
X 

X 

< 
t-1 
I 

N 
00 
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(3) Veg~datlon o~ agg~dation of a stream channel over long lengths 
and time due to changes in controls, such as dams, changes in sediment 
content and changes in river geomorphology, such as changing from a 
meandering river to a braided stream. 

The6e efifie~ ~e ~n gen~ addltive, so that local scour can occur 
while scour due to contraction is occurring and degradation or aggradation 
of the stream is taking place. The respective time scales for scour are 
progressively larger. 
6.5.1 Degradation and aggradation 

Degradation and aggradation of the river bed has been discussed 
previously. A long reach of river channel may be subjected to a general 
lowering or raising of the bed level over a long period of time. Prediction 
of ultimate degradation or aggradation of a stream was discussed in 
Chapters IV and V. Degradation or aggradation at a bridge opening must be 
anticipated. Otherwise, pier and abutment foundation depths may be in-
adequate when degradation occurs, or the road and bridge deck levels may 
be too low in a few years with an aggrading stream. 
6.5.2 General scour 

Scour at contractions occur because the flow area becomes smaller 
than the normal stream and the average velocity and bed shear stress 
increase; hence, there is an increase in stream power at the contraction 
and more bed material is transported through the contracted section than 
is transported into the section. As the bed level. is lowered , the 
velocity decreases, shear stress decreases and equilibriu1n is restored 
when the transport rate of sediment through the contracted section is 
equal to the incoming rate. 

Flo~ confi~ned to the channel - Consider a situation where a normal 
river channel is narrowed by a contraction. Scour due to the contraction 
may be determined in the following way (Nordin, 1971). The approach flow 
depth, y1, and average approach flow velocity, v1 , results in the sedi-
ment transport rate qsl' The total transport rate to the contraction is 
W1qsl in which w1 is t he width of the approach. If the water flow 
rate, Q1 = w1q1 , in the upstream channel is equal to the• flow rate at 
the contracted section, then by continuity 

wl 
q2 = w- ql 

2 
6.5.1 
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Here q1 = y1v1 and q2 = y2V2 and the subscript 2 refers to conditions 
in the contracted section. The sediment transport rate at the contracted 
section after equilibrium is established must be 

6.5.2 

The relationships of y and V at sections 1 and 2 are shown in Fig. 6.5.1 
for constant q1 and q2 . 

log v 

Fig. 6.5.1 Unit discharge as a function of depth and velocity. 

From one of the sediment transport equations given in Chapter III it 
is possible to construct curves for transport rates of sediment of given 
median size as functions of flow depth and velocities. An illustration of 
such dependence is shown in Fig. 6.5.2 using the method of Colby. 

Now overlap Fig. 6.5.1 with Fig. 6.5.2. The result is shown in 
Fig. 6.5.3. 

The depth of scour due to the contraction is then 

6.5.3 

Ov~bank nlow with nlow in the channel - Laursen (1960) developed 
an equation for scour at a contraction, where in addition to channel flow 
there is overbank flow concentrating into the contracted channel 
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log v 

Fig. 6.5 . 2 Sediment transport rate as a function of depth and velocity. 

>-. 
bO 
0 ...... 

log v 

Fig . 6 .5. 3 Determination of scour depth. 

(designated by subscript 2). The equation to pr edict depth of flow at 
section 2 is 

Y2 
6 (2+f) 

~ 6/7 w1 7(3+f) 
(-) (-) 
Qc w2 

6f 

6.5.4 
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in which Qc is the approach channel flow rate and Qt is the contracted 
channel flow rate which is greater than the approach channel flow rate 
by the amount of flow on the floodplain. The variable n is the Manning 
roughness coefficient, W is the channel width and the exponent. f is 
given below. 

< 0.5 
1 

> 2 

f 

0.25 
1 

2.25 

Here V* c is the shear velocity in the approach channel and w 
fall velocity of the bed material. 

is the 

Ov~bank filow onlq - For scour at bridges on a floodplain where there 
is no sediment transport from upstream, Laursen (1963) proposed that 

v2 3/7 
( 1 ) 
120 1/3 D 2/3 

yl 50 
6.5.5 

Here Yp v1 and w1 are the depth, velocity and width of the approach 
flow, and y2 is the general scour flow depth at the bridge. The term 
o50 is the median diameter of the bed materials at the bridge. 
6.5.3 Local scour 

Loc.al .6C.OW!. OC.C.W!.-6 in .the bed on .the c.hannel aJr.Ot.md pi~ and embank-
menU due .to .the acti..on-6 on voM:ex .6q.6.tem.6 induc.ed bq .the ob.6btucti.qn.6 .to 
.the nlow. Local scour occurs in conjunction with or in the absence of 
d·egradation, aggradation, and scour due to contractions. There is need 
to understand the mechanism of local scour and calculation of potential 
scour depths, after which means may be considered in the design to eliminate 
or reduce its magnitude by suitable protective methods. 

Mec.hanihm on local .6C.OW!. - The basic mechanism causing local scour 
is the vortex of fluid resulting from the pileup of water on the up-
stream edge and subsequent acceleration of flow around the nose of the 
pier or embankment. The action of the vortex is to erode bed materials 
away from the base region. If the transport rate of sediment away from th~ 

' 
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local region is greater than the transport rate into the region, a scour 
hole develops. As the depth is increased, the stre~gth of the vortex is 
reduced, the transport rate is reduced and equilibrium is reestablished and 
scouring ceases. 

The flow field and vortex systems around a circular pier and approach 
embankment are il lustrated in Figs. 6 . 5.4 and 6. 5. 5. Although the vortex 
system is known to be the cause of local scour, it has not been possible 
as yet to calculate the strength of the vortex and relate the velocity 
field with subsequent scour. Until further research and study makes this 
possible, average velocity and local depth of flow are used in the equa-
tions to predict local scour depths. 

Fig. 6.5.4 Schematic representation of scour at a cylindrical pier. 

Fig. 6.5 .5 Schematic representation of scour at an embankment. 
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Loc.ai. l.lc.oWL Mowtd emba.n.kme.nh - A typical scour hole at an embankment 
and adjacent pier is illustrated in Fig. 6.5 . 6. 

Pier 

Abutment 

3: 
0 
LL 

Flow 

Fig. 6.5.6 Typical scour at an embankment and adjacent pier. 

The depth of scour varies with time because the sediment transported 
into the scour hole from upstream varies, depending upon the presence or 
absence of dunes. The time required for dune motion is much larger than 
the time required for local scour. Thus, even with steady state condi-
tions, the depth of scour is likely to fluctuate with time when there 
are dunes traveling on the channel bed. The depth of the scour hole is 
more variable with larger dunes. When the crest of the dune reaches the 
local scour area, the transport rate into the hole increases, the scour 
hole fills and the scour depth temporarily decreases. When a trough 
approaches, there is less sediment supply and the scour depth increases 
to try to reestablish equilibrium in sediment transport rates. A mean 
scour depth between these oscillations is referred to as equilibrium 
scour depth. It is not uncommon (as determined in laboratory tests) to 
find maximum depths to be 30 percent greater than equilibrium scour 
d·epths. The depth that would be reached if no sediment was transported 
into the scour hole is the "clear-water" scour depth. 

Detailed studies of scour around embankments have been made mostly 
in laboratories. There are very few case studies for scour at field 
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installations. According to the studies of Liu et al. (1961) the 
equJ..UbJr.,Wm I.>C.OU!t depth oM . .ioc.al. I.>C.OU!t in. J.>an.d a;t a !.>pill J.>.iope When. the 
6tow if.> ~.>u.bc.Jt-{;()_c.a£. if.> de;te!cmin.ed by the exp~te~.>~.>ion. 

6.5.6 

where ys is the equilibrium depth of scour measured from the mean bed 
level to the bottom of the scour hole, a is the embankment length 
(measured normal to the wall of a flume), y1 is upstream depth and Frl 
is the upstream Froude number determined as 

F = rl 6.5.7 

If the embankment terminates at a vertical wall and has a vertical wall 
on the upstream side then the scour hole depth in sand nearly doubles 
(Liu, 1961 and Gill, 1972). That is, 

Ys = 2. 15 (~)0.40 F 0.33 
Yl Yl rl 

6.5.8 

The lateral extent of the scour hole is nearly always determinable from 
the depth of scour and the natural angle of repose of the bed material. 

Field data for scour at embankments for various size rivers are 
scarce, but data collected at rock dikes on the Mississippi indicate 
that 

4 F 0.33 
rl 6.5.9 

determines the equilibrium scour depth for large a/y1. The data are 
scattered, primarily because equilibrium depths were not measured. Dunes 
as large as 20 to 30 feet high move down the Mississippi and associated 
time for dune movement is very large in comparison to time required to 
form local scour holes. Nevertheless, it is believed that these data 
represent the limit in scale for scour depths as compared to laboratory 
data and enables useful extrapolation of laboratory studies to field 
installations. 
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Accordingly, it is recommended that Eq. 6.5.6 be applied for 
embankments with 0 < a/y1 < 25 and Eq. 6.5.9 be used for a/y1 > 25. 
The equations are shown in graphical form in Fig. 6.5.7. In applying 
Eq. 6.5.6, the embankment length a is measured from the high water line 
at the valley bank perpendicularly to the end of the embankment at the 
bridge. If a/y1 > 25, then scour depth is independent of a/y1 and 
depends only on the approach Froude number and depth of flow. For 
a/y1 < 25, as for example at dikes and short highway embankments, Eq. 
6.5.6 would apply. 

5 

4 

1'1') 
1'1') 

3 . 
0 

I ,....... 
.-t 
1-1 2 u.. 

'-' 

till ..-~ · :;:.... :;:.... 

II)' 0 1 >.. >.. 

/ / 
,, ,, ,,. , 

.-!!__= 4 F o.33 
y1 r I 

Ye o ~40 o.n: 
-=1.1(-) F,, Y1 Y1 

OL---~--~----~--~--~~--~--~--~ 

0 10 20 30 50 60 70 80 

Fig. 6.5.7 Recommended prediction equation for embankment scour. 

It should be recalled that maximum depth of scour is about 30 percent 
greater than equilibrium scour depth. The lateral extent of scour can 
be determined from the angle of repose of the material and scour depth. 

16 :the. emba.n.kme.n:t -i.-6 a.YifJle.d dowMbteam, :the. de.p:th o6 4C.OWL .iA 
Jr.e.duc.e.d be.c.a.u4 e. o 6 4bteamU.Un.g e.6 6 e.c.:t. Emba.n.kme.n.:t6 :tha.:t a.Jr.e. a.n.gle.d 
up4bteam ha.ve. de.e.pe.Jr. 4C.OWl. hole.4. The calculated scour depth should be 
adjusted in accordance with the curve of Fig. 6.5.8 which is patterned · 
after Ahmad (1953). 
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Fig. 6.5.8 Scour reduction due to embankment inclination. 

Local ~ co~ ~ound p~~ - Local scour at bridge piers is a result 
of vortex systems developed at the pier. The so-called "haMel:. hoe" vofttex 
~y~tem ~ dominant at pi~, causing deepest scour at the nose of the pier. 
The axis of this vortex, or the vortex line, is horizontal, and wraps 
around the base of the pier in the shape of a horseshoe. The high velocities 
scour the bed. The wake-vortex system has vertical axes and develops 
because of blockage of the flm.; by the pier. The wake vortices are 
commonly seen as "eddies". This vortex system suspends the scoured 
material and carries it downstream with the flow. Downstream of em-
bankments, large wake vortices or eddies are set up which scour the 
downstream sides of the embankments, the river bank and the stream bed. 
Wake vortices downstream of piers may create sufficient velocities to 
cause bed scour if the piers are wide. For most piers, however, very 
little additional scouring is caused by wake vortices. 

The shape of the pier is very significant with respect to scour 
depth because it reflects the strength of the horseshoe vortex at the 
base of the pier . A blunt -nose pier causes the greatest scour depth. 
Streamlining t he front end of the pier reduces the strength of the 
horseshoe vor tex reducing the scour. Streamlining the downstream end 
of piers reduces the strength of wake vortices. Common shapes of piers 
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are shown in Fig. 6.5.9. 
designated t. 

The width of piers are labeled "a" and length 

a 

(a ) Square- nose ( b ) Round -nose (c) Cylinder 

(d) Shora)- nose (e) Group of Cy I inders 

Fig . 6.5.9 Common pier shapes. 

The equilibrium of scour at the nose of square-nosed piers can be 
estimated with the equation 

6.5.10 

where is upstream depth of flow and is the Froude number. The 
scour depth for circular cylinders is 

6.5.11 

The form of Eq. 6.5.10 for square-nosed piers and Eq. 6.5.8 for 
vertical-wall embankments are similar, although the variable "a" takes 
on different meanings. This similarity exists because the scour 
mechanisms for the two cases are similar. 
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Cylindrical piers have been widely investigated in the laboratory. 
exponents in Eq. 6.5.11 were determined . from laboratory data shown 

Fig. 6.5.10. In this figure, the abscissa is labeled 3 2 
(a/yl) Frl 

spread the data. Note that 

= (~) 0.65 F 0.43 
y 1 rl 

10 
r- Symbol Source Sedi,.,t size 
r- cleo mm 
- A Choubert a o 52 -

EnQIIdinger(9) · 

1 
'- • Choubert a a. 26 r-· EnQtld inger(9) r-- 1""""',... 

0 csu 0.24 k 

* -r-- A 4 lJI. r-o'f'C c! 
.. __ 

~ r-+- f--
~ --· .!.! : 2.0 (...!!.. f'85 F o.4 :s ·- ... y1 Y1 rl 

-...I-t!" .. ··rnr--T .1 

Fig. 6.5.10 Results of laboratory experiments for scour at 
circular piers. 

6.5.12 

The scour depth decreases as a consequence of streamlining. The 
reduction in scour depth can be estimated from the value given in Table 6.5.1. 

Table 6.5.1 Reduction in scour depths for equal 
projected widths of pier. 

Type of Pier y /y (square s s nose) 

Square nose 1.0 
Cylinder 0.9 
Round nose 0.9 
Sharp nose 0.8 
Group of cylinders 0.9 
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Pier alignment other than parallel with flow direction will create 
deeper scour holes because, in effect, the dimension "a" increases. In 
Table 6.5.2 multiplying factors to Eq. 6.5.10 are given. Scour at single 
cylindrical piers is invariant to flow direction, but groups of cylin-
drical piers would be affected by flow angularity. 

Table 6.5.2 Multiplying factors for scour 
depths with skewed flow direction. 

Angle of skew 
in degrees 

0 

15 
30 
45 
90 

R,/a = 4 

1.0 
1.5 
2.0 
2.3 
2.5 

i/a = 8 i/a = 12 

1.0 1.0 
2.0 2.5 
2.5 3.5 
3.3 4.3 
3.9 5.0 

The concept of equilibrium scour depth also applies to scour around 
piers. 1.t .6hou£d be Jtec.af.£ed :tha..:t max.-i.mum .6c.oWt depth a.t p-<.ell-6 c.oui.d be 
M R.a!z.ge M 30 peJtc.en.:t gJtea.teJt .than eqtUUbJt-<.um .6c.oWt depth. 

The base level to which scour depths can be referenced is not a 
trivial question. In some rivers, dune heights may be as large as 20 to 
30 feet, and y1 would normally be measured from some level closer to 
the tops of the dunes. Scour depths on the other hand should be 
referenced nearer the trough of the dunes. 
due to contractions is first calculated. 

The bed level for scour 
This establishes 

The local scour depth is then referenced to that bed level. 
6.5.4 Protection of structures from local scour 

and 

Three basic methods may be used to protect structures from damage 
due to local scour. The first is to prevent damaging vortices from 
developing and the second is to provide protection at some level at or 
below the stream bed to arrest development of the scour hole. The third 
is to place the foundations of structures at such depth that the deepest 
scour hole will not threaten the stability of the structure. The last 
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method is often very expensive, and risk is involved because of the 
uncertainty associated with estimating the additive effects of scour 
due to contraction and channel degradation. 

Vontex neduction - As previously mentioned in Section 6.5.3, stream-
lining the piers can reduce scour depth by 10 to 20 percent. Another 
method of reducing the vortex strength at the pier is to construct barriers 
upstream of bridge piers-for instance, with a cluster of piles. While 
the piles are subjected to scour, failure of these piles is not damaging 
to the bridge. Debris can collect on the upstream piles keeping the nose 
of the bridge pier relatively free of debris. The pileup of water at 
the upstream piles reduces the dynamic pileup of water at the pier and 
reduces the vortex strength at the pier. Spur dikes can be placed at 
the ends of approach embankments to reduce local scour at the bridge. 
Spur dikes were discussed in Section 6.3.4. 

Bed pnotection - Riprap piled up around the base of the pier is a 
common method of local scour protection. The principle is the same as 
toe trenches for bank protection. The region of the bed beyond the 
riprap pile scours and as the scour hole is formed, the riprap slides 
down into the scour hole, eventually armoring the side of the scour 
hole adjacent to the pier. An estimate of the depth of scour is needed 
to determine the quantity of riprap required for effective protection. 
Because of armoring, the effective depth of scour is less than that 
calculated by Eqs. 6.5.10 and 6.5.6. There are few studies to establish 
dependable guidelines, but 50 to 60 percent reduction in y may be used for s 
an estimate of final scour depth. By frequent inspection it can be deter-
mined whether the size and quantity of riprap used initially is adequate. 
If additional amounts of riprap are necessary, placement from the water 
surface may be possible in times of low flow with consideration given 
to the falling path of rocks in a fl owing stream. 

A -6br..uc:t.wwi. c.on.CJtete .ohe.l.fi placed at about 0. 5 y , where y is s s 
calculated from Eq. 6.5.10, extending laterally from the pier and completely 
surrounding the pier may be e66ective in. limLtLng the -6c.oun depth. The 
lateral extent of the shelf should be about 0.3 y cos~, where ~ is the s 
angle of repose of the bed material. While this method may be effective 
for y < 20 feet, it may become impractical for larger y . s s 
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Protective mattresses such as rock and wire have been suggested in 
the past, and have been used in a few circumstances. While they may have 
merit where adequate size riprap may be scarce, anchoring and stabiliza-
tion of the mattresses to conform with scour holes is usually difficult. 
Use of mattresses in conjunction with riprap may be quite effective, if 
the mattress performs essentially as a flexible filter blanket which de-
forms as scour holes develop. 

6.6.0 SUMMARY 

Ordinarily, highway agencies cannot justify extensive control 
installations. As a consequence most highway installations will suffer 
damages at some time. Usually, it is less expensive to repair damages at 
some future time than to invest large amounts of money in the initial 
structures. 

The information in this chapter is guidance on the principles of 
training or controlling relatively short reaches of river channels. Over 
long periods of time, normal river behavior can result in the river out-
-flanking or destroying training structures in short reaches. Often, 
in the initial design, some thought as to how the river will attack a 
structure can result in efficient maintenance plans. 
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APPENDIX 

6.Al.O SAFETY FACTORS FOR RIPRAP - THEORETICAL DEVELOPMENT 

In .the ab.oenr~e on wave.o and .oeepa.ge, .the .o.tabi..LU.y o6 Jtoc.k. !Up!tap 
pa.!tiUcl.u on a .t~..i..de .t~.tope. ..i..-6 a 6unc..t..i..on o6: ( 7) .the magnitude. and . 
c:UJtectlcn o6 .the .t~.:tJLeam ve..toc.A.;ty ..i..n .the v..i..chU:ty o6 .the y.xvc;Uctu; 
(2) .the angle ofi .the .t~..i..de .o.tope; (3) :the c.luvla.c..te.JL.i..6.t..i..c..6 o6 .the Jtoc.k 
..i..nc.fud.i..ng .the geome:tJLy, ang~ and den.tJ..i...ty. The functional rela-
tions between the variables is developed below. This development 
closely follows that given by Stevens and Simons (1971). 
6.Al.l Oblique flow on a side slope 

Cons ider flow a long an embankment as shown in Fig. 6.Al.l. The 
fluid forces on a rock particle identified as P in Fig. 6.Al.la result 
primarily from fluid pressures around the surface of the particles. The 
lift force F~ is defined herein as the fluid force normal to the plane 
of the embankment. The lift force is zero when the fluid velocity is 
zero. The drag force Fd is defined as the fluid force acting on the 
particle in the direction of the velocity field in the vicinity of the 
particle. The drag force is normal to the lift force and is zero when 
the fluid velocity is zero. The remaining force is the submerged 
weight of the rock particle W . s 

Rock particles on side slopes tend to roll rather than slide, so 
it is appropriate to consider the stability of rock particles in terms 
of moments about the point of rotation. In Fig. 6. Al. 1 b the direction of 
movement is defined by the vector R. The point of contact about 
which rotation in the R direction occurs is identified as point "0" 
in Fig. 6.Al.lc. 

The forces acting in the plane of the side slope are Fd and 
W sine as shown in Fig . 6.Al.lb. The angle e is the side slope angle. s 
The lift force acts normal to the side slope and the component of 
submerged weight 
Fig. 6.Al.lc. 

W cose s acts normal to the side slope as shown in 

At incipient motion, there is a balance of moments about the 
point of rotation such that 

6.Al.l 
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(a) General view 

(b) View normal to the side slope (c) Section A-A 

Fig. 6.Al.l Diagram for the riprap stability conditions. 

The moment arms e1, e2, e3 and e4 are defined in Fig. 6.Al.lc 
and the angles o and a are defined in Fig. 6.Al.lb. 

The factor of safety S.F. of the particle P against rotation 
is defined as the ratio of the moments resisting particle rotation 
out of the bank to the submerged weight and fluid force moments tending 
to rotate the particle out of its resting position. Accordingly, 
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S.F. 6.Al. 2 

If there is no flow and the side slope angle is increased to the angle 
of repose ~ for the rock particles, the safety factor becomes unity. 
The no flow condition causes Fd and FR. to become zero. Then, 

S.F. = 1.0 

e = ~ 
a = 0 deg 
A = 0 deg 
0 = 90-A-13 (See Fig. 6.Al.lb) 

= 90 deg 

With these values, Eq. 6.Al.2 reduces to 

e W 2 s cose 1 e1ws sine = 6.Al. 3 

or 

6 .A1.4 

That is, the ratio of the moment arms e2/e1 is characterized by the 
natural angle of repose ~. Further, it is assumed that the ratio 
e2/e1 is invariant to the direction of particle motion indicated by 
the angle 13. 

Dividing both numerator and denominator by e2ws, Eq. 6.Al.2 is 
transformed to 

cose tan~ S.F. = ~------~------~ n'tan~ + sine cosS 6 .Al. 5 

in which 

6.A1.6 

The variable n' is called the stability number for the particles on 
the embankment side slope and is related to the Shields' parameter 



Here -r 
0 

1" 
0 

(S - l)yD s 
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is the average tractive force on the side slope in the vicinity 
of the particle P, y is unit weight of water and D is the diameter 
of the rock particles. 

The angle A shown in Fig. 6.Al.lb is the angle between the 
horizontal and the velocity vector (or drag force) measured in the plane 
of the side slope. Then 

o = 90-A-S 6.Al. 7 

so 

coso = cos(90-A-S) 

= sin(A+S) 6.Al. 8 

Also sino = sin(90-A-S) 

= COSA cosS - sinA sinS 6.Al.9 

It is assumed that the moments of the drag force Fd and the 
component of submerged weight W sine normal to the path R are s 
balanced so that the direction of particle motion will be along R. 
Thus 

It follows then from Eqs. 6.Al.9 and 6.Al.l0 that 

or 

sinS = 

= 

el d sino 
e1ws sine 

e3Fd(cosA cosS - sinA sinS) 
e1W

5 
sine 

COSA tanS = e W 
1 s s· a ;-r 1n + sinA 

e3 d 

6 .Al.lO 

6 .Al.ll 

6.Al.l2 
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The stability number n for particles on a plane bed (e = 0) 
with o = 0 would be 

according to Eq. 6.Al.6. 

1 S.F. = 
11 

Also, Eq. 6.Al.S becomes 

for flow over a plane flat bed. 

6 .Al.l3 

6.Al.l4 

For incipient motion conditions for flow over a plane flat bed, 
S.F. = 1.0 by definition so from Eq. 6.Al.l4, n = 1.0. When the flow 
along the bed is fully turbulent, the Shields' parameter for incipient 
motion has the value 0.047 according to Gessler (1971). That is, with 
11 = 1.0, 

T 
0 ....,-:-----,-:---:::- = 0 • 04 7 (S

5 
- l)yD 

For flow conditions other than incipient n is the ratio 

or 

1 T 
0 

0.047 (S
5 

- l)AD 

21 T 
0 n = -=-=----=-----:::-(5 - l)yD s 

For convenience, let 

and 

6 .Al.lS 

6 .A1.16 

6.Al.l7 

6.Al.l8 
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In terms of these new variables, Eq. 6.Al.6 becomes 

n' :.:: M + N coso 

and Eq. 6.Al.l3 becomes 
n = M + N 

Thus n' and n are related by the expression 

M coso !L: - +' N 
n M -+ N 1 

Eq. 6.Al. 21 is represented graphically in Fig. 

1.0 
.9 
.8 
.7 
.6 -

~ .5 ....... 
~ 

.4 

.3 

.2 

.1 
0 

0 .1 .2 .3 .4.5.6.7 
coso 

6.Al. 2. 

Fig. 6.Al.2 Ratio of stability factors. 

6.A1.19 

- 6.A1.20 

6.Al. 21 

The problem is to select the proper value of the ratio M/N so 
that the stability factor on a side slope n' can be related to the 

' stability factor on a plane horizontal bed n, which in turn is 
related to the Shields' parameter. The assumption that the drag force 
Fd is zero means M/N is infinite, a is zero and n' = n. The 

, assumption of zero lift force Fi means M/N is zero and n'/n =coso. 
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In considering incipient motion of riprap particles, the ratios 
F1/Fd and e4/e3 vary depending on the turbulent conditions of the 
flow and the interlocking arrangement of the rock particles. In 
referring to Fig. 6.Al.lc assume that 

e ....±:::: 2 
e3 

then a choice for 

so that 

With M/N = 1, Eq. 6.Al.21 becomes 

~ = 1 + coso 
n 2 

or by using Eq. 6.Al.8 

~ = 1 + sin(A.+B) 
n 2 

1 1 = N tan<j> 

6 .Al. 22 

6.Al. 23 

6 .Al. 24 

6.Al. 25 

6.Al. 26 

can be written 

6 .Al. 27 

according to Eqs. 6.Al.18 and 6.A1.4. For M/N = 1, Eq. 6.Al . 20 becomes 

n N=2 6.A1.28 
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If we substitute Eqs. 6.Al.27 and 6.Al.28 into Eq. 6.Al.l2, the 
expression for S becomes 

COSA tanS = -:::---:-:-----2sine + . A 
ntan<j> sin 

6 .Al. 29 

In summary, the safety factor for rock riprap on side slopes where 
the flow has a non-horizontal velocity vector is ·related to properties 
of the rock , side slope and flow by the following equations: 

in which 

and 

cose tan<j> S • F • = -:-:---:----:---::---.::-n'tan<j> + sine cosS 

{2sin~o:A . A} s tan -1 = t <I> s1n n an 

21 T 
0 n = (S - l)yD s 

Given a rock size D, of specific weight 
and given a velocity field at an angl~ :\ 

6.Al.30 

6 .Al. 31 

6.Al.32 

6.Al.33 

S and angle of repose s 
to the horizontal pro-

ducing a tractive force T
0 

on the side slope of angle e, the set 
of 4 equations (Eqs. 6.Al.30, 6.Al.31, 6 .Al.32, and 6.Al.33) can be 
solved to obtain the safety factor S.F. In S.F. ~ g~eat~ than 
un,Uy, :the !U.pJU:tp ~ .6an e n~om naA..lwr.e; -<-n S. F. ~ un,Uy, :the ~oc.k 
~ a:t :the c.oncUUon on J..nc.J..pJ..en.t mo:Uon; -<-n S.F. ~ .te-6.6 than unU.y, 
.the !U.pJU:tp will nail. 
6.Al.2 Horizontal flow on a side slope 

In many circumstances, the flow angularity with the horizontal is 
small; i.e., A~ 0. Then Eqs. 6.Al.31 and 6.Al.32 reduce to 



and 

B = tan-1 {~ tan~} 
sin a 

n' _ n {1 + sinS} 
- 2 
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6 .Al. 34 

6.Al.35 

When Eqs. 6.Al.34 and 6.Al.35 are substituted into Eq. 6.Al.30, the 
expression for the safety factor for horizontal flow on a side slope is 

in which 

and 

s 
S.F. =2m {/~2 + 4'- ~} 

~ = S n seca m 

6.Al.36 

6 .Al. 37 

S = tan¢ 6 Al 38 
m tanS · · 

If we solve Eqs. 6.Al.36 and 6.Al.37 for n, then 

s2 - S.F. 2 
n = { m - } cosa 

2 S .F. S 
6 .A1.39 

m 

The term S is the safety factor for riprap on a side slope with no m 
flow. Unless the flow is up the slope, the safety factor for the 
riprap cannot be greater than S . m 
6.Al.3 Flow on a plane sloping bed 

Flow over a plane bed at a slope of a degrees in the downstream 
direction is equivalent to oblique flow on a side slope with a = a 
and A = 90°. 

Then, according to Eq. 6.Al.31, B = 0° and from Eq. 6.Al.33. 

6.A1.40 



It follows from Eq. 6.Al.30 that 

S.F. = cosa tancp 
ntancp + sina 
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6.Al.41 

for flow on a plane bed sloping a degrees to the horizontal. 
natively solving for n in Eq. 6.Al.41 

Alter-

1 tana} n = cosa {-- - --S.F. tancp 

6.Al.4 Flow on a horizontal bed 

6 .A1.42 

For fully developed rough turbulent flow over a plane horizontal 
bed (a = 0) of rock riprap, Eq. 6.Al.41 reduces to 

1 S.F. =-n 

If the riprap particles are at the condition of incipient motion, 
S.F. = 1 so n = 1 and from Eq. 6.Al.32 

1" 
0 

(S _ l)yD = 0.047 
s 

which is Shields' criteria for the initiation of motion. 

6.Al.43 

6 .Al. 44 
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6.A2.0 THE REPRESENTATIVE GRAIN SIZE FOR RIPRAP 
The concept of a representative grain size for riprap is simple. 

A uniformly graded riprap with a median size D50 scours to a greater 
depth than a well-graded mixture with the same median size. The uni-
formly distributed riprap scours to a depth at which the velocity is 
less than that required for the transportation of D50 size rock. The 
well-graded riprap, on the other hand, develops an armor plate. That is, 
some of the finer materials, including sizes up to D50 and larger, are 
transported by the high velocities, leaving a layer of large rock sizes 
which cannot be transported under the given flow conditions. Thus, the 
size of rock representative of the stability of the riprap is determined 
by the larger sizes of rock. The representative grain size D for 
riprap is larger than the median rock size D50 • 

In studies of scour below culvert outlets, Stevens (1968) obtained 
the following expression for the representative grain size of well-graded 
materials: 

where 
D. (i=l) = 

1 

D.(i=2) = 
1 

D.(i=lO) = 
1 

6.A2.1 

The terms D0, D10, . . • , D100 are the sieve diameters of the riprap for 
which 0 percent, 10 percent, ... , 100 percent of the material is finer 
by weight. 

Eq. 6.A2.1 is equivalent to taking the arithmetic average of the sum 
of the weights of the individual rock sizes. In Stevens' studies (1968), 
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the ratio of the representative size to the median size D/D50 was 
varied between 1.005 and 2.25. 
6.A2.1 The recommended representative grain size for riprap 

In Fig. 6.4.3, the recommended gradation for riprap is illustrated 
in terms of D50 . The computations of t he representative grain size D 
for the recommended gradation is given in Table 6.A2.1. 

Table 6.A2.1 Data for suggested gradation. 

Percent Sieve i 
finer Dia . 

0 o.2s D50 
10 o.3s D50 1 
20 0.5 Dso 2 
30 o.6s D50 3 

40 0.8 Dso 4 

50 1.0 Dso 5 
60 1.2 Dso 6 
70 1.6 Dso 8 
90 1.8 Dso 9 

100 2.0 Dso 10 

D. 
1 

0.28 D50 
0.43 D50 
o.s7 D50 
o. 12 D50 
o.9o D50 
1.10 D50 
1.so D50 
1.10 D50 
1. 90 D50 

The rock sizes in the last column in Table 6 .A2.1 are used in Eq. 6.A2.1 
to find the representative grain size D. The computed D is 

10 3 
.Ll Di ,l/3 

D = {1= } 
10 

= 1.2s D50 

This effective grain size of the mixture corresponds to the size D65 
of the riprap. 
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6.A2.2 Comparison of representative grain sizes 
In scour investigations, Stevens (1968) compared the scour produced 

in two widely different gradations of riprap having the same median 
diameter, o50 = 1.2 in. The riprap gradations are shown in Fig. 6.A2.1 
as curves 1-2 and 3-4 . 

100 
90 f )I "" 

··• 

80 
; 70 ...= 
+-J 60 1-4 

J 2~ 
(f) ~ 
TJ 

(I) 
s:: 50 •M 
~ 

+-J 40 s:: 
(I) 

v 
1 

0 
1-4 30 (I) 

/~ 
p.. 

20 ~ 
/ It 3 ) 

10 .0 tl 
,/' vp 

.rl 0 
. 05 .1 .5 1 5 10 20 

Sieve Size, inches 

Fig. 6.A2.1 Gradation curves. 

The sieve sizes of four segments of the two gradation curves., 
(segments 1, 2, 3 and 4) are listed in Table 6.A2.2. 

Percent 
Finer 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

Table 6.A2.2 Data for selected gradations. 

Curve 1 
Dia. 
in. 

0.08 
0.15 
0.26 
0.46 
0 . 80 
1.20 

Curve 2 
Dia. 
in. 

1.20 
1.60 
2.15 
2.80 
3.70 
6.60 

Curve 3 
Dia. 
in. 

0.28 
0.75 
0.88 
1.00 
1.10 
1.20 

Curve 4 
Dia. 
in. 

1.20 
1. 28 
1.35 
1.45 
1.60 
2.00 
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From these data, the representative grain sizes for the four 
gradations are computed usinjg ,Eq; 6 .A2 .1. The representative grain size 
0 and the ratio of represe~tCJ.tive diameter to median diameter O/o50 
are given in Table 6.A2.3 for ~he four gradations (refer to Fig. 6.A2.1). 

Table 6.A2.3 Representative diameter for various gradations. 

Curve 0 
0/050 in. 

1-2 2.70 2.25 
. 3-2 2. 71 2.26 

1-4 1.21 1.01 
3-4 1.27 1.06 

; 

·· Inspection of the •values in Table 6.A2;3 shows that the larger 
sizes in the gradation have a dominant effect in the determination 
of the representative grain size. Thus, the large sizes of a gradation 
are the important sizes for stability. The fines should not be 
neglected, however, since lack of fines necessitates using a filter under 
the riprap. 

If a riprap gradation has a wide range of sizes, the thickness of 
the riprap layer must be large enough to permit the loss of some fines 
(armorplating) without uncovering the protected materials (filter or 
bank material). The recommended thickness for the recommended gradation 
(Fig. 6.4.3) is 2050 which is also o100 . For gradations with larger 
gradation coefficients, the thickness must be at least the o100 size. 
For large gradation coefficients (G > 3.0), the thickness can be 
increased to 1.5o100 to provide enough material for armorplating. 
6.A2.3 Effective size for log-normal gradations 

In section 3.Al.3, an expression was given for the mean size of the 
bed material based on the assumption that the bed material has a log-
normal distribution. The cumulative distribution function of the log-
normal distribution can be expressed as 

X 

f 
0 

1 lnx - ~ 2 ----:1-./-:::-2 exp{ -1/2 c--cr--.y) }dx 
cryx(2TI) y 

6.A2.2 

where exp means ra1s1ng the base of the natural log e to the power 
(-l/2((lnx-~y)/cry) 2). 
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x = particle diameter 
Y = a normally (Gaussian) distributed variable 

= lnx 
ll = mean of Y y 
oy = standard deviation of Y 

The median value of x can be written 

Thus 

Similarly 

x = D = exp(ll ) med 50 y 

o = In G y 

6.A2.3 

6.A2.4 

where G is the gradation coefficient. It follows that the expression 
for the mean size of bed material is 

6.A2.5 

1 Mahmood has found that the distribution of other properties of 
the bed material such as the projected area of the particle, the volume 
of the particle, or the surface area of the particle can also be 
represented by a log-normal distribution. The volume of a particle 
properties can be written 

6.A2.6 

where V = the volume of the particle 
b = constant 

1 

x = particle diameter 

Mahmood , Khalid, 1973, Lognormal size distribution of particulate 
matter: Jour. of Sedimentary Petrology, vol. 43, no. 4, December, 
pp. 1161-1166. 
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Assuming a constant specific weight of the sediment, the weight of the 
particles can be represented by Eq . 6.A2.6. 

The weight of a bed-material particle is important to the stability 
of the particle. Thus, it is more meaningful to compute the representative 
particle size based on the weight of the particle than on its diameter. 
From the expressions given by Mahmood, the representative size of the 
bed material based on the weight of the particles is given by 

3 2 D -· o50 exp{2 (ln G) } 6.A2.7 

The ratio of the mean weight size D to the mean diameter size 
D is given by m 

D -o-
m 

3 2 exp{'2 (ln G) } 
1 2 exp{'2 (ln G) } 

6.A2.8 

which is always greater than one for nonuniform grain size distributions. 
For uniform distributions, t here is only one particle size and the means 
are identical. 
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6.A3.0 RELATION BETWEEN VELOCITY AND SHEAR 
In order to design riprap, it is necessary to be able to relate the 

tractive force acting on the riprapped bed or bank to the fluid velocity 
in the vicinity of the riprap. For fully turbulent flow, the relation 
for the local velocity v at a distance y above the bed is given by 
Eq. 2.3.14 (with y' = 3g. 2 for the hydraulically rough boundary) 
or 

v = 2.5 v* ln (30 . 2 ~ ) 
c 

in which V* is the shear velocity which is 

T 1/2 
0 v = (--) * p 

6.A3.1 

6.A3.2 

by definition. This velocity distribution equation was employed by 
Einstein (1950) in his bed-load function research. 

If we select the velocity at a distance y = D above the bed as 
the reference velocity v , then r 

or 

v = 2.5 v* ln 30.2 r 

v = 8.5 v* r 6.A3.3 

From Eqs. 6. A3.2 and 6.A3.3, the relation between v and T is r o 

2 
pv = 72 T r o 6.A3.4 

This relation is strictly valid only for uniform flow in wide prismatic 
channels in which the flow is fully turbulent. For the purposes of 
riprap design, Eq. 6.A3 . 4 can be employed when the flow is accelerating-
for example, on the nose of a spur dike. The equation should not be used 
in areas where the flow is decelerating or below energy dissipating 
structures. In these areas, the shear stress is larger than would be 
calculated by Eq. 6.A3.4. 
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By substituting Eq. 6.A3.4 into Eq. 6.4.5, the expression for the 
stability factor n becomes 

0.30 v2 
r n = (Ss-l)gO 6.A3.5 

The average velocity in the vertical V is obtained from Eq. 2.3.16 
with x = 1 for the large riprap sizes. The expression can be written 

yo 
V = 2. 5 V* ln (12.3 o-) 6.A3.6 

in which y
0 

is the depth of flow. The ratio of the reference velocity 
v to the depth-averaged velocity is r 

v 2.5 v* ln (30. 2) r -= v Yo 
2.5 v* ln (12.3 o-) 

or 

v 3.4 r 6.A3.7 v = 
Yo 

ln(l2.3 o-) 

Eq. 6.A3.7 is obtained from Eqs. ().A3.3 and 6.A3.6. Now the expression 
for the stability factor n can be written in terms of the depth-averaged 
velocity. From Eqs. 6.A3.5 and 6.A3.7 

in which 

av2 
n = "7.( s-::-s--'=""1 ):--g-:::-0 

B = 0.30 { 3•4 }2 
Yo 

ln(l2.3 o-) 

6.A3.8 

6.A3.9 

As shown in Fig. 6.A3.1 the value o·f a varies from 0.30 for relatively 
shallow flows to a value of 0.04 for y /0 = 1000. 

0 
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. I 

o~----------~----------~-------------
100 101 

y /D 
0 

Fig. 6.A3.1 Relation between and y /D. 
0 

lei 

Hydraulic Engineering ~ircular No. 111 uses the expression 

vs 1 -- = ------------------v 0.958 
Yo 

log(0 ) + 1 

6.A3.10 

to determine the velocity "against the stone". Here v s is the 
velocity against the stone, V is the mean velocity in the channel and 
log is the logarithm to the base 10. 

In wide channels , the depth-averaged velocity and the mean velocity 
in the channel are nearly equal; i.e., V ~ V. Then the velocity against 
the stone is related to the reference velocity by the expression 

or 

1 

v r -- = v s 

v r -= v s 

Yo 
3.4{.958 log(0 ) + 1} 

Yo 
ln(l2.3 0 ) 

6.A3.11 

Searcy, J. K., 1967, Use of riprap for bank protection: Hydr. Eng. Cir. 
No. 11, Hydraulics Branch, Bridge Division, Office of Engineering 
and Operations, Federal Highway Administration, Washington, D.C. 
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according to Eqs. 6.A3.7 and 6.A3.10. For values of y /D between 
0 

1x10° and 1x106, the value of the v /v is nearly 1.4. By letting r s 

v 
_!.=14 . 
vs 

the expression for the stability factor n (Eq. 6.A3.5) becomes 

0.60 v2 
s 

n = 7( s=-s--""""1;-:::).....,g=o 

6.A3.12 

6.A3.13 

In summary then the following expressions for n are equivalent: 

and 

in which 

21 '[' 
0 n = (S - l)yD s 

0.30 v 2 
r n = (S - l)gD s 

0.60 v 2 
s n = (S - l)gD s 

n = 
f3V2 

(S - l)gD s 

Q { 3. 4 . }2 
J.J = 0. 30 

Yo 
ln(l2.3 0 ) 

·6.4.5 

6.A3.5 

6.A3.13 

6.A3.8 

6.A3.9 
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6.A4.0 RIPRAP DESIGN ON AN EMBANKMENT 

When the drawdown through a bridge opening is large there is an 
appreciable downslope component to the velocity vector on the nose of 
an embankment end or spur dike. This downslope component of velocity 
is illustrated in the model embankment shown in Fig. 6.A4.1. The model 
study was reported by Simons and Lewis1• 

... 

Fig. 6.A4.1 

I 
I 
I 

t\ 
\ 
\ 

' ' ' ....... ...... __ 

Flow around an embankment end. 

I 
I 

I 

' I 
I 
I 
I 
I 

" I 

, 

' Separation 
zone 

1simons, D. B., and Lewis, G. L., 1971, Flood protection at bridge crossings: 
CER71-72DBS-GLL10, Colorado State University, Fort Collins, Colorado. 
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For the case shown in Fig. 6.A4.1, the angle between the horizontal and 
the velocity vector at the point "P" is 

The method of computing the streamlines and velocities around an embank-
ment end is given by Lewis1. If the drawdown through the bridge is 
large, the reference velocity v in the vicinity of the riprap can be r 
as large as 6 fps. 

Suppose that the reference velocity is 

v = 6 fps r 

and the embankment side slope angle is 

e = 18.4° 

which corresponds to a 3:1 side slope. 
dumped rock having a specific weight 

If the embankment is covered with 
S = 2 .,65 and an effective rock s 

size D = 1.0 ft, the safety factor is determined in the following manner. 
From Eq. 6.A3.5 

0.30 v2 
r 

n = (Ss - l)gD = 
( 0 . 3 0) .( 6 ) 

2 
= 0.203 (2.65 - 1) (32.2) (1.0) 

This dumped rock has an angle of repose of approximately 35° 
according to Fig. 3.7.3. Therefore, from Eq. 6.4.6 

f3 = tan -1 { 
2 

cos A } = tan -1 {---:::----:-_c_o s:-:::-2-:0:"1'1°-----} _ 11 0 

sine . , 2 sin 18.46 
• 20o -

n tan~ + s1 nA 0.203 tan 35° + s1 n 

1Lewis, G. L., 1972, Riprap protection of bridge footings: Ph.D. 
Dissertation, Dept. of Civil Eng., Colorado State University, 
Fort Collins, Colorado. 
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and from Eq. 6.4.4 

0.154 

The safety factor for the rock is given by Eq. 6.4.3 or 

S.F. = cose tan~ cos 18.4° tan 35° 
-n~'t_a_n-~~+--s~i-n~e~c-o-s8~ = 0.154 tan 35 6 +sin 18.46 cos 11 6 = 1.59 

Thus, with a safety factor of 1.59, this rock is more than adequate to 
withstand the flow velocity. 

By repeating the above calculations over the range of interest for 
D (with ~ = 35°), the curve given in Fig. 6.A4.2 is obtained. This 

2.0 

. 1.5 
t1.. . 
tf) 

1.0 

. 5 

0 

0 .5 1.0 1.5 

20° 
I 8.4° 
6.0 fps 

2.0 2.5 

Effective rock diameter, D, in ft. 

3.0 

Fig. 6.A4.2 Safety factors for various rock sizes on a side slope. 

curve shows that the incipient motion rock size is approximately 0.35 ft 
and that the maximum safety factor is less than 2.0 on the 3:1 side slope. 

The safety factor of a particular side slope riprap design can be 
increased by decreasing the side slope angle e. If the side slope angle 
is decreased to zero degrees, then Eq. 6.4.14 is applicable and 

1 1 
S.F. = n = 0.203 = 4.93 
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The curve in Fig. 6.A4.3 relates the safety factor and side slope angle 
of the embankment (for A= 20°, D = 1.0 ft and v = 6.0 fps). The r 
curve is obtained by employing Eqs. 6.-4.6, 6.4.4 and 6.4.3 for various 
values of 8. 

5 

4 
~ 20° 
D : 1.0 ft . v,. : 6.0 fps 

~ . 3 tl) .. 
1-4 
0 
+" 
(.) 
CIS 2 41 
>. 
+" Q) 
41 

CIS 1 tl) 

0 
0 10 20 30 40 so 

Side slope angle, 8, in deg. 

Fig. 6.A4.3 Safety factors for various side slopes. 



VIA-25 

6.A5.0 DESIGN AID FOR SIDE SLOPE RIPRAP 

When the velocity along a side slope has a downslope component, the 
sizing of the riprap is accomplished by employing the complex equations 
given in Section 6.4.1. An example of sizing riprap using these equations 
is given in Appendix Section 6.A4.0. When the velocity along a side slope 
has no downslope component (i.e., the velocity vector is along the hori-
zontal), some simple design aids can be developed. 

For horizontal flow along a side slope, the equations relating the 
safety factor, the stability number, the side slope angle, and the angle 
of repose for the rock are (from Section 6.4.2) 

s2 - (S.F.) 2 
n = { m 2 } cose 

(S. F.) S m 
6.A5.1 

and 

6.AS.2 

The interrelation of the variables in these two equations is 
represented in Fig. 6. AS . l. Here, the specific weight of the rock is 
taken as 2.65 and a safety factor of 1.5 is employed. 

The recommended safety factor for the design of riprap is 

S.F. = 1.5 

This recommendation is the result of studies of the riprap embankment 
model data obtained by Lewis. These studies were reported by Simons 
and Lewis1• 

1simons, D. B. and Lewis, G. L., 1971, Flood protection at bridge crossings: 
CER71-72DBS-GLL10, Colorado State University, Fort Collins, Colorado. 
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• 8 

0 
0 5 10 15 20 25 30 35 

Side slope angle, e, deg. 

Fig. 6.A5.1 Stability factors for a 1.5 safety factor for 
horizontal flow along a side slope. 

The curves in Fig. 6.A5.1 are computed in the following manner. 
(1) Select an angle of repose $. For example 

(2) Select a side slope angle. For example 

(3) Compute S from Eq. 6.A5.2 m 

tan 45° 8m = tan 25 6 = 2·4 

(4) Compute n from Eq. 6.AS.l with S.F. = 1.5 

2 2 
n = {(2.14) - (125) } cos 25o = 0.29 

(1.5) (2.14) 
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(5) Repeat the above steps for the full range of interest 
for <P and e. 

In a design problem, the side slope angle is known and the angle 
of repose can be estimated (See Fig. 3.7.3). With these values the 
stability factor is obtained from Fig. 6.A5.1. For example, if 

and 

then 

n = 0.52 

If the shear stress on the side slope is known, then (from Eq. 6.4.5) 

21 't 
D = -=-----::-::-0-(Ss - l)yn 

21 't 
0 = ~~~~~~~-(2.65- 1)(62.4)n 

't 

= 0.20 ~ 
n 

In our example if 

then 

• = 2 psf 
0 

D = (0. 20)(2) = 0 77ft (0.52) . . 

If the reference velocity on the side slope is known, then (from 
Eq. 6 .A3.5) 

6.A5.3 
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0. 30 v2 
r 0 = (Ss - l)gn 

(0. 30 v2 
r = ~c 2,......-,.,65=-----=1,..;:;.) -=c 3=2.....,. 2=)-n 

2 v r = .0056 -n 

In our example, if 

v = 6 fps r 

D = (.0056)(6)
2 = 

0.52 0.40 ft. 

If the average velocity V and the depth y are known, more 
0 

design aids should be prepared from Eqs. 6.A3.8 and 6.A3.9. 
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6.A6.o · FILTER DESIGN 

The requirements for a gravel filter are given in Section 6.4.7. 
The gradation of a filter should be such that 

and 

o15 (Filter) 
5 < < 40 o15 (Base) 

o15 (Filter) 
:::--r.::--...--- < 5 D85 (Base) 

6.A6.1 Filter design example 1 

6.A6.1 

6.A6.2 

6.A6.3 

Consider a riprap blanket resting on a base material. The properties 
of the riprap and base material are given in Table 6.A6.1. Vu...f..gn. a. 
fiil:teJt to be. p.fuc.e.d be;twe.e.n. the. JU..pna.p a.n.d the. bcu e. matell1ai.. 

Table 6.A6.1 Sizes of materials. 

Base Material RiEraE 
Sand Gravel 

D85 = 1.50 mm D85 = 24 mm 

Dso = 0.75 mm 0so = 12 mm 
015 = 0.38 mm DIS = 6mm 

In accordance with the recommended sizes for filters, we note that 

o50 (Riprap) 
o50 (Base) 

12 = -- = 16 0.75 

which satisfies expression 6.A6.1. Also 

o15 (Riprap) 6 
o15 (Base) = 0. 38 = 16 

which satisfies the requirement 6.A6.2. Moreover 
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o15 (Riprap) 6 
o85 (Base) = 1.5 = 4 

which satisfies the requirement 
the requirements for the filter 
6.A6.2 Filter design example 2 

6.A6.3. The riprap itself satisfies 
so no filter is needed. 

The following filter design 1 is taken from Anderson et al. The 
properties of the base material and the riprap are given in Table 6.A6.2. 

Table 6.A6.2 Sizes of materials. 

Base Material RiEraE 
Sand Rock 

085 = 1.5 mm 085 = 400 mm 
050 = 0.5 mm 050 = 200 mm 
015 = 0.17 mm 015 = 100 mm 

The riprap does not contain sufficient fines to act as the filter 
because 

o15 (Riprap) 
o85 (Base) 

= 100 67 1.5= 

which is much greater than 5, the recommended upper limit (expression 
6.A6.3). Also 

o15 (Riprap) 
o15 (Base) 

= 100 600 0.17 = 

which is much greater than 40, the recommended upper limit (expression 
6.A6.2). 

1Anderson, A.G . , Paintal, A.S., and Davenport, J.T., 1968, Tentative 
design procedure for riprap lined channels: Project Report No. 96, St. 
Anthony Falls Hydraulic Laboratory, University of Minnesota, Minneapolis, 
Minnesota. 
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The properties of the filter to be placed adjacent to the base are 
as follows: 

(1) o50 (Filter) 
< 40 o50 (Base) 

so o50 (Filter) < (40)(0.5) = 20 mm 

(2) o15 (Filter) 
:---.-..---.,- < 4 0 o15 CBase) 

so o15 (Filter) < (40)(0.17) = 6.8 mm 

(3) I\ 5 (Filter) 
o85 (Base) < 5 

so o15 (Filter) < (5) (1. 5) = 7.5 mm 

(4) o15 (Filter) 
o15 (Base) > 5 

so o15 (Filter) > (5)(.17) = 0.85 mm 

Thus, with respect to the base 
0.85 mm < o15 (Filter) < 6.8 mm 

and o50 (Filter) < 20 mm 

The properties of the filter to be placed adjacent to the riprap 
are as follows: 

(1) o50 (Riprap) 
o50 (Filter) < 40 

o50 (Filter) 200 5mm so > -= 40 

100 so o15 (Filter) < --5-- = 20 mm 
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(3) o15 (Riprap) 
o15 (Filter) < 40 

o15 (Filter) 100 2.5 mm so > -= 40 

(4) o15 (Riprap) 
o85 (Filter) < 5 

o85 (Filter) 100 20 mm so > -= 5 

Therefore, with respect to the riprap, the filter must satisfy these 
requirements 

2.5 mm < o15 (Filter) < 20 mm 

o50 (Filter) > 5 mm 

o85 CFilter) > 20 mm 

These riprap filter requirements along with those for the base material 
are shown in Fig. 6.A6.1. Any filter having sizes represented by the 
double cross-hatched area is satisfactory. For example, a good filter 
could have these sizes: 

o85 = 40 mm 

o50 = 10 mm 

o15 = 4 mm 



100 

80 

20 

10 

~ Filter design for 
~bose material. 

Filter desion for 
riprop material. 

4 6 8 10° 2 
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4 6 8 101 2 4 6 8 102 2 4 6 8 103 

Particle size, mm 

Fig. 6.A2.1 Gradations of filter blanket for example 2 (after Anderson 
et al., 1968). 



VIA-34 

6.A7.0 STRAUB'S EQUATION FOR CLEAR-WATER SCOUR 

Consider the long contraction shown in Fig. 6.A7.1. In the wide 
approach reach, at the cross section designated Section 1, the average 
velocity is v1, the average depth of flow is y1 and the width is w1. 
The flowrate across Section 1 is 

6.A7 .1 

In the contracted reach at the cross section designated Section 2, the 
average velocity is v2, the flow depth is y2 and the width is w2. 
The flowrate across Section 2 is 

6.A7.2 

For a given flowrate Q and a given contraction ratio w2;w1 we would 
like to know the depth ratio y2/y1 for the clear-water scour case. 

Fig. 6.A7.1 Plan view of the long contraction. 

In the clear-water scour case, there is no transport in the wide 
upstream section. The shear stress here is less than the critical shear 
stress (the shear stress causing initial movement of the bed particles). 
That is, 

< '[ c 6.A7.3 
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Here Sf is the slope of the energy grade line at Section 1. 
1 

Assume for the time being that scour occurs in the long contraction. 
Scour will continue until the bed shear stress in the long contraction has 
been reduced to the critical shear stress. Then, at Section 2 

'2 = 'c = yy2sf
2 

6.A7.4 

When this condition is reached there is no longer sediment transport at 
Section 2. As well, there is no sediment transport at Section 1 (<1<•c). 
Hence the term "clear-water scour" is employed. 

By employing Eqs. 6.A7.3 and 6.A7.4, the depth ratio is 

6.A7.5 

Manning's equation (Eq. 2.3.20) can be employed to determine the friction 
slope ratio. Accordingly 

sf n V y 1 (__!_) 2 (__!_) 2 (~) 4/3 --= 
sf n2 v2 Y1 

2 
6.A7.6 

so 
Y2 n V y T 
-- C __!_) 2 C __!_) 2 C _2) 4 I 3 C _E_) 
yl n2 v2 Y1 '1 

6.A7.7 

The velocity ratio v1;v2 is obtained by equating Eqs. 6.A7.1 and 6.A7.2 
(constant discharge) or 

6.A7.8 

By putting this ratio into Eq. 6.A7.7, the expression 

6.A7.9 

is obtained for clear-water scour. If it is assumed that 
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then Eq. 6.A7.9 reduces to 

6.A7.10 

which is the form of the clear-water scour equation first developed by 
Straub1. 

1straub, L.G., 1940, Approaches to the study of mechanics of bed movement: 
Iowa State Univ . Studies in Engin. Bul. 20 .. 
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6.A8.0 DETERMINATION OF FLOW PARAMETERS ON AN EMBANKMENT 

To apply the equations presented in Section 6.4 for the design of 
riprap bank protection , the flow parameters T , v , v or V , 

1 o r s 
and A must be evaluated. Lewis , developed an analytical model for 
determination of the complete velocity and depth distribution in the 
vicinity of embankments but the application of his method is complex. 
Lewis pointed out, based on the model and analytical studies, that the 
initial losses of the riprap protection occurs at one or both of two 
zones on the embankment. One zone is near the flow separation point 
located approximately at midway around the upstream spill-slope. The 
other zone is along the embankment toe through the constriction . 
Riprap losses initially occurred on the upstream spill-slope for small 
constrictions (ah/L is small) and along the embankment toe for the 
severe constrictions (~h/L is large) as shown in Fig. 6.A8.1. Here ~h 

is the drop in water surface elevation through the bridge opening and 
L is the horizontal distance shown in Fig . 6 .A8.2 with w = 45 deg. 

For design purposes, the estimation of the ve l ocities and depths 
in the entire bridge crossing is not necessary. It is adequate to 
determine the riprap required for protecting the most hazardous zones 
subject to failure . Then this riprap is used to protect the embankment. 
The flow parameters for determining the required riprap at midway 
around the upstream spill-slope and along the embankment toe through 
the constriction are determined below. The sizes of riprap required 
to produce a safety factor of 1.5 at those t wo pos i t ions are computed 
and the larger size rock is chosen for the embankment protection. 
6.A8.1 Determination of flow parameters at the embankment toe 

The flow at the toe of the embankment is approximately horizontal 
and parallel to the side slope (see Fig. 6 .A8. 2) . For design purposes 

1Lewis, G. L., 1972, Riprap protection of bridge footings: Ph.D. 
Dissertation, Dept. of Ci vil Eng . , Colorado State University, Fort Collins, 
Colorado . 
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Fig. 6.A8.2 Flow around a spill-through embankment nose. 
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it is assumed that A = 0 deg. The depth-averaged flow velocity 
at the two Vt is related to the depth- averaged velocity at the vena 
contracta Vd by the curves in Fig. 6.A8.3. The quantity Vd is 
found by using the expression 

6.A8.1 

where a and v1 are the velocity head correction coefficient and 
the mean velocity in the channel at the upstream section of maximum back-
water, respectively, and 6h is the total water surface drop through 
the bridge opening. The total water surface drop is computed by the 
method recommended by the Federal Highway Administration1 . The quantity 
L in Fig. 6.A8.2 is estimated from the geometry of embankment, the 
stage at the maximum backwater section h1 and the water surface drop 
6h . The velocity at the toe velocity is then found from Fig. 6.A8.3. 

6.A8.2 Determination of flow parameters midway around the upstream 
spill-slope 

The depth-averaged velocity midway around the upstream spill-slope 
Vp (see Fig . 6.A8.2) is related to the vena contracta velocity Vd and 
can be determined for given values of V and 6h/L by using the p 
relation in Fig. 6.A8.3. The angle between the velocity vector and the 
horizontal line A is given in Fig. 6.A8.4. 

6.A8.3 Application and limitations 
After the values of Vt , V and A are estimated from Figs. p 

6.A8.3 and 6.A8.4, the riprap sizes for a given safety factor are 
determined at the toe and midway around the upstream spill-slope by 
employing Eqs. 6.A3.8, 6.A3.9, 6.4.3, and 6.4.6. The quantity 

1Federal Highway Administration, 1970, Hydraulics of bridge waterways: 
Hydr. Branch, Bridge Div., Off. of Eng. and Oper., Hydr. Design Ser., 
n 1, 2nd ed., U.S. Gov. Printing Office, Washington, D.C. 



VIA-41 

1.0 ~----------------. 
: J Lewis' (1972) model data 

0.9 

0.8 

,,, 
\ ', 
\ ' \ ' 

\ 
\ 
\ 

0 
0 

Q. 

> 

>"0 
....... 

• 
0 · 3oL··~-, --o-_~o2----o~.o-4---o-.o~G----o~.o-s---o~.-~o-~o~.t2 

DhiL 

Fig. 6.A8.3 Relation between relative velocities and the drop ratio. 

40 
o Lewis' ( 1972) model data 

35 

30 
(1) 25 (1) 
'-
Ol 20-(\) 
"0 

..-< 15 

10 

5 

0 l----'- ---.l----L----l..-----l.---~ 
0 0.02 0.04 0.06 0.08 0.!0 0.12 

6h /L 

Fig. 6.A8.4 Relation between A at midway around the upstream spill-
slope and the drop ratio. 
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y
0 

in Eq. 6.A3.9 is the local flow depth. The larger of the two 
calculated riprap sizes should be used for the embankment protection. 

The design procedure given above has been applied to Lewis' model 
data. It was found that the procedure resulted in a built-in safety 
factor of approximately 1.2. However, the larger safety factor of 
S.F. = 1.5 is recommended for embankments to allow for error in the 
hydraulic predictions and for unknown scale effects which may exist 
in the models. 

The region around the embankment nose requiring the calculated 
size of riprap protection is shown in Fig. 6.A8.2. The angle w varies 
according to the relation given in Table 6.A8.1. The outer region of the 
embankment may be protected by a smaller size of riprap than the 
calculated one. A method for computing this size is given by Simons 

d L . 1 an ew1s • 

Table 6.A8.1 Termination angle for riprap protection. 

~h w 
L degree 

0 to .OS 45 
~ 

.06 55 

.07 65 

.08 75 

.09 85 

.10 90 

Figs. 6.A8.3 and 6.A8.4 are developed from the model data on 
spill-through embankments normal to the flow and require modifications 
when applied to other types of embankments. 

1simons, D. B. and Lewis, G. L., 1971, Flood protection at bridge crossings: 
CER71-72DBS-GLL10, Colorado State University, Fort Collins, Colorado. 
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Chapter VII 

NEEDS AND SOURCES FOR DATA 

7.1.0 DATA NEEDS 

The. objective. and pWtpM e. o 6 tiU.-6 c.hapteJL i-6 to ide.nti6 y data. needed 
6oJt c.a1.c..u£..a.:tton6 and anal.yoeA whic.h will le.a.d to Jtec.ommendcttion6 6oJt 
highway c.Jto.o.oing.o and enc.Jtoac.hment6 o 6 Jtive.M. The types and amounts of 
data needed for planning and designing river crossings and lateral 
encroachments can vary from project to project depending upon the class 
of the proposed highway, the type of river and geographic area. 

The data, preliminary calculations, alternative route selections 
and analyses of these routes should be documented in a report. Such a 
report serves to guide the detailed des igns, and provides reference 
background for environmental impact analys is and other needs such as 
application for permits and historical documentation for any litigation 
which may arise. 

7.2.0 BASIC DATA NEEDS 

7.2.1 Area maps 
An Mea. map i-6 needed to idenilfiy the loc.a.:U.on o6 :the en.ti.Jr.e highway 

pJtojec.t and all .ottr.ea.mo and JtiveJL c.Jto.o.oing.o and enc.Jtoac.hment6 involved. 
The purpose of the map is to orient the highway project geographically 
with other area features. The map may be very sma l l scale showing towns, 
cities, mountain ranges, railroads and other highways and roads. The 
area map should be large enough to identify river systems and tributaries. 
7.2.2 Vicinity maps 

ViC-inity ma.p.o fioJt eac.h JtiveJL c.Jto.o .oing oJt la.teJLal e.nc.Jtoac.hme.nt M e. 

needed to layout the p!topo.oed highway alignment and a.lteJLna.te· Jtoute?A. 
There should be sufficient length of river reach included on the 
vicinity map to enable identificati on of stream type and to locate 
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river meanders, sand bars and braided channels. Other highways and 
railroads should be identified. The maps should show coarse contours 
and relief. Intakes for municipal and i~dustrial water, diversions 
for irrigation and power, and navigation channels should be clearly 
identified . Recreational areas such as camping and picnic grounds, 
bathing beaches, and recreational boat docks should be identified. 
Cultivated areas and urban and industrial areas in the vicinity of towns 
and cities should be noted on the map. The direction of river flow 
should of course be clearly indicated. 
7.2.3 Site maps 

Site maps are needed to determine details for hydraulic and 
structural designs. The. .6Ue. ma.p J.Jhould J.Jhow dd.aile.d c.on;tou.Jl)., on one. 
a~ two 6oot ~nt~va.£.6, ve.ge.ta.tion ~~but£on a.nd type., a.nd oth~ 
J.Jtnuc.tune.-6. The site map is used to locate highway approach embankments, 
piers and alignment of piers, channel changes and protection works. 
High water lines should be indicated on the site maps for the purpose 
of estimating flood flows and distributions across the river cross 
section . 
7.2.4 Aerial and other photographs 

It is highly desirable in preparing vicinity and site maps that 
aerial photographs be obtained. Modern multi-image cameras use different 
ranges of the light spectrum to assist in identifying various features 
such as sewer outfalls, groundwater inflows, types of vegetation, sizes 
and heights of sandbars, river thalwegs, river controls and geologic 
formations, existing bank protection works, old meander channels, and 
other features. Detailed contours can be developed from aerial photo-
graphs for vicinity and site maps where such information is not readily 
available. Land photographs (as opposed to aerial photos) of existing 
structures are always helpful in documentation and evaluation of poten-
tial effects of highway construction. Photographs of water intake works 
likely to be affected by the highway project should be obtained, and 
specific pertaining data should be noted and briefly discussed. High 
water marks are useful to record photographically along with dates of 
occurrence. Photog~a.ph-6 Md the. de.J.J~gn~, who ma.y not have. the. 
oppo~nUy to v~U the. J.JUe., to v~ua.Uze. ~oM~ng-6 a.nd e.n~oa.c.hme.nt-6, 

a.nd the.y Md dac.ume.nta.tion. 
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Conditions of the river channel in the river reach of concern are 
easy to record photographically, and such pictures can be very helpful 
in analysis of the river i-each. Vegetation on floodplains and 
seasonal variations of vegetation should be recorded photographically. 
Notable geologic formations should be photographed as well and supple-
mented with adequate notes. 
7.2.5 Hydrologic data 

The. pu!Lpo~e. Oft hydltolog.i.c. do..ta. iA to ddeJunhte the. ~tJr.eam cUAc.haJtge., 
ftlood magnU:u.du, a.nd dwul.ti.on a.nd ftlteque.nc..i.u o6 ftlood6 pllepaiLa.toJty to 
a.na.tv~iA Oft Jt.iveJL beha.v.ioJt a.nd du.<.gn Oft .the Jt.iveJL e.ncJLOa.c.hmerr-U a.nd 
~~~ing~. Hydrologic data and hydraulic analyses should be documented 
in report form for the purpose of preparing construction plans and 
evaluating performance after construction. The documentation would 
be helpful in evaluating any damage from floods and failures in the event 
they occur and providing backgrolDld for any litigation which may arise 
as a consequence. 

The basic data needed are stream discharge data at the nearest 
gaging station, historical floods, and highwater marks. It is also 
desirable to prepare a drainage map for the region upstream of the 
proposed highway project,twith delineation of size, shape, slope, land 
use, and water resource facilities such as storage reservoirs for 
irrigation and power and flood control projects. It is desirable 
whenever possible to obtain flood histories of the river f r om resid~nts 
and accounts by the news media, particularly for events prior to stream 
gaging records. The accounts of high wat er and period of years estimates 
of flood discharge can be made which are valuable in flood-frequency 
analysis. 

Sometimes a highway crossi ng and/or encroachment may have a significant 
effect on flood hydrographs. Sufficient hydrologic analysis should be 
made to determine the significance. This would involve hydrograph 
development and valley routings within the zone of influence of such 
highway structures. 
7.2.6 Geologic map 

A geologic vicinity map , on which geophysical features are indicated 
is of basic need. The b~.<.c. Jtoc.k. ftOJr.ll'laZi.on6, oUitc.lr.oppi.ng~, a.nd gl.a.ci.al 
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a.n.d !Uv eJt de_po.o U:-6 wiU.c.h n oJun c.o n.bw ..e. poin.:U on. !Uv eJt.6 Me. va..tu.a.b.te. in. 
a.n.O....e.y-6-iA on ·iUveJt.6. Soil type . h:~~· important effe.ct~ "·6~ . sedf ment 

-~- -.- -· .. ~--:-,..,· .. : ·. - ,"· ;'_··:-~~;3'l'l' .. · ~-"'~"X ..,..f·i:·~r .... 
transport material, infiltration rates, and groundwa,ter flcn'/s. · c::hannel 

• ~-. · ,;·. --. ··.J. 't_~·;.':. . : ... _,j~- • ~ ! • ~:.....: :r lf~Ytl@ flllt. 
geometry and roughness 'are important factors in river mechanics. 

· _ ... . .... ·· :· ~>~ ... ~ ·:,;~;/ :r _t.t;-:"·r·~':t: t_~& 
Soil survey maps with engineering interpretations are available for 

( . _-- -: . ";:. '- .. -~)~;~-!!r'"'>•.:; -~~~-.. {·::..!\~'~ .. ~~ 
a significant proportion of the United States. They may .be helpful in 

-_-, ~ :i· .• J. '·-~· :)J~:...:f:.~;r.~~~[ .. _. 
selecting layouts and assessing the suitability of fill materials. 

! ,J~: >·\ ·~- '< ( c;:::. 

7.2.7 Field inspection 
I i ~ A oield bt6pe.c.Uon. On pote.ntta...e. IU.ghwa.tj e.n.CJtoa.c.hm~n.:t".oue..o on 
· r JtiveJt.6 .ohoui.d be. made. ptUOil. to OIL . clwUn.g the. a.iw...e.yJ.,~. · This' hi~· been 
· ' implied in the foregoing paragraphs but . is emphasized. ;~ai~ ~~~·~~se of 

. , :;, the mderlying importance of making first hand appraisals I of s~~cific 
. I . . •. ,. ''"' ~· • 

· sites before conclusions and recommendations are advanced for -possible 

'I 

highway routes. Of course, they are important in m~king detail~d designs 
as well but it is not always feasible to provide opportunities· for 

· .. personal inspection by the entire design staff. 
7.2.8 Environmental data 

1 n. ma.fUn.g e.n.vilto n.me.n.ta..e. impa.c.t a.n.a..ty.oi.o 0 n IU.g hwa.y plto j e.c.t6 0 n. 
' .6tlte.a.m6 a.n.d !UveJt.6, U -iA n.e.c.e..6.6a.Jttj to obtain. wa.teJt qu.a...U:ty a.n.d bio-,, 

·'·· ... 

•' 

.togic.a..t da.ta. nolL the. .6tlte.a.m6. Such data are available for many rivers 
but are not readily available for many others. Mmicipal water and 
sewage treatment facilities and industrial plants utilizing river water 
should have recent records regarding river water quality which will be 
helpful in making comprehensive environmental analyses . . Water quality 
data for certain rivers can be obtained from the U.S. Geological Survey. 
Wildlife information such as migration patterns of deer and elk should 

' be determined and local game refuges should be located. Information 
regarding fish and fish habitat in the river should be obtainable from 

., 
'the state fish and game agencies. Species 
should be 

·flora to 

I 

determined, and some information 
auto emissions should be obtained • 

of trees and other vegetation 
regarding sensitivity of the 

Data should also be obtained 
•• ~ : t 

in order to enable assessment of stream turbidity during and after 
highway construction. Information on soil type to be used in construc-
tion of embankment would be helpful in this regard. 
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7.3.0 AUXILIARY DATA 

The basic data needed for hydrologic, hydraulic and environmental 
analyses have been indicated. In addition, depending upon the nature 
of the highway project, it may be desirable to obtain additional data. 
7.3.1 Climatologic data 

Stream gaging stations have been established on many streams 
throughout the United States. However, there are some streams where 
either a gaging station does not exist near the project site or a 
gaging station does not exist at all. In such cases it~ neceh~any 
to eh.t<.mcde fl,oad 6loW6. Thehe eh.t<.ma:teh may be bMed on negianaiized 
u.ti.ma:t...Lng p!tocedWtu on o:th.eJt pned...tction modw U6in.g me.teoJtoiogical 
and wat~hed da:ta inp~. These meteorological data are available from 
the National Weather Service (NWS) Data Center of the National Oceanic 
and Atmospheric Administration (NOAA), and estimates of average conditions 
can be made from rainfall data published by the NWS. Temperature records 
are helpful in making snowmelt estimates, and wind data are helpful in 
making wave height estimates on rivers, lakes and reservoirs as well as 
for coastal areas. 
7.3.2 Hydraulic data 

Whenever possible, ~ed...tmen:t load da:ta ~houi.d be pJtovided M 
au~y data 6oJt Jt...tveJt anaiy~eh. Bed-material load, suspended load 
and wash load data may be obtained for some rivers in the water supply 
papers published by the U.S. Geological Survey, state engineers' reports, 
flood control and other water resources investigation reports . 
Information may also be obtained by direct sampling of the river. 

RiveJtbed CJtM~ ~ec;Uo~ an.d pJtonileh may be obtained with an 
ultrasonic depth sounder and would be helpful in sediment transport and 
backwater studies. It would also be helpful to know water temperatures. 
Direct measurement of flood flows should be made when records may be 
deficient. Depth and velocity measurements need to be made at a 
sufficient number of subsections in a cross section to determine total 
flow rate. Discharge measurements made at various stages at a gaging 
site can provide data for developing a stage-discharge rating curve. 

Observations of high wateJt man~ along the river reach should be 
made. Each high water mark and relevant profile should be established. 
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These are helpful in calculating historical flood discharges. Also, 
stages achieved by ice jams at specific locations should be noted. 

Channel changes which have occurred after floods are of particular 
interest in evaluating future effects on channel planform. Whenever 
possible, historic aerial photographs or equivalent maps which show 
river channels should be obtained. 

Records of the performance of existing bridges and other drainage 
structures should be obtained. Data on scour at piers of existing 
bridges (or at bridges which have failed) in the vicinity should be 
obtained. For bridges which have failed, as much information as possible 
should be obtained relative to direction of flow (angle of attack) at 
the piers or embankment ends. Flood duration, debris in the river, 
distribution of flows, and magnitudes of scour are useful information. 
Historical records of damage to adjacent property and results of legal 
actions brought about because of damage are useful information also. 

7.4.0 FLOOD-FREQUENCY ANALYSIS 

A ~lood- 6~equeney e~ve ~ p~ep~ed 6~om ~eeo~ded ¢~eam ~low data 
and augmented by estimated discharges (using Manning's equation or 
equivalent) from high water marks. Several methods ranging from 
sophisticated stochastic analysis to simple methods have been developed. 
The greatest difficulty in constructing a flood-frequency curve is lack 
of sufficient data. Approximate methods for extrapolating the range of 
flood-frequency curves are available but are not discussed in detail 
here. (See Guidelines for Hydrology (1973) for references.) 

A simple gr aphical method based on extreme value theory is reason-
ably satisfactory . The method consis t s of ordering the annual peak 
flood discharges of record from the largest to smallest, irrespective of 
chronological order. The annual (flood) discharge is plotted against its 
recurrence interval on special probability (Gumbel, or others) paper. 
The recurrence interval, RI is calculated from 

RI = n+l 
m 7.4.1 
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in which n is the number of years of record, and m is the order 
(largest flood is ranked 1) of the flood magnitude. Thus the highest 
flood discharge would have a recurrence interval of n+l years and 
lowest would have a recurrence interval of (1+1/n) years. The U.S. Water 
Resources Council (1967) has adopted the log-Pearson III distribution for 
use as a base method for determining flood flow frequencies. Details of 
the method and plotting paper may be obtained from the U.S . Geological 
Survey or the Federal Highway Administration (Washington or regional 
offices). 

When adjusting discharge records from the gaging station to the 
project site, the flood peaks are prorated on the basis of drainage 
area ratios. Depending on drainage basin characteristics, the exponent 
of the ratio varies from 0.5 to 0.8. Slope-area calculations for peak 
discharges are also used. In using t hi s method, the conveyance of the 
channel is calculated using the Manning equation in which the roughness 
coefficient, n, needs to be estimated. An excellent reference relating 
n to channel conditions is presented pictorially in USGS Water Supply 
Paper ,1849 which is published in book form. By referring to a catalog 
of (color) photographs, similar channel situations to the specific site 
can be identified and a relatively inexperienced engineer may make a 
reliable estimate for n. 

7.5.0 CHECKLIST OF DATA NEEDS 

As an aid to check data needs preparatory to analysis of rivers and 
highway encroachment of rivers, the relevant types of data have been 
listed in Table 7.5.1. There may be more data items included in this table 
than are needed for a given project site, and some judgment is required 
in delineation. For data which are not available, the checklist should 
be helpful for planning a field investigation or other data acquisition 
program. 

7.6.0 DATA SOURCES 

The. be6t da:ta. .6oWtc.e6 aJte national. da:ta. c.e.ntvv., whe.Jte. the. p!U.nup.te. 
6un.c.tion. ~ to ~.6emin.ate. da:ta.. But it probably will be necessary to 
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collect data from a variety of other sources such as a field investi-
gation, i nterviews with l ocal residents, and a search through library 
materials . The following list of sources is provided to serve as a 
guide to the data collection task: 

Topog~aphic Map~: 

(1) Quadrangle maps--U.S. Department of the Interior, Geological 
Survey, Topographic Division; and U.S. Department of 
the Army, Army Map Service . ' 

(2) River plans and profiles--U.S. Department of the Interior, 
Geological Survey, Conservation Division. 

(3) National parks and monuments --U.S. Department of the 
Interior, National Park Service. 

(4) Federal reclamation project maps--U.S. Department of 
the Interior, Bureau of Reclamation. 

(5) Local areas--commercial aerial mapping firms. 
(6) ~~erican Society of Photogrammetry. 

Pfunime;tJvtc Map~: 
(1) Plats of public land surveys--U.S. Department of the 

Interior, Bureau of Land Management. 
(2) National forest maps--U. S. Department of Agriculture, 

Forest Service. · 
(3) County maps--State Highway Agency. 
(4) City plats--city or county recorder. 
(5) Federal reclamation proj ect maps--U . S. Department of the 

Interior, Bureau of Reclamation. 
(6) American Society of Photogrammetry. 
(7) ASCE Journal--Surveying and Mapping Division. 

A~ Photog~aph6: 
(1) The following agencies have aerial photographs of portions 

of the United States: U.S. Department of the Interior, 
Geological Survey, Topographic Division; U.S. Department 
of Agriculture, Commodity Stabilization Service, Soil 
Conservation Service and Forest Service; U.S. Air Force; 
various State agencies; commercial aerial survey; 
National Oceanic and Atmospheric Administration; and 
mapping firms. 

(2) American Society of Photograrnmetry. 
(3) Photograrnmetric Engineering. 
(4) Earth Resources Observation System (EROS) 

Photographs from Gemini, Apollo, Earth Resources 
Technology Satellite (ERTS) and Skylab. 

T Jta.n6 poJt:ta.;t[o n Map~ : 
(1) State Highway Agency. 

Tniangulation and Benchm~k¢: 
(1) State Engineer. 
(2) State Highway Agency . 



VII-9 

Geo.togJ,c. Map.o : 
(1) U.S. Department of the Interior, Geologic Survey, Geologic 

Division; and State geological surveys or departments. 
(Note--some regular quadrangle maps show geological 
data also.) 

S oili VM.a.: 
(1) CO'lmty soil survey reports--U.S. Department of Agriculture, 

Soil Conservation Service. 
(2) Land use capability surveys--U.S. Department of Agriculture, 

Soil Conservation Service. 
(3) Land classification reports--U.S. Department of the 

Interior, Bureau of Reclamation. 
(4) Hydraulic laboratory reports--U.S. Department of the 

Interior, Bureau of Reclamation. 
Climato.togJ,c.a£. Vata: 

(1) National Weather Service Data Center. 
(2) Hydrologic bulletin--U.S. Department of Commerce, 

National Oceanic and Atmospheric Administration. 
(3) Technical papers--U.S . Department of Commerce, National 

Oceanic and Atmospheric Administration. 
(4) Hydrometeorological reports--U.S. Department of Commerce, 

National Oceanic and Atmospheric Administration, and 
U.S. Department of the Army, Corps of Engineers. 

(5) Cooperative study reports--U.S. Department of Commerce, 
National Oceanic and Atmospheric Administration and U.S. 
Department of the Interior, Bureau of Reclamation. 

Stne.am F.tow Vata: 
(I) Water supply papers--U.S. Department of the Interior, 

Geological Survey, Water Resources Division. 
(2) Reports of State engineers. 
(3) Annual reports--International Boundary and Water Commission, 

United States and Mexico. 
(4) Annual reports--various i nterstate compact commissions . 
(5) Hydraulic laboratory reports--U.S. Department of the 

Interior, Bureau of Reclamation. 
(6) Owners of Reclamation . 
(7) Corp of Engineers, U.S. Army, Flood control studies. 

Sedimentation Vata: 
(1) Water supply papers--U.S. Department of the Interior, 

Geological Survey, Quality of Water Branch. 
(2) Reports--U.S. Department of the Interior, Bureau of 

Re clamation; and U.S. Department of Agriculture, Soil 
Conservation Service. 

(3) Geological Survey Circulars--U.S. Department of the 
Interior, Geological Survey. 

Qu.aLUy o 0 WateJr. Repow : 
(1) Water supply papers--U.S. Department of the Interior, 

Geological Survey, Quality of Water Branch. 
(2) Reports--U.S . Department of Health, Education, and Welfare, 

Public Health Service . 
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(3) Reports--State public health departments. 
(4) Water Resources Publications--U.S. Department of the 

Interior, Bureau of Reclamation. 
(5) Environmental Protection Agency, regional offices. 
(6) State water quality agency. 

1 IUUga.:Uo n a.nd Vtuuna.g e Vata.: 
(1) Agricultural census reports--U.S. Department of Commerce, 

Bureau of the Census . 
(2) Agricul tural statistics--U.S. Department of Agriculture, 

Agricultural Marketing Service. 
(3) Federal reclamation projects--U.S. Department of the 

Interior, Bureau of Reclamation. 
(4) Reports and Progress Reports--U.S. Department of the 

Interior, Bureau of Reclamation. 
PoweJL Vata. : 

(1) Directory of Electric Uti lities--McGraw Hill Publishing Co. 
(2) Directory of Electric and Gas Utilities in the United 

States--Federal Power Commission. 
(3) Reports--various power companies, public utilities, 

State power commissions, etc. 
BM.<.n a.nd P~e.o j ect Repolth a.nd Speual Repolth: 

(I) u.s. Department of the Army, Corps of Engineers. 
(2) U.S. Department of the Interior, Bureau of Land Management, 

Bureau of Mines, Bureau of Reclamation, Fish and Wildlife 
Service, and National Park Service. 

(3) U.S. Department of Agriculture, Soil Conservation Service. 
(4) U.S. Department of Health, Education, and Welfare, 

Public Health Service. 
(5) State departments of water resources, departments of 

public works, power authorities, and planning commissions. 
Env.<.Jc.onmenta.l Vata.: 

(1) Sanitation and public health--U.S. Department of Health, 
Education, and Welfare, Public Health Service; State 
departments of public health. 

(2) Fish and wildlife--U.S. Department of the Interior, Fish 
and Wildlife Service; State game and fish departments. 

(3) Municipal and industrial water supplies--city water 
departments; State universities; Bureau of Business 
Research; State water conservation boards or State public 
works departments, state health agencies, Environmental 
Protection Agency, Public Health Service. 

(4) Watershed management--U.S. Department of Agriculture, 
Soil Conservation Service, Forest Service; U.S. Department 
of the Interior, Bureau of Land Management, Bureau of 
Indian Affairs. 
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Table 7.5.1 Checklist of data needs. 

Description of data or 
needed information 
Ma.p.6 a.nd c.haJLt.6 : 

Geographic 
Topographic 
Geologic 
Navigation charts 
Potamology surveys 
County and city plats 

A~ a.nd oth~ photo.6: 
Large scale photos for 
working plans 
Small scale stereo pairs 
of river and surrounding 
terrain 
Color infrared photos 
for flow patterns, scour 
zones, and vegetation 
Grot.md photos 
Underwater photos 

Infioll.ma..tlon on e.w.ting 
.6 .tJr.u.c.:twte..6, b!U..dge.-6, da..rn6, 
cUv~ion.6 oft ou.t6a..U.6: 

Plans and details 
Construction details 
Alterations and repairs 
Foundations 
Piers and abutments 
Scour 
Dikes 
Field investigations: 

Investigating bridge 
structure & repairs 
to bridge & approach 
Damage due to ice 
or debris 

Basic 
Data 

* 
* 
* 

* 

* 

* 

* 

* 
* 

* 

* 

* 

Auxiliary 
Data 

* 
* 
* 

* 

* 

* 
* 

* 

Check Whether 
Available Needed 
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Table 7.5.1 Checklist of data needs (continued). 

Description of data or 
needed information 
Hydnaulie, Hydnology and 
Soffi: 

Discharge records 
Stage-discharge records 
Flood frequency curves 
for stations near site 
Flow duration curves 
(hydro graphs) 
Newspaper, radio, tele-
vision, accounts of large 
floods 
Channel geometry: 

Main channel 
Side channel 
Navigation channel 
Floodplain 
Slo es 
Backwater calculation 
Bars 
Sinuosity 
Type (braided, meander-
ing, straight) 
Controls (falls, rapids, 
restriction, rock out-
cropping darns, di-
versions) 

Sediment discharge: 

Ice: 

Size distribution 
Bed and bank material 
sizes 
Roughness coefficient n 

Recorded thickness 
Dates of freeze up 
and break up 
Flow patterns and jams 

Basic 
Data 

* 
* 

* 

* 
* 
* 
* 
* 
* 
* 
* 

* 

* 
* 
* 

* 
* 

Auxiliary 
Data 

* 

* 

* 

* 
* 

Check Whether 
Available Needed 
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Table 7.5.1 Checklist of data needs (continued). 

Description of data or 
needed information 

Dama e 
Regulating structures: 

Dams, diversions 
Intake, out falls 
Scour survey around 
existing piers, 
abutments, spur 
dikes 
Inspect and photo-
graph stabilization 
works, riprap sizes, 
filter blankets 
Check wells for ground-
water levels in areas 
Install gaging stations 

Soils Information: 
Excavation data 
Borrow pits 
Gravel pits 
Cuts 
Tunnels 
Core boring logs 
Well drilling logs 
Soil tests 
Permeabi 1i ty 
Rocks - riprap 

Planned and anticipated 
water resources projects 
Lakes, tributaries, 
reservoirs or side 
channel impoundments 
Field surveys: 

Onsite inspections 
and photographs 

Basic 
Data 

* 
* 

* 

* 

* 
* 
* 
* 
* 
* 
* 

* 

* 

* 

* 
* 

* 

Auxiliary 
Data 

* 

* 
* 

* 

* 

Check Whether 
Available Needed 
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Table 7.5.1 Checklist of data needs (continued). 

Description of data or 
needed information 

Sample sediments 
Measure water and 
sediment discharge 
Observe channel changes 
or realignment since 
last maps or photos 
Identify high water 
lines or debris de-
posits due to recent 
floods 
Check magnitude of 
velocities and direction 
of flow in vicinity of 
proposed structure 
Outcroppings 
Subsurface exploration 

Natural weather service 
records for precipita-
tion 
Wind 
Temperatures 

La.nd U.6 e.: 
Zoning maps 
Recent aerial photographs 
Planning committee records 
Urban areas 
Industrial areas 
Recreational areas 
Primitive areas 
Forests 
Vegetation 

Basic 
Data 

* 

* 

* 

* 

* 
* 
* 

* 
* 
* 

* 
* 
* 
* 
* 
* 
* 
* 
* 

Auxiliary 
Data 

Check Whether 
Available Needed 
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Chapter VIII 

HYDRAULIC AND ENVIRONMENTAL CONSIDERATIONS OF HIGHWAY RIVER 
CROSSINGS AND ENCROACHMENTS 

8.1.0 INTRODUCTION 

The objective of this chapter is to pn~ent apptieation6 o6 ~he b~ie 
pninupf~ o6 hyd!r.o.u.liC6, hyd!r.o.f.ogy, 6fuvia.f. geomonphofogy and niven 
meehan.ie-6 ~o ~he hyd!r.o.u.lie and envinon.mentaf d~ign o6 niven enoMin.g-6 
and highway en.enoaehment-6. In general, the design of complex problems 
in river engineering can be facilitated by a qualitative estimate 
followed by a quantitative analysis. For this reason, this chapter in-
cludes thirteen hypothetical cases of river environments and their response 
to river crossings and encroachments based on the geomorphological prin-
ciples given in Chapter IV . These cases indicate the trend of change in 
river morphology for given initial conditions . The case studies are 
followed by twelve case histories of actual river crossings in the United 
States . These histories document river response to highway crossings and 
encroachments and serve the basic purpose of illustrating qualitative 
river response. 

Finally, this chapter presents the main design considerations 
related to river crossings and highway encroachment. The application 
of basic principles developed in Chapters I through VI is illustrated 
by specific numerical examples related to the subject matter of this 
manual. It is believed that ~he -61J-6~em~e appnoaeh o6 qu~ve 
~-6~-6ment o6 ehannef n~pon6e 6oUowed by a quan:U.;ta..tive ~timMe, will 
enable a me.aningfiul anafy-6i-6 on eompfex niven n~pon6e pnob.f.em-6. 

8.2.0 · CASE HISTORIES 

8.2.1 Introduction 
To initiate analysis of case histories, first consider some of the 

problems normally encountered in river crossings and encroachments. 
Several hypothetical cases are tabulated in Table 8.2.1. Each individual 
case is identified in the first column to show the physical situation 
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that exists prior to the construction of the highway crossing. In th~ 
following three columns some of the major local effects, both upstream 
and downstream, resulting from construction of a particular crossing are 
given. It is necessary to emphasize that only the gross local upstream 
and downstream effects are identified in this table. In an actual 
design situation, it is worthwhile 6~~ of all to eon6id~ ~he g~o~~ 
efifi ee~ as listed in Table 8.2.1. The ~elation QS ~ Qso50 ~ valuable 
in dueJUnining qu.aLUa..tive ~v~ ~~pon6e. Having identifiied ~he qu.ci.e.i-
~ve ~~pon6e ~hM can be antiupMed, wM~ and ~edime~ ~oiling 
~eehniqu.~ eou.pled w~h ~v~ mechanic~ ~etation6 given in Chapters IV 
and V can be Med ~o p~ediu ~he poMibiLU.y ofi change in ~v~ fioJUn and 
~o u~a;te ~he magnimd~ ofi local, u.p~bteam and down6bteam ~v~ 
~upon6e. This approach should be kept in view as one considers each of 
the fourteen cases outlined in Table 8.2.1. 

The initial river conditions in Table 8.2.1 are sometimes given 
in terms of storage dams, water diversions, etc. These examples are 
used as illustrations relating to common experience. In general, the 
effect of a storage reservoir is to cause a sudden increase of base 
level for the upstream section of the river. The result is aggradation 
of the channel upstream, degradation downstream and a modification of 
the flow hydrograph. Similar changes in the channel result if the base 
level is raised by some other mechanism, say a tectonic uplift. The 
effect of diversions from rivers is to decrease the river discharge 
downstream of the diversion with or without an overall reduction of 
the sediment concentration. Similarly, chang~ in WM~ and ~edime~ 
inp!d ~o a ~v~ ~btueh o0.ten oeeM due ~o ~v~ developme~ p~ojew 
u.p~bteam 6~om .the p~opo~ed ~o~~ing~ or due to natural causes. 

Case (1) involves the construction of a bridge across a tributary 
stream downstream of where the steeper tributary stream has reached the 
floodplain of the parent stream. The change in g~adie~ o6 ~he tnib~~y 
~bteam in mo~.t eMU eaMU ~ignifiic..a~ depM.<..tion. In the case 
illustrated for Case (1), an alluvial fan develops which in time can 
divert the river around the bridge, or even if the water continues to 
flow under the bridge, the waterway is significantly reduced thus 
endangering the usefulness and stability of the structure. In general, 
streams on alluvial fans shift laterally so that the future direction 
of the approach flow to the bridge is uncertain. 



Table 8.2.1 River response to highway encroachments and to river development. 

Bridge Location 

(1) C'Lo,~~..<.n.g dot~'M:tlte.am oS 
a.n. o.ll.oJ.J}_r..J. 6a;:. 

H''odcul 
Drop lo 8c~e Level 

(2) Lou.,e,·:J.ng o6 bMe .te.vet 
'n.. _,_, e c.'·a.n ~ ~ () u•'·· .-ut r. ~.~. 

Local Effects 

1 - Fan reduces 
watcn~ay 

Direction of 2 
flow at bridge 
site is uncertain 

Upstre~m Effects 

1 - Erosion of banks 
2 - Unstable channel 
3 - Large transport 

rate 

DO\mstream Effects 

1 - Aggradation 
2 - Flooding 
3 - Development of 

tributary bar in 
the main channel 

- Channel location is 
uncertain 

1 - Headcutting 1 - Increased velo- 1 - Increased transport 
2 - General scour city to m::tin channel 
3 - Local scour 2 - Increased bed 2 - Aggradation 
4 - Bank instability material transport 3 - Increased flood 
S - High velocities 3 - Unstable channel stage 

4 - Possible change 
of form of river 

<: 
H 
H 
H 
I 
~ 



Table 8. 2.1 River response to highway encroachments and to river development (continued). 

Bridge Location 

~~~~t~- 4r_t,-= 
L.ow Flow Bed 

( 3) C ha.nnel. c.haJta.c;te!Uz e.d by 
p1to£.o ng e.d £.ow 6£.ow.6 

( 4) Cu.to 6 6.6 dowrt.6tlteam 
0 6 CJto.6.6irtg 

Local Effects 

1 - At low flow a low 
water channel 
develops in river 
bed 

Upstream Effects 

2 - Increased danger to 
piers due to channeli-
zation and local scour -

3 - Bank caving 

1 - Steeper slope See local effects 
2 - Higher velocity 
3 - Increased transport 
4 - Degradation and 

possible head- · 
cutting 

5 - Banks unstable 
6 - River may braid 
7 - Danger to bridge 

foundation from 
degradation and 
local scour 

Downstream Effects 

1 - Deposition down-
stream of straight-
ened channel 

2 - Increase in 
flood stage 

3 - Loss of channel 
capacity 

4 - Degradation in 
tribu.tary 

<! 
1-1 
1-1 
1-1 
I 
~ 



Table 8.2.1 River response to highway encroachments and to river development (continued). 

Main 
River 

"\ 
~ 

Steep ~ 
Tributary 

·Bridge Location 

Bar 

C s) E xc. e.M o 6 1.> ecLi.m ent a.:t b!Udg e 
1.>-U:e du.e ;to u.p~.>bteam Wbu.ta.Jty 

(6) R~v~ c.hannei ~etoc.~on 
a.:t ~ol.>l.>~ng .o.U:e 

Local Effects Upstream Effects Downstream Effects 

1 - Contraction of 1 - Aggradation 1 - Deposition of 
the river 2 - Backwater at 

2 - Increased flood stage 
velocity 3 - Changed response 

3 - General and of the tributary 2 -

excess sediment 
eroded at and down-
stream of the bridge 
More severe attack 
at first bend 
downstream 

local scour 
4 - Bank instability 

1 - 1 - Similar to 
local effects 

None if straight 
section is des igned 
to transport the 
sediment load of the 
river and if it is 
designed to be stable 
when subjected to 
anticipated flow. 
Otherwise same as in 
case (4). 

3 - Possible development 
of a chute channel 
across the second 
point bar downsteam 
of the bridge 

1 - Similar to local 
effects 

< 
H 
H 
H 
I 
Vl 



Table 8.2.1 River response to highway encroachments and to river development (continued). 

Bridge Location 

Increased 5 taoe 

L~-~ - ~ 
··. : :·.:_o~ ~ ·-·· .. ~ . .. -

Aoo radallon 

(7) RcU..oing ofi !UveA ba.6e. 
le.ve£ 

Clear Water 
Release at Com 

:·:. - Original Bed :1& ... I 
' , ,::C:); Jt 

Dam 

:,_: .'. '"· .. ;; .. ,:. ' 
Scour e. Channel · L.oco(scour Final Bed 

Degradation 

( 8) R e.duc.Uo n o 6 .6 e.cUm e.rtt 
load up.6~e.am ; 

Local Effects 

1 - Aggradation of bed 
2 - Loss of waterway 
3 - Change in river 

geometry 
4 - Increased flood 

stage 

Upstream Effects Downstream Effects 

1 - See local 1 - See upstream 
effects effects 

2 - Change in base 
level for tribu-
taries 

3 - Deposition in 
tributaries near 
confluences 

· 4 - Aggradation 

1 - Channel degradation 
2 - Possible change 

in river form 
3 - Local scour 
4 - Possible bank 

instability 
5 - Possible destruction 

of structure due to 
dam failure 

causing a perched 
river channel to 
develop or changing 
the alignment of 
the main channel 

1 - Degradation 
2 - Reduced flood 

stage 
3 - Reduced base 

level for tribu-
taries, increased 
velocity and reduced 
channel stability 
causing increased 
sediment transport 
to main channel 

1 - Degradation 
2 - Increased 

velocity and 
transport in 
tributaries 

< 
1-1 
1-1 
'1-4 

I 
0\ 
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Table 8. 2.1 River response to highway encroachments and to river 
development (continued). 

Bridge location 

Hydrogroph before Dam I j_v_ Hydrogroph · 

Q~ ~Iter Dam 

A T 

(9) Comb.-i.ned .inCAea~.>e o6 ba.oe .teve.i 
and Jtedu.c..t.ion. o6 .6edimen;t £.oad u.p.6tlteam 

Local Effects 
1 - Dam A causes 

degradation 
2 - Dam B causes 

aggradation 
3 - Final condition 

at bridge site 
is the combined 
eff ect of (1) and 
(2). Situat ion is 
complex and combined 
interaction of dams, 
main channel and 
tributaries must be 
analyzed using water 
and sediment routing 
techniques and geo-
morphic fac tors 

Upstream Effects 
1 - Channel could 

aggrade or degrade 
with effects similar 
to cases (7) and (8) 

Downstream Effects 
1 - See upstream effects 

' .:·; t ! • ., 
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Table 8.2.1 River response to highway encroachments and to river 
development (continued). 

Bridge locat i on 
Diversion Dom · ······ 

PI on 

c 

.•""""\. 

Future Water Slorail• 
Reservoir 

~ 
~-------------------

1 -

2 -

3 -

~ed Profile 

( 1 o) Chang e .in. wa.teJt c:U6 c.ha!r.g e, no c.ha.n.g e 
in .6 ecU.ment 'l.oa.d 

Local Effects 
Bridge A may be 
subjected to 
aggradation due to 
excess sediment 
left in the channel 
by diversion of clear 
water. 
Bridge B may be 
subjected to degrada-
tion due to increased 
discharge in the 
channel . 
If a stor age reservoir 
was constructed at C 
it would induce aggra-
dation in both main 
tributaries. 

Upstream Effects 
1 - Upstream of 

Bridge A - aggrada-
tion and possible 
change of river form 

2 - Upstream of Bridge B -
degradation and change 
of river form 

3 Channel instabilities 
4 - Significant effects on 

flood stage 

Downstream Effects 
1 - See upstream 

effects 
2 - Construction of 

reservoir C could 
induce aggradation 
in the main channel 
and in the tributarie~ 
Effect's'' sa'me as in 
case 7 



Table 8.2.1 River r esponse to highway encroachments and to river development (continued). 

Bridge Location 

~~ 
Alterno1e t{ 

Fbsition_..,~ d 
~":.-:..-...:'"' 

I\ 
\" ---',':.:=--~, ,, ,, 

(11) Na.tu~tail.y Mufiting 
.tr...i.veJr. c.harr.rr.e.l 

) 

Local Effects Upstream Effects Downstream Effects 

1 - The river could 1 - See upstream 
abandon its effects 

1 - Rivers are dynamic 
(ever changing) and 
the rate of change 
with time should 
be evaluated as 
part of the geo-
morphic and hy-

2 - Shifts in the 
position of the 
main channel 
relative to the 

present channel. 
Changing position of 
the main channel may 
require realignment 
of training works. position of the 

confluence with 
the tributary 
alternatively 
flattens or 
steepens the 
gradient of the 
tributary causing 
corresponding ag-
gradation and 

2 -

3 -

4 -

draulic analysis 
Alignment of main 
channel continually 
changes affecting 
alignment of flow with 
respect to Bridge A. 
If the main channel 
shifts to the alternate 
position, the confluence 
shifts and the tribu -
tary gradient is signi-
ficantly increased 
causing degradation in 
the tributary. Local 
effects on Bridge B 
same as 1,2,3 and 4 
in Case (8). 
Excess sediment from 
the tributary, assuming 
(3) causes aggradation 
in the main channel and 
possible significant 
changes in channel 
alignment 

3 -
degradation. 
Shifts in the 
position of the 
main channel 
causes aggradation, 
degradation and 
instabilities de-
pending upon 
direction and 
magnitude of 
channel change 

< 
H 
H 
H 
I 
\0 



Table 8.2.1 River response to highway encroachments and to river development (continued). 

Bridge Location 

/ Original Pion View 

\=~ /-River Channelized for 
,(' Flood Contro I 

Bridge A 

(12) Man-~nduced ~eduction 
o 6 clutnnel leng-th 

Local Effects 

1 - Bridge .A is first 
subjected to deg-
radation and then 
aggradation. 
Action can be very 
severe 

2 - Bridge B is pri-
marily subjected 
to degradation. 
The magnitude can 
be large 

3 - The whole system 
is subjected to 
passage of sedi-
ment waves 

4 - River form could 
change to braided 

5 - Flood levels are 
reduced at B and 
increased at A 

6 - Local and general 
scour is signifi-
cantly affected 

Upstream Effects Downstream Effects 

1 - A change of river 1 - For Bridge B see 
form from meander- upstream effects 
ing to braiding is 2 - For Bridge A the 
possible channel first 

2 - Rate of sediment degrades and then 
transport is significantly 
increased aggrades 

3 - Head cutting is 3 - Large quantities 
induced in the of bed material 
whole system and wash load are 
upstream of B carried to the 

4 - Flood stage is reservoir 
reduced 4 - Delta forms in 

5 - Velocity increases the reservoir 
6 - Tributaries respond 5 - Wash load may 

to main channel affect water 
changes quality in the 

entire reservoir 
6 - Tributaries re-

spond to main 
channel changes 

< 
H 
H 
H 
I ...... 

0 



Table 8. 2.1 River response to highway encroachments and to river development (continued). 

Bridge Location Local Effects 

1 - Scour or 
aggradation 

2 - Bank erosion 
3 - Channel change 
4 - Be d for m change ... ,.,,,.,:•,o·;....:, .... i \'( ;:. c·.:·'·'·''·:·,•.::.'"c!!'':: '.'\\:;f,' '' ., 

a . - Tidal Flows, Seiches, Bores, etc. 1 - Bank erosion 

b. - Wind (Hurricanes, Tornadoes) 

c. - Earthquakes (see Seismic 
Probability Map of U. S.) 

= -
( 13.) T e.c.to vU.C6 and o.thvz.."~ n.a;t.Wtai.. caM e6 

2 - Inundated high-
way 

3 - Increase in 
velocity 

4 - Wave action 

1 - Channe l changes 
2 - Scour or 

deposition 
3 - Decrease in 

bank stability 
4 - Landslides 
5 - Rockslides 
6 - Mudflows 

Upstream Effects 

1 - See local 
effects 

! 2 - Channel erosion 
3 - Changes in 

channel slope 

1 - See local 
effects 

1 - See local 
effects 

2 - Slide lakes 

Downstream Effects 
1 - See lo~al effects 
2 - Beach erosion 

1 - See local 
effects 

1 - See local effects 
2 ""' Slide lakes 

< 
H 
H ...... 
I ..... ..... 



Table 8.2.1 · River response to highway encroachments and to river development (continued). 

Channel 
Realignment 

Bridge Location 

to Accommodate 
Highway 

a. - Meandering Channel 

Local Effects 

1 - Increased energy 
gradient and 
potential bank 
and bed scour 

2 - Highway fill is 
subject to scour 
as channel tends 
to shift to old 
alignment. 

3 - Reach is subject 
to bed degrada-
tion as headcut 
develops at the 
downstream end 
and travels up-
stream. 

4 - Lateral drainage 
into the river 
is interrupted 
and may cause 
flooding and 
erosion. 

(14) Lon.gUudina.l En.cJWa.chmen.t 
~ 

Upstream Effects 

1 - Energy gradient 
also increased 
in the reach 
upstream and may 
cause change of 
river form from 
meandering to 
braided 

2 - Rate of sediment 
transport is 
increased. As 
the headcut 
travels up-
stream severe 
bank and bed 
erosion is 
possible. 

3 - If tributaries 
in the zone of 
influence exist 
they will res-
pond to lowering 
of base level. 

Downstream Effects 

1 - Channe 1 wi 11 
aggrade as the 
sediment load 
coming from bed 
and bank erosion 
is received. 

2 - Channel may 
deteriorate from 
meandering to 
braided. <! 

H 
H 
H 
I ...... 

I'.) 



Table 8.2.1 River response to highway encroachments and to river development (continued). 

Bridge Location 

Highway 

_1_ 
~-- ~ 

b. - Incised Channel 

Local Effects 

1 - Reduced water-
way causes a 
local obstruc-
tion to flow and 
higher velocities. 

2 - Significant 
erosion problem 
on the highway 
fill and induced 
bed degradation 

3 - Lateral drainage . 
into the river 
is interrupted 
and may cause 
flooding and 
erosion. 

(14) Long.UucU.nal Enc.Jr.oa.c.hme.n:t (continued) 

Upstream Effects 

1 - Backwater gen-
erated by the 
obstruction 
increases flood 
stage . 

2 - Deposition 
induced by the 
backwater 

Dm·mstream Effects 

1 - Large icdim~nt 
lead may cause 
aggradation. 

2 - Local scour ut 
end of contracted 
section 

< 
H 
H 
H 
I 

1-' 
~ 



Table 8.2.1 River response to highway encroachments and to river development (continued). 

·Bridge Location 

. c. - Floodplain Encroachment 

Local Effects 

1 - Erosion of 
highway fi 11 
and submergence 
possible during 
floods · 

2 - Pattern of over-
bank spill are 
affected by the 
encroachment and 
in highly shifting 

·channels may 
change river 
course downstream. 

3 - Lateral drainage 
into the river 
is interrupted 
and may cause 
flooding and 
erosion. 

( 14) Lo n.giludin.il En.c.Jz.oac..hme.YLt (continued) 

Upstream Effects 

1 - If significant 
encroachment on 
the floodplain 
waterway, back-
water may be 
induced. 

Downstream Effects 

1 - If the river 
channel is 
highly shifting, 
the channel 
alignment may 
change. 

2 - If significant 
erosion experi-
enced upstream, 
aggradation will 
occur. < 

H 
H 
H 
I ....... 
~ 
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Case (2) illustrates a situation where a bridge is constructed 
across a tributary stream. The avvz.a.ge_ wa..teJL .6Wtt)ac.e el.evation in .the 
main c.hannel. ac.U a.6 .the ba.6e level. t)oJt .the .tltibu:tatty. It is assumed 
that at some point in time after the construction of the bridge, the 
base level has been lowered. Under the new imposed condition, the local 
gradient of the tributary stream is significantly increased. This 
increased energy gradient induces head cutting and causes a significant 
increase in water velocities in the tributary stream. The result is 
bank instability, possible major changes in the geomorphic characteristics 
of the tributary stream and increased local scour. 

Case (3) illustrates a situation where a bridge supported by piers 
and footings is constructed across a channel that is subjected to long 
periods of low stage. When a JtiveJt i.6 .6ubje_ct .to .tong peltiod6 ot) .tow 
nfOW.6 1 .theJte i.6 a .te_nde_nc.!f nOJt .the_ loW nfow .to de_vel.op a new loW wa..teJt 
c.hannel. in .the bed on .the main c.hannel. . If the low water channel aligns 
itself with a given set of piers, it is possible that the depth of local 
scour resulting from this flow condition may be greater than the depth 
of local scour at high stage. There have been .6eveJta.t e_xamp.te-6 doc.u-
men.ted wheJte bltidge-6 have been en.tiltel.y .6at)e in .teJl.Jn6 ot) .toc.a.t .6c.oWt 
a.t high .6.tage, bu;t have nailed Oft have_ patt.tia.f.f.y t)aile_d a.6 a C.On.6equenc.e_ 
On .the_ devel.opmen.t ot) gJtea.teJt foc.af .6C.OUJt duJting low t)foW pe/tiod6. 

Case (4) illustrates a situation where artificial cutoffs have 
straightened the channel downstream of a particular crossing. It is 
obvious that .6.tltaigh.tening .th~ c.hannel. downstream of the crossing 
.6ignit)ic.an.ily inc.JteMe-6 .the c.hannel. .6lope. In genVLa.t, .thi-6 C.au.6e.6 

higheJt vel.oc.itie-6, inc.JteM ed bed ma.teltia.t .tltan..6poJt.t, degJtadation and 
poMib.te head c.u:tting in .the viun.Uy o6 .the .6.tltuctulte. This can result 
in unstable river banks and a braided strearnforrn. The straightening 
of the main channel brings about a drop in base level and any tributary 
streams flowing into the affected reach of the main channel are 
subjected to conditions discussed in Case (2). 

Case (5) illustrates the situation where a bridge is constructed 
across a river immediately downstream of the confluence with a steep 
tributary. The tributary introduces relatively large quantities of 
bed materials into the main channel. As a result, an island has formed 
in the main channel and divided flow exists . In order to reduce the 
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cost of the bridge structure, the bridge is built across one subchanne~ 
to the island or bar formed by deposition. Such a procedure forces 
all of the water and sediment to pass through a reduced width. This 
c.oi'Wta.c.:Uon. ofi :the. flJ..ve.Jt in. ge.n.e.Jr.al in.CJte.Me.6 :the. .toc.ai. ve..toc.i:ty, 
in.CJte.a.6e.6 ge.n.e.Jr.al and .toc.ai. ~.>c.oWt, and may ~.>ign.ifiic.an.:t.ty in.CJte.Me. bank 
iYI.I.>:tabi.ti:ty. In addition, the contraction can change the alignment of 
the flow in the vicinity of the bridge and thus would affect the down-
stream main channel for a considerable distance. A chute channel can 
develop across the second point bar downstream and its effect may extend 
several meander loops downstream. Upstream of the bridge, there is 
aggradation and its amount depends on the magnitude of water and sediment 
being introduced from the tributary. Also, there is significant increase 
in the backwater upstream of the bridge at high flows which in turn 
affects other tributaries farther upstream of the crossing. 

Case (6) illustrates a situation where the main channel is realigned 
in the vicinity of the bridge crossing. A cutoff is made to straighten 
the main channel through the selected bridge site. As discussed in 
Case (4), increased local gradient, local velocities, local bed material 
transport, and possible changes in the characteristics of the channel 
are expected due to the new imposed conditions. As a result the 
channel may braid. On the other hand, if the straightened section is 
designed to transport the same sediment loads that the river is capable 
of carrying upstream and downstream of the straightened reach, the bank 
stability is ensured. Such a channel should not undergo significant 
change over either short or long periods of time. 

I:t i-6 poJ.>J.>,{.b.te. :to b!.U.td moc:Ufiie.d tr.e.ac.hu ofi ma,Ln. c.han.n.e..tl.> :that do 
n.o:t bwwdu.c.e. majotr. adve.Jtl.>e. tr.upoYI.I.>e.J.> du.e. :to .toc.ai. ~.>:te.e.pe.n.in.g ofi :the. 
ma,Ln. chan.n.e..t. In order to design a straightened channel so that it 
behaves essentially as the natural channel in terms o:f velocities and 
magnitude of bed material transport, it is necessary, in general, to 
build a wider, shallower section. 

Case (7) illustrates a bridge constructed across a main channel. 
Subsequently, the base level for the channel is raised by the construction 
of a dam. Whenever the base level of a channel is raised, a pool is 
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created extending a considerable distance upstream depending on the 
amount of raise. As the water and sediment being transported by the 
river encounters this pool, most of the sediments drop out, form 
amount of raise. As the water and sediment being transported by the 
river encounters this pool, most of the sediments drop out, forming a 
delta-like structure at the mouth. The deposi tion of sediment at the 
1 n the. b!Udge. .Ue6 w.LtfU.n the. e.nn e.ct6 bnpo~e.d by the. new bMe. le.vei., 
the. noUowing e.nne.c.t a:t the. Cfr.OM..i..ng will be. e.xpe.c.te.d: a. lo~~ on 
«XtteJtWa.y a:t the. b!Udge. ~Ue., ~..i..gn..i..6..i..c..a.nt c.ha.nge6 -<..n !UveA ge.omettr.y, a.nd 
..i..nc.Jr.~e.d nlood ~ta.ge6. In the extreme it is possible that the river 
may become sufficiently perched that at some high flow it could 
abandon the old channel and adopt a new one. 

Case (8) considers the situation where the sediment load is reduced 
in the channel after a bridge has been constructed. This may happen 
due to the construction of a storage darn upstream of the crossing. 
As stated in the preceding case, the raising of base level of a river, 
as in the development of storage by constructing a dam on a river, 
provides a desilting basin for the water flowing in the system. In 
most instances all of the sediment coming into a reservoir drops out 
within the reservoir. Water released from the reservoir is mostly 
clear. The existing river channel is the result of its interaction 
with normal water-sediment flows over a long period of time. Wah 
the. .6e.d-Une.nt-6Jte.e. 6low.6, the. c.hanne.l -<...6 too J.Jte.e.p and .6e.d-Une.nt.6 a.Jte. 
e.ntJta-<..ne.d fi.Jtom the. be.d and the. bank.-6 b!Unging about J.Jig n-<..0-<..c.ant 
de.g.Jtada.tion. If the bridge is sufficiently close to the reservoir to 
be affected by the degraqation in the channel, the depth due to general 
and local scour at the bridge may be significantly increased. Also, 
the channel banks may become unstable due to degradation and there is 
a possibility that the river, as its profile flattens, may change its 
form. In the extreme case, it is possible that the degradation may 
cause failure of the dam and the release of a flood wave. 

Case (9) illustrates a more complicated set of circumstances. In 
this case the river crossing is affected by Dam A constructed upstream 
as well as Dam B constructed downstream. As documented in the 
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preceding case, Dam A causes significant degradation in the main 
channel . Dam B causes aggradation in the main channel. The final 
condition at the bridge site is estimated by summing the affects of 
both dams on the main channel and the tributary flows. Normally, 
this analysis requires water and sediment routing techniques studying 
both long- and short-term effects of the construction of these dams 
and it is necessary to consider the extreme pqssiblities to develop a 
safe design. 

In Case (10) Bridges A and B cross two. major tributaries a consider-
able distance upstream of their confluence. Upstream of Bridge A, a 
diversion structure is built to divert essentially clear water by 
canal to the adjacent tributary on which Bridge B has been constructed. 

· Upstream of Bridge B the clear water diverted from the other channel 
enters the storage reservoir and the water from the tributary plus the 
transfer water is released through a hydro-power plant. Ultimately, 
it is anticipated that a larger storage reservoir may be constructed 
downstream of the confluence on the main stem at C. These changes in 
normal river flows give rise to several complex responses at ·bridge 
sites A and B, in the tributary systems as well as on the main stem. 
Bridge site A may aggrade due to the excess of sediment left in that 
tributary when clear water is diverted. However, initially there may 
be lowering of the channel bed in the .vicinity of the diversion structure 
because of the deposition upstream of the diversion dam and the release 
of essentially clear water for a relatively short period of time until 
the sediment storage capacity of the reservoir is satisfied. Bridge 
site B is subjected to degradation due to the increased discharge and 
an essentially clear water release. However, the degradation of the 
channel could induce degradation in the tributaries causing them to 
provide additional sediment to the main channel, see Case (8). This 
response would to some degree counteract the degrading situation in 
this reach of river. Such changes in river systems are not uncommon 
and introduce complex responses throughout the system. Any complete 
analysis must consider the individual effects and sum them over time 
to determine a safe design for the crossings. 

Case (11) shows a highway that crosses the main channel at Bridge A 
and its tributary at Bridge B. The confluence of the main channel and 
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its tributary is downstream of both br idges. It is assumed that the 
alignment of the main channel is continually changing. The rate of 
change in the river system will have been evaluated as part of the 
geomorphic and hydraulic analysis of the site. If the main channel 
shifts to the a l ternate position shown and moves the confluence closer 
to Bridge B, :the gtutcUent -<-n :the Wbuta!r.y -U .6-i_gn-<-6-i_c.a.ntiy -<-nCJteMed 
c.au6-<-ng degtutdati.on :the.Aun M well. M c.ha.nne£ -<-n.6:ta.b-<.LLUe.6 a.nd poM-<-b.te 
c.hange.-5 -<-n !UveA t)oJtm. Exc.e-6.6 .6ecUment t)Jtom :the W.butalr.y c.a.u6e.6 
a.ggJta.da.tion -<-n :the ma.-<-n c.ha.nne£ a.nd po.6.6).b.ty .6-<-gn-<-t).i_c.a.nt c.ha.n.ge-6 .i_n. 
c.ha.nn.e£ a..l.i_gnment. Considering the possible changes in the position 
of the main channel, training works may be required at and upstream of 
Bridge A to assure a satisfactory approach of the flow to the bridge 
crossing . Otherwise, the river could abandon its present channel as 
shown in Table 8.2.1 . A shift in the pos i tion of the main channel 
relative to the position of the confluence with the tributary also 
alternately flattens or steepens the gr adient of the tributary causing 
corresponding aggradation or degradation in the t ributary. This type 
of problem is rather difficult because of the ever changing character-
istics of such river systems. Rivers of this type are usually stable 
for several years at a time or at least between major flows . Conse-
quently, if crossing locations are proper ly selected and appropriate 
stabilization techniques and measures ar e taken, it may be possible to 
maintain the usefulness of the crossings for the life of the structures. 
However, the disadvantages associated with such l ocations will often 
require expensive solutions and these locations should be avoided if 
possible. 

Case (12) illustrates a meandering channel with several tributaries 
and a major storage reservoir constructed on the main channel. Two 
crossings are shown on the main channel ups tream of the reservoir. 
It is assumed that complete channel i zing of t he meandering river has 
been authorized. This, in effect , short ens the pat h of travel of the 
water by an appreciable distance . If we consider local effects at the 
bridges, br idge si t e A is first subjected to possibly severe degradation 
and then aggradation . Bridge si t e B is primar ily subjected to degra-
dation. The magnitude of this degradat ion can be large. With the 
degree of s traightening indicated in t he sketch, severe head cutting may 
be initiated up the main channel as well as the tributaries. The whole 
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system may be subjected to passage of sediment waves and the river form 
can dramatically change over time. The flood level in the system and 
the local and general scour in the vicinity of the bridges is greatly 
affected by the channelization. 

As a result of channelization, the river reach at bridge site B. 
braids. Also, in this reach the rate of sediment transport is increased, 
head cutting is induced and flood stages are reduced. The tributaries 
in the upper reach are subjected to severe degradation. For the bridge 
at position A, the channel would probably degrade and then significantly 
aggrade. S~g~fi~cant ~eaction6 ~e po~~~ble when chann~zation ~ 
und~ken ~n a niv~ ~y~tem. A detailed analysis of all of the responses 
is necessary before it is possible to safely design crossings such as 
those at location A and B. 

Case (13) is a series of situations, unrelated in some instances 
and combined in others, which can affect bridge crossings. T~dal 

n-e.ow~, .6uchu and bonu can have ~~gMfi~cant efi6ec.t.6 on ~coun and 
depth ~n the channel .6y.6tem. The tidal flows, seiches and bores, as well 
as wind waves, can rapidly and violently destroy existing bank lines. 
When considering earthquakes, it is of interest to look at a seismic 
probability map of the United States. Large portions of the United 
States are subjected to at least infrequent earthquakes. ~~o~ed 

w.Uh ~qua.ke activUy ~e ~ev~e fun~Udu, mud filoW6, upU6:t6 ~n 
the t~n, and Uque6action o6 othenw~e ~~-~table mate.JL.i.a1.6, aU 
o6 w~ch can have a p~ofiound e66ect upon chann~ and ~muctunu 
located wU~n the e~hquake ~ea. Historically, several rivers have 
completely changed their course as a consequence of earthquakes. For 
example, the Brahmaputra River in Bangladesh and India shifted its 
course laterally a distance of some 200 miles as a result of earthquakes 
that occurred approximately 200 years ago. Although it may not be 
possible to design for this type of natural d1saster, knowledge of the 
probability of its occurrence is important so that certain aspects of 
the induced effects from earthquakes can be taken into consideration 
WRen designing the crossings and affiliated structures. 

Case (14) illustrates three examples of longitudinal encroachment. 
In example (a), a few bends of a meandering stream have been realigned 
to accommodate a highway. There are two problems involved in channel 
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realignment. One, the length of realigned channel is generally smaller 
than the original channel and consequently results in a steeper energy 
gradient in the reach. Two, the new channel bank material in the re-
aligned reaches may have a smaller resistance to erosion. As a result 
of these two problems, the channel may suffer instability by the forma-
tion of a headcut from the downstream end and increased bank erosion. 
The realigned channel may also exhibit a tendency to regain the lost 
sinuosity and may approach and scour the highway embankment. To counter 
these local effects one could design the realignment to maintain the 
original channel characteristics (length, sinuosity). Another way would 
be to control slope by a series of low check dams. In any case, bank 
protection by riprap, jacks or spurs will be needed. The upstream and 
downstream effects of the channel realignment will be the same as dis-
cussed for channel length reduction in Case 12. For example, as the 
degradation travels through the realigned reach, sediment load generation 
in the river by bed and bank erosion will cause aggradation downstream. 

Example ~) illustrates encroachment on the waterway of an incised 
stream flowing through a narrow gorge. This is just one of many possible 
reasons that the highway may need to encroach on the main channel. 
Locally, the effect is to reduce the waterway and to increase the 
velocities and bank and bed erosion potential. The erosion protection 
of the highway slope exposed to the flow and possibly on the opposite 
bank are important problems. The backwater induced by this obstruction 
may cause upstream aggradation and higher flood levels. On the down-
stream side, channel aggradation may be experienced if bed erosion 
locally occurs in the encroached reach. 

Example (c) is a case of floodplain encr oachment. It is assumed 
that during bankful and lower stages the highway does not interact 
with the flow. However, during high stages the flow area is occupied 
by the encroachment. Locally, the highway is to be protected against 
inundation and erosion during flood. The effect on the river channel 
depends on the extent of encroachment on the waterway. If the high-
way occupies a significant portion of the floodplain, it may increase 
river stages for a given flood . If the river channel is a shifting one, 
the highway encroachment may alter the direction and pattern of spill 
onto the floodplain and back into the channel . Very often this type 
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of encroachment has little or no effect on flood stages or on the 
stream upstream or downstream. 

In all cases of longitudinal encroachment, the lateral drainage 
into the river will be intercepted. A main consideration in the 
design of encroachments will be to provide for this drainage. 
8.2.2 Actual case histories of river encroachments 

In the preceding paragraphs several possible cases were discussed 
I 

that the engineer dealing with river encroachments might encounter. As a 
follow up, some actual river encroachments are presented. Each case con-
siders the interactions between the river and the encroachment over a 
period of time. In general, these particular cases are not as complex 
as some of the foregoing hypothetical cases. For example .• there is no 
consideration of water resources development throughout the basins, 
including construction of reservoirs, transmountain diversions, and so 
forth. 
Wcv.:,hLta 'RiveJL, We6.t of; Wynnwood, Okiahoma. 

During a large flood in 1949, the concave bank immediately upstream 
of the old bridge began eroding at an excessive rate. After the sub-
sidence of the high flows, Kellner jetties were installed as shown in 
Fig. 8.2.la to prevent further erosion of the banks. The jetty field 
was successful. Then, in a 50 to 60 year return period flood in 1958, 
.the. c.ha.nnei. de.vei.ope.d a. nw a.Ugnme.n.t by c.u.tUng d.CJr.o.6.6 .6eve.Jl.Ct£. mea.ndeJL 
loop.6 and washed out a section of the old U.S. 77, (see Fig. 8.2.lb). In 
1959, a new bridge was built over the more stable river alignment 
(Fig. 8. 2. lc) and !Uptta.p cUk.e-6 WeJLe. c.on.6.tlwc.:te.d .to pJc.o.te.c;t .the. .6.tlwc..tu.Jc.e.. 
Six timber pile diversions were constructed on the east edge of the 
floodplain and have been dormant since. Two timber pile diversion 
structures were constructed on the southwest bank of the river upstream 
of the bridge to prevent a meander loop from developing and encroaching 
on the approach to the bridge. These structures proved to be ineffective, 
as the river flows under the timber pile structures at all stages. 
Nevertheless, in 1968, the river was still being held in a proper 
channel location relative to the bridge. 
Ci.maJVton 'RiveJL, .6ou:th of; Pe.Jc.fUn-6, Ok.la.homa. 

At some point in time, AT&SF Railroad constructed Kellner jetties 
on the south bank of the river to prevent it from encroaching on the 
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road bed. Figure 8.2.2a shows the alignment of the river in 1938. Note 
the location of the bend in the river. In 1949, flood waters eroded 
the south bank immediately upstream from the old bridge. As a result, 
in 1950 five pile diversion units were installed at this location 
(Fig. 8.2.2b). A new bridge was built in 1953. Floods of 1957 eroded 
the south bank immediately upstream of the new bridge. After subsidence 
of the flood waters, riprap was installed upstream of the bridge to 
prevent further erosion. Figure 8.2.2c shows this installation as well 
as subsequent training and stabilization that became necessary. Floods 
of 1959 damaged the five pile diversion units on the south bank and 
eroded some of the north bank immediately upstream of the bridge. 
H~gh nlow~ w~e ~eeo~ded 6~om 7959 to 1962 e~~ng a ~ap~d movement on 
the meand~ loop dow~~eam. In 1963, five pile diversion structures 
were built on the north bank to prevent the river from encircling the 
north abutment of the new bridge. These pile diversions and the dike 
immediately upstream of the bridge have held the river in the same 
location. The south bank downstream of the bridge began eroding in 1971. 
C~aJVLon 1Uv~, eMt on Ok.eene, Ok.lahoma 

The bridge and a rock dike on its north abutment were built in 
1934 (Fig. 8.2.3a). A high discharge year in 1938 caused the south 
bank to erode. A Kellner jetty field was insta~led to prevent further 
erosion of the bank. The jetty field was ineff~ctive due to the lack 
of debris and suspended sediment load and a large flood in 1957 spread 
out over the floodplain in several places. After the flood, ~even timb~ 
pile ~veM~on u.Y!U:6 and a. ~pMpped ~k.e WVl:e ~~.to.U..ed in the old 
jetty field location to prevent future damage to the highway. Riprap 
was also placed at the south abutment (Fig. 8.2.3b). As of 1968, the 
south bank had been held in line by the timber pile diversion structures 
and the dike (Fig. 8.2.3c). 
C~aJVLon 1Uv~, ~oath on Waynok.a, Ok.fuhoma 

The river alignment prior to about 1942 is shown in Fig. 8.2.4a. 
Between 1942 and 1952, a series of above normal flows were reported. 
At some time in this period, a Kellner jetty fi~ld was installed on 
the north bank (Fig. 8. 2. 4b). A new bridge was begun in 1955 just 
upstream from the old bridge. 1955 was a year of high flow and several 

. timber piles were installed on the north bank as well as two piles on 
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(a) Channel in 1938 
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Fig. 8.2 . 2 Cimarron River, south of Perkins., Oklahoma. 
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Fig. 8.2.3 Cimarron River, east of Okeene, Oklahoma. 
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the south bank (Fig. 8.2.4b). The high~t 6lood on neQo~ OQ~ed 
in 1957 a.nd ove.JttuJtned :two piVL6 o6 :the new bnidge, dnopping :thnee .opa.n6 
into the wnten. Several damaged pile diversion structures were repaired 
and pile diversion structures were added to the north bank. Riprap was 
placed arotmd the north abutment and upstream along the north bank in 
1958 . The channel has essentially retained this alignment through 1968 
(Fig. 8.2.4c). No data on channel alignment subsequent to this date were 
available to evaluate additional changes that may have occurred. 
All.ka.n6a..6 1Uven, nonth o6 B)_xby, Oklahoma. 

The bridge was built in 1938. A Kellner jetty field was installed 
on the north bank in 1939 to protect the north bridge abutment (Fig. 
8.2.5a). In 1948 minor floods eroded the south bank . A Kellner jetty 
field was installed to prevent further erosion (Fig. 8.2.5b). Some 
time after, riprap was put on the south barrk upstream and downstream 
of the jetty field (Fig. 8.2.5c). In 1959, a. 50-yean 6nequenQy 6lood 
enoded the nonth ba.nk a.nd wa..ohed out a. .oec.tion o6 the nonth a.ppnoa.Qh to 
the bnidge. The flood also washed out two secti ons of roadway further 
north on the floodplain. The a.ppnoa.Qh wa..o nebuilt a.nd nipna.p wa.o 
in6ta.Ued on the embankment. A nipna.pped .opun dike wa..o a.l.oo QOn6tnuded 
ju.ot .oouth o6 the nonth abutment. Five pile diversion structures were 
built to prevent further erosion of the north bank (Fig. 8.2.5c). As of 
1968, the south bank has remained stationary, and the north bank has 
filled in to some extent (Fig. 8.2.5d). 
Wa..ohi:ta. Riven, nonth o6 Ma.y.oville, Oklahoma. 

In 1949, floods washed out the north span of the bridge. Also, the 
banks upstream from the bridge were damaged. A temporary structure was 
installed in place of the north span of the bridge . In October of 1949, 
two Kellner jetty fields were completed upstream from the bridge to 
provide bank protection (Fig. 8. 2 .6a). In 1950, a new bridge was 
constructed just downstream from the old bridge . State Highway 74 was 
realigned to conform to the new bridge. In eight month.o o6 opena.tion, 
the Kelinen jetty 6idd on :the nonthea..ot ba.nk ha.d QOmple:tdy .oilted in. 
Thi.o wa.o la.ngdy due :to t he Qfuy QOntent in the .ou.opended .6 ediment a.nd 
the lange a.mount o6 dnifit in the .otnea.m (Fig. 8.2. 6b) . The floods of 
1957 did very little damage to this bridge site or the banks. Floods 
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(a) Channel in 1942 

(b) Channel in 1959 

(c) Channel in 1968 

Fig. 8.2.4 Cimarron River, south of Waynoka, Oklahoma. 
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in 1968 and 1969 have caused bank erosion on the north bank upstream of 
the jetty field which could eventually cut in behind the jetty field 
(Fig . 8.2.6c) . 
Ci.rruvvwn. RlveJt, .6ou:th on CJte.-6c.e.nt, Okl..a.homa. 

The water year 1937-38 was. one of high flow. A Rayfield jetty 
field was constructed to control the river and stabilize the bank to 
protect old State Highway 74 (see Fig. 8.2.7a). In 1942-43, high flows 
caused the east bank to erode closer to the embankment of old State 
Highway 74. Sixteen hundred feet of embankment was riprapped for 
protection. In 1956, a new bridge was built to replace the old bridge. 
Earth dikes were constructed on the upstream and downstream side of 
the south abutment. Riprap was also placed around the south abutment 
(see Fig. 8.2.7b). The north abutment is located on a solid rock bluff. 
High flows in 1957 caused the river to overtop old State Highway 74 in 
an attempt to cut off the bend to the north. An e.aJtth d£ke. a.n.d JtipJta.p 
WeJte. p.f.ac.e.d ai.on.g :the. e.M:t ba.n.k :to pJte.ve.nt nWz.:theJt .6hi6.:Un.g e.M:twa.Jtd 
(Fig. 8.2.7b). No further damage has occurred through 1971 (see Fig. 
8.2.7c). 
Wa.J.Jhi:ta. RlveJt, .6ou:th on Va.vM, Ok.f.ahoma. 

Prior to 1967, the river shifted several times during high 
flows, gradually encroaching on the future location of I-35 (see Figs. 
8.2.8a and b). High flows in 1967 caused the two meander bends closest 
to the road to approach even closer. Riprap was placed on the concave 
bank of the upstream meander bend and plans were made for a Kellner jetty 
field at the downstream bend (see Fig. 8.2.8c). High flows prevented 
the construction of the Kellner jetty field until the fall of 1968. 
After placement, a new channel was excavated and the old channel was 
filled in. Thus, the jetty field was more for the purpose of bank 
protection than realignment. Both bank protection methods have been 
successful in the few years of their operation. · 
Be.a.veJt R.lveJt, n.o!dh on La.veJtn.e., Ok.f.ahoma. 

During high flows of 1938, the river washed over the south bank 
and damaged the approach roadway south of the bridge. The south end 
of the bridge was also damaged. Jetty fields were constructed in 
several locations upstream of the bridge in an attempt to reduce bank 
erosion. Two je.:t:ty Un.e.-6 WeJte. C.OYL6:tlw.c.:te.d .{.n a. J.J,{,de. c.ha.n.n.e.l down6:tJte.a.m 
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at) .the. b.tU.dge. .to fuc.ouJLa.ge. t).tow in. .tha..t c.ha.n.n.e..t .to pJte.ve.n..t eddy 
c.uJLJte.nt6 t)Jtom e.JtocUn.g .the. n.oJt.th e.mba.n.kme.n..t (see Fig. 8.2.9a). A new 
longer bridge was constructed in 1941. High flows in 1946 caused severe 
erosion on the south bank upstream from the bridge. In 1949, an earth 
dike and jetty field were constructed on the south bank to prevent 
further erosion. In 1969, the river cut through a portion of the 1949 
jetty field and eroded the earth dike (see Fig. 8.2.9b). Ca.Jt bocU~ We.Jte. 
UJ.J e.d M ba.n.k. pJto.te.c..ti.on. . Howe.ve.Jt c.a.Jt bocU~ a.Jte. n.o.t e.n.v.-i..Jton.me.n..ta..e..e.y 
a.c.c.e.p.ta.b.te. a.n.d a.Jte. cUt)t)ic.utt .to hold in. p.ta.c.e. uni~~ a.n.c.hoJte.d w.-i...th 
c.a.b.te. OJt wugh.te.d down. wah c.on.c.Jte..te. OJt JtOC.~. 
Powde.Jt Uve.Jt, 40 mil~ e.M.t on But)t)a..to, Wyom£n.g 

The Powder River has very fine bed material and a high sinuosity. 
The river contains dunes at low flows. At the bridge site, there was 
a grove of cottonwood trees on the upstream left of the bridge and a 
dry draw coming in from the upstream right (see Fig. 8.2.10a). Upon 
completion of the bridge, a large flood occurred. The river attempted 
1to straighten out its meanders. At the same time, the draw on the 
upstream right was bringing in a large amount of sediment, forcing the 
stream toward the upstream side of the left (west) abutment. The flood 
flow uprooted the grove of cottonwoods (estimated to be 50 years old) 
;and carried them downstream. Some of the cottonwoods hl.Dlg up on the 
riprapped spur dike at the west abutment and destroyed the dike completely 
(see Fig. 8.2.10b). To restore the channel to ·its original alignment, 
a. tlta..-i.n..-i..n.g cUke. WM C.O~.:tJr.u.c..te.d t)Jtom .the. b.tU.dge. up~:tJte.a.m .to a. n.e.a.Jtby 
b.tut)t). A jack jetty field was also constructed on the upstream meander 
!to prevent the river from flowing across the point bar. This has been 
£airly successful to date (1974), being in place approximately six years 
(see Fig. 8.2.10c). 
NoJt.th P.ta.tte. R.-i..ve.Jt, Wyom.-i..n.g 

The North Platte River is a fairly stable river in this reach as 
a result of reservoir control upstream (Fig . 8.2.11). It was decided at 
this crossing to build the bridge over the main channel and part of the 
island and to block off the overflow channel on the opposite side of the 
island. Downstream from the bridge a spur was in the original channel 
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Fig. 8.2.9 Beaver River, north of Laverne, Oklahoma. 
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to protect the bank (Fig. 8 .2. lla) . Two ~~ono ean oe~ due to 
~ ehoiee fio~ the b~dge e~o~~ing. One situation is that the spur is 
washed out and the concave bank erodes due to the high velocities resulting 
from the decreased area of flow under the bridge (see Fig. 8.2.llb). In 
fact, with extreme flows the river could erode a chute across the point 
bar on the first bend downstream. The other situation which may occur 
is that the high velocity flow carries increased sediment load and 
deposits this material in the eddies downstream of the spur (see 
Fig. 8.2.1lc). This would not cause any probl ems. 
Coal. C~eek., rubu:ta.Jr.y on Powd~ Riv~, Wyoming 

A small bridge was constructed over intermittent Coal Creek. Coal 
Creek was a dry draw at the time of construction. Th~e e~ted ~ome 

head QuU downo:tJteam n~Om the b~dge at the time On W QOn6:lJtueUon 
(see Fig. 8. 2.12a). During a subsequent flood, one head cut moved 
upstream through the bridge site. This head cut almost undercut the 
midstream piles and it exposed some of the abutment piles. To prevent 
further degradation under the bridge when the second head cut moves 
through, rock filled baskets were placed on the bed under the bridge 
(see Fig. 8.2.12a). When the second head cut moved through, the rock 
filled baskets settled slowly, but prevented the undermining of the 
piles (see Fig. 8.2.12b) . Other alternatives would have been to excavate 
the head cuts in the channel through the bridge site before constructing 
the bridge, allowing them to move naturally upstream from there, or to 
set the piles deeper in anticipation of the lower ing of the bed elevation. 

8.3.0 PRINCIPAL FACTORS TO BE CONSIDERED IN DESIGN 

8.3 . 1 Introduction 
The following paragraphs identify the principal factors that should 

be considered in the design of crossings and l ongitudinal encroachments. 
Because of the differ ences in river size and forms at different locations, 
it is not possible to outline a single system that is applicable to all 
problems. On the other hand , U M eMentia..t that the appileation ofi 
the nundame~ to th~ e p~oblem~ be und~tood. 
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8.3.2 Types of rivers 
I Yl. .6 ele.c.tiYI.g .the. .6Ue. nolt a CJl.0.6.6iYI.g OIL aYI. e.Yl.CJ!.Oac.hme.Yl..t OYI. a Jtive.Jt 

J.;t .£.6 Yl.e.C.e.MM!f .to give. de.:tail..e.d C.OY1..6.£de.JtaUoYI. aYI.d .6.tudy :to .the. .type. on 
Jtive.Jt OIL Jtive.M iYI.volve.d. A sandbed river may be meandering, it may be 
essentially straight, or it may be braided. In addition, a meandering 
river may be small, medium, or large. The same channel can be classi-
fied as youthful, mature, or old. Eac.h on .the.J.Je. dinne.Jte.Yl..t Jtive.Jt .6ub-
d.£v.£.6ioYI..6 Jte.qu.£/te.-6 dinne.Jte.YI..t de.J.JigYI. p!toc.e.du!te.-6. For example, in de-
signing training works for large sandbed channels, braided or meander-
ing, it is unlikely that Kellner jetties alone will be useful to stabilize 
the bank alignment. It may be necessary to stabilize the banks with rock 
riprap and to control the overbank flows using jetties to achieve a set 
of specific purposes. Gravel and cobble bed channels are normally 
considerably steeper than sandbed channels and in general have 
narrower river valleys. In the extreme are torrential rivers, the beds 
of which are comprised of large rocks. These type of rivers usually 
exist in a youthful or canyon type environment near the upper end of 
large river systems where the slopes are relatively steep. 
8.3.3 Location of the crossing or the longitudinal encroachment 

I Yl. .6 ele.c.tiYI.g .the. .6Ue. o 6 a CJl.0.6.6iYI.g olt a lo Yl.g.£.tud.£Yl.al e.Yl.CJtoac.hme.Yl..t 
.6 e.ve.Jta£. c.oYI..6ide.ltaUoY1..6 Me. Yl.e.C.e..6.6M!f. First of all, .the. CJl.0.6.6iYI.g olt 
e.Yl.CJtoac.hme.Yl.Yl..t mUJ.J.t me.-6 h wLth .the. .tltaY1..6 polt:t.a.tioYI. .6 y.6.te.m iYI. .the. Me.a. 
Secondly, .the. e.Yl.viltoYI.me.rz.tai. c.oY1..6.£de.ltaUoY1..6 c.Ue.d iYI. Chap.te.Jt 7 .6hould be. 
c.oY1..6.£de.Jte.d. In fact, unless appropriate weight is given to the environ-
mental impacts it may not be possible to obtain permission to proceed 
with the project at all. Ec.oYI.omic. c.oY1..6.£de./taUoYI..6 Me. e.qually impo~. 
Depending upon the characteristics of the rivers and the environmental 
considerations, the cost of a particular crossing or encroach111ent can be 
significantly affected by its location. The length of the approaches 
versus the length of the bridge, the cost of real estate that must be 
acquired to accomplish the crossing, the maintenance cost required to 
keep the crossing functional over its estimated life and the method 
of the construction are some of the more specific aspects that should 
be considered in locating the crossing. The cost of protective measures 
should also be considered in locating an encroachment. 
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8.3.4 River characteristics 
The. .oubc.£M.o-<.6)_ea.ilon6 ofi JU..veJL fioJtm ea.11 be. utilize.d .to -<.de.rrtifiy 

.the. Jta.11ge. o0 eom:JLuon1> wUh-<-11 wh-<-eh .the. pa.ll.tieu1cvt JU..veJL opeJLa..te..o. 
It is necessary t o determine if a river is relatively stable in form 
or is likely to be unstable . In Fig. 1.3.2 of Chapter I, it was pointed 
out that rivers can be essentially poised so that a small change in 
discharge characteristics can change a river from meandering to braided 
or vice versa. I.t -<-.o hnpOJl..ta.l't.t .to k.11ow .the. .Oe.Yll>ilivUy ofi a.11y JU..veJL 
.oy.o.te.m .to eha.11ge.. Criteria given in Chapter IV, for example Fig. 4. 4.3, 
or Chapter III, Fig. 3.4.1, can be used to predict this sensitivity. A 
meandering stream whose slope and discharge plot close to the braided 
river line in Fig. 4.4.3 may change to a braided stream with a small 
increase in discharge or slope. 

In addition to river form, it is important to determine other charac-
teristics of the channel: that is, the channel may have a sand bed and sand 
banks; it may have a sand bed and gravel banks ; it may have a sand bed 
and cohesive banks; it may be formed entirely in cohesive materials; it 
may be formed in gravel; it may be formed in cobbles or it may be formed 
in other combinations of these materials. Each of these river systems 
behave differently depending upon the characteristics of the floodplain 
material , the bank material, and the bed mat erial of the river both over 
short time and long time. Hence, a rather detailed survey of the charac-
teristics of the bed and bank material coupled with river form plus 
other pertinent information is essential to design . 
8.3.5 River geometry 

Folt pfu11~11g a. JU..ve.lt e1to.M-<.11g olt a.11 e.11e~toaehme.11.t li -<-.o hnpolt.ta.l't.t 
.to k.110W .the. JtJ.. V e.!t g e.o m W!:f a.11d W V a.JU..a.ilo 11 Wlih fu eha.Jtg e. a.11d tim e.. 
It is essential to know the s lope of t he channel and preferably the 
energy gradient through the reach. In Chapt er V, relations were presented 
that illustrate how width and depth vary with stage at-a-section as well 
as along the length of a channel. For most rivers, if the appropriate 
hydraulic and hydrologic data are available , it is possible to develop 
simple relations showing how width and depth vary with discharge. 
8.3 . 6 Hydr ologic data 

I.t -<-.o 11e.ee..o.oa.Jty :to ga.:theJL a.U. ofi .the. hyd!tolog-<.e da.:ta. pe.Jl.;(:,[11e.l1.t :to 

.the. be.ha.v.iolt ofi :the. JU..veJL a.11d :to .the. de..o -<.gn ofi :the. JU..ve.Jt e.Jto.M.ing olt 
e.ne.Jtoa.ehme.l't.t. As pointed out in Chapt er VII, records of the flood flows 
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are essential. From such information, flow duration curves can be developed, 
seasonal variations in the river system can be considered and design dis-
charge values can be established depending upon the discharge frequency 
criteria used in the design. Highway projects constructed with Federal-
aid funds and projects under the direct supervision of the Federal High-
way Administration should be desigped for a "basic flood". The basic 
flood is a 100 year flood and the design standards for the basic flood 
are specified by the Federal Highway Administration (1974) and the Water 
Resources Council (1972). 

Also, it is important to consider the low flows that the river 
channel will be subjected to and the possible changes in flow conditions 
that may be imposed on the river system as a consequence of water re-
sources development in the area. As pointed out in Table 8.2.1, Case (3), 
sometimes low flows may lead to a more severe local scour situation at 
bridge piers and footings. Finally, in terms of hydrologic data it is 
usually necessary to synthesize some of the required data. Conventional 
techniques may be used to fill in missing records or it may be essential 
to synthesize records where few hydrological data exist. In synthesizing 
data it is very important to compare the particular watershed with other 
watersheds having similar characteristics. With this information, reasonably 
good estimates of what can be anticipated at the site can be established. 
8.3.7 Hydraulic data 

A:t .the. l.llie. a 6 a. Cll.OI.ll.l-i.n.g oJt a. .to n.g-Ltu.cUrz.a.£. e.n.c.Jtoa.c.hme.rz..t U -i.-6 
e.l.ll.le.rz..t-i.a..t .to k.n.ow .the. cUI.lc.haJtge. a.rz.d -i..t-6 va!Ua.Uon. ove.JL ti.me.. Coupled with / 
this, it is necessary to know the velocity distribution in the river cross 
section and its variation in the river system. This involves deter-
mining the type of velocity distribution across the channel as well as 
in the vertical. Knowledge of the distribution of velocities should 
be coupled with a study of changes in position of the thalweg to 
estimate the severity of attack that may occur along the river banks 
and in the vicinity of the crossing. Furthermore, it is essential to 
develop stage-discharge relations since these relations fix key elevations 
of the structure in design and serve as bench-mark data when considering 
the channel training works that may alter the stage of the river. 
La.Jtge. c.ha.n.gu -i.n. ve..toc.Uy c.a.n. oc.c.Wt -i.n. a. Jt-i.ve.Jt l.l!JI.l.tem wlih c.ha.n.g-i.n.g 
cUI.lc.haJtge. a.n.d l.l.ta.ge.. In a sandbed river, as flow conditions bring about 
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a switch from lower regime to upper regime, the average velocity in the 
cross section may actually double . From another viewpoint, changes induced 
in the river system, such as those due to artificial cutoffs or channel-
ization, may sufficiently steepen the gradient so the river operates 
in upper regime over its whole range of discharge. These possibilities 
must be considered in the detailed design. 
8.3.8 Characteristics of the watershed feeding the river system 

The water flowing in the river system and the sediment transported 
therein are usually intimately related to the watershed feeding the 
river system. Consequently, one needo to ~tudy the wat~hed co~~d~
~ng ~ geology, geom~y and land ~e. In the case of development, 
land uses including recreation, industrial development, agriculture, 
grazing, etc., may all be important factors. Similarly, we need to 
consider the vegetative cover on the watershed and the response of 
vegetative cover to its utilization by man and to climatic changes. 
Significant changes in vegetative cover affect the amount of sediment 
delivered from the watershed to the river sys tem. It is possible to 
study the sources of sediment in a watershed. One of the most common 
techniques is to employ aerial photography and remote sensing techniques 
coupled with ground investigations. The utilization of remote sensing 
techniques enables the skilled observer to determine which areas of 
the watershed are stable and which are unstable. Viewing the total 
watershed from thi s viewpoint and using water and sediment routing 
techniques, it is possible to evaluate the sediment yield as a function 
of time . In addition, such information can be used to determine the 
feasibility of water shed engineering to help control the water and 
sediment yield from the watershed to the river system. 
8.3.9 Flow alignment 

In order to appropriately and safely design a crossing or longitu-
dinal encroachment, it is necessary to consider flow alignment i n 
detail. The ~ec~on o6 6low mUbt be co~~d~ed ~ a 6unc~on o6 time. 
The position of the t halweg will vary with low, intermediate and high 
stages . The changing characteristics of the river with stage, such as 
the change in velocity distribution, the position of the thalweg and the 
river form can have a significant effect on the intensity of attack on 
the approaches, the abutments, the piers and embankments. This detailed 
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study of the behavior of the river over time and with varying discharge 
is necessary for proper design of training works. Only with this type 
of information can one adequately consider the intensity of attack, the 
duration of attack and the necessity for training works to make the 
river system operate within a range of conditions acceptable at the 
crossing or encroachment. Certainly changes over time at a particular 
crossing affect the channel geometry, the geometry of the crossing 
itself, general scour and local scour. If we know the characteristics 
of the flow and how they vary with time, then one can utilize the 
information in Chapter VI to design against excessive general and local 
scour in order to make the highway functional with minimum maintenance 
over the life of the project. 
8.3.10 Flow on the floodplain 

Up to this point we have principally concerned ourselves with flow in 
the main channel. However, de;.,ign. nloodJ., u.6uctU.y olow in. both :the. mcU..n. 
Qhan.n.e.l an.d on. :the. nloodplcU..n.. Only by studying the characteristics 
and geometry of the river and the floodplain can we determine the 
type of flows that are apt to occur on the floodplain. This particular 
topic should be studied in adequate detail so that the magnitude and 
intensity of the flows on the floodplain can be approximated. The 
characteristics of flow on the floodplain are especially relevant to the 
design study of longitudinal encroachments (refer to Case 14 in Table 8.2.1) 
As an example, consider a sinuous channel. At flood stage there is a 
tendency for the water to flow in the main channel in such a way as to 
develop chute channels across the point bars. Often, the water spills 
over the outsides of the bends onto the floodplain. As has been illus-
trated in the preceding chapters, flow conditions on the floodplain and 
in the main channel can be greatly different at flood stage than at low 
flow and these factors must be taken into consideration. A case in 
point is a new bridge being constructed across the Mississippi River. 
In this instance, the flow on the floodplain was sufficiently intense 
and the alignment of the approaches to the bridge in . relation to the 
flow on the floodplain was such that a large channel was scoured along 
the upstream side of the approach embankment. Ultimately, a large 
segment of the approach embankment was lost into this channel and washed 
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downstream as a huge sand wave on the floodplain. In the extreme case, 
it is entirely possible for cutoffs to form naturally in river systems 
and only by considering the intensity of flow in the channel and on the 
floodplain can we determine the probability of such an occurrence. 

8.4.0 SITE SELECTION 

Most of the factors cited in the preceding sections have a bearing 
on the final site selection. In summary, ~UQh naQto~ ~ the no~ on 
the tvLVe!L, the aLi.gnmerU; On the tvLVe!L, va!U__a;t[ono ofi the tvLVeJL no~ OVe!L 
:time, the type on bed and bank. mate!Ual., and the hydJz.of..og)..Q and hyclJta..u..U..c. 
QhMadeJ!._,(/.)ti~ on the UVe!l. Me aU .impoJz.tarU: .inpu.-t6 to the ~de 
~ef..eQtion. In addition, it is necessary to consider the requirements 
of the area to be served and the economic and environmental factors 
that relate to the crossing. Having made a detailed study of possible 
alternate sites, and having determined the best site considering these 
important factors, one can then proceed with the determination of the 
geometry and length of the approaches to the crossing, the type and 
location of the abutments, the number and location of the piers, the 
depth to the footing supporting the piers to insure against danger from 
local scour, the location of the longitudinal encroachment in the flood-
plain, the amount of allowable longitudinal encroachment into the main 
channel, and the required river training works to insure that river 
flows approach the crossing or the encroachment in a complementary way. 

8.5.0 CHANNEL STABILITY INVESTIGATIONS 

In conjunction with the background information discussed in the 
preceding paragraphs it ~ ~~entia£. to deteJLm.ine the neQ~~dy noJz. bank. 
~tab)_t)_zation. The location, design, and various types of river t raining 
works must be considered. The selection of training works is significantly 
affected by the characteristics of the river and the river system 
itself. The magnitude of local scour at the training structure must be 
considered. The possible necessity of holding the river in a selected 
alignment must also be adequately explored . With regard t o these 
particular issues, one can apply the principles of Chapter VI to develop 
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suitable designs for stabilizing the approaches, the spur dikes at 
the end of the approaches, the banks of the main channel and the 
design of training works that assist in controlling the alignment of 

· the river relative to the crossing or longitudinal encroachment. 

8.6.0 SHORT-TERM RESPONSE 

Hav~ng eompleted the tentat£ve de6~gn at) the ~o~~~ng a~ the en-
~oaehment bMed on ~v~ t)o~, ehannel ge.ommy, hy~olog~e and hyclJr.a.u,U_e 
data. ete., U ~ e6~en,tiaj_ to take a look a;t the ~hoM-t~ ~e6po~e o6 
the ~v~ ~lj~tem to the eo~tnuetion. Similarly, the river developments 
upstream and downstream of the site and at the site itself should also 
be considered. The techniques that may be utilized to investigate the 
·short-term response at the site or in the vicinity of the crossing or 
encroachment involves the utilization of qualitative geomorphic rela-
tionships followed by the application of more sophisticated analyses 
;Using the principles presented in the chapters on open channel flow, 
sediment transport and river mechanics. In fact, it is possible to 
establish a mathematical model designed to route both water and sediment 
through the system. If this model is appropriately designed and utilized, 
it is possible to evaluate the response of the river system to both the 
construction of the crossing or encroachment and to other river develop-
ment projects -in the immediate area. For example, it may be important 
to establish the pattern of clear water releases from a dam upstream 
of a crossing. Knowing the type of flow the channel would be subjected 
to and that the water being released is clear, one can make an estimate 
of the extent of degradation in the channel, the amount of sediment 
derived from the bed and bank, the instability of the banks and even the 
types of lateral shifting that may be induced in the river system as it 
affects the crossing or encroachment. 

8.7.0 LONG-TERM RESPONSE 

The long-t~ uv~ ~e6po~e a;t a ~OM~ng o~ a longUuMnal en-
~oaehment and ~n the ~V~ ~lj~tem Welo ~houl.d be eo~~d~ed bMed 
on aU uv~ development p~ojew ~nc.i.uMng the Mghway. This type 
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of treatment is, in general, beyond the scope of this particular manual. 
Nevertheless, sufficient advances have been made pertaiiling to the 
mathematical modeling of river systems, considering both their short-
and long-term response, that this approach is worth considering on 
important projects. 

8.8.0 DESIGN EXAMPLES 

8.8.1 Introduction 
In this concluding section of the chapter, examples are given showing 

the application of the principles, methods and conceptions of previous 
chapters. The examples contain situations where design is determined by 
well established numerical procedures and also situations where design 
depends heavily on the judgment of the engineer. It would be wrong to 
treat these examples as approved design procedures. They are not intended 
to be examples of how a particular design problem is handled but rather 
as examples of how the concepts previously outlined in this manual find 
their application in design. For these reasons, t~ ~ection ~hould be 
Jr.ea.d a.nd ~.tucUed M a.n illu.J.dJta..:Uve u.rU;t a.nd not M a. c..oliection on in-
cUvidu.ai.. duig n p!r.O ble.m6 nJr.om Whlc..h 0 ne c..a.n c..hoo.6 e. the c..oMec..t p!r.U c..Jr.iptio n 
noll. the. p!l.oble.m a.t ha.nd. Rive.Jr. p!r.oble.m6 a.Jr.e. mu.c..h too c..omplex noll. a. c..ook-
book a.pp!r.oa.c..h a.nd it ~ hope.d tha.t the. exa.mplu ma.ke t~ evident. 

The examples relate to the design of a crossing on the ''Mainstream 
River" shown in the aerial photograph of Fig. 8. 8.1. The flow is from 
right to left. An existing highway crossing can be seen in the photo-
graph but the highway and its alignment are to be upgraded and one 
alternative for the crossing is drawn on the photograph about 2200 ft 
upstream. The old crossing is to be preserved for local travel. From 
first appearances, this proposed crossing seems to be located in a 
very unstable section of the river and more attractive locations are 
possible. But one must assume that there are factors other than those 
associated with the bridge location that make this alternative worthy 
of scrutiny. Indeed, such considerations actually dictate the location 
of many crossings. 

There is a USGS gaging station several miles upstream of the 
crossing site with no intervening tributaries and only one minor 
diversion for irrigation. Ac..c..oJr.cUng to 43 y~ ofi Jr.e.c..oJr.d, the. me.a.n 



Fig. 8.8.1 Mainstream River showing existing crossing, newly proposed 
crossing, recently cutoff meander, and broad flat floodplain. 
Flow is from right to left and the scale is approximately 
1 inch = 1000 ft. 
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niv~ nlow ~ 2900 en~· Fig. 8. 8.2 is a hydrograph for the water year 
that included the flood of record. The summer flows are typically 
low, less than about 500 cfs, while the winter flows are much higher, 
punctuated by flood peaks lasting several days. ,The record flood 
overflowed the banks and inundated a consi derable expanse of the 
extensive and flat floodplain. The peaR ~n6tantaneoU6 nlow non t~ 
nlood ~ 97,000 en~, w~e the av~ge nlow non that day, shown on 

' 
Fig. 8.8.2, ~ only 77,000 en~· Flood peaks are relatively short lived 
on this river. The daily flows of Fig. 8.8.2 are replotted in Fig. 
8.8.3 in the form of the flow duration curve for one year. During that 
year, the flow exceeded the mean flow of 2900 cfs approximately 30 
percent of the time. A flow of 1250 cfs was exceeded 50 percent of 
the time. 

The flood of record, estimated at 105,000 cfs at the proposed 
cJto~~~ng, neaehed a ~tag e o 6 EL 2 7 2 ~n the v~c..~nliy o 6 the cJto.6~~ng. 
The water levels on the floodplain went as high as El. 275, however, 
indicating that the channel flow and the floodp lain flow are poorly 
connected in this area. F~eld ~.t<..mat~ w~e 64,000 c.n~ c..hannel nlow 
and 41,000 c..6~ ovenbanR 6low. The banRnult ~ehange fion t~ niven 
~ about 42,000 en~· 

The floodplain has an overall slope of 0.00191 (10 . 09 ft/mile) in 
the direction of flow and the river is relative l y unrestricted in lateral 
migration except at the localized revetment prot ect ions. Fig. 8.8.4 
shows a profi le of the river with a steeper section just upstream of 
the proposed crossing . The niven ha6 an avenage ~lope o6 0.00138 
(7.29 fit/m~e). In this r each, the river is classified as very mature. 
One question regarding thi s r iver : is what discharge dominates in 
defining the character of the r iver's mor phology? As seen from the 
hydrograph of Fig. 8 . 8.2, the mean f low of 2900 cfs is almost never 
realized. The flows are much higher i n the wint er and very much l ower 
in the summer. One cannot imagine the low summer flows as contributing 
much to the morphology. The r ecord flood , on the other hand, created 
an anomaly that only time will restore t o equi l ibrium. At this stage 
of the deve l opment of knowledge an exp~eneed niven eng~neen ~gh:t 
weU eon6~den the mean nlow fion the Mve w~n:ten mont~, appnoUmately 
7000 e6~, M nepn~en.:Ung the do~nan:t ~c..hange 6on t~ niven. 
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Fig. 8.8.2 Hydrograph from gaging station on Mainstream River 12 miles 
upstream of proposed crossing. 
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Fig. 8.8.4 Profile for the Mainstream River. 

Applying the river slope of 0.00138 ft/ft and the mean discharge of 
7000 cfs to Fig. , 4.4.3 of Chapter IV, the characteristics of this 

d h b 'd d d h h . ' d I bor er on t e ra1 e zone. Mean ers are, owever, very muc 1n ev1 ence 
in the outlines of Fig. 8.8.5. The braiding, particularly at the 
crossing site, appears to be a temporary condition caused. by the 

. . 
s.teepening of the local 5 lope due to cutoffs. The. .6-i.Jtuo.OUtj on :the. 
~v~, 1. 38, ~low, more like that of a straight river . The bed 
material has a median size of 1.0 mm, typical of coarse sandbed rivers. 
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The o90 is about 15 mm and considerable armoring takes place during 
degradation. The USGS has recorded a sediment load of .223,000 tons/day 
during a flow of 41,300 cfs. 

Aerial photographs of this stretch of the river date back as far 
as 1959 and Fig. 8. 8. 5 shows outlines of the waters edge at four 
different dates. These outlines dramatize the activity of the river 
particularly in the vicinity of the planned crossing. The convoluted 
meander existing in 1959 was cut off during the flood of record in 
1964, shortening and steepening this stretch of the river considerably. 

I 

The cutoff was formed as a result of surface erosion when the flood 
overtopped the banks. Most of the large quantities of sediment removed 
in the formation of the cutoff deposited immediately downstream where 

. the river rapidly aggraded. The result of the cutoff is a section of 
the river steeper than the rest. The river is slowly degrading its 
upper end and aggrading its lower end to restore its normal slope. As 

t this process continues, the meander. character of . the river is once more 
~ taking over. The cutoff has created a localized reach that is highly 
"unstable and this reach will lengthen upstream and downstream before 
·• equilibrium is restored. 
8.8 . 2 Design example 1 

In this example, a bridge crossing on the Mainstream River at the 
.alignment shown in Fig. 8. 8. 1 is discussed. 'The bridge is to be 
designed to pass the 100-year flood. The bridge will e~tend across 
.soo ft of the channel as shown in Fig. 8.8.6. 10ne abutment will extend 
into the main channel. The critical features of the design as far as 
river mechanics are concerned are as follows. 

V~~gn filow~ - Design flow ·for bridge safety is stated to be 
the 100-year flood and the 100-year flood is 110,000 cfs. From estimates 
reported earlier on the flood of record, this can be divided into 66,000 cfs 
channel flow and 44,000 cfs overbank flow. 1 

V~~gn ~tage - A stage of 272 ft was recorded in the field for the 
105,000 cfs flood and this is essentially the design flood. This actual 
measured value of stage is much superior to any that could be calculated 
by backwater methods. 
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Fig. 8. 8.5 Recent alignment changes of Mainstream River. 
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Fig. 8. 8.6 Cross section of .the crossing on Mainstream River. 

Riv~ ~tabitity- Historically, the river has been very unstable 
and the recent cutoff just upstream of the crossing has produced an 
especially active situation. The braided section of the river is 
expected to revert to a meandering section in a matter of a few years 
and, indeed , is showing this tendency now. Fig. 8.8.7 shows a prediction 
of future alignment changes as the river restores the sinuosity lost 
with the cutoff and as existing meanders migrate downstream. The 
tendency is for an attack on the right abutment and for the flow to 
approach the bridge obliquely from the right side. As the meander 
tendency is restored the channel will become narrower and deeper, even 
under the bridge crossing. Some parts of the bed will scour and some 
will fill. To determine the maximum depth of scour one can examine 
the river and determine visually a natural minimum width. As we 
anticipate the river will reform to its normal width of 500 ft in the 
future, a 500-ft bridge opening is all that is required in the main 
channel. The wide braided reach is an anomoly which will disappear as 
the river meander redevelops. The design unit discharge (discharge 
per foot of width) for the estimated 66,000 cfs in the 500-ft wide 
channel is therefore 132 cfs/ft. Manning's equation (Eq. 2.3.20) can 
then be written in terms of unit discharge and solved for depth. That 
is , 
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Fig. 8.8.7 Existing and anticipated channel alignments for 
Mainstream River. 

In Table 8.8.1 and in later calculations it is assumed that the depth is 
approximately equal to the hydraulic radius which is an acceptable 
assumption for wide rivers. The friction slope Sf can be assumed 
equal to the river slope 0.00138. As a first approximation, assume 
Manning's n of 0.025 (Table 2.3.1, alluvial channel bed in transition) . 
Also, from Eq. 3.10.46 and the o90 of the bed material equal to 15 mm 
Manning's n is 0.024 and Fig. 8.8.1 indicates large bars in the channel. 
Then 

and 

3/5 
y = { (132) (0.025) } = 11.6 ft 

0 (1 . 486)(0.00138) 1/ 2 

v = g_ = 132 = 11.4 fps 
Yo 11.6 

Then, the average shear stress on the bed is (from Eq. 2.2.31) 

= (62.4)(11.6)(0.00138) = 1.0 psf 
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and the stream power is 

t
0
V = (1.0)(11.4) = 11.4 ft lb/sec/sq ft 

For 1 mm sand and a stream power of 11.4 ft lb/sec/sq ft, Fig. 3.4.1 
' 

indicates that the flow should be in the upper flow regime. This bed 
form does not check our assumption that the flow is in transition. 
However, because of the gravel bars and large o90 use n = 0.025. 

The stage for the design discharge is 272 ft so the average bed 
level is approxima~ely 260 ft for the flood discharge. 

The Froude number for the channel at flood discharge is (from 
Eq. 2. 4. 8) 

Fr = v 
.rgy 

0 

11.4 = -;:::::::::=;::::::;:::=:=:;:-
/ ( 32. 2) ( 11. 6) 

= 0.59 

The width-to-depth ratio for the channel at the design flow is 

w -= 
Yo 

500 ~ 43 
11.6 

A summary of the calculations are given in Table 8.8.1. 
The depth computed above is an average depth. Deeper sections 

exist near the outside of meander bends. These pools can and will 
exist under the crossing. The anticipated depth of flow in the meander 
bend must be considered in design. The geometry of pools in bendways 
has been discussed in Section 5.6.2, Chapter V. For a given river 
system, the maximum depth in a meander bend y is primarily max 
dependent on the river width W and usually to a lesser extent on 
the radius of curvature r . (See Fig. 5. 6 .1). 'Looking back on c 
Fig. 5.3.2 it is noted that the radii of curvature vary in a river. 
A study of the topograph maps will reveal the information required to 
determine the frequency of occurrence of bends. 

For the Mainstream River, the most common value of r is 2500 ft. c 
Therefore 

In the crossings, the average depth is 11.6 ft at design discharge so 
the depth-to-width ratio is 
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Table 8.8.1 Data and computations for design example 1. 

Valley slope, S = 0.0019 (10.0 ft/mile) 
River slope, S v= .00138 
Average discha~ge = 2,900 cfs 
Average five-month winter discharge = 7,000 cfs 
Bankfull discharge = 42,000 cfs 
Record discharge: Channel = 64,000 cfs 

Overbank = 41,000 cfs 
105,000 cfs 

Design discharge: Channel = 66,000 cfs 
(100-year) Overbank = 44,000 cfs 

110,000 cfs 
Design flood stage = 272 ft 
Minimum channel width, W = 500 ft 
Mean bed-material size, D50 = 1 mm 

C a rr.cLi.tio n6 a;t de6ig rr. fu c.haJr.g e: 
Unit discharge in channel, q = 132 cfs/ft 
Manning 's n = 0.025 
Average flow depth, y = 11.6 ft 
Average veloci·ty, V =0 11.4 fps 
Channel Froude number, Fr = 0.59 
Average bed shear, • = 1.0 psf 

0 Average stream power, • V = 11.4 ft lb/sec/sq ft 
0 

Width-to-depth ratio, W/y0 = 43 
Flood stage elevation = 272 ft 

Corr.cLi.tionl.l in. mea.rr.de.Jt poo.t: 
Maximum depth in pool, Ymax = 29 ft 
Bed elevation in deep part of pool = 243 ft 
Average velocity in the pool = 14.2 fps 
Froude number in the deep pool, Fr = 0.46 

Embankment nipnap 6on pne6err.t c.orr.ditlon6: 
Angle of repose, ~ = 37° 
Side slope angle, e = 18.4° 
Shear stress on side slope, • = 1.0 psf 
Specific weight of riprap, S 0 = 2.50 s Safety factor, S.F. = 1. 5 
Stability number, n = 0.356 
Effective grain size, D = 7.5 in 
Recommended median size, D50 = 6 in 
Recommended maximum size, D100 = 12 in 
Minimum thickness or riprap = 12 in 

Pie.Jt .oc.oWt fion pne6err.t c.orr.cLi.tion6 : 
Width of round nose pier, a = 5 ft 
Length of pier, £ = 20 ft 
Skew angle = 30 deg 
Approach Froude number, Fr1 = 0.59 
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Table 8.8.1 Data and computations for design example 1 (continued). 

Approach flow depth, y1 = 11.6 ft 
maximum depth of scour, y = 28 ft smax 

P.leJL .6 C.O U!t n Oft n td:wt.e. C.O ru:U:Uo n6 : 

Skew angle = 30 deg 
Approach flow depth, y1 Approach Froude number, 
Maximum depth of scour, 

Yo 11.6 0 023 w = 500 = . 

= 29 ft 
Fr1 = 0.46 
y = 34 ft s 

It is possible that Fig. 5.6.3 can be used to determine the maximum 
depth in the pool of a meander bend. The stream order of Mainstream Riv~r 
can be found from topography maps, the 
stability factor is (from Eq. 5.6.8) 

osow 
X = T Yo 

r /W ratio is known and the c 

(1) (500) = = 8.8 
(304.8)(11.6) 2 (0.00138) 

The information in Fig. 5.6.3 is for rivers with x ~ 1.5 so Fig. 5.6.3 
is not applicable in this design problem. 

To determine the maximum depth in the meander bend, the limiting 
value of y /W from Fig. 5.6.1 for r /W equal to 5 could be used. max c 
The value of the ratio is approximately 0.06. Therefore the maximum 
depth would be 30 ft. The limiting value is for relative stable streams 
so one could assume that y would be less than 30 for unstable rivers. max 
A depth of 30 is probably conservative (deeper) for scour determinations 
but is not conservative for design of riprap (gives too low a velocity). 

At this point, a few field measurements would be appropriate. The 
Ded elevation and bank elevation at the deepest part of the bends with 
the largest, the smallest and the median radii of curvature should be 
measured along with the river width at these locations. These data 
establish the relation between y , W and r for the Mainstream max c 
River equivalent to that shown in Fig. 5.6.1. 
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Suppose that the field measurements indicate a y of 29 ft. max 
The elevation of the bed in the deep part of the pool is then 

272-29 = 243 ft 

The velocity in the bend will be greater than in the crossing. An 

estimate of this velocity can be made from the information given in 
Fig. 5.3.5. For a long bend in a parabolic channel, the maximum 
velocity in the bend is only about 10 percent greater than the 
maximum velocity in the straight approach section. For most design 
problems, it is recommended that a 25 percent increase in the average 
velocity be used for the maximum velocity in the bend. Then, in the 
bendway 

V = (1.25)(11.4) = 14 . 2 fps 

and the Froude number in the deep part of the pool is 

Fr = 14.2 = 0 .46 
1(32.2)(29) 

A decision must be made regarding the substanti al overbank flow 
associated with the design flood . If the highway grade is placed above 
the levels of the overbank flow , the entire flow would be forced under 
the crossing. The increase in the flow in the main channel would be 
67 percent at the design discharge. Such an increase will surely 
magnify the flow problems downstream. The 44,000 cfs of overbank flow 
would have to flow laterally across the floodplain to return to the 
river upstream of the crossing. This is certain to increase the depth 
of inundation and worsen the flooding. If the highway were placed low 
enough not to obstruct the overbank flow, the roadbed would be flooded 
whenever the flow exceeded the 42,000 cfs bankfull flow or about every 
two years. One solution would be to provide openings under the highway 
(relief bridge) to handle this flow. These would have to be extensive 
but it is assumed in this example that they have been provided. Example 2 
examines the case where the total flow goes through the bridge. 

Abutment pno~ect£on - The projected river alignment changes 
indicate the need for protection on the right embankment of the 
crossing as shown in Fig. 8.8.8 . The left abutment already has a 
protective dike that has withstood flows in excess of 100,000 cfs. 
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Fig. 8.8.8 Right embankment and spur dike. 

A spur dike is ideally suited for this embankment end. While this 
reach of river is in the braided form, the spur will help direct the 
flow from the right side of the channel through the bridge opening. 
After the river has narrowed, the spur will protect the embankment by 
holding the meander loops away from the embankment. In addition the 
spur will move the local scour away from the embankment end under the 
bridge to the nose of the spur. 

The recommended spur dike configuration is shown in Fig. 6.3.6. 
Here, a length of 200 ft is chosen because the spur dike will have to 
direct a substantial amount of channel flow while the approach river 
channel is braided. The spur bends outwards on a 1/4 ellipse and is 
terminated at (0.4)(200) =80ft back from the embankment end. The plan 
view of the spur is shown in Fig. 8.8.9. 

The top of the spur is set at El. 275, three feet above design 
stage. This grade elevation allows one foot for aggradation and two 
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feet for wave wash. The toe of the riprap protection is set at Elev. 
260, the anticipated average bed level for a design flood. This 
elevation is above the low summer flow stage so that construction 
would not require cofferdamming. Fig. 8.8.8 shows areas of local scour 
to Elev. 250 in the natural river and computations mentioned above indicate 
scour in meander pools to reach Elev. 243. To protect against localized 
scour to these elevations, a rock-filled trench of riprap has been 
provided (see Fig. 8.8.9) that will stop any local pockets of scour. 

The size of riprap required for the spur can be determined by the 
method in section 6.4.0 of Chapter VI. The computations are summarized 
in Table 8.8.1. As the embankments for this bridge do not constrict 
the river flow after the river narrows (relief bridges are provided on 
the floodplain), the flow through the bridge will not accelerate. 
Therefore, this is a case of horizontal flow on a side slope . 

The side slope angle along the bankline is set at 3:1 to prevent 
slip circle failures in the soil behind the riprap on the spur. 
Therefore 

e = 18.4° 

Rock Riprap 

Approach Embankment Bridoe 

1 I lf£11 
Fig. 8.8.9 Spur dike with a rock trench. 
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The anticipated size of riprap is in the range between 1.0 and 10 in. 
Then, from Fig. 3.7.3 the angle of repose for the dumped riprap will 
be approximately 37° or 

~ = 37° 
For flow alignment as shown in Fig. 8.8.8, the average shear stress on the 
bed as expressed by Eq. 3.9.12 is 

= (62.5)(11.6)(0.00138) = 1.0 psf 

where y
0 

is equal to R for wide floodplain crossing. The bed shear 
stress is equal to the side slope shear stress at the toe of the side 
slope. Therefore, a shear stress of 1.0 psf is used to design the side 
slope riprap. 

In this region, the rock available for riprap has a specific 
weight 

s = 2.50 s 
The stability number for horizontal flow along a side slope is 

given by Eq. 6.4.9, or 
s2-(S.F.) 2 

n = { m 2 } cose 
(S. F . ) sm 

Here s = tan~ m tan a 

s tan37° 2.27 = tanl8.4° = m 

The recommended safety factor for design is (Seeton 6 .AS. 0) 

S.F. = 1.5 
so 2 2 

n = {(2.27) -(1.5~ } cos 18.4° = 0.356 
( 1. 5) (2 . 2 7) 2 

The rock size is related to stability number by Eq. 6.4.5 or 
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= (21) (1.0) 
(2.50-1) (62.4) (0.356) = 0.63 ft 

D ::! 7 1/2 in 

The effective rock size of the required riprap is then 7 1/2 in. 
The recommended gradation is given in Fig. 6.4.3. This gradation 

is such that 
n = 1.2s n50 

or 
D 7.5 6 • 

50 = 1. 25 = 1 n · 
and 

or 
n100 = (2) (6) = 12 in. 

The recommended minimum thickness of the riprap blanket is 2050 
or n100 which ever is greater. Here, use a minimum thickness of 12 in. 

When a meander bend reaches the spur, the bed will scour and the 
maximum flow depth in the bend at the design discharge becomes 29 ft. 
The average velocity in this deep pool is approximately 14.5 fps. 
How w.<..U .the tr..ipMp be a.66ec..ted by .thv.:,e 6.tow c.oncf.,U:,[on6? The attack 
on the bank protection on the right abutment will become severe when 
the spur is at the outside downstream end of the meander bend. Assuming 
that y /D is 23, Eq. 6.A3.7 indicates the shear stress on the side 

0 
slope will be approximately twice as much as in the crossing. That is 

'o::! (2)(1.0) = 2.0 psf. 

The stability number for the 6 in. diameter riprap (D = 7.5 in.) 
on a 3:1 side slope with a shear stress of 2.0 psf is given by Eq. 6.4.5 
or 

(21) (2) 
n = (2.50-1)(62.4)(0.63) = 0. 712 
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and the safety factor becomes (from Eq. 6.4.11) 

or 

where 

s 2 2 2 1/2 S.F. = 2m {(S n sec e + 4) - S . nsece} m m 

S.F. = :m {(~2 + 4)1/2 _ ~} 

~ = S n sec e m 

= (2. 27) (0. 712) (1.054) = 1. 704 

Then S.F. = 2·;7 {[(1.704) 2 + 4] 1/ 2 - 1.704} 

= 1.048 

As the safety factor is only slightly greater than unity, the riprap 
could move when flow in the meander bend attacks the spur protection. 

The size of riprap required to give a 1.5 safety factor for the 
riprap under a shear stress of 2.0 psf is found by employing Eq. 6.4.9 
and 6.4.5 in order. Accordingly, the stability factor is still 

n = 0.356 
but 

= (21)(2.0) 
O (2. 50-1) (62. 4) (0. 356) = 1. 26 ft 

or 
0 = 15 in. 

which corresponds to 

o50 = 12 in. 
and 

o100 = 24 in. 

Future river alignment conditions dictate that the riprap on the 
abutment have a 0 of 15 in. The recommended gradation requires that 
the o50 be approximately 12 in. and o100 be 24 in. Other riprap 
gradations can be used provided the 0 is equal to or greater than 
15 in. 

A filter is most likely required between the riprap and the 
s·pur embankment materials. A cloth filter is reconunended. It would 
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be prudent to go out in the field during a low-flow period and check 
the size and condition of the riprap on the left bank. This riprap 
has been subjected to a large flood. The inplace riprap should be at 
least 4 in. co50) in diameter . 

Sc..oWt ctt the p.{.eJU:, - The scour to be expected around the piers can 
be computed with the equations in Section 6.5.3, Chapter VI. For the 
present-day conditions at the bridge crossing the approach flow depth 
is 

and the corresponding Froude number is (from Table 8.8.1) 

Fr1 = 0.59 

The pier width a is five ft and the length t is 20 ft. If the pier 
skew angle is zero degrees, then the equilibrium depth of scour is given 
by Eq. 6.5.11 (round nose pier) or 

= 2 O (~)0.65F 0.43 Y · Y1 rl s yl 

= (2.0) (11.6)(~i~6) 0 " 65 (0 . 59) 0 · 43 = 10.7 ft 

According to the plan view on Mainstream River shown in Fig. 8.8.7, 
a pier skew angle (to the approach flow) of 30 deg can be anticipated. 
From Table 6.5. 2, the scour depth would increase. For 

! = 20 = 4 
a 5 

the multiplying factor is 2. 0 and the increased depth of scour is 

y = (10 .7)(2.0) = 21.4 ft s 

The maximum depth of scour can be 30 percent gr eater (Section 6.5 .3) 
so the maximum depth of scour is 

y = (21 . 4) (1.3) ~ 28 ft s 

The greatest contributor to this depth is the skewed approach flow. 
This is one of the main penalties to pay for the lack of river control. 
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The maximum depth of scour corresponds to a scour hole bed elevation of 

272-11.6-28 ~ 232 ft 

This pier scour would be obtained if the bed material were sand 
only. However, the scour hole armorplates if there is any gravel or 
cobbles in the underlying bed deposits. The depth of scour would be 
decreased if there is underlying hardpan. A look at the laboratory test 
results on the core hole samples obtained in the bridge pier foundation 
explorations is very impor tant. 

In Mainstream River, the bed is alluvium at least down to an elevation 
of 220 ft but there is a considerable amount of gravel and a few cobbles 
in the underlying bed material. The scour hole will armor plate so that 
the scour hole bed elevation will be above El. 232 ft. 

Future conditions may result in a lower bed elevation around the 
piers. The bed elevation in the deep part of the pool has been estimated 
as El. 243ft. (Table 8.8.1). Probably, the bed material in such pools 
is greater than 1 mm sand. The bed of the pool can also armorplate 
during a flood. 

In the deep part of the pool the approach flow has a depth (from 
Table 8.8.1) 

yl = 29 ft 

and the approach Froude number of 

Fr1 = 0.46 

Assuming a sandbed, the equilibrium scour at the round nose pier (a = 
5 ft, t = 20 ft) is given by Eq. 6.5.11 

Ys = (2.0)(29)(~9)0.65(0.46)0.43 
= 13.2 ft 

Again, the skew angle co~ld be as great as 30° so the multiplying factor 
is 2.0 (Table 6.5.2) and the depth of scour is 

Ys = (2.0)(13.2) = 26.4 ft 

and the maximum depth of scour is 

y = (26.4)(1.3) =34ft s 
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This depth of scour corresponds to a scour hole bed elevation of 

272-29-34 = 209 ft 
Based on future meandering considerations, it appears prudent to 

specify that the pier foundations be set at an elevation of 200 ft. 
8.8.3 Design example 2 

In example 1, a far reaching assumption was made that the overbank 
flood flow passed under the highway through relief bridges so that, of 
the 110,000 cfs design flood, only 66,000 cfs would pass under the bridge. 
In the flood of record, the channel carried 64,000 cfs without serious 
damage to the protected embankments or to the existing bridge, so it is 
not expected that the new crossing of example 1 will affect the river 
behavior. In design example 2, the assumption is made that the new 
highway completely obstructs the overbank flow so that all the design 
flow passes under the bridge. 

There are several consequences to forcing all the flow under the 
main bridge. First, the highway obstruction increases the depth of the 
overbank flow immediately upstream and so worsens the local flooding 
problem. The concentrated overbank flow returning to the river just 
upstream of the highway could cause land erosion. The increased flow in 
the channel increases the channel scour and bank attack until the excess 
flow can return to the floodplain downstream. Also, the increased flow 
increases the stage under the bridge which decreases the clearance. 
Fortunately, the design flood is not long lasting as shown in the design 
hydrograph of Fig. 8.8.2. This hydrograph was adapted from the flood of 
record measured at the USGS gage simply by multiplying those flows by a 
constant to get a peak of 110,000 cfs. The actual hydrograph at the 
crossing would be appreciably different in shape, however, .because the 
USGS gage is in a narrow valley where there is no overbank flow. The 
peak at the crossing would be flattened as the first part of the flood 
goes into storage on the floodplain and later drains off to increase the 
flows towards the last of the flood. 

The problems of the i ncr eased flooding and the returning flow along 
t he highway are difficult to treat analytically but qualitative des-
criptions can be readily given. Fig. 8.8.10 shows a schematic drawing 
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Centerline Section 

Fig. 8.8.10 Schematic of overbank and main channel flow. 

of the overbank flow being impounded by a highway embankment and return-
ing to the river. At the embankment, there is no overbank flow in 
the downstream direction and the slope of the longitudinal profile is 
necessarily level there. The profile gradually picks up slope until it 
parallels the main channel slope. The difference in the two profiles 
provides the gradient that forces the overbank flow towards the river. 
The intensity and velocity of flow towards the river is related to this 
gradient so that this intensity is highest at the embankment and tapers 
off slowly in the upstream direction. While these lateral flows may 
become quite strong, the situation is clearly not one where all the 
overbank flow moves like a river along the embankment. The added depth 
of overbank flooding depends on how much gradient is required to direct 
the flow back to the river. 

The profile of the river channel flow is shown essentially constant 
in slope. This is not actually so because the overbank flow is entering 
the main channel with low momentum in the direction of flow and must 
pick up momentum at the expense of increasing the main channel slope. 
This increases the upstream main channel stage and consequently the 
amount of flooding. 

The stage under the crossing is also increased over example 1 as 
a result of backwater due to increased channel flow. In this example, 
the banks are either protected or higher than average between the pro-
posed crossing and the existing bridge so that the flow is expected to 
remain channelized for some 2000 ft before it can again spread onto the 
floodplain . As a first approximation, it is assumed that no appreciable 
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bed scour has occurred in the several hours that it took for the flood 
to reach the design flow. Also, the return of the flood water to the 
floodplain takes some distance of the river to accomplish but it is 
assumed here that it all happens at one point. 

Wha.t L6 the. de.pth a.nd vei.oc);ty on nlow .in the. main c.ha.nnel. whe.n 
the. c.UAc.haJc.ge. _u., no, ooo c.n-6? 

The unit discharge is 

Q 110,000 q = W = 500 = 220 cfs/ft 

Assume the friction slope is 

sf = o.00138 

With the higher discharge, the bed should be plane (Manning's n 0.012 to 
0.015). As a first approximation assume 

n = 0.015 

(See Table 2.3.1, Alluvial sandbed channels, plane bed.) Then from 
Eq. 2.3.20 

3/5 
y = { (220) (0.015) } = 11.6 ft. 

0 (1.486) (0.00138) 1/ 2 • 

and the average velocity is 

q 220 V = - = -- = 19. 0 fps 
Yo 11.6 

The average shear stress on the bed is (from Eq. 2.3.31) 

•o = yyosf 

= (62.4)(11.6)(0.00138) = 1.0 psf 

and the stream power is 

T V = (1.0) (19.0) = 19.0 ft lb/sec/sq ft. 
0 

For 1 mm sand and this stream power, Fig. 3.4.1 indicates that the 
flow is in the upper flow regime; that is, the bed form is antidunes. 
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Check the Froude number of the flow in the main channel. 

Fr- 19 ·0 = 0.98 
- { (32.2)(11.6) }1/ 2 

A Froude number this large is not unacceptable for this channel. There-
fore, use n = 0.015. The first approximation is that the nlow ~ ~
cal ~n the main channel. With this very high velocity flow in the main 
channel, the channel bed scours. The general scour decreases the main 
channel Froude number. 

In the 2000-ft reach below the bridge, the scour is of the general 
type (see Section 6.5.2) and Laursen's equation (Eq. 6.5.4) is applicable. 
The equation is 

6f 
~2~ 7(3+f) 

1 

In this case, Qt is the total design flood discharge or 

~ = 110,000 cfs 

Qc is the flow in the main channel upstream of the bridge or 

Q = 66,000 cfs c 

w1 and w2 are the approach channel and contracted channel reaches. 
Here 

w = w = 500 ft 1 2 

The term f is dependent on the approach channel shear velocity and 
the fall velocity of the bed material. The approach channel shear 
velocity is 

=15 p 

Here 'l is the average bed shear in the upstream channel and is 
computed from Eq. 2.2.31 or 
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In the upstream approach channel the average depth is (from design 
example 1) 

y 1 = 11.6 ft 

and 

Then T1 = (62.4)(11.6)(0.00138) = 1.0 psf 

and 

V - (1.0 ,1/2 - 0 72 f *c - 1. 94:1 - • ps 

The median diameter of the bed material (sieve analysis) is 

n50 = 1.0 mm 

Assume a shape factor of 0.7 (normal for sands) so that the fall velocity 
is (from Fig. 3.7.2) 

w ~ 12 em/sec= 0.39 fps 

so that 

--= w 
0 . 72 = 1 85 0. 39 . 

With this value of v* /w, the value of f can be found in the table c 
accompanying Eq. 6.5.4. Use 

f ~ 2.0 

Upstream of the bridge, Manning's n for the main channel is 0.025 
(from design example 1) so 

n 1 = 0.025 

and downstream 

n2 = 0.015 

Now, the flow depth downstream is 
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(6)(2) 
= (11 6) (110,000~6/7(0.015~7(3+2) = 15.0 ft 

y2 • 66,000~ 0.025~ 

The uniform flow depth in the downstream section has been comput-ed as 
11.6 ft. Therefore, the general scour should be 3.4 ft for the design 
flood discharge. With this flow depth the downstream velocity is 

q 220 V = - = - = 14. 7 fps y2 15 

and the new Froude number is 

Fr = -;::;::::;::14~·::;7 ;:::;;:: = 0 . 6 7 
1(32. 2) (15) 

In reality, flow conditions in the downstream reach have a Froude 
number somewhere between the Froude number 0. 67 for the general scour 
assumption and the Froude number 0.98 for the no scour assumption. The 
Froude number of the flow at the peak of the design discharge hydrograph 
depends on the hydrograph rise time. If this time is long, the bed has 
time to scour out and general scour occurs. If the rise time is very 
short, the scour at the peak of the flood is much less than the general 
scour figure . 

The flow and bed conditions during the passage of the hydrograph 
can be computed by applying the gradually varied nonuniform flow 
equations for water routing and a set of transport equations for routing 
sediment. I Numerical programs are available to solve this water and 
sediment routing problem but their presentation and use is outside the 
scope of this manual. 

According to Fig. 8.8.2, the rise time can be very short. Then 
the flow in the downstream channel has a Froude number close to unity. 
With such flow conditions, large waves form in the channel (see Section 
2.4.0) and these waves could be very destructive to the channel and the 
downstream bridge. Also, the local depth of scour around the embankment 
ends and piers would be very large. The designer probably would not 
confine all the flow under the bridge, but would provide relief bridges 
on the floodplain to take a portion of the flow. 

Neith~ d~~gn example 1 on 2 ane complete. At this stage the 
designer would decide on whether to have relief bridges, their number 
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location, and amount of flow they would take. These decisions would be 
based on economic, political, social and environmental factors that 
would exist for a parti cular site. The designer would need to continue 
the analysis outlined in the two examples and, in addition, would need 
to make a backwater analysis on the most feasible designs before going 
to final design. 
8.8.4 Design example 3 

Design example 3 is concerned with degradation of the channel. The 
same crossing and the same 500-ft bridge as in design example 1 are used 
but now a storage dam has been constructed 7 miles upstream for power 
generation, summer irrigation and flood control. Normal daily power 
releases are 10,000 cfs from the power plant for the six high demand 
hours and nominal releases for the remainder of the day to maintain fish 
stock. The irrigation diversion i s far downstream of the crossing. Flood 
routing thr ough the reservoir will reduce peak flow to the extent that 
the 100-year design flood is now only 40,000 cfs. The natural flow of 
sediment in the river has also been checked at the dam. The downstream 
control is 9 miles downstream where Mainstream River joins a much larger 
river. 

The effect of the dam is that the time distribution of the flow is 
changed although the total volume is not. The flood peaks are reduced 
and the sediment transport is cut off. The average flow has been 
increased from 7000 cfs to about 10,000 cfs, ignoring the periods when 
the flows are very low. According to Fig. 4.4.3, increasing the mean 
discharge shifts the river towards the braided stream classification. 
Such a shift is generally a destabilizing trend. The channel will 
probably widen and this effe ct may be estimated by Eq. 4.4.6 which is 

The new width is 

w = (500)(10,000)0 . 26 
n 7,000 

~ 550 ft 
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The design flood is very nearly the bankfull discharge so that 
the design stage is approximately the bankfull stage or El. 268. The 
depth of flow at a flow of 40,000 cfs is computed from Manning's 
equation (Eq. 2.3.20) or 

but since 

V 3/2 
{ n } y = 

0 1.486sf2 

v = g_ 
3/5 

y = { qn } 
0 1. 4865~/2 

The unit discharge is 

= _WQ = 40,000 
q 550 = 72.7 cfs/ft 

The large o90 , the gravel bars and the smaller discharges (40,000 cfs) 
vs 66,000 cfs) will increase the value of Manning's n to a value larger 
than that used in example 1. Therefore, from our experience in working 
design examples 1 and 2, estimate Manning's n as 0.028. The friction 
slope is assumed equal to the bed slope 0.00138. Then 

3/5 
y = { (72. 7) (0.028) } = 8. 7 ft 

0 (1.486)(0.00138) 1/ 2 

The average velocity is 

V = g_ = 72 · 7 = 8. 4 fps y 8. 7 
0 

the average bed stress is (from Eq. 2.3.31) 

= (62.4)(8.7) (.00138) = 0.75 psf 
The Froude number for the channel flow is 

Fr = 8·4 = 0.50 1 1(32.2) (8. 7) 
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and the average bed level is 

268-9 = 259 ft 

The bed level of El. 259 can be expected to degrade as a result of 
a cutoff of sediment by the qam. This degradation can be very extensive 
on a steep sloping river such as this one. Degradation starts at the 
darn and progresses downstream with time and stops only when it reaches 
a rock or gravel ledge or where the river enters a lake or confluences 
with a larger river as in this case. The river scours its bed to 
establish an ultimate gradient such that the shear is below the critical 
for transport of sediment. This is not necessarily the critical she.ar for 
o50 because the large sizes in the bed material tend to remain to armor 
the bed. The o90 size is sometimes considered as appropriate for 
armoring and a grain size analysis shows this to be about 15 rnrn for 
the Mainstream River . 

The critical tractive force for the o90 material is given by 
Shields' diagram (Fig. 3.2 . 3). Assume the flow is fully turbulent at 
the bed. Then 

and 

V*D > 400 
\) -

15 Tc = (0.047)(2.65 - 1) (62.4)(304 . 8) 

= 0.24 psf. 

It will be the normal daily power release discharge that will 
degrade the channel. This flow is 10,000 cfs so 

Q 10,000 q = W = 550 = 18 . 2 cfs/ft 

The Manning's n for the degraded bed will reflect the losses 
due to the remnant bed forms that were formed when the sediment was 
moving and the losses due to a higher grain roughness because the bed 
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material becomes coarser. If there were grain roughness only, Mannin'g' s 
n is given by Eq. 3.10.46 assuming the o90 is now the o50 size 

n = 0.04 0~~6 

15 1/6 
= (0.04)(304.8) = 0.0~4 

Because there will be some form roughness from the gravel bars use 

n = 0.028 

Manning's equation (Eq. 2.3.20) 

_ 1.486 5/3sl/2 
q- n Y f 

Here we know q, and n. Because 

· Then 

'c = yySf = 0.24 

s = 0.24 = 
f 62.4y 

0.00385 
y 

Put this expression for Sf in Manning's equation so that 

18 2 = 1·486 (0.062)y7/ 6 
. 0.028 

.or y = 4.3 ft 

It follows that 

sf = 
0 ·~~~85 = o.ooo9o 

~ 4.8 ft/mile 

The slope before degradation is 7.3 ft/mile. 
The existing profile and the ultimate profile are shown in Fig. 

8.8.11 along with an intermediate profile during the degradation process. 
These profiles are ultimately controlled at the larger river which is 
controlling the water surface level of the river at the point of 
confluence. If degradation proceeded to the limit shown, the scour 
at the crossing would be 

Ys = (9)(7.3-4.8) ~22ft 
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Fig. 8.8.11 Degradation due to dam upstream of the crossing. 

This represents the removal of a substantial amount of material and, 
in the meantime, an equal amount is being captured by the upstream 
reservoir. The reservoir could well fill before the ultimate degradation 
is reached, in which case the flow of sediment would be restored. 

A computation of the rate of sediment discharge will provide an 
estimate of the rate of degradation, especially if this computation is 
made in the undisturbed river just downstream of the degrading zone. 
A somewhat crude computation based on Fig. 3.10.10 will serve this 
purpose. ·A discharge of 10,000 cfs at a slope of .00138 in a 550 ft 
channel will have a depth of approximately 4.3 ft and a velocity of 
4.2 fps. Using Fig. 3.10.10 for 1 mm sand gives a transport rate of 
approximately 35 tons per day per foot of width, but since the 
release is for 6 hours only, the actual transport in Mainstream river 
is (6/24)(130) = 9 tons per day per ft of width. If the bed material 
has a dry weight of 100 lbs/cu ft this represents 165 cu ft per day 
per foot of width. Now if the degradation zone has just reached the 
crossing seven miles from the dam, the average rate of degradation over 
this stretch of 37,000 ft is then 0.004 ft per day or about 1.6 ft 
per year. When degradation has progressed to the confluence 9 miles 
downstream, the rate will be about one-half this or 0.002 ft per day 
Thus, degradation proceeds at an ever decreasing rate. 
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Table 8.8.2 Data and computations for design example 3. 

Va.ta.: 

Bridge span = 500 ft 
Design discharge = 40,000 cfs 
Power plant release = 10,000 cfs for 6 hrs/day 
Original bed slope, S = 7.3 ft/mile 

Fin.al. degJW.ded !Uve.Jt 6oJtm: 
Degradation discharge = 10,000 cfs 
Bed material size = 15 mm 
Critical bed shear T = 0.24 psf c 
New width, w = 550 ft 
New slope, Sf= 4.8 ft/mile 
Degradation at crossing = 22 ft 

8.8.5 Design example 4 
In this example, the problem of aggradation will be considered. A 

dam is located eight miles downstream of the proposed crossing. The 
present width of the river at the proposed crossing is 1000 feet as shown 
in Fig. 8.8.1. The reservoir level is at Elev. 250 during the winter, with 
summer drawdowns as low as Elev. 240. The design flood level of the 
reservoir is Elev. 260. The effects of the reservoir are to increase the 
design flood stage and to cause general aggradation of the bed at the 
proposed crossing. The aggradation is considered because the design 
flood stage is superimposed on the aggraded profile. 

Aggradation occurs as the river flow slows down upon entering the 
reservoir and deposits its sediment load. The method of deposition is 
usually complex in rivers with fine sediment load, but in coarse sandbed 
rivers such as the Mainstream River the sediment is largely deposited at 
the entrance of the reservoir in a delta formation. The top slope of 
the deposit formation is generally concave as shown in Fig. 8.8.12. 
At the upstream end of the deposition, the river retains its normal bed 
slope and sediment transport rate. The sediment-carrying capacity of 
the river decreases downstream until it is almost zero at the end of 
the delta. Point a in Fig. 8.8.12 must remain at the same elevation 
as the delta moves into the reservoir. The aggraded reach lengthens 
until the reservoir is filled with sediment and sediment starts to pass 
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Ori~lnal Bed Profile 

Fig. 8.8.12 Definition diagram for aggradation from 
deposition in a reservoir. 

out with the release water. As with degradation, the increase in the bed 
elevation proceeds at a decreasing rate as the length of the aggraded 
reach grows . 

A simplified evaluation of the amount of aggradation at any point 
can be made by assuming (1) that the slope at the end of the delta is 
the maximum slope for zero sediment transport, (2) that the slope 
increases linearly until it reaches the natural slope of the river, 
and (3) that the width of the delta formation is constant. The last 
assumption is a gross oversimplification but it results in a conservative 
design. 

If the slope S at a distance x from the upstream end of the 
aggrading reach varies linearly from S to S then o a 

where the terms are defined in Fig. 8.8.12. Then the deposit thickness 
b changes according to 

X = - (S - S ) dx L o a 8.8.2 

Integrating over length x yields 

b 
J db = 
0 
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or 8.8.3 

where the slopes are considered positive and L is the length of the 
aggrading reach. Then the volume of sediment per unit width in the 
deposit is given by 

L 
J bdx = 
0 

2 
= ~(S - S ) 6 o a 8.8.4 

If sediment per unit width is supplied by the river at a rate qs' 
and deposits with a specific weight ys' including voids, then the time 
to develop the volume of aggr~dation in Eq. 8.8.4 is 

2 
t = ~(S 6 0 

y 
s ) _!. 

a q s 
8.8.5 

The downstream face of the delta moves downstream as the depth of 
deposit increases to keep point a of Fig. 8.8.12 at a constant level. 
Thus 

where b can be found from Eq. 8.8.3 with x = L, a 

8.8.6 

8.8.7 

Therefore during the time in which length L develops, the distance that 
the face of the delta moves downstream L' is given by 

b s - s a L o a L'=s=2 S 8.8.8 
0 0 

In this example, the mean five-month winter flow of 7000 cfs is 
considered to be the dominant discharge in the aggradation process. 
The river channel is 500 ft wide except at the crossing, the natural 
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slope is 1.38 ft/1000 ft and the median material size is 1 mm. The data 
for design example 4 is given in Table 8. 8. 3. The c.ha.nne.l width bt :the 
nlow a.nd ¢ecUment .tlr.a.n.l>po!Lt p!Loblem6 iA 500 n:t M oppo¢ed :to :the 1000 n:t 
a.t :the ~O¢¢~ng. This is because the 1000 ft wide reach is a short 
reach which does not affect the large scale properties of the river. 

The unit discharge in the channel is 

Q 7000 q = W = 500 = 14 cfs/ft 

Assuming that Manning's n = .025, the depth upstream of the aggrading 
reach can be calculated from Manning's equation (Eq. 2.3.20) 

3/5 = { qn } 
Yo 1 . 4865~/2 

= { (14) (. 025) } 
3
'
5 

(1.486)(0.00138) 172 

= 3.0 ft 

Thus, the velocity becomes 

g_ 14 V = = 3 . 0 = 4. 7 fps 
Yo 

The shear stress on the boundary is given by Eq. 2.3.30 

T = yRS 
0 0 

~ y y S = (62.4)(3.0)(.00138) = .26 psf 
0 0 

The stream power becomes 

-r V = (.26)(4.7) = 1.21 ft lb/sec/sq ft 
0 

With a median sieve diameter of 1.0 mm and the computed stream power 
Fig . 3. 4.1 can be used to determine the probable bed form. The bed 
would be in transition and from Table 2.3.1 (Alluvial sandbed channels), 
the assumed Manning's n of .025 is acceptable. 
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The slope for zero transport must be computed assuming the shear 
stress remains constant throughout the aggrading reach. The shear 
velocity can be written 

by definition. ' -5 2 Assuming v = 1.3 x 10 ft /sec, the grain size Reynolds 
number can be computed by 

V*D = (.37)(1)(.00328) = 93 
v (1.3)(10-5) 

Referring to Shields' diagram (Fig. 3.2 . 3), for a grain siz~ Reynolds 
number of 93, the dimensionless shear stress for incipient motion is 
.04 . That is, 

T 
.04 c = (ys - y)D 

or T = .04 (y - y)D c s 

= .04 (165.4- 62.4)(.00328) = .014 psf 

This value of shear stress should now be used to get the shear velocity, 
Reynolds number for the grain and Shields' parameter as follows 

and 

Thus 

(' 014) 1/2 = 0• 85 fps 
1.94 

V *D _ (.085) (.00328) = 21 
v (1. 3) (10-5) 

.031 
T c = -::----=-(ys - y)D 

T = .031 (165.4- 62.4)(.00328) = .010 psf c 
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Using Eq. 2.2.30 for the critical shear stress on the bed and Manning's 
equation (Eq. 2.3.20) for the critical transport conditions prevailing, 
the depth and slope at the end of the delta can be obtained as follows: 

T =yyS c 0 c 

and 1.486 5/3 s 1/2 q = n Yo c 

5/3 '( 1.486 c-.-£) 112 q = Yo n YYo 
or 

1.486 7/6 (Tc)l/2 = Yo n y 

In solving the above equation for the depth at the end of the delta, it 
is assumed that the delta is wider than the width of the river. Inspection 
of maps and aerial photos shows that the average width of the delta is 
approximately 1000 ft. Thus the unit discharge becomes 

Q 7000 q = W = 1000 = 7 cfs/ft 

It will also be assumed that Manning's n is about 0 .015 since the bed 
forms at the end of the delta should be small or nonexistent. Thus, the 
depth at the end of the delta becomes 

1/2 = { n q y }6/7 
yo 1.486 T l/2 

c 

= {(.015)(7)(62.4) 1/\6/7 = 
(1.486)(.010) 1/ 2 

The velocity becomes 

V = L = - 7- - 1. 6 fps y
0 

4.37-

4. 37 ft 
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Checking the assumptio~ of n, the stream power is 

tV= (.010)(1.6) = .016 ft lb/sec/sq ft 

According to Fig. 3.4.1, with a median fall diameter of approximately 1.0 mm, 
the bed form is flat with no transport. Table 2.3.1 (Alluvial sandbed 
channels) shows that .015 for Manning's n is a good selection. 

The slop7 for zero sediment transport at the downstream end of the 
delta is determined from Eq. 2.2.30 

t = yy Sc c 0 
t .010 or s c .000037 = -= (62.4)(4.37) = c YYo 

Thus, the slope at the end of the delta is .037 ft/1000 ft (.19ft/mile). 

Table 8.8.3 Data for design example 4. 

HydJr.a.u,U.C-6 fioJt na.twc.al. IV[vvr.: 

Slope, S = .00138(7.29 ft/mile) 
0 

Width, W = 500 ft 
Width (at crossing), We= 1000 ft 
Mean river flow, Q = 7000 cfs 
Unit discharge, q = 14 cfs/ft 
Manning's n, n = .025 
Depth of flow, y = 3.0 ft 

0 
Velocity, V = 4.7 fps 
Boundary shear stress, t

0 
= .26 psf 

H ydJr.a.u,U.C-6 6 oJt no :tJta.n.6 poJvt: 
Critical shear, t = .010 psf c 
Unit discharge, q = 7 cfs/ft 
Manning's n = 0.015 
Depth of flow, y = 4.37 ft 

0 
Velocity, V = 1.6 fps 
Slope, S = S = .000037 (.19 ft/mile) c a 

SecU.ment :tJta.n.6 poJvt: 
Rate of transport, qT = 50 tons/day/ft 

= 3,750,000 tons/yr. 
Transport deposited on delta, q = 3.750 tons/yr/ft s 
Specific weight of deposit, y = 100 pcf s 
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PMn.U.e cUmen6.ion6 when .the deLta. Jtea.c.hu .the dam: 
Distance from crossing to the dam = 42,000 ft 
Bed elevation at start of delta = El. 246 ft 
Distance from crossing to start of delta = 10,000 ft 
Movement required of delta = 32,000 ft 
Equivalent length of aggraded reach, L = 66,000 ft 
Time required to deposit material, t = 13 yrs 
Distance from beginning of deposit to the crossing = 24,000 ft 
Depth of deposit at the crossing, b = 5.8 ft 

Ta.bul.a..ted Jte6uLt6 o6 bed pJton.U.e: 
Distance x Original Deposition Aggraded Aggraded 
mi ft Bed El., ft ft Bed El., ft Bed SloEe 
0 0 292 0 292 .00138 

2.85 15,000 272 2 274 .00108 
5. 70 30,000 251 9 260 .00077 
8.50 45,000 230 20 . 5 250.5 .00047 

11.40 60,000 209 36.5 245.5 .00016 
12.50 66,000 201 45 246 .00004 

It is assumed that the delta initiates at that point at which the 
bed is 4.37 ft below the normal operating level of Elev. 250. The basis 
of this assumption is that the reservoir fills rapidly to the operating 
level and that 4.37 ft is the depth required for deposition. The depth 
for depos ition is less than this due to the slope being the average bed 
slope at the initiation of the delta. Thus, use 4.0 ft, resulting in a 
bed Elev. 246 at the initiation of the delta. With a bed elevation of 
260 ft at the crossing, the point at which the delta begins is 

~X = ~y _ 260 - 246 s- .00138 
0 

downstream of the crossing. 

::: 10,000 ft 

The dam JA 8 m.U.u oJt 42,000 6.t down6:tlte.am 
o6 .the cJr.Ohh~ng. Thus the delta must move a distance 

L' = 42,000 - 10,000 = 32,000 ft 

befor e filling the reservoir . The length of the aggrading reach when the 
reservoir i s filled is determined from Eq . 8.8.8 

s 
0 L = 2L' (S _ S ) = 

o a 
( .00138) 

(2)(32,000) (.00138- .000037) = 66,000 ft 
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The time required to fill the reservoir can be obtained from Eq. 8.8.5 
if the sediment discharge is known. 

The. J.> e.cLi.me.nt tlta.YL6 potU: c.a.n be. de;teJtm,[ne.d U6-i.ng Colby' J.> me.:thod (see 
Section 3.10.13). The Mainstream River carries very little fine sediment 
and thus k2 = 1. 0. Assuming a temperature of 60°F, k1 = 1.0. Thus 
Eq. 3.10.43 redu~es to 

Thus, even though k3 is different from 1.0, it does not enter into the 
calculations. The rate of transport can be obtained from Fig. 3.10.10. 
For the 1.0 foot depth and V = 4.7 fps, ~ = 42 tons/day/ft of width. 
For a 10.0 foot depth, ~ = 60 tons/day/ft of width. Using logarithmic 
interpol ation, ~=50 tons/day/ft of width for a depth of y

0 
= 3 ft. 

This is equivalent to 7500 tons/ft of width for the 5 months of high flow 
per year or 3,750,000 tons/year. This amount of material is deposited 
on the delta, which was assumed to average 1000 ft wide. Thus, the unit 
sediment discharge depositing on the delta is 3,750 tons/year/ft of 
width (7 ,500,000 lbs/year/ft). 

If it is assumed that the material deposits with a specific weight 
of y = 100 pcf (a good assumption for coarse sediment) Eq. 8.8.5 gives s 

L2 Ys 
t = - (S - S ) 6 o a qs 

2 
= cC66 ,~00) ~(.00138 

= 13 years 

100 
•000037)C7,500,000 ~ 

as the time required to fill the reservoir. 
The. a.ggM.ding be.d w-U..e. tt66e.c..t :the. du-i.gn fuc.ha.Jtge. ~.>:ta.ge. a;t :the. 

pltopo-6 e.d budge. ~.>lie.. The depth of aggradation at the proposed crossing 
can be obtained from Eq. 8.8.3. In this equation, x is the distance 



VIII-87 

from the upstream end of the aggrading section (66,000 ft from the dam) 
to the crossing (42,000 ft upstream from the dam). Thus, 

and 

X = 66,000 - 42,000 = 24,000 ft 

2 
X b = -(S - S ) 2L o a 

= (24,000) 2 
(2)(66,000) (.00138- .000037) = 5.8 ft 

The. depth on a.ggtr..a.c:fa.:Uon a-t .the. pMpo.6e.d CJr.0.6.6htg .fA 5. 8 ne.e..t, raising 
the bed elevation to approximately 266 feet. The effect of this on the 
flood stage must now be considered. 

The flood stage can be computed by a backwater calculation for the 
110,000 cfs design flood over the aggraded profile. Several problems 
arise because of the fact that aggradation has filled in most of the 
channel and much of the design flood will pass over the floodplain. In 
this example we will consider the floodplain to be 4000 ft in width, 
virtually flat, normal to the river and at a level 15 ft above the original 
bed. A reasonable assumption for this example is that the design flood 
is restricted to a 1000 ft wide channel at the crossing but begins imme-
diately to spread out into the floodplain downstream of the crossing. 
Also it can be assumed that the spreading is complete and the flow is 
uniformly distributed across the floodplain at the point c where delta 
formation rises above the floodplain. This occurs when the depth of 
aggradation equals 15 feet, the assumed level of the floodplain above 
the original bed level. The location of point c can be obtained from 
Eq. 8. 8. 3 

or 

2 
X b = - (S - S ) 2L o a 

X = { 2 bL }1/2 
s - s o a 

= { (2) (15) (66 ,000) }1/2 = 38,500 ft 
(.00138 - .000037) 
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Thus, point cis 66,000- 38,500 = 27,500 ft upstream from the dam. In 
this section wh~e the 6tow ~ ~pneading, the total d~~gn filood ~houtd 
be ~v~ed ~nto c.hannruzed ntow and ntoodptMn fitow and ~ epanate bac.fl-
waten c.unv~ c.omputed non eac.h. However, provision must be made to see 
that there is flow from the channel to the floodplain in just the correct 
amounts to produce backwater profiles that are identical except 
for the small lateral gradients needed to accomplish this lateral flow. 
Thus, the problem becomes complex. 

A simplification would be to arbitrarily establish the rate of 
lateral movement and then compute the backwater curve for the resulting 
channel flow. Different patterns of lateral flow could be assumed to 
see how sensitive the stage at the crossing is to this variable, a 
reasonable approach for computer work. Henun, the aMumption ~ .:tha-t 
.:the nate on Wenal ntow ~ c.o~.:tant along .:the neac.h nnom the c.no~~~ng 
.:to po~nt c.. Then the unit discharge would vary linearly from 110 cfs per 
foot width at the crossing to 27.5 cfs per foot width at point c and 
remain at that value to the dam. 

The backwater problem to be solved is one in which both unit discharge 
and bed slope are changing with distance x, complications not existing 
in the theoretical development of the backwater equation given in Section 
2.7.3. Variables are functions of both x and y and the direct 
method of specifying ~y and computing ~x is not available. It is 
assumed that .:the ~c.hange oven a g~ven ~.:tep c.an be c.o~~dened u.ninonm 
and equal .:to .:the avenage ~c.hange ~n .:the neac.h, Eq. 2.7.7 can be applied 
in a trial and error solution. This solution is shown in Table 8.8.5. 
It is further assumed in this table that the energy gradient in a given 
step is the same as occurring for the average flow conditions in the 
reach taken as steady uniform flow. So, in Eq. 2.7.7 n = n. Table 

0 
8.8.5 shows a step method in which ~x are specified rather than ~y. 

The dam face is at x = 66,000 ft, the point c is at x = 38,500 ft and 
the crossing is at x = 24,000 ft. The reservoir pool is at El. 260 
and the aggraded bed is at El. 246 at the dam so that the depth y at 
the dam is 14 ft. 
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The computational procedure in Table 8.8.4 is as follows: 
(1) Station 1 is assumed to be the location of the dam at which 

x = 66,000 ft andy = 14.00 ft are given. 
(2) Choose an increment of length, ax (the smaller the increment, 

the more accurate is the solution) and determine the upstream 
position X by us 

= 66,000 - 5000 = 61,000 ft 
where X us = the position of the upstream end of the reach 

xds = the position of the downstream end of the reach 
ax = length of the reach chosen. 

(3) Compute the average x over the reach: 
1 1 

X = 2 (xus + xds) = xds +-ax ave 2 

= ~ (61,000 + 66,000) 
= 63,500 ft 

(4) Compute the average slope over the reach using Eq. 8.8.1: 

(5) 

X 
S = S -~ (S - S ) ave o L o a 

= .00138 - 63 ,500 ( .00138 - .000037) 66,000 
= .000091 

where S = natural bed slope, 
0 

S = bed slope at the end of the delta a 
L = length of the aggradation. 

Compute the average discharge over the reach q : The ave 
average discharge is 27.5 cfs/ft until the point is reached 
at which the flow is spreading onto the floodplain (x = 
38,500 ft) after which q can be computed using ave 

38,500 - X ave qave = 27.5 cfs/ft + (38 , 500 _ 24 , 000)(110.0- 27.5) 

38,500 - xave = 27.5 cfs/ft + ( 14 ,SOO ) (82. 5 cfs/ft) 

in which q = 27.5 cfs/ft denotes the unit discharge down-
stream of complete spreading, 
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Table 8.8.4 Backwater computations f or example 4. 

X s qave 
y Yc 

X y tJ.x ave ave 0 ave ave 
Sta. ft ft ft __!!_ ft/1000 ft cfs/ft ___!!. ___!!. 

66,000 14.00 
-5,000 63,500 .08 78 27.5 10.36 2.84 

61,000 13.73 
-5,000 58,500 .1896 27.5 8.22 2.84 

3 56,000 12.98 
- 3,000 54,500 .27 10 27 . 5 7.39 2.84 

4 53,000 12 . 31 
-3,000 s1 ,sao .332 1 27.5 6.95 2.84 

5 50,000 11 .49 
-3,000 48,500 . 3931 27 . 5 6.6 1 2.84 

6 47,000 10 . 54 
- 3,000 45,500 .4541 27 . 5 6 .33 2.84 

44,000 9 . 51 
-2,000 43,000 .5050 27 .5 6.13 2.84 

8 42,000 8 . 48 
-2,000 41,000 .5457 27. 5 5 . 99 2 . 84 

9 40,000 7 . 56 
-1,500 39,250 . 5813 27.5 5 .88 2.84 

10 38,500 7. 12 
-1,500 37,750 . 6118 31.77 6 . 31 3 . 12 

11 37,000 6.87 
-2,000 36,000 .6475 41.72 7. 31 3 . 74 

12 35,000 7.10 
-2,000 34,000 .6882 53.10 8.29 4.38 

13 33,000 7.8 1 
-3,000 31,500 .7390 67 . 33 9 . 36 5. 13 

14 30,000 9 . 01 
-3,000 28,500 .8000 84.40 10.46 5.95 

15 27,000 10.10 
-3,000 25,500 .8611 101 .47 11.43 6. 72 

16 24,000 11.10 
-3, 000 22,500 .9221 110 .00 11.76 7 .09 

17 21,000 11. 57 
-3 , 000 19,500 .9832 110 . 00 11.53 7 .09 

18 18,000 11.55 
-3,000 16,500 1. 044 110.00 11 .33 7 . 09 

19 15,000 11.39 
-3,000 13,500 1.105 110.00 11.13 7.09 

20 12 ,000 11.20 
-3,000 10,500 1.166 110 . 00 10 .96 7.09 

21 9,000 11.01 
- 3,000 7,500 1. 227 110.00 10.79 7 . 09 

22 6,000 10.82 
-3,000 4,500 1.244 110.00 10 .75 7 . 09 

23 3,000 10 .76 
-3,000 1,500 1 . 345 110.00 10 .49 7.09 

24 0 10.51 

---·- ----------·----------·-··---···----· 
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q = 110.0 cfs/ft denotes the unit discharge up-
stream of the initiation of spreading which 
occurs at the bridge site 

x = 38,500 ft indicates the location of the 
completion of the spreading of the flow 

x = 24,000 ft marks the location of the crossing 
which is where the spreading of the flow starts. 

(6) Compute the normal depth for the reach y
0 

using Manning's 

(7) 

(8) 

equation (Eq. 2.3.20): ave 

n qave 3/5 
Yo = {1.486 1/2} 

ave s ave 

= {"025 
1.486 

2. 75 }3/5 
(.000091) 172 

= 10.27 ft 
Compute the critical depth for the reach yc 

ave 

Yc = 3/c 2 I qave g 
ave 

= 3/c27 .5) 2 /32.2 

= 2. 86 ft 

Assume a depth of flow at the upstream end of the reach 
and compute the resulting average depth over the reach 

Y* - 1( * ) ave 2 Y us + Y ds 

where 

1 = 2 (14.00 + 14.00) 

= 14.00 ft 
Y* = the average depth in the reach based on an ave 

assumed upstream depth 
y* = the assumed upstream depth us 
yds = the known downstream depth 

y* us 
y* . ave· 
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(9) Compute the following quantities : 
yo 

{l _ ( *ave)l0/3} = {l _ (10.27)10/3} = 0•644 
y ave 14.00 

and yc 
{1 - ( y:ve)3} = {1 - ci4~~0)3} = 0.992 

ave 
(10) Compute the change in depth over the reach Ay using Eq. 2.7.7: 

(11) 

Yo 
1 - ( *ave)l0/3 

Ay = s AX { Y ave } ave yc 
1 - ( *ave) 3 

Y ave 

= (. 000091) (-5000) {.644} 
.992 

= -0.30 f t 
Compute the upstream depth of flow y us 

Yus = Yds + Ay 
= 14 . 00 + (-.30) 
= 13.70 ft 

and check against the assumed value y* : us 

y = 13. 70, y* = 14.00 us us 

If the assumed depth and computed depth are approximately equal 
(y* ~ y ), the computations for that reach are complete and yus us us 
becomes the known downstream depth for the next reach. 
Succeeding steps are performed in the same manner. In each case, 

the appropriate unit discharge and bed slope is determined first. Then 
the upstream depth is computed. 

As shown in Fig. 8. 8.13, the. ba.c.k.wa.teJL c.uJtv.e. JJ., c.omple.x. From the 
dam (x = 66 , 000 ft) to x = 37,000 ft, the water surface profile is type 
Ml (see Table 2.7.1 and Fig. 2.7.2). Then from x = 37,000 ft to 
x = 20,000 f t, the water surface profile is type M2. The proposed 
crossing is in this reach. Upstream of station x = 20,000 ft, the 
backwater curve is again type Ml. Normal depth is reached at x = 0 ft. 
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Fig. 8.8.13 Backwater with aggradation. 

70 

The depth of flow at the crossing becomes 11 ft. Considering the 
original bed at the crossing was at E1. 260, the aggradation at the 
crossing was computed to be 5.8 ft and the depth of flow is 11 ft, the 
~-tage non the d~~gn nlood beQom~ El . 277. The resulting velocity at 
the crossing is 10 fps. 

Considering the increased stage due to the backwater superimposed 
on the aggraded bed resulting from the downstream dam, the pnopo~ed 
b~ge ~~e ~ a poon ene. The river can become perched and very 
unstable in its location. If it is possible to route the highway 4 or 
more miles upstream, the problem of the increased stage can be 
alleviated. 
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The type of information in Keeley's report and Wacker's files is of 
great benefit to highway and river engineers. The information shows the 
many interactions between rivers and highway structures. It is proof that 
rivers are dynamic, moving back and forth across floodplains, lying dormant 
through years of low flows and then breaking out of their banks to recarve 
the form of the immediate landscape includ i ng, at times, the highway 
structures. 

The dynamic features of rivers and river systems and the natural 
beauty of the river scenery make the design of highways in the river 
environment one of the most challenging and stimulating of all 
engineering designs. 
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