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EFFECT OF BRII:GE CONSTRICTION ON 

SCOUR AND BACKWATER 

I. INTRODUCTION 

In an earlier study (1) sponsored by the U.S. Bureau of Public 

Roads, backwater effects caused by bridge abutments and piers in a rigid 

channel were investigated. The method developed in that study for estimating 

backwater may not be applicable to the case of an alluvial channel. Once 

scour has been developed, the backwater will be reduced. Furthermore, 

scouring and undermining of bridge foundations have been a major cause of 

bridge failures. In view of the expanding highway system, such a study of 

the effect of bridge constriction on scour and backwater is very timely. 

This report is a result of a laboratory investigation on scour and back­

water in alluvial channels conducted in the hydraulic laboratory of 

Colorado State University under the sponsorship of the U.S. Bureau of 

Public Roads. 

Scope of this Study 

Scour at bridge abutments is the main subject of this report. 

Since this study stresses the applied side of the problem, detailed 

investigation on the mechanics of scour has not been made. Several 

parameters of scour such as, depth, cross-section, location of the 

maximum scour, and rate of scour, will be related to factors, such as, 

geometry of the constriction, sediment properties, and flow properties. 

In addition, the maximum backwater and the water-surface drop 

across the embankment will be studied. 
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II. ALLUVIAL HYDRAULICS 

The effect of an obstruction in a channel is to alter the 

condition of flow which had been established prior to the installation of 

the obstruction to a new equilibrium state in the vicinity of the obstruc­

tion. In order to study such an effect, it is necessary to know the normal 

flow which exists before the installation of the obstruction. Such a normal 

flow is used throughout this report as a reference for the study of channel 

constriction; for example, the depth of scour is measured downward from the 

normal bed surface, and the change of water surface is measured with respect 

to the normal water surface. 

Numerous studies have been made on normal flow conditions of 

alluvial. channels - commonly known as regime flow. It is beyond the scope 

of this report to discuss in detail all aspects of regime flow. In general, 

there are two important principles of regime flow; namely, (a) continuity of 

the fluid flow, and (b) continuity of the sediment flow. These two prin­

ciples are inevitably related to: (a) alluvial roughness and (b) sediment 

transport. The significance of these two can be explained as follows: 

For a constant discharge through a wide, prismatic channel 

composed of homogeneous sediment, the depth of flow and the rate of 

sediment transport per foot width can be expressed respectively as: 

and 

hn = hn (q, s, p, µ, g, d, cr, 6.y, m) 

µ, g, d, cr, 6.y ) m) 
s 

(1) 

(2) 



in which 

h 
n 

q 

s 

p 

µ 

g 

d 

CJ 

6-y 
s 
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= Normal depth of flow 

= Sediment discharge per foot of width 

= Flow discharge per foot of width 

= Energy gradient 

= Density of the fluid 

= Dynamic viscosity of the fluid 

= Gravitational acceleration 

= Representative size of the bed material 

= A measure of the gradation of the bed material 

= Difference in specific weight between the bed 
material and fluid 

= Representative fall velocity of the bed material 
depending upon d, cr, 6-y , and particle shape. 

s 

Since q = Vh, Eq (1) is a function relating V and h for given 
n n 

properties of fluid and sediment. Eq (1) can be considered as a function 

approximating alluvial roughness. Eq (2) can be considered as a function 

approximating sediment transport. 

Progress of finding a law of alluvial roughness, hence a corres­

ponding discharge equation, has been rather slow because of the complexity 

of the problem. The problem of alluvial roughness is related to turbulent 

flow near a movable, wavy boundary composed of moving particles. In addition, 

history of the flow, presence of a free surface, and presence of lateral 

boundaries make a theoretical analysis of the problem impossible at present . 



- 4 -

Although the Chezy and Manning formulas have been widely used in 

engineering practice, accuracy of these formulas depends upon a proper choice 

of the Chezy C or the Manning n. There are various criteria available for 

selecting Chezy's C or Manning's n. These criteria are largely based upon 

engineering experience. In a sense, such a practice is more of an art than a 

science. 

In case the bed material is composed of coarse sand or larger sizes, 

and the bed is essentially plane, Strickler's formula (2) may be used to 

estimate the Manning n. 

A more scientific approach to the problem has been proposed by 

Einstein and Barbarossa (3). Their method is based upon an assumption that 

alluvial roughness, hence the bed shear, is composed of two elements; one 

pertaining to the grain roughness, the other pertaining to the sand waves, 

which in turn depends upon the shear pertaining to the grain roughness. 

The computation procedure is rather cumbersome. Accuracy of the method is 

still uncertain. 

Recently Liu and Hwang (4) have found that variables pertaining 

to normal flow in alluvial channels can be grouped into two dimensionless 

parameters: 

V Tb 
SA 

V*d 
v,(- l:::,:y d 

and s 

V (~t F N 
n d 



in which 

p 

d 

V 

6:y 

V 

s 

F n 

s 
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= Shear at the bed level 

= Shear velocity = -I+ I p 

= Fluid density 

= Mean size of the bed material 

= Mean velocity of flow 

= Difference in specific weight between the sediment and 
the fluid 

= Kinematic viscosity of the fluid 

= Energy gradient 

: Hydraulic radius pertaining to the bed 

= Froude number of the normal flow 

A,m,N = Exponents depending upon the bed configuration and the 
size of the bed material 

Normal flow data grouped according to these two parameters generally follow 

a set of two straight lines on log-log paper. A general equation can be 

written for such a set of straight lines as: 

in which 

V*d = 

V 

A 

V 

A v* 

(:r 
depends upon 
material 

Tb 

6:ysd 

F f1 
n 

c.od 
V 

SA 
0 

of the mean size of the bed 

m is the fall velocity of the mean size 

~ depends upon the bed configuration 

( 3) 
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Solving for V from Eq (3) results 

V = C ~ gY 
a 

( 4) 

in which C = a discharge coefficient, and 
a 

x,y = dimensionless numbers 

Values of C , x, and y depend upon the bed configuration and the mean 
a 

size of the bed material. 

According to Liu and Hwang, Eq (4) has been verified satisfactorily 

by laboratory data and canal data of known bed configuration. 

In case the bed configuration is not known, accuracy of the formula 

depends largely on the accuracy of estimating the bed configuration. At the 

present, criteria for various bed configurations: plane, ripples, dune, bars, 

flat, and anti-dunes are largely unknown except for Liu's criterion for 

ripple formation (5). 

According to Liu, at the stage of ripple formation, two conditions 

are necessary: 

and, 

(a) Bed shear is large enough to move the bed particles 

(b) The zone of high velocity gra:dien t near the bed has to 
be unstable. 

Based upon these two conditions, a pair of parameters and can 

be used to correlate data pertaining to ripple formation. Liu's criterion 

for ripple formation is shown in Fig. 1. 
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Extensive studies of an empirical nature on rate of sediment 

transport have been made by engineers and scientists. However, to the 

writer's knowledge, no formula of sediment transport is suitable over 

the entire range of application. Results obtained from bed load formulas 

by various authors, such as Einstein, Kalinski, Meyer-Peter, and Straub 

differ appreciably. Additional research on sediment transport is needed. 
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III . HYDRAULICS OF OPEN CHANNEL CONSTRICTION 

Backwater caused by a contraction in a rigid channel has been 

discussed in detail in a previous publication entitled "Backwater Effects 

at Bridge Piers and Abutments", by Liu, Bradley, e.nd Plate (1). The 

backwater h * is therein classified as, (a) contraction backwater and, 
1 

(b) resistance backwater . For the case of a rigid channel when the flow 

is critical at the contracted section, the maximum backwater is called the 

contraction backwater; when the flow is tranquil in the contracted section, 

the backwater is called resistance backwater . At a given Froude number for 

the normal flow, the tranquil depth of flow at the contraction decreases 

as the opening ratio decreases until the depth reaches critical depth. 

The corresponding resistance backwater upstream from the contraction 

increases as the opening ratio decreases until the flow becomes critical 

at the contraction; the resistance backwater then becomes the contraction 

backwater. Further reduction of the opening ratio will cause an increase 

of the contraction backwater. 

For the case of an alluvial channel--assuming (a) the bed 

material to be such that when the flow in the contracted section approaches 

critical, the bed material will be eroded and a scour hole will develop, 

and (b) the flow at the contracted section does not reach critical stage-­

the backwater ~* upstream from the constriction can be considered as 

resistance backwater. Furthermore, for a given opening ratio, as the 

scour hole increases with time, the contraction of flow decreases and, 

therefore, the backwater decreases. 
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The portion of the backwater accounted for by the energy loss 

due to convergence of flow in a rigid channel is usually considered to be 

insignificant. Such is not the case if a scour hole is developed as a 

result of the contracted section. Additional energy loss may occur as 

a result of flow separation at the upstream edge of the scour hole, see 

Jig. 2., which produces a spiral motion, commonly associated with flow 

around a bend. Since the size of the scour hole may change appreciably 

with time, the energy loss and, therefore, the backwater may also change 

with time. The phenomenon is further complicated by the movement of 

sediment waves associated with alluvial flow . The flow pattern, or the 

energy loss downstream of the constrictio~ is also influenced by sediment 

deposition immediately downstream of the embankment. Hence, the backwater 

!O\llld in a rigid channel may not be directly usable as an indication of 

the energy loss in an alluvial stream. 

It should be noted also, that the backwater h * in a rigid 
1 

channel depends upon the contraction ratio, whereas scour at bridges may 

be a local phenomena independent of the contraction ratio. Although 

high backwater may cause excessive local scour, the degree of scouring 

is not necessarily associated with high backwater ~*· 
In practice, the water-surface drop across the embankment is 

a primary concern. Such a drop of water surface can be measured very 

easily in the field during various flow conditions at a given bridge 

site. Measurements on water surface change contained in this report 

will be mainly the water-surface drop across the model embankment. 
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IV. MECHANICS OF SCOUR AT BRIOOE CONSTRICTION 

It may be stated that there are two kinds of scour caused by a 

constriction: 

(1) General scour--caused by a long contraction of flow which 

is of sufficient length that a new regime of flew can be 

established. A change of flew regime requires changes of 

such flow characteristics as: depth, width, channel roughness, 

velocity distribution, channel slope, and sediment discharge. 

In general, the bed in the contracted section is degraded 

to an elevation lower than that of the uncontracted section. 

Such general decrease of bed elevation in the contracted 

section is defined as general scour. 

(2) Local scour--caused by a local constriction of flow due to 

an abutment, a pier, or any other hydraulic structure placed 

in the channel. The present study is limited to local scour 

caused by abutments. Should the spacing of the structures be 

so close together that the local scour holes interfere with 

one another to produce a general decrease of bed elevation 

in the constricted section, the phenomenon will still be 

considered as local scour in this report. 
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A. General Scour Due To A Long Contraction 

Strictly speaking, the mechanics of local scour are different from 

general scour and discussions of one can be made without reference to the other. 

However, because very little is known up to the present about the mechanics of 

local scour, attempts have been made by several engineers to correlate local 

scour with general scour under the same degree of contraction. 

Laursen (6) has made comparisons between local scour and general scour 

resulting from the same degree of contraction, and concluded: 

(a) In the case of an embankment extending over the flood plain 

and ending at the edge of the channel (with no sediment 

transported by the approaching over-bank flow, and where the 

scour holes around the neighboring obstructions overlap) the 

maximum depth of local scour below normal bed surface may be 

about four times the depth of scour due to a long constriction. 

(b) In the case of no overlap of the scour holes and the scour is 

caused by a constriction of part of the main channel, such a 

ratio is 12 to 1. 

In comparing local scour with general scour, it is important to 

realize that: 

(a) In order to estimate general scour, it is necessary to 

calculate the regime depth of flow in both the uncontracted 

and the contracted reach. 
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(b) Present methods of determining the regime depth of an 

alluvial channel are very inadequate. 

(c) It is difficult to determine the true maximum depth of 

local scour. 

In case an alluvial channel of a constant gradient is contracted, 

the regime depth is related to the total discharge and total sediment trans­

port rate. In other words, the computation of general scour requires the 

use of discharge and sediment transport equations. For given bed material 

and channel slope, the flow depth and other characteristics of flow must 

vary as a result of the general contraction in order to satisfy these two 

equations of continuity. 

Various ways of writing equations (1) and (2) have been made. 

straub (7) used the Manning equation for flow discharge and the DuBoys' 

equation for sediment transport. Laursen (6) used the Manning equation, 

and his equation for sediment transport (8). An experienced investigator 

probably can choose suitable equations to estimate general scour which 

agrees with laboratory results. In the case of the prototype, however, 

such an agreement is difficult to achieve for lack of suitable formulas 

to use. 

B. Local Scour At A Bridge Constriction 

Review of Literature 

Laboratory measurements indicate that the velocity of the flow 

in the area away from the vicinity of the abutment is not influenced by 

the presence of the abutment. Hence, scour at abutments can be considered 

as a local phenomenon, and not being significantly related to the overall 

geometry of the flow. 
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Most of the studies on local scour are empirical in nature. The 

following is a brief review of studies on local scour: 

Lacey (9) gave approximate values of maximum scour at a constricted 

section by equating the scour depth to the regime depth of flow, DL, computed 

according to the following formula: 

in which 

= 
Q 1/3 

o.47 (r) 

DL is Lacey's regime depth for a straight channel 

Q is total discharge 

f is Lacey's silt factor. 

Khosla (10) has shown that with the aid of Lacey's equation for 

regime width, P ,of a prismatic channel, 
w 

p = 2.67 -yQ w 

and that therefore, 

q = Q/Pw = \/Q 
2.67 

Equation (5) can be changed to 

= O .9 
2 1/3 

( __.9,_) 
f 

Assuming that local scour is proportional to the regime depth, Khosla has 

proposed accordingly: 

D 
s = kDL 

(5) 

(6) 

(7) 

(8) 

(9) 



or 

in which 
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2 1/3 

Ds = k0,9 (-;-) 

D is maximum scour measured from the water surface 
s 

(10) 

q is the flow intensity, i.e., discharge per foot of width, 

and k depends upon the type of obstruction. 

Inglis (11) reasoned that the effect of bridge piers is to deflect 

the current like a bend, and therefore proposed that the maximum depth of scour, 

Ds,at a bridge pier is proportional to Lacey's regime depth, DL. 

According to Inglis: 

(a) The maximum scour downstream of bridges is of the 

order D 
s 

= 

(b) Scour at straight spurs facing upstream, with steeply sloping 

heads(l-1/2: 1) is of the order Ds = 3.8DL; and with long 

(c) 

(d) 

(e) 

sloping heads ( 1: 20) 

Scour at noses of large-radius guide banks, D = 2.75 DL s 

The maximum scour around bridge piers, D = 2 DL s 

Scour at spurs along river banks, D = 1.7 DL to 3.8 DL s 

depending on severity of attack, which varies according to 

conditions such as length of projection, sharpness of curva­

ture, and angle and position relative to embankment. 

Inglis found empirically that the maximum scour can be expressed 

in terms of the unit discharge and pier width as follows: 

in which D is pier width. 

D 
s I> = ( 

2/3) O. 78 
1.7 + (11) 
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A similar approach has been used by Blench (12) to correlate the 

maximum scour at an obstruction with the regime depth based upon his regime 

formulas. 

By dimensional analysis and limited laboratory study, Ahmad (13) 

has proposed 

in which 

K max 

D 
s 

= K 
max 

is local discharge intensity in the contracted channel and, 

is a constant . 

Ahmad recommended further experiments on the following factors: 

(a) Effect of protr usion ratio 

(b) Effect of major variation in bed material 

(c) Effect of curvature of flow 

(12) 

According to Blench (12), the scour depth is expected to vary with 

either Q.1/3 or 2/3 q , although, his data show that the exponent of q 

is not exactly 2/3 • According to both Inglis and Blench, scour depth 

depends upon the size of the bed material. According to Ahmad the rate of 

scour depends upon the sediment size, but the maximum scour is independent 

of the sediment size. Ahmad conceded that for a wider range of materials, 

the silt factor must enter ) since a gravel bed could hardly be expected to 

give the same result as a bed of fine sand, but for practical needs for sand 

beds consideration of the silt factor is not necessary. Obviously, more work 

is needed to settle the point. 

An important assumption in the Inglis- Blench-Ahmad approach is 

that the maximum. scour is dependent upon some mean flow intensity. The 

success of their approaches depends largely upon the choice of a mean flow 
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intensity value which is often very difficult to choose in case of natural 

flow. 

Laursen's conclusion on local scour is that as long as there is 

appreciable movement of bed load, the maximum scour, which is a local 

phenomenon, depends only on the normal depth of flow and the length of the 

obstruction and is independent of the sediment size and the flow velocity. 

In other words, the flow intensity has insignificant effect on local scour. 

The design curve recommended by Laursen is shown as Fig. 3. Laursen's point 

of view concerning the effect of flow intensity on maximum scour is entirely 

opposite to those of Inglis-Blench-Ahmad's. It is very difficult to make 

comments on such a point until basic mechanics of local scour are discussed. 

C. Controversies On Factors Affecting 

Maximum Local Scour 

Owing to the complexity of the scour problem, investigators have 

not reached agreement on the following factors in connection with the 

maximum depth of scour: 

1. Effect of material size 

Inglis, based upon experiments with bed materiAl ranging in 

size f rom 0.06 mm t o 0.37 mm, concluded that gradation is a 

factor affecting the maximum scour. Ahmad, who used sand sizes 

of 0.35 mm and 0.695 mm, concluded that the rate of scour is 

influenced by the size of the material, but the maximum depth 

of scour is independent of the size of the bed material and 

possibly dependent only on major variations in bed material. 
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Laursen, who used bed material si~~--;- ranging from O .46 mm to 

2.20 mm, stated that the bed material size does not affect 

the scour unless the mode of transport changes to suspended 

load. 

2 • Effect of flow velocity 

!r,glis : s Bnd !Jr:ia.d' s st uey on scou:; irid.i aa:~ed °th13.<t ':he. "'IBximum 

scour depends upon local discharge · fupon tne local mean velocity 

of' flow) • Laursen has stated that the maximum scour depends 

mainly upon the flow depth and the length of the obstruction, 

and not noticeably upon the flow velocity;provided that the 

sediment transport from the approach channel is appreciable. 

3. Effect of contraction ratio 

as a local phenomenon. According to Laursen for a given 

depth of flow, the scour depends upon the length of the 

obstruction. The flow diverted by the obstruction passes 

through the scour hole as a submerged spiral roller . The 

width of the scour hole which represents the influence of 

the diverted flow i~ ~bout a value of 2.75 d (d = depth 
s s 

of scour below bed surface) projecting into the contracted 

channel •. Ahmad has expressed the scour depth as a function 

of the averae;e discharge intensity in the contracted section. 

Such a di'scharge intensity can be shown to depend upon discharge 

intensity of the approach flow and the contraction ratio. 

(Ahmad's analys:'i. s was based upon his laboratory data at a 

coµstant contraction ratio of 1/2, which may be high for 

alluvial channels) o 
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D. Description Of Scour Phenomenon 

The rate of scour caused by contracted flow decreases rapidly as 

the depth of scour increases. If the depth of scour is plotted against time; 

it displays two basic types of curves (Figs. 4a and 4b) depending on the 
' 

amount of bed-load supply into the scour hole. 

In the case of no bed-load supply, the scour history displays a 

trend as shown by Fig • 4a. After a certain period of time, the increase of 

scour is so small that the scour depth may appear to reach a limit. However, 

continuous increase of scour can be detected if the time of scour is 

prolonged appreciably. Although Fig. 5 indicates that the depth of scour 

increases linearly with the logarithm of time and that the scour depth 

approaches infinity as time approaches infinity, it is reasonable to assume, 

according to the concept of critical tractive force, that there exists a 

limit of scour at the time when the bed shear in the scour hole falls 

below a critical value. However, the maximum scour in such a case can 

not be readily detected by prolonging the scour time, because the depth 

of scour increases asymptotically to its maximum value only as time 

approaches infinity. An assumption can also be made that there exists 

a transition before the scour reaches its maximum limit. 

Where dunes are moving into the scour hole, the scour history 

follows a general pattern as shown in Fig. 4b. The depth of scour fluctuates 

as the sand dunes pass through the scour hole. 
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In general, there exists three periods of scour: 

(a) Transition of scour establishment is an early stage of scour. 

Within this period, the depth of scour increases rapidly with 

time and the rate of scour decreases rapidly as the amount of 

scour increases. 

(b) Establishment of scour is a second stage of scour. Within this 

period of time, the average depth of scour increases with the 

logarithm of time. Several investigators, such as Laursen (14), 

Doddiah (15), and Ahmad (13) have attempted to analyze the 

relationship between depth of scour and time within this period. 

(c) Transition to maximum scour is the latter stage in which the 

depth of scour approaches a maximum. When there is no bed-load 

supply into the scour hole, this period can not be defined 

easily by experiments. The existence of such a period is based 

upon the concept of critical tractive force. In case of 

appreciable bed-load supply moving as dunes, this period can be 

defined by experiments. 

The preceeding classification depends upon the mode of the bed­

load movement of the approaching flow. As long as the bed shear of the 

approach flow does not cause ripples to form, the scour history will be of 

the type shown in Fig . 4a, otherwise the scour history will be as shown in 

Fig. 4b. 
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As shown in Fig. 4b, the depth of scour, after reaching a maximum, 

decreases and eventually reaches an equilibrium depth of scour. Such a 

phenomenon can be explained as follows: 

According to the principle of continuity, the sediment discharge at 

Section I (cross-sectional area a short distance upstream from abut­

ment) plus the scouring capacity at Section II (cross-sectional area 

at the abutments) should equal the total transport capacity of the 

contracted flow. Which means that under a given transport capacity 

of the contracted flow, the scouring capacity will increase if the 

sediment supply decreases . As the depth of scour increases, the 

following changes are inevitable: the elevation of water surface 

at Section I decreases; hence, the sediment supply from Section I 

increases, and both the transport capacity and the scouring capacity 

of the contracted flow decreases. If the increase of sediment supply 

as a result of decrease of water surface at Section I is greater 

than the transport capacity of the contracted flow, the scour hole 

will be backfilled. At the stage of equilibrium depth of scour, 

the sediment supply, i.e., the transport capacity of the approaching 

flow, is equal to the transport capacity of the contracted flow. 

E • Mechanics Of Scour 

Assuming that the scour hole is shaped as a partial cone (see Fig. 2) 

and the angle of the inclination, e ,is approximately equal to the angle of 

repose of the bed material, an element of the volume of scour 6V for a unit 
·s 

cross-section can be expressed approximately as: 

d 
6¥ = 6d 

s s cos e s 
sine . 1 (13) 
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in which 

d is the depth of scour at time t s 

llid.s is the increase of scour within a time interval 

the scouring capacity of the contracted flow is 

6Q = 
s 

= d cot e 
s 

6d 
s 

6t 

Let q51 be the intensity of sediment supply at Section I and 

(14) 

c be the 

width of flow which is contracted as a result of the obstruction, and s is 

a variable denoting the distance perpendicular to the bank. The total sediment 

supply is 

r 0 

= (15) 

Let the local transport capacity at the constriction be ~
2 

( ~ , ds) • The 

total transport capacity at the constriction is 

(16) 

in which a is the length of the constriction perpendicular to the main flow. 

According to the principle of continuity 

Qs2 = Qsl + 6Qs (17) 

that is 

f d~ -f 6d 
d~ d cote s 

qs2 qsl = 6t s (18) 

Both qs2 and qsl depend upon local boundary shear, velocity distribution, 

and turbulence characteristics, all of which are functions of d 
s 

and 



but 

becomes 
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It should be mentioned that as ds increases qsl increases, 

decreases. 

When the depth of scour reaches a maximum, 
6d 

s 
6t = o. Eq (17) 

(19) Qsl = 

If q 2 (d , ~ s s 

Qs2 

) and could be expressed explicitly as 

functions of d, and ~ , the scour depth could be expressed as a function 
s 

of time by solving Eq (18). In view of the fact that information on mechanics 

of sediment transport related to such non-uniform and curvilinear flow is 

virtually nonexistent, Eq (18) can not be solved analytically at present. 

F. Dimensional Analysis 

In order to form a usable criterion for analysis of data, and to 

interpret the phenomenon of local scour, a dimensional consideration is 

given as follows: 

The depth of scour d may depend upon the following variables: 
s 

t time of scour 

Q total discharge 

h depth of the approach flow n 

V velocity of the approach flow 
0 

B channel width 

Qs total sediment transport of the approach flow 

S energy gradient 

d characteristic size of the bed material 

6y submerged specific weight of the bed material 
s 
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m representative fall velocity of the bed material 

p density of water 

g gravitational constant 

µ dynamic viscosity of the water-sediment mixture 

a length of the obstruction perpendicular to the flow 

e skew angle with respect to the flow direction 

G the geometry of the obstruction 

i.e., 

d = ~l(t, Q, h , V , B, Q , s, d, 6:y , ro, P, g, µ, a, e, G) (20) s n o s s 

The fall velocity, m ,is used to include the factor of particle shape. 

Should the particle shape be considered an unimportant factor, either 6ys 

or m should be eliminated from Eq ( 20) • 

A further consideration of the problem indicates that some of the 

variables in Eq (20) are not independent variables. These dependent variables, 

except ds ,should be eliminated as follows: 

Since 

and 

or 

Q = V Bh o n 

Qs = P2 (s, Q, B, P, µ, g, d, 6.ys' ro) 

hn = p
3 

(s, Q, B, p, µ, g, d, 6.y s' m) 

s = P4 ( h , Q, B, p , µ , g, d, 6.y , ro) n s 

Q, Q, and S can be eliminated by substituting Eqs (21), (22), and 
s 

(24) into Eq (20). 

Therefore, 

d = 9 ( t, h , V , B, d, 6.y , ro, p , g, µ , a, 8 , G ) 
s 5 n o s 

(21) 

(22) 

(23) 

(24) 

(25) 
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or 

¢6 ( d , t, h , V , B, d, 6.y , m , p , g, µ , a, e , G) ;: o 
s n o s 

(26) 

If h 
n 

V , and p are selected as the r epeating variables, Eq 26 can 
0 

be arranged into dimensionless 1t-terms as follows: 

d t V 
2 

pV 
B d o m 

2 
V 

0 
pV h 

o n ~7 (-E 0 
h ' h ' h' h' 6.y h ' V ' 

--gh 
n µ 

a ' e 
'h 

, G) ;: O 

n n n n s n o n 

Under the assumption that the shape factor of the bed material is of minor 

PVo2 
importance on the depth of scour, either the term 6.ys~ 

(1) 
or can be 

Vo 
eliminated from Eq (27). Experience shows that m is a very significant 

parameter in the study of sediment transport and does depend on shape of the 

particle. Therefore it is advantageous to retain ~o and eliminate 

Eq (27) becomes more meaningful, if it is written: 

2 
V 

PVo2 

(27) 

d 
_s_;: />8 

h 
( 

tV 
0 a 

' h 
, e' G ' 

0 --gh 
n 

B 
a 

d 

'~ n 
, vm ) ;: o (28) 

d 
n n 0 

In Eq (28) the terms are approximately given in the order of their importance 

on the depth of scour. The 1t-term 6.ys has been omitted from Eq (28). 
"Y 

Eq (2 ) was used as a guide in planning the experiments and in analyzing the 

data. 
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V. EQ.U::FME! iT Al:D PROCEDURE 

A . ~quipment 

The equipment used in this study may be described under the 

1. F;lumes 

2 . Flmr s:rGtems 

3. Sw'liment 

4. 11,:cdels 

5 . r:cccl :·i ng llevj_ces 

1. Flumes 

'.l'l ro se:pa:,--2.te flumes were used in the experiments: ( 1) a 

-dlting flume mea.svring 160 feet long, 8 feet wide, and 2 

feet deep ~referred to in this report as the 8-, foot flume) 

and (2) a tilting flume measuring 8o feet long, 4 feet wide, 

and 2 feet deep (referred to in this report as the 4-foot 

flume) . I n ad.dH:i.on, the 8-foot flume had a recessed box 

section1 resting on th:= laboratory floor, 20 feet long, 8 

feet wide and approximately~ feet deep. The recessed box, 

located nec1.r the middle of the flume length, allowed for full 

vert jca l developmE:nt of the scour ing action around abutments 

placed in t h :i.s SE:'ctiou. A view of the 8-foot flume and the 

l~-- foot flume a.re shown in Photo ( 5 ) a nd :~i g . 10, 

r esp0cti vel y . 

?.:ie c., -~.:'oo·:~ :-:':ixme rest s on a c ".:;_ :..· of 6-inch I-beams spaced 

!;. feet apart. The I--beams are supported by pairs of mechanicalf 

screw jacks. spaced from 8 to 10 feet apart along the length of 
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the flume. Solid, round, steel bars, used as guide rails 

for the instrument carriage, were mounted on top of each 

flume wall by means of adjustable bolts spaced at one foot 

intervals. 

The 4-foot flume was similar in construction to the larger 

8-foot flume with the exception that there was no recessed 

box section to provide for extensive vertical development of 

scouring action. 

2 . Flow Systems 

The water supply for both the 8-foot and 4-foot flume was 

obtained from an underlying sump. Both flumes were provided 

with a manifold diffuser and a combination of wooden and wire 

mesh screens at the upper end of the flume to insure uniform 

distribution of flow. 

After drawing sufficient water from the sump, the 8-foot 

flume utilized a closed recirculating system. The water­

sediment mixture was then recirculated by a 7 cfs capacity 

or 14 cfs capacity centrifugal pump either separately or in 

combination. The 4-foot flume was fitted with a 5 cfs 

capacity pump which pumped directly from the sump--no 

recirculating system. 

3. Sediment 

River sand, having a median size of 0.56 mm (sieve 

analysis), and a mean fall velocity of 0.285 fps, was placed 

in the 8-foot flume to a depth of 0.7 ft. The size distribution 

of this sand (which was used throughout the experiments in the 
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8-foot flume) is shown in Fig. 6. 

There were two sizes of sand used in the 4-foot flume: 

(1) the "filter" sand (runs 22-32, and 63-71) with a mean 

diameter of 0.65 mm and gradation as shown in Fig. 7, and 

(2) the "Black Hills" sand (runs 72-165) with a mean diameter 

of 0.56 mm and gradation as shown in Fig. 8. 

4. Models 

a. Orientation of crossing 

1. Simple normal crossing is the case where the bridge 

crossing is normal to the main flow. Except in some 

runs, only one abutment model was placed in the flume. 

2. Skew crossing is the case where the centerline of the 

roadway does not intersect the main flow at a right 

angle, but at an angle e The face of the abutment 

models was perpendicular to the roadway for all skew 

crossings. 

b . Model geometry 

Four types of abutments were tested: The vertical­

board model (VB), the vertical-wall model (VW), the wing­

wall model (v~I), and the spill-through model (ST). All 

the models were made of 20-gage galvanized sheet metal. 

The lengths of the abutments were varied by adding 

extensions. The various abutment model shapes used in 

the 4-foot and 8-foot flumes are shown in Figure 9, 
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a. Orifice meter 
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Discharge delivered to the 8-foot flume by the 7-cfs pump 

was measured by a 10-inch stainless steel orifice located 

in the 12-inch supply line; whereas, discharge supplied 

by the 14-cfs pump was measured by a side-contracted 

orifice located in the 19-inch supply line. Differential 

manometers were used in both cases to register the pressure 

difference across the orif ice plates. Discharge delivered 

to the 4-foot flume was measured by an orifice in an 8-inch 

supply line. AV-notch weir, located in the tail box at the 

end of the 4-foot flume, was used as a second discharge 

measuring device, 

b. Point gage 

Water-surface and bed-surface elevations at any point in 

the two flumes were measured by means of carriage mounted 

point-gages. The point-gages were equipped with verniers 

to measure to the nearest 0.001 ft. The carriages traveled 

along the flume on guide rails which were mounted on the 

side walls of the flume. The point-gages were also fitted 

to slide transversely across the flume on rails mounted on 

the carriage. Steel tapes fixed on the walls of the flume 

and on the carriage were used respectively for longitudinal 

and transverse location of the point-gage readings. 



- 29 -

c. Sonic depth sounder 

An instrument termed a Sonic Depth Sounder (17), see 

Fig. 10, was used to measure the variation in depth of scour 

with time. In this instrument ultrasonic sound waves pro­

duced by an electrically pulsed piezoelectric crystal were 

used to measure the distance from the transducer face to the 

sand bed. The crystal on being electrically pulsed vibrated 

at its natural frequency for a short period (a few cycles) 

which resulted in a short burst of sound energy which 

traveled through the water to the sand bed. Most of the 

sound was then reflected back to the transducer. The time 

interval between the start of the sound wave from the trans­

ducer and the return of its echo from the stream bed was 

proportional to the distance between the face of the 

transducer and the bed surface. The Sonic Depth Sounder 

measured this time interval and converted it to a distance 

which was recorded automatically, see Fig. 12. 

d. Bubbler gage 

A pressure recording bubbler system with a servo 

manometer, designed by the United States Geological Survey 

Instrumentation Research and Development Unit, was used as 

an indicator of slope for the 8-foot flume (18). The 

device was connected through plastic tubing to two taps 

100 ft apart in the flume wall. The pressure difference 

(and thus the slope of the water surface) between the two 
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points with respect to time was measured and recorded by the 

bubbler gage. This system was based on the manometer principle 

with a flotation unit as an indicating device. A recorder 

connected to the flotation unit recorded the water-surface 

slope with time, see Fig. 11. 

e. Sediment sampler 

At the downstream end of the flume a total sediment 

sampler was used for measuring the sediment concentration. 

The sampler which sampled a vertical section of the water­

sediment mixture at a time could be moved transversely across 

the flow to determine an average sediment concentration. 

f. Miscellaneous instruments 

An engineers' level and a rod were used for setting 

the flume slope, adjusting the rails, and determining all 

reference elevations. Confetti and potassium permanganate 

were used to observe eddies and flow patterns. 

B. Procedure 

Experimental procedure involved gathering data on backwater 

(drop across the embankment, 6.11 ), depth of scour, cross-sectional area 
s 

of the scour hole for different discharges, embankment length, flow depths, 

orientation of bridge crossings, and model types. 

The general test procedure was as f ollows: (a) the desired flume 

slope was set approximately; (b) an equilibrium flow condition for a given 

discharge was established. The normal dept h of flow under these conditions 

was determined and recorded; (c) abutment model was placed in the flume and 
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necessary data were taken; and (d) when the scour hole reached equilibrium 

the flow was stopped, the scour hole was contoured, and photographs of the 

contoured hole were taken. 

1. Establishing Normal Flow 

After setting the required flume slope, the desired 

discharge was established. A constancy in the water-surface 

slope and bed slope were considered as a criterion for 

equilibrium. Measurements of elevation along the centerline 

of the water surface and of the bed surface were taken every 

2 feet along the length of the flume by means of a point gage. 

The tailgate was adjusted to obtain the desired depth. The 

difference between the average water surface and the average 

bed surface under equilibrium conditions was used as the normal 

depth of flow . 

2. Placing Models 

After an equilibrium condition had been established, the 

flow was stopped. Water was allowed to drain out through a 

drain valve located at the bottom of the recess box in the 

vicinity of the test section. A hole was dug in the bed at 

the test section and the abutment model was installed. Cracks 

between the model and the flume wall were sealed with modeling 

clay. After the bed material sand was backfilled around the 

model and tamped to its original elevation, the required normal 

flow discharge was re-established. 
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3. Collection of Data 

The following data were taken: 

a. The drop of water surface, 6h ,across the embankment 
s 

was determined by a point-gage at a time immediately 

after the beginning of each experiment, 6h. (see 
Sl 

Table I)and also when the scour had reached equilib­

rium, 6hsf (see Table I). 

b. The history of scour was obtained by use of the Sonic 

Depth Sounder (see Fig. 12); and by point-gage readings 

taken at selected inter vals. Data were generally taken 

until the scour hole reached equilibrium. 

c. Cross-section of scour perpendicular to the flow was 

measured with the point gage at the section of 

maximum scour, after the flow had been stopped. 

4. Contouring the Scour Hole 

The bed surface was contoured at 0.2-ft intervals after 

the flow had been stopped. The contoured mound and scour 

hole were recorded by photographs as shown in Fig. 13. 

5. Photography 

In addition to photos, taken of the contoured scour holes, 

pictures were also taken of the physical testing set-up 

including the flumes, models, the various measuring devices, 

and phenomenon concerned with f low patterns and scour at the 

abutments. A representative group of photos illustrating 

the contoured scour holes and other aspects of the study 

are grouped in Appendix A. 
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Several hundred feet of moving pictures (16 mm color film) 

were taken in an attempt to illustrate particularly the 

flow pattern and scouring action in the vicinity of the 

abutment. Some time-lapse photography was included 

showing the development of the scour hole and accompanying 

movement of scoured material out of the scour hole in the 

form of bed load. 
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VI . PRESENTATION OF DATA 

Data obtained directly from laboratory measurements are tabulated 

in Appendix C, Table I. They can be classified into three categories: 

A. Data Pertaining to Normal Flow 

B. Data Pertaining to Scour 

C. Data Pertaining to Backwater 

A. Data Pertaining to Normal Flow 

As mentioned earlier in this report, information on the normal 

flow is needed for studying the backwater and sco~r. 

Before the installation of the abutment model, the flow had been 

run until an equilibrium condition was reached. History of the slope was 

recorded and plotted. Profiles of water surface and bed surface were taken 

frequently. In some cases concentration of sediment transport was measured-­

see page. 106. The flow was considered normal when the water surface was 

approximately parallel to the bed profile, and the average depth of flow 

remained constant. 

B. Data Pertaining to Scour 

Depth of scour was measured with respect to the average normal 

bed surface by a point-gage and/or by the Sonic Depth Sounder. At the 

beginning of the run, the scour rate was quite high. During this period 

of time, the point-gage readings were taken at 3 to 5 minute intervals. 

Later, as the scouring action diminished, the point-gage readings were 

taken at intervals of 15 to 30 minutes. 
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C. Data Pertaining to Backwater 

At the beginning of this research, considerable thought and time 

were given to determining the backwater, hr ,in an alluvial channel. 

reasoned that the backwater might be considerably less than that of a 

It was 

corresponding rigid-boundary channel, since any scour at the constriction 

would apparently reduce the backwater. However, obtaining a reasonable and 

consistent value of backwater, h*, with point-gage measurements taken along 
1 

the profile of the water surface in the area, upstream from the abutment, 

was quite difficult. The difficulty was attributed to the continually 

varying opening ratio, during the scouring process, and to the fluctuation 

of the water surface due to the changing pattern of the surface of the 

alluvial bed. Fluctuation of the water surface, due to surface waves, 

for instance, was often greater than the anticipated magnitude of the 

backwater. 

Due to the unreliability of backwater values, h*, determined 
1 

by point-gage measurements of the fluctuating water surface profile, the 

attempt to measure the value, h*, was abandoned in favor of ~ , the 
1 , s 

drop across the embankment. Although the drop across the embankment 

value varied as the scouring action proceeded, reliably consistent values 

could be obtained with a point-gage. In addition, it was felt that the 

value of, 6hs , drop ac:::oss the embankment, was related to hr , and gave some 

indication of the magnitude of the backwater to be expected upstream from 

the constriction. 
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VII . ANALYSIS OF DATA 

A. Analysis of Normal Flow 

Data on discharge and depth of flow are reasonably good for the 

experiments in the 4-foot flume. The slope of the 4-foot flume, however, 

was kept small in order to avoid bed load movement. For example, for bed 

material of 0.56 mm in size, the critical shear, T , is approximately 
C 

0.007 lb./sq. ft. Assuming the flow depth is 0.5 ft, the maximum slope 

should be 

s - 0 .007 = 0 3g~i ,:,: 0 .00023 - 62.4 X 0.5 

which is so small that it cannot be measured accurately in a flume 80 feet 

in length. Hence, for convenience, the 4-foot flume was maintained at a 

zero slope; consequently, normal flow could not be established. 

In the 8-foot flume, the flow generally carried appreciable bed load. 

The bed form changed appreciably with the change of flow condition. Consider­

able time was required to establish normal flow. In addition, the presence 

' of sand waves caused considerable difficulty in determining the average depth 

of flow. 

If the bed slope could have been maintained constant for all 

discharges, a plot of the discharge against the depth of flow, known as 

a rating curve, would be adequate for determining the accuracy of the data 

pertaining to the normal flow. Data of unreliable runs would not adhere to 

the rating curve. However, since the bed slope in the 8-foot flume 

could not be maintained constant, such a technique of checking normal flow 

condition was not possible. 
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Data of normal flow can be examined according to such character­

istics as described by Liu and Hwang (4). However, due to the fact that 

the same sand mixture was used for several months by another project after 

the completion of Run 54 ( September 10, 1958) and before Run 288 started 

(July 27, 1959), it was found that the mean size had been increased from 

0.56 mm to approximately o.60 mm owing to washing out of fine material. 

Variables pertaining to normal flow in the 8-foot flume have been grouped 

into two dimensionless parameters: 

V Tb A. 

v* {Sy d s 
V*d and s 

V (:r FnN 

in which \, m, and N vary with the bed configuration and the mean size 

of the bed material. For the dune bed case, the exponents have the following 

values: 

d = 0.56 run 

d = 0.60 mm 

0.286 

0 .284 

m 

0.132 

0.136 

N 

0.700 

0;700 

Fig. 14 is a plot of these two parameters ford= 0.56 mm. Fig. 15 is a 

similar plot for d = 0 .60 mm . All runs shown on Fig. 14 had subcri tical 

flow with dunes on the bed. In Fig. 15 those runs (No. 312--314,316-~318,319--324, 

331--333) which had subcritical flow with dunes are along the upper line, 

those which were nearly critical with long bars on the bed are along the 

lower line. The lower family of runs can be considered as a case of 

transition. The slope measurements for all transition cases were not 

accurate, particularly for runs 288, 290,and 291. 
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If the analysis of normal flow is continued according to the 

approach given by Liu and Hwang, the mean velocity of flow over a dune 

bed can be written as for: 

d = 0 .56 mm 

0 .54 
V = 20 h 

n 

and for d = o .60 nun 

0.57 
V = 22 .5 h n 

s 
0.33 

0.34 
s 

for the case of transition with d = 0.60 nun 

0 .57 
V = 33 h n 

0.34 
s 

(25) 

(26) 

(26a) 

The change of discharge coefficient from 22.5 to 33 signifies that a bed 

consisting of long bars offers less resistance to flow than a bed consisting 

of dunes. Eqs 25, 26, and 26a are obtained directly from Fig . 14 and 15 by 

writing equations for the straight lines and reducing them to terms of h ' n 

and S, and the discharge coefficient . Velocities computed according to 

Eq 25, 26, and 26a have been compared with those computed according to the 

continuity principle and shown in Fig. 16. Data pertaining to runs 288, 290, 

and 291 have been deleted for the reason stated previously . Fig. 16 indicates 

that the Liu-Hwang formula yields satisfactory results once the bed config­

uration and the size of the bed material are known. 

Computations for no:::mal flow in the 8-ft flume are tabulated in 

Table II - Appendix C. Some data on total load were measured and recorded, 

page 106 . It was found that total sediment transport varied considerably 

due to sediment wave movement, and that a large number of measurements are 

necessary to determine more accurately the sediment load. 
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The bed material used in the 8-ft flume was coarse enough so 

that in most cases the total load was essentially the bed load only. 

Existing methods of computing bed load by Straub and by Kalinske were used. 

However, the computed bed loads deviated appreciably from the measurements. 

B. Analysis of Scour Data 

This portion of the analysis will be divided into several parts: 

1. Equilibrium depth of local scour 

2. Maximum depth of local scour 

3. History of local scour 

4. Cross section and volume of local scour 

1. Equilibrium depth of local scour 

Although it is difficult to define, the effective value of the 

discharge intensity, q ,has been used by Inglis, Blench, and 

Ahmad in predicting scour. Correlation of depth of scour and 

discharge intensity, based upon laboratory data, has been 

extended to prototype data by Blench (12) and by Izzard and 

Bradley (16). Despite considerable scattering of the data, 

there seems to be a fair correlation between scour and discharge 

intensity. (Note - no distinction was made by previous inves­

tigators between equilibrium scour, maximum scour, and scour). 

The reader should be reminded that it is difficult to determine 

the depth of scour during a flood, and consequently their 

correlation is only approximate. 
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In general, the Inglis-Blench-Ahmad approach can be 

expressed as 

DSE = dSE + h = K 
2/3 

n q (27) 

in which DSE' dSE are the equilibrium depth of scour 

measured from the water surface and the bed surface respec-

tively; K a coefficient, and q an effective discharge inten­

sity. Eq 27 can be changed into the following form 

(28) 

in which 

F 
n = 

V n 
~) 

the Froude number of the normal flow 

b 
M ~ B, the opening ratio 

(b = width of opening in constriction, B ~ width of channel). 

The use of the opening ratio, M, in Eq 28 results from the 

assumption that the discharge intensity through the contracted 

opening, i.e., qb , is the effective discharge intensity. 

The foregoing approach stresses the argument that the effective 

discharge intensity or the flow velocity is the important 

factor in determining the final depth of scour. 

Laursen has claimed that the final depth of scour is 

primarily a function of flow depth and length of embankment and 

not of flow velocity, provided that the flow is transporting 

an appreciable amount of bed load. Laursen has recommended 
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the curve on Fig. 3 for design purposes. Although Laursen's 

approach simplifies greatly the design procedure, his conclusion 

may be oversimplified. For example, it is a well known fact that 

wherever there is a concentration of flow, the discharge 

intensity is higher and the depth of scour is greater. Such a 

fact seems to support partially the validity of Eq. 27. 

Experiments were made in this study to determine the effect of 

velocity on the equilibrium depth of scour. The depth of flow 

was maintained constant at 0.5 ft and conditions associated 

with two mean velocities, 1.2 fps and 2.1 fps, were investigated. 

As shown in Fig . 17,higher velocity caused greater scour. 

In addition, tests were made by varying Froude number from 

0.3 to approximately 1.0 to determine the effect of Froude 

number, hence, the effect of velocity on 

dSE 
Fig. 18, h increases with Froude number 

As shown in 

F . 
n 

It can 
n 

be seen from these data that 
dSE ---h n 

is proportional to F 1/3 
n 

As indicated on Fig. 3, Laursen's design curve is essentially 

an envelope for Froude numbers less than 0.5. 

Data obtained in this study indicate that for a constant 

dSE ( hanl.4, Froude number, ~-h~ is proportional to 
n 

a is the length of the embankment. Consequently, 

for vertical wall models,can be plotted against 

F 
n 

1/3 

r )
0 .4 

a/hn as shown in Fig. 18 

in which 

dSE 
h n 
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An equation representing the average can be written as 

1/3 F n 
= 2.15 (:n)o.4 

Regarding Fig. 18 and Eq. 29, it should be pointed out that: 

(a) Because :SE is proportional Fnl/3, the effect 
n 

(29) 

of Froude number on depth of scour is not of primary importance. 

For example, a variation of F 
n from 0.1 to 0,5 would change 

F l/3 from o.46 to 0.79. However, inclusion of the Froude n 

number in Eq 29 properly indicates the effect of velocity on 

equilibrium scour. 

(b) The application of Fig. 18--Eq 29 to prototype structures, 

even though parameter variation may include field conditions, 

should be used with considerable caution since model-prototype 

relationship knowledge is still lacking in this area. 

(c) Fig. 18 is based upon laboratory data that resulted from 

considering relatively long periods of scour. In view of the 

fact that the duration of a flood in natural channels corres­

ponds generally to only a few minutes of flow in the laboratory, 

the use of Fig. 18 for engineering purposes would result in an 

uneconomical design. Thus, it seems desirable to modify Fig. 

18 and Eq 29 according to prototype data, so that a more 

economical criterion can be formulated. An alternative would 

be to use the information on scour history which will be 

discussed later in this report, and determine the depth of 

scour according to a suitable time scale. 
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The technique used fer analyzing the vertical~wall and vertical­

board data can also be applied to other types of abutments such 

as wing-wall and spill-through. Although suitable exponents of 

Fn and : can be chosen so that figures similar to Fig. 18 
n 

can be obtained for the wing-wall and spill-through types, such 

an effort is not fully justified due to the limited amount of 

data. The relation for wing-wall and spill-through models has 

been shown in Fig. 19 below the line representing Eq 29 which 

is for the vertical-wall and vertical-board models. In general, 

values of dSE for either WW or ST models are less than 

those for the vertical-wall or vertical-board models. In the 

prototype case, the type of abutment may account for only 

minor variation of dSE because of the relatively long 

embankment. 

Computed para.tteters related to scour are tabulated in Table 

III' of Appendix C for the vertical-wall and vertical-board, 

wing-wall, and spill-through models. 

2 . Maximum depth of local scour 

Maximum scour, dSM, pertaining to vertical-wall and 

vertical-board models caused by flow carrying appreciable bed 

Fn
l/3 ( ahn _) 0 .4 load have been plotted against / as shown in 

Fig. 20. In general, dSM is larger than dSE as expected. 

An equation fitting the data can be written as 

dSM 
h 

n 
= 0.3 + 2.15 

F 1/3 
n (30) 
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In case the scour is caused by flow carrying no bed load, 

the depth of scour should asympotically approach a limit, d81 , 

as time approaches infinity. In order to obtain such a limiting 

scour, a scour hole of a given depth, similar to those developed 

by the flow, was preshaped. Depth and discharge of the flow 

were adjusted until particles at the bottom of the scour hole 

began to move. The limiting scour, dSL, was determined in 

this manner for various flow conditions and abutment lengths 

(Runs 101--287) and reported in Table I, Appendix C. When 

the appr oach velocity was large, the upstream bed was covered 

by clot~ to pr event the approaching flow from moving the bed 

particles. Limiting scour conditions are shown in Fig. 21 in 

which T is the tractive force pertaining to the approach 
0 

channel, and T 
C 

is the critical tractive force. For 

d50 = 0.56 mm, Tc= 0.007 lb/sq. ft, and where T
0
/Tc > 1, 

the bed of the approach channel was covered by cloth. 

Data in Fig. 21 can be replotted as shown in Fig. 22 to 

obtain a straight line relationship. In Fig. 22, M appears 

to be an important factor. A comparison between Fig. 18 and 

Fig. 22 indicates that the scour caused by flow carrying bed 

load is a local phenomenon, while the scour caused by flow 

carrying no bed load is related to the over-all geometry of 

the constriction. Additional research is needed to clarify 

this paradox. 
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3. History of local scour 

The classification of scour history shown as Fig. 4 is mainly 

for the convenience of discussing the final scour. Due to 

the fact that scour in natural streams seldom lasts long 

enough to reach dSE, dSM, or d81 , the engineering 

problem is to estimate the depth of scour within certain 

flood periods. 

Data on scour history have been plotted on semi-logarithmic 

coordinates on Figs. 5, 23, and 24. 

In the beginning period of scour (designated as the transition 

of scour establishment in this report), the dept h increases 

rapidly with time and the re,te of scour decreases rapidly with 

increase in amount of scour. As in many other transitional 

phenomena, it is difficult to analyze this case. The depth 

of scour and the rate of ~cour in this period depend to a 

large extent upon the initial bed configuration and the 

characteristics of the local flow. During the second period 

of scour (designated as the estaolisbment of scour in this 

report), the depth of scour can be expressed empirically as 

a function of t according to the following formula, which 

is a form of the equation given in reference (13): 

d 
s 

::: 

. t ; t ] -ct-7 1- t 
, o m 

' (31) 



in which 

and 

d 
s 

dSM 

t 
0 

t 
m 

C 

y 

A 
0 

= 

= 
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is the average depth of scour at time t. 

is the maximum scour 

is a time factor 

is the time required for 

A (1-y)1/2 
0 

e 

ds 

dSM 

d 
s 

to reach dSM 

is a coefficient depending upon the model 
geometry, the flow condition, and the bed 
material. 

When the flow carries appreciable bed load, t is finite. 
m 

When the flow carries no bed load, tm is infinite and dSM 

is defined as dSL such that Eq. 31 reduces to 

d 
s 

= (1-e (32) 

Fig. 23 is a typical example indicating that the depth of 

scour, d ,caused by flow carrying bed load can be represented 
s 

by Eq. 31, Fig. 24 indicates that the depth of scour, d , caused 
s 

by flow carrying no bed load can be represented by Eq. 32, 

In Figs. 23 and 24, the time scale is in minutes, therefore, 

the horizontal location of the equation to fit the data 

determines the time factor t . Curvature of the curves 
0 

representing Eq. 31 and Eq. 32 depends upon A . All three 
0 

parameters, t , t ' o m and A may depend upon the 
0 
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characteristics of the flow, the properties of the bed material, 

and the geometry of the constriction. 

Preliminary analysis indicates that for a given bed material 

and geometry of constriction, A depends upon F and M as o n 

shown in Fig. 25. Owing to the fact that Eqs 31 and 32 were 

developed during the last stage of the analysis of data, the 

information obtained during the tests is not sufficient to 

evaluate the parameters t , 
0 

t , 
m 

and A. 
0 

It is. possible that Eq 31 and .Bq 32 are also applicable to 

other cases of scour such as those caused by an impinging jet, 

flow over a spillway, and flow from a sluice gate • Additional 

research is needed in order to complete the analysis on the rate 

of scour. 

4. Cross-section and volume of local scour 

A photograph showing the contour of the scour hole at the ~nd 

of a test when ds = dSM is given as Fig. 13. The cross-

section of the scour hole was measured at the end of the test 

period at the constricted section. In the case of scour caused 

by flow carrying appreciable bed load, it was found that the 

scour area varied considerably with time. Fig. 26 shows a 

typical example of such a case. It is reasonable to assume 

that the volume of scour also varies considerably with time. 

Analysis showed that there is no correlation between the 

scour.. area at d 
s 

= dSM, the flow parameters, and the 
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abutment geometry. However, there is some correlation if an 

average scour area over a long period of time is used. 

The cross-sectional profile intersects a horizontal line at 

an average angle of 27° 30 1 near the vertical-wall model, 

and at an average angle of 22° in case of the spill-through 

model--the angle depending on the flow pattern resulting from 

the shape of the abutment. The angle of repose in air for the 

same material is about 30°. 

C. Backwater in an Alluvial Channel 

In report (1), data on h1* and 6hs in rigid channels were 

studied extensively. The effect of scour on the backwater was quite 

difficult to determine quantitatively because the magnitude of h
1
*, 

measured in the laboratory, was of the same order of magnitude as the 

surface fluctuation caused by sand waves. Sometimes ~* appeared to be 

negative or the entire water-surface profile was shifted higher or lower 

than the normal water-surface profile·. Such higher or lower water surfaqe was 

caused by the change of water volume in the flume when the discharge was 

re-established after the installation of the abutment. As a result the 

depth of flow, the mean velocity, the bed roughnes~ and the bed slope 

were all changed slightly, although the discharge was kept constant. 

Such slight change of the flow characteristics may not affect appreciably 

the depth of scour, but affect h1* considerably. 

In order to determj_ne the maximum h * 1 
at the beginning of 

scour, attempts were made to stabilize the bed by covering the constriction 



area with cloth. However, due to the instability of the cloth on the 

bed, and the difference in roughness between the cloth and the sand 

grains, the water-surface profile was affected. Backwater data determined 

by this method were deeued unsa.tisfc.ctory and the procedure was discontinued . 

In place of measuring the backwater, h
1
* ,a.long the centerline 

of the constriction, the change in water surface elevation on the upstream and 

downstream side of the abutment, & , were made . Data on & seem to s - s 

be more consistent than either the water-surface profile or the backwater, 

h * 1 
For the pur~ose of studying the effects of an alluvial bed on 6hs 

new criter~a for determing 6h 
s 

in rigid channels have been obtained by 

using dat3. report ed in a previous report (11), and are presented as Figs. 

27, 28, and 29. D3.ta on Lili in alluvial channels are compared with 
s 

those in o. rigid channel, as shown in Fig. 30. 

All measured lili values in alluvial channels seem to be 
s 

considerably less than those found in rigid channels. For the conditions 

tested; it might be said that 6h 
s 

per cent of ·chat in a rigid channel . 

in an alluvial channel is about sixty 

Such a ratio will change if the bed 

ma~erial is changed . For ex3.IIlple, if the material is so coarse that it can 

effectively resist any scour, tne channel can be considered as being rigid. 

A quantitative general c:ri terion cannot be given in this report because 

exj_sting data are not sufficient to evaluate the erodability of the bed 

material .. 

It sh:)u.ld be noted ";hat in an alluvial channel, the problem of 

both high backwater and exces~'i ve sccur ca.n exist during one flood. At 

the begjnning of the f'lJod.; the water level ma.y reach a dangerous ]evel. 
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As scour at abutments and pier~ develops, the flood may endanger the 

foundation of the bridge. More research is needed in order to determine 

the correlation of ~*, till , and the depth of scour as a function of 
s 

flow condition, bed material size, and abutment geometry. 
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VIII • SUMMARY AND CONCLUSIONS 

The objectives of this research were twofold: 

A. To study the depth of scour under various flow conditions 

and constriction geometry. 

B. To determine the effect of scour on the maximum backwater. 

Valuable information and accurate data have been obtained satisfying the 

first objective. However, on account of difficulties mentioned earlier, 

only qualitative information was obtained pertaining to the second 

objective. 

Throughout the study, the normal flow condition prior to the 

installation of abutment models was used asa reference in measuring the 

depth of scour, and ~ertain other variables associated with the experiments. 

Bed-load measurements for the normal flow did not check with 

computations based upon bed-load formulas, proposed by such authors as 

Kalinske, Meyer-Peter, and Straub. On the other hand, velocity measure­

ments agreed satisfactorily with computations based upon the formula 

proposed by Liu and Hwang, provided that the bed configuration and the 

bed material size were known. 

There are three major controversial factors affecting maximum 

local scour: 

A. The effect of sediment size 

B. The effect of flow velocity 

C. The effect of opening ratio 
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The effect of sediment size on scour was not considered in this study. The 

effect of flow velocity on scour is appreci~ble. The effect of opening 

ratio on scour is not fully understood--such an effect may be secondary 

compared to that of the flow depth. When the flow carries appreciable 

bed load, the opening ratio has no appreciable effect on the depth of scour. 

However, when the flow carries no bed load, the limiting maximum scour is 

found to be a function of the opening ratio. 

For convenience, the history of scour may be divided into three 

periods: 

A. Transition of scour establishment 

B. Establishment of scour 

C. Transition t o maxi.mum scour 

A general empirical equation has been found to describe the second period 

(see Eq 31). This equation is valid regardless of whether the flow carries 

bed loa.d or not . 

Owing to the lack of such information as velocity distribution, 

pressure distribution, and sediment movement in the vicinity of the constric­

tion, the mechanics of scour could not be studied thoroughly. Further 

resc2rchon the mechanics of scour is recommended. The approach used in 

th~s report is empirical. 

There were two flumes used for the experiments: (1) an 8-ft wide 

flume used mainly to evaluate the scour caused by flow carrying bed load-­

in this system, a natural sediment mixture was used, and (2) a 4-ft wide 

flume used mainly to study scour caused by flow carrying no bed load. 
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The maximum depth of scour can be classified as: 

A. Maximum scour, dSM 

B. Equilibrium depth of scour, dSE 

C. Limiting depth of scour, d
81 

The maximum scour dSM depends to a certain extent upon initial flow , , 

conditions. In case the flow does not carry bed load, the maximum scour 

is denoted as the limiting scour. The equilibrium depth of scour may exist 

if the flow carries appreciable bed load, and is usually less than the 

maximum depth of scour. In the laboratory, the time required to reach 

maximum scour or equilibrium scour is on the order of one to three days. 

Both the equilibrium depth of scour and the maximum depth of 

scour are functions of the Froude number, the normal depth of flow, and 

the length of the embankment (see Fig. 18 and Fig. 20 for vertical-wall 

models). The limiting depth of scour is a function of the Froude number 

and the contraction ratio (see Fig. 22). Model geometry and size of the 

bed material may change such correlations considerably. Information on 

dSM, dSE, and d81 obtained in the laboratory represents the ultimate 

maximum depth of scour. In order to use such information for engineering 

purposes, it is desirable to know the time scale and to utilize Eq 31 

which expresses scour as a function of time. Further research is needed 

to evaluate the constants in Eq 31. 

The volume of scour and cross-section area of scour at right 

angles to the flow vary considerably with time due to the movement of sand 

waves through the constriction. 
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Because of inherent difficulties, the backwater caused by a 

constriction in an alluvial channel could not be measured very satisfactorily . 

However, data on the difference of water surface elevation across the 

embankment are fairly consistent. For the sediment involved in the tests, 

the water-surface drop across the embankment is approximately 60 per cent 

of that in a rigid channel . It is expected, however, that this ratio varies 

with the bed material . 

Although considerable information and a better understanding of 

scour caused by flow at bridge crossings have been obtained as a result of 

this research, an understanding of the mechanics of scour, and prototype 

measurements of scour and backwater are still lacking. It is recommended 

that field studies should be made to verify the laboratory results contained 

in this report and that additional theoretical research be encouraged to 

develop the mechanics of local scour . 
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