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AUTHORIZATION OF PROJECT

The problems to be investigated were formulated by the staff of
the State Highway Commission of Wyoming in consultation with personnel
of Colorado State University and the Bureau of Public Roads. The pro-
ject was initiated by the signing of the agreement "Engineering Investi-
gation Pertaining to Flood Protection of Bridges and Culverts,' dated
February 16, 1966. This agreement was modified in an addendum to the

agreement dated October 8, 1969.

DISCLAIMER

The opinions, findings, and conclusions in this publication are
those of the authors and not necessarily those of the State Highway

Commission of Wyoming or the Bureau of Public Roads.



ABSTRACT

FLOOD PROTECTION AT BRIDGE CROSSINGS

Techniques for the design of stable rock-riprap protection in ths
vicinity of bridge crossings are presented. Hydraulic properties of
the crossings are computed from methods derived in other sources, and
the properties are related to particle sizes for riprap protection of
abutments and piers.

Design steps for prototype bridge crossings are enumerated so that
the hydraulic engineer may use this report as a design manual. An
example of the design of protection for a prototype bridge crossing is
included to clarify the suggested design procedures.

Riprap-protected spill-through abutments were constructed in the
hydraulic facilities at Colorado State University in order to test the

validity of the suggested design procedures.
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Chapter I
INTRODUCTION

In order to supplement the current knowledge of protection from
scour at bridge crossings and other hydraulic structures, the State
Highway Commission of Wyoming, in conjunction with the U.S. Bureau of
Public Roads, initiated a program of research involving the design and
performance of channel stabilization techniques. The original agree-
ment for "Engineering Investigation Pertaining to Flood Protection of
Bridges and Culverts' was accepted by personnel of Colorado State
University on February 16, 1966.

The agreement specified three phases of investigation including
the stabilization of culvert outlets, the stabilization of bridge
crossings, and the study of alternative methods and techniques of
stablization when gravel or rock-riprap are not available, or where
special problems arise.

Due to a later need for more extensive studies of the first two
phases, the third phase was cancelled in an addendum to the original
agreement on October 8, 1969, and the funds allocated for this phase
were re-allocated to the first two phases. This report finalizes the

second phase of the Colorado State University study.

ScoEe

Channel stabilization in the vicinity of bridge crossings must be
designed from a knowledge of the relationships between stability of
protection forms and the hydraulic properties of the crossings. Most
of the research for this phase of the study involved the development

of design methods for the stabilization of bridge crossings with known



or predictable hydraulic properties. A survey of the pertinent
literature revealed that other investigators have defined the expected
hydraulic and scour characteristics of bridge crossings. This report
supplements the work of others with design techniques for protection
from increased backwater and extreme flow velocities at bridge con-

strictions.

Application

The proposed design procedure was developed using backwater and
scour information obtained from a review of the literature. Hydraulic
data from model and prototype bridge crossings were found for most
common bridge crossings, and the design techniques should be applicable
for all these cases,

The laboratory portion of this study was comprised of tests of the
proposed design methods. Verification of the design for the tested
models does not imply verification for prototype crossings, and the
design may be used only with engineering judgment to produce theoreti-

cally stable bridge crossings.

Protection of Bridge Crossings

Flood protection requirements vary from one bridge to another.
Some bridges may need to allow the passage beneath the deck of live-
stock and farm equipment during periods of low flow. Others may
require low embankments due to aesthetic considerations, especially
in populated areas. Still other bridges may require short spans witk
long approaches and numerous piers for economic reasons. Labor costs

and availability of protection materials vary from region to region.
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All of these factors and many more contribute to the difficulty in
generalizing stabilization techniques for all bridge crossings.

A classification of bridge crossings based on prominent features
would help to alleviate this difficulty. Classifying the regions
requiring protection of each crossing, the possible types of protec-
tion, the possible flow conditions, the possible channel shapes, the
possible abutment types, and the various geometric conditions for
crossings will aid the engineer in selecting the correct design for

the conditions he has encountered.

Regions of Required Protection

Bridge crossings generally include earth-fill embankments and
piers or pier bents. These structures reduce the initial cost of the
bridge by shortening the reinforced concrete or steel superstructure
that must span the low-flow channel between the abutments. Regions
of required protection for this type of crossing not only include
pier footings and the embankment and abutment slopes and toes, but
also the downstream channel which is subjected to the high velocity
jet from the crossing. Downstream slopes of embankments for perennial
streams must also be protected from wave forces due to wind. In semi-
arid regions, wave protection is required only if winds are expected

during the design flood.

Types of Protection

The region near and including the abutments may be protected in
several ways. One method is to armor the possible scour surfaces with
a more resistant material. Protection may also be accomplished by

diverting the attacking water away from the abutment, or by reducing



flow velocities with retards, jetties, vegetation, or any other means
of slowing or diverting the flood waters.

Another protection consideration includes ''fuse-plug' designs
which allow the loss of a section of the approach embankment during
floods. The replacement of the plug takes only a few days, and the
expenditures are minor compared to the cost of replacing the bridge
superstructure. Relief bridges, or secondary bridges spanning portions
of the flood plains, accomplish this same purpose.

Another protection possibility is the "sagged-roadway design"
which uses the construction of approach roadways at grade on the flood
plains, with the bridge spanning the low water channel. This allows
the flood waters to pass over the roadway, but the roadway will
occasionally be inundated leaving the bridge standing in the flow wizh
interruptions in traffic. Hazardous vertical curves may also be
present with this design.

These alternative designs are only mentioned herein, and more
thorough discussions are given by Posey (60), Bradley (12), Laursen
(47), and the State of California (15).

Armoring a surface with more resistant materials involves several
possible types of protection which must also be classified and con-
sidered in each design. The designs herein are based only on the usz2
of loose rock riprap placed by conventional means. Other forms such
as sacked concrete, pneumatically applied concrete mortar, grouted
rock, asphalt paving, concrete slabs, broken concrete, precast con-
crete blocks, rock and wire mattresses, rock and wire sausages, willow
mattresses, tetrapods, sheet piles, or even sea-shells, have been

successfully used and should not be excluded from economic



consideration, especially in areas where rock riprap is scarce. Design
methods and construction techniques for all of these forms of protec-
tion have been published by private and governmental agencies such as
""Shore Protection Planning and Design," by the Corps of Engineers (77),
'""Bank and Shore Protection in California Highway Practice,' by the
State of California (15), and '"Use of Riprap For Bank Protection,"

by the Bureau of Public Roads (68).

Rock riprap for channel stabilization has several advantages over
other forms whenever it is available. The State of California lists
the advantages as:

1. It is flexible and is therefore not weakened by slight
movements of the settling embankments.

2. Local damage is easily repaired.

3. Construction involving its use is not complicated by
special equipment.

4. The appearance is natural and adds to the aesthetics of
the design.

5. Vegetation will grow through the voids and increase the
structural strength with time.

6. The thickness can be varied to provide more protection in
critical zones.

7. Wave runup on sloping surfaces is less (as much as 70
percent) than the runup on smooth surfaces.

8. It may be stockpiled and re-used.

9., It is usually the most economical whenever stones of

sufficient size and quantity are available.



Flow Conditions

Five possible types of flow conditions at bridge crossings basec
on non-scouring or equilibrium scour conditions are shown in Figure 1.
They include:

(a) Subcritical - the flow depth remains above critical depth
upstream, through, and downstream of the crossing.

(b) Critical flow in the gap - the flow depth passes from
subcritical to supercritical depth in the gap and returns to subcrit-cal
flow downstream. Critical depth in the gap is greater than critical
depth for the downstream reach.

(c) Critical - the flow depth passes from subcritical to
supercritical depth in the gap and continues below critical depth
downstream of the crossing. A hydraulic jump then forms downstream if
the resistance or some control in that reach returns the depth to
normal, subcritical flow conditions.

(d) Supercritical - the flow upstream, through, and downstream
of the crossing remains below critical depth at every section. The
slope is classified as steep because normal depth is below critical.
This condition may occur in mountain streams.

(e) Abnormal - due to some downstream control, the flow must

return to a depth greater than normal.

Channel Shapes

Classification by channel shape includes the two categories shown
in Figure 3. These are as follows:

(a) Wide-channel flow - the flow channel is relatively wide with
no flood plain, and the flow depth remains relatively constant across

the channel.



(b) Overbank flow - the channel has a wide flood plain with a

central low-flow channel.

Abutment Types

Types of abutments common in prototype crossings are shown in
Figure 2 and include:

(a) Vertical wall - the embankment sides and abutment nose are
vertical retaining walls.

(b) Vertical wall with sloping embankments - the embankment
sides are sloped, and the abutment nose is a vertical retaining wall.

(¢) Spill-through - the embankment sides and abutment nose are
sloped with circular or other sloping transitions between them.

(d) Wing-wall - the embankment sides are sloped, and the abutment
nose is vertical with vertical wing-walls forming the transition

between the sides and the nose.

Geometric Properties

Geometric properties of bridge crossings are more difficult to
classify than the flow conditions, channel shapes, and abutment types.
Any of the geometric properties illustrated in Figure 3 may be used
depending on the conditions at the proposed site. The approaches may
be skewed or normal (perpendicular) to the direction of flow, or one
approach may be longer than the other, producing an eccentric crossing.
Abutments used for the overbank-flow case may be set back from the
low-flow channel banks to allow passage of livestock and machinery,
or the abutments may extend up to the banks or even protrude over the

banks, constricting the low-flow channel. Piers, dual bridges for



multi-lane freeways, channel bed conditions, and spur dikes add to the
list of geometric classifications.

In the past, geometric factors have been treated with solutions
for some basic or standard crossing, with additive or multiplicative
coefficients for geometric variations. The coefficients have been
derived from laboratory and field observations of bridge crossings,
and corrections are made for the effects of skewness, eccentricity,
scour, abutment setback, channel shape, submergence of the super-
structure, debris, spur dikes, windwaves, ice, piers, abutment types,
and flow conditions. The design procedures presented herein take
advantage of the large volume of work, using the above technique,
that has been done by others in describing the scour characteristics

and hydraulics of bridge crossings.



Chapter II

DERIVATION OF DESIGN CRITERIA

The design presented in this chapter is derived from predictable
hydraulic and scour properties of bridge crossings. The crossing
geometric variables and flow conditions before the bridge constriction
are used to predict the backwater produced by the crossing at design
discharge. A maximum expected design velocity is derived from the
knowledge of the backwater and the turbulent fluctuations in the flow
field. Values of the velocity at critical points in the flow field are
related to the design velocity, and a technique for relating velocity
to stable rock size and gradation is presented.

Verification of the design of rock riprap for the protection of
spill-slopes on spill-through abutments is presented in Chapter IV. The
research for this investigation, as stated in Chapter I, was concerned
mainly with the verification of the design procedures. The development
of the design procedures is based on engineering fundamentals and data
presented by other investigators.

A team of investigators was involved with the research for this
report. Contributions made by Simons, Field, and Callander are mentioned
at various points in this chapter to show where each individual con-
tributed. Additional work with the analytical and experimental results
of the research is being conducted by Lewis and will be presented in a

dissertation and supplemental report in 1971.

Backwater Equations

Various methods of predicting backwater at flow constrictions are

found in the literature. The most recent publication, "Hydraulics of
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Bridge Waterways' (14), utilizes both model and recent prototype data
for predicting backwater at bridge crossings. Effects of most of the
variations shown in Figures 1, 2, and 3 are presented in the publica-
tion, and the whole procedure has been programmed for the computer in
another publication (79). The methods presented below are based on
the backwater predicted (Appendix B) from these publications. Other
methods of predicting backwater should be equally applicable as long
as the definitions are consistent.

Bradley (14) presents two backwater equations for bridge crossings.
The first applies to subcritical flow conditions, and the second is
used for each of the critical flow conditions shown in Figure 1.

By applying the energy equation from the point of maximum backwater
upstream of the bridge to the downstream point at which the flow returns
to normal conditions (Figure la), Bradley derives the subcritical flcw
equation

Vn22 An2 2 An2 2 Vn22

1 2 T2g * (H3 - (Al) 28

The equation is applicable to models and prototypes, and the terms

are defined as

*
h1

K*

total backwater (Figure 1la), or h1 - hn (ft),

total backwater head loss coefficient,

"

oy velocity head correction coefficient at the upstream section

of maximum backwater,

o, velocity head correction coefficient in the constriction,

An2

1

cross-sectional area in the constriction, measured below the

unconstricted design stage (sq ft),
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Vn2 = average velocity in the constriction for flow at the design
discharge, or Q/Anz (fps),
A4 = cross-sectional area at the downstream point where normal
stage has been re-established (sq ft), and
Al = cross-sectional area at the upstream section of maximum back-
water measured below the water surface (including hl*).
For the critical flow conditions in Figure 1b and lc the critical

section controls the backwater. For this case

2 a1V12

2g

GL2V2c
K e - -
h1 2g (Cb o h2c hn

where hl*, oy, and hn were previously defined, and

V2c = critical velocity (fps) in the constriction satisfying the
relationship
2
Vae DPec = By >
b, = top width between the abutments measured at critical depth

tc
(ft),

A2c the cross-sectional area in the constriction measured below
critical depth (£t),

Cb = backwater coefficient for critical flow, similar to K* for
the subcritical case,

Vl = average velocity at the section of maximum backwater, or
Q/A1 (fps), and

th = critical depth in the constriction (ft).

Normal stage for the subcritical and critical equations is defined

as the stage at which the unconstricted river would flow for the design
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discharge. The backwater, hl*, is simply the maximum rise of the flow
above normal stage.

Bradley's solutions for Cb and K* in these equations require
values of the opening ratio, M, for the bridge crossing. Different
investigators (10, 19, 23, 40, 43, 73, 75, 78) have used several de-
finitions of M which are based either on the geometric or the flow
conditions for the constriction. The geometric definition is the
average distance between the abutments, b, divided by the top water
surface width of the channel at normal flow, B. This is a gap-width to
channel-width ratio. Flow definitions incorporate the possibility of

different values of flow resistance for the flood plains and low-flow

channel. For this case,

M=0Q/Q,
where
M = bridge opening ratio,
Q = design discharge, and
Qb = the portion of the unconstricted flow that can pass unimpeded

through the bridge constriction.

If the wide channel flow case of Figure 3 is encountered, the
resistance across the channel is constant, and the flow definition of
M becomes

Qb bhnvn

M= — = =

Q Bh V

w| o

b/B = the geometric definition of the opening ratio,

b = the average width between the abutments measured below hn(ft),
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B

the top width of the unconstricted channel measured at hn(ft),

h
n

the stage in the unconstricted channel flowing at design
discharge (ft), and

Vn = the velocity (fps) in the unconstricted channel flowing at
design discharge.

The average width between the abutments, b, is well defined for

the vertical abutments in Figure 2. For the spill-through abutment,

where An2 has previously been defined, and E;z is the depth shown
in Figure 2 after the irregular section has been converted to a trapezoid
of area An2'

For the overbank flow case of Figure 3, the resistance to flow is
generally greater on the flood plains. If the abutments are set back
from the low-water channel banks, then the value for Qb is comprised
of the high-velocity flow in the center of the channel and the low-
velocity flow on the flood plains. For this case, the differences in
velocities and depths do not allow a reduction of Qb/Q to the geometric
definition of the opening ratio.

The flow definition of M therefore applies to both types of
channels and is more amenable to prototype conditions. Whenever wide
channel conditions are encountered, the flow definition reduces to the
geometric definition.

If the distribution of normal unconstricted flow across the channel
is known, a central section of width, b, may be selected, and the flow,
Qb, may be determined. The discharge, Q, is the design discharge, and

a value of M may be found from these values.
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The opening ratio, M, may also be determined from conveyance
curves, if available, for the bridge site cross-section. The conveyance

for a cross-section is defined as

K = Q/SU2 ’
where
K = conveyance of the cross section,
Q = discharge (cfs) of the section, and
S = slope of the energy grade-line at the section.

For uniform flow, the bed slope and friction slope are equal, and
if Manning's equation is substituted for Q, then

. _1.486 2/3
K“—ﬁlﬁ‘TAR

S
0

Assuming that the bed slopes for the flood plains and the low-flow

channel are equal results in

1/2
M—S]:—,= Kbso =.—](£
Q XS 1/2 K 2
o]

where Kb is the conveyance of the opening width, b, and K is the
total conveyance for the cross section.

Having a value for the flow opening ratio provides a solution fer
the backwater equations. Values for K* and Cb may be obtained from
Bradley's curves relating K* and G, to M for the various flow and
geometric conditions depicted in Figures 1, 2, and 3. Appendix B cor-

tains most of Bradley's experimental curves.
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Design Velocities

Energy considerations were successfully used to predict backwater,
and this implied that this concept can be used to define the velocity
field at a bridge crossing. The energy equation applied between the
point of maximum backwater and the downstream point of return to normal
depth was utilized in predicting backwater. For this research, the
energy equation applied between the point of maximum backwater and the

point of minimum depth in Figure la yields the relationship

v 2 v 2

. 3
155 By *Shg ey e mn B s om0

where as Vl, hl’ and S0 have been defined, and
Ll_3 = length along the channel between the points of maximum back-

water and minimum jet depth (ft),

=
n

the minimum depth in the jet (ft),

3
ag = velocity head correction coefficient at the point of minimum
depth
VS = the velocity at the point of minimum depth (fps), and
hL 1-3 = the energy losses between the two sections (ft).

Solving this equation for VS produces the equation

p
o, [y 55 *Slyeg* (g - hg) - hy 4 ;]

By defining Ah as l B h3 + SoLI—S’ then

2
2g Y1 §
\// [y =g * &h-hy g5l
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A conservative estimate ol \a’,S is obtained by neglecting the

energy losses, so that

/__, =
! ! - /:‘,-i;"_ —_— >
Vg =afer Uy —5 ¢ &0 > Wy

o

Because g is greater than or equal to 1.0, assuming a value of

r

unity increases VS to

V12 i
Vd = 2g(a1 =— + Ah) > V., >V

2g 3 3"

This velocity represents a conservative estimate of the maximum
velocity expected in the jet. The inclusion of oy and hL 1.3 Serve

to reduce Vd to V3. If Vd is used as a riprap design velocity,
then the riprap will be overdesigned whenever either the head loss,

hL 1-3° ©°F the value of g is large. Large values of ag and hL 1-3
are indicative of extreme constrictions and highly turbulent flow, and
riprap for these cases should be overdesigned to account for the tur-
bulent fluctuations of the velocity about its mean value.

Turbulent flow cannot be described accurately by an average
velocity because the actual velocity fluctuates above and below some
mean value. Most continual records of turbulent velocity reveal an
oscillating trace, with recorded velocities both greater and less than
the time-averaged mean. Even through the deviations from the mean occur
for short periods of time, the maximum fluctuation must be considered
in selecting design velocities.

Velocities greater than 150 percent of the mean exist for very

short periods, and may be neglected (17). The design velocity deduced

from the above energy equation is already conservative, but design
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techniques demand factors for safety, and the use of 1.5 V, (derived

d
from the 150 percent value) is recommended as a design velocity in this
report. Care should be exercised in applying this safety factor, and

other values may be used in the event that experience or prototype data

produce larger or smaller values.

Velocity Field

The design velocity derived in the last section theoretically
applies near the outlet of the constriction at the vena contracta of
the jet. Design velocities for other zones of the crossing may be
desired if stable stone sizes determined from a value of 1.5 Vd are
not sufficient for placemsnt at all the critical zones of protection.

Field (23) participated in this study and presents Figure 4 as a
solution for the velocities on the upstream side of the approach
embankments. The figure is based on ideal flow conditions through a
two-dimensional nozzle, and the goemetric definition of M= b/B 1is
used. The curves apply to half-embankments placed at various angles
to the flow, and may be used as guides in determining stable riprap
sizes on the upstream side-slopes of embankments,

Velocities at other regions of the flow are difficult to predict
analytically. Two-dimensional approaches similar to Field's are possible,
but effects of free water surfaces and separation are difficult to
incorporate into these analyses. Callander and Lewis are attempting to
extend Field's work with two-dimensional solutions for the entire velocity
field in the vicinity of bridge crossings. The findings from these
analyses will be included in a supplemental report in 1971. For the
present, reliance must be placed on experimental approaches based on

data from laboratory and field bridge constrictions.
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Design of Riprap

The stability of graded gravel and rock riprap is closely related
to the riprap characteristics and the hydraulic and geometric properties
of the bridge crossing. All of these factors are important to the
stability of a proposed riprap.

Methods of choosing stable rock sizes are usually based on riprap
properties and the hydraulic and geometric characteristics of the fluid
flow. Velocities, pressures, depths, and shearing stresses have all
been related individually and collectively to the stability of riprap.

The method chosen for use in this report was originally presented
in a dissertation by Bhowmik (8), and has recently been presented by
Bhowmik and Simons (9) at the Institute of River Mechanics held at
Colorado State University in June, 1970, and at a meeting of the
American Society of Civil Engineers held at New Orleans, Louisiana, in
February, 1969.

The report presents a design method for riprap stabilization of
the beds and banks of straight reaches and bends in alluvial channels.
Step-by-step design procedures for each of these conditions are outlined
in the publication, along with the theoretical and experimental relation-
ships required for the design procedures.

Bhowmik's methods were not developed explicitly for bridge crossings,
and modifications were needed to relate the design method to the flow
near bridge abutments and piers.

If the flow along the upstream slope of a bridge embankment may be
equated to flow near the sloping bank of a straight reach in a channel,
then Bhowmik's methods could be used to predict stable riprap for the

side-slope and toe of the embankment.
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Stabilization of the bed and banks downstream of the crossing
could be accomplished by using the straight-reach methods, developed
by Bhowmik, if the jet characteristics were known for the particular
design.

Stabilization of the channel or flood plain between the abutments
may be accomplished by using Bhowmik's technique for side slopes and
beds of straight reaches. The maximum velocity in this region may be

approximated by the design velocity, 1.5V The velocities in the

4
constriction are somewhat less than the vena-contracta velocities, and
1.5 Vd is therefore a conservative design velocity. Laboratory mea-
surements (Chapter IV) reveal magnitudes of the depth-averaged abutment
toe velocity between 60 and 100 percent of the vena-contracta velocity.

The sloping nose of a spill-through abutment may be protected with
riprap if the design size is based on the component of particle weight
acting downslope and the force of the plunging flow at the upstream
corner of the abutment. For the same flow conditions, particles
resting on this slope are less stable than particles on the bed. Rip-
rap sizes required for the spill-slopes of spill-through abutments are
therefore larger than the sizes required for the low-flow channel and
the flood plain.

Figure 5 represents a spill-through abutment spill-slope showing
the water surface drop around the upstream shoulder. The research for
this report and other experiments (53, 54, 73) have shown that the flow
through spill-through abutments separates near the tangent with the
central slope (point A in Figure 5) and submerges beneath the downstream

water surface. The angle of the flow down the slope is approximated by

the angle, A, in the figure. Scour of the spill-slope riprap generally
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begins slightly downstream of point C, and the angle, ll, is
conservatively large.
The vertical distance of point A above the channel bed at the

abutment very closely approximates the unconstricted normal stage (52).

Defining hA as this depth, then hA = hn’ and
BC hn/sina
tan Al mo— =
AB w/2

Figure 6 illustrates the relationship between this equation and
Bhowmik's sizing procedure for riprap on the concave bank of a channel
bend. Due to transverse circulation in a bend, the resultant drag
force, FD’ is not parallel to the flow as it would be in a straight
reach. Figure 6 shows the drag force deflected at an angle, Al, to the
direction of flow. This drag force is a resultant of the parallel drag
force and the downslope force due to the transverse circulation in the

bend. The analogy between the drag forces in Figures 5 and 6 results

in identical treatment of the particle stability for each case.

Particle Stability

Figure 7 represents Bhowmik's relationship between particle

stability and the particle Reynold's number. The values of Vb and

dm represent the bottom velocity and mean diameter of the riprap. The
bottom velocity is computed as 0.8 times the mean velocity, and the

mean or effective diameter, dm, was derived by Simons, Stevens, and

Watts (74) as 10 3 1/3
D4
i=1

m 10 2
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where
4, ] - dy ; d10 ,
i, (i=2) = 410 ; d20 ,
di(i=10}.= fgg_;_flgg_
The terms do, le’ i i 3 leO are the sieve diameters of the
riprap for which 0, 10,... , 100 percent, respectively, of the

material (by weight) is finer.

Bhowmik originally used the d size of the riprap in Figures 7,

50
8, and 10, and the use of dm simply produces a slight margin of safety
because dm is always larger than the d50 size. The mean diameter
was also used in the culvert report and its use here provides consistency
between the two reports. Better riprap gradation curves and better
scaling results from model to prototype are both present when using dm
instead of dSO'

The stability coefficient, n, is found from a consideration of
the forces acting on particles resting on the banks and beds of channel

bends and straight reaches. For the concave bank of the bend shown in

Figure 6, Bhowmik derives the equation

B o 2 . . 1/2
K, = [K2 + 1.74 #b n(Ys Yf] sina 51nkl] 4

n = the stability coefficient,
V, = the bottom velocity (fps), or 0.8 times the mean velocity,

y_ = the specific weight of the riprap (lb/ftsj,
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Yg = the specific weight of the fluid,
a = the bank side slope,
AI = the deflection angle of the drag force with the flow direction,
K, = [(y. - yp) cosa - 0.743 V. 2 n] tan ¢
1 s f : b 4
2 2 5 1/2
Kz = [0:76 (Vb n)- + {(YS - yf) sina }°7 ] , and

¢ = the angle of repose of the riprap.
On the banks of straight reaches, such as the upstream slopes of

embankments, the angle, i , approaches zero, and the relationship for

1
—_ i o 142
the stability coefficient becomes K1 = K2 .

equation for the bank of a bend require iterative solutions for n.

This equation and the

Appendix C contains a useful computational procedure for solutions of
n.
On the bed of a straight reach, the stability coefficient may be

obtained from

1.146(\(S - Yf)tan¢

ey
Vb (1 + 0.85 tang)

For designs which require the estimation of stable rock sizes from
given flow velocities, Figure 8 may be used for an initial estimate of
the riprap dm’ and Figure 9 for an estimate of the angle of repose of
the riprap. The value estimated from Figure 8 is maintained throughout
the design, and its stability is checked in Figure 7 at the completion
of the design. If the value from Figure 8 proves to be unstable, then
changes in dm and a repetition of the design are needed until stability

is indicated.
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Lift Forces

The above procedure for stability analysis considers only the
resistance to the drag and slope forces exerted on the particles.
Vertical 1ift forces due to pressure differences exerted on the surface
of a particle must also be considered.

A 1lift force coefficient, similar to the drag force stability
coefficient, is plotted in Figure 10 along with the Reynold's number.

For this case, the flow Reynold's number is used, where
R = VbD/v 5

where the terms are defined as

Y%

bottom velocity (fps), or 0.8 times the mean velocity,

kinematic viscosity (ft2/sec) of the fluid,

v

and

D

depth of flow (ft).
The 1ift force coefficient, with dm substituted for d50’ is
defined by Bhowmik as
2
Vb d . 3

Pe 85
= ( ) ( ) s
v (Ss - 1) g d50 Ps dm

o

where SS is the specific gravity of the riprap, and d is defined

85
as the sieve size for which 85 percent (by weight) of the riprap is
smaller.

A value of dm which is stable from drag forces according to
Figure 7 will not necessarily be stable from 1lift forces. If the d85

size of the proposed riprap is too large, turbulent eddies are created

which may 1lift the smaller dm stones from the surface. The 1ift force
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factor for the riprap must fall in the stable region of Figure 10 for
any design.

In order to utilize Figure 10, the dSS size of the riprap must

be estimated. Figure 11 presents Bhowmik's estimate for the bed material

d85 size. A value chosen from this figure should insure that large-

scale eddies produced by the larger d rocks do not lift the smaller

85

dm stones. For design, the shear stress for Figure 11 should be com-
puted as 1.5 yDS to account for turbulent fluctuations from the average
shear stress.

For banks, the shear stress varies with the depth, but may be

related to the bed shear stress by

S 2

G;* (1 + 0.85 tang)

0 o (1 - 0.72 tan2¢)

T

s

R —
T

(1.7 cosa tan¢g) = K4 5

where T is the bank shear stress, L is the bed shear stress, b

is the angle of repose of the bank riprap, and

K = (1 + 0.85 tan¢)2 (cosza tan2¢ - sinza)
tan2¢ (1 - 0.72 tan2¢)

4

Solution of this equation for Tos and an increase of the value
to 1.5 Teo provides a design ordinate for Figure 11 when considering
riprap lift-stability on banks.

Another estimate for the dBS size may be obtained by first

combining Bhowmik's (8) relationship between stable riprap sizes and

Manning's roughness factor, 37.6n = dm0'178, with Lane's (42) relation-

ship between the d size and Manning's factor, 39n = d 1/6.

75 75

Eliminating n from the two equations results in d75 = 1.265 dml'07

3

which may be solved for d75. An estimate of d85 may be obtained Zrom
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a straight-line extrapolation on a standard sieve analysis curve, using

dm as a value for dso on the curve.

After obtaining values of dm and d which satisfy the stability

85

requirements of Figures 7 and 10, similar parameters from available
riprap are computed and compared. The required value of dm is intended
as a minimum value, meaning that the available riprap must have a value
of dm greater than or equal to the required value of dm’ regardless

of the d50 size or any other size. Also, the d85 size computed by

the design is intended as a maximum d85 size, and the available rip-

rap need only have a d size equal to or less than the required

85
value. The straight-line interpolation in the last paragraph substitutes
the dm value as a d50 value only to determine an estimate for the

d85 size, Once an acceptable d85 size is determined, the remaining

gradation curve may lie anywhere, as long as the whole curve produces

the required value for dm’ and passes through the required d point

85
or some smaller d85 point. This flexibility in the design of riprap
should be borne in mind, especially in the design example of Chapter V.
Figures 39 and 40 are intended only as methods of determining a maximum
acceptable d85 size and are not presented as final gradation curves.

The final curves may lie anywhere as long as the d sizes and dm

85

sizes are maintained as maximum and minimum values, respectively.

Wave Forces

Wind-generated waves can contribute to particle instability on the
upstream and downstream sides of an embankment. For the upstream side,
wave action and flowing water can contribute individually or collectively

to the instability of riprap particles.
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The downstream slopes of embankments are not subjected to flowing
water, and riprap sizes predicted for wind or turbulence-generated
waves are suggested for this region.

Hudson (30) presents an equation for the stone size resistant to
wave forces as

3

YSH

5.2 (SS - 1}3 cota

where Tys Ss’ and o have been defined, and

WS = weight of stone required for wave stability (1b), and

H = significant wave height (ft).

Hudson does not specify which stone size is to have the weight,
WS, and the drn size is used in this report. The factor 3.2 is an
empirical value obtained from quarry stone.

The significant wave height in shallow water for fetch widths

approximately equal to fetch lengths is obtained (23) from

£ - s23x 1070 (g By 04
w
)"
w
in which
Vw = wind velocity (fps), and

F

fetch length (ft), or length of the river subjected to wind.
The fetch widths are usually different from the fetch lengths for

rivers, and an effective fetch length, Fe, is suggested (66) as

1/3 o 2/3

W )

F =1.17 F
e

where WF is the fetch width in feet.
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When wave motion and flowing water occur simultaneously, the waves

induce an additional bottom velocity given (9) by

v =T 1
wm T : 2tD :
sinh —
L
W
where
T = wave period (sec),
Lw = wave length (ft), and
D = depth of flow (ft).

When considering stability for these conditions, the velocity vector
V;m must be added to the flow velocity vector to obtain the resultant

velocity.

Freeboard

Embankments that may be overtopped during floods act as broad-
crested weirs and require spillway designs on their downstream sides.
Due to the high-velocity supercritical flow directly down the slope,
very large riprap sizes would be required for this region, and other
protection forms should be considered (60).

The usual alternative to flow over the embankments is a provision
for sufficient embankment height to prevent overflow. Backwater and
possible wave heights should be added to normal stage when determining
minimum embankment heights. Wave height considerations may not be
necessary in semi-arid regions where flood hydrographs having high peaks
and short bases are common. When waves are anticipated, the suggested

freeboard above normal stage may be found from

*
F. = h + H+ h_ |,
s
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*
where H and h1 have been defined, and hs is a safety height

dependent on the judgment and experience of the design engineer.

Scour at Abutments

Whenever scour of the bed material is anticipated at the abutment
toe, protection of the toe must be carried below the expected scour
depth to prevent undermining of the abutment. Three types of scour [69)
are possible at bridge crossings, and are additive if all three occur
at the same time. Local scour is defined as the scour near a pier o=
abutment due to the physical presence of the structure in the flow.
Bridge piers and approach embankments reduce the net flow area and in-
crease the flow velocity, causing contraction scour of the entire bed
in the vicinity of the crossing. Natural scour, or degredation of the
entire river channel, may also be occurring, and the measured bed eleva-
tion used for design purposes is not dependable. Natural scour is
difficult to predict and is omitted in the design procedures. Whenever
natural scour data is available at a proposed site, its effect should
be included in protection designs.

For vertical wall or wing-wall abutments, protection may be
provided by founding the wall below the expected scour depth or by using
vertical sheet piles driven at the toe. Spill-through abutments may
also be protected by sheet piles, or by creating a horizontal or sloping
apron of riprap protection around the toe. The apron must either prevent
scour at the abutment, or be placed so that the apron will fall into the
scour hole as it develops. If the stream bed is not rigid, riprap
protection may be buried along the abutment slope to a depth beneath the
scour level, especially at the upstream corner where maximum bed material

scour is expected (53, 54). .
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The flow at abutments may be either clear or sediment-laden, and
different scour analyses are required for each case. Clear-water scour
occurs at relief bridges or at abutments which are set back from the
low-flow channel banks (Figure 3e). For the setback case, the low-
velocity flood plain flow carries little sediment, and clear water
scour occurs.

Laursen (45) proposes Figures 12 and 13 for the relationship among
clear-water contraction scour at piers and abutments, critical tractive
shear stress, and the geometry of the contraction.

The values in the figures are defined as

dse = equilibrium scour depth (ft), measured below mean bed
elevation,
h1 = flow depth in the main channel upstream of the pier or

contraction (ft), including backwater,

2
]

length of the approach embankment (ft),

Tl

5 shear stress attributed to the grain roughness in the

constriction (psf),
T, = critical tractive shear stress for incipient motion of the
bed material at the contraction (psf),

dse/r

scour in a long contraction, and

r = a coefficient relating the scour in a long contraction to
the scour, dse’ in a shorter contraction, where the scour in the long
contraction is d__/r.
se
Figure 13 also contains Laursen's curve for sediment-laden flow
at the abutments. This curve may be used for sediment-laden flow when-

ever the bed between the abutments is unprotected, and when the sediment

transported as bed load is the same size as the bed material. For
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riprap-protected beds, the flow is always considered clear because of
the large difference between the riprap and bed-load sizes.

The values from Figure 13 are based on the assumption that the
scour holes from abutment to abutment, or from pier to abutment, do rot
overlap. Laursen states that a clear opening between the abutments
greater than 5.5 dSe should insure non-overlapping scour holes. No
analyses presently exist for overlapping scour holes when piers are
present, or when opposite abutments are close to each other.

Laursen's estimates for values of Tt ' and = in Figure 13 are
0 £

V12 DS1/3
T, e (PSE]
° 30 h,1/3
1
and
Ty 8 4Ds (pst)
where
[}S = the bed mean particle diameter in the constriction (ft), and
Vl = velocity of flow in the uncontracted reach upstream of the

abutment (fps).

The equation for TO'

arises from the Manning and Strickler
equations, and the equation for T. agrees with White's (80) and
Shield's critical shear for silica sands and turbulent flow.

Figure 13 is derived from model data only, and predicts unusually
large scour depths for prototype structures, especially for clear
water scour conditions. Caution and judgment are advised in applying
the results of Figure 13 to these cases. The curves should be con-

sidered as a guide until future measurements at prototype crossings are

available for modifications of the method.



Scour at Piers

Shen (69) proposes the following analyses for local scour at piers,
based on the cases of clear-water scour and scour with continuous sedi-
ment motion.

For clear water scour, Shen proposes the equation

= 0.619

d . = 0.00073 R (ft) ,
where
R = pier Reynolds number defined as
_2av
R = ,
v

where

)
"

half width of the pier, or radius of the pier (ft),

v

0o

the average upstream, undisturbed flow velocity (fps), and

n

v = the kinematic viscosity of the fluid (ftzfsec).

This equation was derived from laboratory and field data collected
in several investigations (69).

For the case of sediment-laden flow, deposition causes the scour
depth to fluctuate about a mean value. Defining dse* as the maximum

equilibrium scour depth measured from mean bed elevation, Shen recom-

mends either

d * = 1.4b 5
se p

or

1.42 kb 075 |
p

(=
*
1]

se

in which
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bp = width of pier projected on a plane normal to the undisturbed
flow (ft), and

K = a coefficient of pier shape, reccmmended as 1.0 for cylindrical
piers and 1.4 for rectangular piers.

The first equation for dse* is more conservative, and the second
agrees better with the available data.

Whenever dunes are expected to pass through the scour hole, Shen
suggests that half the expected dune height be added to dse* for
estimations of scour depths. Dune heights, however, are usually small
compared to scour depths, and may usually be neglected unless data are
available for the design site.

When piers or pier bents are not aligned with the flow, Laursen
and Toch (51) predict a larger scour depth than for piers aligned with
the flow. Figure 15 provides a correction coefficient, Kal’ to be
multiplied by the equilibrium scour depth for piers aligned with the

flow.

Lateral Extent of Scour

Estimates of the lateral extent of possible scour at abutments
and piers are required for the design of widths of horizontal aprons
or riprap mats around the structures. Laursen (47) suggests a width
of 2.75 dSe for abutments and piers. This value is measured horizon-
tally from the face or toe of the pier or abutment, and is recommended
as a minimum value.

Field (23) participated in the research and recommends the use
of Figure 14, obtained from this research, for determining the lateral
extent of scour at abutments. The distance, =z, along either face cf

the abutment defines the conical scour hole boundary, and dSe is the



33

equilibrium scour depth obtained from Figure 13. Note that the value

of z along the upstream face for an angle, 6, of 90 degrees and an
angle of repose of 21° 31' becomes identical to Laursen's value of

z = 2.75 dse' The principal advantage of Field's figure is its estimate

of lateral extent for skewed abutments.
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Chapter III
PROPOSED DESIGN PROCEDURES

This chapter presents a step-by-step outline of design principles
based on the derivations in Chapter II and from this research and the
design recommendations summarized from the literature. Laboratory
verification of the procedures are presented in Chapter IV, and an
example of the design of protection for a prototype bridge is presented
in Chapter V.

The presented design steps use the backwater and scour predicted
from the literature. The results of this research included in the steps
are the derivation of the vena contracta design velocity, the velocities
along the upstream slopes of the approach embankments, the amount of
riprap wrap-around for spill-through abutments, the terminal points for
riprap placement on the side slopes of approach embankments, the length
along the side slopes requiring buried toe protection, and the riprap
sizing and gradation designs computed from the design bed velocities.

Stablization techniques are presented for bridge crossings
assuming that the following quantities are given:

(1) the desired crossing with design discharge, Q;

(2) normal flow stage for the design discharge;

(3) the distribution of the design discharge across the uncon-
stricted channel;

(4) the abutment type (Figure 2);

(5) the geometric properties (Figure 3); and

(6) the availability of riprap for protection.

The result of applying the design technique is the required riprap size

and gradation. If only one size and gradation is available, the crossing
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variables must be modified until the computed and actual riprap

parameters match.

1. Computed Parameters

Several values will be needed in the design, and they should be
computed before proceeding.

a) An2 - This is the flow area in the contraction beneath the
unconstricted flood stage, and it may be planimetered from a cross-
section of the bridge site, or it may be computed as the area of an
equivalent trapezoid (Figure 2c) for spill-through abutments, or as an
equivalent rectangle for vertical wall or wing-wall abutments. For
skewed crossings, the area is computed as the area projected on a plane
normal to the flow direction. For designs allowing scour, the expected
scour area is included in An2 and is checked in steps 5a through 5c.
Steps 1 through 5¢ are repeated for scoured designs until estimated and
computed values of scour agree.

b) ﬁ%z - This is the average depth in the constriction measured
below the unconstricted flood stage (Figure 2c).

c) Qb - For wing-wall or vertical wall abutments, Qb is the
unconstricted flow confined to the opening width, b, shown in Figure
2d. For spill-through abutments, the value of B = Anzfﬁﬁz is used in
determining Qb. For skewed crossings, Qb is determined from the
average width of the opening projected on a normal to the flow direc-
tion (Figure 3h).

d) M - Compute the bridge opening ratio, M, as Qb/Q, or as
Kb/K if the conveyances of the sections for the unconstricted flow are

known.
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e) A =A . =A , - All of these are the cross-sectional flow
n nl n4
area in the unconstricted channel flowing at the design discharge, and
they may be planimetered from a survey of the channel cross-section.
f) Vn E an = Vn4 - All are the average velocity in the

unconstricted channel flowing at design discharge. The equation is
V., = Q/An :
g) Vn2 - This is the average velocity in the constriction, or

Vn2 - Q/AnZ :
h) h2C - This is the average critical depth in the constriction
for the design discharge. For an equivalent rectangle
2

_ Q- 1/3 .,
e ® 9
g b,

where br is the width of the rectangle. For an equivalent triangle

2
_ 2Q°,1/5
h2c = ( 2 ’
gm

where m 1is the triangle side-slope rise for a unit run. For an

equivalent trapezoid

b 1/5
( + 2m)
h = .Qi Eg.c_.__. e
2c 2 b E]
r 3
(h + m)
2¢

where br is the base width of the trapezoid. This last equation
requires a trial and error solution, and a trial value of brfhzc = 2

usually produces convergence after a few iterations. Each iteration
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is made by replacing h2C in the right side of the equation with the
value computed from the last iteration.
i) VZC - This is the critical velocity in the constriction for

design discharge, computed from
V2c B Q/A2c i

where AZC is the equivalent rectangular, triangular, or trapezoidal

flow area below h2c‘ Combinations of equivalent shapes may be treated
by solving the equation Q2 B=g Acs, where Ac is the flow area for
critical conditions.

i) hlc = h4C = hnc - All of these are the critical depth in the
unconstricted channel flowing at design discharge. The equations in
step 2h may be used if equivalent channel shapes exist.

k) A, = This is the unconstricted velocity correction coefficient
at the section of maximum backwater. If the discharge and average
velocity in each of p subsections (flood plains and low flow channel)
are known, then

2
.E Q;Vy
a2

“In 2

nl

QV

2. Backwater

a) Method - Select a suitable method for determining the backwater
that will be produced by the crossing. Reference 14 is recommended for
this step, and has been summarized in Appendix B.

b) hl* and Ah - Compute the backwater, h.*, and the total drop

1
through the abutments, Ah, by the chosen method. The determination of
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backwater should assume a non-scoured condition in the gap unless it

is known that the flood gradually rises to its peak with sufficient

time for gradual scour, or if the bed material in the gap is to be
removed during construction. The flow classification in accordance with
Figure 1 may be determined, after finding A4h, by computing

h, =h + h,* - Ah + S L where L
o1l-

3 n 1 3 is obtained from Figure B.13

1-3
in Appendix B.

c) Waves - If wind waves are anticipated during the design flood,
estimate the wind velocity, Vw’ fetch length and width, F and WF’
and compute the significant wave height from

v 2

" 3 2.0.435
H= ——3.23 x 107 (g F/V, %) ,

where

!
F.o= 1,12 #8423
e F

d) Freeboard - Verify that the proposed embankment height equals
or exceeds the sum of normal stage at design discharge, backwater, h;*,
and wave height, H. Allow a safety factor between 1 and 3 feet as
desired. The Wyoming Highway Commission (82) suggests a height of
protection extending three feet above the maximum backwater for spill-

through abutments.

3. Design Velocity

a) a - Compute or estimate a value of the velocity head
correction coefficient at the point of maximum backwater. The value
obtained for unconstricted flow at design discharge (step 1lk) may be

used as an estimate. For flow in wide channels the coefficient is close
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to unity. For the overbank case, the velocity variation significantly

increases the coefficient.
If the distribution of flow between the flood plains and the low-

flow channel can be determined, an estimate of a, may be obtained

1

from P

AN

i=1

2
Qv

2
o, =

where Qi and Vi are the discharge and velocity in each subsection,

and
Vp= WA

where Al is defined as the area, including backwater, at the upstream

section of maximum backwater.

c) Vd - Compute the design velocity

7
Vd =% Vl + 2 ghh

This value should be multiplied by a value of 1.2 to allow for turbulent

fluctuations of the velocity and to provide a design bed velocity, or

= 1.5(0.8 V,) = 1.2V

Vb design d

4., Toe Protection

a) Shear Ratio - If the abutments are constructed on a rigid bed,
proceed to step 4h. For alluvial beds, the toe of the abutment will
require protection from undermining, and the design velocity for the
non-scour case should be used if the flood rapidly rises to its peak.

For designs allowing scour of the bed material, the scour is first
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estimated prior to step 1. The backwater and upstream depth (including
backwater) are then computed for the scoured opening from steps la
through 2b. Steps 4b, 4c, and Figure 14 provide computed values for
the depth and extent of the scour caused by the flow. This procedurs
would need to be repeated until the estimated scour and computed scour
had the same value at the beginning and end of the trial. A similar
process would be required for scour at piers, utilizing steps 1 through
3a, 9a, and 9c.

Regardless of the form chosen for protection (riprap, sheet piles,
etc.) an estimate of the equilibrium depth of scour is required. Using
the bed material mean particle diameter, DS , and the velocity, Vl,

from step 3a provide values for the solution of

2
1
o V1

¢ 120 p #/3 %3 7
s 1

T

where hl is the flow depth including backwater directly upstream cof
the abutment.

b) Effective Length of Approach Embankment - The effective length,
L., of the approach embankment is the roadway approach length for

vertical wall or wing-wall abutments. For spill-through abutments,

where L 1is the roadway approach length, b' is the top-width between
the abutments, and the value of b was found in step le.

c) Scour Depth - Compute the ratio, Le/hl, and obtain a value

of dSe from Figure 13. This depth may be increased by half the
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expected dune height for sediment transporting flow, or by a factor
of safety for clear water scour. In either case, a minimum total of
five feet is suggested (68).

d) Sheet Piles - If sheet piles are used to protect the abutment
toe, they must be driven at least to the depth determined in step 4c,
and must act as retaining walls after scour has removed the bed material.
Additional driving depth may be needed to provide this support.

e) Riprap Depth - If riprap is to be buried along a slope for toe
protection, it must extend at least to the depth determined in step 4c,
and should be placed on a slope less than the submerged angle of repose
of the riprap. Wyoming practice employs a depth to competent rock or
three feet below the expected scour depth, whichever occurs first (82).
Wire-enclosed riprap may be placed at any angle less than the angle of
repose of the baskets. This angle can be approximated by the angle for
riprap having the same size as the baskets.

f) Alluvial Bed Riprap - Horizontal aprons dumped at bed level
are not recommended in cases where scour may occur, unless the whole
bed between the abutments is to be protected.

If bed-level aprons are used, sufficient material should be dumped
to allow the apron to fall into the scour hole as it develops. The
length of protection extending from the toe should equal or exceed
dse/sin¢, where ¢ 1is the submerged angle of repose of the riprap.

g) Riprap Thickness - Various investigators suggest values for
the thickness of riprap protection that are equal to the maximum stone
size (68), 1.5 to 2.0 times the maximum diameter (15), or 3.0 times the
maximum diameter (30). If the gradation of the riprap can be maintained

during placement, thicknesses from 1.5 to 2.0 times the maximum
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diameter are recommended. Values between 2.0 and 3.0 are suggested
when dumping or mishandling produces possible segregation of the
particles. For horizontal aprons which are dumped at bed level and

are expected to slough into the scour hole as it develops, the thickness
determined above should be increased by a factor of 1.5.

h) Rigid-Bed Riprap - If the abutments are constructed on a rigid
bed, or if the bed material cannot be excavated, the toe should be
protected with a horizontal apron of riprap extending a minimum distance
of 6 feet (68) from the abutment toe. The thickness of the layer may
be determined as 1.5 times the value obtained from step 4g, with a
minimum of 3 feet.

i) Riprap dm - If riprap is to be used for toe protection, the
dm and d85 sizes can be determined from steps 5b through 5h. Any
riprap having these two values should be stable from lift and drag forces
as discussed in Chapter II. The design bed velocity, Vb’ for the toe
protection was determined in step 3b, and the value of D for step
S5e may be taken as Hﬁz for subcritical flow in the constriction, oz

h2C (step 1h) for critical flow.

5. Riprap Sizing

a) General - This step is used to compute the dm and d85
sizes mentioned in step 4i. The procedures in this section are also
recalled in later steps to find dm and d85 sizes for other zones
requiring protection.

The following steps are based on the assumption that riprap is to
be used for protection. If wire-enclosed riprap is to be used, the

size and gradation computed in these steps will not be required. The

requirements for wire-enclosed riprap are that the baskets are thick
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enough and contain riprap particles of sufficient size to prevent
pumping of the embankment material through the riprap voids. These
considerations are only mentioned herein, and other reports (15, 77)
are suggested for more thorough discussions.

Wire-enclosed rock protection is not recommended in designs where
corrosion from alkali or abrasion from coarse-gravel bed loads may
occur. Costs of hand placing the baskets should also be considered
when end-dumping of riprap may prove more economical, especially for
submerged zones requiring protection. A combination of dumped riprap
at low points of abutments and smaller, wire-enclosed riprap at higher
points may prove to be economical for these troublesome areas.

b) Trial dm - Having selected a design bed velocity, Vb’ and
after applying the appropriate factor of safety, choose a trial value
of dm from available riprap or from the design curve in Figure 8, and
select an angle of repose from Figure 9.

¢) Stability Coefficient - Compute the value of the particle
stability coefficient, n, from one of the following equations:

Beds:

1.146[ys - Yf)tan ¢

n = 7
Vb (1 + 0.85 teng)

Banks of straight reaches:

Banks of spill-through abutments in the constriction:

- 2 . . . 1/2
K, = [K2 + 1.74 vV n(Ys Yf) sina 51nxl] s
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where tank1 = 2h,/W sina, and hA = hn' Appendix C presents
computational aids for solutions of n .
d) Particle Reynolds Number - Compute the riprap particle Reynolds

number from the relationship

Rp = Vb dm/u ,

and determine if the chosen riprap falls in the stable region of Figure
7. If instability is indicated, select a larger value for dm’ and
repeat steps 5c and 5d. If the riprap falls well within the stable
region of Figure 7, a smaller value for dm may be selected, providing
that the 1lift forces in the following steps are not too great.

e) Flow Reynolds Number - Compute the flow Reynolds number from
R= V, D/v ,

where D 1is the predicted depth of flow at the bed of the zone being

protected.

f) d85 Size - Compute the d75 size (in.) of the riprap from

the relationship

1/6
475

=1.04 d L 3
m

and plot the dm and d75 sizes on semi-log paper which has riprap
size as the logarithmic ordinate, and values from zero to one hundred
on the rectangular abscissa. The d85 size may be estimated from a
straight-line extrapolation of a line connecting the two plotted points,
where the d50 size is approximated by the value of dm'

g) Lift Force Factor 1/y - Compute the 1lift force factor, 1/vy ,

from
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2
1. % 28 Juss
v (Ss -l)g dSO Ps dm

h) Lift Stability - Using the flow Reynolds number from step 5e
and the lift force factor from step 5g, determine if the riprap is
stable from 1ift forces from Figure 10. If instability is indicated,
repeat steps 5c through S5h with a larger value of dm. If extreme
stability is indicated, the d size may be increased to provide a

85
better riprap gradation.

6. Abutment Spill-Slope Protection

a) Riprap dm - The spill-slopes of spill-through abutments can
be protected with riprap by using the design bed velocity from step
3b and the relationships for slopes of spill-through abutments in steps
5b through 5h. The value for D in step 5e should be the same as
computed in step 4i, and the side slope angle, o, should be less than
the angle of repose of the riprap.

b) Riprap Thickness - The thickness of the nose protection on
spill-through abutments is determined from step 4g. If desired, the
thickness can be increased at the points of greatest scour potential.

c) Riprap Extent - The riprap size obtained in step 6a can be
placed on all the slopes of the spill-through abutment or limited to the
nose if a sufficient quantity of the riprap is not available for the
sides. Steps 7 and 8 provide values for the smaller riprap sizes
required on the side slopes.

Turbulent eddies from the wake of separation require placement
of the large riprap around the downstream shoulder at least to the

tangent with the embankment side slope (point G in Figure 5). Extreme
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velocities and plunging flow produce the same requirement for the
upstream shoulder (Point E in Figure 5).

One estimate of the distance requiring protection along the upstream
side slope of spill-through embankments is obtained (82) from the

rational equation

|
]

[1 - (v /V)] L*

where

L = the length (ft) requiring the protection, measured from the
beginning of curvature on the upstream side slope of the spill-through
abutment ,

Vn = the average flood velocity (fps) in the unconstricted channel
(step 1f),

V2 = the constricted flood velocity (fps), and

L* = the distance to the point of maximum backwater (ft) obtained
in step 2b.

Another estimate for L, obtained from the research, is presented
in step 8.

d) Filter Layer - Filter layers may not be required when the
riprap is well-graded with a minimum size equal to the size of the
embankment material, or when the riprap is dumped, causing the smaller
material to settle against the slope. When filters are required, filter
cloth, graded gravel, or some other suitable material may be used. The

recommended Terzaghi-Vicksburg (T-V) specifications (60) for graded-

gravel riprap are
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dlSCFilter}
dSS(Base}

and

dlS(Filter)

de B < 20 ,
dlS(Base)

and

dso(Fllter)

e 25 .,
dSO(Base)

The thickness of the filter layer may be determined from step 4g.

7. Downstream Side Slope Protection

a) dm - If the riprap size determined in step 6a is not plentiful,
a smaller size may be used on the side slopes of the embankments. The
riprap must be of sufficient size to withstand expected wave forces,

and the weight of the dn size is estimated from

YH3
s
ws - 3 ’
3.2[8S - 1) cota
where

WS = weight of stone (1b) required for stability,
H = wave height (ft) from step 2c,

Ss = specific gravity of the riprap, and

o = side slope angle with the horizontal.

b) Turbulent Waves - If wind-generated waves are not anticipated,
the waves from the turbulent mixing downstream of the crossing will
determine the required size of riprap if an estimate of the wave height

is available.



48

c) Extent - The riprap on the downstream slope should be placed
to a height equal to the anticipated downstream depth plus the wave
height. Downstream depths are generally less than normal stage, and the
use of hn would provide a conservative estimate. Figure 14, and the
value of dse from step 4e, will produce an estimate of the length
along the abutment toe requiring buried protection.

d) Filter Layer - The filter layer for the downstream embankment

slope may be determined from step 6d.

8. Upstream Side Slope Protection

a) General < Upstream side slopes of embankments may be protected
with riprap designed for wave and drag forces. The size computed in
step 7a should be considered a minimum size, and the stability from
drag and lift forces may be checked as follows:

b) Velocities - For skewed crossings, expected velocities are
obtained from Figure 4 and should be increased by 50 to 100 percent for
design. For normal crossings, the experimental curves of Figure 35 are
suggested for values of x/L greater than the value at the intersection
of the experimental and theoretical curves. The experimental curves
indicate that the parameter VM'an becomes zero at a value of x/L
close to 0.3. Stagnation (defined by V = 0.0) did occur at this point
for the model embankments, but other investigators (10, 36) report that
stagnation in prototype crossings occurs at a value of x = 0.0. For
this reason, the theoretical values should be used for values of x/L
less than the intersection value. These curves produce stagnation at
a value of x/L = 0.0.

c) Riprap dm - After obtaining desigp velocities along the

upstream slope, the required riprap size and gradation at any point are
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found from steps 5b through 5h. The riprap size determined for waves
in step 7a must be used if the size required for drag stability is
smaller.

A riprap size that is stable at any point along the upstream slope
could be placed along the slope to the point where x = 0. One required
size may be determined at a single point (e.g., x/L = 0.8), and this
size may be placed from that point to the point defined by x = 0.0.

If desired, a third riprap size could be placed from some other point
(e.g., x/L = 0.4) to the point defined by x = 0.0. This procedure
would result in a small riprap size from x = 0.0 to x/L = 0.4, a
larger size from x/L = 0.4 to x/L = 0.8, and the largest size (step
6a) from x/L = 0.8 around to the downstream slope of the embankment.

If different sizes of riprap are to be used along the upstream
slope, each must be larger than the size required for anticipated wave
action, and the large riprap from step 6a should always extend at least
to the beginning of curvature (point E in Figure 5), or to the distance
L from step 6c.

If wave action is not anticipated on the upstream embankment side
slope, the riprap placement can be terminated at a point where the
actual velocity equals the critical erosive velocity for the embank-
ment core material. This point is defined by the distance, x, from
Figure 35 at which the velocity, V, is equal to the velocity which
causes movement of the embankment material. To obtain this value of
x, the critical design velocity for movement of the embankment core
material is found and substituted for V in Figure 35. The critical

velocity can be found by selecting a trial value for V, and by using

b

the known dm size and angle of repose of the embankment core material
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to obtain values of the stability coefficient, n, and the particle
Reynolds number, Rp. If these parameters plot as a point in the stable
region of Figure 7, then the critical bed velocity, Vb’ is accepted or
can be increased to shift the point closer to the design curve. If
instability is indicated, the trial velocity is too large and must be
decreased. An initial trial velocity can be obtained from the design
curve of Figure 8.

After obtaining a bed velocity with values of n and Rp which
plot near the design curve in Figure 7, the bed velocity should be
increased to a depth-averaged velocity by dividing by 0.8. Turbulent
fluctuations and safety require a reduction of the design velocity
obtained by dividing by 1.5. This process results in the maximum safe
velocity, V, for use in Figure 35. Riprap placement can be terminatad
at the resulting value of x because the embankment core material will
safely withstand the smaller velocities between this point and the
point at which x = 0.0.

This result of the research indicates a considerable saving in the
initial cost of protection for a structure which would previously be
protected to a value of L (step 6c) greater than determined by this
new method.

d) Toe Protection - The toe along the upstream slopes of embank-
ments is vulnerable to scour, especially in cases of embankments which
are skewed downstream (Figure 14).

During the construction of an embankment, the flood plain along the
upstream slope is sometimes cleared to facilitate equipment. This
practice leaves a low-resistance channel along the embankment toe,

creating greater scour hazards from increased velccities. If this
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condition cannot be avoided, the toe of the embankment should be
protected with buried riprap.

e) Riprap Size and Extent - The riprap size determined in step
8c should be placed to the height determined in step 2d. Buried rip-
rap is to begin at a point determined from Figure 14, using the value
of dse determined in step 5¢. The depth of buried riprap should vary
from the bed level at this point to the depth, dse’ at the point of
maximum scour.

f) Filter Layer - The particle size and thickness of the filter
layer for the upstream slopes are determined from step 6d.

g) Spur Dikes - If spur dikes are used to reduce scour at the
abutment, the dikes should be protected as if they were abutments.
References 14, 27, and 37 present discussions of the need for spur
dikes and the optimum size and shape required. Reference 2 provides

an estimate of the anticipated scour at spur dikes, and the extent

of riprap protection is discussed in reference 38.

9. Pier Protection

a) Scour Depth - For piers at relicf bridges or on the flood

plains, compute the clear-water scour depth from the relationship

d_ = 0.00073 § °-619
5

where

2aV

The mean velocity of the undistrubed flow, Vl, was found in step 3a,
and the radius or half-width of the pier is known from structural

requirements.
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For piers at locations which are exposed to sediment transporting

flow, compute the scour depth from the equation

d * = 1.42 K bp0'75

Values of 1.0 for cylindrical piers and 1.4 for rectangular piers may
be substituted for K. Half the expected dune height should be added
to dse* for design.

b) Pier Alignment - Minimum scour occurs for piers which are
aligned with the flow direction. Cylindrical piers eliminate alignment
problems, but structural requirements frequently call for 'Hammer Head"
piers or pier bents composed of multiple columns or piles. If the
piers are not aligned with the flow direction, the depth of scour
obtained in step 9a should be multiplied by the value of K1 obtained
from Figure 15.

c) Extent of Protection - If piers are not founded on competent
rock or below the possible scour depth, the footings may be lost during
a flood. Footings or piles which are designed from soil strength and
structural considerations should be placed at or below the expected
scour depth. Buried riprap protection could be placed around the piers,

and an estimate of the extent of the riprap may be obtained from step

4f,

10. Protection of Special Cases

a) Flood Plains - If the flood plains between the abutments at a
setback crossing (Figure 3e) are to be maintained for livestock passage
beneath the superstructure, protection may be placed at bed level on
the flood plains and on the low-flow channel side slopes. Livestock

are reluctant to cross loose riprap, and a soil cover or concrete or
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grouted riprap path may be required. It may be more economical to
bury the horizontal layer of riprap beneath a foot or more of earth,
and replace the soil cover after each flood. The size of the riprap
is determined from step 4i for flood plains and from steps 5b through
Sh for the low-flow channel sides. The thickness of the riprap layer
is determined from step 4g.

The horizontal extent of flood plain protection will be determined
by the degree of setback and other factors. Figure B.13 in Appendix B
could be used as an estimate of the upstream distance requiring pro-
tection. The dashed line encloses the region of flow acceleration, and
velocities are small at other upstream points.

Downstream protection is difficult to evaluate. If the protection
is placed for a short distance downstream and then terminated, the
extreme roughness difference between the protected zone and the un-
protected zone may produce vertical scour at the terminus of the pro-
tection. Undermining could eventually cause the loss of the livestock
plains. Smooth transitions between the riprap and the flood plain
material, or buried riprap or sheet piles might be used to alleviate
this problem.

b) Eccentric Crossings - Backwater and protection for eccentric
bridge crossings (Figure 3d) may be determined by treating each abutment
as half of an equivalent non-eccentric crossing. The equivalent cross-
ing would consist of each abutment and its mirror image reflected from
the center of the flow distribution.

An estimate of the backwater for eccentric crossings may also be
obtained by applying an empirically determined correction coefficient
to the backwater for non-eccentric crossings. This procedure is pre-

sented in Appendix B.
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Chapter IV
LABORATORY VERIFICATION OF DESIGN PROCEDURE

Laboratory investigations of the validity of the design procedures
developed in Chapter II and presented in Chapter III were conducted in
the engineering research facility at Colorado State University. The
research included studies of spill-through bridge abutments protected
with riprapped spill-slopes and side-slopes. The design of the riprap
was tested for all the model abutments, and velocity and depth data
were collected for several of the abutments.

The facilities, test program, data reduction, data analysis and the

verification of design are presented in this chapter.

Facilities

Two laboratory flumes were used for the tests of spill-through
abutment models with riprap-protected slopes. Smaller models were
tested in the 6-foot wide by 64-foot long horizontal recirculating flume,
and larger models were constructed in the 20-foot wide by 180-foot long
outdoor flume. The flumes were capable of discharges of 10 and 100 cfs,
respectively, and the outdoor flume was equipped with a 30-foot long
recessed section which was filled with 5 feet of river sand having a
medium fall diameter of 0.47 mm. Models constructed on the sand bed in
the outdoor flume were used to investigate the bed scour characteristics
and abutment riprap stability of bridge crossings constructed on alluvial
beds. Most of the models were constructed on rigid beds because of
the assumption that flood waves rapidly rise to a crest with little or

no time for bed scour.
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Models

Table 1, with reference to Figure 16, describes the models tested
in the two flumes. The models were constructed with a core of river
sand protected by rock riprap having a thickness, t, equal to twice
the maximum stone size. The first three models were constructed on a
sand bed, and all the rest were built on plywood or broken-concrete
beds.

Wide channel (W.C.) models were constructed in both rectangular
flumes, with skewed and normal spill-through abutments constructed on
sand and plywood beds.

By assuming that the flow through a normal bridge crossing is
symmetrical about the flow centerline, only half the channel and one
abutment would need to be studied. This assumption is not valid for
skewed or eccentric crossings which are not symmetrical with respect
to the flow centerline. Symmetry was assumed for all the tests in the
6-foot wide flume, and the model abutments were constructed from one
flume wall only. This assumption places the flow centerline along one
wall and produces an effective width of 12 feet for the 6-foot wide
flume. Three of the tests in the outdoor flume assumed flow symmetry,
and the other four tests employed abutments from both walls of the flume,
reducing the widths in Table 1 to 20 feet.

All the overbank (0.B.) models were constructed perpendicular to
the flow direction. The small values of width-to-depth ratios that
would be produced by two abutments prevented the construction of skewed
abutment models from both walls of the 6-foot wide flume.

The low-flow channel and flood plain shown in Figure 16b were

constructed of plywood, and the flood plain was raised 0.25 feet above
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Summary of Model Geometry Values for
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Spill-through Abutments (see Figure 16)

Model Channel B h W L T a B dp dsg t
No. Type (ft) (ft) (ft) (ft) (ft) deg (in) (in) (in)

1 W.C. 20 1.5 1.0 4.25 3.02:1 90 2.50 - 2.50

2 200 1.5 1.0 4.25 3.0 90 1.25 1.20 3.00

3 40% 3.2 2.0 8.68 6.4 90 1.25 1.20 3.00

4 40® 3.2 2.0 8.68 6.4 90 1.25 1.20 3.00

5 40* 3.0 2.0 10.1 6.0 120 1.25 1.20 3.00

6 vV 20 2.0 1.0 6.40 4.0 60  .405 .311 2.00

6A W.C. 20 2.0 1.0 6.40 4.0 2:1 120 .405 .311 2.00

1 0B, 12 1.0 1.0 1.50 2.0 2:1 90 .238 .230 1.00

2P 1.50 }

3P 2.25

4P

Sd J" \ N

6 1.0 1.0 2.25 2.0 1.00

7 0.5 0.5 3.25 1.0 0.75

: Lol

8 v v W \Lf J,

9 0.5 0.5 3.25 1.0 .238 .230 0.75
10 1.0 1.5 2.50 .519 ,517 1.25
11 2.50
12 2.50
13 2.75
14 \L .519 .517
15 .238  .230
16 %95 .238  .230
17 3.00 .519 .517
18 .519 .517
19 .553" .548
19A 5537 .548 |
20 .5537 .548 1.25
21 v vV v v v N J 705 .698 2.00
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Table 1. Summary of Model Geometry Values for Spill-through
Abutments (see Figure 16) (Continued)

Model Channel B h W L T a @ dy dsgp ¢t
No. Type (ft) (ft) (ft) (ft) (ft) deg (in) (in) (in)
22 3.00 .705  .698 2.00
23 2.00 519 .517 1.25
24 l JI
24A U
25 2.00 Mo .517 1.25
26 0.00 .238  .230 0.75
26A
27
28d i ‘ba v v \L v v v
29¢  0.8. 12* 1.0 1.5 0.00 2.0 2:1 90 .238 .230 0.75

1 w.c. 12 1.0 1.0 1.5 2.0 2:1 90 2.50 =
2 0.75  .705 ¢
3 0.19  .180 ¢
3A c
P 0.75
aAP

4B: | ¢

45 Vv VooV J ) v ‘L 0.19  .180 0.75
5 w.c. 12° 1.0 1.0 1.5 2.0 2:1 90 0.75  .705 2.00

%These models were constructed from one wall only, doubling the effective
flume width by assuming symmetry.

bThese models were constructed with a roughened plate beneath the models.
“The riprap extended to the flume floor with no sand core.
dThe flood plain and low flow channel sides for models S through 29 were

coated with the d50 = 0.230 inch riprap.
T

The riprap was extremely rounded.
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the bed of the low-flow channel. The assumed symmetry of flow produces
a low-flow channel 2.0 feet wide from bank to bank.

Side slopes in the low-flow channel and on the abutments were
2H:1V, producing an angle, o, of 26° 34",

Lengths of the overbank models were varied to investigate the
effects of setback shown in Figure 3e. The case in Figure 3f was pro-
duced in Models 17 through 22.

Widths of embankments in the direction of flow were also varied to
investigate the effect of this variable on the flow field and stability
of the embankment material. |

Mean riprap sizes for the model spill-through abutments ranged from
0.19 to 2.50 inches in diameter. Sieve analyses of samples of each class

were taken to obtain the dm values.

Testing Procedure

In order to evaluate the validity of the design procedures in
Chapter III, all the mcdel embankments in Table 1 were tested to failure.

Incremental increases in the discharge were applied until the
beginning of visual losses of embankment material. After determining
if the losses were continuous or intermittent, the discharge was again
increased by small increments until continual failure of the embankment
material occurred,

Testing to failure was accomplished in the outdoor flume with
repeated increases of the discharge. The upstream water surface and
velocity distribution were smoothed with a series of floating baffles
and hardware-cloth screens, and the discharge was measured with a
rectangular 24 by 36 inch orifice in the supply line. The orifice was

calibrated in January, 1969,
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Testing to failure in the 6-foot wide flume was accomplished with
control of the depth downstream of the model. The discharge was in-
creased to a point close to failure conditions, and the tailwater was
adjusted to a pre-determined value by the addition or release of water
in the recirculating flume. This process allowed measurements of velocity
and depth data for different values of tailwater with all other variables
being held constant. Additional increments of discharge were then
applied until failure occurred. The depths upstream and downstream of
the model were recorded for each increment of discharge, providing a
record of the depth field during failure conditions. An 11 by 14 inch
orifice in the supply line for this flume was used for discharge mea-
surements. The orifice was calibrated in May, 1969.

Depths in the 6-foot wide flume for the overbank tests were controlled
in order to approximate prototype design floods with a return period
between 50 and 100 years. Flood plain depths of flow equal to approximate-
ly twice the depth above the low-flow channel bed were observed from

available prototype crossings, and this ratio was applied in the tests.

Velocity Data

In order to describe and evaluate the flow properties in the
vicinity of spill-through bridge abutments, velocity and depth data were
taken at constant discharge for several of the models listed in Table 1.
The discharge used for data collection was slightly less than the failure
discharge for each model.

Vertical distributions of velocity were recorded at various points
in the flow field with a Prandtl pitot tube. The pressure differences
from the static and stagnation holes in the pitot tube were converted to

velocity values using a pitot calibration obtained earlier in the
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investigation. A differential pressure transducer and strip-chart
recorder provided time-averaged values of the velocity at each depth
of the vertical profile. Depth-integrated averages at each vertical
provided a mean velocity through the depth.

Average velocities through the depth were obtained for points
upstream and downstream of the constrictions, and for points directly
in the flow area between the abutments. Figures 17 and 18 are typical
drawings of the velocity measurements taken, and similar data plots for

the other models are available on request.

Degth Data

Depth data were taken in both flumes at various points of a square
grid superimposed on the flow field. For the outdoor flume, a two by
two foot grid was used with smaller subdivisions in the region of
rapidly changing depth. A one by one foot grid was used for the 6-foot
wide fiume with the overbank models.

Traversing point gauges with a measuring accuracy of 0.001 ft
were referenced to the mean flume bed at each point in the grid and were
used for flow depth and bed scour measurements.

Water surface contour maps were drawn from the depth measurements
to provide a visual interpretation of the flow. Figures 19 and 20 are
typical drawings of the patterns noted.

Characteristics common to all the model embankments included the
steep water surface gradients at the nose, the standing surface waves in
the contraction, the flow separation at the abutment, and contracting
jet downstream, and the turbulent wake and stagnation zones bordering

the expanding jet.
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Photographic Data

To provide a visual record of the model abutment failures, still
photographs of the flow and scoured abutments were taken at different
discharge values during the failure of each abutment. These photographs
were later used for qualitative interpretation of critical scour zones
and extent of scour at various discharge values.

Figures 21 through 28 depict a typical sequence of photographs
taken during the failure of one of the wide-channel models listed in
Table 1. The first photograph is a view looking downstream in the
20-foot wide flume showing the headbox, instrument carriage, and the
series of floating baffles. Figures 22 and 23 illustrate the water
surface characteristics at a discharge of 11.1 cfs. Some scour and
deposition of the left abutment material due to the discharge of 11.1 cfs
can be seen in Figure 24. Figure 25 reveals the failed form after pass-
ing a discharge of 12.7 cfs. The scoured material was for the most part
deposited on the abutment slope in the separation wake.

Scour on the right abutment in Figure 24 was minor at the discharge
of 12.7 cfs. In order to facilitate failure of this abutment, the down-
stream abutment was protected with a larger riprap size. Figures 26
through 28 reveal the scour stages for the upstream abutment after the
downstream abutment had been armored.

Figures 29 through 34 illustrate a typical series of photographs
taken during the testing of an overbank model. In this case the
abutment was set back from the bank of the low-flow channel shown on the
right in Figure 30. Scour of the riprap material was occurring when

both Figures 31 and 32 were taken.
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Data Analysis

The objective of the experimental program was the verification of
the proposed design procedures for model embankments. Due to the
limited number of tests for which velocity and depth data were collected,
experimental relationships among the many possible variables could not
be derived. Future research and additional analyses of the data from
this research are necessary to provide these relationships.

Sufficient velocity and depth data at discharges less than the
failure discharge were collected for comparison with the theoretical
design velocity, Vd, given in the last chapter, and with the theoretical
backwater, hl*, and water surface drop, Ah, computed from reference 14.
Verification of the riprap design was based on the assumption that the
theoretical design velocities and backwater were correct at failure

conditions.

Backwater and Design Velocities

The backwater, hl*’ and the total water surface drop, Ah, through
the constriction were computed using the methods in Chapter III for each
of the models for which velocity and depth data were taken. Comparisons
of measured values with theoretical values are shown in Table 2.
Verification of the methods in reference 14 are presented therein, and
Table 2 is intended only as a comparison of measured and theoretical
values. Verification of the stable design of riprap is presented in

the next section.

The velocity, Vd’ listed in Table 2 was computed from the

theoretical value of Ah and the equation

2
Vd = W/Zg&h + a1V1
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Table 2. Comparison of Measured and Theoretical Velocities
and Backwater for Spill-through Abutments

Model Chnl Maximum® Theory Max h, Theory ahm - Aht VToed Qﬂ
No. Type Recoréed Vd minus Ah Th v = Q
Velocity (fps) Min h3 (ft) m d
(fps) (ft) (%) (%)
1 W.C. 2.05b 3.01 .128 .133 -3.9 65.7 .359
2 2.57° 3.0 .145  .141 2.8 82.9 .36l
3 3.80b 4.75 .228 .335 -46.9 80.0 « 339
4 4.73b 6.57 .430 .656 -52.6 69.7 . 331
S v 5.08 4.98 .468 .366 21.8 60.8 .396
6 W.C. 3.44b 4.20 .201 .271 -34.8 81.9 .211
1 0,B: 2.44 2.74 .099 .102 -3.0 89.0 .559
2 2.80b 3.42 .143 .167 -16.8 79.5 .574
3 2.51b 3.14 .120 .146 -21.7 74.5 .455
4 3.11 3.74 .188 .209 -11.2 71.9 .480
5 2.45b 3.47 .131 .176 -34.4 65.7 .525
6 3.13 3.80 .207 212 -2.4 65.8 .547
7 2.53b 3.18 .129 .146 -13.2 79.6 .574
11 4.06 4.16 .296 .258 12.8 62.2 .475
14 4.58 4.41 .347 .293 15.6 69.8 427
19 4.04 4.50 .303 .308 o 72.2 .406
24 4.37 4.34 317 .274 14.6 7251 +B37
29 OTB. 3.50 3.73 .192 .138 28.1 86.9 .813

aAveraged through the depth.

bThese velocities are the values at the model centerline or in the
expanding jet -- vena contracta velocities were not recorded.

“The maximum depth excludes the stagnation depth.

dThe average velocity through the depth at the toe along the abutment
centerline.




64

Most of the velocity data were taken in the vicinity of the
embankment side slopes and abutment nose near the riprap surfaces. As
a result, the maximum velocities in the vena contracta were not reccrded
for all the models. However, the agreement between the measured anc
theoretical design velocities for the cases where vena contracta
velocities were measured suggests that the theoretical values of V¢
closely approximate the maximum values in the flow field.

Ratios of the toe velocity at the abutment centerline to the design
velocity are tabulated in Table 2, indicating that values approximating
the maximum velocity may occur within the constriction. The suggested
use of Vd for design of the toe and abutment protection was based on
this laboratory observation.

Values of velocity greater than the values at the centerline toe
were recorded upstream of the model centerline at the point of maximum
curvature of the toe. Studies by other investigators (53, 54) revealed
the greatest scour at this point in the flow, and these observations
indicate that the greatest amount of toe protection is required for
this region.

Computed and measured values of Ah deviate significantly for some
of the models listed in Table 2. Depth measurements for the wide channel
flow models 3, 4, and 6 were not taken far enough upstream to include
the point of maximum backwater. The water surface contours for these
models indicated an increasing water surface elevation at the farthest
upstream point for which data were taken. The measured values of ah
for the models are therefore less than the actual drop.

Model 5 was skewed from one wall of the flume only, thereby

violating the assumption of symmetry for one-sided models. The
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theoretical water surface drop was derived using the assumption of
symmetry, and this may account for the difference indicated in Table 2.
Maximum backwater was measured for the overbank flow cases listed
in Table 2, and comparisons with theoretical values of Ah are tabulated.
Deviations greater than 20 percent were found for three of the models,
and the discrepancies may be attributed to the use in horizontal flumes
of theoretical values derived from sloping flumes and river channels.
Normal stage does not exist in horizontal flumes, and recommendations
found in the literature suggest that the average depth in the upstream
portion of the constriction may be used for hn in backwater computa-
tions. The average depth above the low-flow channel across the channel
from point A in Figure 5 was substituted for hn in computing the
theoretical backwater and water surface drop for the models listed in

Table 2.

Upstream Velocities

Values of depth-averaged velocities were recorded at several points
along the upstream slopes of the embankments for all the models listed
in Table 2. Figure 35 illustrates a comparison of the measured and
theoretical upstream velocities. The solid lines are based on data from
the models listed in Table 2, and the dashed lines are reproductions of
Fields' curves from Figure 4., Insufficient data were taken for the
skewed models, and the curves in Figure 35 apply only to normal crossings.
Eccentric crossings (Figure 3d) may be treated as two non-eccentric
abutments by assuming symmetry for each side with respect to the flow
centerline.

For values of M greater than 0.20, the solid experimental curves

in Figure 35 predict larger values of upstream velocities than do the
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theoretical curves. Stagnation, or zero velocity, occurred for all

the model embankments at a value of x/L approximately equal to 0.3.
Stagnation for prototype crossings does not occur, and the solid curves
are not extended to the abscissa for this reason. Any design based on
Figure 35 should utilize the empirical curve for large values of Xx/L

and the theoretical curve for smaller values.

Riprap Stability

Stability of riprap on the spill-slopes of spill-through abutments
was investigated for both overbank and wide channel flow conditionms.
Stability in other regions of the flow was not investigated due to the
occurrence of greatest instability on sloping surfaces. Riprap that is
stable on sloping surfaces should also be stable on channel beds in the
vicinity of the slopes.

Table 3 lists the measured failure discharge and computed parameters
for all the model abutments that were tested to failure. The listed
failure discharges represent the values at which riprap particles were
being lifted from the slope and washed downstream. These values all fell
between the points of initial loose-gravel movement and continual losses.

Abutment riprap for models 1, 2, and 3 in the 20-foot outdoor flume
(Table 1), and for model 1 in the 6-foot wide flume with wide channel
flow could not be failed due to oversized riprap or from riprap slough-
ing into the scour hole downstream of the models. Abutment spill-slope
riprap failure from drag and 1lift forces occurred for all the models
listed in Table 3.

Initial riprap losses for the model abutments usually occurred on

the upstream abutment shoulder whenever the flow depth was great enough
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Model Spill-through Abutment Riprap.

Model Chnl Failure Stab Lift
No. Type Qf Coef Force
n /¢
4 W.C. 85.6 0.82 5.68 .
5 96.8 1.26 3.70 .
6 l 15.2 1.08 20.00 .
6A W.C. 10.3 1.62 13.33 .
1 0.B 7.40 3.04 6.37 .
2 4.30 3.03 7.09 .
3 3.50 2.57 8.33 .
4 2.64 2.66 9.09 .
5 3.14 2.50 8.62 .
6 3.32 1.77 12.66 .
7 1.88 2.89 7.09 .
7A 2.20 2.64 7.58 .
8 2.08 1.92 10.87 .
9 2.64 3.17 6.06 .
10 4,50 1.99 4.31 .
11 5.06 1.52 5.68 .
12 4.90 1.50 5.81 .
13 4.60 1.77 4.72 .
14 4.66 1.44 5.99 .
15 2.66 2.06 12.35 .
16 2.82 1.75 14.71 .
17 3.60 1.52 5.81 .
18 3.42 1.50 6.02 .
19 3.40 1.45 5.13 .
19A 3.54 1.46 5.02 .
20 3.72 1.26 5.85 .
21 4.48 1.57 3.56 .
22 6.16 1.11 4.90 .
23 5:88 1.68&8 5716 .
24 v 6.42 1.79 4.67 .

Ah

R A
Q. = d'm d A b
f v v Q
6.39 5.33 8.38 . 341
5:17 4.30 7.31 .408
5.14 1.11 4.61 .221
4.20 .91 3.35 .207
3.06 .49 1:23 .561
3.23 +52 sk .564
3.50 .56 .79 .453
3.65 .58 .54 .500
5.55 LD 79 .526
4.29 .69 .83 .542
3.23 .52 .44 «593
3.33 33 295 .568
3.99 .64 51 .607
2.98 .48 .67 526
4.20 1.51 1.28 .467
4.83 1.73 1.44 .468
4,88 1.75 1.39 471
4.40 1.58 1.48 .423
4.95 1.78 1.50 .429
4.25 .68 .82 .478
4.64 .74 .87 .483
4.89 1.75 1.33 .397
4.97 1.79 125 .405
4.79 1.82 1.25 .401
4.74 1.80 1.30 .396
5.11 1.95 1.37 .398
4.70 2.28 1.66 .377
5,52 2.67 2.26 w37l
4.59 1.65 1435 .539
4.38 157 1.47 .534
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Table 3. Computed Values at Failure Conditions for Model
Spill-through Abutment Riprap (Continued)

Model Chnl Failure Stab Lift sh  V, Rp(104) R(10%) M
No. Type Qf Coef Force @ @ Vddm . thA Qb

n 1/y Qe Qe = 5 = 5 )
24A 5.80 1.75 4.95 .297 4.51 1.62 1.33 .533
25 5.80 1.67 5.21 .312 4.62 1.66 1.34 .542
26 5.52 2.76 9.01 .147 3.63 .58 .74 .805
26A 6.54 2.62 9.01 .144 3.65 .58 .86 .804
27 7.44  2.53 9.09 .141 3.64 .58 .97 .804
8 | 7.78 3.057.30 .106 3.27 .52 .98 .805
29  0.B. 10.40 2.11 4.00 .174 4.05 1.46 1.32 .808
2 W.C. 12.00 3.36 2.36 .124 3.06 1.50 1.98 587
3 6.80 3.55 7.25 .104 2.74 .34 1.25 .535
3A 5.00 5.89 4.39 .062 2.14 .27 .93 551
4 5.80 4.56 5.65 .081 2.43 .30 1.07 .533
4A 6.20 4.10 6.29 .090 2.56 .32 1.14 .534
4B 6.00 4.31 5.99 .085 2.49 .31 1.11 .533
ac 6.20 4.10 6.29 .090 2.56 32 1.14 .534
5 W.c. 13.00 3.55 2.23 .115 2.98 1.46 2.08 .601
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to approach the roadway elevation and produce a small radius of
curvature of the flow around the shoulder. However, when the radius
became larger due to shallow upstream and downstream depths relative

to the embankment height, initial riprap losses occurred slightly down-
stream of the embankment centerline near the toe of the spill-slope.
Insufficient data were obtained to accurately define the parameters that
determine which mode of failure will occur. The radius of curvature,
the water surface drop through the abutments, the length of the embank-
ment in the flow direction, and other variables require further research
to accurately define this phenomenon.

The total water surface drop, Ah, through the constriction was
computed for each model in Table 3 using the methods presented in
reference 14 and Appendix B. Normal depth, hA’ was defined as the
average stage across the channel at point A in Figure 5, and the failure
discharges in Table 3 were substituted for design discharges in the
computations of Ah for each model.

Figure 36 is a reproduction of a portion of Figure 7, showing that
instability was indicated for each of the tests at failure conditions.
The particle Reynolds numbers were based on a value of V, obtained

d
from

B 2
vy —\/Zgﬂh + oV, ,

and the stability coefficient was computed from the relationship for
stability on abutment spill-slopes. Values of angle of repose for the
various sizes and shapes of riprap were obtained from Figure 9.

Two of the wide channel tests in the 6-foot wide flume produced

parameters which plotted in the stable region of Figure 36. Only a few
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riprap particles for both models had moved at the stated discharges,
and failure conditions were probably not indicated by the discharges of
12 and 13 cfs, respectively, for models 2 and 5. The suggested desizn
safety-factor produced by the use of 1.5 Vd would shift both points
into the unstable region, and a design would require a larger riprap
size for the same flow conditions.

Figure 37 is a reproduction of Figure 10 revealing that the spill-
slope riprap for the model abutments qualified as stable, relative to
the 1lift turbulence generated by the d85 size. Stability in this
figure does not imply stability in Figure 36, and a design riprap must
have parameters which fall in the stable regions of both figures.

The small values of lift force factor in Figure 37 arise from the
uniform size distribution of the model abutment riprap. The 1lift force
factor 1/¢ 1is proportional to the cube of the ratio dBS/dm’ and uni-
form gravels have small values for this ratio.

Uniform size distributions are not recommended in prototype designs.
A design resulting in stable indications from Figure 7 and 10 will be
adequate, but if the design point falls well below the curve in Figure

10, riprap uniformity is indicated, and the required d size should

85

be increased to provide a more graded riprap. Increasing the d85 size
to a point which falls in the unstable region of Figure 10 means that

the dm and smaller sizes are no longer safe from lift forces.

Summary

Verification of the design of riprap for the sloping tips of spill-
through abutments was accomplished by a 'reverse'" design consisting of

measured failure conditions and theoretical indications of instability.
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The validity of this method is based on the theoretical indication of
instability when instability did in fact occur. Another way to verify
the design method would be to compute theoretically stable riprap sizes
for the given flow and geometric conditions. Tests could then be con-
ducted to determine if the designed riprap was in fact stable at the
design discharge.

As stated earlier, effects of each possible variable for bridge
crossings were not evaluated. The design procedure includes most of the
variables in some form, and the parameters which were varied in the
experimental program appeared to incorporate satisfactorily into the
design procedure. Various values of set back, riprap angularity, flow
depth, channel type, riprap size, abutment width, skewness, and bed
scour conditions all entered the computations for stability, resulting
in the points plotted in Figure 36.

Prototype construction based on the design methods will provide the
final verification of the theory presented herein. Data from prototype
crossings enter in the computations of the water surface drop, Ah,
through the constriction, but no data were available for prototype

verification of the proposed riprap designs.



72

Chapter V
DESIGN EXAMPLE

An example of the design of stable riprap protection for a prototype
bridge crossing is presented in this chapter. The example was obtained
from reference 14, which included the backwater computations for the
crossing. Stabilization techniques based on all the steps in Chapter
IIT are presented and summarized in Figure 41 to illustrate the intended
design procedures.

Design Example (Normal Crossing with Spill-through Abutments Set Back
from the Low-Water Channel)

Given:

Design discharge = 19,500 cfs

h
n

28.0 ft above datum

S
0

2.6 ft/mi = 0.00049 ft/ft
Spill-through abutments with 2H:1V side slopes

Cross section and plan shown in Figure 38

Step 1. Computed Parameters

a) By planimeter, An2 is found to be 2,534 sq ft, assuming no

time for scour to occur.

b) From the equivalent trapezoid (Figure 38), Egz is 12.35

¢) For the spill-through abutment, the value of b is found from

t.

b = An2lﬁﬁ2 = 2,534/12.35 = 205 ft, and Qb is computed by Mannings'
equation as 12,040 cfs. This is the unconstricted design discharge
flowing in the width, b (Figure 38).

d) The opening ratio is found from M = Qb/Q = 12,040/19,500 = 0.62.
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e) The cross-sectional flow area, An, in the unconstricted
channel is planimetered from Figure 38 and found to be 5,664 sq ft.

f) The average velocity in the unconstricted channel is
Vn = Q/An = 19,500/5,664 = 3.44 fps.

g) The average velocity in the constriction is
VnZ = Q/An2 = 19,500/2,534 = 7.70 fps.

h) The critical depth in the constriction at design discharge for
the equivalent trapezoid is h2C = 6.76 ft. This value required seven
iterations of the method presented in Chapter III, using br = 190 ft!
and m = 2.0.

i) The critical average velocity in the constriction is
V2c = Q/A2c = 19,500/1,376 = 14.17 fps.

j) The critical depth in the unconstricted channel flowing at
design discharge is not required for this design because the flow is
assumed subcritical. Critical depth for the whole channel would be less
than critical depth for the constricted channel.

k) The velocity correction coefficient for the seven subsections

in Figure 38 is

I Q V.

% i
L - i=l ) 374,895 < & o

In 4 vnz 19,500(3.44)>

Step 2. Backwater

a) The methods of reference 14 are selected for backwater
computation (Appendix B).
b) Using the computed values from step 1 and assuming a non-scoured

condition, the backwater, hl*, is found to be 1.13 ft, and the total
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drop through the constriction, Ah, is 1.89 ft. Checking the flow
classification, the minimum depth above datum is h3 = hn + hl* - Ah o+

SoLl-S' From Figure B.13, using ﬂh/ﬁhZ = 1.89/12.35 = 0.153 produces
a value of 0.78 for L*/b, and L* = 0.78 x 205 = 160 ft. The embank-
ments are 70 ft wide, and the minimum depth is h3 = 28.0 + 1.13 - 1.89 +
0.00049 x (160 + 70) or 27.3 ft above datum. Critical depth in the
constriction was found to be 6.76 ft (step lh) so that critical depth
is 6.76 + 15.65 (Figure 38), or 22.41 ft above datum (Figure 38). The
flow classification is therefore subcritical.

c) Assume that waves are expected at the upstream and downstream
embankments during the flood. Assume also that the river is straigat
for a distance of 1500 ft in each direction, and that channel bends
occur at both extreme points. The fetch length, F, is therefore 1500 ft,
and the fetch width may be taken as the river width, or 745 ft. This
analysis assumes that a 40 mph, or 58.7 fps, wind will come from the

upstream direction.

/
The effective fetch length is computed as Fe =1.17 x (1500)1'3 X

(745)2/3, or 1096 ft, and the significant wave height is
2
PN -1 15 I P 32.2(1036) 10-435
32.2 58.7
or H=0.95 ft.

d) The minimum embankment height above datum is the sum hn+ a.* + H,

1
or 28.0 + 1.13 + 0.97, or 30.1 ft. The proposed roadway is at an

elevation of 30.0 ft.
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Step 3. Design Velocity

a) Using the value from step lk of O = 1.62, and computing

Al as An + hl*B, or 5,664 + 1.13 x 745, or 6506 sq ft, then

vy ® Q/Al = 19,500/6506, or V. = 3.00 fps.

1
b) The design velocity is

v, = ‘\[2[32.2)(1.89) + 1.62(3.00)°

or Vd = 11.68 fps. Multiplying this by 1.5 produces a value of 17.52 fps
for the depth-averaged design velocity, and multiplying again by 0.8

produces a design bed velocity of 14.02 fps for use in Figures 7 and 10.

Step 4. Toe Protection

a) Assuming that the bed material in the constriction has a mean
diameter of 0.8 ft, and obtaining h, = 8.6 ft by adding h;* (1.13 ft)

to the depth below normal stage at the abutment (7.5 ft), then

1
o _ (3.00) 2
Te 120(0.8)%/3(8.6)%/3
or
T 1
L W G0202
T
c
b) The average roadway approach length is 265 ft, and the effective
length is
L, = 265 + 2222205 . 977 g,

An eccentric crossing would require a value of L, for each approach.
¢) The ratio, Le/hl, is 277/8.6, or 32.2. From Figure 13, the

ratio of dse/h1 is 1.5. Solving for dse produces a value of
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1.5 x 8.6, or 12,9 ft. A value of 15 ft woudl include some allowance
for safety.

d) Sheet piles are not used for this crossing.

e) Riprap toe protection for this example is to be placed (on a
slope of 2H:1V) to a depth of 12.2 ft plus 3 ft for safety, or
to a depth of 15.0 ft below the bed.

f) Horizontal riprap layers at the abutment toe are not recommended
for this design.

g) A thickness equal to 2.0 times the maximum diameter of the
required riprap is suggested.

h) The bed material should be excavated and the riprap placed and
backfilled with the excavated material.

i) For this example, the protection for the abutment toe is to be
the same size and placed on the same slope as the riprap for the spill-
slope above the bed level. The size will be determined in step 5 for
the spill-slope and should extend from the roadway at the abutment top
because of the results of step 2. The riprap should also be placed to
the scour depth determined in step 4e. If field evidence indicates that
the low-flow channel is migrating, precautions must be taken to prevent
the channel from migrating over against one of the abutments. If migra-
tion is possible, training works will be required to either prevent
migration or allow for abutment protection after migration. If migration
is allowed, steps 1 through 5 will need to be repeated using a cross-
section which places the low-flow channel against one of the abutments.
The end result will be greater expected scour depths at the abutment,

and greater depths requiring protection. Economic considerations will
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determine if training works upstream or additional riprap protection at

the abutment is better.

Step 5. Riprap Sizing

a) The riprap dm and dSS sizes are determined here for the
spill-slope of the abutment, and any riprap with these parameters is to
be placed both above and below the bed level on the spill-slope.

b) Assume that the riprap is to be quarried and the minimum stable
size is desired. A trial value of 12 inches for dm is selected. An
angle of repose of 42 deg is obtained from Figure 9 for very angular
rock.

c) The stability coefficient for the riprap on the nose of the
spill-through abutment is 0.223. In computing this, values of hA = 8.35

ft at the abutment, h = 10 ft at the abutment, a = 26° 34", ¢ = 42° 00",

Yy = 165 1b/cu ft,

62.4 1b/cu ft, and Vb = 14,02 fps were used.

d) By substituting 1.2 x 10_5 sq ft/sec for v, the particle

Y

Reynold's number is Rp = 14.02 x 1.0/1.2 x 10'5, or 1.17 x 10°. This
value and the value of - obtained in step 5c¢ plot is a point slightly
in the unstable region of Figure 7. The riprap size must therefore
be increased.

A second trial using dm = 15 inches and ¢ = 43 deg results in
the values of Rp = 1.46 x 106 and n = 0.231. These values plot as
a point very close to the design curve in Figure 7. The riprap size
could either be increased or accepted.

e) The flow Reynolds number for the 15-inch riprap is R = 14.02 x

8.35/1.2 x 10™° = 9.76 x 10°,
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f) An estimate of the d size is obtained from d7 1/6 _

75 5
.08 4 8, op @, = 2,268 a 197, or doe = 1.265 x (153297 op
23 in. This value and the value of dm are plotted in Figure 39, and
the d85 size is estimated as 25 inches. This size must now be checked
for stability in Figure 10.
g) The 1lift force factor is computed as

1_ (14.02)° Ly (9153
v - (2.65 - 1)32.2(1.25) '2.65’ ‘1.25 ’

or

1/ = 4.02 .

h) The parameters from steps 5e and 5f plot in the unstable region
of Figure 10, indicating that the d85 size from step 5f is too large.

Decreasing the d85 size by 20 percent produces an estimated of 20 inches
for d85 and a new value of 1/¢ = 2.65, which results in a stable
indication from Figure 10. Any available riprap which has a minimum dm
size of 15 inches and a maximum d85 size of 20 inches will be stable
according to Figures 7 and 10. Flexibility as discussed in Chapter II

may be used in obtaining the gradation for the riprap. Figure 39 is

intended only as an estimate for the d85 size.

Step 6. Abutment Spill-slope Protection

a) Riprap having the dm and d85 sizes determined in step £ is
to be placed as toe protection and as spill-slope protection. The
extent of wrap-around for this riprap is determined for the upstream and
downstream sides in step 7 and 8.

b) The d100 size from Figure 39 is 22.5 inches and the thickness

of the spill-slope protection is found from 2d.,., or 45 in. (step 4g).

100



c¢) Due to the large size of the spill-slope riprap, it is desired
to use a smaller size of riprap on the sides of the approach embankments.
The large riprap should begin at point G in Figure 5 and should terminate
somewhere between points E and H. Using the value from step 2b of 160
ft for L*, and substituting the value of Vn for V, results in a

2 2
length, L, of

B 3.44
L= [1 - 3551160 ,

or L = 88.6 ft. The 15-inch riprap is to extend from point G, around
the abutment, to point E or point H in Figure 5. Point H is chosen for
this example even though point E or some point between E and H could

be chosen. Step 8c illustrates a better method for determining the
distance L when wave forces are not anticipated, Steps-7 and 8
provide the required riprap size for the remaining unprotected side
slopes.

d) Either gravel or filter-cloth filter layers could be used
beneath the riprap layer depending on economic considerations. Assume,
for illustrative purposes, that a gravel layer is desired and that the
embankments are constructed from a material having values of 0.2, 1.0,

and 4.0 inches for the d15’ d and d sizes. The riprap filter

50’ 85
layer determined from the T-V specifications would require values of
d15 (Filter) < 20 in
0.8 in < d15 (Filter)< 4 in, and
d50 (Filter) < 25 in .

Any filter satisfying the three inequalities should prevent losses

of the embankment material.
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The thickness of the gravel filter layer should be computed as 2.0

or 2.5 times the maximum filter stone diameter.

Step 7. Downstream Side Slope Protection

a) The riprap size required for the downstream embankment side
slopes is obtained from

165(0.95)°

W= 3
3.2(2.65 - 1)°(2)

3

or W_ = 4.92 1b per stone. The equivalent spherical diameter for a

4.92-1b stone is

B 8 .4.92. .1/3
dy = U a7z (g5)] ’

or 0.385 ft (4.62 in.). The downstream protection should be a well-
graded riprap with dm = 4.6 in.

b) Wind-generated waves produced the required riprap size for the
downstream slopes in the last step.

c) The 4.6-inch riprap for the downstream slopes should extend to
the top of the embankment (elev. 30.0) because the sum of wave height
and normal stage is found to be 29.0 ft.

Figure 14 produces a value of z tan¢/dSe = 0.69 for the downstream
face. Using the values of ¢ = 38 deg for the bed material and
dse = 12.2 ft (step 5c) results in a value of 2z = 10.8 ft for the
length requiring buried toe protection on the downstream side. The depth
of buried riprap is to vary linearly from bed level at a value of
z = 11 ft to a depth of 15 ft at a value of z = 0.0 (Point G in Figure

5).
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d) The same filter material determined from step 6d should be

placed beneath the 6.5-inch riprap.

Step 8. Upstream Side Slope Protection

a) The 15-inch riprap is to extend to point H (step 6¢) in
Figure 5, and the size required at point H by the velocities of Figure
35 will be placed along the remaining upstream slope to a point where
the velocities are smaller than the critical velocity for movement of
the embankment material. A minimum value of 4.6 in. was determined
from the wave analysis in step 7a.

b) For the normal crossing, point H in Figure 35 occurs at a value
of x = 270 - 89 = 181 ft (steps 4b and 6¢). From Figure 35 and steps
la and 1b, M' = 2,534/(745 x 12.35) = 0.275, and L = 270 ft. The
value of x/L 1is 0.67, and VM'/Vn = 0.325 1is found from the solid
lines in Figure 35. Solving for V, and multiplying by 1.2 to include

turbulence and bed corrections, produces a design value of V., = 4.86 fps

b
at point H.

c) Repeating steps 5b through 5d with new values of dm = 4.6 in.,

(0]

V, = 4.86 fps, ¢ =41°, a-= 26° 341, Y, = 165 1b/cu ft, and

62.4 1b/cu ft, produces values of n = 4.58, and Rp = 1.55 x 105.

1

Te
These values, when plotted in Figure 7, indicate stability. A smaller
value of dm would satisfy the stability requirements for Vb, but the
wave analysis of step 7a produced a minimum size of 4.6 in.

For illustrative purposes, assume that wind waves are not expected,
and it is desired to determine the point along the upstream slope of the

approach embankment at which the velocity reduces to the critical value

for movement of the embankment material. This point coincides with the
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point of all riprap termination because the embankment material is no
longer subjected to erosive velcocities at this point. The method out-
lined in step 8c of Chapter III would proceed as follows:

Using the embankment core material dm size of 1.04 inch (step 6d),
and assuming an angle of repose of 40 deg (Figure 9), a trial value of
Vb of 4.0 fps is obtained from Figure 8. For these values, the
stability coefficient is computed as 6.72 and the particle Reynolds
number is 2.78 X 104. These values plot as a point well within the

stable region of Figure 7, and V., must be increased to shift the

b
point closer to the design curve. After several trials, a value of 9.0
fps for Vb produces values of 1,33 for the stability coefficient and
6.25 x 104 for the particle Reynolds number. These parameters plot

as a point slightly on the stable side of the design curve. For repeated
trials of Vb equal to 4, 5, 6, 7, 8, and 9 fps, it was noted that the
parameters plotted as a straight line in Figure 7 for fixed values of

the angle of repose and dm size of 1.04 in. This straight-line
property could be used in future trials to expedite the solution for a

value of V. with parameters which plot as a point on the design curve

b
in Figure 7.

Having the desired bed velocity of 9.0 fps, and dividing by 0.8
produces a value of 11.25 fps for the depth-averaged critical veloc:ty.
Dividing this value by 1.5 yields a design depth-averaged velocity, V,
equal to 7.5 fps for use in Figure 35.

The final step for solution of x proceeds by computing the
parameter VM'/Vn, or 7.5(0.275)/3.44, or 0.6. From Figure 35, a value

of x/L of 0.93 and a value of L equal to 270 ft produces a values of

X equal to 251 ft. Point E in Figure 5 occurs at a value of x equal



to 270 ft, and the riprap for the case of no wind waves can be
terminated at a point H where L 1is computed as 270 - 251, or 19 ft.
The embankment core material is theoretically stable on the remaining
side slope of the approach embankment.

The flow depth upstream of the embankments is hn + hl* = 8.4 +
1.13 = 9.53 ft. Using this value for D produces a flow Reynolds

number of 4.86 x 9.53/1.2 x 10_5, or 3.86 x 106. The d size is

75
1.07 i
1.265(4.6) , or 6.48 in. (step 5f).
The dm and d75 sizes are plotted in Figure 40, and the
estimate for d85 is 7.4 in. Computing the 1ift force factor from

4.862 748 5:5

1 1
7T T e -DnIes T G3 -

0.083. This value, and the flow Reynolds number of 3.86 x 106,

or l/u
plot as a point well within the stable region of Figure 10. The result-
ing values of dm = 4.6 in. and d85 = 7.4 in., are to be treated as
minimum and maximum values as discussed in Chapter II for determining
riprap size and gradation. Figure 40 is presented only as an estimate
of the allowable d85 size.

d) If the flood plain along the upstream toe of the approach
embankment is to be cleared during construction, the toe will require
either buried riprap protection or some other desired form such as
finger dikes or flow retards. Assume for this example that buried
protection is to be used.

e) For the upstream face, Figure 14 produces a value of 1.0 for

z tan¢/dse. Using the values for ¢ and dse from step 7¢ produces a

value of 15.6 ft for z. This value, rounded to 16 ft, is suggested as
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an estimate for the length along the upstream face requiring buried
riprap protection. The depth of buried riprap is to vary linearly from
bed level at a value of z equal to 16 ft (Figure 41a) to a depth of
15 ft at a value of z = 0.0 (Point E in Figure 5). The riprap should
also extend to the top of the embankment (step 2d).

f) The filter layer determined in step 6d can also be used along
the upstream embankment, because the same embankment material is being

protected.

Step 9. Pier Protection

a) The piers for the crossing are shown in Figure 38. Three of
the piers are placed on the flood plain, and the other two are founded
in the low-flow channel.

For the flood-plain piers 1, 2, and 5, the clear water scour depth

is
ds - 0.00073 [2(1.25)(3:g0)]0.619 )
. 1.2 x 10
or dSe = 2.81 ft. For the other two piers, the scour is dse* = 1.42
(1.35¢5.0)77 , or d_* = 4.21 ft.

b) Assume that piers 1 and 5 are positioned close enough to the
abutments so that the issuing flow from the spill-slopes strikes the
piers at an angle, o, equal to 20 deg as shown in Figure 15. The ratio
of 2/a for the piers is 22/1.25, or 17.6. From Figure 15, a value of
3.7 is obtained for Kul’ and the expected scour depth at these piers
becomes 3.7 x 2.8 = 10.4 ft. Better estimates of the angle of flow at
these piers are hoped to be found from continued analytical and experi-

mental work being conducted at CSU,
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c¢) Due to the proximity of piers 1 and 5 with the abutment toes,
the abutment protection and pier footings should be founded 15 feet
below the bed (steps 5c¢c and 9b). Pier 2 could be founded at any depth
greater than 2.8 ft, although overlapping scour holes may cause greater
depths than anticipated. Piers 3 and 4 should have footings located at
depths greater than 4.2 ft below the low-flow channel bed. If the low-
flow channel is allowed to migrate between the abutments (see step 5i)
then the scour depths in steps 9a, b, and ¢, need to be re-computed using
a cross-section which places the low-flow channel at all possible posi-
tions. As in step 4i, training works may be more economical than pier
footings founded at greater depths.

Figure 41 summarizes all the recommended stabilization requirements

for this example.

Step 10. Protection for Special Cases

a) For illustrative purposes, assume that the left flood plain
between the abutment tip and the low-flow channel bank is to be maintained
for livestock (Figure 38). Assume also that the riprap is to be placed
as a horizontal apron and buried under 1 ft of soil as discussed in
step 10a of Chapter I1I11. The riprap size determined from step 4i may
be used for the horizontal apron, even though a smaller size would be
allowed. The size from step 4i was derived for a sloping apron, and
steps 5b through 5h could be repeated using the relationships for
horizontal aprons.

The side slope of the low-flow channel should also be protected to
a depth of 15 ft below the channel bed (step 4c), preventing migration

of the channel.
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A value of L* was obtained in step 2b, and the flood plain ani
channel wall could be protected for this distance upstream and possioly
downstream of the crossing. This proposal entails a considerable ambunt
of rock, and it may be more economical to allow the flood plains to scour
instead. Occasional replacement of the flood plains could be accomplished
during periods of low flow.

b) The bridge crossing shown in Figure 38 was treated as a non-
eccentric crossing when the backwater and water surface drop were com-
puted. The abutment lengths of 230 and 300 ft actually produces an
eccentric crossing.

The first method of treating eccentric crossings (step 10b of
Chapter III) would proceed by concealing half the crossing in Figure 38
and proceeding with steps 1 through 10 as if an identically symmetrical
half were being concealed. This procedure would result in backwater
values, design velocities, and riprap sizes for the unconcealed half.
The process would be repeated for the opposite abutment, resulting in
different backwater values, velocities, and riprap sizes. The basic
assumption for validity of this procedure is that the flow conditiors
at the vertical 'folding line'" for each design are identical. A trial
procedure would be required to locate the position of the folding line
which provides the same backwater and velocity on each side of the line.

Reference 14 (Appendix B) provides a different method of computing
backwater for eccentric crossings without using the trial folding
technique. This backwater value can then be used with the folding _ine
placed at the center of the flow distribution to design riprap protec-
tion for each side of the line. For this method, the eccentricity of

a bridge crossing is defined as e =1 - QC/QE, where Qc < Qa (the
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values of QC and Qa are defined in Figure 38). For this example,
e =1 - 1479/5980, or 0.753. Experimental results (14) indicate that
backwater at an eccentric crossing is no different from backwater at a
symmetrical crossing for values of e less than 0.8, and this explains
the assumption of svmmetry in the example.

Bridge crossings which are fully eccentric are defined as having
a value of e equal to 1.0. This condition occurs at bends in natural
channels or when a meandering low-flow channel migrates to one side of
the flood plain. Under these conditions, only one approach embankment
is used to constrict the flow. Reference 14 provides allowances for
this possibility, and the backwater and other computed parameters can
be used to design the protection for the single abutment in the same
manner described for both abutments of symmetrical crossings. The
channel wall and bridge footing across the channel from the single
abutment can be protected as a channel side slope using Bhowmik's

techniques for these reaches.
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Fig. 21 - Photograph of the 20-foot wide flume showing the
headbox, floating baffles, and rail-mounted
instrument carriage

Fig. 22 - Photograph of the water surface characteristics
for a skewed model at Q = 11.1 cfs
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Fig. 23 - Photograph of the separation at the upstream
embankment for the skewed model at Q = 11.1 cfs

Fig. 24 - Photograph of the scour on the downstream abutment
and the jet boundary for the skewed model at
11.1 cfs
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Fig. 25 - Photograph of the scour on the downstream abutment
after increasing the discharge to 12.7 cfs

Fig. 26 - Photograph of the protected nose of the downstream
embankment and the jet properties at Q = 13.9 cfs
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Fig. 27 - Photograph of the scour on the upstream abutment
of Figure 26 for a discharge of 16.0 cfs

Fig. 28 - Photograph of the same abutment in still water
after scour had reached the sand core
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Fig. 29 - Photograph of the 6-foot
wide flume showing the
overbank-flow flood plain
and the low-flow channel

Fig. 30 - Photograph of an overbank flow model which is
set back from the low-flow channel
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Fig. 31 - Photograph of the abutment for a discharge of
0.94 cfs showing the separation on the upstream
(left) shoulder

Fig. 32 - Photograph of the same abutment showing the
scour at Q = 1.10 cfs
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Fig. 34 - Photograph looking downstream showing the scoured
abutment and the deposition downstream
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BACKWATER AND TOTAL WATER SURFACE DROP

THROUGH TIHIE ABUTMENTS
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COMPUTATION OF BACKWATER AND TOTAL DROP
THROUGH THE ABUTMENTS

Methods for computing the backwater and the total drop through the
abutments are summarized here from "Hydraulics of Bridge Waterways' (14)
for convenience in design. The methods are intended to be used for
relatively straight reaches of streams having approximately uniform slope.

There are four types of flow which may be encountered in bridge
waterway design. They are as follows:

Type I flow: Subcritical flow (Fig. la),

Type Ila flow: Critical flow in the gap (Fig. 1b),
Type IIb flow: Critical flow (Fig. 1lc),

Type III flow: Supercritical flow (Fig. 1d), and
Type IV flow: Abnormal flow (Fig. le).

Procedures of computing the backwater, hl* , and the total drop
through the abutments, Ah , for each type of flow under a bridge on a
rigid bed are presented in Sections 1 and 2, respectively. Section 3

considers the effect of scour on backwater. Sections 4 and 5 cover the

cases of dual bridges and the superstructure partially inundated.

1. Computation of Backwater

a) Type I flow: Subcritical flow (Fig. la).
The expression for computation of backwater upstream of a bricge

constriction is

2 24 y 2
An2 An2 Vn2
A I =®] | == (81)

Vv %
N 172
h1 = K o, 7a + ey {

where o, is the velocity head coefficient for the constriction, and
K* is the total backwater coefficient. The other symbols are defined in

Chapter III and in Figure 1.
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To compute backwater, it is necessary to obtain the approximate

value of hl* by using the first part of Equation Bl

2
v
¥ = Kkg D2
h1 K o, 28 g
where a, can be found from Figure Bl with known M and oy - The

value of Ay in the second part of Equation B 1 can then be determined,
and the total backwater can be computed from Equation Bl if the value
of K* 1is known.

b) Computation of K*

Figure B.2 shows the base curves for the backwater coefficient,
Kb , plotted with respect to the opening ratio, M , for wingwall and
spill-through abutments. In the case of a normal crossing without piers,
K* = K
Backwater caused by piers in a bridge constriction may be estimated
by adding an incremental backwater coefficient, designated as AK_ , to

the base curve coefficient, Kb , when piers are present in the waterway.

For a normal crossing with piers, the total backwater coefficient becomes

K* = Kb (Fig. B.2) + ﬂKp (Fig. B.5)

£

The magnitude of the incremental backwater coefficient, AKe
accounting for the effect of eccentricity, is shown in Figure B.6. The
total backwater coefficient for an extremely eccentric crossing (e > 0.8)

with wingwall or spill-through abutments and piers is

k* = K, (Fig. B.2) + Ak (Fig. B.5) + &K (Fig. B.6)
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Figure B.7 shows the incremental backwater coefficient, aKS 5 ifor
the effect of skewness of wingwall and spill-through abutments. The
total backwater coefficient for a skewed crossing with piers and abutment

faces aligned with the flow would be
K = K (Fig. B.2) + aK, (Fig. B.5) + 8K  (Fig. B.7)

c) Type II flow: Critical flow (Figs. 1b and 1c).

The curve of Figure B.8 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 from Figures B.5, B.6 and B.7
for piers, eccentricity, and skew, are not applicable to Type II flow
problems.

The backwater for Type II flow, with no allowance for piers, eccen-

tricity, and skew, is

v, 2 v2
B s g, 2 sl) = B, el - K
1 2 2¢ b 1 2g 2c nZz *?
where Cb can be found from Figure B.8 with known M , o, can be found

from Figure B.1, and the other symbols are defined in Chapter III and

Figure 1.

d) Type III flow: Supercritical flow (Fig. 1d).

Theoretically, there is no backwater produced by Type III flow.
No detailed information is available for supercritical flow occurring

both upstream and downstream of a bridge constriction.

e) Type IV flow: Abnormal flow (Fig. le and Fig. B.9).

From the laboratory studies, the curves for the base backwater

coefficients and the incremental backwater coefficients for Type I flow
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(subcritical flow) are reasonably applicable to abnormal stage-discharge
conditions. The expression for the computation of backwater for abnormal

stage-discharge is

where

K* = K_(Fig. B.2) + SKP(Fig. B.5) + AK (Fig. B.6) + oK (Fig. B.7)

The subscript, A , has been added throughout to signify that this is
an abnormal case. The symbols are defined in Fig. B.9.

f) Recognition of flow type

Recognition of which type of flow will occur at a proposed
bridge site in the field, prior to starting the backwater computations,
is difficult. As a suggestion, try the Type I flow approach for com-
puting backwater first. Should the result appear unrealistic, repeat
the backwater computation using the Type II approach. If the backwater
for the Type II flow results in a lower value than for the Type I compu-

tation, the flow definitely will be Type II.

2. Computation of Total Drop Through the Abutments

a) Type I flow: Subcritical flow.
The expression for computation of total drop through the

abutments 1is

Ah = h.* - h,* + S L
3 o

1 1-3

where hl* is the backwater computed by the method described in Section 1,
h3* is the vertical distance from the water surface on the downstream side

of the abutment to the normal water surface (Figs. 1 and B.10), S0 is
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the natural slope of the stream, and L3 is the distance from
Section 1 to Section 3 (Fig. 1). The methods of determining h3* .
Lz > and Ah are explained as follows:

b) Computation of h3*

The differential level ratio, Db = hb*/{hb* + h3*) , is
plotted with respect to the opening ratio, M , in Figure B.10. The
expression for computation of h3* in the case of normal crossings
without piers is

* = * _l._
h3 h, (Db 1) 5
where hb* , which represents the backwater at a bridge for normal
crossings exclusive of pier effect, can be determined by the method of
computing backwater (Section 1). With a value of K* = Kb (Fig. B.2),
Db can be found from Figure B.10.

The effect of piers on the differential level ratio, Db 5 i1S
quite small and can be neglected. The expression for computation of

. x
h3 is

where hl* is the computed backwater, including the effect of piers,
and Db can be found from Figure B.10.
For an extremely eccentric cressing with or without piers, the

total differential level ratio is

where aDe is the incremental differential level ratio in Figure B.11,
accounting for the effect of eccentricity. The expression for computa-

tion of hS* is
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1
h*=h*(——-1 ,
3 1 Db )

where hl* is the computed backwater, including effects of eccentricity,
with or without piers (Section 1).

The incremental differential level ratio, &Ds , for the effect of
skew has been plotted with respect to M in Figure B.12 for the left
bank of wingwall and spill-through abutments. No detailed information
is available for the difference in water level along the right bank.

c) Computation of L and Ah

1-3

A trial solution is required for determining Ah . Enter

Fig. B.13A with appropriate values of ﬁh/th and Hﬁz , and obtain
the corresponding value of L*/b , where the distance L* is defined
in Figure B.13, and E£2 is the mean depth of flow under the bridge,
referenced to normal stage (Fig. 1).

Solving for L* and adding the distance to Section 3 gives the
distance

L1—3 (Fig. B.13B). An estimate for Ah is h. * + h3* +

1
SOLl_3 . If the computed value of Ah differs materially from the
value chosen, the above procedure is repeated until assumed and computed
values agree.

For eccentric crossings with e > 0.7 , multiply the L*/b value

from Figure B.13C by w . For example, assume that &h/ﬁ;z = 0.2,

Hﬁz =10 , and e = 0.88 . The corrected value would be L*/b = 0.84 x

1.60 , or 1.34.

To obtain the approximate distance to maximum backwater, L* , and
sh for skewed crossings (Fig. B.4), the same procedure is recommended
as for normal crossings except that the ordinate of Figure B.13 is read

as L*/b5 , where bs is the distance between the skewed abutments

(Fig. B.4).
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d) Type IV flow: Abnormal flow.

To obtain Ah for abnormal stage-discharge conditions,
Figure B.10 is considered approximate but applicable. The method of
computation is similar to that explained in Section 2a for normal stage-
discharge. The principal differences lie in the manner in which the
backwater i$ computed for abnormal stage conditions. The expression for

. .
computation of he * is

where
Db = differential level ratio from the base curve in Figure B.10
(no adjustment is needed for eccentricity or skew),
h, ,* = backwater above abnormal stage (without piers), and
hSA* = vertical distance from the water surface to the abnormal stage
at Section 3 (Fig. B.9 - this dimension will be the same with

or without piers),

3. Effect of Scour on Backwater

Any means of increasing the waterway area under a bridge can be
effective in reducing the backwater. To obtain backwater and related
information for bridge sites where scour occurs before the flood peak,
it is first necessary to compute the backwater and other quantities de-
sired from the method outlined in Sections 1 and 2 for a rigid bed, using
the original cross section of the stream at the bridge site. These
values are then multiplied by a common coefficient from Figure B.1l5 as

follows:



* = *
hIs Chl

* - *
hss N Chs
whs = Cyh

* * 3 1 1
where hls 4 h35 , and whs are defined in Figure B.14A, and As

is the area of scour measured on the downstream side of the bridge (Figs.

B.14B and B.14C).

4. Dual Bridges
The following method for computing backwater and water surface drop
through dual bridges is only applicable to Type I flow (subcritical flow).

a) Backwater determination.

The curve in Figure B.17 was established from tests made on
normal crossings with and without piers. To determine backwater for
dual bridges, it is necessary first to compute the backwater, hl* s
for a single bridge, as previously outlined in Section 1. The backwater

for the dual combination, measured upstream from the first bridge

(Fig. B.17) is then

b) Computation of total drop through the abutments.

The water-surface level immediately downstream of the second
bridge embankment at Section 3B may be obtained from Figure B.17. Compute
hl* and h3* for the upstream bridge from Sections 1 and 3 and compute

- * * s g = * *
yvh = h1 + h3 for the single bridge, and ¢h3B hd + h3B for the
dual bridge combination. Using the ratio from Figure B.16, the value

for hSB* is computed from
‘l‘hSB i E,wh )

bhyp = dh

38 ¥ Soly-3B °
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and

s *
hyp* = Vhgp - h*d

where all the parameters are defined in Figure B.17.

5. Superstructure Partially Inundated (Type I flow only).

Cases arise in which it is desirable to compute either the backwcter
upstream of a bridge or the discharge under a bridge when flow is in
contact with the girders.

a) Case I: Upstream girder in flow (Fig. B.18).

Once flow contacts the upstream girder of a bridge, orifice flow

is established. Using a common expression for sluice-gate flow

z Vifi*
Q = CybyZ [2g hy -3+ o 551] i (B2)
where
Q = total discharge (cfs),
Cd = coefficient of discharge,

o
]

N = net width of waterway excluding piers (ft),

Z and hu = vertical distances (see sketch in Fig. B.18).

The coefficient of discharge, Cq > is plotted with respect to the
parameter hu/Z in Figure B.18. By substituting values in Equation B2,
it is possible to solve by trial and error for either the water surfacs:
upstream or the discharge under the bridge, depending on the quantities
known. There is a transition zone somewhere between hu/z = 1,0 and
1.1 where free surface flow changes to orifice flow or vice versa. The
type of flow within this range is unpredictable.

The approximate depth of flow, h; , can be obtained from Figure

B.18 by entering the top scale with the proper value of hu/Z and



reading down to the upper curve, then over horizontally to the lower

curve, and finally down to the lower scale as shown by the arrows. The

lower scale gives the ratio of hu/h3
b) Case II: All girders in contact with flow (Fig. B.19).

To compute the water surface elevation upstream of the bridge,
the water surface elevation on the downstream side and the discharge
must be known. If the discharge is desired, Ah and the net area under
the bridge are required. The experimental points in Figure B.19A, which
are for both wingwall and spill-through abutments, show the coefficient
of discharge to be essentially constant at 0.8 for the range of condi-
tions tested. The equation recommended for the average bridge with two

or four concrete girders is
%
Q = 0.80 bNZ(Zth}

Once Ah 1is computed from the above equation, the depth of flow

upstream, hu , can be obtained from Figure B.19B,
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Fig. B.7 Incremental Backwater Coefficient for Skew
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APPENDIX C

COMPUTATION OF STABILITY COEFFICIENT
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COMPUTATION OF STABILITY COEFFICIENT

Three conditions for particle stability were listed in Chapter III.
A value of n may be computed directly for the first condition, and
iterative solutions are required for the latter two conditions.

For the stability of particles on the bed of a straight reach,

Bhowmik's (8) equation is

1.146 (y —yf) tan¢é
— 3 , (c1n)
v§(1+0.85 tan¢)

where Yo » Yg oo Vb , and ¢ are known.

For the spill-slope of spill-through abutments, or for the concave

side slope of a bend, Bhowmik's equation is

-~
]

: -
1 [K2 + 1.74V§n(ys—yf) sin}, sina]® ,
where

= 2
K, = [(yg-vg) cosa - 0.743VZn] tanp

and

-~
|

L
" [0.76vgn2 + (YS-Yf)Z sinZa]™

For the sloping banks of a straight reach, the value of Al becomes

zero, and the equation is

The latter two cases may be treated by Newton's method for the
iterative solution of n . The equations for the spill-slopes are given,
and the equations for the banks of a straight reach may be obtained by

substituting Ay = 0 in the following steps.
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1. Compute the constants defined by

Cp = (vg - vg) cosa (C2)
C, = [(Ys - Yg) sina]? (C3)
Cg = 0.743 VP (C4)
C, = 0.76 V! (CS)
Cc = 1.74 Vﬁ(ys - Yf) sinkl sino . (C6)

2. Using equation Cl for an estimate of n , compute the following

values

-~
i

(Cl - Csn) tang

)

-~
1]

2
(C4ﬂ + C2

L
K, = (K2 + Csn)2

3

K)' = - C; tang (C7)
K2‘ = C4n/K2

K' = 0.5 (Ky' + Co)/Kg

3. Compute the values of

f(n) = K, - K3

= 1 _ '
£1(n) = K;' - Kq

ng=n- f(n)/£'(n)

4. If the value of N approximately equals n , the iteration process

is finished. If Ny is not equal to n , steps 2, 3, and 4 must be
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repeated using the value of n, as n . No more than four iterations
are usually required.
Table Cl is an example of the computations for the stability

coefficient on the spill-slope of a spill-through abutment. Data for

the example were:

Vy, = 2.77 fps
Te ™ 165 1b/cu ft
Yg = 62.4 1b/cu ft
Al = 66 deg

a = 26.5 deg

¢ = 33 deg .
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Table Cl. Computational Example for the Solution
of the Stability Coefficient n on a
Spill-Through Abutment Spill-Slope

Compute:
ntrial(eqn Cl) = 6.39 Cl(CZ) = 91.8 C2(C3) = 2,100
C3(C4) = 571 Cd(CS) = 44.9 Cs(C6) = 558
Kl'(C7) = - 3,71
Iteration = 1 2 3 4
Trial n = ntrial -
6.39 3.45 3,68
K1=(C1-C3n)tan¢ = 35.8 46.7 46.0
= 2 Lo _
K2—(C4n +C2)2 E 62.6 52.6 52:1
. Lo -
K3=(K2+C5n}2 = 60.2 44.4 45.9
= =
K2 C4n/K2 4,57 2.94 3.16
14O &
KS 0.5(K2+C5)/K3 4.56 6.33 6.10
f(n)=K1-K3 = -24.4 2.5 0.1
f'(n)=Ki—K§ = -8.27 -10.04 -9.81
n1=n-f(n)/f'(n) = 3.45 3.68 3.69

Trial n = nl? No No Yes
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