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) Chapter 1 : HDS 1
(vf Introduction

Go to Chapter 2

1.1 General

There was a time, now past, when backwater caused by the presence of bridges during flood
periods was considered a necessary nuisanceCfirst, because the publi@clamored for bridges to
replace ferries and fords; and second, because there was no accurate rN@ans of determining the
amount of backwater a bridge would produce after it was in place. Witl
urbanization; with indefinite, unenforceable restrictions on the constr
business establishments on flood plains of rivers and streams throug
highway bridges being constructed at an ever-increasing rate; [
increasing at an unprecedented rate in the past two decades perative that the
backwater produced by new bridges be kept within very : and reasonable limits.
This places demands on the hydraulic engineer, who has PR cafEulted too often in the
past, to promote and develop a more scientificapprqach t e waterway problem.
Progress in structural design has kept pace wi uctural engineers are well aware
of the economies which can be attained in the pr
given overall length and height. The role of t ic engineer in establishing what the length
and vertical clearance should be and i uld be placed is less well understood

aLIsing and
try; with new
values

In fact, until recently, bridge length
calculations, individual judgment,
traffic volumes have become
service for any length of tim
one lane of an artegal highw

.Whis may still be true in some cases. Today,

ary roads that bridge failures or bridges out of

re economic loss and inconvenience; even closing
r repairs creates pandemonium.

Confining flood wa
upstream property,
the bridge, costly ma

ges can cause excessive backwater resulting in flooding of
age suits, overtopping of roadways, excessive scour under
ance, or even loss of a bridge. On the other hand, over-design or
making bridges longef@ian necessary for the sake of safety, can add materially to the initial cost,
especially when dual of@ultiple lane bridges are involved. Both extremes in design have been
experienced. Somewhere between the two extremes is the bridge which will prove not only safe
but the most economical to the public over a long period of time. Finding that design is of great
concern to the Federal Highway Administration, which has sponsored and financed research on
related projects for the past decade and a half.

Recent improvements in methods of dealing with the magnitude and frequency of floods,
experimental information on scour, and the determination of expected backwater all are
providing stepping stones to a more scientific approach to the bridge waterway problem. This
publication is intended to provide, within the limitations discussed in Chapter 13, a means of

determining the effect of a given bridge upon the flow in a stream. It does not prescribe criteria



as to the allowable amount of backwater or frequency of the design flood; these are policy
matters that must take into account class of highway, density of traffic, seriousness of flood
damage, foundation conditions, and other factors.

1.2 Waterway Studies

In recognition of the need for dependable hydraulic information, the Federal Highway
Administration initiated a cooperative research project with Colorado State University in 1954
which culminated in the investigation of several features of the waterway problem. These
included a study of bridge backwater (18),* scour at abutments and piggs, and the effect of scour
on backwater. Concurrently with this work, the lowa State Highway Co
Highway Administration sponsored studies of scour at bridge piers (23) al@hscour at abutments

(24) at the lowa Institute of Hydraulic Research at lowa City. In 1957, fife Stag@ Highway
Departments of Mississippi and Alabama, in cooperation with the Fed :

easls of reducing
camrembankments

Administration, sponsored a project at Colorado State Universit t
scour under a bridge by the use of spur dikes (19, 25) (ellipti
placed at the upstream end of a bridge abutment).

The above laboratory studies, in which hydraulic models rincipal research tool,
have been completed. Since then considerablgaprogeess hd8 been made in the collection of field
data by the U.S. Geological Survey to substantiatg t esults and extend the range of
application. There is still much to be learned from obs lons, and it is recommended that

this phase of investigation be continued for tim come.

*Note: Italic numbers in parentheses re publiS@tions listed in the selected bibliography.

1.3 Bridge Backwater

An account of the testing pr ure, d of basic data, and an analysis of results on the
bridge backwater les are ained in the comprehensive report (18) issued by Colorado
State University. ese described in that report were drawn upon for this
publication, which rt of the waterway problem that pertains to the nature and
magnitude of backw oduced by bridges constricting streams. This publication is prepared
specifically for the de er and contains practical design charts, procedures, examples, and a
' escribing the proper use of the information.

1.4 Nature of Bridge Backwater

It is seldom economically feasible or necessary to bridge the entire width of a stream as it occurs
at flood flow. Where conditions permit, approach embankments are extended out onto the flood
plain to reduce costs, recognizing that, in so doing, the embankments will constrict the flow of the
stream during flood stages. This is acceptable practice so long as it is done within reason.

The manner in which flow is contracted in passing through a channel constriction is illustrated in



Figure 1. The flow bounded by each adjacent pair of streamlines is the same (1,000 c.f.s.). Note

that the channel constriction appears to produce practically no alteration in the shape of the
streamlines near the center of the channel. A very marked change is evidenced near the
abutments, however, since the momentum of the flow from both sides (or flood plains) must
force the advancing central portion of the stream over to gain entry to the constriction. Upon
leaving the constriction the flow gradually expands (5 to 6 degrees per side) until normal
conditions in the stream are again reestablished.

Constriction of the flow causes a loss of energy, the greater portion occurring in the re-expansion
downstream. This loss of energy is reflected in a rise in the water surface and in the energy line
upstream from the bridge. This is best illustrated by a profile along the center of the stream, as
shown in Figure 2A and Figure 3A. The normal stage of the stream fod@given discharge, before
constricting the channel, is represented by the dash line labeled "normalN@&ter surface." (Water
after constriction
e water surface
0 section 2,

of the channel is represented by the solid line, "actual water surface.'
starts out above normal stage at section 1, passes through norma

reaches minimum depth in the vicinity of section 3, and then rg tage a
considerable distance downstream, at section 4. Determinati e in water surface at
section 1, denoted by the symbol h,* and referred to as t ater, is the primary
objective of this publication. Attention is called to a commOgAmiSe tanding that the drop in
water surface across the embankment, Ah, is& b ateBaused by a bridge. This is not

correct as an inspection of Figure 2A or Figure 3
the symbol h,* on both figures and is always

Ah.

In a rectangular, fixed bed, adjustable slo W feet wide by 75 feet long. Roughness of
the bed was changed periodically, rticular set of tests, it was uniform throughout
the flume. Except for roughness o w was in no way restrained from contracting
and expanding. The model d o relatively straight reaches of a stream having
approximately uniform slop to lateral movement of the flow. Field
measurements indjcate that eam cross section can vary considerably without causing
serious error in th e ' ackwater. The very real problem of scour was avoided in the
initial tests by the UGk §
backwater values b
The increase in watef

pe considered in assessing the safety of abutments and piers.
ea in the constriction caused by scour will in turn produce a reduction in
backwater over that foR@ rigid bed. On the other hand, unusually heavy vegetation on the flood
plain downstream can igerfere with the natural re-expansion process to such an extent as to
increase the bridge backwater over normal conditions.
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Figure 1. Flow lines for typical normal crossing.
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Figure 2. Normal crossing: Wingwall abutments.

1.5 Types of Flow Encountered

There are three types of flow which may be encountered in bridge waterway design. These are
labeled types | through Il on Figure 4. The long dash lines shown on each profile represent
normal water surface, or the stage the design flow would assume prior to placing a constriction in
the channel. The solid lines represent the configuration of the water sygface, on centerline of
channel in each case, after the bridge is in place. The short dash lines esent critical depth, or
critical stage in the main channel (Y4, and Y,.) and critical depth withi onstriction, Y, for

the design discharge in each case. Since normal depth is shown essg ame in the four
profiles, the discharge, boundary roughness, and slope of channel m ; ' [
from type 1 to type IIA, to type IIB, to type Il flow.

Type | Flow

Referring to Figure 4A, it can be observed that normal wa¥ s g@everywhere above critical
depth. This has been labeled type | or subcriti@ fl he tYe usually encountered in practice.
With the exception of Chapter 10, and example a i Nlinformation in this publication is
limited to type | (subcritical flow). The backwater e ssion 18" type | flow is obtained by
applying the conservation of energy p@acip ee ctions 1 and 4. The method of analysis

is presented in Section A.1, Appendix

Type IIA Flow

There are at least two variations
[IB. For type IlA flow, Figure
remains above critical dept
constriction. Onceg@sitl penetrated, the water surface upstream from the constriction,

ich will be described here under types IIA and
r surface in the unconstricted channel again

and thus the backWaicWihs
surface returns to n S &l section 4). Thus the backwater expression for type | flow is not
valid for type Il flow.

Type |IB Flow

The water surface for type IIB flow, Figure 4C, starts out above both normal water surface and
critical depth upstream, passes through critical depth in the constriction, next dips below critical
depth downstream from the constriction and then returns to normal. The return to normal depth
be rather abrupt as in Figure 4C, taking place in the form of a poor hydraulic jump, since normal
water surface in the stream is above critical depth. A backwater expression applicable to both
types IlIA and IIB flow has been developed by equating the total energy between section 1 and
the point at which the water surface passes through critical stage in the constriction. (See
Section A.2, Appendix A.)




Type Il Flow

In type Il flow, Figure 4D, the normal water surface is everywhere below critical depth and flow

throughout is supercritical. This is an unusual case requiring a steep gradient but such conditions
do exist, particularly in mountainous regions. Theoretically backwater should not occur for this
type, since the flow throughout is supercritical. It is more than likely that an undulation of the
water surface will occur in the vicinity of the constriction, however, as indicated on Figure 4D.

1.6 Field Verification

model studies verified
ring floods on
ith flood plains as

The first edition of this bulletin was prepared principally from the result
by several backwater measurements taken by the U.S. Geological Surve¥
medium size bridges. The field structures measured up to 220 feet in
wide as 0.5 mile. A summary of this information is contained in the ca
report (18). It was presumed that design information could be us \ prescribed with
confidence. The applicability of the information to structures B0 depth ratios

remained to be proven.

Since publication of the first edition, the U.S. Geological de additional field
measurements during floods at an assortmentgf bri asurements were sponsored
by the Mississippi Highway Department and th Roads and were made at bridges
up to 2,100 feet in length in the State of Mississi s were generally heavily
vegetated and extremely wide which booste to depth ratios, formerly limited to 112, to

The recently acquired field data have dadi e model studies are only partially valid type
| flow. This was principally due to t th limitation. For bridge opening ratios (Section

1.10) less than M = 0.55, the flow ould change from type | to type Il, but regardless

of the value of the contractio ' i@l structures investigated in the State of Mississippi
operated well within the subSgil was thus necessary to revise the former backwater
base curve, Figurg hers. Where changes in the former design curves have been

made, mention is Madc G the appropriate chapter and explanations and data
supporting these ch@igegftc ded in Appendix B. To maintain continuity and brevity in the

design procedure, e eous material has been reserved for the appendixes.

The changes incorpora@@d in this edition are in the backwater coefficient curve (Eigure 6), the
distance to maximum bdackwater curve (Figure 13), and dual bridges (Figure 14 and Figure 15).
Figure 10 for skewed crossings and Figure 12 for differential level across embankments have

been changed only in format to facilitate their use. New sections have been added on partially
inundated bridges and flow over roadway (Chapter 8), spur dikes (Chapter 9), and backwater

coefficients for type Il flow (Chapter 10).




1.7 Definition of Symbols

Most of the symbols used in this publication are recorded here for reference. Symbols not found
here are defined where first mentioned.

A =
. Area of flow including backwater at section 1 (Figure 2B and Figure 3B) (sq. ft.).

An1 —  Area of flow below normal water surface at section 1 (Figure 2B and Figure 3B)
(sq. ft.).

An2 =  Gross area of flow in constriction below normal water sysface at section 2 (Figure
2C and Figure 3C)(sq. ft.).

Ag =  Area of flow at section 4 at which normal water surfacef$ blished (Figure
2A) (sq. ft.).

Ap ~  Projected area of piers normal to flow (betwee Strface and
streambed) (sq. ft.).

As ~  Area of scour measured on downstream sid@of g. ft.).

=  Area of flow in a subsection of appgoa | (sq. ft.).

B = Width of test flume or fie uctures.

b = Width of constriction (Fi 3C, and Section 1.8) (ft.).

bs % Width of constriction ossing measured along centerline of roadway
(Eigure 9) (ft.).

¢ = hyg*/hy* = Cogdition backwater with scour.

Cp = for flow type 1.

Ct i for flow over roadway embankment.

Cs # ce factor for flow over roadway.

Db = hﬂ.—

4 b _ = Differential level ratio.



AK
AKq
AKqg

K*

Eccentricity = (1 - Q./Q,) where

QC < Qa’
or (1-Q,4/Q.) where

Qc > Qa.

Acceleration of gravity = 32.3 (ft./sec.2).

Total energy loss between section 1 and section 4 (Fig d Figure 3A) (ft.).

ht - SgL1n4 = Energy loss caused by constricti Figure 3A) (ft.).

Total backwater or rise above normal stag&aat on igure 2A and Figure
3A) (ft.). ¢

Backwater with scour (ft.).

Backwater computed f

Vertical distance fr e on downstream side of embankment to
normal water s

nce in water surface elevation across roadway
2A and Figure 3A) (ft.).

coefficient from base curve (Eigure 6).
Incremental backwater coefficient for piers (Figure 7).
Incremental backwater coefficient for eccentricity (Figure 8).
Incremental backwater coefficient for skew (Figure 10).

Kp + AKp+ AK+ AKs= Total backwater coefficient for subcritical flow.



Conveyance in subsection of approach channel.

Conveyance of portion of channel within projected length of bridge at section 1
(Figure 2B and Figure 3B and Section 1.9).

Conveyance of that portion of the natural flood plain obstructed by the roadway
embankments (subscripts refer to left and right side, facing downstream) (Figure

2B and Figure 3B and Section 1.9).

Total conveyance at section 1 (Section 1.9).

ent of normal water
igure 2A and Figure

Distance from point of maximum back water to reestabl
surface downstream, measured along centerline of strea

3A) (ft.).

Distance from point of maximum backwater to water s Fvnstream side

of roadway embankment (Figure 2A and Figure

Distance from point of maximum backwater,to
(Eigure 2A and Figure 3A) (ft.).

am@@ce of bridge deck

Distance from point of maximurﬁ) Kk
roadway embankment, measured

ater surface on upstream side of

llel to erline of stream (Figure 13) (ft.).

Distance between upstr kst D¥idge and downstream face of second
bridge (dual bridges) (ft.).

Bridge openin
Manging roughW@ss coefficient (Table 1).

oN@ subsection of a channel (ft.).

Flow oveM®hat portion of the natural flood plain obstructed by the roadway
embankments (Figure 1) (c.f.s.).

Q.+ Qpt Q¢ = Total discharge (c.f.s.).
a/p = Hydraulic radius of a subsection of flood plain or main channel (ft.).
Slope of channel bottom or normal water surface.

Q/A; = Average velocity at section 1 (ft./sec.).



Q/A4 = Average velocity at section 4 (ft./sec.).
Q/A,» = Average velocity in constriction for flow at normal stage (ft./sec.).
Critical velocity in constriction (ft./sec.).

Width of pier normal to direction of flow (Figure 7) (ft.).
Surface width of stream including flood plains (Figure 1) (ft.).

Depth of flow at section 1 (ft.).
Depth of flow at section 4 (ft.).

Normal depth of flow in model (ft.).

Ano/b= Mean depth of flow under bridge, refere

(ft.).

Critical depth at section 1 (ft.).

age, (Figure 3C)

Critical depth in constriction (ft.).

Velocity head coefficient a [ ction 1.11) (Greek letter alpha).

Velocity head coeffi@ent for ction (Greek letter alpha).

hg*/h,* = Backq@gter m ation factor for dual bridges (Greek letter eta).

r influence of M on incremental backwater coefficient for
reek letter sigma).

hg*+ h3g* = Term used in computing difference in water surface elevation across
two embankments (dual crossings) (Figure 14).

Whsg/Ph = Differential level multiplication factor for dual bridges (Section 5.3).
(Greek letter phi).

Correction factor for eccentricity (Figure 13) (Greek letter omega).



Qs

Q100

Y 100

Qt/Q100 = sSpur dike discharge ratio.

= Angle of skew-degrees (Figure 9) (Greek letter phi).

SPUR DIKES
Length of spur dike (ft.) (Figure 30).
Lateral or flood plain flow (c.f.s.).

7, Discharge confined to 100 feet of stream width adjacent to bridge abutment
(c.f.s)).

Average depth of flow in 100 feet of stream adjacent to biN@gie abutment.
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1.8 Definition of Terms

Specific explanation is given below with respect to the conceg e terms and

expressions frequently used throughout the discussion:
Normal Stage:

Normal stage is the normal water surface elev&
discharge, prior to constricting the stream (see Fi

surface is essentially parallel to the bed of t

at a bridge site, for a particular
igure 3A). The profile of the water

Abnormal Stage:

Where a bridge site is located upst ut relatively close to, the confluence of two

up the other stream. This can
than would exist for the trib
another bridge, or some othe
Is not parallel to t igur

at a bridge site to be abnormal, meaning higher
normal stage may also be caused by a dam,

Normal Crossings!

A normal crossing is
during high water (as

with alignment at approximately 90° to the general direction of flow
wn in Figure 1).

Eccentric Crossing:

An eccentric crossing is one where the main channel and the bridge are not in the middle of the
flood plain (Figure 8).

Skewed Crossing:

A skewed crossing is one that is other than 90° to the general direction of flow during flood stage
(Figure 9).



Dual Crossing:

A dual crossing refers to a pair of parallel bridges, such as for a divided highway (Figure 14).

Multiple Bridges:
Usually consisting of a main channel bridge and one or more relief bridges.
Width of Constriction, b:

No difficulty will be experienced in interpreting this dimension for abutments with vertical faces
since b is simply the horizontal distance between abutment faces. In the more usual case
involving spillthrough abutments, where the cross section of the constrigtion is irregular, it is
suggested that the irregular cross section be converted to a regular tra id of equivalent area,
as shown in Figure 3C. Then the length of bridge opening can be inter

Width to depth ratio:

Defined as width of flood plain to mean depthi&constricti
b A . :
—(modell or — for irregular crossN@ec tion
¥ Y

1.9 Conveyance

Conveyance is a measure of alility of al@hannel to transport flow. In streams of irregular
Cross section, it is necessar: divi ater area into smaller but more or less regular
subsections, assigai riate roughness coefficient to each and computing the
discharge for eaclys ately. According to the Manning formula for open channel
flow, the discharge oNof a channel is:

144
S-——H
M

g

By rearranging:

q 149 444
T2r & =K
50 n
where k is the conveyance of the subsection. Conveyance can, therefore, be expressed either in

terms of flow factors or strictly geometric factors. In bridge waterway computations, conveyance
Is used as a means of approximating the distribution of flow in the natural river channel upstream



from a bridge. The method will be demonstrated in the examples of Chapter 12. Total
conveyance k; is the summation of the individual conveyances comprising section 1.

1.10 Bridge Opening Ratio

The bridge opening ratio, M, defines the degree of stream constriction involved, expressed as
the ratio of the flow which can pass unimpeded through the bridge constriction to the total flow of
the river. Referring to Figure 1,

Gy Uy

e a0 (1)
or,
5400
V)= g 7 B0

The irregular cross section common in natural streams a
within any cross section result in a variation ingelocj
tubes in Figure 1. The bridge opening ratio, M,%s gn0 xplained in terms of discharges,
but it is usually determined from conveyance rela . Sin nveyance is proportional to
discharge, assuming all subsections tg hav a lope, M can be expressed also as:

in boundary roughness
a river as indicated by the stream

HEI +Hh +HE 7 (2)

As the velocity di
to essentially zero &

stream at section 1,
average value of the R
by a kinetic energy coe

Siav?)
Qv

varies from a maximum at the deeper portion of the channel
aksYthe average velocity head, computed as (Q/A)2/2g for the
ot give a true measure of the kinetic energy of the flow. A weighted
etic energy is obtained by multiplying the average velocity head, above,
ient, a4, defined as:

(38)

Ct.'1=

Where:

v = average velocity in a subsection.
g = discharge in same subsection.
Q = total discharge in river.



V; = average velocity in river at section 1 or Q/A;.

34 : —

1
|
|
|

" " " .
i

O o 02 0.3 04 5

M
Figure 5. Aid%r

The method of computation will be further illugrate the examples in Chapter 12.

A second coefficient, a5, is required to loc®y head for nonuniform velocity
distribution under the bridge,
2
2(ave)
L (3b)
Qv

where v, g, and Q ined a ove but apply here to the constricted cross section and

V, = average triction = Q/A,

The value of a, can b§Eomputed but o, is not readily available for a proposed bridge. The best
that.can be done in the'@se of the latter is to collect; tabulate and compare values of a, from
existing bridges. This has been done and values of both o, and a, are tabulated in columns 13
and 14 of Table B-2. The information for determining o, was obtained from current meter
traverses and soundings taken from the downstream side of bridges by the USGS. Figure 5,
relating a, to a; and the contraction ratio, M, is supplied for estimating purposes only. The value
of a, is usually less than a4 for a given crossing, but this is not always the case. Actually, there

should be no definite relation between the two, but there is a trend. Local factors at the bridge
should also be considered such as asymmetry of flow, variation in cross section, and extent of

vegetation in the bridge opening. Perhaps the best advice for estimating a5 is to lean toward the



generous side. The construction of the chart shown on Figure 5 is described in Section B.3,
Appendix B.

Go to Chapter 2
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Computation of Backwater

Go to Chapter 3

2.1 Expression of Backwater

Bridge backwater analysis is far from simple regardless of the method employed. Many minor as well as major
variables are involved in any single waterway problem. For the model which was installed in a rectangular flume
and operated with uniform roughness, minor variables such as type and geometry of abutments, width of
abutments, slope of embankments, roadway widths and width to depth ratio couldlse evaluated in relation to
the Froude Number as was done in the comprehensive model study report (18). IN@is, case of bridges in the
field where roughness of flood plain and main channel differ materially and channg s sections are irregular,
the Froude number as was done in the comprehensive model study report(18).
field where roughness of flood plain and main channel differ materially and cha jons are irregular,
the Froude Number is no longer a meaningful parameter and minor variable geir si cance. This is

i Ple in most bridge
ggesented in this chapter for

backwater solutions; thus, a practical method, utilizing the dominant va
computing backwater produced by bridge constrictions.

ction 1, and a point downstream from
ure 2A). The expression is reasonably

between the point of maximum backwater upstream
the bridge at which normal stage has been reestablishe
valid if the channel in the vicinity of the bridge is essentia
fairly uniform, the gradient of the bottom is a pI‘OXI nt between section 1 and section 4, the flow is
free to contract and expand, there is no ap
subcritical range.

The expression for computation of backw, from a bridge constricting the flow, which is developed

(4)

water coefficient.
a; & = as deffged in expression 3a and 3b (see Section

0y i e &)

A> = gross water area in constriction measured below
normal stage (sg. ft.).

V> = average velocity in constriction or Q/A,, (f.p.s.). The

velocity, V5, iS not an actual measurable velocity, but

represents a reference velocity readily computed for
both model and field structures.



Ay = water area at section 4 where normal stage is
reestablished (sg. ft.).

A = total water area at section 1, including that produced
by the backwater (sq. ft.).

To compute backwater, it is necessary to obtain the approximate value of h,* by using the first part of the
expression (4):

2
ﬁ“f'fni

= e 75 (4a)

The value of A4 isthe second part of expression (4), which depends on h;*, can then be d@gmined and the second term of

the expression evaluated:

2 2 i
. A n2l A n2 Vi
A, A 29
This part of the expression represents the difference in kinetic energy
terms of the velocity head, V2,,,/2g. Expression (4) may appear ¢

ions 4 and 1, expressed in
is is not the case.

Since the comprehensive report (18) is generally not available, a ¢
development of the above backwater expression an | i

bulletin under type | flow.

ation regarding the
d is included in Appendix A of this

2.2 Backwater Coefficient

Two symbols are interchangeably used th text, and both are backwater coefficients. The symbol K},

is the backwater coefficient for a bridge backwater coefficient for a bridge in which only the
bridge opening ratio, M, is considered. aS a base coefficient and the curves on Figure 6 are

called base curves. The value of t er coefficient, K*, is likewise dependent on the value of M
but also affected by:

1. Number, size, tion of piers in the constriction,
2. Eccentricity or ' f bridge with respect to the valley cross section, and
3. Skew (bridge cro her than 90° angle).

It will be demonstrated t

coefficients to account for
dependent on the degree 0

* consists of a base curve coefficient, Ky, to which is added incremental

effect of piers, eccentricity and skew. The value of K* is nevertheless primarily
nstriction of flow at a bridge.
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ed with respect to the opening ratio, M, for
Ky, increases with channel constriction. The

and all spillthrough types. Curves are also included for
ts for bridges up to 200 feet in length. These shapes

lower curve applies for 45° and 60° win
30° wingwall abutments and for 90° ver
can be identified from the sketches

ry becomes less important to backwater as a bridge is

of Figure 6 apply to crossings normal to flood flow and do not include
nd skew. Since the backwater coefficient base curve, Figure 6, has
been modified in this b #1g and the supporting data for making this change have been placed in

Section B.1, Appendix E

2.4 Effect of Piers (N®rmal Crossings)

Backwater caused by introduction of piers in a bridge constriction has been treated as an incremental
backwater coefficient designated AK,,, which is added to the base curve coefficient K, when piers are present in
the waterway. The value of the incremental backwater coefficient, AK,, is dependent on the ratio that the area
of the piers bears to the gross area of the bridge opening, the type of piers (or piling in the case of pile bents),
the value of the bridge opening ratio, M, and the angularity of the piers with the direction of flood flow. The ratio
of the water area occupied by piers, A, to the gross water area of the constriction, Ay, both based on the
normal water surface, has been assigned the letter J. In computing the gross water area, A, the presence of

piers in the constriction is ignored. The incremental backwater coefficient for the more common types of piers
and pile bents can be obtained from Figure 7. By entering chart A with the proper value of J and reading



upward to the proper pier type, AK is read from the ordinate. Obtain the correction factor, o, from chart B for
opening ratios other than unity. The incremental backwater coefficient is then:

AKp = 0AK

The incremental backwater coefficients for pile bents can, for all practical purposes, be considered independent
of diameter, width, or spacing of piles but should be increased if there are more than 5 piles in a bent. A bent
with 10 piles should be given a value of AK,, about 20 percent higher than that shown for bents with 5 piles. If
there is a possibility of trash collecting on the piers, or piles, it is advisable to use a larger value of J to
compensate for the added obstruction. For a normal crossing with piers, the total backwater coefficient
becomes:

K* = Ky (Elgure 6) + AK,, (Figure 7)
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Figure 7. Incremental backwater coefficient for piers.
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Figure 8. Incremental backwater coefficient for eccentricity.
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2.5 Effects of P we 0ssings)

In the case of skewed
except for the computati

ect of piers is treated as explained for normal crossings (Section 2.4)
fJ, Anz, and M. The pier area for a skewed crossing, Ay, is the sum of the
individual pier areas norm&ilo the general direction of flow, as illustrated by the sketch in Figure 7. Note how
the width of pier Wy, is meaS#fred when the pier is not parallel to the general direction of flow. The area of the
constriction, A, for skewed crossings is based on the projected length of bridge, bg, cose (Figure 9). Again,
Anz is a gross value and includes the area occupied by piers. The value of J is the pier area, A, divided by the

projected gross area of the bridge constriction, both measured normal to the general direction of flow. The
computation of M for skewed crossings is also based on the projected length of bridge, which will be further
explained in Section 2.7.




2.6 Effect of Eccentricity

Referring to the sketch in Figure 8, it can be noted that the symbols Q, and Q. at section 1 were used to

represent the portion of the discharge obstructed by the approach embankments. If the cross section is
extremely asymmetrical so that Q, is less than 20 percent of Q. or vice versa, the backwater coefficient will be

somewhat larger than for comparable values of M shown on the base curve. The magnitude of the incremental
backwater coefficient, AKq, accounting for the effect of eccentricity, is shown in Figure 8. Eccentricity, e, is
defined as 1 minus the ratio of the lesser to the greater discharge outside the projected length of the bridge, or:

(2l
e=1—g—c where Q. < Q. (5)
=
or
()
e=’I—Q—EI where Q. > Q,
G
Reference to the sketch in Figure 8 will aid in clarifying the terminology 2/Q, = 0.05, the
eccentricity e = (1 - 0.05) or 0.95 and the curve for e = 0.95 in Figure 8 ed for obtaining AKe. The
largest influence on the backwater coefficient due to eccentricity bridge is located adjacent to
a bluff where a flood plain exists on only one side and the eccentri i overall backwater coefficient
for an extremely eccentric crossing with wingwall or *Ithr ab

K* = Ky, (Eigure 6) + AK, (Figure 7) + A



cremental backwater coefficient for skew.
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2.7 Effect of Skew

differs from that of normal crossings in the following respects:

The bridge opening d on the projected length of bridge rather than on the length along the

centerline. The lengt

previous to the placeme ents in the stream. The length of the constricted opening is bg, cos @,

2
) this length. The velocity head, Y12 to be substituted in expression (4) (Section
29
2.1) is based on the projected area A,,. The method will be further illustrated in example 3, Chapter 12.

and the area A, is based

Figure 10 shows the incremental backwater coefficient, AKg, for the effect of skew, for wingwall and spillthrough
type abutments. The incremental coefficient varies with the opening ratio, M, the angle of skew of the bridge @,
with the general direction of flood flow, and the alignment of the abutment faces, as indicated by the sketches in
Figure 10. Note that the incremental backwater coefficient, AKg, can be negative as well as positive. The
negative values result from the method of computation and do not necessarily indicate that the backwater will
be reduced by employing a skewed crossing. These incremental values are to be added algebraically to K,

obtained from the base curve. The total backwater coefficient for a skewed crossing with abutment faces
aligned with the flow and piers would be:



K* = Ky (Eigure 6) + AK,, (Figure 7) + AKg (Figure 10A).

It was observed during the model testing that skewed crossings with angles up to 20° produced no particularly
objectionable results for any of the abutment shapes investigated. As the angle increased above 20°, however,
the flow picture deteriorated; flow concentrations at abutments produced large eddies, reducing the efficiency of
the waterway and increasing the possibilities for scour. The above statement does not apply to cases where a
bridge spans most of the stream with little constriction.

Figure 11 was prepared from the same model information as Figure 10A. By entering Figure 11 with the angle
of skew and the projected value of M, the ratio bg cos @/b can be read from the ordinate. Knowing b and h4* for
a comparable normal crossing, one can solve for bg, the length of opening needed for a skewed bridge to
produce the same amount of backwater for the design discharge. The chart is especially helpful for estimating

and checking and its use will be demonstrated in example 3, Chapter 12.
Go to Chapter 3




Difference in Water Level across Approach Embankments

Chapter 3: HDS 1
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Go to Chapter 4

3.1 Significance

The difference in water surface elevation between the upstream and downstream side of bridge
approach embankments, Ah, has been interpreted erroneously as the@ackwater produced by a
bridge. This is not the backwater as the sketch on Figure 12 will attest. Y@e water surface at

section 3, measured along the downstream side of the embankment
stage by the amount h3*. There is an occasional exception to this, he en flow is

obstructed from returning to the flood plain by dense vegetatio [ om a

the sum hg*+ Sy L3, Where Sy is the natural slope of th Pure 12). The method of
determining L3, Which is the distance from &t eeds specific explanation, but
this will be deferred until Chapter 4. The differe leve nificant in the determination of

backwater at bridges in the field since,Ah is liable head measurement that can be
made. Fortunately, the backwater an finN@relation to each other for any particular
structure. Thus, if one is known, the oth rmined.

3.2 Base Curves

A base curve for determinin Wnstr levels was constructed entirely from model data
which was found lally co ent when presented by the parameters shown. No
satisfactory way héa xperimentally isolate the backwater from Ah when making
field measurements e the model curves must suffice. The differential level ratio,
hy*/h*+h3*, is plotte @th respect to the opening ratio, M on Figure 12.

The numerator, h,*, ref@sents the backwater at a bridge, exclusive of pier effect, and hs* is
the difference in level between normal stage and the water surface on the downstream side of
the embankment at section 3. The ordinate of Figure 12 will be referred to as the differential
level ratio to which the symbol Dy, has been assigned. The water surface depicted at section 3
represents the average level along the downstream side of the embankment from H to | and N
to O in Figure 1. For crossings involving wide flood plains and long embankments, the

distances H to | and N to O each have been arbitrarily limited or to not more than two bridge
lengths. The solid curve on Figure 12 is to be used for 45° and 60° wingwall abutments and all

spillthrough abutments regardless of bridge length. The upper curve, denoted by the broken



line, is for bridges with lengths up to 200 feet having 90° vertical wall and other abutment
shapes which severely constrict the flow.

Assuming the backwater, hy*, has already been computed for a normal crossing, without piers,

eccentricity or skew, the water surface on the downstream side of the embankment is obtained
by entering the curve on Figure 12 with the contraction ratio, M, and reading off the differential

level ratio
+
L
+ +
hy ™ +h4

1
ol

Dh T
or

(6)
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Figure 12. Differential water level ratio base curves.




3.3 Effects of Piers

As piers were introduced in the bridge constrictions in the model, it was found that the
backwater increased while the value of h3* showed no measurable change regardless of the

value of J (Section 2.4). Therefore, the procedure for determining h3* with piers is exactly as
explained in Section 3.2 without piers.

3.4 Effect of Eccentricity

the embankment
g plain discharge. In

In the case of severely eccentric crossings, the difference in level acr8
considered here applies only to the side of the river having the greater I8
plotting the experimental differential level ratios with respect to M for
without piers, it was found that the points fell directly on the base cu

crossings, but the ratio of one to the other, for any given val unchanged. Thus,
Figure 12 can also be considered applicable to eccentric crogsig@s if @8ed correctly. To obtain

hs* for an eccentric crossing, with or without piers, enter ve in Figure 12 with the
value of M and read Dy, as before. In this cas%

7 hh-.-.-_l_ﬂ-le-.'.-
Ny * +&Ng ™ +hy *

Dy

or

1
hy™ = (hy ™ +4h,7)

(7)

3.5Drop in Across Embankment (Normal Crossing)

Having computed h;\§@8 described in the preceding paragraphs and knowing the total
backwater h,;* (compu@ according to the procedure in Chapter 2), the difference in water
surface elevation acros¥'the embankment (Figure 12) is:

Ah =hg*+ hy* + Sgl.3 (8)

where h,* is total backwater, including the effect of piers and eccentricity, and Sy L1435 is the
normal fall in streambed from sections 1 to 3.




3.6 Water Surface on Downstream Side of Embankment (Skewed
Crossing)

The differential level across roadway embankments for skewed crossings is naturally different
for opposite sides of the river, the amount depending on the configuration of the stream, bends
in the vicinity of the crossing, the degree of skew, etc. These factors can be so variable that a
generalized model study can shed little light on the subject.

Individual values of h;* and hs* for skewed crossings again differ from those for symmetrical

crossings, but the differential level ratio across the embankments at either end of the bridge
can be considered the same as for normal crossings for any given vajge of M. The value of M
is, of course, based on the projected length of bridge as explained in jon 2.7. Thus, itis

again possible to use Figure 12 for skewed crossings. The differentiajd@¥egatio, Dy, with or
without piers, is obtained by entering the chart with the proper openi @ Then:
(9)

1
h3*=lhh*+&h5*I[D—h—1]

stream (Figure 9) were
stream, due to the limited width
nd the experimental points fell
both wingwall and spillthrough

eam side of the embankments (Figure
posite upstream side F to G. Likewise,
ide of the embankments were higher from
ce in level across embankments, however,

e river. Data for the above can be found in the

The results for the left embankment in the model or side
more reliable than those for the right embank@nt,
of the test flume. The results were fairly consist
slightly to both sides of the base curve (Figure 12
abutments. The water surface elevatt
9) from D to C were consistently higher
the water surface elevations along
N to O than for the right bank H t he dif
was essentially the same for bgth@ides of
comprehensive report (18).

Go to Chapter 4
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4.1 Distance to Point of Maximum Backwater

In backwater computations, it will be found necessary in some cases to locate the point or
points of maximum backwater with respect to the bridge. The maximuf backwater in line with
the midpoint of the bridge occurs at point A (Figure 13B), this point beir'ga distance, L*, from

the waterline on the upstream side of the embankment. Where flood §
embankments constrict the flow, the elevation of the water surface t e areas ABCD
and AEFG will be essentially the same as at point A, where the back urement was
made on the models. This characteristic has been verified fr ents made by
the U.S. Geological Survey on bridges where the flood plain |de of the main channel
were no wider than twice the bridge length and hydrauli Ss Wi@s relatively low. The
comprehensive report (18) contains further discussion of @i

For crossings with exceptionally wide, rough &0 essentially level ponding may not
occur. Flow gradients may exist along the upstr embankments due to borrow
pits, ditches and cleared areas along the ri These flow gradients along
embankments are likely to be more
flood. A correlation is needed between
embankments and point A since it i | water surface elevations at point A in the
field during floods. For the purpos field verification, it has been assumed that
the average water surface elevati@h alongWe upstream side of embankments, for as much as
two bridge lengths adjacent ac t (Fto G and D to C), is the same as at point A
(Eigure 13B).
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Figurgal istan@e to maximum backwater.

4.2 Normal

Figure 13 has been
measured normal to &

determining distance to point of maximum backwater,

terline of bridge. The chart differs from the one presented in the first
edition, which was basSgl entirely on model data applicable to only a very limited portion of the
problem. The curves or®Figure 13 of this book were developed from information supplied by the
U.S. Geological Survey on a number of field structures during floods. The resulting chart is
considered superior to the former one although there still remains room for improvement as
additional field data become available. The method of revision is explained in Section B.2,

Appendix B.

Referring to Figure 13, the normal depth of flow under a bridge is defined here as i = Apo/b,

where A, is the cross sectional area under the bridge, referred to normal water surface, and b
is the width of waterway. A trial solution is required for determining the differential level across



embankments, Ah, but from the result of the backwater computation it is possible to make a fair
estimate of Ah. To obtain distance to maximum backwater for a normal channel constriction,
enter Figure 13A with appropriate value of Ah/% and i and obtain the corresponding value of
L*/b. Solving for L*, which is the distance from point of maximum backwater (point A) to the
water surface on the upstream side of embankment (Figure 13B), and adding to this the
additional distance to section 3, which is known, gives the distance L3, Then the computed
difference in level across embankments is

Ah =h;* + hg* + Sgl 3 (8)

Should the computed value of Ah differ materially from the one chos
repeated until assumed and computed values agree. Generally speaki
backwater at a given bridge the further will point A move upstream.
also increases with length of bridge.

he above procedure is
he larger the
the value of L*

4.3 Eccentric Crossings

Eccentric crossings with extreme asymmetry perform mu lik If of a normal
symmetrical crossing with a marked contractlg of one side and very little contraction
on the other. For cases where the value of e ( ] reater than 0.70, enter the

abscissa on Flgure 13A with Ah/%i and § and rea responding value of L*/b as
r, w, which is obtained from Figure

ater is then L*= 1.34b with eccentricity.

In the case of skeWien e water surface elevations along opposite banks of a stream
are usually differen ab A, one may be higher and the other lower depending on the
angle of skew, the c& fration of the approach channel, and other factors. To obtain the
approximate distance\@® maximum backwater L* for skewed crossings (Figure 9), the same

procedure is recommeR@ed as far normal crossings except the ordinate of Figure 13 is read as
L*/bg, Where bg, is the full length of skewed bridge (Figure 9).

Go to Chapter 5
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Dual Bridges
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2.1 Arrangement

With the advent of divided highways, dual bridges of essentially identical design, placed parallel
and only a short distance apart, are now common. The backwater prodgced by dual bridges is
naturally larger than that for a single bridge, yet less than the value whiCR@aould by considering
the two bridges separately. As the combinations of dual bridges encounigs@@hin the field are
legion, it was necessary to restrict model tests to the simplest arrange aely, identical
parallel bridges crossing a stream normal to the flow (see sketch in Fig p
made principally with 45° wingwall abutments, but also included i
spillthrough type, both having embankment slopes of 1%:1. T @?
limited by the range permissible in the model which was 1Q fe@h ot
) 4

S
>

e between bridges was
11 (Eigure 14).
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water multiplication factor for dual bridges.

5.2 Backwater De@rmination

The method of testing consisted of establishing normal flow conditions, then placing one bridge
constriction in the flume and measuring the backwater, h;*. A second bridge constriction, identical

to the first, was next placed downstream and the backwater for the combination, hy*, was
measured upstream from the first bridge. The ratio, hy*/h,*, thus obtained, is plotted with respect
to the parameter, Ly / #, on Figure 14, where ¢ is the width of bridge and L is the distance from

the upstream face of the first bridge to the downstream face of the second bridge. The curve was
established from tests made with and without piers. The ratio, hy*/h,*, which is assigned the



symbol n, increases as the bridges are moved apart, apparently reaching a limit and then
decreases as the distance between the bridges is further increased. The range of the model was
sufficient to explore only the rising portion of the curve but most cases in practice will fall within
this range. With bridges in close proximity to one another, the flow pattern is elongated but little
different from that of a single bridge. As the bridges are spaced farther apart, the embankment of
the second bridge interferes with the expanding jet from the first, which must again contract and
reexpand downstream from the second bridge, producing additional turbulence and loss of
energy.

To determine backwater for dual bridges meeting the above requirements, it is necessary first to
compute the backwater, h*, for a single bridge, as previously outlined in Chapter 2. The

backwater for the dual combination, measured upstream from the first iffidge (Figure 14), is then:

hg* =hi*n (10)
5.3 Drop in Water Surface Across Embankme
In the case of dual bridges, the designer may wish to kno er s@iface elevation on the
downstream side of the roadway embankment of the first ater surface elevation on
the downstream side of the embankment of th‘ec idge. Fluctuations in the water surface
between bridges, due to turbulence and surging, asurements to be so erratic that it
was thought inadvisable to include the results her ese are available in the

this connection, however, is that the
al stage. (See sketch in Figure 14.)

comprehensive report (18). A charact
water surface between bridges usuall

The water surface downstream from
permitting accurate measurement
immediately downstream from the

, on the other hand, was quite stable
e for determining the water surface level
g€ embankment at section 3B (see sketch in Figure

14) consists of first computin the upstream bridge as was outlined in Chapter 2

and Chapter 3, respectively. ce, the sum h*;+ h*3 for the single bridge is assigned
the symbol yh. LiKSNigs X, + h*3p for the two-bridge combination is represented by the
symbol Phzg. The rt head differential to the first carries the symbol , or

(11)

The ratio » has been plotted with respect to Ly/l on Figure 15. To obtain the drop in level Yhgg for

the dual bridge combination, it is only necessary to multiply yh for the single bridge by the factor
from Figure 15. The difference in water surface elevation between the upstream side of the first

£

bridge embankment and the downstream side of the second should then be:

Ahgg = Whzp + Splg.3 or Ahgg = Whi + Splj.3p (12)



Should the water surface level on the downstream side of the second bridge embankment at
section 3B be desired relative to normal stage:

h*3g= Whsg — h*y

The left end of the curves on Figure 14 and Figure 15 are shown as broken lines since no data

were taken to definitely establish their positions in this region. The computation of backwater for
dual bridges is further explained in example 2 of Chapter 12. The charts for dual bridges in this

publication differ from those in the first edition for reasons discussed in Section B.4, Appendix B.
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Figure 15. Differential |@el muli tion factor for dual parallel bridges.
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(\ Chapter 6 : HDS 1
@ Abnormal Stage-Discharge Condition

Go to Chapter 7

6.1 Definition

Up to this point, the discussion has concerned streams flowing at normal stage; i.e., the natural

normal but is increased by unnatural backwater conditions from dow
backwater curve may be produced, beginning at the confluence of tr
at a dam, and may extend a considerable distance upstream if the s

stage-discharge conditions can be of importance in design. § ale, if a stream can
always be counted on to flow at abnormally high stage dgin
the increased waterway area may permit a shorter bridg
normal-stage conditions. To take advantage @he ituatiog the length of bridge would be
determined on the basis of

1. the minimum abnormal stage expected whi
increment, or

2. the maximum expected abnorma may produce the highest stage upstream.

ould pf@duce the largest backwater

Since estimating the design stage [ ite under abnormal conditions can be a
complicated process, requiring m indivj
backwater in this case has be
more important to understa
reference 17 for general bac

tly as an approximate solution or a case where it is
an to attempt precise computations. (See

6.2 Backwater

Tests were made by fiRgk establishing normal flow in the test flume as usual, without a
constriction. The tailgat®was then adjusted to increase the depth of flow by, say, 10 percent for
the same discharge, after which a centerline profile was obtained. The resulting water surface
is labeled "abnormal stage" in Figure 16. Abutments were then placed in the flume and a

second centerline profile was made of the water surface. The difference between the second
water surface measurement and the previous one at abnormal stage, both made at section 1, is
defined as the backwater h*; 5. Similar backwater measurements were made for other degrees

of bridge constriction and for depths of flow up to 40 percent greater than normal stage by
regulating the tailgate. Since the backwater analysis as developed is based on flow at normal
stage, expression (4) (Section 2.1) is, strictly speaking, not valid for abnormal stage-discharge




conditions. The results described in this chapter apply specifically to a model on approximately
a 1:40 scale with channel slope of 0.0012 and a Manning roughness factor of 0.024. The
results do shed some light on this phase of the backwater problem, and an approximate
solution may, in many cases, be preferable to none.

6.3 Backwater Expression

The experimental backwater coefficients for abnormal stage discharge (without piers,
eccentricity, and skew) were computed according to the expression:

™
Kh.ﬂ. e 13
0’} szggfgg ( )
where h*; 5 is backwater measured above abnormal stage at section Q/A,a, Where
Ao, IS gross area of constriction based on abnormal stage (sg e subscript A has
been added throughout to signify that this is a special case, onfused with other
expressions which precede or follow. Actually, expressi ification of expression

(4a). Model backwater coefficients computed according t
on both sides of the base curve (Figure 6). Tl‘tes

report (18), plot in no particular order with regar
stage.

hich appear in the comprehensive
of abnormality or difference in

As the method of computation chose ck
the base curves, it is further assumed t

previously established for piers, ec '
abnormal stage-discharge conditi

of backwater for abnormal sta

7
W

r coefficients approximating those of
for incremental backwater coefficients,
nd skew, may be reasonably applicable to
rmissible, the expression for the computation
ould then read:

. [T thi
charg

ht“l.ﬂ. =H* (14)

where K* = Ky (Fig
and sources used to

important difference i
stage rather than normd

Figure 7) + AK, (Figure 8) + AKq (Figure 10). Thus, the method
ain the overall backwater coefficient remain unchanged. The one and
pressions (13) and (14) is insertion of the velocity head for abnormal
tage.
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The experimental points’for the differential level ratio for abnormal stage discharge (without
piers) were also found to agree fairly well with the base curve (Eigure 12). The information is

included in the comprehensive report (18). To obtain the water surface along the downstream
side of the roadway embankment for abnormal stage discharge, Figure 12 is considered
applicable but approximate. The method of computation is similar to that explained in Chapter
3; the principal differences lie in the manner in which the backwater is computed for abnormal
stage conditions. Other symbols involved in the abnormal stage-discharge computation also
bear the subscript A, so the differential level ratio:



h L
Dy, da (15)

B T+,
or
% = [ -1 (16)
S BA, B
]
where:
Dy, = differential level ratio from base curve, Figure 12 (no adjus@gent is needed for
eccentricity or skew);
h*ya = backwater above abnormal stage (without piers);
h*3a = vertical distance from water surface to abnormal (this
dimension will be the same with or without piers).
Except for minor revisions, the reporting of this chapter mal g#age discharge is the
same as that which appeared in the original publication. a ocedures for bridge

backwater computation with abnormal stage ’I ated in example 5 of Chapter 12.

Go to Chapter 7




Chapter 7 : HDS 1
A

Effect of Scour on Backwater

Go to Chapter 8

7.1 General

Thus far the discussion of backwater has been limited to the case where the bed of a stream in the vicinity of
a bridge is considered rigid or immovable and, thus, does not degrade with introduction of embankments,
abutments, and piers. It was necessary to obtain the initial experimental data ugder more or less ideal
conditions before introducing the further complication of a movable bed. In actO@ily, the bed is usually
composed of much loose material, some of which will move out of the constrictio ing flood flows. Nature
wastes little time in attempting to restore the former regime, or the stage-disc \
prior to constriction of the stream. For within-bank flow little changes, but for f SHlcre exists an

Bearing in mind that during floods a stream is usually transporting se gCity, the process
might be described as follows, with the aid of Figure 17. Constrictio cagll produces backwater at
flood flows; backwater is indicative of an increase in potential e ; his makes possible higher
velocities in the constriction, thus, increasing the transport capa 0 above normal in this reach.

The greater capacity for transport results in scouringaof th vicinity of the constriction; the

removed material is usually carried a short distance Boyns dropped as the stream again returns to
full width. As the scouring action proceeds, the waterw ' i
reS|stance to flow decreases, and a reduction |n t f backwater results. If the bed is composed of

can reach such proportions that the rate of
transport out of the hole is matched by the rat to the hole from upstream. Upon reaching this

as stage discharge is concerned and t
realized in the model operating un

materlally retard the ] Iso, the stage of most rivers in flood does not remain constant for
any appreciable leng ess, now that information is available for the extreme case of

utilizing a shorter bridge.\@his same objective is sometlmes attained in another way by enlarging the
waterway area under a bri@@ie by excavation during construction. In such cases, it is desirable to be able to
determine the amount of b&Ckwater to be expected after localized enlargement of the waterway. There is
always the possibility, however, that deposition may refill the excavated channel to essentially its original

condition. Maintaining a channel as constructed is not easily accomplished.

7.2 Nature of Scour

It is advisable to mention a few of the characteristics of scour, as observed during the model experiments,
prior to considering the effect of scour on backwater. Where the depth of flow is essentially uniform and the
bed is composed of a narrow gradation of clean sand, as was the case in the model, scour was greatest in
the vicinity of the abutments, as shown in Figure 17B, and little scour was evidenced in the center of the



constriction unless the scour holes overlapped. This is better illustrated by a photograph of the model in
Figure 18 which shows the nature of scour around a 45° wingwall abutment and at two circular piers after a

test run. The zero contour line represents normal elevation of the sandbed before placing the embankment
in the flume. The remainder of the contour lines, which are at 0.2-foot intervals, define the resulting scour
hole produced by initially constricting the channel 38 percent with the embankment. This photograph is
included to demonstrate that scour in the model did not occur uniformly across the constriction, but was
greatest at points where concentration of flow occurs. It can be noted that scour around the two circular
piers is minor compared to scour at the abutment.

Figure 19 is a cross section of the same scour hole, measured along the upstream side of the bridge. The
normal flow depth was 0.52 foot in this case, while the maximum equilibrium scour at the abutment
amounted to twice this value. The pattern of scour experienced in the model is not necessarily indicative of
that which will occur in a stream.
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Figure 17. Effect of scour on bridge backwater.

It is not only difficult to predict the magnitude of scour, but it is equally difficult to predict the location of scour



at field structures since the depth of flow from flood plain to main channel can differ widely as well as the
direction and concentration of flow. In the model, the greatest concentration occurred at the abutments,
while in the field the deeper scour may occur in the main channel as indicated in Figure 17C. Should the
main flow or a secondary current be directed toward an abutment during flood, or should a concentration of
flow exist near an abutment, the area adjacent to the abutment is definitely vulnerable to scour. It is not the
intention here to go into detail on the vagaries of scour, since this would require much illustrative matter and
explanation, but merely to point out a few features fundamental to understanding the effect of scour on
backwater. References 20, 21, 23, 24, and 29 are recommended for the study and prediction of scour at
bridge abutments and piers.




Figure 18. Scour at wingwall abutment and single circular piers (model).
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7.3 Backwater Deff@mination

From the foregoing, it can & seen that any means of increasing the waterway area under a bridge can be
effective in reducing the backwater. It is by no means a simple task to measure backwater in a model with a
bed that is free to produce sand dunes, which advance slowly down the channel continually altering
conditions of flow. The majority of tests were made in a flume of rectangular cross section, 8 feet wide by
150 feet long, in which the former rigid bed was replaced by an 8-inch layer of sand. Normal flow was first
established for a given discharge, then abutments were placed in the flume and the flow allowed to continue
uninterrupted until a stable condition of scour was established. At this time final measurements were taken
of the backwater, the difference in level across embankments, and the cross section of the scoured bed
under the bridge. The resulting backwater and the differential in level across embankments, with scour, were
then compared with the backwater and differential level, respectively, for an immovable bed operating under
similar conditions of flow and geometry. The values used for the rigid bed were computed according to the



methods outlined in Chapter 2 and Chapter 3. Holding the discharge and abutment geometry the same for

any test, the reduction in backwater was related directly to the volume or cross sectional area of scour.
Scour and velocity are usually measured from the downstream side of a bridge, since this is the most
pratical way of obtaining these measurements during flood flows. Also, the effective area of scour, so far as
the computation of backwater is concerned, will more likely correspond to the scour at the downstream side
than that at the upstream side of a bridge. Thus, the area of scour measured at the downstream side,
denoted as Ag, will be used for the computation of backwater. The model tests showed the scour at the

downstream side to average about 75 percent of that at the upstream side of the bridge.

A design curve derived from the model experiments is included as Figure 20. The correction factor for
backwater with scour (C = h*;¢/h*,) is plotted with respect to Aj/A,» where the terms bearing the subscript s,
designate values with scour; those not bearing this subscript represent the same values computed with rigid
bed. Supposing the backwater at a given bridge was 1 foot with no scour; it wol@le be reduced to 0.52-foot
were scour to enlarge the waterway area by 50 percent, or it would be reduced t8 1-foot should the
waterway area be doubled. The same reduction applies equally well to the ratig 82 and Yhg/Ph (see

bridge sites where scour is to be encouraged, where scour cannot be avoided c waterway is to
be enlarged during construction, it is first necessary to compute the bg ‘ guantities desired

according to the method outline in Chapter 2 and Chapter 3 for a rigi BIng the original cross section
of the stream at the bridge site. These values are then multiplied by pefficient from Figure 20 as
follows:
* — *

h*;, = Chg* (18)

Whs = Cyh (19)
7.4 Enlarged Waterways
The designer will probably be r on scour as a means of enlarging a waterway and thereby
reducing backwater. If the water by excavation, there is little to gain by excavating much
beyond the limits (uf eam) of the embankments as the downstream channel acts as the

control (Figure 18). |
by deposition. Any enl
the growth of willows a

cross section should be maintained to prevent reduction of area by
ilar vegetation. Field surveys of existing bridges where channel enlargements
have once been made sR@wId reveal worthwhile information on the question of permanence of enlarged
waterways. Chapter 12, S8&mple 6, which is based on an actual occurrence involving a flash flood on a
stream with a bed consistir®§ of non-cohesive material, is included to demonstrate how backwater is reduced
by scour.

Attention is called to the well known fact that scour measured after flood waters have subsided does not give
a true indication of the extent of scour which occurred during the peak of the flood. This is evidenced by
many incidents where bridge spans and piers have fallen into a stream during a flood and have been buried
deep in the bed. As flood waters recede, the transport capacity as well as the velocity of the flow drops off,
with the result that material is deposited all along the streambed as well as in the constriction.
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Figure 20. Corre acto water with scour.
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Chapter 8 : HDS 1
A

Superstructure Partially Inundated

Go to Chapter 9

8.1 The Problem

Cases arise in which it is desirable to compute the backwater upstream from a bridge or the d der a bridge when flow is in contact
with the girders. Once flow contacts the upstream girder of a bridge, orifice flow is established arge then varies as the square
root of the effective head. The result is a rather rapid increase in discharge for a moderate risé stage. The greater discharge, of
course, increases the likelihood of scour under the bridge. Inundation of the bridge d ' e designer seldom contemplates in

design but it occurs frequently on older bridges.

Two cases were studied; the first where only the upstream girder was in the w.
where the bridge constriction is flowing full, all girders in the flow, as shown in E

The procedure followed in the model tests for either case was to s’a di adjust the depth of flow such that it was constant

d in the flow and the backwater h,*, produced by

lowered until the upstream girder made contact with the
place to prevent further movement. The new backwater n measured, as well as the vertical distance Z, between the
bottom of the upstream girder and the floor of the channel. made with the bridge deck further depressed, but in no case was
flow over the bridge permitted. The above test proced epeated for changes in abutment geometry using both wingwall and
spillthrough abutments. The test results are on recor nsive model study report (18).

8.2 Upstream Girder in Flow (Ca

a. It was found that for practical purposes, the opening ratio, M, could be eliminated
t logical and simple method of approach was then to treat this flow condition as a

Several methods were attempted
as a variable once orifice flow was

Using a common expression for sluice

(e cdeZ[Eg[‘fu —%+ o W2

Q =total dischargeCc.f.s.
Cq = Coefficient of discharge

g]r.l'i (20)



by = net width of waterway (excluding piers)CHt.

= vertical distanceCbottom of upstream girder to mean river bed
under bridge

= vertical distanceCupstream water surface to mean river bed at
Y bridge ft.

For case I, the coefficient of discharge C, plotted with respect to the parameter Y, /Z on Figure 2

coefficient of discharge where only the upstream girder is in contact with the flow. By substitutjg@®
solve for either water surface upstream or the discharge under the bridge, depending on the @@lantities
curve (Figure 21) approaches zero as Y, /Z becomes unity. This is the case since the limiting @

applies is not much less than 1.1.There is a transition zone somewhere between Y, /. C e free surface flow channel to
orifice flow or vice versa. The type of flow within this range is unpredictable. For Y, / is dependent on the natural slope of the
stream, while this factor is of little concern after orifice flow is established or Y, /£ >

The upper curve applies to the
expression (20) , it is possible to
own. It appears that the coefficient

In computing a general river backwater curve across the bridge shown on Figur
downstream as well as upstream from the bridge. The approximat‘ept
scale with the proper value of Y, /Z and reading down to the upper c

lower scale as shown by the arrows. The lower scale gives the ratio of 3. The

it sary to know water surface elevation

can be obtained from Figure 21 by entering the top
orizontally to the lower curve, and finally down to the
thod is illustrated in example 7 of Chapter 12.
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Figifre 22. Discharge coefficient for all girders in flow (case Il).




8.3 All Girders in Contact with Flow (Case II)

Where the entire area under the bridge is occupied by the flow, the computation is handled in a different manner. To compute the water
surface upstream from the bridge, the water surface on the downstream side and the discharge must be known. Or if the discharge is

desired, the drop in water surface across the roadway embankment, Ah, and the net area under the bridge is required. The experimental
points on Figure 22A, which are for both wingwall and spillthrough abutments, show the coefficient of discharge to be essentially constant at

0.80 for the range of conditions tested. The equation recommended for the average two to fougdane concrete girder bridge for case Il is

Q = 0.80 byZ(2gAh)L/2 (21)

where the symbols are defined as in expression (20). Here the net width of waterway (excludi [ piers) is used again. It is preferable
to measure Ah across embankments rather than at the bridge proper. The partially mundated 1
submerged box culvert (14) but on a larger scale. Submergence, of course, can increggg iR

Again for working up general backwater curves for a river, such as is done by the C gimeers, Bureau of Reclamation, and other
agencies, it is desirable to know the drop in water level across existing bridges

or downstream from the bridge. Once Ah is computed from expression (21) the ' pstream, Y, can be obtained from chart B.
Figure 22, where Y is depth from normal stage to mean river bed‘ i edure will be further explained by example 8 of

Chapter 12.

8.4 Safety of Bridge

A rather common source of bridge failure results from the sup ng virtually pushed or lifted off the abutments and piers by the
combination of buoyancy and dynamic forces. Inunda i e effective weight of a concrete bridge to about 0.6 of its weight in air.

hydrostatic pressure, or ponding, acting on th
moving mass of water (32), plus impact force
large floating objects can be lethalg
by equating impulse against mom

dings, barges and large floating objects striking a bridge. The impact from
der stress and the girders are not anchored piers. The force of impact can be calculated

WY
Fﬂt=E|{\'¢"1 _III'PIIID]I

or

_ WM = V)
F = g—&t (22)

where At is time required to bring the mass W/g, floating down river at a velocity, V, to rest upon striking a solid object. Say a wooden
structure weighing 8 tons, is carried down a swollen river at 5 ft./sec.; the force it would exert on impact depend on the resilience of the



object, the resilience of the bridge span it strikes and the manner in which it strikes. Suppose it makes a square hit so that its velocity
changes from 5 ft./sec. to zero in 0.5 second. The force of impact would be

- _ 160005~ 0}
322X05

On the other hand, assume that a mattress of trash collected on the upstream side of the offers,a cushioning effect so that the time interval
for the velocity to change from 5 ft./sec. to zero is now 2.5 seconds. This would reduce the for€ five times to 994 Ibs. Here is a case
where trash can serve a useful purpose. Figure 23 shows what the combination of buoyant and gontal forces can do to a bridge which
can break from its supports. Air trapped under these 80-foot prestressed concrete spans and
carried these two spans several hundred feet downstream from substructure and stacked the

=4970 Ibs

shall be securely anchored to the substructure. This is an inexpensive and recommej Vhere there is a possibility of the flow
coming in contact with the deck during heavy or unusual floods, it is recommended ] )e anchored, tied or blocked in such a way
that they cannot be pushed or lifted off their pedestals by hydraulic forces. Evenghe of blocks on the downstream end of pier
caps, which could be provided at practically no extra cost, would help prevent fa liding. Buoyancy forces can be reduced by
providing air vents near the top of girders so that entrapped air may escape. In S Imple precautions such as these can save a
bridge superstructure.

e ; Gl R :
o o o e : 7 X

Figure 23. Buoyant and horizontal forces moved these 80-foot spans downstream.




8.5 Flow over Roadway

In cases where bridge clearance is such that girders become inundated during floods, there is a good possibility that flow also occurs over
portions of the approach roadway. Should it be desired to determine the discharge flowing over the roadway, a chart is included as Figure

24. Credit for this work should go to Kindsvater and Sigurdson (7 and 37).

To determine the discharge flowing over a roadway, first enter curve B (Figure 24) with H/l and gbtain the free flow coefficient of discharge
Ct. Should the value of H/l be less than 0.15, it is suggested that Cs be read from curve A of th e figure. If submergence is present (e.g.,
if H/D is larger than 0.7) enter curve C with the proper value of submergence in percent and rea e submergence factor Cq /Cs. The
resulting discharge is obtained by substituting values in the expression:

Q = C; LH32 - C//C

where L represents the length of inundated roadway, H is the total head upstream a@pabpve the crown of the roadway and C; and Cqg
are coefficients of discharge for free flow and with submergence, respectively. f flow varies along the roadway, it is
advisable to divide the inundated portion into reaches and compute the dischar h separately. The process, of course, can
be reversed to aid in determining backwater for a combination of bridge and roa

The overtopping of roadways bears a connotation of the past, but t¥s so " should not be discarded; it has far reaching
possibilities in present and future design. The present tendency, for | ary roads, is to construct approach embankments
well above the 50-year flood, or highest flood level of record, and the bridge to pass all flood waters, including the super flood. A
limit must be set on the length of bridge for economic re ' proportioned for about a 50-year flood, but where topography

is favorable, this same bridge with embankments set at a ineWevel may handle a 1,000-year flood safely. An excellent
example of this type of design is the bridge across the Misso i ocheport, Mo., on Interstate 70. A profile across the valley
looking upstream is shown on Figure 25. The bridge is igh water, the approach embankment on the left is set at about
the 75-year flood level, yet there is adequate sight di t. This is the ideal valley cross section and the bridge and
embankment have been tailor made to fit the site T il accommodate any flood that is likely to occur with a minimum of
damage. Computation of flow across this road mple 9 (Chapter 12). The manner in which a crossing of this kind functions

has been explained in reference 6; a portion
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on Route I-70.
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Figure 26. ive@Bridge on Virginia Route 40.
8.6 Nottoway River Bridge
The crossing of the Nottoway Riv near Sussex, Va., is an actual case on which reliable field observations and

measurements were made.

"The 175-ft. bridge shown in Figure

capacity of the bridge itself is approxi
accommodated with no damage to the

withstood several severe floods, one with a recurrence interval exceeding 100 years. The

ly 10,000 c.f.s., however, a flood of 26,000 c.f.s., or approximately 2% times the capacity, was
ge. Only minor repairs were required to the downstream shoulders of the embankments.

"The solid line in Figure 26 represents the stage-discharge relationship for the river at the bridge site. Discharges of up to 10,000 c.f.s. were
carried under the bridge. As the stage reached El. 70, flow began to spill over the road. With flow over the roadway established, resistance
decreased, resulting in a corresponding reduction in both backwater upstream from the bridge and differential head across the embankment.
In turn, reduction in backwater caused the flow under the bridge to decrease. By the time the stage reached El. 75, water flowed to a depth

of 5 ft. over the roadway. Flow over the embankment at this point reached 24,000 c.f.s. whereas flow under the bridge fell to less than 2,000
c.f.s.



"The backwater upstream from the bridge reached a maximum of 0.37 ft. for the stage at El. 70. The differential head across the
embankment was approximately double this amount for the same stage but fell to 0.015 ft. as the stage reached El. 75. Measurements
indicated that the highest mean velocity attained under the bridge was 4 f.p.s. at approximately El. 70, decreasing to 0.7 f.p.s. as the stage
approached El. 75. The velocity over the roadway reached a maximum of approximately 2 f.p.s. at El. 70.3, decreasing to approximately 0.7
f.p.s. for river stage at El. 75.

"The greatest test withstood by the bridge foundations occurred, therefore, not at the peak flow, but at 10,000 c.f.s. For greater flows, the

discharge and velocity under the bridge decreased. The greatest threat to the superstructure o@aurred at the peak of the flood when timber
and debris lodged against it, but with the low velocities prevailing at that time even this was not SEEUS. The outstanding factor contributing
to the safety of the bridge is the sure suprisingly large capacity of the roadway when it is operg a submerged broad-crested weir." (6)

alve idea be kept in mind and

used where applicable. The roadway in this case would be located slightly above the Wi the bridge is designed. The bridge
should have sufficient clearance so that the lowest part of the superstructure remai water at all times

The following comment made by F. A. Kilpatrick of the U.S.G.S. is worthy of megii .. @@bservations of the Colorado 1965 floods,
and the damage to the Interstate System would seem to point out the advantag L @ ng, especially where the restoration of traffic

can be accomplished as quickly as was the case in the western States. After the oods, the embankments were restored in 1 to 2
days, the bridges only after many months and millions of dollars."

Go to Chapter 9




Chapter 9: HDS 1
A

Spur Dikes

Go to Chapter 10

9.1 Introduction

Where approach embankments encroach on wide flood plains and constrict the normal flood flow, special attention
should be given to scour, particularly in the vicinity of bridge abutments. Flow from the flood plain travels along the
embankment, and enters the constriction as a concentrated jet normal to the direction of flow in the main channel. In so
doing, the severity of the contraction is increased at the abutment, the effective length of bridge opening is reduced,
and the possibility of scour at the junction of the two jets is great. This action is illustra i
Figure 27. Concentration of flow is from right to left along the upstream side of the emba¥Went; the river flow is from

top to bottom. The low water channel is to the left of the photograph. Where borrow pi jiches exist along the
upstream side of a bridge embankment, flow from the flood plain favors this path of Ig i e; the result is often
an unusually high flow concentration along the embankment. This is specifically the d existed along the
upstream side of the embankment shown in the photograph on Figure 27. Note the vi@ action where the side

jet and the main flow converge, the ineffectiveness of the first span, and als as been responsible
for the loss of a portion of the bridge.

et below the river bed, yet it is
demonstrates the transport

The scour hole measured after the flood is shown on Figure 28. The
certain that the scour extended considerably deeper during the peak o
power of turbulent curvilinear flow. It took the highway mainten veral weeks of probing to locate the
missing bridge spans and piers which were found buried ®ee he stream. This condition can be
alleviated to some extent on new bridges by prohibiting bor i tream side of embankments and
forbidding the cutting of trees back of the toe of the fill slope. ses where channeling along an embankment is
already present or cannot be avoided, the situgsion cg edied by constructing a spur dike as shown in
the model in Figure 29.

Figure 27. Flow concentration along upstream side of embankment at Big Nichols Creek.



ES 000 BSOS ETHED BE400 G0 9000 BIEDG 9RE00

Figure 28. Extent of scour measured after the floo

9.2 Function and Geometry of Spur Dike‘

Where approach embankments divert considerable flood plai@flow t
proportioned, is effective in reducing the gradient and velocity S@@gg the e
the merging flow away from the abutment to thg upstig d oNgliR dike.

e bridge opening, a spur dike, properly
ankment by moving the mixing action of

Figure 29. Model of a spur dike.

The combined flow is directed so that the entire waterway under the bridge is utilized and the depth of scour in the
vicinity of the bridge abutment and at adjacent piers is reduced. Scour, if it occurs, is moved upstream away from the
bridge structure as shown on Figure 29. Although any spur dike is usually helpful fit reducing scour from merging flood
plain flow, a dike of proper proportions is needed to keep scour at the bridge abutment to a minimum and properly align
the flow through the end spans of the bridge.



Three principal considerations are involved in proportioning a spur dike: geometry, height and length. Laboratory
studies (19 and 25) showed that a dike shaped in the form of a quarter of an ellipse, with ratio of major (length) to
minor (offset) axes of 2.5:1 performed as well or better than any shape tested. The height of spur dike is based on
anticipated high water. It should have sufficient height and freeboard to avoid overtopping and be protected from wave
action. With the exception of dikes constructed entirely of stone or earth dikes properly armored with graded stone
facing, overtopping will usually result in serious damage or complete destruction of a dike because the difference in
level across the dike is usually sufficient to produce erosive velocities. The remaining dimension, length of dike, will be
considered in detail in the following section. It may be said, however, that since field information on the operation of
spur dikes is meager, the tendency at present is to lean toward over design rather than under design.

9.3 Length of Spur Dike

performed at Colorado State
e State of Mississippi (39),
be found in references
ailable on spur dikes

The information for determining the length of spur dike was obtained from model studig
University (19 and 25), field data collected by the U.S. Geological Survey during floods
and field observations by D. E. Schneible (30) during floods. Additional model informatiog
2 and 27 of the selected bibliography. The usable experimental and field information g

and the reliability of the data can be found in Appendix C. For design purposes, Figurt *®n reproduced,
alalifig the flow over the

left or the right flood plain to a specific portion of the flow under the bridge, ive velocity adjacent to the

abutment of the bridge, and the length of spur dike needed. The dischayge
dike as the abscissa, and the family of curves are for different values

Definitions of the symbols used are:
Q = Total discharge of stream (cgs
Qs = Lateral or flood plain flow (one si

= Discharge in 100 fe
Qa0 (c.f.s).

measufed at section 1 (c.f.s.).
t to abutment, measured at section 1

b = Length of bridge o
Ano = Water area unde
Vo = Q/A,» = Aver ' rough bridge opening (f.p.s.).
Qs /Q100= Spur dike
Lg = Tdg ) dike (measured as shown on Figure 30 (ft.).

The shape of the dike w pquation of one quarter of an ellipse with 2.5:1 ratio of major to minor axis.

2 2
e,
L2 (04Lg)

(24)

or
L = (X2 + 6.25Y2)1/2

It can be observed from Figure 30 that the length of a spur dike should be increased with an increase in flood plain

discharge, with an increase in velocity under the bridge, or both. The chart is read by entering the ordinate with the
proper value of Q; /Q4gg, moving horizontally to the curve corresponding with the computed value of V,, and then

downward to obtain from the abscissa the length of spur dike required. As a general rule, if the length read from the
abscissa is less than 30 feet, a spur dike is not needed. For chart lengths from 30 to 100 feet, it is recommended that a
spur dike no less than 100 feet long be constructed. This length is needed to direct the curvilinear flow around the end
of the dike so that it will merge with the main channel flow and establish a straight course down river before reaching



the bridge abutment. Curvilinear flow can have several times the capacity to scour than that of parallel flow, depending
on the radius of curvature, velocity, depth of flow and other factors. Holding the depth of flow and other factors the
same, the depth of scour will increase with decrease in radius of curvature. For this reason, the deepest scour
produced by a spur dike occurs near the nose where the radius of curvature is sharpest.

W Dhag
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Figure 30. Charts for determining length of spur dikes.

Figure 31 shows a case where spur dikes are indispensable on the Tarbela Bridge on the Indus River in West Pakistan
(42). The average velocity under the bridge will be about 14 f.p.s. for the design flood of 750,000 c.f.s. For bridges
skewed at an angle of 45°, it is recommended that the forward dike (see sketch, Figure 30) be lengthened by 50
percent over the value given by the design chart. For lesser angles, the forward dike may be lengthened in proportion.
Figure 32 shows a spur dike at a bridge on the Susquehanna River near Nanticoke, Pa., during the flood of March
1964. The spur dike, which is constructed entirely of rock, is 300 feet long, and the bridge is skewed at an angle of 45°
with the river. This dike was built before the model studies, therefore, it is not elliptical in plan, and the flow does not
follow the nose as well as it should. It has proven very effective, however, as evidenced by comparisons of the scour at



abutment and adjacent piers after two floods, one before and the other after the dike was constructed.
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Figure 31. Spur dikes on model of Tarbela Bridge, Indus River, gstan.

9.4 Other Considerations

The method of proportioning spur dikes for use at bridge abutments is illus ple 10 of Chapter 12. There
is no direct relation between length of spur dike and length of bridge; i the first 100 feet of waterway
adjacent to the abutment in question is considered. A better choice of )
preferably expressed in dimensionless form. These poin?vere \yen cogBideration in preparing the chart, but
experimental and field data are insufficient to warrant gre is time. After a sufficient number and
variety of field structures have been proportioned in accorda 0, its worth may be evaluated from the
performance of these spur dikes under flood water conditions. ffications will by then be in order, and it may be
desirable to present the overall information in '
dikes constructed to date (see columns 18 and ¥ hod lending some standardization to design

appears to be of immediate importance at this time eason that Figure 30 is presented.

Figure 33 shows in detail a general plan a
introduction of the design chart, Figure 30

was recommended by D. E. Schneib
minimum length on the basis that
to a short dike may result in a com

Fnite criteria for determining length of spur dike so 150 feet

rd length. There is still no objection to considering 150 feet a
in considerable damage and still remain effective while damage

Spur dikes may be co
current. Dikes construc
should extend above exg
expensive and the remain
it should be well graded ant

compacted to the same standards as the roadway embankment and

, . Protection may be limited to the areas shown on Figure 33 if rock is

Ortions of dike will support vegetation. Where rock is used as a facing on an earth dike,
filter blanket should be used if the relative gradations of the rock and of the spur dike
material require it. Design of\@lier blankets and riprap protection are described in BPR Hydraulic Engineering Circular
No. 11 (16). In special cases Where the cost of facing for a spur dike is prohibitive, it can be constructed with a sod
cover or minimum protection with a plan for repair or replacement after each high water occurrence with the risk that it
would protect the bridge for one flood.

The following points should be kept in mind:
1. Keep trees as close to the toe of the spur dike embankment as construction will permit.

2. Do not allow the cutting of channels or the digging of borrow pits near spur dikes or along the upstream side of
embankments.

3. If drainage is important, put small pipe through spur dike or embankment to drain pockets left behind dikes after
flood recedes.



Figure 32. Spur dike on 45° skewed bridge over Susquehanna River at Nanticoke Pa.
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Go to Chapter 10




) Y Chapter 10: HDS 1
(.f Flow Passes Through Critical Depth (Type II)

Go to Chapter 11

10.1 Introduction

The computation of backwater for bridges on streams with fairly steep gradients, by the method
outlined up to this point, may result in unrealistic values. When this oe@lrs, it is probably a sign
that the flow encountered is type Il (see Figure 4), and the backwater aNg@hysis for subcritical or
type | flow no longer applies. The water surface for type IIA flow pas
under the bridge but returns to normal or subcritical flow some dista eam. In the

case of type 1IB flow, the water surface passes through critical stage pridge and then
dips below critical stage downstream. One analysis that appl|
Section A.2, Appendix A. The sole source of data for type Il

cover but a limited range of contraction ratios.

modl studies, which

10.2 Backwater Coefficients

Design information for other than typ demand and some designers have

expressed confusion in attempting to | aalysis to other types of flow. It has been
decided, therefore, to present a tentative kwateM@oefficient curve (Eigure 34) based on the

information at hand. The expressi the water coefficient in this case is:
% 2
hy " +y -
Cb i 1 Y Y + -1 (25)
o /2 ey | Ve

¥ = Norma@depth in constriction or A»/b (ft.)
Yo = Critical ®epth in constriction or A,./b (ft.)
V. = Ciritical velocity in constriction or Q/A,. (f.p.s.)

0, = Velocity head coefficient for the constriction

The backwater coefficient has been assigned the symbol C, to differentiate it from the
coefficient for subcritical flow.

The curve of Figure 34 accounts for the contraction ratio only, which is the major factor



involved. The effect of piers, eccentricity, and skew have not been evaluated because of the
tentative nature of the curve. The incremental coefficients on Figure 7, Figure 8, and Figure 10

for piers, eccentricity and skew, are not applicable to type Il flow problems.

The backwater for type Il flow, with no allowance for piers, eccentricity and skew, is then:

e 2
* 2C W 1 ik 26
hi =« Cp +D- e + Yy - ¥ (26)
1 2 2 (Cp +1 175g | T2
i P NG TR
| ' |
5 :. ..-_.! 25 R R
A ———"
S 02— l | |
aijeidl e |
ﬂ |
4] o
Figure 34. Tentaldi ackw@ller coefficient curve for type Il flow.

2 Of F

10.3 Recogni Type
¥ determine which type of flow will occur at a proposed bridge
arting the backwater computations. No definite answers can be given
since most problems d@icountered of this nature will be borderline cases. As a suggestion, try
the type | approach for @mputing backwater first. Should the result appear unrealistic, repeat
the backwater computation using the type Il approach. It is more than likely that the difference
in the two results will be great enough to readily spot the erratic one. Stating it another way, if
the backwater for the type Il flow results in a lower value than for the type | computation, the
flow definitely will be type II.

The prime difficulty
site in the field prior {

The extent of the model information and the plotted points may be inspected in Table A-1 and
Figure A-3, respectively. Example 13, briefly illustrates the computational procedure suggested.







Chapter 11 : HDS 1
A

Preliminary Field and Design Procedures

Go to Chapter 12

11.1 Evaluation of Flood Hazards

Bureau of Public Roads' instructions require that after January 1, 1968, all Federal and Fe gighway plans submitted for

approval shall show the magnitude, frequency, and pertinent water surface elevations for 0d and, if available, similar data
for the maximum flood of record for all structures and roadway embankments that crg ing@®I” encroach on rivers and streams
having a design flood of more than 500 c.f.s. Similar information for structures degi§} charges are to be recorded in the

course shall not cause a significant adverse effect to developments on the fl
capable of withstanding the design flood flow with minimum damage.

fl

ast a 50-year frequency or the greatest flood of
ce and backwater limited to an amount which will not
record is considerably larger than the 50-year flood
oding to the roadway or adjacent property is shown by

On interstate projects, all bridges and culverts are to accommo
record, whichever is greater, with runoff based on land developme
result in damage to upstream property or the highway. Where the g
and the cost to provide for such an exceptional flood without

analysis to be excessive, for the protection given, a le ot than the flood of 50-year frequency, may be used for
design. The effect of flood-control structures on reducing e considered in determining the design flood.

For Federal-aid projects other than interstate, simil ' s apply as in the above paragraphs except that design floods may be
less than a 50-year frequency where conditions w. ards. The flood frequency selected for design should be consistent

with the magnitude of damage to adjacent propgrt ortance of the highway.

11.2 Site Study Outline

The following outline is presented
1. Location map to show propo
. U.S.G.S. Quadrangle she

b. Aerial photographs.

2. Vicinity map showing flood flow patterns, cross sections of stream, location of proposed bridge and relief openings, and
alignment of piers.

. Map showing 1- or 2-foot contours, stream meanders, vegetation and manmade improvements.

b. In some cases, cross sections perpendicular to flood flow are acceptable in lieu of the map in (a); at least three cross
sections are desirable: one on the centerline of the proposed bridge, one upstream and one downstream from the

or map of equal detail.



proposed bridge at from 500- to 1,000-foot intervals.

3. A full description of existing bridges both upstream and downstream from proposed crossing (including relief and overflow
structures).

. Type of bridge, including span lengths and pier orientation.

b. Cross section beneath structure, noting stream clearance to superstructure and skew or direction of current during
floods.

c. All available flood history high water marks with dates of occurrence, nature of
information.

d. Photographs of existing bridges, past floods, main channels and flood plains &
streambed and stability of banks.

4. Factors affecting water stage at bridge site.
. High water from other streams.
ReservoirsCexisting or proposed and approximate date of constrycti
Flood control projects.

Tide. ’

Other controls. \

ding, damages and source of

Rtion as to nature of drift, ice,

® 2 0 T
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Figure 35. Status ofdAS\@&eologid@l Survey nationwide flood frequency project.

11.3 Hydrological Anal

Site inspection should be made b
1. List flood records available on being studied.

Determine drainage area aboveg@roposed crossing from available maps.

Plot flood frequency curve for thegite.

Plot a stage-discharge curve for the site.

Prepare chart showing distribution of flood flow and velocities for several discharges or stages in natural channel without
proposed bridge. (n-values used in this computation should be selected by an experienced hydraulic engineer.)

g hydrological and hydraulic analysis.

OBl 1N

The following sections contain information which may prove of value in compiling the above listed material.




11.4 Flood Magnitude and Frequency

A complete discussion of estimating flood frequency is beyond the scope of this publication, but sources of data will be cited. The
frequency and magnitude of floods may be determined from gaging station records, if available, on the river in question. In the absence
of such records, a regional flood frequency study may be made or may already be available from studies made by the U.S. Geological
Survey or others.

ow in the United States as measured
ontains monthly data from the
beginning of record for each station through September 1950 ("Compilation of records of ers of the United States through
September 1950"). The second series of reports contains similar data for the period Octol @@gh September 1960.

The Geological Survey has prepared two series of water-supply papers that summarize strea

y of floods in the United States."
The reports contain tables of maximum known floods at gaging stations and cur tlng the probable magnitude of floods of
frequencies ranging up to 50 years for most streams (gaged or ungaged) forgli aterially affected by regulation or
diversion.1 A map outlining the boundaries of the nationwide flood frequency\@oje® completed, is included as Figure 35. The
heavy lines outline the geographical areas studied and the part e used In the annual reports on surface-water supply
of the United States. The number of the water supply paper app a is shown on the map together with the date of
publication. Also indicated are locations of U.S.G.S. district and pr| s where additional field information may be
available. Inquiries can be made of the surface water branch g State in question.

The Bureau of Public Roads has made studies to dete off from small watersheds. Reference 15 describes a
research study limited to watersheds of 25 square miles
2 (12)2 describes a flood estimating procedure base
762 square miles in the Piedmont Plateau, which
plain, extending from Alabama to New Jersey.

sis of 55 streamflow records and drainage areas ranging from 0.03 to
a between the Appalachian Mountains and the Atlantic coastal

1 All three series of reports are available fo
purchased from the Superintendent of Docu ment Printing Office, Washington, D.C. 20402.

2 Available in limited numbers fr ring and Operations, Bureau of Public Roads, Washington, D.C. 20591.

11.5 Stage Discharge

It is important that the normal stage of @¥iver for the design flood be determined as accurately as possible at the bridge site. This may
be accomplished in several ways, but where possible it is best to establish it from a stage-discharge rating curve based on
stream-gaging records collected in the vicinity of the bridge site. Such records are available in the files of the U.S. Geological Survey. A
typical stage-discharge curve, Figure 40, accompanies example 4 in Chapter 12. The scale at the top of the graph also shows flood
recurrence intervals. Where stage-discharge records are lacking for the stream in question, the usual procedure is to locate high water
marks of floods by consulting people who live in the vicinity of the proposed bridge site. Flood information supplied by local residents is
often inaccurate, but may be considered reliable if confirmed by other residents.



It is then necessary to find a means of relating stage to discharge. This can be done by the slope-area method, a simplified variation of
which will be found illustrated in example 1 and example 4. Extreme care must be exercised both in the collection of field data and in
the manner in which it is processed if glaring discrepancies are to be avoided in the final result. In many cases where records are
lacking, it is advisable to arrange for the installation and maintenance of a temporary stream gage at or near the bridge site several
years in advance of construction. Even a single reliable point at an intermediate stage can be of inestimable value in the preparation of
a stage-discharge curve.

11.6 Channel Roughness

A matter of prime importance in bridge backwater or slope-area computations is the abilit properly the roughness of the
main channel and of the flood plains; both are subject to extreme variations in vegg
the Manning roughness coefficient, n, as commonly encountered in practice, are ¥ for vartous conditions of channel and flood
plain in Table 1. Since the practicing engineer in this country is familiar with the & phness coefficient, the Manning equation

small depth of flow, especially on a flood plain covered with grass, weeds, an : pe considerably larger than that for greater
flow depths over the same terrain (34 and 35). On the other har‘as es in a stream with an alluvial bed, sand waves
develop which can increase the value of n (4). It is, therefore, sug otes accompanying Table 1 be carefully considered

along with the tabulation. An especially useful guide for choosing ch ss coefficients is reference 41.

| roug

water produced by a bridge constriction:
for which the bridge is to be designed from sources cited (Section

The following is a brief step-by-step outline for det
1. Determine the magnitude and frequency

2. Determine the stage of the stream at t ' or the design discharge (Section 11.5).

r design discharge at section 1, if not already done under step 2. If stream
substantially uniform in the vicinity of the bridge, the natural cross section of the
purpose.

in step 3 according to marked changes in depth of flow and changes in roughness. Assign
ficient, n, to each subsection (Table 1). Experience and careful judgment are necessary in

channel is essentially straig
stream at the bridge site ma

4. Subdivide the cross section pl
values of Manning roughness c

selecting these values.
5. Compute conveyance and then discharge in each subsection (method is demonstrated in examples).
6. Using cumulative conveyance and discharge at section 1, compute slope of stream, Sy. Should the computed slope vary more
than 25 percent from the actual slope, reassign values of the roughness factor, n, and repeat conveyance computations.

7. Determine value of kinetic energy coefficient, a; (method is illustrated in examples, Chapter 12).



9;
10.

11.

12.
13.

14.
15.

16.
17.

It is now possible to place the above basic information gn pu
electronic computer (13).

Plot natural cross section under proposed bridge based on normal water surface for design discharge, and compute gross water
area (including area occupied by piers).

Compute bridge opening ratio, M (Section 1.10).
Obtain value of K, from base curve in Figure 6 for symmetrical normal crossings.

If piers are involved, compute value of J (Section 2.4) and obtain incremental coefficient, AKy,, from Figure 7 (note method
outlined for skewed crossings, Section 2.5).

If eccentricity is severe, compute value of e (Section 2.6) and obtain incremental coeffi AKg, from Figure 8.

If a skewed crossing is involved, observe proper procedure in previous steps, then g
abutment type from Figure 10.

Determine total backwater coefficient, K*, by adding incremental coefficients ficient, K.

ental coefficient, AK, for proper

Estimate o, from Figure 5, then make allowance for any unusual topograp /e or approach condition which may lead
to further asymmetrical velocity distribution in the bridge constriction.
Compute backwater by expression (4), Section 2.1.

Determine distance upstream to maximum backwater fro nvert backwater to water surface elevation at section

1 if computations are based on normal stage at bridge.

do all or part of the above procedure and computations by

Table 1. Manning's rough for natural stream channels?l.

A. Minor streams (surface width at flood stage < 100 ft.) :2

. Cultivated areas:
a. No 0.03n0.04

Manning's
(6] (0] o RSP
. . b. Mature row Crops........cccceevvveiiiii i 0.035n0.045
1. Fairly regular section: c. Mature field 0.04n0.05
a. Some grass and weeds, little or no CIOPS.c.veveeteeteeee e e ettt
brush............. 3. Heavy weeds, scattered
b. Dense growth of weeds, de DIUSHL...ocii 0.05n0.07
materially greater than weed 0.035n0.05| 4. Light brush and trees:3
height.......ccoooiii a. 0.05n0.06
c. Some weeds, light brush on 0.035n0.05 WINTET ..ot
banks.........cceeveeunnne. b. 0.06n0.08
d. Some Weedsy heavy brush on OOSnOO? Summer ............................ R L R LI LL LR R
BaNKS...ovvvveeerene 5. Medium to dense vegetation:3
e. Some weeds, dense willows on 0.06n0.08 a. 0.07n0.11
1711 =] SR
banks................. b 0.1010.16
f. For trees within channel with branches sﬁmmer ~—one.
\s/gltzjrggrged at high stage, increase all above 0.01n0.02 6. Dense willows, summer, not bent over by current
b : : 7. Cleared land with tree stumps, 100n150 per acre:
2 PRSP 2 no 0.04N0.05
SPIOULS. ..ttt ettt ie ettt ettt e e




2. Irregular section, with pools, slight channel meander; b. with heavy growth of

channels (a) to (e) above, increase all values 0.01n0.02 SPIOULS. ...t ie sttt 0.06n0.08
aboUt.......ccoovviiiiiiiie, 8. Heavy stand of timber, a few down trees, little undergrowth:

3. Mountain streams, no vegetation in channel, banks a. flood depth below
usually steep, trees and brush along banks submerged branches.........c.ccocoiiiiiiiiiini PR RS 0.10n0.12
at high stage: b. Flood depth reaches branches (n increases with
a. Bottom of gravel, cobbles, and few depth)4 ............................................................................ 0.12n0.16
boulders....... 9 .................................................................... 0.04n0.05/C: Major stream (surface width at flood stage > 100 ft):

less than for minor streams of
ess effective resistance offered

Roughness coefficient is usy
similar description on account

b. Bottom of cobbles with large

bouldgrs.......: .................................................................... 0.05n0.07 by irregular banks or vegetatioas
B. Flood plains (adjacent to natural streams): somewhat reduced. Follow
1. Pasture, no brush: The value of n for larger st
. SNOM GraSS.....ooooovooooooooooeoonnnn 0.030n0.035/poulders or brush, may be
b. ngh 0.035n0.05|ange .................................. 0.028n0.33
GIASS..ueirierieieiteite et e et
1For calculations of stage or discharge in natural stream channels, it is recommended that the calculations by the M4 value of n must be increased to provide for additional loss of

designer consult the local District Office of the U.S. Geological survey to obtain data regarding values [energy caused table must be so increased. The increase may be in the range

of n applicable to streams of any specific design. Where the recommended procedure is not followed, [Oof perhaps 3t
the table values may be wed as a guide. 3The presence
\With channel or alignment other than straight loss of head by resistance forces will be increased. A [Therefore, rough
small increase in value of n may be made to allow for the additional loss of energy.
2The tentative values of n cited are principally derived from measurements made on fairly short but
straight reaches of natural streams. Where slopes calculated from flood elevations along a
considerable length of channel, involving meanders and bends, are to he used in velocity

brush under flood stage will materially increase the value of n.

O vegetation in leaf will be larger than for bare branches. For trees in
nd for brush on banks where submergence of branches increases with depth of
rising stage.

where accurate determination of water profiles is necessary, the designer is
41 to select n by comparison with specific conditions.

Go to Chapter 12




Chapter 12 : HDS 1
A

lllustrative Examples

Go to Chapter 13

A better understanding of the procedures for computing bridge backwater can be gained from the illus
procedures to be explained in detail have been computerized (13), however, the point cannot be over &
utilize the computer programs, one should first become familiar with the long hand methods. The exampl8

ative examples in this chapter. Some of the
Qhasized that to properly appreciate and
gdeal with the following phases of design:
Example 1 comprises a simple normal crossing; the steps closely follow the outline of design p, ed in Chapter 11.

Example 2 treats example 1 as a dual crossing.

Example 3 should help clarify the procedure recommended for skewed crossings.

Example 4 is an eccentric crossing which demonstrates how backwater computagi es matized for a typical bridge waterway
problem where a range in bridge length and in flood discharge is to be studied. @ le sglWes to demonstrate that the length, and

hence the cost, of a bridge at a given site varies within wide limits depending on ackwater considered tolerable.

Example 5 is included to demonstrate an approximate calculationﬁ ba
prevail.

kldge sites where abnormal stage-discharge conditions

Example 6 illustrates how scour under a bridge affects the bac

Example 7 and Example 8 demonstrate how discharge o ' across bridge embankments can be determined when
portions of the superstructure are in the flow.

Example 9 considers favoring flow over bridge emb e as a safety valve for the bridge during super floods.
Example 10 demonstrates a proposed method i pur dikes at bridges.
Example 11 deals with type Il flow which p @Y stage under the bridge.

12.1 Example 1: Normal Cr

Given:

The channel crossing shown in Figure 36 \@lkh the following information: Cross section of river at bridge site showing areas, wetted perimeters, and
values of Manning, n; normal water surfac design = El. 28.0 ft. at bridge; average slope of river in vicinity of bridge Sy = 2.6 ft./mi. or 0.00049 ft./ft.;
cross section under bridge showing area bel®ow normal water surface and width of roadway = 40 ft.

The stream is essentially straight, the cross section relatively constant in the vicinity of the bridge, and the crossing is normal to the general direction of
flow.

Find.
.. Conveyance at section 1.



Q@ -0 2 0 o

Discharge of stream at El. 28.0 ft.

Velocity head correction coefficient, a;.

Bridge opening ratio, M.

Backwater produced by the bridge.

Water surface elevation on upstream side of roadway embankment.
Water surface elevation on downstream side of roadway embankment.
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e 1: Plan and cross section of normal crossing.

Computation-(1a)

Under the conditions stated, it is per ible to assume that the cross sectional area of the stream at section 1 is the same as that at the
bridge. The approach section is then ded into subsections at abrupt changes in depth or channel roughness as shown in Figure 36. The

conveyance of each subsection is computed as shown in columns 1 through 8 of Table 2 (see also Section 1.9). The summation of the
individual values in column 8 represents the overall conveyance of the stream at section 1 or K; = 879,489. Note that the water interface
between subsections is not included in the wetted perimeter. Table 2 is set up in short form to better demonstrate the method. The actual
computation would involve many subsections corresponding to breaks in grade or changes in channel roughness.




Computation (1b)

Since the slope of the stream is known (2.6 ft./mi.) and the cross sectional area is essentially constant throughout the reach under
consideration, it is permissible to solve for the discharge by what is known as the slope-area method or:

Q = K/S,1/2 =879,489 (0.00049)1/2 = 19,500 c.f.s.

It should be noted that the procedure in example 3 and example 4 conforms more nearly to what is usually required in practice.

Computation (1c)

To compute the kinetic energy coefficient (Section 1.11), it is first necessary to complete colu 1 of Table 2; then, using

expression (3a) (Section 1.11):

P,
il el 374,895 ~ 162

Qv 19500(19,500/5,664)°

23
where ngz where is the summation of column 11, and V,; reprQnts rag@velocity for normal stage at section 1.

Computation (1c)

Subsection
n
I

0-200 0.045| 33.0 ) 44,349 983.3
___________ { 200-240 .070| 21.2 22,359 4957 .
240-280 .070( 21.2 4. . 8.092| 4.031 27,732 614.8| 1.89 2,196
Qv . { 280-420 3 4o , D 145.0 13.821| 5.759 490,492 10,875.2| 5.43 320,654
420-445 25.1 8.199| 4.066 24,852 551.0/ 2.68 3,958
Q { 445-500 55.1 9.789| 4.576 73,309 1,625.4| 3.01 14,726
G 500-750 251.0 6.683| 3.548 196,396 4,354.6| 2.60 29,436
A,=5,663.7 sq. ft. K,=879,489 Q=19,500.0 c.f.s ¥qv2=374,895

] | Anp=2534 5. fi. | ] [Qu=12,040c s | [ T[]




Computation (1d)

The sum of the individual discharges in column 9 must equal 19,500 c.f.s. The factor M, as stated in Section 1.10, is the ratio of that portion
of the discharge approaching the bridge in width b, to the total discharge of the river, using expression (1) (Section 1.10):

M = Qp _ 12040
Q 19500

Entering Figure 5 with a; = 1.62 and M = 0.62, the value of o, is estimated as 1.40.

=0.62

Computation (1e)

As the bridge is supported by five solid piers, the incremental coefficient (AK)) for thi
Referring to Figure 36 and Table 2, the gross water area under the bridge for n
the piers, A, is 180 sq. ft.;

SO: ‘

= Pg 180
Ano 2534

p determined as described in Section 2.4.
2,534 sq. ft. and the area obstructed by

=0.071

Entering Figure 7A with J = 0.071 for solid piers, the r
obtain the correction factor o, for M = 0.62 which is
0.11.

s AK = 0.13. This value is for M = 1.0. Now enter Figure 7B and
ntal backwater coefficient for five piers, AKp =AK,;=0.13x0.84 =

The overall backwater coefficient:

K* = Kp +AK, =0.72 + 0.11 =

Q 19,50
Ao 2534
and
2
VN2 _pe2 f
29

Using expression (4a) (Section 2.1), the approximate backwater will be:


file://pallas1/MirrorPallasWebs/Hds1/chapter1.htm#1.10_Bridge_Opening_Ratio

" Eﬂz"'uf'zn?
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Substituting values in the second half of the expression (4) for difference in kinetic energy between sections 4 and 1 (Section 2.1) where
A1 =5664 sq. ft. = Ay,

K - 0.83x1.40x092=1.07 fi. (4a)

A, = 6384 sq. ft., and A, = 2534 sq. ft.,

i A
A A
@1 [%2] ; [ALE] L (#b)
4 1 g
or
2534)° (2534)°
162]| = = b 0.92=162x0.042
5664 6,364 ‘
x0.92 =0.06 fi. \
Then total backwater produced by the bridge is

hy* = 1.07 +0.06 = 1.13 ft.

Computation (1f)

The statement was made (in Section 4.1) t

same as that at section 1. Thus, to determin
accomplished with the aid of Fi

(4)
e vDon the upstream side of the roadway embankment will be essentially the

backwater elevation it is first necessary to locate the position of section 1, which is

From preceding computations:

b = 205 ft.
and
L
j= 002 _ 209 4535 1t
b 205

It is necessary to assume the total drop across the embankments for a first trial (Ah is assumed as 1.9 ft.). Entering Figure 13 with



g = —1'90 =0.154
¥ 12.36
and
_=12.36,
= = {78
b
and

L*=0.78 x 205 = 160 ft.

The drop in channel gradient between sections 1 and centerline of roadway is then 049 (160 + 30) = 0.093 ft. The water

surface elevation at section 1 and along the upstream side of the roadway emb

El. 28.0 + SgL; - ¢ + h*;= 28.0 +0.09 + 1.13 .
= El. 29.2 ft.

Computation (19)

The first step in determining the water surface elevation at s n 3isto pute the backwater for the bridge in question without piers, as

explained in Chapter 3:

2
EEQV 02
29
Entering Figure 12 with M = 0.

h,” =Ky =0.72x14

el ratio for the bridge (without piers) is:

Db:#:lﬂ.ﬁ
hb +h3
SO
hoeh b alped L il her W (©6)
3. b Dy "~ 0.58 :

The placing of piers in a waterway results in no change in the value of h*3 provided other conditions remain the same (Section 3.3),s0 h*3
(with piers) also equals 0.67 ft. The water surface elevation on the downstream side of the roadway embankment will be essentially



El. 28.0 - 0.67 = 27.33 ft.
The drop in water surface across the embankment is then
Ah =29.22 - 27.33 = 1.89 ft.

Since Ah was assumed as 1.90 ft., the computed water surface elevations above are satisfactory. Should the computed value of Ah be
materially different from that assumed, another trial will be necessary.

12.2 Example 2: Dual Bridges

Given.

wnstream from the first bridge. The
onstriction.

A second bridge, identical to that of example 1, is to be constructed parallel and 300 feet, be
stream is essentially straight and of uniform cross section throughout this reach. Assuming

7
Find.
. The backwater upstream from the first bridge for a flood of 19,500 c.f.s.

b. The water surface elevation along upstream side of roadway embaokment of the W&t bridge.
c. The water surface elevation along downstream side of roadway entbagk e®@@Nd bridge (assuming elevation of roadway the same for both

bridges).

Computation (2a)

From example 1,
M =0.62,
h*; =1.13 ft,,
J =0.071,
S =0.00049,
b =205ft.,

An2 = 2,534 sq. ft.,
An1 = 5,664 sq. ft.,

h*; = 0.67 ft.,
¥ =12.36 ft. and
I = 40 ft.
Ld 200 +40

The parameter — = —— = 8 &0
! 40



Entering Figure 14 with Ly /# of 8.50, the backwater multiplication factor n = 1.49. The backwater upstream from the first bridge for the
combination is then:

h*y=nh*; =1.49 X 1.13 = 1.68 ft.

Computation (2b)

With normal stage of El. 28.0 ft. given at site of upstream bridge, it is necessary to determine dr channel between centerline of first

bridge and a new section 1. Assuming Ah in this case as 2.80,

Ah  2.80
v ) D0
¥y 12.36
Entering Figure 13 with the above value and % =12.36, L*/b = 0.92 and L* = 0.92 X fiell he fall in the channel between section 1
and centerline of first bridge is Sy L1,¢ = 0.00049 (188 + 30) = 0.11. The watef@urf evatigiWat section 1 and along the upstream side

of the roadway embankment of the first bridge will be:

EL.28.0 + SgLy.¢ +hy*=28.0+0.11+1.68 @

For the two bridges
Phag =&Ph=1.41 X 1.80 =
Linse =188 + 30 \
So L1n3g= 0.00049
Ahzg = yhsp + Sy

= 2.80 ft.

Checking back, the assumed value of Bh;g was 2.80 feet so there is no need for repetition. The approximate water surface elevation on the
downstream side of the second bridge will be

= El. 29.8 ft. \
Computation (2¢)
Entering Figure 15 with Ly /# = 8.50, the differentia ul tion factor, & = Yhsg /Ph = 1.41. For the single bridge in example 1:
yh = h*; + h*3 =1.13 + 0.67 = 1.80 ft.

|
4 ft.

El. 29.79 - Ahzg = 29.79 - 2.80 = 27.0 feet.




12.3 Example 3. Skewed Crossing

Suppose it is decided to construct a skewed bridge, Figure 37, on the site chosen in example 1, rather than the normal crossing.

Given.

The quantities from example 1;

Find.

. Length of skewed bridge required to produce essentially 1.1 feet of backwater as occurred in e
b. The backwater for bridge length chosen.
c. The approximate water level at point A on section 1.

Q = 19,500 c.f.s. for N.W.S. = 28.0, b = 205, Sy = 0.00049, a; = 1.62, M = 0.62, A, = 5,664 sq. 1 = 6,384 sq. ft. and | = 40 ft.

Computation (3a)

The design discharge and normal stage at bridge site are known. The same pro 3 ated in example 1 is followed, with
exceptions as noted. First, the general direction of flow in the rivergt the Rri design flood, without constriction, is determined.
Next, the position and extent of roadway embankments and the tyP€ of a superimposed on the stream as illustrated in Figure 9.
The angle of skew is measured, which is 40° in this case; then the br ojected upstream, normal to the direction of flow, to
section 1.

Entering Figure 11, which has been reproduced from r d M =0.62.

Bl OOl s

bs Cos @=0.935 X 205 = 192 ft

and

Computation. (3b)

The actual backwater produced by th ewed bridge, 250 feet long, will be computed as a check on the above determination as well as to
demonstrate the method of procedure. Conveyance and area are both plotted with respect to distance across flood plain at section 1 on
Figure 38. The information needed to construct the chart came directly from Table 2 which was prepared in connection with the solution of

example 1.

The first step is to locate the position of the skewed bridge on Figure 38 and lay off the projected length, by Cos @, as shown. Then M is
computed as follows:



ko _ 600,000 -70,000
K 879489

M= =0.60

From Figure 6, the backwater coefficient, K, = 0.77. Note that an extra pier has been added and all are parallel to the direction of flow. The
area obstructed by piers, Ay, is now 220 sq. ft. The projected area under the bridge referenced to normal water surface, from Figure 38 is

Anzs = 3,400 - 1,000 = 2,400 sq. ft.

and

A
B G ee
Ao 2400

Consulting Figure 7, the incremental backwater coefficient for piers

AK, =0.18 X 0.8 = 0.15.
Entering Figure 10A with M = 0.60 and ¢ = 40°, ‘
AKg = - 0.19.
The total backwater coefficient for the skewed bridge is then \
K*= Ky+ AK, + AKg = 0.77 +0.15 - 0.1
=0.73,
=813 f 0

R b
e A o400

V2,,/2g=1.03
and from Figure 5,
Aoy = 1.40

Using expression (4a) (Section 2.1) approximate backwater will be

LV eno
29

Substituting values in the second half of expression (4),

K - 0.73x140x103=1.05 fi. (4a)



5,664

2
A 7
s [ﬂnz] o B V2

29

2 2
5 24001~ (2400 1.03
| 6,384

=1.62 x 0.037 x 1.03 = 0.062

The total backwater for the skewed bridge is

h,*=1.05+ 0.06 = 1.11 ft.
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Computation (3c)
For skewed crossings the distance to maximum backwater, L*, has been chosen arbitrarily as equal to bg, so:

So Line = 0.00049(250 + 30) = 0.14 ft.

The water level at point A is thus

El. 28.0 + hy* + Sg L1, =28.0+1.11 +0.14
= E1. 29.2 ft.

In the case of a skewed crossing, the water level along the upstream face of the two embank
correspond to that at point A.

ifferent and neither need

12.4 Example 4: Eccentric Crossing

The following example is intended to show in part how a computer program may be u ackwater at a given bridge site for a range of

discharges and bridge lengths.

Given: ‘

A representative cross section of the river and flood plain at the bridge site s on Figi” 39 and the following information: The river is straight for a

considerable distance both upstream and downstream from t i age slope of 0.00024 foot per foot. One field measurement is
[ 0. The abutment on the right side of the river is a 2:1
spill-through type. The bed of the river and flood plain consist o verlying and loam overlying a limestone base.
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Figure 39. Example 4: Cross section of eccentric river crossing.
Find.

Prepare a hydraulic chart showing bridge backwater related to discharge for bridge lengths of 600 to 1300 feet and for flood frequencies ranging from
10 to approximately 100 years, assuming no appreciable scour or erosion under the bridge.

Recurrence Interval-Years
T A S i

g

/-"

v

z

g

g

Stage in Feet
£

£

£

60 a0 100 120 140
Discharge in 1000 CFS

le 4: Stage-discharge curve for river at bridge site.

Computation (4a)

Tabulate distances, elevations and es of n for each break in grade throughout the cross section of Figure 39 for the preparation of
punch cards. The process is describ detail in the electronic computer program for bridge waterways (13). Next tabulate the maximum
and minimum water surface elevations®ogether with interval elevations to be investigated. For example, computations will be made for
water levels from elevation 656 to 647 at intervals of 3 feet. Four bridge lengths will be investigated for each river stage; and the computer
will tabulate bridge backwater for each case. The bridge lengths chosen are 600, 900, 1,100, and 1,300 feet. For this example, the bridge
will consist of three spans of 200 feet each over the main channel, while the remainder will be divided into spans of 50 feet each supported
on pile bents. A sample backwater computation for one bridge length and one river stage is shown as Table 3.

The stage-discharge curve for the unobstructed river, which can be plotted by the computer, is reproduced on Figure 40. In this particular



case one field measurement made at the bridge site on April 1, 1961, is available where a discharge of 98,300 c.f.s. was measured at a
stage of 653.0 feet. Upon plotting this point on Figure 40, it is found that it misses the curve obtained by the slope area method by only a
slight margin so the stage-discharge curve is considered valid at least in the high stage range. This demonstrates the value of one or more
reliable measurements made at the proposed bridge site made during overbank flow. As pointed out earlier, once a bridge site is chosen
every effort should be made to obtain a stage-discharge correlation at the site prior to construction of the bridge, even though it may result
in only one or two points. Should a marked difference occur between the point or points obtained from measurement at the site and the
stage-discharge curve determined by the slope area method, a reevaluation of the channel roughness is advisable.

Table 3. Example 4: Computer sheet for one stage and one bridg®

Total Conveyance

Stage elevation..........cccccveeeeeii i 653 ft. Design Discharge.......cccccccoeee. A ..., 98,300 c.f.s
Slope Of RIVEI......oooiiiii e 0.0024 f.p.f.
RESULTANT DATA
X X Ending | Manning's Area Wetted per. Hyd. Radius Velocity
Beginning n
21.87 70.00 0.0450 264.69 49.37 115.04 1.57
70.00 565.00 .0300| 10,115.00 495.80 57,989.18 5.73
565.00 600.00 .0500 420.00 39.46 936.20 2.23
600.00 715.00 .0600| 1,096.00 115.04 1,891.00 1.73
715.00 900.00 .0320( 1,986.00 185.01 4 6,956.74 3.51
900.00( 1,100.00 .0300| 2,063.00 201.11 ABPAG7.58 7,478.25 3.62
1,100.00| 1,300.00 .0350| 1,929.50 1 371,275.27 5,754.77 2.99
1,300.00| 1,400.00 .0600 984.00 101.0 111,120.76 1,722.38 1.75
1,400.00| 1,910.00 .0400| 3,527.50 510. 475,673.89 9,372.95 2.09
1,910.00| 2,660.00 .0450| 3,976.50 399,249.75 6,188.37 1.56
Total @rea......ccoveviiiiie e 96,704.88 c.f.s

Bridge Length........cooooioiiiiiiiiieeeee g S .ttt ee e e e e e e et e e e e e e et e e e e e e e r e raee s 900

Left Abutment Position...........ccccceeevvceee.. 400 [ XAB(1) @ .. vveovvveeeen.0 [YAB(L) oo, 653.00

Right Abutment Position. 48 WA |(XAB@J...........................868.8 [YAB(3).....oiviiiviiiiiiiiiee i 642.4

..................................... 642.80
Bridge Opening at Water SUITaCE A ..............c ettt ttae et et ettt ettt taaeeaaas i st bbaeeteaeeeesssaastbbrareeeaaaeens 840
Base Backwater CUMIIBRRLSEU............ . . .....cooi ittt ettt e ettt e e st b et ee e ae b et e e s et e et e e e e b b et e e e b b e e e e e e anb e e e e e abn e e e e s aarees 1
CALCULATED INFORMATION

Portion of discharge R Of O GO ... . eeeeeeeeiiee et e e e ittt e teee e e e st asttbrareeeeeeeessaaassssraaeeeaaaeeseannnnnnes 0

Portion of discharge thREREEPNIING (Qp) ... o vrrrrtiiieiieeei it e s e e e e e e e e s s bbb ereaeeeeessaastrsrereeeaaeess 68,199.62
c.f.s.

Portion of discharge right\BOPENING (Qr) .-« rvrrrrritiieeiiiiiiiiitit ittt e e e e e e e e e e e e s s s brar e e e eaeeeessaastrraaeaeeaaaees 28,504.73
c.fs.

Area Of piers DeIOW WALl SUMTACE. .........oii ettt e et e e et e e e e nee e e e e annneeeeas 368 sq. ft.

2 [0 o = PSSR 1.69

AUDNE 2.t e Rt e e e et nh e et e n e e e e 1.50

Total backwater coefficient 0.71

13,900 sq. ft.




Mean velocity thru Bridge OPENING (Vo) -« o ceeeeeeriiiiiee ittt s s 6.96
f.p.s.
DISCNAIGE RALIO (M) ueiiiiiiiiii ittt e e e e e e s s s bbb e ettt e e e e s s aa s e bbb bt et e e e e e e e e s s s nabbbbeeeeaeeeeesnananes 0.705
Backwater approXimation NO. L.......cc.uuiiiiiiiieeee oottt e e e e e e s s e s bbb e e e et e e s e e e s s nabbbe e e e eeeeeeesnananes 0.800
Final backwater apprOXIMEatiON. ..........ui ittt e e e e e s s s bbb e et e e e e e e e s s ssbbbareeeeeeeeenas 0.830
Number of iterations to obtain final DACKWALET..............eiiiiiiiie e 3

Table 4. Example 4: Summary of computer calculations?

Water
Surface
Elevation
at
Ky x | Kp X Section
103 103 .p.s. b ft. 1 (feet)

c.f.s.
--—-- B[

134,500 [0.560(12,500(10.75(0.0211 | 0211 11,168(0.28 3 13 [ 659.13
-------------------- 900 |---------- 5,600 .645(16,450| 8.18| .0270 .88 1,416 .34 1.67 657.67

.................... 1,100 |----------|6,270| .722(19,000| 7.08| .0285 .82(1,464| .35(/1.17| 657.17
.................... 1,300 |----------6,880| .792(21,600| 6.23 0| .49|1,420( .34| .83 656.83
96,704| 653.0/ 600| 6,239|3,830| .615|10,800| 8.9% . : . 45|1.75|1,025| .25/2.00| 655.00
.................... 900 |---------- |4,400| .705|13,900| 6. ) mmmmeee | 1 .83(1,210| .29|1.12 654.12
.................... 1,100 |----------|4,880| .785|15,950| 6.06 . . 48(1,210| .29 .77 653.77
.................... 1,300 |----------|5,250 | .844|17,850| 5. ) ) -1 .30(1,215| .29| .59 653.59

63,800 650.0 600| 4,106(2,920| .710| 9,100/ 7. . . .80 755| .18| .98 650.98
.................... 900 |---------- [3,240| .790 300 ----—-----11.60| .39| 925| .22| .67 650.61
.................... 1,100 |----------{3,520| .857 ----—-----11.65| .24| 965| .23| .47 650.47
.................... 1,300 |----------|3,720| .905 ----—-----11.70| .16/1,030| .25| .41 650.41

38,700 647.0 600| 2,495|2,115| .848 515 1.56(1.45| .23| 455| .11| .34 647.34

-------------------- 900 |- [2,250| .903 5| 24| 815|-——|150| 12| 620| .15| 27| 647.27
-------------------- 1,100 |----------|2,365 .21(1,015|----------|1.53| .09| 730| .18| .27| 647.27
-------------------- 1,300 |----------| 2,440 181,215 |----------|1.55| .07| 850| .20| .27| 647.27
A summary of the pertinent computerized dat handg@@bulated in Table 4. From this table the following have been plotted
« Figure 41A. Curves giving cumulativ the unobstructed river, from left to right, for four stages of the river,

« Figure 41B. A curve sho

o Figure 42. Curves showin
41A.

d coefficient, a, with respect to discharge, and
ce across the unobstructed river, from left to right, for the same stages as in Figure

A composite hydraulic design char tted from information contained in columns 1, 3, and 17 of Table 4, is presented as Figure 43. The
designer can read from this chart th gth of bridge required to pass various flows with a given backwater. A scale of bridge cost can also
be added on the right-hand side as sii@n. For convenience, the recurrence interval is included at the top of the chart. To illustrate use of
the resulting chart; suppose it is decided to design the bridge for a 50-year recurrence interval. If 1.5 feet of backwater can be tolerated, the
bridge can be 780 feet long at a cost of $520,000. While if the backwater must be limited to 0.6 foot, the bridge length required would be
1,350 feet at a cost of $870,000 or $350,000 more. Thus an arbitrary decision to stay within a certain limiting rise of water surface can
mean a relatively large increase in the length and cost of a bridge. A hydraulic design chart of this type is very useful for conveying
information to others who are responsible for making decisions.

Another way of plotting the same information but expressing the backwater as water level along the upstream embankment, is



demonstrated on Figure 44. These curves were plotted from the values in columns 1, 3, and 18 of Table 4. In this case, the water surface at
section 1, and along the upstream embankment, can be read for any discharge and bridge length.
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The method of computation of backwater for other, als -discharge relation for a stream, will be illustrated by the following example.
Given.

The stream crossing used in examplé
for an abnormal condition existing do

Find.

normal stage, roughness factors, discharge, and all dimensions remain the same except
hasYncreased the stage at the bridge site by 2 feet to elevation 30.0.

For this abnormal condition (assuming no
. The approximate backwater which willg@e produced by the bridge constriction and
b. The approximate water surface differential which can be expected to occur across the embankments.



RECURRENCE INTERVAL=-YEARS

1

5|D

5 e i .LENGTIH oF
(o P L0

BRIDGE-FE
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ET.

o

......

554 = ..'r..

Gag

BAG

WATER LEVEL ON UPSTREAM SIDE OF EMBANKMENT ~FEET

Computation (5a)

The following values are tabulated from exa 1 (Sectl 2.1): Normal stage at bridge = 28.0 ft.;

Q =19,500 c.f.s., b = 205
App = 2,534 ft.2, V,, = 7.70
A, =180 ft.2, J = 0.071,

K* =0.83, K, =0.72, D, = 0.5
h,* =1.13 ft., hg* = 0.67 ft.,
o1 =1.62, a, =1.40 and

Ah = 1.89.

For a stage 2 feet higher than the normal of example 1, the pertinent quantities are (see Figure 16):
Stage at bridge = 30.0 feet,

Q = 19,500 c.f.s., b = 209 ft, M = 0.62



A2A = 3,000 ftz, VZA =6.50 fpS
A, =207 ft2 and J = 0.069.

The backwater in this case will be computed according to expression (14) (Section 6.3), using the same value of K* as in example 1:

2
Voo
hipn"=K"a 14
14 2 774 (14)
The approximate backwater for the abnormal stage of El. 30.0 will be
2
his” = 0.83%1.40% % -0.76 ft

which is 67 percent of the value computed for normal stage in example 1.

Computation (5b)

To obtain the differential level ratio, it will first be necessary to reco%p te er (excluding the effect of piers):

) )
hbﬂ'\* :Kbﬂfz A =0.72x140¢x [E' 0)
From Figure 12,
Gl L T
hpa +hap

(15)

SolL1.3 = 0.00049 (160 + X0) = 0.10 ft.,

then the approximate difference in water surface elevation across the embankment is

AhA= hyp* + Sglg g + hga*
=0.76 + 0.10 + 0.48 = 1.34 ft.



or 71 percent of that for example 1. The above computations are approximate.

Table 5. Example 6: Sample computationsCproperties of natural stream.
[Q = 9,460 c.f.s.; Measured Sy = 0.00208; Normal Stage Elevation = 23.9 ft]

Computation (6a) Computation (6b)

_

Subsection

1 . . . 5,690
Qa { 2 06| 248 267| 159 1.68 9,340 1,072
3 .05 297 354 108 3.28 8,890
Qv |4 04 371 555/ 121 4.59 56,200
5 .05 297 750 290 2.59 12,420
Qc { 6| .055| 27.0 1,636 780/ 2.10 13,300
7 .08/ 186 118/ 110| 1.07 78
Total... | Ay = 3,948| b I Tqv2 = 92,204
12.6 Example 6: Backwater with Scour
The following is an unusual but actual case involving scour un i floed for which reliable field data were obtained by the U.S.
Geological Survey. This bridge site was chosen for an example ¢ [ illustrates the marked effect scour can produce on backwater.
Given
The cross section of the stream measured 170 feet upst bridge, as shown in Figure 45A; the cross section under the bridge showing
normal water surface, initial bed surface, normal w. t and area of scour during peak flow (Figure 45B); and the profile of the stream

at the bridge (Figure 45C). The streambed consi with gravel and shale. At the peak of flood, essentially all loose material was

Find.

The drop across the embankment and the \Wgker surface elevations expected along the upstream and downstream sides of the embankments (with

scour) for the peak discharge of 9,640 c.f.s.
The procedure will involve the following steps:
. Determine the backwater, h1*, which would exist without scour.
b. Compute the value of the backwater, h;s* (with scour).
c. Compute the value of has* (with scour).



STATIONING AGCROSS 5T
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d. Compute water surface elevations on upstream and downstream sides of embankment and Ahg, the drop in water surface across the
embankments (with scour).

REAM=FEET
& n ] i3

T4

b4

ELEVATION-FEET

48" . WING WALL

AUTHMERT
i

- —— e — e — | — —
| I [~
) | [leracy, an|
-3 | weed |
= LIk |
l| !;_:_.'-’I;\'---:
Bl Y llFoue 10
i+ BENT
2 = | I Wil il
| SEaY |
i BRACING |

ELEVATIGN-FEET
1

W

aa

R :i-“'l

[ g 230

&0

Iz

g 7 605 i
| 56 .I' T. :|

| g8

[t

{
L 17¢ |
s TPy
|

FI
ll|

e

A-CROSS SECTION OF STREAM 17O

== 45" Wiks WLl
| -=ABUTMEAT

I
i) wiradel

[

|
_..r..——

--hORE AL STAGE

I_-_I_IE.-_ | P
80 0B 100 1D

WIDTH OPENING-FEET

B-CROSS SECGTION UNDER BRIDGE
(LOOKING UPSTREAM)

Figure 45.

ROM BRIDGE
[LOOKING UPS

£} & )
= T e ———]
— T ——— LA
| [ -moaoway ELEV. 300
PR Ll TP < EL
| | /_ \ |
! r
e o Py
I oo
f | [ {' t
L SAELENZRAL )
5 " 4 ==k R I O |
sELE &2 = * i
- LEW 24y #
o35 e ey e )
8 ey, WO —
-.'.l.' -
s L S F R Ky e ELEY, 230
i b e 2 NIRMAL BED sumracy.. fe
. il =5

Bt il S'G‘!}L:.lrE;, BE -

G-PROFILE AT BRIDGE

Example 6: Backwater with scour.




Computation (6a)

Normal stage is determined by trial. The river cross section, taken 170 feet upstream from the bridge, is representative of the stream for
several miles upstream and downstream. This is divided into subsections as shown in Figure 45A and an appropriate value of n is assigned

to each subsection. Assuming normal stage as El. 24.2 at the approach cross sections (Figure 45C) for a discharge of 9,640 c.f.s, areas,
wetted perimeters, and roughness factors are recorded and conveyance values are computed (col. 1n8, Table 5). Columns 9, 10, and 11
are next completed and the velocity head correction coefficient and the value of M determined:

2
o = i:"z Al 5 =161 and
17 g gagh 2040
3,948
Q2580 s
Q 9640

Figure 45B shows the initial streambed under the bridge at appro‘ate vatioNil 8.5 feet, and Figure 45C indicates that normal stage at
the bridge is elevation 23.9 feet and 7 =23.9 - 18.5 = 5.4 feet.

Assuming a pier width of 1.67 feet, to allow for sway bracing an

Ap =45 sq. ft.; App = 605 sq.ft
and

A
Gl DBl T ey
Ary 605

The velocity under the bridge, without scour, |d be

Checking for the type of flow, the Fr@@ide number, without scour, would be

poo Vn2 _ 158

- - =1.21,
@92 (322x54)°2

which indicates that the flow would be supercritical under the bridge. The curves on Figure 6 are for subcritical flow. The best that can be
done for this case to refer to the type Il flow on Figure 34. Since incremental coefficients for piers are not available for this type of flow,
compensation for this effect will be made by using the net water area under the bridge rather than the gross area;



Q 9640

o= = :93 Cfsfﬁ'
by 1035
A1 21
Y :[q_] - [_(23)2] -2691/% - 646 -
et 3%
Vo = = =14.40 fps., and
S T f

V2,./2g = 3.22 ft.

From Figure 5, a, = 1.18. Approximate values for

A, = 3,948 + 5.0 X 2,200 = 14,948 ft.,2
V= Wl A8e0 e 0.645 fps. and ‘
A1 14948 \

V412/2g = 0.0065.

Entering Figure 34 with M = 0.27, the backwater coefficient pe Il fl p = 0.22. Substituting values in the expression,

hi* = apV25/29(Cp + 1) + Yo - ¥-0 g (26)
the backwater without scour would be,
hy* = 1.18 X 3.22 (0.22 + 1) 4(WAG - _ 4961 X 0.0065 = 5.69 ft. (27)

Computation (6b)

e bridge (including piers), Ag = 590 sq. ft. Since the piers are not of uniform width
as in computing the ratio Ag/A,5. Thus:

From Figure 45B, the gross area
throughout, it is advisable to use n

As ety = 59060 _

=T W =095
Ano 605 -45 560

Entering Figure 20 with above value



The backwater with scour is then reduced to

hie* = 0.32 X 5.69 = 1.82 ft. (17)

Computation (6¢)

From Figure 12 with M = 0.27:

W

Dp :# - 0.86, or
hb +h3
ha =h' | —1|=n"[-1 —1]-0.163 he ©6)
ST o > 086 ' o g
With scour,
h3s* = 0.163 X 1.82 = 0.30 ft. (approx.

Computation (6d)

Assuming maximum backwater occurs one bridge
embankment is

El. 24.1 + h1s*=24.1 + 1.82 A
is

th upstR@&m, the water surface at section 1 and along the upstream side of the

g
S.

The drop in level across the e

Ahsz hlS* i hBS* +S
=1.82+0.30+0.3

so the water surface along the down

El. 25.9 - 2.46 = 23.4 ft.

The following tabulation shows a comparison of the computed values with those determined by measurement in the field:
Measured Computed
Ahg ft. 2.6 2.46

2.46 ft.

m side of the embankment is



Elevation upstream 25.8 25.9
Elevation downstream 23.2 23.4

The agreement between measured and computed values is beyond expectations. While one example is not enough to prove the case, it
does support the reasonableness of the conclusions drawn from the model experiments in the laboratory. The calculations are rough and

some portions of the procedure could be subject to question. However, this example, an extreme case, serves well to illustrate how scour
affects backwater.

12.7 Example 7: Upstream Bridge Girder in the Flow

sary to know within reasonable
. the downstream water surface, and
eated in the proceeding examples.

When computing general backwater curves for a river, as is common practice for the Corps of Enging
limits the amount of ponding which occurs at bridges which constrict the flow during floods. ThaeRidg
the drop in level across bridge embankments, where clearance of superstructure is not a p
Example 7 and example 8 pertain to bridges in which the flow is in contact with the supers

Given.

gure 46A: For this example, suppose that the

Plan and cross section of the bridge of example 1 (Figure 36) and the centerline profile
‘? normal water surface.

superstructure is lowered so the bottom of the upstream girder is at ele¥%g@#on
Find.

. The approximate water surface along the upstream face of the
b. The approximate water surface along the downstream
c. The drop in water level across the bridge embankment wit
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Figure 46. Example 7, Example 8, and Example 9: Bridge backwater under less common conditions.




Computation (7a)

The pertinent quantities from example 1 are:

Q =19,500 c.f.s., Sg = 0.00049, 77 = 12.35 ft.

b =205 ft., W, = 14 ft., A;; = 5,664 ft.2

Vp1 = 19,500/5,664 = 3.45 f.p.s., a1 = 1.62 and a4V?2,,/2g = 0.30 ft.

The discharge expression for case |, Chapter 8 is:

51712
Z V4 20
Q=CpnZl2d Y -+ 1 or (20)
dbNZ| 29 Yy -3 129
y 7
Y, Q +E_ct1‘d"1

24bN°ZCy? 2 .2

As a first trial, assume y, /Z = 1.12; enter the upper curve on Figure ~$and read Cy4 = 0.380.

Substituting in Equation 20,

2
Y, - (19.500)

: L 123504
64.4(191x12.35) (0.380)"

ol +6.18 —0.30

(0.38)2
=7.37 +6.18 - 0.30 = 13.

In Figure 21 h* =y, - §
h,* =13.25 - 12.35 = 0.9 ft.
Then A; = 5,664 + 7¥8(0.9) = 6,357 ft.2
Vq =19,500/6,357 = 3.07 f.p.s.
V12/2g =0.146 and
a1V1%/2g = 1.62 X 0.146 = 0.236.



The corrected value of
yy,=7.37+6.18 - 0.236 =13.31 ft. and

yu/Z = 13.31/12.35 = 1.078

which does not agree with the assumed value (1.12). Next assume y,/Z = 1.10, then C4 = 0.370 (Figure 21).

Yu =1.061/(0.37)2 + 6.18 - 0.24
=7.75+6.18 - 0.24 = 13.69 ft.

hy* =13.69-12.35=1.34 ft. and

A = 5,664 + 1.34 X 770 = 6,696 ft2.

Vi1 = 19,500/6,696 = 2.91 f.p.s.

V412/2g =0.132 and
a,V12/2g = 1.62 X 0.131 = 0.212

The corrected value of

Yo =7.75+6.18-0.212 = 13.72 ft.
hy* =13.72-12.35 = 1.37 ft. and
Yu/Z =13.72/12.35=1.11

which is sufficiently close to the assumed value (1.

The water surface on the upstream side of th b ent e

2

EL. 1565+Y, + =198 3.72+0.21

= El. 29.6 ft.

Computation (7b)

Entering the lower curve on Figure 21 with C4 = 0.37 and reading downward, Y, /Y3 = 1.125 and y3 = 13.72/1.125 = 12.19 ft.

The water surface along the downstream side of the embankment is: El. 15.63 + 12.19 = El. 27.8 ft. or approximately 0.2 foot below normal
stage.




Computation (7c)

The water surface differential across the bridge embankment Ah = EI. 29.6 - El. 27.8 = 1.8 feet.

The above computation is quite sensitive since the example falls within the transition zone (Figure 21) where the curves are steep.

12.8 Example 8: Superstructure Partially Inundated

Given.

0 orofile on the centerline of channel is

The same stream and bridge arrangement as for example 7 except the discharge is increased to 28 4
shown on Figure 46B. Normal water surface is now at elevation 30.30 at the upstream bridge girder.

The pertinent data (Figure 46B) are Q = 28,000 c.f.s.,i7 = 14.65ft., Z=12.35 ft., by = 191 ft

AZN = 2,358 ftz
Find.
. The drop in level across the bridge embankment. ’
b. Water surface elevation on the upstream side of the embankment.
c. Water surface elevation on the downstream side of the embankment, ming reciable scour under the bridge.
Computation. (8a)
The equation applicable in this case is:
Q = CybnZ(2g Ah)1/2 < : | (21)

or

where the discharge coefficient ( nstant at a value of 0.80. Substituting values in the latter expression,

- (28,000}°
Ah = h =
64.4(191x12.35)2(0.80)
. 184000000 4 oy _ 3421t

358332741




Computation (8b)

Entering Figure 22B with Ah/ij = 3.42/14.65 = 0.233, y,, /ij = 1.13 so,
Yy =1.13 X 14.65 = 16.55 ft.

The water surface elevation on the upstream side of the embankment should be:

El. 15.65 + 16.55 = 32.20 ft.

The bridge backwater in this case will be,

El. 32.20 - El. 30.30 = 1.90 ft.

Computation (8c). The water surface elevation on the downstream side of the embankment wil

El. 32.20 - Ah = 32.20 - 3.42 = EI. 28.8 feet. or 1.5 feet below

An interesting point is that increasing the discharge from 19,500 c.f.s. to 28,000 c¢.f.
while Ah changed from 1.8 to 3.42 feet. In other words, the hydraulic capacity o

dt
ure i

backwater, h,*, from 1.37 to 1.90 feet
arkedly increased with orifice flow.

\ 4

12.9 Example 9: Flow Over Roadway Embankment

This example is presented to demonstrate computation of flow over a ankment serving as a weir or a by-pass during a superflood.
Given.
The roadway profile across the valley shown on Figure 25, and a the roadway, Figure 46C.
Find.
The flow over the roadway embankment with upstre r surfac@iat elevation 597.5 and downstream water surface at elevation 597.2.

From Figure 25, the effective length of weir is fro
highway will be considered as 2| or 80 feet.

0 1408 + 50 or 6,150 feet. From Figure 46C, the effective width of the divided

The value of the abscissa for enterin

R/ Lg3 = 0.031
a0

Since curve B is not applicable for such a |
discharge is about 3.05.

alue of H/I, curve A should be used. Entering curve A with H = 2.5 feet, the free flow coefficient of

Prom Figure 46C, the percent submergence is:

9:EMDD = 88 percent
ik



Entering curve C (Eigure 24) with the above value, the submergence factor C4/C; = 0.92.
Substituting the above information in the weir equation

Q = C; LH3/2C//C; (23)
gives the flow over the roadway as

Q = 3.05 X 6150 X (2.5)32 X 0.92 = 68,400 c.f.s. (approximately) .

Of interest here is the fact that 88 percent submergence decreased the free flow discharge by only 8 per8

To prepare a chart such as that shown on Figure 26 for another stream which has both flow under th
discharge curve for the river and note the overflow embankment elevation.

d over the roadway, first plot the stage

It is next necessary to compute the backwater level, water surface downstream, and flow ove "WE, @gossive stages of the river. Overtopping
of the roadway reduces the overall resistance to flow, so the drop in water surface across - #8tally decreases with increase in
discharge. Thus as the stage of the river rises, flow over the roadway increases while flow c heitige often decreases due to the reduction in
differential across the embankment. (See the discussion in Section 8.6.).

12.10 Example 10: Design of Spur Dike ‘

Given.

The bridge of example 4. Because of the extreme eccentricit
bridge (Figure 39). Suppose the bridge chosen for the crossin
water surface is elevation 653.5 feet, and the right abutment is a

Find.
. If a spur dike is needed.
b. If needed, determine the length and compute C line co

it rs that a spur dike might be needed on the flood plain end of the
, t€ design discharge is 102,500 c.f.s. (for 50-year flood), the design
with 2:1 side slopes.

inates for laying out an elliptical dike with axes ratio of 2.5:1.

Computation (10a)

Most of the necessary computa mewn the solution of example 4. The discharge on the flood plain, Qy, is obtained from the
conveyance curves of Figure 42 .5 as follows:

K(26+50) K10+
1

L =

_ 6,660,000 - 5,080,000
6,660,000

The discharge in the first 100 feet of river channel next to the right abutment is:

102500 = 24313 cfs.




K{10+80) —H¥(g3+80)
K1

(]

Qqop =

_ 5,080,000 - 4,800,000
6,660,000

The spur dike discharge ratio is

Qr 24313, ,

Qion 4309

102500 = 4,309 cfs.

The velocity used in this application is the average velocity under the bridge, without a

Q 102,500
Vo = = =6.33 fps.
Apy 16200
where A, is obtained directly from Figure 41 at Sta. 10 + 80. ’
Entering Figure 30 with Qs /Q4gg9 = 5.64 and V,,» = 6.33 f.p.s., the reco ded le of spur dike is Lg = 260 feet.

The equation (Section 9.3) for a 2.5:1 ellipse is

2 2
A + Y =

i Rl
For a dike length of 260 feet e

. 2
gy

(260)% (104

Computation (10b)
('::::"’ (24)

eS:

The coordinates for establishing the ¢
x and y axes.)

X y X y X y

erline of the spur dike are tabulated in the following table. (See sketch on Figure 30 for location of



0 104.00 120 92.26 220 55.43
20 103.69 140 87.64 230 48.50
40 102.76 160 81.98 240 40.00
60 101.19 180 75.05 250 28.57
80 98.95 200 66.45 255 20.3

100 96.00 210 61.32 260 0

The dike usually constructed, where climate will support vegetation and velocities are not in excess of those the vegetative cover will

withstand, is shown on Figure 33 and described in Section 9.4. Where velocities are excessive

will not support a vegetative cover, it may be advisable to riprap the entire front face of the spur di
stone for the nose of the dike, velocities of from two to three times V,,, are suggested.

Table 6. Example 11: Computer sheet.

e cover or in areas where the climate
determining the maximum size of

INPUT DATA I
Stage elevation............cccoocieiiiiiii e 653 ft. Desig SChay@l@........... o0 98,300 c.f.s
SIOPE Of RIVET ..o 0.0024 f.p.f.
RESULTANT DATA
X Beginning X Ending Manning's n Area Wetted per .R onveyance Discharge Velocity
139.00 264.80 .0350 109.93 .8713 4,258.01 830.03 7.55
264.80 275.00 .0351 13.26 1.2989 668.33 130.28 9.82
275.00 296.63 .0350 28.84 1.3138 1,468.87 286.33 9.92
354.68 359.50 .0351 1.5507 519.33 101.23 11.05
359.50 413.00 .0350 1.7035 5,532.26 1,078.43 11.80
505.76 525.00 .0350 4993 256.93 50.08 5.20
525.00 534.60 .0351 1.0497 440.79 85.92 8.52
534.60 645.24 .0350 1.4752 9,042.07 1,762.62 10.72
Total area.......ccccvvvreeiiiee e 436.57 sq. Total Discharge.......cccccceeeeviiciiiieeiieeeee e, 4,324.96 c.f.s
Total Conveyance.........ccccceeeeeeviiccvvvvnennnnn. 22,186.62 c,f.s
NFORMATION INPUT
Bridge Length (Eet)......uuvviviiriiiiiiiiiiiiiiie NI e B, e e e ettt et e e e e e e et e e e e e e e 72.30
Left Abutment Position................ 48 .......... XAB(L).veeeeeeiieeeeiieennn 354.7 YAB(L)eeiieiiiiieee e 93.5
D0\ =17) T 0 N Z-N=107 T 0
Right Abutment Position. XAB(3)eiiiieiiiiiiiiiiiiieeeeeen 0 YAB(3).iieeiiiieiiiiiiiiiiiieee e 0
XAB(4). i 427 YAB(4). it 92.5
Bridge Opening at Water SUITACE.......NBBI............oiitiieeee et e e e e e e ettt et taee et e aaebbaeeeeeaeeeaasaaasbtaeeeaaaeeeessaasstrsssaeeeaaeessannnes 70.15
|Base BaCKWater CUINVE USEa...........ccc... B ..ottt e ettt e e e ettt e e e et e e s e teeeeeeansaeeeeaasaeeeeesantaeeeeannseeeeeannaeeeeaannseeeeaanseeens 3
| CALCULATED INFORMATION
Portion of discharge left of 0PeNING (Qpa)... ... vruerrrerreeeiereeeiieeeieeceesesseteseeesesaetesss s s st eses s s s s sassaesenaesans |1,246.65 c.fs
|Portion of discharge thru 0PENING (Qp)... ... vevevrreiiriirisireieseiesseeessese ettt ese bbbt |1,179.67 c.fs.
Portion of discharge right of OPENING (Qg)-+«  vveerrrreririieiiie et |1,898.63 c.f.s.
Area Of PIers DEIOW WALl SUITACE. ... ...ttt e ettt e e e et e e e e et e e e e nseeeeeaaneeeaeeas ] 2.60 sq. ft.




2] o g - PP PEPPTR PSP 2.0

2] o 3 - 2P SEPPR S 1.25
|Tota| 0T Tod 11V = L (=] oo = 1] 1= o | SR 1.564
Bridge backwater opening below normal depth (Ap)......ooivveiiiiiiiiie i 100.50 sq. ft.

Mean velocity thru bridge OPENING (V10) .-+ e reeerurrearirieitiie ettt ettt ettt e et e e s e e nereeaas

|Discharge Ratio (M)

0.272

Backwater approXimation NO. L........ooiiiuiiiiiiiieee et e e e e e s e e e e e e e s s as bbb rreeetaaaessasssabrbreeaaaeeeeessannnes

45.034 ft

Final backwater apPrOXiMaLtION. ..........ciie it e ettt e e ettt e e e e st e e e e e esteeeeeeanneeeesannneaeeanns

|Number of iterations to obtain final DACKWALET ............uiiiiie e e e eaaaaas

46.691 ft

|
|
|
|
| 43.03 f.p.s.
|
|
|
|

3
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. Ex le 11: Bridge backwater with supercritical flow.

12.11 Example 11: Bridge Ba

Given:

The tabulation, Table 6, a computer sheet for the computation of bridge backwater at a proposed bridge in New Mexico on a stream with Sy = 0.0380.

Expression (4), Chapter 2, for type | flow was first used and resulted in a ridiculous figure of 46.69 feet for the backwater. (See Table 6.) This cannot
occur with the present program (13, p. 15) which will not compute backwater when the flow is supercritical, but will print out a message "Design Method

Invalid."
Find.

ater with Supercritical Flow




The recomputed backwater using expression (26), Chapter 10, for type Il flow. A cross section of the stream and a cross section at the bridge opening
are shown on Figure 47. Pertinent quantities from the cross section and Table 6 are:

Q = 4,325 c.f.s. for stage at elevation 92,50 ft.,
M = 0.27, A, = 437 ft.2, A, = 100.50 ft.2,

b =70.15 ft., J = 0.026, ¥ =143,0;,=20

and from Figure 5,

a, = 1.25.

To compensate for the two 10-inch piers, since incremental pier coefficients are not available for sup
computation rather than the customarily used gross area, thus

Anon = 100.50 - 2.60 = 97.9 ft2,

Olf%the net area, Ao, Will be used in

a cros@Fection (see Figure 47). Solving for critical

Q 4325

The channel under the bridge is considered trapezoidal with area equivalent to that o
4=

depth: ’
; = 015 167 =632 cfs./fl. and

6352 1/3 \
: 113

= | —— =124 =4.99 fi.

The critical velocity in the constriction is then 0

q _63.2
Yoo 4.99

Voo = —12.67 fps.

V2,129 = 2.49 feet.
The normal velocity in the constriction i

Q _ 4325
Apon 979

=442

The velocity for normal depth at section 1 will be

Q 4329

g =
M AT AT

=990 fps. and



V2,,/2g = 1.52 ft.

From Figure 34, the backwater coefficient for M = 0.27 is C, = 0.22 for type Il flow. Substituting the above values in the backwater expression for
supercritical flow:

it y2 et 1
hy =a; %{Ch + 10+ Yo —F—az—g

hy*= 1.25 X 2.49 (0.22 + 1)
+4.99-1.43-2.0X1.52
= 4.32 ft.

It is necessary now to recompute the following:

A1=437 +4.32 X525 =437 + 2,268
= 2,705 ft.2,
V1 S shiet 160 fps. and \

" A, 2705
V,2/2g = 0.040 ft.

Recomputing the backwater

h,*=3.80+4.99-1.43-2.0X0.040 =

With hy* = 7.28 feet and V = 44.2 f.p.s., the wate
waterway. Should the waterway be doubled in wi
guantities would be as follows:

Q=4,325cfs., Ay =

own on Figure 47, is inadequate, even should scour considerably enlarge the
ich would require widening the center channel or relocating the bridge, the

b = 140.3 ft., M = 0.46, 0,

F= AR N = 201012
Y

Anon = 201.0- 5.2 =195.8 ft.2
g =31.75 c.f.s./ft., Yoo = 3.12 ft,,



V,. = 10.15f.p.s.,
V2,./2g = 1.60 ft., V= 9.90 f.p.s.,

V2n1/2g =:1:52 ft., Vn2N P | fpS

and from Figure 34, C,, = 0.200 for type |l flow. Substituting in expression (26)
N1™= 05V250/29(Cp + 1) + yoc - § - 01V42/29

h{*=1.45 X 1.60(0.200 + 1) + 3.12 - 1.43 - 2.0 X 1.52

=2.78+3.12-1.43-3.04 = 1.43 ft.

Recomputing A; assuming h,* = 4.0 feet,
A; =437+ 4.0 X 525 = 2,537 ft.2, ‘
Q 4325 &
Vi = = =1.71 fps. and \

Ay 2537

V,2/2g = 0.045

Replacing the last term in expression (26) with the recomp, locC ead at section 1,

hi*=2.78 + 3.12 - 1.43 - 2.0 X 0.045

= 4.38 ft. of backwater.
Checking on the type of flow, the depth at section uld be

_ +h*=1.43+4.38=5.281ft.

The water surface is above y,. at sectio
waterway the flow is still type II.

sses through y,. in the constriction, and thereon remains below y,.. Thus, after enlargement of the

Go to Chapter 13




Chapter 13: HDS 1
(.f Discussion of Procedures and Limitations of Method

Go to Appendix A

13.1 Review of Design Methods

The design charts and methods which have been presented are appllcable to a wide variety of

becomes familiar with the method, he can use the electronic comput e brldge
backwater problems. This requires a copy of the BPR computer pro
available upon request.

It may be well to review some of the limitations already mentj isuse of the
material presented and to discuss the information used tQ ddiic g’ thellesign methods and
curves.

1. The method of computing backwater asgres iS@intended to be used for relatively

straight reaches of streams having subcHiti
When the flow passes through critical dept
indicate that a stream cross section
in computing backwater.

pproximately uniform slope.
r 10. Field measurements

ry iderably without causing serious error

2. It was found that scale mode noN@altable for the study of streams with large width to
depth ratios. Such streams @ust be in the field. Since preparation of the first
edition of this publicatiogth@l\J).S. G@blogical Survey has collected considerable field
information on backw. atb ring floods in the State of Mississippi. This field
information oint up the limitations of the model study (18) and supply
information tudy could not. The field studies (39), which included long
bridges and ainY; are mainly responsible for the changes which appear in
this edition. O 2 is still much to be learned from additional field
measurements \@e rtlcularly in locations with heavy vegetal growth.

3. As the length of a¥ridge is increased, it stands to reason that the type or shape of
abutment should have less effect on the backwater. The model study consistently showed
slightly less backwater for spill through than for 45° wingwall abutments, but the model
represented very short bridges. After studying the field results, the differentiation between
abutment types was dropped except for those producing severe contraction on short
bridges.

4. The design information applies specifically to the normal stage-discharge condition,
although one exception was made in demonstrating an approximate solution for a



particular type of abnormal stage in example 5. In cases where the slope of the water
surface is either flatter or steeper than the slope of the bed (abnormal or subnormal stage
discharged), it is suggested that the method developed by the U.S. Geological Survey (8,
26) for indirect flow measurement be tried. The reason for this suggestion is the fact that
the U.S. Geological Survey performed their model tests in a flume with horizontal floor.
The Bureau of Public Roads tests (18) were made in a sloping flume; uniform flow was
always established before the channel was constricted (with the exception of the tests
described in Chapter 6).

The Geological Survey method was developed for the express purpose of utilizing bridge
constrictions as flow measuring devices. By knowing the streamaand bridge cross
sections and measuring the drop across the embankment, Ah, th&@glischarge occurring at
the time can be computed directly but the computation of back qwres a trial
solution. The Bureau of Public Roads method, described in thig N, permits a
direct solution for backwater but requires a trial solution for disd WPevident by now
that some backwater solutions are sufficiently complex ' a trial solution.
The differences in the two methods are outlined in a di viessers lzzard and
Bradley (31).

the

. Plausible questions will arise in connecign wj
information was presented. For example; why
used for determining the contraction ratio a
cases where piers were involved? W
the incremental backwater coe
Any one of several methods couI
choice made in each case w
straightforward to the resea ureau of Public Roads at the time. What must
be borne in mind is that ae pmca urves for various coefficients were derived by

treating the model da
used in reverse if faith [ ent answers are to be obtained for bridges in the
field.

nner in which the foregoing design
ross rather than the net area

he n | velocity under the bridge for

ed crossings treated as they were? Are
very short bridges with wide piers?
esented with the same accuracy; the

. For the case
in Figure 27, th

ow concentration parallels an embankment, such as depicted
ater surface along the upstream side of the embankment will have a

falling characteriSlic and the drop across the embankment will vary depending on where
the measurement¥s taken. It is important to avoid digging borrow pits or to allow
channeling of flow of any kind adjacent to the upstream side of bridge embankments.
Clearing of the right-of-way beyond the toe of the embankment should not be permitted
as trees and brush act most effectively to deter channeling. Where the condition is
already present, the situation can be corrected by the use of spur dikes which can be
proportioned according to the method described in Chapter 9.

. Questions will arise as to the permissible amount of backwater which can be tolerated
under various situations. This is principally a policy matter and should be based on sound



10.

economic considerations. If backwater produced by a bridge threatens flooding of
improved property, the estimated damage from this source over the expected life of the
bridge should be weighed against the initial cost of a longer or shorter bridge. Figure 43

illustrates the costliness of reducing backwater beyond a certain economic limit.

Should the bridge be located in open country where backwater damage is of little or no
concern, a shorter bridge may serve the purpose but there is still a practical limit to the
permissible backwater. The velocity head at section 2 is roughly:

2
# v
h’] +ﬂ-_‘1L

29

or

V, = (2ghy* + a,V,2) 12

Assuming V4 = 3 f.p.s. and a, = 1.0, a backwater of 1 uI produce an
approximate velocity:

V, = [64.4 (1.0) + 9 (1.0) ]¥2 = 8.5¢pp.

Holding upstream conditions the same, 2 f f bac er would produce a
velocity of approximately 11.5 fQ.s. ee ackwater about 14 f.p.s. For

bridge sites where scour is not e foot of backwater may be an
upper limit. On the other hand, for le river channels, the backwater
can be increased accordingly, ses where the bed is of a movable nature
but foundation conditions ar, re is considerable latitude in the initial

backwater that can be , as wd8 demonstrated in example 6. In general, the
stability of the materi rotecting the abutments and piers will most

likely govern the veloc e tolerated and thus the backwater.

Streams wi us channels on wide flood plains introduce a special case
for which the rocedure may prove inadequate, partly because of
uncertainty re g flowdistribution at any cross section. This phase needs further
study.

For cases where 1Slands or other major obstructions occur in the main channel at or

upstream from a bridge, the procedure will require some modification. If these
obstructions extend under the bridge, it may be possible to treat them in the same
manner as piers.

For the computation of backwater where the flow of a stream is divided between the main
channel bridge and several relief bridges, the methods described in this publication are
valid for each bridge provided the flow is divided properly between bridges. (See
reference 40.) The field data available bear out this statement. The principle was first



verified by the U.S. Geological Survey after completion of an extensive laboratory model
study (38).

11. A current trend is toward constructing bridges longer and embankments higher than in the
past. From the hydraulic and long-range economic points of view, this practice may or
may not be sound. Only a reliable engineering economic analysis, in which all factors of
importance are considered, can lead to the correct answer for any one site. Young (1)
discusses some of the economic factors which come into play during floods; much
remains to be done in compiling data on flood damage costs, magnitude and frequency of
floods, scour data, flood risk factors, and in perfecting a sound and acceptable method of
economic analysis. Since backwater is reflected in one way or ther in practically every
phase of bridge waterway problem, it is hoped that the informati ontained in this
publication will aid in promoting a more logical approach to brid rway design.

13.2 Further Research Recommended

Additional field measurements are needed on practically gll
problem such as:

. Dual bridges ‘
Skewed bridges

Eccentric bridges

Effect of scour on backwater
Effect of spur dikes on backwater
Optimum length of spur dike
Effect of heavy vegetal covall both trdam and downstream, on the backwater, and
Bridge backwater whepgihe as#es through critical stage in the constriction (flow type
).
Flow in the constr
than unity where,

S offhe bridge backwater

S Q -~ 0 Q 0 T

supercritical if the Froude number, V,,,/(g % )2 is greater

V2 = mean vel@@ity in constrictionCf.p.s. and

— A
Y:LE: normal  flow  depth 0 constriction - ft.

b

The above expression has definite meaning in a rectangular channel but is not readily
applicable to the irregular cross sections found in streams and rivers. Thus, one of the
problems involved in proposals h, is prior identification of the type of flow to be expected.

Go to Appendix A




(\ Appendix A : HDS 1
@&

Development of Expressions for Bridge Backwater

Go to Appendix B

The three types of flow encountered in connection with bridges constricting natural streams an
following table with respect to the critical depth of flow in the constriction y,..

ers (see Figure 4) are summarized in the

With respect to y,.

i Nofmal Water surface

type stage

Section 1 Sections 2n3
iRk above..... above..... above.....
lIA.... above..... above..... below.....
[IB.... below..... above..... below..... I
l"...... below..... below..... below..... A

Type | is subcritical flow; types IIA and 1B are subcritical flow at sectio
[l is supercritical flow throughout. Types IIA and IIB differ only in
expressions for backwater for flow types | and 1l will next

ut bo through critical stage within the constriction while type
of normal stage and critical depth. The development of the

A.1 Type | Flow (Subcritical)

An expression for backwater has been formulate
backwater upstream from the bridge, section 1

principle of conservation of energy between the point of maximum
tream from the bridge at which the normal stage has been reestablished,
d reported in reference 6, was developed on the basis that the channel in

plying t
jt do

(27)

where hy is the total energy loss between sections 1 and 4.

As the testing procedure in the model consisted of first establishing a normal water surface throughout the main channelCparallel to the
bottomCthe resistance to flow per foot of length, previous to the installation of the bridge constriction, just balanced the vertical drop due to
slope. These quantities cancel and expression (27) can be written



2 2
eaVa®™ ey th, (28)
29 29

The additional loss, hy, can be expressed as the product of a loss coefficient, K*, and a velocity head or

L

2
B =y BaYne (29)
2g

where V,,, is average velocity in the contracted section based on the flow area below normal

Replacing y;n y, with h*;, and hy, with K*a,V2,,/2g, equation (29) becomes

2 Cﬂgvzng 5 &4‘\1"42 i &1‘-}'12

h*y =K
29 29 29

Since the analysis is based on the assumption that the cross sectionalgteas s 1 and 4 are essentially the same, a, can be replaced
by a;. Also from the equation of continuity A;V; = A3V, = AoVo, Veloc can be ressed as areas. So the expression for backwater
becomes:

: . Aok
hy =K*g, Y02 +[2n2 | _fAn2 (4)
29 A, A
where the terms, applicable to prototype as w: C detined as follows:

h,* = total backwater (ft.)

K* = total backwater head loSSCaghiisic
04 = velocity head correction 8@effiCIE
0, = velocity head correction cOgi

A = gross water area in constriglon measured below normal stage (sq. ft.)

V,,» = average velocity in constricti@l for flow at normal stage or Q/A,, (f.p.s.)

A, = water area at section 4 (where§formal stage has been re-established) (sq. ft.), and
A, = total water area at section 1, including backwater (sq. ft.)



2 an 2
V2 fnzy (Anz)l Vaz
h=K'Q, 75+ [': el vl e .

- 1 # Lo AT AN R A T Wt
__________________ r‘--,- *hn

RS ST AE R o B e oo Ml T S el o Ve s e T ety _,"fi

¢, o ) o o = —: ) w 29

I
4 W FLOW
+ " soruas . 75 TICAL DEPTH 4 Hae
'I' b1 = TR Yar
-.,_‘éfa_!f_._r{_f}w;x’ e e e [ e b T A e
& -TYPE [ [SUBCRITICALY

PRty
r— e

7
t
&LI_E&—TK—' e T..*.-‘: i -_-_.:_.r?:. I ._-"-'_I-:_-"| 77 '.u':_.-" .-'_.I"_f'
[ -I—!_’: T P L -t

g
T e —
————

s e

AR T L 7 e P P S S IO IY e vl st et A8 A G L= T Lt ﬁ
FLOW |
I }ldﬂ |
¥a
C—TYPE 11l FLOW (SUPERCRITICAL) o

Figure A-1. Flow types I, II, and Il



35

L3

k1]

5

2o

KOTE - MUMBERS

| [FAELE 87,
o g h AL S - =T
i g WATAUGA e
ih'f}Dt'. |
:f'_:.l e ——— |
[Fui —_ =
=]
¥z
0% - !
[
| :Iﬁ-"l -
| ng® 4 5}1:,;‘:2“
o i 5h
o i oz 45 G e oy LT 0.5 L
Figure A-2. ate efficient curve for type | flow.
If piers are present in the constriction, these are ignog@ in the d@ermination of A,,. The velocity V,,, does not represent an experimentally
measured velocity but rather a reference velocit omp for both model and field structures. The expression
2 2
A A
o ] Mz nz (4b)
Ay A
represents the difference in kinetic en between sections 4 and 1, expressed in areas rather than velocities.
Should the backwater coefficient. K*, be
*
h 2 2
o A A
Kw o 21 =T 1 HE Y r|2 (31)
aoV iz f2g @2 || A4 A

The energy stored in the backwater is entirely consumed between sections 1 and 4. It can be noted that in the development of expression (28)



the normal channel resistance cancelled out. Thus hy, represents the additional energy required to balance out the remaining losses. The
energy involved in hy,. can be best explained by considering the losses from section to section:

. For a distance upstream from section 1, the boundary resistance is less than normal due to a reduction of velocity in the backwater
reach.

b. Between sections 1 and 2 the energy loss is little different than normal since there is some reduction in velocity due to backwater, and
convergence of the flow in this reach does not contribute materially to the excess energy

csistance and also to internal shear
ies with the degree of contraction,

c. Between sections 2 and 3 the energy loss is greater than normal due to an increase in bg
which accompanies separation and lateral mixing between abutments. The magnitude of
the ease with which the flow can enter the constriction, and with the velocity involved.

d. The greater portion of the excess energy in hy, is lost between sections 3 and 4 ' principally to increased boundary
resistance and lateral mixing. Ordinarily the constricted jet tends to expand ho : rate of 5 degrees to 6 degrees per side until
it reaches section 4 but the mixing and re-expansion pattern can be greatl cd by @ysical factors such as whether the flood
plain is clear or whether it is covered with a dense growth of brush and treeSlThe epresented by hy, is dissipated first in viscous

action, then in eddies and turbulence, and finally in heat. ‘

Backwater coefficients obtained from the model studies are tabulated f e reference 18. Backwater coefficients from field
measurements are recorded in Table B-1 and Table B-2 in Appendix B. the field"points are shown plotted on Figure A-2. The kj

represents the backwater coefficient chargeable to the caflikact ile the symbol K* is the total backwater coefficient representing
the sum of all influencing factors.

@ Click here to view Table A-1. Critical Flow through B iction (Type Il and Ill Flow) Model Data and Computations

A.2 Type Il Flow (Water Surface Pa rougmh Critical Depth)

Once critical depth is reached, the tream from the constriction is no longer influenced by conditions downstream. This is true
even though the water surface m iti epth, Yo, in the constriction and then return to subcritical flow as in type llIA (Figure

A-1). Type IIB flow is similar excep

flow are subject to the same analysi
types lIA and 11B is developed by equ
through critical depth, Y,.. Referring to

the energy between section 1 and the point in the constriction at which the water surface passes

Sobi-¢c *¥p thy +taq —



Ve
=Y tas 59 the +8glq¢ (32)

Cancelling out normal boundary resistance against Sy L1, and substituting Cpa, (V2,./2g) for he,

2 2 2
Yn +hi =Yg = Vzgzc tCpa) VZSC 5 Cﬂg:
Solving for backwater,
2 2
hy = MT;C[% 1)+ Yo - ¥n —%,
where
h,* = total bridge backwater (ft.) ‘

Y, = normal flow depth (ft.) (model)

Y = normal flow depth or A,,/b (ft.) (prototype)

Y, = critical depth in constriction or (Q2/b2g)1/3 (ft.
V5 = critical velocity in constriction or Q/Y . X b (f.p.s?
V, = velocity at section 1 or Q/A; (f.p.s.)
a4, a, = velocity head correction coefficients at 1an
Cy, = backwater coefficient for type Il flow (consgiiction losg®n

the constriction, respectively

Should the backwater coefficient be desired,

*

hy +¥n = Yo
a-N2oc 129

Cp = (25)

A number of the tests from the models into type IIA and 1B category but the range is rather narrow. The data and computation for flow

type Il are included in Table A-1, and th@oints for the backwater coefficient are plotted on Figure A-3. The lower curve is for spillthrough and
45 degree wingwall abutments. The uppe@turve has no practical application as the constriction consisted of two vertical boards, one placed
on each side of the test flume. The boards constricted the jet more severely than the abutment shapes which is reflected in the higher values
of the coefficients. Additional model studies are urgently needed to better define the type Il backwater coefficient curve.
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Figurega3\Backwatdlcoefficient curve for type Il flow.

A.3 Type lll Flow (Super

Theoretically there is no backwater §
and downstream from a bridge const
guestionable whether any constriction
clearance should be provided to insure

| flow. No detailed information is on hand for supercritical flow occurring both upstream
e design flood be normally traveling at supercritical velocities in the stream proper, it is
puld be imposed on the cross section unless foundation conditions are excellent. Moreover, sufficient
Bt the superstructure will never come in contact with the flow.

Go to Appendix B




Basis of Revisions

Appendix B: HDS 1
A

Go to Appendix C

B.1 Backwater Coefficient Base Curves

The backwater coefficient base curves for type | flow, as they appeared in the first edition, were
based principally on model studies (18) with field measurements ma n about a dozen short
bridges with limited flood plains. This was the extent of the information ilable at the time,
and it was stated that the validity of the base curves might be questi ed outside of the
range mentioned.

Upon receipt of additional field measurements furnished by thg
(39), it was found that a rather marked tension should be ma p A ater coefficient
P

largest width to depth ratio from the first field tests was 118 while®#e field tests from the
streams in Mississippi brought this ratio to ove® 7008 Il tests verified the position of the
former model base curves for values M from 1. e A-2). For smaller values of the
contraction ratio, the model curve flattens wai d data shows a rising trend. The
flattening out of the model curves in iti nditions were being approached at M
= 0.55. Although the value of M for the
within the subcritical range. Thus, thasii f of the base curve, from the model studies,
remains unchanged while the left of the
points shown on Figure A-2 are, fr@in field 8&ta.

Most of the points are from ormal to the flow, but it can be noted that some of
the points are frorgask ings and others are from dual bridges on the Interstate

System. The numR&
referring to Table B f the field data available to date, together with pertinent

computed informatio E ncluded in Table B-2. The design curves now shown on Figure 6 no

longer differentiate be@iieen wingwall and spillthrough abutments except for severe types used
on short bridges.

Click on the hyperlinks below to view the following tables.

& Table B-1. Summary of Field Measurements on Bridge Waterways.

@ Table B-2. Summary of Field Measurements and Computations on Bridge Backwater




B.2 Distance to Maximum Backwater Curves

To obtain consistency in the plotting of field data, it was advisable to draw a new set of curves
to define "Distance to Maximum Backwater". Figure 11 of the 1960 edition has been replaced

by Figure 13 in this publication. The former was based entirely on model data which was
unrewarding, while Figure 13 was constructed from field data. Figure 13 is included for a
second time as Figure B-1 to show the points from which the curves were drawn. The numbers
again identify the bridge location which may be identified from Table B-1. The procedure

amounted to a cut and try process along with the computations. Fortunately, there was
sufficient information to define a satisfactory set of curves. (See columns 7 through 10 of Table

B-2.) The principal reason for changing the parameter of the abscissa igure 13 and Figure
B-1 to Ah/3j was to facilitate the processing of the field data which is ct reverse of the

procedure for computing backwater.

14 r

MUMBERS REFER TO FIELD LOCATIONS
{TABLE 8, FIELD DATA AND COMPUTATIONS
| [TABLE 9}
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Figure B-1. Distance to maximum backwater curves showing field data.

B.3 Velocity Head Correction Factor, as

Another concession made in order to get better correlation of field da
a new factor in the computations, a correction factor for the velocity
The value of a, was computed from current meter measuremegisas

U.S. Geological Survey from the downstream side of the sa
water area under the bridge is divided into subsections i
current meter and the area is determined by soundings. computation is

described in Section 1.11. Values of a, detergined in this\@anner-are recorded in column 14 of
Table B-2 and the points are plotted on Fi ur& ers again refer to the bridge
location (Table B-1). In each case a, at section 1 on the right. Then a5 for each
traction ratio, M, and a line was drawn
ut Figure B-2 does show a trend. It

e introduction of
onstriction, a.
gs taken by the

g high water. The
glbcity is measured by

between them. Actually a, bears no fi

can be said that a4 is usually less t o> @t there®were exceptions. Obtaining a, from an

existing bridge is one thing; to pre@Ct the v or a proposed bridge is another. It was for the
latter reason that Figure B-2 w paredWlt is strictly a chart for estimating purposes.
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Figure B-2. Curve for determj ity head coefficient, a,, showing field data.

B.4 Dual Bridges

Since the charts f ildgesN@Lhis publication differ from those in the first edition an
explanation is in or Al curves were established entirely from model results. Since
that time, measure ave shown that proportionately larger losses occur in the field than
the model studies indi@&ted. In the case of the differential level multiplication factor, Figure 15,
the field results dictate arked shift upward for the single curve compared to its position in
the original edition, even though the field information on dual bridges is still very limited. The
model and field data for differential level are shown plotted on Figure B-3. It can be observed
that the contraction ratio, M, plays a minor role in the differential level multiplication factor. The
field points are numbered and can be identified by referring to Table B-1.

The points from which the revised backwater multiplication factor curve was drawn are shown
on Figure B-4. These are all model data since it was not possible to definitely differentiate

backwater from Ah measurements taken in the field. The influence of the contraction ratio, M,
formerly overemphasized, does not appear to be of much importance in the multiplication factor



either, as Figure B-4 indicates, so M has been dropped and the original family of curves have
been replaced by the single modified curve shown on Figure 14. The model data and
computations from which Figure 14 and Figure 15 were prepared are recorded in Table B-3.
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Figure B-4. Backwater mul

@ Click here to view Table B-3.

tor for dual parallel bridges.

tion on Dual Bridges
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Appendix C : HDS 1
A

Development of Chart for Determining Length of Spur Dikes

Go to Table of Contents

The information available at this time on spur dikes are plotted on Figure C-1. The field data
(39) and the limited model data (19) and (25) from which the points were plotted, are
summarized in Table C-1. The information leaves much to be desired. Spur dikes in existence
appear to have been proportioned by individual judgment rather than ay any definite method,;
some are too long while others are extremely short when compared t lengths given by
Figure C-1. The actual and computed lengths can be compared most by comparing the

values of Lg in columns 18 and 19 of Table C-1.

the

yapkment stability was not
d great variation in

a representative line was
ative line are plotted as

m of Table C-1. Since it was not

Model testing was not only limited in range by the discharge raiig

reproduction of flow patterns, scour patterns, scour depths, 3
necessarily characteristic of the prototype structures. Thgm
acceptable lengths of spur dike so, rather than plot all th
drawn through the lot. Values for four points rgad from th
circles on Figure C-1 and these are also tabul&te
advisable to construct a dimensionless design c , the model results were
converted to prototype values by the Eroud 25:1). This ratio was determined by
scaling up the model flow depth of O. ee ich was the average depth of flow
encountered in the field tests.

It is apparent that the design curv which are based principally on the information
in Table C-1, will most likely be_sui er-adjustment as additional field data are obtained

and more experience is gaind@. ' rst attempt at standardization of spur dike design
for bridges.
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Figure C-1. Length of spur dikes.

@ Click here to view Table C-1. Summary of Field data and Computation on Spur Dikes.







Table C-1. Summary of Field Data and Computations on Spur Dikes

No. Kq x 103 [K4 x 103 Kp x 103 = = Ls
103 cfs cfs cfs - l existing

i 2 1 3 | !!“-g !
1B

14,600 1,300 756 2,150| 8,480 3,970| 0.748| 3,000 2,709 555 [ 0718 283 540 26 38
2B 8,950 617 67.5/413.5 136 979| 5998 1973| .837| 2,580 347| 1,671 4.82 .380 2.33| 535 24 140
23 20
23 120
3 36,400 3,606 570| 706 2,330 5,753| 7,127| 23,520 9 44| Dual Bridges
132 56
4D 18,800 1,033 230| 468 335| 4,180| 8,518| 6,096 0 38
90 78| Dual Bridges
5A 13,500 1,836 210 730 893| 1,544| 5368| 6,588 15 12
108 48
7B 3,160 515 160| 109 246 982| 669 1,509 49 13
0 0
10B 5,470 296 34 23 236 629 480| 4,361 127
0
11B 64,470 4,325 459 1,900 1,966| 6,630(27,443| 28,397 0 65
114 230
13 5,430 1,590 212|1,117 5 2,808| 7.30 51 271 193 0 0
96 56
16 4,840 467 91 274 163| 727 4.30 .32 0.95| 6.67 0 23
52 64| Dual bridges
18A 18,000 1,479 41| 765 584| 6,067 10.40 .16 3.01 297 9 0 45° skew
125 88+44 | Relief bridge
20A 3,763 159 39 99 113| 804| 7.16 .28 0.70| 4.69 0 12| Dual bridge
163 32
24A 31,210 3,440 100| 20 1,815| 28,488 630(11,644| 10.50 .18 0.37| 2.65 0
150
24B 10,302 1,370 90| 620 4,662 4,963| .755| 2,240 462| 6,819| 14.80 .30 208 1.52 0 0
70 38
30A 158,000 24,107| 2,850|8,307 , , 54,445| 84,876 .657| 2,870|5,512(79,400| 14.40 6.52| 18.95| 1.99 40 140| Relief bridge
40 290
30B 16,800 1,100 47| 698 355 718/10,600| 5,422| .933| 3,380| 497| 4,852 9.80 21 3.15| 346 18 0| Relief bridge
40 105
33G 6,136 1,600 860| 560 180| 3,298| 2,148 690 .349| 1,655| 370| 2,404| 6.50 2.00 1.30| 255 85 50 45° skew
0 32
36 200,000 35,800 0]164,200| 1.00| 6,900{2,900({43,500| 15.0 5.20 0| 4.60 300 200+100
| [ 1 ] 0 0
37 750,000 113,500{80,000|556,500| .295(22,700|3,300(/53,600| 16.2 5.00 353 14.0 400 400




Typical Model Data Converted to 25:1 Scale

101 15,000 3,600 0| 11,400 1.00| 7,500 200
102|15,000 4,800 0| 10,200( 1.00( 7,500 200
103 15,000 7,120 0 7,880 1.00| 7,500 200
104 15,000 9,730 0 5,270 1.00| 7,500 200

'Q
\
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Table B-1. Summary of Field Measurements on Bridge Waterways

Bucantuna Creek, S.H. 18 near

Date of
Measurements

Length Spur
dike, feet

Abutment

type and
slope

Remarks

Analysis no

Miss.

Quitmann, Miss. applicable
1C |- do Apr. 7, 1964 26 24 1.51ST Do.
2B |Long Creek, S.H. 18 near Quitmann, Apr. 6, 1964 23 23 1.51ST Do.
Miss.
2D |----- do Apr. 7, 1964 23 23 1.5:1 ST Do.
3 Bowie Creek, 1-59 near Hattisburg, Miss. |Feb. 22, 1961 132 9 4:1 ST Dual Bridges
Feb. 23, 1961
4D |East Tallahala Creek, S.H. 258 near Bay |Apr. 6, 1964 90 0 Analysis not
Springs, Miss. applicable
5A |Tallahoma Creek, I-59 near Ellisville, Feb. 23, 1961 15 108 Dual Bridges
Miss.
5B |----- do Apr. 8, 1964 15 Do.
6A |Tallahala Creek, S.H. 42 near Feb. 25, 1961
Runnelstown, Miss.
6B |----- do Apr. 9 to 10, 1964 1.5:1ST
7A |Wolf River, S.H. 26 near Poparville, Feb. 1%1961 2:1ST
Miss.
B |- do 2,1 0 2:1ST
9A |[Bogue Chitto, U.S.H. 84 near 961 2.1 WW  [30° skew
Brookhave, Miss.
No. Location Length Spur |Abutment Remarks
dike, feet type and
Left | Right | Slope
9B |----- do 2:1 WW Do.
10A |West Hobolochitto Creek, S 2:1ST
Poplarville, Miss
10B |----- do Mar 2, 1964 0 2:1 ST
11B |West Fork Tom Apr. 12, 1962 0 114 2:1ST
near Nettletown,
11C |----- do Mar. 15, 1964 0 114 2:1ST
12 |Yockanookany Rive Dec. 18, 1964 2:1ST 27° skew
Kosciusko, Miss.
13 |Black Creek, S.H. 589"iear Purvis, Miss. |Apr. 28, 1962 96 0 3:1ST
15 |Upper Little Creek, U.S.H. 98 near Apr. 28, 1962 1.5:1 ST |30° skew
Columbia, Miss.
16 |Luke Flupper Creek, S.H. 528 near Bay |Apr. 6, 1964 0 52 2:1ST
Springs, Miss.
18A |Tallahala Creek, 1-59 near Laurel, Miss. |Feb. 23, 1961 9 125 3:1ST (Dual Bridges) 30°
skew.
18B |----- do Apr. 7, 1964 9 125 3:1ST Do.
20A |Big Black River, S.H. 16 near Canton, Dec. 19, 1961 0 163 2:1 WW  [Multiple Opening




22A |Big Black River, I-20 near Edwars, Miss. |Dec. 20, 1961 2:.1ST Dual Bridges
No. Location Date of Length Spur |Abutment Remarks
Measurements dike, feet type and
Left [ Right | Slope
23 |Leaf River, U.S.H. 98 near McLain, Miss. |Feb. 26, 1961 2.1ST
24A |Leaf River, 1-59 near Moselle, Miss. Feb. 24, 1961 150 0 2.1ST Dual Bridges-
Multiple
24B |----- do. Feb. 24, 1961 0 70 2:1ST Do.
30A 'I\Dﬂ?sscagoula River, S.H. 26 near Merril, |Feb. 27, 1961 40 40 2:1ST Multiple opening
30B |----- do Feb. 27, 1961 18 40 2:1ST Relief bridge
33G |Pearl River, S.H. 43 near Canton, Miss. |Dec. 21, 1961 85 0 1 ST Do.
34 |White Sand Creek, County Highway, Mar. 29, 1961 ST |Scour recorded
near Oakvale, Miss.
36 |[Susquehanna River, near Nanticoke, Pa.|Apr. 1, 1960 300 415° skew
37 |Indus River at Tarbela Dam, District Model
Hazara, West Pakistan
50 E;)nnett Carre Sp. near New Orleans, Feb. 28, 1937 1 ST
51 |[Short Creek near Albertsville, Ala. Nov. 28, 1948 1:1ST
52 |Bond Creek, Dunham Basin, New York |Dec. 3‘194 45° WW
53 |Auglaise River, Fort Jennings, Ohio Feb. 15, 1 45° \WW
No. Location Length Spur |Abutment Remarks
dike, feet type and
Left | Right | slope
54 |Crooked Creek, Richmond Mo. 1.51ST
55 |W. Br. Delaware River, Hale Eddy, 90° WW
56 |Wild Rice Creek, Twin Valley, Mi 45° WW
57 |Long Creek, Courtland, Mi 8, 1954 2:1ST
58 |Ottowa River, Allg Feb. 14, 1950 90° WW |15° skew
59 [lllinois Bayou, S Jan. 24, 1949 2.1ST
60 |S. Chickamauga Mar. 29, 1948 3:1ST 30° skew
Tenn.
61 Ea\)(/aderosseros Cr Dec. 31, 1948 45° WW
62 |---—-- do Apr. 6, 1952 38°WW  [8° skew
63 |---—-- do Apr. 2, 1952 38°WW  [8° skew
64 |Schroon River, Riverbank, N.Y. Apr. 18, 1952 30° WW




Measured

Table B-2. Summary of Field Measurements and Computations on Bridge Backwater

M Measured L* ft
ft/ft

| 0 [ 11|

RENEES

0.000776
.000776
.00130
.00130
.000704
.000755
.000672
.000672
.000653
.000653
.00134
.00134
.000947
.000947
.00122
.00124
.000409
.000409
.000212
.00100
.00130
.00156
.000679
.000679
.00142
.000379
.000823
.00133
.00035
.00176
.00108
.00056

.00049

244
1.82
2.22
1.18
1.06

0.490
420
.510
.300
.083
.160
.043
.028
.063
.044
.094
.043
.220
.091
.034
.019
.190
.220
113
.056

.050

490
440
347
276
625
390
186
130
550
378
140

64
174
117

100

LOO
.80
.60

2,427
2,120
1,492
1,316
13,315
4,844
6,294
6,165

1.27

1.42

1.98

1.47
1.56
2.47

1.42
2.06
1.27
1.44
1.59

3.28
1.35
1.20

1.32
1.37

1.44
1.30

1.42
1.60

129
335

763
770
710
614
195
114
154
154
177
202
118
104
107

Dual

Dual
Do

30° skew
30° skew

27° skew
30° skew
Dual, 45° skew
Do
Dual bridge

Dual Bridge
scour

15° skew
30° skew

8° skew
Do




2.42
4.42

.043
.018
.190
.094
.046
.018
.089
.342
.367
351
.361
372
.095

A

~
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Table B-3. Model Computations on Dual Bridges

.025
.018
.040
.033
.027
.017
.046
.090
.074
.093
.073
.078
.055

122
.068
.036
.230
127
.076
.036
135
412
441
444
434
430
150

Abutment
type

0.055
A71
A71
A71
A71
A71
A71
A71
151
.086
495
.254
151
.086
.049
.026
151
.085
.049
.026
.095
.307
.307
.307
.307
.307
.099

1.369

1.345
1.468
1.468
1.491
1.585
1.491
1.456
1.311
1.311
1.293
1.299
1.358
1.412
1.373
1.401
1.523
1.491
1.535
1.360
1.421
1.342
1.446
1.446
1.473
1.401
1.508

Www
45°




1,317
18

19

20

21
22R
23

24

25
26R

2.886
3.866
4.886
5.886
2.846
3.866
4.856
5.876
2.876
3.886
5.886

.265
.140
.070
.030
.266
142
.069
.030
.246
129
.027

.363
489
.618
745
.360
489
.615
744
.364
492
745

N
W——— o ———
\l

P
w

1.387
1.871
2.365
2.849
1.377
1.871
2.350
2.844
1.392

3.605
2.672
2.114
1.755
3.631
2.672
2.128
1.758
3.592

175
.094
.048
.019
178
.094
.048
.019
.180

1.509
1.486
1.460
1571
1.494
1.507
1.443
1.567
1.364

424
440
456
459
A17
440
.664
460
413

.060
.044
.028
.025
.067
.044
.020
.024
.071

325
184
.098
.055
.333
.186
.097
.054

222
135
.081
.041
.225
135
.080
.042
.228
135
.041

1.464
1.363
1.210
1.330
1.480
1.378
1.217
1.290
1.390
1.341
1.205

ST




Table A-1. Critical Flow Through Bridge Constriction (Type Il and Ill Flow) Model Data and Computations

Run hy* Y, +h1* Yic | Yac | Y3
No. ft ft ft ft

----ﬂ- ﬂ EN _-____--

357
267
266
456
305
229
261
602
262
858
601
755
872
304
228
1,228
1,302
1,269

4.00

7.90

4.00

7.90

2.98
3.00

2.81
2.83
2.83
2.84
1.50

2.00

2.416
2.416
2.44
2.45
2.46
2.46
2.50
2.85
291
1.58
1.984
2.08
2.35
2.32
2.47
2.496
2.65
2.795
2.877
2.917
2.945

2.1
3.95
5.00

5.75
2.50
5.00

3.00
5.00
3.00
5.00
1.98
1.06

1.06
2.25
1.57
2.50
5.00
2.50
5.00
5.00
5.00
5.30
3.00
3.00
2.25
1.57
2.25
1.07
2.50
2.45
2.68
2.50
5.00
5.00
5.00
5.30

377
.380

.356
.358
.358
.359
375

.500

.306
.306
.309
.310
311
311
316
.361
.368
.395
496
.520
.588
.294
313
316
.335
.354
.364
.369
.373

416
.523
.333
416
484

.360
484
.360
484
446
.232
.202
.232
.382
.318
.333
484
.333
484
484
484
497
.360
.360
.386
.322
.386
.233
.333
314
331
.333
416
484
484
497

V2,./2g|Yntha* Yac
ft. ft

Al Co Abutment|Flow
V1 type |Type
Vz

0.0012

.0020
.0012

.0036
.0024
.0036
.0024
.0024
.0012

.0024
.0024
.0012
.0036
.0012

900 WW

450 WW

ST
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The design Information in the first edition of "Hydraulic of Bridge Waterways," published in
1960, was based principally on the results of hydraulic model studies and was definitely limited
in its range of application. Over the intervening 10 years, the U.S. Geological Survey has taken
measurements and collected field data on the hydraulics of bridges during floods. Upon
examination of the field data, it was deemed advisable to reevaluate odel results to
determine the actual limits of application and then utilize the field data (oS@amplete the design
p¥e amount of

curves.
j) a
] 8 uctures, the

nder a bridge, together
hy changes were made
iderably to the reliability

This edition thus contains revisions to some of the design curves. A @
new material has been added such as chapters on partially |
proportioning of spur dikes at bridge abutments, and superc
with examples. An appendix has also been included to
to some of the former design curves. The field results ha
of the information contained herein. ’

Mr. Lester A. Herr, Chief of the Hydraulics Bran
the preparation of this revised edition of the
to Mr. Herr and Mr. J. K. Searcy of hi
technical editing of the present edition.
the basis of the first edition, was dir
Research Division of the Federal
supervisor, is greatly indebted to

s of Bridge Waterways." Many thanks go
and helpful suggestions in the
program on bridge waterways, which was
zard, then chief of the Hydraulics
inistration. The writer, who served as project

Is gifted guidance and timely suggestions.

ir ti
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Bridges across waterways are grade separation structures like those built to carry vehicular
traffic over or under other highways. The important difference is that the hydraulic traffic cannot
be controlled by passing statutes or erecting signs. However, the action of a stream can be
predicted and controlled to an extent if flood data are secured for some distance both upstream
and downstream from the bridge crossing, and the data are analyzedY@aan engineer trained in
hydraulics, hydrology, and river behavior.

An important consideration in the hydraulic analysis of a proposed b ing is the
amount of backwater produced by constricting the flow of a stream ' ay crossing.
increased velocity of the stream through the bridge opening bulence produced by
overbank flow returning to the channel can produce sco indanger the bridge
structure. The importance of backwater in the analysis o ays led to the research
which was the basis for the first edition of "Hygkauli e Waterways." This publication is
widely used by highway bridge designers and ram has been written to more
easily compute bridge backwater.

Field measurements taken by U.S.
bridges that impose a severe contracti

streams with wide flood plains and
area showed that the backwater in some

instances was higher than indicated 4 vious publication, which was based primarily on
model studies. The field data war jon of the first edition. This second edition
contains revisions of the first editi ch*hew material, particularly on spur dikes, bridge
superstructure partially inund hich passes through critical depth in the
constriction.

We were fortunatGQie =] ) eph N. Bradley, the author of the first edition, as a
consultant to prep ition.  We also appreciated the field measurement data
supplied by the U.S\&e@OgicaiSurvey and used to check and supplement the model data

which was the princip@basis of the first edition.

Lester A. Herr,
Chief, Hydraulics Branch,
Bridge Division,
Office of Engineering and Operations.
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