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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 design, 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. Encroachment 48 any occupancy of the rniver and gLood-
plain for highway use. 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. Encroachments
ane usually no problem during nowmal fLows but require special protection
agaimst gLoods. 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 encroachment can be in the form of earth
§4LL embankments over the gloodplain orn into the main channel itself,
reducing the required bridge Length; or in the form of piens and abut-
ments Ain the main channel of the river.

There are also longitudinal encroachments not connected with river
croséings. 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, highways, including inter-
changes, often encroach on a fLoodplain over Long distances. 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, ndivers can also be classified as
eithen braided, straight on meandening. The character of each classifi-

cation is shown in Fig. 1.2.1. Braided rivers may be quite stable to the



I-3

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 sinuosity is a measure of this meandering feature. The
sinuosity s defined as the natio of the Length of the niver's thalweg %o
the Rength of the valley proper. The thalweg is the path of deepest
§Low. 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.

Broided Straight Meandering

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 illustrated in Fig. 1.2.2
are commonly used depending on the conditions at the site. The approaches
may be skewed on normal (perpendicular) to the direction of §Low, or one
approach may be Longer than the other, producing an eccentric crossing.
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

L-A' ,i

‘11111/11/1,77-

- Saction A—A' Section A—A'

(a) Sptil — through (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 design procedures include allow-
ances made fon the effects of skewness, eccentricity, scour, abutment
setback, channel shape, submergence of the superstructure, debris,



spurn dikes, wind waves, Lce, piens, abutment types, and §Low conditions.
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,
an alluvial rnivern generally is continually changing £ts position and
shape as a consequence of hydraulic forces acting on its bed and banks.
These changes may be sLow or rapid and may result grom natural environ-
mental changes on grom changes by man's activities. 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 demcnstrate 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 stable. Nevertheless stability cannot be auto-
matically assumed. Riverns are, 4n fact, the most actively changing 0§
all geomornphic fonms.

Evidence from several sources demonstrate that river channels are
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.

1968 8B4

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

In alluvial nivern systems, it 48 the nule nather than the excep-
tion that banks will erode, sediments will be deposited and §Lood-
plains, islands, and side channels will undergo modification with time.



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 significant 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 are not
considered as cause of modern river instability. The movement 0§ the
eanth's crust is one geologic agent causing modern nivern instability.
The earth's surface in many parts of the world is undergoing continuous
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 shown 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 actually 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.

Long-term climatic §luctuations have caused major changes of river
morphology. 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 duting a
period of several yearns, neithen neotectonics nor a proghessive climate
change will have a detectable ingluence on niver character and behavion.
What then causes a stable nivern fo appearn nelatively unstable grom the
point of view of the highway engineer on the environmentalist? 1t is
the sLow but implacable shift of a niver channel through erosion and
deposition at bends, the shift of a channel fo form chutes and islands,
and the cutoff of a bend fo form oxbow Lakes. Wolman and Leopold (1957)
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state that lateral migration rates are highly variable; that is, a river
may maintain a stable position for long periods and then experience
rapid movement. 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,
158 to 630 feet per year.

Archaeologists 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 behavion of perennial streams 45 impressive,
the modification of nivers in anid and semianid regions and especially
of ephemeral (fLowing occasionally) sirneam channels is startling. 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 Plains.
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 essentially 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 Coiumbus, Kentucky. The barge induced
deposition in the chute and an island formed. 1In 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 the 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
and 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.

Meondering Thaiweg
Channel

Thalweg

Sinuosity —e=

L]

e T T

Meondering Combination of
Thalweg Chonnel Meandering &  Broided Channel
Broided

Straight

Slope —~e
Fig. 1.3,2 Sinuosity vs. slope with constant 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 inversely
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 significantly different channel dimensions, shapes, and patterns
associated with difgerent quantities of discharge and amounts of sediment
Load indicate that as these independent variables change, mafor adjust-
ments of channel mornphology can be anticipated. 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 example, 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 af 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 méy 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 methods of predicting response are employed. They are the
physical and the mathematical models. Engineers have long used small
scale hydraulic models to assist them in anticipating the effect of
altering conditions in 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 environmental 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, contractions due to the construction of
encroachments generally cause general and Local scouwr, and the sediments
nemoved grom this Location are usually dropped in the immediate neach
downstream. 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 crossings 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. When 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.

As a consequence of comstrwetion, many areas become highly susceptible
fo enosion. 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 suspended fine sediments can have very significant effects on
the biomass of the sirneam. 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 utilize 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 1life and often it is difficult to get the food chain re-
established in the system.

Comstruction and operation of highways in watern-supply waternsheds
present very real probLems and require special precautionary designs Zo
protect the water supplies grom highway resdidue. 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 openings. 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 lengths
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 tributaries, bank instabili-
ties are induced and the sediment loads are 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 responscs of rivers and
river systems to the construction of bridges, approaches, channel sta-
bilization and the utilization of training works have becen mentioned,
1t i necessarny also to considen the effects of highway structures on
niver development works. These works may include, for cxample, 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. It is essential to
consider the possible or probable long-term plans of all 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



I-19

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 ultimately
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 deita. 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, Elephant Butfe Reservo.ir, buili on the Rio Grande,
has caused the Rio Grande to aggrade many miles upsiream of the reservoin
A4ite. 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, there 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 where the channel 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 significaﬁt 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. 1In 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.

As the preservation of environmental quality has become a matter of
national internest and prionity, the decisions made on the Location,
design and construction of an encroachment should, as far as possible,
avoid orn minimize the advernse effects on the quality of the environment,
including effects on scenic, natwwk, histornical, archaeological,
recreational and social values and resournces of the profect area. 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 §i{nst step 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 inventory 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 second step 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 thind step 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 reaches 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 minimize 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) 1Identifying 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

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)

(2)

(3)
(4)
(5)
(6)

)

(8)

(9

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

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

Timing the clearing operation to minimize damage to critical
areas,

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

Controlling the air-emission pollution from all construction
vehicles.

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

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

Consulting with the land management agencies and complying with
their requirements.

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 equilibrium 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 understanding 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 §luvial processes involved are very complicated and the variablLes
of Ampontance are difficult to isolate. 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 look
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 sizes. 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 exists. 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, available concepts and theories which can be applied
to the behavion of nivers are extensive. 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 number of individuals who are cognizant of existing
theory and can apply it successfully to the solution of river problems 48
Limited. 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 except 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. Research needs are
particularnly urgent and promise a rather quick neturn. 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 to improve the curriculum of university education
made available to engineers particularly at the undergraduate level.

At the very minimum such a curriculum 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
ithis 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 directionms.

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 uniform §Low, the depth and discharge
hemain constant with respect to space. Also, the velocity at a given
depth is the same everywhere. In steady fLow, no change ocewrs with
respect to time. In Laminan §Low, the flow field can be characterized
by layers of fluid, one layer not mixing with adjacent ones. Turbulent
glow on the other hand is characterized by random fluid motion. Tranquil
§Low is distinguished from napid §Low by a dimensionless number called
the Froude number, Fr. 1§ Fr < 1, the §Low 48 tranquil; if Fr > 1, the
§Low is napid, and i§ Frn = 1, the §Low 4is called crnifical.

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

Velocity: 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

« s 3%, o . 92 21,1

Vet T or o

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

Accelenration: Acceleration is the time rate of change of the
velocity vector, either of magnitude or direction or both. Mathematically,
acceleration is expressed by the total derivative of the velocity vector
or
a(vﬁ)

2
dvs dvn avs a(vs) : av
an

E: + == + n+l
Dt dt dt at 9s ot 2

2olsk

Nll—l

where the subscript s is along the streamline and n refers to the
direction normal to the streamline. The fangential acceleration

component is

2
v a(v))
R T | s
S "% T o Falad
and the nommal acceleration component is
V.
jretpie- ] 9 2
275 7w N

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
Local acceleration. The second term in each equation is the change in
velocity, both magnitude and direction, with distance, This is called
convective acceleration.

Unigorm §Low: In uniform flow, there is no change in velocity

along a streamline with distance; that is,

avs

TR
and avn

m——) =)

an
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Nonuniform gLow: In nonuniform flow, velocity varies with position

o)
ov
s
9s #0
and avn
on ¥.9

Flow around a bend (avnlan # 0) and flow in expansions or contractions
(Bvs[as # 0) are examples of nonuniform flow.

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

v

e . 0
and

an s 5

at

Unsteady §Low: In unsteady flow, the velocity at a point varies
with time so
s
at
and
5y
at
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.
Laminar §Low: In laminar flow, the mixing of the fluid and momentum
transfer is by molecular activity.
Turbulent §Low: In turbulent flow the mixing of the fluid and momentum
transfer is by random fluctuations of finite "lumps" of fluid.
The flow is laminar or turbulent depending on the value of the
Reynolds number (Re = EEE-, which is a dimensionless ratio of the

inertial forces to the viscous forces. Here p and yu are the density



11-4

and dynamic viscosity of the fluid, V is the fluid velocity and L 1is a
characteristic dimension, usually the depth in open channel flow. In
laminar flow, viscous forces are dominant and Re 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 hydraulically smooth boundarny (see
Section 2.3.2), viscous forces near the boundary are the dominant resis-
tance to flow. With a hydraulically rough boundary, 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. :

Tranquil §Low: 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//gL),
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 vgL) propagate upstream as well as down-
stream. Control of tranquil flow depth is always downstream.

Rapid fLow: 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 conservation of mass,
(2) the conservation of Linear momentum, and (3) the conservation of
energy. 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 acceleration 4is
primarnily in one direction, 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-dimensional §Low and the
derivations of the equations utilize a control volume. A control volume
48 an 4so0lated volume in the body of the §fuid, through which mass,
momentum, and energy can be convected. 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 river 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.

Fig. 2.2.1 A river reach as a control volume.

The statement of the conservation of mass for this control volume

Mass flux Mass flux Time rate of change
out of the - into the + in mass in the
control volume control volume control volume

1]
o
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Mass can entern on Leave the controf volume through any on all of the
control volume surfaces. 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
can

differential area dA, is P,V dAz. The values of Py and Vv

vary from position tozposition across the width and throughout tﬁe
depth of flow at section 2. The total mass flux out of the control
volume at section 2 is the sum of all Vs dAZ through the
differential areas that make up the cross-section area A2, and may

be written as

Therefore

Mass flux
out of the = ] p,v, dA

control volume Az a2 2

Similarly

Mass flux
into the = I
control volume A

Pyvy Ay
1
The amount of mass inside a differential volume dV¥ inside the control

volume is

p d¥
and the total mass inside the control volume V is then the sum of the

mass inside or

Mass inside
the =} pdv
control volume ¥
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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

d

= {] p av}
- ¢

so that

Time rate of change 5
in mass in the == {Z p dv}
control volume V¥

For the reach of river, the statement of the conservation of mass

becomes

) P,y dAz - A dA1 + %E {J] padv¥}=0 2.2.1
¥

s %

It is often convenient to work with average conditions at a cross

section so we define an average velocity V such that

vazl va 2:2.2
A .
or in integral form,

V =

e

[ va 2.2.8
A

The velocity V is the average velocity at the cross section.
If the density of the fluid does not change from position to position

in a cross section or in the reach, Py =Py =P When the flow is steady

3
= {] pdvl=0
3t E

and Eq. 2.2.1 reduces to the statement that inflow equals outflow or

pV2A2 - le = 0



II-8

That is,

VA = VA, =Q 2.2.4

where Q is the volume flow rate or the discharge.

Eq. 2.2.4 is the familiar form of the conservation of mass
equation forn niver §Lows. 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.

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 Flux of momentum
out of the control - into the
volume control volume
Time rate of Sum of the forces
+ change of momentum = acting on the fluid in

in the control volume the control volume
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The Zenms in the statement are vectorns 50 we must be concerned with
dinection as well as magnitude.

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 dAz is

PoVy Ay vy
Here Py Vy dAz is the mass flux (mass per unit of time) and Py dAz v,

is the momentum flux through the area dAz. The total momentum flux

out through section 2 is

A
SO Flux of momentum
out of the control = ) Py, dA2 v,
volume Az

Similarly, at the inflow section (section 1)
Flux of momentum
into the = Z P1Vy dAl v

control volume A

The amount of momentum in the control volume is

E pv d¥
¥
so
Time rate of 5
change of momentum =" 5% {Z pv d¥}
in the control volume y

At the upstream section, the force acting on the differential area

dAl of the control volume is

Py
where P 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

E P A,
1

Similarly, at section 2, the total force is

-Ez P, dA;
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

-1 P dx
0

where T 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

d
E V5V, dA2 -; P1V1Yy dAl - {é pv dv}

2 1
=) p,dA; - ) p,dA, - T P dx 2.2.5
A Ay

In the limit, the summations can be replaced with integrals so that

Eq. 2.2.5 becomes

2 2 ]
{ Py Yy dAz - { PyV] dAl * 5 {£ pv dv}
2 2
=f p,dA -[ p,dA, - TP dx 2.2.6
Al 1 1 Az 2 2 0

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 B 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
B=— [ ov° dA 2.2.7
A

which reduces to

g e [ vEdA 2.2.8
A

if there is no variation in fluid density at a cross section. By

assuming 01 =Py =P Eg. 2.2.6 is reduced to

2 2 d
PBV, A, - pBVI A + p o= {i v dv}
= { p, dA - [ p, dA, - T P dx 2.2.9
1 A
If the flow is steady
L {fvavr=0 2.2.10
at v - -

The pressure force and shear force terms on the right-hand side of

Eq. 2.2.10 are usually abbreviated as ) Fx or
1P = { py A - [ b, dA, ~ 7P dx 2.2.11
1 .
Then, for steady flow of constant density fluid, the conservation of

momentum equation becomes

2 2o
pBV, A, = pB.VS A, = ) F_ 2.2.12

For steady flow with constant density, the conservation of mass equation

(Eq. 2.2.4) was

VA, = VA, = Q

With this expression, the sfeady flow conservation of Linear momentum
equation takes on the familior gomm

PQ (B,V, - B,V,) = ) F 22,15
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2.2.4 Conservation of energy
The Finst Law of Theumodynamics can be written

. L] X dE
Q-W= x 2.2.14
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
surroundings
E = the energy of the system

Then dE/dt is the rate of change of energy in the system.
The statement of conservation of energy for a control volume is
then

Flux of energy Flux of energy
out of the - into the
control volume control volume

Time rate of il
+ change of energy =Q-W
in the control volume

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 bounded by streamlines through which no mass or

momentum enters.

Control
Volume

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 = 0,8, dAz v,
control volume
and
Flux of energy
into the =08 dA1 vy

control volume

Here e is the energy per unit of mass. Accordingly, the total energy
in a control volume of size V¥ is
E=[ pedv 2,2.18
¥
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,
Q=0 2.2.16

The work done by the fluid in the control volume on its surroundings
can be in the form of pressure work Wp, shear work W, or shaft
work (mechanical work) WS. For the streamtube shown in Fig. 2.2.3, no
shaft work is involved.

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

Y

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

2’
P, dA, v,

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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W = P, dAz v

b - Py dA1 v 2.2.17

2 1

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

ﬁT = 1P dx v 2.2.18

where 1t 1is 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

P&V, dA2 - plelvl dAl = plvldA1 - PV, dAz - 1Pv dx 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)

v, dA2 =V dAl = dQ

and
Py =0y =0 . 2.2.20

Now Eq. 2.2.19 reduces to

(ee; *+ py)dQ - (ee, + p,)dQ = 7Pv dx 2.2.21

The energy per unit mass e 1is the sum of the internal, kinetic

and potential energies or
2

e=u+§_+ 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

the acceleration due to gravity

n

the elevation above some arbitrary reference level.

This expression for e is substituted in Eq. 2.2.21 to yield

2 2
v P v p
1 1 _ 2 2 . tPvdx
ul + f_-1- gzl + p_-- 1_;2 + 2 + gzz + 5 + de 2.2.23

By dividing through by g and calling the term

g | , TPvdx
g pgdQ
the head loss hg, the energy equation for the streamtube becomes
Vi Py Vg Py . 5
E-p.".'_q-zl_.ﬁq-r-’- zz-i- " «2.24

1§ there 48 no shear strness on the streamtube boundary and if there 48
no change in internal energy (u, = u,), Zthe enengy equation reduces Zo

2.2.25

v2 P
1 1
2g & :

Vg P2

" 7Y "2
which is the Bernouwlli 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_l-i-g.}_'.-l-z)vdA
2g v i I I |
”g Py
= (§§-+ ;—-+ zz) v, dAz + hg vdA 2.2.26
because vy dAl =V, dA2 = vdA
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for the streamtube. By summing the energies in all the streamtubes

making up the reach of river, we can write

aVe B s N2 &
11 5 — 22 2 =,
T * r+ zl = %% + Y.__.-l- z2 + HL s oMl by

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 ey o
f(-g—é—-i-g--t z) vdA:{gg—wE--r'z‘}Q 2:2.28
A

where a is the kinetic energy correction gacton defined by the
expression

o= — [viar 2.2.29
3
VA A
to allow the use of average velocity V rather than point velocity v.

The average pressure over the cross section is E} defined as

p= %K‘ [ pvda 2.2.30
A
The term 2z is the average elevation of the cross section defined by the
expression
Teds [z vk 2.2.31
VA A . -

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

Q= [ vda 2.2.32
A
e
Also H = gr { h, vdA 2.2,33

In summary, fhe expression for conservation of energy gor steady
flow in a reach of river is written

2
%V

2g

a V2 P
SR e PR 2.2.34

A kil el 2ty

«|;p|
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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 Zz is
at the centrecid 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 the terms in 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

5 ox
£ Gem = F 2.2.35

In steady uniform flow (and for zero flow), the acceleration is zero and
we obtain the equation of hydrostatics

$-+ z = Constant 2.2.36

However, when there is acceleration, the piezometric head varies in the
flow. That is, the piezometric head is not constant in the flow. This
is illustrated in Fig. 2.2.4. In Fig. 2.2.4a the pressure at the bed is
equal to Y, whereas in the curvilinear flow (Fig. 2.2.4b) the pres-
sure is larger than : p 58 because of the acceleration resulting from a

change in direction,

» Plezomater Piezometer .
Ay
e 2ﬁz”””322nz# :
(a) Steady uniform flow {b) Steady nonuniform flow

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

In general, when fluid acceleration is small (as in gradually
varied flow) the pressure distribution is considered hydrostatic,
However, for rapidly varying flow 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
$-= y cosé@ 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, 6 is small and

cosd = 1,

o

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

2.3.0 STEADY UNIFORM FLOW

2.3.1 Introduction

In steady, uniform open channel §Low there are no accelerations,
stneamlines arne sinaight and parallel, and the pressure distribution 4is
hydrostatic. The slope of the water surface S and the bed surface

So and the energy gradient Sg 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

Fig. 2.3.1 Steady uniform flow in a unit width channel.

The pressure at any point y below the surface is y cos6. Then

according to Eq. 2.2.30

1
- 1
p=———fyycosev dy
1 Vlyl & 1

Assuming only small variations in the point velocity

— Yy, cosé

Py B3
Similarly

_ oy, cosd

By 7%
Also according to Eq. 2.2.31

. y, cosé

;i - S
and » Yy, cosé

Gt Ml

With the above expressions for ﬁi, Eé, E&, and

equation for this control volume reduces to

y,cos@ y,cos6
+ 1 + Z. * 1 =

2
1 Vz ; y,C0s8
28 2 1 2

%a
2o 2 2

v with vy,

Eé the energy
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or

o VZ o VZ
11, .COoS6 + z, = 22
38 1 ks 7

+ yzcose ek Hed HL
For most natural channels 6 is small and y cos® = y. The velocity
distribution in the vertical is normally a log function for which

~ o, = 1. Then the energy equation becomes

Uy 2

+y2+22+H 231

l\.)|<
Q| = N

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

respectively
Z.-2
TS
S0 = sind = AL 2.5.2
S = i L 2,5.5
w AL A
and V2 V2
1 2
H Gz v ¥y ¥ 23 = =%y, v 5)
I 1 1 2 2 2
Sf o N 2.3.4

Steady uniform flow is an idealized concept for open channel
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
(5) the shear stress, both local 1t and at the bed Ty The variables

through the reach, and

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 T 1is 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 boundary {8 hydraulically
smooth; 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

|

Velocity Profile

Fig. 2.3.2 Hydraulically smooth boundary.

laminar sublayer is ¢&'. In laminar flow, the shear stress at the

boundary is

T p(a§3y=0 235

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

When the boundany 44 hydraulically nrough, there is no viscous or
laminar sublayer. The paths of fluid particles in the vicinity of

the boundary are shown in Fig. 2.3.3.

Ve \______,//—-——“\‘\—-———— bl
SoF e N P, ST
e ) // . ’/’f#-::) e i
: D i

Z

Boundary 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 random fluctuation in velocity is called
funbulence. For the hydraulically rough boundary,

e o dv
o’ Y3y

so another method of expressing TS is required. So far, the only
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 vy as well as a horizontal

component 'Vx .

Path ! g Tes dy
a///H (o \</‘ y . /) ‘);{
Vy

—

- Vi \\ // }..._.il d
Bay
\_,/’/ﬁ ’ﬁ\‘u- . \J/ /

e 07

(a) Path of the particle (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

L 1
V. = Vv _+ vV ; 2,3.6
b 4 X X

and

) |l
Y + v 2.3.7

V
y p £ ¥

vwhere ?; and V. 'are the ?ime-averaged mean velocities in the x and
y direction and Y and vy are the fluctuating components.

Through experimental correlations it has been found that the boundary
shean stness fon turbulent §Low at the boundary is
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T
To = <PV VY 2.3.8

TR ' '
The term vxvy is the time-average of the product of Ve and Vy at

a point in the flow. It is called the Reynolds shear stress.

Prandtl (1925) suggested that v and v; are related and
furthermore that v is related to the velocity gradient dv/dy shown
in Fig. 2.3.4. He proposed to characterize the turbulence with a
dimension called the "mixing length', 2. Accordingly,

I« dv
Ve v g (EF 2.3.9

b dv

v g (5= 25
vy (dy 3.10
and
2 dv,2

T N (E§a 2.3.11

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

T = 2 A G?q 2Bl 2

Using different reasoning Von Karman (1930) derived the same equation.

Eq. 2.3.12 can be rearranged to the form

vt /o
(o]
e, = 2,813
aY

where « is the Von Karman universal velocity coefficient. For rigid
boundaries x has the average value of 0.4. The term Ty is the
shear stress at the bed. The term (10/031/2 has the dimensions of
velocity and is called the shear velocity. Integration of 2.3.13
yields

log L- 2.3.14
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Here 1n is the logarithm to the base e and log is the 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) Hydrnaulically smooth boundary turbulent g§low 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 &' is equal to 11.6v/f?;73, y'! = §'/107.

(2) Hydrauwlically rough boundarny turbulent §Low where velocity
distribution, mean velocity and resistance to flow are independent of
viscosity and depend entirely on the boundary roughness. For this
case, y' = ks/30.2 where ks is the height of the roughness element.

(3) Transition where the velocity distribution, mean velocity
and resistance to flow depends on both fluid viscosity and boundary

roughness. Then

k

! ' S
T AR =)

There are many forms of Eq. 2.3.14 depending on the experimentél
and the method of expressing y'. In this manual, the Einstein method
of expressing y' is employed. The Einsfein form of the Karman-
Prandtl velocity distrnibution, mean velocity and hresistance to fLow
equations are:

A -
¥ = 5.75 log (30.2 l’g—) = 2.5 In (30.2 %SZ) 2.3.15
Xy Xy
‘\",—= €= 5.75 1og (12.27 ) = 2.5 In (12.27 =) 223,16
* Vo k
g s s
where
= a coefficient given in Fig. 2.3.5
L the height of the roughness elements. For sand channels,

ks is the D of the bed material

65
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the local mean velocity at depth y
the depth of flow
the depth-averaged velocity

the shear velocity Jtofp and for steady uniform flow is

VgRSf

the shear stress at the boundary and for steady uniform flow

YRSf

the hydraulic radius equal to the area divided by the wetted
perimeter.

the slope of the energy gradeline
the thickness of the viscous sublayer

11.6v

T 2:.3:17
the Chezy discharge coefficient in the equation

ofRS; or €= G&)2 2.3.18

the Darcy-Weisbach resistance coefficient and is given by
the expression

810
£ = —r 2.3.19

Hydraulically Rough Wall

1 | 1 1 T ] 1 L1

1 10 100
T
ksfﬁ

Fig. 2.3.5 Einstein's multiplication factor x in the

logarithmic velocity equations (Einstein, 1950).
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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
empinical approach to determine mean velocities Ain nivens has been
prevalent. Two such empirical equations are in common use. They are

Manning's equation

V = 1.486 R2/3 S 1/2 2.3.20
n f
and Chezy's equation
Ve Gri 2 g 12 28,21
where
V = the average velocity in the cross section
n = Manning's roughness coefficient
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—'%‘5-9 r1/6 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.

Over many decades, a catalog of values of Manning's n and
Chezy's C has been assembled 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 given 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)lf

Tranquil flow, Fr < 1
plane bed
ripples
dunes
washed out dunes or transition

plane bed
Rapid flow, Fr = 1
standing waves

antidunes

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

1/

—Data is limited to sand channels with D < 1.0 mm,

50

2.3.4 Average boundary shear stress

The shear stress at the boundary L for steady uniform flow is

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 Mass flux Time rate of change
out of the - into the + in mass in the =0
control volume control volume control volume
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and the statement of the conservation of linear momentum is

Momentum flux Momentum flux
out of the - into the
control volume control volume
Time rate of change Sum of the forces
+ of momentum in the = acting on the fluid in
control volume the control volume

Control volume

Fig. 2.3.6 Control volume for steady uniform flow.

As the flow is steady

Time rate of change
in mass and momentum in = 0,
the control volume

Mass flux
into the = pyow Vl
control volume
and
Mass flux
out of the = pyow V2

control volume
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The conservation of mass is then
pyow Vz - pyow Vl =0
or V, =V 25,23

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

Momentum flux
out of the = sz yoW Vv

control volume 2

where pV, is the momentum of a unit volume at the outflow section, and

2
yOW is the outflow cross-section area.

Similarly

Momentum flux
into the = pV

yow v
control volume

1 1

The pressure force acting on the control boundary at the upstream

section is
Yo
o

As the flowlines are parallel

Py =YY
Yo Yyi W

so Bye [ Wy dy = > 2.3.24
o

Similarly at the downstream section the force acting on the boundary
is
2
Yo W

5 = > 2.5.25

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

YAL
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and the downstream component of this body force is

YAL sin®
where 6 1is the slope angle of the channel bed. The average boundary
shear stress is Ts acting on the wetted perimeter P. The shear force

Fs in the x-direction is

F_ = t PL 2.3.26
s 0

With the above expressions for the components, the statement of

conservation of linear momentum becomes

szyow Vz - leyoW Vl = yAL sin®

- 1 PL 2.35.27
o
which reduces to
A .
T B Y §-51n8 2.3.28

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

angle is small
sinf = S0 2+9:29

and the average shear stness on the boundary Ais

T_ = YRS 2.3.30
0 0]

If the flow is gradually varied nonuniform flow, the average

boundary shear stress is

T, = YRS, : 2.3.51

where S¢ is the slope of the energy gradeline.
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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 rumoff 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

2.4.1

Fig. 2.4.1 Definition sketch for small amplitude waves,

For deep water waves (short waves)

y
o) 1
Ty
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and

= (8172
€= {==] 2.4.2

For shallow water waves (long waves)

Yo
X

Eﬂhﬂ

<

and

Cn {gy0}1/2 2.4.3

If T 1is the time (period) of travel of one water crest to another at
a given point, then

2.4.4

| >

C =

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, %—<< 15

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

0, * 2a)” 1/2

C = ‘[m gyo} 2.4.5
When 2a is small in comparison to Yo
Ew il w i o P 2.4.6

y 0
0
Generally as 2a/yo approaches unity the crest develops a sharp
peak and breaks.
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,
Y = ngo
The definition of the Froude number is
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2.4.8

Thus, the Froude number 48 ithe natio of the velocity of §Low to the
celernity of a small-amplitude 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
unity, the surge has an undulating wave form. If Za/yo is greater than
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),

Control volume

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

the equation y. y
¢ =y I == L2 F P 2.4.9
I ~2 Y1 N

for the velocity of the surge can be derived.
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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. Equation 2.4.9 is approximately correct for the
celerity of the negative surge if the height of the surge is small
compared to.the depth. As it moves upstream a negative surge quickly
flattens out,

2.4.3 Hydraulic jump

When the oncoming velocity of flow is rapid or supercritical the
surge is a moving hydraulic jump. When Vl 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

v
Sl Fr, = {%_2 2+ 1)}1/2 2.4.10
/gy, LiE T

or
y
2.YiassmdHl2 0 gy 2.4.11
Y1 2 1

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
Shallow §Low on steep sLopes may surge or pulsate. 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 fLow through nelatively short transitions where the fLow As
unigorm before and after the transition can be analyzed using zthe
Bernoulli 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.

Transitions are used to contract on expand a channel width
(Fig. 2.5.1a); o increase on decrease in bottom elevation (Fig. 2.5.1b);
on 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. 2.5.1b is

2 2
Vl V2

EE—+ ¥y = §E-+ e Az 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 + Az 2552
where V2

H=E+y 2.50,.3

The tenm H 4is called the specific head and is the height of the total
head above the channef 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 conditions 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 vy
vary (Fig. 2.5.1b). In the second, the width changes and the elevation

of the stream bed (neglecting the slope) is constant; that is, H is 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

H = —SE§-+ 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. There are two possible depths called alternate depths for any
H Rangen than a specific minimum. 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 e and the corresponding
velocity, the critical velocity L q/yc. To determine Ye the
derivative of H with respect to y is set equal to 0.

y
q9<q,<q
N, e e
2g 2
LH
Ye q,
Yo \ q 2
} Hs-v—-i-y
29

Fig. 2.5.2 Specific head diagram.

2
gE.= el lad 9v 85
y 5
gy
and
q = (gyi)”2 2.5.6
or

2.5.7

N|<:
Mo N

2
v = G -2



II-39

2
Note that Vc ™ Y8 2.5.8
or Vc
s 1 2.5.9
vgy
c
But Xnpr 2.5.10
/gy 2
el -3
Also H,o = = ¥, o Y 25,31

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

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 Hl where
the given rate of flow is physically possible. If the rise in the bed
is increased beyond Az« for Hmin then the approaching flow depth

Y1 would have to increase (increasing H) or the flow would have to be
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decreased. Thus, for a given §Low in a channel, a nise in the bed Level

can oceur up Zo a Az o without causing backwater.

253 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

i

Tranquil Fr<l|

H = Qmox r

tant
Eaatan Ropid Fr>l

e

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 B Eq. 2.5.4 is
rearranged to obtain

q = yv/2g(H-y) 2.5,12

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

_ g (2H-3y)

gﬁ- 0 _‘/gj -—-——%75 2.5.13
(H-y)
2

g Wy
ZH=25 2.5.14

from which y

:

or Vv S B

Cc Cc

Thus for maximum discharge at constant H, the Froude number is 1.0 and

the flow is critical. From this

v2 qi
3 TR oy € - ax,1/3
P ™ g'H = 2 T (-E-—J 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
foot of width q is a maximum, and ¥ is %-H. A further decrease

in width causes backwater. That is, an increase in y, upstream to get

a larger specific energy and increase Ye in order to get the flow through

the decreased width.

H Constant

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 and no separation would allow
the flow to follow the line A to C to E. Similarly the flow
can go from B to C and back to E 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, then 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, there 48 a supern elevation of the water surface in river bends.
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

Channel Section in Bend

Az

Ar

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

in the radial direction arises from the radial acceleration or

V2
: . 2 2.6.1
(G r
The total superelevation between the outer and inner bend is
Py %o V2
Kpowime Vi ek B e 2.6.2
Pg g€ + T
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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.,

| ade § £

r
o
Then Az = X [ Lt 2.6.3
€ » ¥

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:

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

r equal to the radius to the center of the stream T, and obtained

(o] 2
pz=1 [ L ar 2.6.4
g T
A -
i
or
V2
Az = ZO - Zi = EI: (ro - ri), 2.6.5

in which z; and r. are the water surface elevation and the radius at
the inside of the bend, and z and r ~are the water surface elevation
and the radius at the outside of the bend.

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

TP QR o e S . T 2.6.6

1
g
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
2

_ V" 2w 1
Az = EE- ;:— {;:E:E:5§4 2667
2rc

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, Ippen and
Drinker (1962) obtained,

58]

RN R S TUAE 2.6.8
g T W
12
c

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:

202 T 2
s S T 1 ,° C
b i il dew= | —5.ds, 2.6.9
Az = = f T g 3
g =, Yo T
i
and when =1 , V=V
c max
Therefore, C. = S g Gl =
i T, 0 max ‘¢
and Eq. 2.6.9 becomes:
VZ T 5 T. 2
Az = =22 {2 - (D - (D) 2.6.10
g Te To

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, changes 4in depth and velocity take
place sLowly cver Large distances, resistance to flow dominates and
acceleration forces are neglected. This type of flow is called gradually
varied 4Low, 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 Y5 and either larger than or
smaller than the critical depth Yo 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 . and the critical
depth y_. Normal depih 4, A5 the depth of §Low that would exist fon
steady-uniform §Low 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 accelerating
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 perform 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

2
\')
HT = §§-+ y + iz 2.7
or
2
HT=3—2 vy +3z 2.7.2
2ghA

Then assuming a wide channel for simplicity

dHT 2

et w8 G, Ay dE

dx T dx © dx | & e

The term dHT/dx is the slope of the energy gradeline Sf, it is

assumed. For short distances and small changes in y the energy

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

dHT/dx is
dHT 2
e R 2.7.4

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

2

Pl R
o CZ 3
o’o

S 250D
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
gamiliarn fornm of the gradually varied glow equation

C,2 v, 3
3JZC-= gL . 2.7.6

1-(_},—‘:)

A5 obtained.
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If Manning's equation is used to evaluate S_. and So’ Eq. 2.7.6

£
becomes
¥
1 - (E_JZ (_3910/3
Yos { o } 2.7
dx "o T A
1-
ik

The slope of the water surface %&- depends on the slope of the
bed So’ the ratio of the normal depth Y, to the actual depth vy
and the ratio of the critical depth Yo to the actual depth y. The
difference between flow resistance for steady uniform flow n, to
flow resistance for steady nonuniform flow n is small and the ratio
is taken as 1.0. With n = n,s there are twelve types of water
surface profiles. These are illustrated in Fig. 2.7.1 and summarized
in Table 2.7.1.

Table 2.7.1 Characteristics of water surface

profiles.
Bed
Class Slope Depth Type Classification

Mild SO>0 b o P 1 Ml
Mild 5020 y°>y>yc 2 M2
Mild So>0 Yo 2¥ 2V 3 M3
Critical So>0 yay =y . I Cl
Critical So>0 YY" 3 03
Steep SO>0 y>yc>y0 1 S1
Steep So>0 yc>y>yo 2

Steep SO>0 Y>>y 3 53
Horizontal So= b & 2 H2
Horizontal So= yc>y 3 H3
Adverse So<0 Y% 2

Adverse So<0 Y ¥ 3 A3
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wmol
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Horizontal

Stesp Slope
S0, Yo<Ye

Horizontal
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g ﬂ%
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SD - 0, yo =Q0 S°<0rseys-|::.
) o

Fig. 2.7.1 Classification of water surface profiles.

Note:
(1) Wwith a fype 1 curve (Ml’ S1
is greater than both the normal depth

; Cl), the actual depth of flow y
s and the critical depth ¥

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

(2) With a type 2 curve (M,, S,
between the normal depth N and the

A, and H

tranquil for MZ’ 2 2

and thus the control is downstream.

» Az, HZ], the actual depth y is
critical depth Yoo The flow is

is rapid for S2 and the control is upstream.

(3) With a type 3 cuwrve (Ms' Sx

C,, A

> Czs Ag,y HS)’ the actual depth

y 1is smaller than both the normal depth Y and the critical depth y

Because the flow is rapid control is upstream.

is smaller than S  and y >y .
e 0 &

is larger than Sc and ¥ < ¥

Flow

c

and Yo" Tos

(4) For a mild sLope, S,

(5) For a steep sLope, S,

(6) For a anitical slope, S, equals S_

(7) For an adverse sLope, So is negative.
(8) For a horizontal sLope, So equals zero.
(9) The case where y =+ Ve

denominator in Eq. 2.7.6 approaches zero.

is of special interest because the

.
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When y -+ Yer the assumption that acceleration forces can be neglected
no longer holds Equations 2.7.6 or 2.7.7 indicate that az- is
perpendicular when y - R For cross sections close to the cross
section where the flow is critical (a distance from 50 to 10 ft), 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 Yoo 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 then sketching the backwater
curves. It must be remembered that when §fow 45 rapid (Fr > 1), the
control of the depth is upstream and the backwatern proceeds in the
downstream direction. When §Low 48 trhanquil (Fr < 1), Zthe depth control
48 downstream and in the computations must proceed upsiream. The back-
water curves that result from a change in slope of the bed are illustrated
in BPig. 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 standand step 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 computer programs cannot solve the water
surface profile equations when the flow changes from rapid to tranquil
or vice versa.

The standard step method is derived from the energy equation

v v
§E.+ Yy + Az = 7§.+ Y, + HL 2:7:8
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dH
S,z —1L
e [ dx
Vl/zg dH\T%T--—h--— hf=Sf AL
== \,72q
y' S——
S Y2
Az =%Q.L_ CLXTIITII ,0,7%
2T =
t AL 3

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

From Fig. 2.7.3

Vi v
Ti+y1+SOﬂL=§—g-+y2+Sf&L 25 129
Hl + SOQL = H2 +.Sf AL 25710
and
H.-H
KL = 52_81 2.7:11
0 ¥t

The procedure is 2o stant from some known y, assume another y
eithern upsineam orn downsiream depending on whethern the §low 48 tranquil
on napdid, and compute the distance AL Zo the assumed depth using
Eq. 2.7.11.

2.8.0 RAPID FLOW IN BENDS AND TRANSITIONS

2.8.1 Bends

Rapid glow orn supercritical flow in a curved prismatic channel
produces cross wave disturbance patterns which persist for Long distances
in a downstream direction. 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 the 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

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

£Y2 Y5, 1/2
an = {—2‘-' 1+ E]]‘ 2.8.1
The wave front angle is given by:
. nt 4 &8y Y 2 xif2
sinB 7 " oy {2 1+ =)}
1 1 "1 41
or
sinf = =2 2.8.2
Fr - .

1



II-53

The relationship of the deflection angle 6 and the Froude number is

given by:
g VT s {-%—-91/2} - tan”! {(——1%} + const. 2.8.3
Fr -1 Frl—l

where the constant may be determined from the condition that for 6 =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

2
S e IO
y=g sin” (8+3) 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 found from:

2W
(2:-c + W) tanB

1

8 = tan = { } 2.8.5
where T, is the radius of curvature and W is the channel width as
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, 6, 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 6, 36, 56, etc., where © 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 VZW/rcg. By adopting central angles of 26,
40, 60, 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.
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Fig. 2.8.2 Plan view of cross wave pattern for rapid flow in a
bend.

Two methods have been used in the design of curves §or rapid g§Low
Ain channels. One method is to bank the §Loor of the channel and the
other is to provide curved vanes 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

Contractions and expansion in rapid §low produce cross wave patierns
similar Lo those observed in curved channels. 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:

w1 E W2

L= 2 tané

2.8.6

where W 1is the channel width and the subscripts 1 and 2 refer to
sections upstream and downstream from the contraction. The contraction
angle is © 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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the flow lelvl = w2y2v2 =Q or

Y, 3/2 Fr2

%
" e (E) (ﬁ:) 2.8.7

2

For an expansion, Rouse et al. (1951) have found experimentally

that the most satisfactory boundary form is given by

z 1 X 872 - 1
-“T 5 (__P_Wl rl) * 5 2.8.8

where x is the longitudinal distance measured from the start of the
expansion or outlet section and 2z 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.,A1.0 '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 what 4is the maximum amount of consiriction that
can be imposed without causing backwater at the design discharge?

The upstream flow rate per unit width is

q= %= 5—1—-6—030 = 50 cfs/ft

the average velocity is

. Lo 2000
V= A = 1000 5.00 fps
and the specific head is (from Eq. 2.5.3)
2 2
_V -5 _
H = §§-+ Y= et 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)

2 3.1/2
Upax = {g (E'H) } ;

3}1/2

{32.2(%-x 10. 39)

103.4 cfs/ft

n

Therefore, the width of channel which will accommodate this unit
discharge is

oo B _ 5000
“a.,, 1033

and the amount of the constriction is 100 - 48.3 = 51.7 ft.

= 48.3 ft.

Note, as discussed on page II-41, this contraction could cause an
undulating hydraulic jump downstream. When energy losses are considered
there will be some backwater 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. What 48 the maximum height of the dam
that will not cause backwater at the bridge?

The unit discharge in the river at design flood discharge is

- Q2000
a4 =§= 100 50 cfs/ft

the velocity is

v=%9-3025.00 fps

Yy 1

and the specific head is (from Eq. 2.5.3)

VZ 52
H=-2—g-+yo=-2'-g—+ 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,
Hmin + &zmax = 10.39 ft

that is, the dam can be built to a height of azmax which decreases the
specific head at the dam to Hmin' From BEq. 2.5.11

e D
Boin = 77
-
T'Imln
¥
Bz pox

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



and from Eq. 2.5.7

5
= (32

o)

H..
min

AZ_ =
m

IIA-3

2
= (151/3
)

2
0 41/3 _ 4.27 £t

%-(4.27) = 6.40 £t

10.39 - 6.40 = 4.0 ft

If the dam is built to a crest elevation 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 is 5 ft and the dam height is

4.0 ft?

Upstream of the dam,

_Q _ 1000 _
q = W W 10 cfs/ft
and
Y. W
v, = o 2 fps

At the dam the flow is

critical so from Eq. 2.5.7

e = (3391’3
102 1/3
- (35750 = 1.46 ft
and from Eq. 2.5.11
Hm:‘m i %-YC

The specific head upstream

2 (1.46) = 2.19 £t

of the dam is then (assuming no energy loss)
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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
H:j—.q-y
2
2gy
Therefore
2
_3_7.+ y = 6.19
2gy
or
3 2 102
y  -6.19 y" + o 0

The solution is
y = 6.14 ft
As the normal depth is only 5 ft, the backwater is

ﬁy = 6014 e 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 5000 cfs. Upstream of the slope
change, the flow is at the normal depth of 10 ft. The normal depth in
the downstream reach is 3 ft. Manning's n for both reaches is 0.012.

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

5000
1% 5= 50 cfs/ft

and the critical depth is (from Eq. 2.5.7)

2 2
R g S g % U
Yo" QT = G = 427 £e,

Upstream where the flow is at normal depth, y = Yo 4 =0
the flow is tranquil here.
The bed slope is obtained from Manning's equation for normal

flow (from Eq. 2.3.20)

7% vi
S =
°© ,.21r%Y3
(o]
Here
= .30 _
Vy = &= 35 = 5.00 fps
(o]
A, =y =10 (100) = 1000 sq ft
P =2y +W=2 (10) + 100 = 120 ft
A
A 1000 _
R, = 52 = 15p-= 8.33 ft
o]
2
s, = (0.012 x 5%73 = 0.000095
2.21(8.33)

Downstream where the flow has attained its normal depth, y = : R
so in the downstream reach flow is supercritical.

The bed slope in the downstream reach is obtained as follows:

v, "3 16.67 fps

A

yow = 3 x 100 = 300 sq ft
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P =2y +W=2 (3) +100 = 106 ft
R, = ;§-= 22 = 2.83 £t
g iy n’ Vo L (0.012 x 16.67)°
2 amn R0473 2.21 (2.8%)%3

= 0.004523

At the change in slope the flow must pass through the critical
depth. Then, in the reach immediately upstream Y, >y 80 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
a S, type (Table 2.7.1).

2
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

Fy, - 4.27 ft
A =yW= 4,27 (100) = 427 sq ft

.
V= y i7" 11.71 fps

2 2
) 7 4 S5 ¢ Sl
Tl 7 = 2.13 ft

v2

H = 2—g—+ y = 4.27 + 2.13 = 6.40 ft

=)
1]
3]
\<
+
=
L]
38 ]

(4.26) + 100 = 108.52 ft

AL @27
R=p=1pg.58~ 593 ft
2 .2 2
s, =D v o (0.012 x 12}%1) T
2.21 R 2.21(3.93)

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

50

V = m= 11.11 fpS

2 2

i o

z—g-- " e i 1.92 ft

H =450 + 1.92 = 6.42 ft

P =2 (4.50) + 100 = 109 ft

_ 450 _
R = Tﬁg— 4.13 £t
(0,012 x 11 11)2
Sf = 473 = 0.001214

2.21 (4.13)
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Now between these two sections where y = 4,27 ft and y = 4.50 ft the

average friction slope is

_ 0.001438 + 0.001214

S¢ 7
ave

0.001326

The distance between the two sections is (from Eq. 2.7.11)

H, - H1
AL = So = Sf
ave
6.40 - 6.42

= 16.2 ft

= 7000095 - 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 listed 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 backwater 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.



Y
ft

sq ft

fos

At the change in slope

4,27

82 backwater curve

427

4.20
4,00
3.50
3.00

Mz backwater curve

420
400
350
300

4.50
5.00
6.00
8.00
10.00

450
500
600
800
1000

A=Wy

11.71

11.90
12.50
14.28
16,67

11.11
10,00
8.33
6.25
5.00

V.= Q

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

2.13

2.20
2.43

3.17 -

4.31

1.92
1.55
1.08
0.61
0.39

6.40

6.40
6.43
6.67
7.31

6.42
6.55
7.08
8.61
10.39

P=2y + W

108.5

108.4
108
107
106

109
110
112
116
120

i
o>

3.93

3.87
3.70
3.27
2.83

4.13
4.54
5.36
6.90
8.33

=

0.012

0.012

0.012

S

s

E{ "fave
.001438 -
001519  .001478
.001779  .001649
.002738  ,002258
.004523  .003630
001214  .001326
,000867  .001040
.000482  .000674
000194  .000338
,000095  .000144

_n? 2
£ R/

-0.00
-0.03
~-0.24
-0.64

-0.02

-0.13
-0.53
-1.53
-1.78

AL
£t

0.0

10.9
105.96

"716.7

16.2
137.6
914.6

6296.3

0.0
10.9
116.86
833.56

16.2
153.8
1068.4
7364.7

36326.5 43691.2

Hyty

AL A

9 fave

\

L = JAL

6-VII
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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 o and the momentum coefficient B are unity. What are
values of o and B 4or niver channels?

From Eqs. 2.2.29 and 2.2.28

1 3

a=—f v dA 2.M.1
VoA A
and
8= [ v’ d 2.A4.2
VA A

In many wide channels, the distribution of velocity in the vertical is

given by Eq. 2.3.15 which is

= 2.5 1n(30.2 k?-’—) 2.A4.3
» S

-'-‘-‘.I-d

1.0). The average velocity in the vertical

for fully turbulent flow (x

is
y
V=1 [°yay 2.A4.4
Yo 0
and by employing Eq. 2.A4.3
2.5V, ¥y
- o A
Vv 78 ,g In(p) dy 2.A4.5

Here, the upper limit of integration is Yo the depth of flow and the
lower limit is

k
s

5 = msr 2.A4.6

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

<:|<
i

it ¥,
2.5(2 (In & - D} 2.A4.7
Y 6
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For a vertical section of unit width, the momentum coefficient is

1 yo 2
v

iy
v (yo—ﬁ) 6

dy 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

28

1 yo yo 2 yo
3 {(in 3—3 -2 1n 3—-+ 2 - = 2.A4.9

(In 11.11 EEJZ o 0
S

B! =

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

1 Iyo 3

a!' = *—3—'-"— v dy 2.A4.10
Vy,-8) 3
or
y y y
a' = 1 - 7 ?6 {(In 3232 - 3(In 3992
(In 11.11 EQJZ B
S
y
+61n72-6+ 68, 2.A4.11
yO

These equations (Eqs. 2.A4.9 and 2.A4.10) are rather complex, so a graph
of o' and B' wvs yo/ks has been prepared. The relations are shown
in Fig. 2.A4.1.

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

Wy
[ [°v® ay daz 2.A4.12

where W is the top width of the section, z is the lateral location
of any vertical section, s is the depth of flow at location 2z, and v
is the local velocity at the position y,z. The total discharge is Q

and the total cross-sectional area is A,



ITA-12

1.14

1.12

1010 \
1.08

a',B!'

1.06 <
1
o \\
1.02 \ \-—-..—.__
1.00
101 10° 103 104 10° 10°
yO/kS

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
¥
/ ok dy
0
is recognized as the integral portion of Eq. 2.A4.10. That is,

y
f 0 v3 dy = IYOVS dy
0 )

and
y

[°v 4y = a'Vztyo—G) 2.A4.13
8
Here o' is the energy coefficient for the vertical section dz wide
and Y deep, V is the depth-averaged velocity in this vertical section
and § = ks/30.2 (from Eq. 2.A4.6).
Now, Eq. 2.A4.12 can be written
2 W
o= [ avi(y -8)dz 2.A4.14
o]
Q0
Except for cases of low flow in gravelbed rivers, the term & is very
small compared to Y, 580
2 W
a =22 oy dz 2.A4.15
Q"0
The discharge at a river cross section is determined in the field
by measuring the local depth and two local velocities at each of
approximately 20 vertical sections. In accordance with this general

stream gaging procedure, Eq. 2.A4.15 should be written

2
_A s :
a = =3 ] olViy,;bzi
Q
or
a2 2
. ]
o == g afV;AQ 2.A4.16

Here, the subscript i refers to the i-th vertical section, and

AQi is the river discharge associated with the i-th vertical or

8 = Vi¥o1d%
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In a similar manner, the expression for B8 is

A
B = 52-§ BIV, AQ 2.A4.17

Now, with Eqs. 2.A4.16 and 2.A4.17, and Fig. 2.A4.1 we are in a
position to compute o and B gor any river cross section given the
dischange measurement notes. 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
. 4 2
EVi&Qi = 21,070 ft /sec
2 p 5 3
EVi ﬂQi = 85,500 ft™/sec

The bed material at this gaging station1 has 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 Vo ™ 12.8 ft (the maximum
depth)
y
o _ 12.8
= == (304.8) = 8700
k, ~ 0.45

and for Yo ™ 1.1 ft (the smallest non-zero depth)

=

e 120 A
E;" 045 (304.8) = 750

1S:i.mons, 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.
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Table 2.A4.1 Discharge measurement notesl.

2
Yoi ézi Vi bAl ﬁQi ViAQi Vi AQi
ft ft fps. sq_ft cfs ftd/sec2  ft5/sec3
0.0 4.0 0.00 0.0 0.00 0.00 0.00
i 1 | 8.0 0.98 8.8 8.62 8.45 8.28
2.6 8.0 0.54 20.8 11.2% 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 78.4 236.77 715.05 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 ELE 0.00 0.0 0.00 0.00 0.00
Total 163.0 1484.9 5368.74 21072.71 85494,77

1Si.mons, 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 yofks of approximately 5000, then from Fig. 2.A4.1,

the average values for the energy and momentum coefficients are

]

of 1.024
and

Bl

1.008

As it has been assumed that o' and B' are constant across the

river (for convenience), Eqs. 2.A4.16 and 2.A4.17 become

o= a2 ]V, 20 2.A4.18
. 1
Q" i
and
i A
B = B! az-g V,4Q; 2.A4.19

With the values computed in Table 2.A4.1

2
= 1,024 (1485 = (85500)

& = 1.247
(5370)

g = 1.008 2485) _ 21070) = 1.004
(5370)

These values for a (1.247) and RB(1.094) differ from unity by
appreciable amounts. The difference may be important in many river
channel calculations. I§ no data are available, the assumptions that
a=1.25 and B = 1.1 should be used gor rniver channels.
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2,A5.0 AVERAGE PRESSURE AND ELEVATION AT A RIVER CROSS SECTION

In the absence of heat transfer, and shaft and shear work, the

energy convected through a cross section of river with area A is

2

"

=— + z)v dA
i Yz * 2)

and the pressure work done on this cross section is

Jpv dA
A

The sum of the pressure work and the convected energy is

2
LA
i Tt ot B A

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

2 2
v _+P L
J Y(Zg + - + z)v dA {Zg + ﬂ(zo + yo)}yQ 2.A5.1
A

where o 1is the kinetic energy correction factor defined by Eq. 2.2.29
and Q@ 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
depth of flow respectively. According to Eqs. 2.2.29 and 2.A5.1, the
expression for Q must be

= O .
0= CREE L J (Y + z)v dA 2.A5.2
0 o A

In straight reaches of river, the piezometric head does not vary appre-
ciably from point to point 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 water surface

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

A 1 |
S R0 J(zo+yo)VdA'V_' f”ﬂ
0o o A

A

or

Q=1 2.A5.4

If the water surface at the cross section is not horizontal (as in a
bénd), 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 @ = 1 for this case also.

In general, the assumption that
Q=1
is satisfactory for rivers. Therefore, Eq. 2.2.34 can be written
2 2
o Vl o V2

1 %
7 TR TR Wl T

S HL' 2.A5.5

for a reach of river. Here i *+. %y is the water surface level at

Section 1 and Yy * 2, 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 mm), or any combination of these sizes. Silt generally is not
present in appreciable quantities 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 alluvial nivers, the channel bed can scour fo undermine bridge
piens and abutments; orn the sediment in thansport can deposit in the
crnoss section, decreasing the fLow capacity of the bridge opening, approach
channel on the encroached 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 enhance-
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 congigurations (roughness elements) that may form in an
alluvial channel are plane bed without sediment movement, nipples, ripples

on dunes, dunes, plane bed with sediment movement, antidunes, and chutes
and pools. These bed configurations are listed in their order of
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occurrence with increasing values of stream power (VyyOS) for bed
materials having D50 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.

p Typical * h:pple Pattern

.

Y ". # v --»""s'e-

Dunes wnn Rmples Superposed

Woshed Ouf Dunes . Chutes and Pools

Fig. 3.2.1 Forms of bed roughness in sand channels.

Acceleration

Boll Acceleration
e —_—
/———F)\W— -

e £H0% S %
(a) Tranquil Flow, Alluvial Channel (b) Tronquil Flow, Rigid Boundary
Dacelaration
W\ Decaleration
P e -~ _." Ttk T . X o

(¢) Rapid Flow, Alluvial Channel (d) Ropid Flow Rig:d Boundary

Fig. 3.2.2 Relation between water surface and bed configuration.



III-4

The different forms of bed-roughness are not mutually exclusive
in time and space in a stream. Bed-ioughness efements may form side-
by-side in a cross section on reach of a natural stream, giving a
multiple rhoughness; orn they may gorm in time sequence, producing variable
roughness.

Multiple roughness is related to variations in shear stress (yyoS)
and stream power (VyyOS) in a channel cross section. The greater the
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
stream 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 moving.
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. Prion o
the beginning of motion, the probLem of resistance to glow 48 one of
nigid-boundary hydraulics. Affer beginning o motion, the probLem relates
to defining bed congiguration and resistance to §Low.

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 general, Shields' relation,
Fig. 3.2.3, gon the beginning of motfion is 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 so