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PREFACE

This is the second edition of HEC-18. It contains updated materiai not included in
the first edition dated February 1991 and should be used as the primary reference.

This Federal Highway Administration (FHWA) publication, Hydraulic Engineering
Circular No. 18 (HEC-18), "Evaluating Scour at Bridges,” provides procedures for the design,
evaluation and inspection of bridges for scour. This document is a revision to HEC-18
dated February 1991 which, in turn, was an update of the publication, "Interim Procedures
for Evaluating Scour at Bridges," issued in September 1988 as part of the FHWA Technical
Advisory TA 5140.20, "Scour at Bridges." TA 5140.20 has since been superseded by TA
5140.23, "Evaluating Scour at Bridges" October 28, 1991.[5] This circular contains revisions
as a result of further scour related developments and the use of the 1991 edition of HEC-18
by the highway community.

The principle changes from the 1991 edition of HEC-18 are:

b The inclusion of a section on tidal scour with example problems in Chapter 4;

Z, A comparison between Neill's equation for beginning of motion for coarse bed
material and an equation that results from Laursen's clear-water scour equation in

Chapter 2;

3. Clarification and simplification of the use of the clear-water and live-bed contraction
scour equations in Chapter 4;

4. The inclusion of Melville's 1988 pier scour equation in Figure 4;
3. A change in the maximum expected value of y /a in Figure 5;
6. Replacing the total scour example problem in Chapter 4 with a problem based on

the results of a WSPRO analysis of a highway crossing;

Es Elimination of the computation of guide bank length in the appendices (the complete
procedure i1s contained in HEC-20) [8];

8. Inclusion of an updated version of North Carolina's scour evaluation procedures in
the Appendix D;

1 Replacing the scour analysis for Great Pee Dee River, South Carolina with the scour
analysis for the South Platte River in Colorado in Appendix F;

10. Updating the information of scour detection equipment in the Appendix G; and

11.  Figure 2 has been revised and a more complete discussion of this figure has been

provided.

12. Correction of editorial and minor errors in the text and figures.

Vil



CHAPTER 1
INTRODUCTION
1.1 Purpose

The purpose of this manual is to provide guidance in:

L. Designing new and replacement bridges to resist scour,

2, Evaluating existing bridges for vulnerability to scour,

3 Inspecting bridges for scour,

4. Providing scour countermeasures, and

3. Improving the state-of-practice of estimating scour at bridges.
1.2 Organization of this Circular

The procedures presented in this document contain the state-of-knowledge and
practice for dealing with scour at highway bridges. Chapter 1 gives the background of the
problem and general state-of-knowiedge of scour. Basic concepts and definitions are
presented in Chapter 2. Chapter 3 gives recommendations for designing bridges to resist
scour. Chapter 4 gives equations for calculating and evaluating total scour depths at piers
and abutments for both riverine and tidal waterways. Chapter 5 provides procedures for
conducting scour evaluation and analysis at existing bridges. Chapter 6 presents guidelines
for inspecting bridges for scour. Chapter 7 gives a plan of action for installing
countermeasures to strengthen bridges that are considered vulnerable to scour.

In the appendices, additional information on abutment scour and examples of
procedures from several states to assess and evaluate scour problems are presented.

1.3 Background

The most common cause of bridge failures is floods with the scouring of bridge
foundations being the most common cause of flood damage to bridges. The hydrauiic
design of bridge waterways is typically based on flood frequencies somewhat less than those
recommended for scour analysis in this publication. During the spring tfloods of 1987, 17
bridges in New York and New England were damaged or destroyed by scour. In 1985, 73
bridges were destroyed by floods in Pennsyivania, Virginia, and West Virginia. A 1973
national study for the FHWA of 383 bridge failures caused by catastrophic floods showed
that 25 percent involved pier damage and 72 percent involved abutment damage.[1] A
second more extensive study in 1978 [2] indicated local scour at bridge piers to be a problem
about equal to abutment scour problems. A number of case histories on the causes and

consequences of scour at major bridges are presented in Transportation Research Record
950.13]



14 Objectives of a Bridge Scour Evaluation Program

The need to minimize future flood damage to the nation's bridges requires that
additional attention be devoted to developing and implementing improved procedures for
designing and inspecting bridges for scour.[4] Approximately 84 percent of the 577,000
bridges in the National Bridge Inventory are built over waterways. Statistically, we can
expect hundreds of these bridges to experience floods in the magnitude of a 100-year flood
or greater each year. Because it is not economically feasible to construct all bridges to resist
all conceivable floods, or to install scour countermeasures at all existing bridges to ensure
absolute invulnerability from scour damage, some risks of failure from future floods may
have to be accepted. However, every bridge over a stream, whether existing or under
design, should be assessed as to its vulnerability to floods in order to determine the prudent
measures to be taken. The added cost of making a bridge less vulnerable to scour is small
when compared to the total cost of a failure which can easily be two to ten times the cost
of the bridge itself. Moreover, the need to ensure public safety and minimize the adverse
effects resulting from bridge closures requires our best efforts to improve the state-of-
practice for designing and maintaining bridge foundations to resist the effects of scour.

The procedures presented in this manual serve as guidance for implementing the
recommendations contained in the FHWA TA 5140.23 entitled, "Evaluating Scour at
Bridges."[S] The recommendations have been developed to summarize the essential
elements which should be addressed in developing a comprehensive scour evaluation
program. A key element of the program is the identification of scour-critical bridges which
will be entered into the National Bridge Inventory using the FHWA document "Recording
and Coding Guide for the Structure Inventory and Appraisal of the Nation's Bridges."[6]

1.5. Improving the State-of-Practice of Estimating Scour at Bridges

Some of the problems associated with estimating scour and providing cost-effective
and safe designs are being addressed in research and development programs of the FHWA
and individual State highway agencies. The following sections detail the most pressing
research needs.

1. Field Measurements of Scour. The current equations and methods for estimating
scour at bridges are based primarily on laboratory research. Very little field data
have been collected to verify the applicability and accuracy of the various design
procedures for the range of soil conditions, streamflow conditions, and bridge designs
encountered throughout the United States. In particular, States are encouraged to
initiate studies for the purpose of obtaining field measurements of scour and related
hydraulic conditions at bridges for evaluating, verifying and improving existing scour
prediction methods. In excess of 20 States have initiated cooperative studies with the
Water Resources Division of the U.S. Geological Survey to collect scour data at
existing bridges. A model cooperative agreement with the U.S. Geological Survey
for purposes of conducting a scour study was included in the FHWA guidance
"Interim Procedures for Evaluating Scour at Bridges," [7] which accompanied the
September 1988 FHWA Technical Advisory.[3]
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Scour Monitoring and Measurement Equipment. There 1s a need for the

development of instrumentation and equipment to indicate when a bridge is in
danger of coilapsing due to scour. Many bridges in the United States were
constructed prior to the development of scour estimation procedures. Some of these
bridges have foundations which are vulnerable to scour. It is not economicaily
feasible to repair or replace all of these bridges. Therefore, these bridges need to
be monitored during floods and closed before they fail. At this time, there are a few
devices to monitor bridge scour, but such devices cannot be used on ail bridge
geometries. Furthermore, the reliability of these devices has not been fully
determined.

There 1s also the need to develop instrumentation to measure scour depths during
and after a flood event. I[nstrumentation is also needed to determine unknown
bridge foundations (See Appendix G).

The FHWA in cooperation with state highway agencies and the Transportation
Research Board has initiated several research projects to develop scour monitoring
and measuring instruments. Research has also been initiated to develop techniques
and instruments to identify unknown foundations of existing bridges.

Scour Analysis Software. There is a continued need for the development and

maintenance of computer software for the analysis of all aspects of scour at bridges.
The FHWA has developed computer software, to be discussed later, for the analysis
of flow through bridges and for computing scour. There currently is a contract for
the development of software to determine total scour at bridge crossings. This effort
should continue. In addition, the maintenance, support and improvement of existing
and future software should be continually updated and enhanced.

Laboratory Studies of Scour. There is a need for laboratory studies to better
understand certain elements of the scour processes and to develop aiternate and
improved scour countermeasures. Only through controlled experiments can the eifect
of the variables and parameters associated with scour be determined. Through these
efforts, scour prediction equations can be improved and additional design methods
for countermeasures can be developed. Results from these laboratory experiments
must be vertfied by ongoing field measurements of scour.

Laboratory research i1s needed for:

Determining methods to predict scour depths associated with pressure flow,

.:J

). Determining more applicable coefficients for the abutment scour equations
to repiace the simpiistic use of abutment length,

Improving methods for estimating contraction scour for abutments which are
set back from the channel when there is overbank flow,

. “undamental research on the mechanics of tidal scour,

()



Determining methods to predict scour depths when there is ice or debris
buildup at a pier or abutment,

Determining the influence of graded, armored, or cohesive bed material on
maximum local scour at piers and abutments,

Determining the effect of pile caps or footings on pier scour depth,
Improving methods for determining the size and placement of riprap
(elevation, width and location) in the scour hole to protect piers and

abutments,

Determining the width of scour hole as a function of scour depth and bed
material size,

Fundamental research on the mechanics of riverine scour,

Improved knowledge of the effect of flow depth and velocity on scour depths,
Improved understanding of the bridge scour failure mechanism which would
combine the various scour components (pier, abutment, contraction, lateral
migration, degradation) into an estimate of the scoured cross section under

the bridge,

Improved prediction of the effect of flow angle of attack against a pier or
abutment on scour depth,

Effect of wide and variable pier widths on scour depths, and

Determining the impact of overlapping scour holes.



CHAPTER 2
BASIC CONCEPTS AND DEFINITIONS OF SCOUR
2.1 General

Scour is the result of the erosive action of flowing water, excavating and carrying
away material from the bed and banks of streams. Different materiais scour at different
rates. Loose granular soils are rapidly eroded by flowing water, while cohesive or cemented
soils are more scour resistant. However, ultimate scour in cohesive or cemented soils can
be as deep as scour in sand-bed streams. Under consiant flow conditions, scour will reach
maximum depth in sand and gravel bed materials in hours; cohesive bed materials in days:
glacial tills, sand stones and shales in months; limestones in years and dense granites in
centuries. Under flow conditions more typical of actual bridge crossings, several floods wiil
be needed to attain maximum scour.

Designers and inspectors need to carefully study site-specific subsurface information
in evaluating scour potential at bridges, giving particular attention to foundations on rock.
Massive rock formations with few discontinuities are highly resistant to scour during the
lifetime of a typical bridge.

All of the equations for estimating contraction and local scour are based on
laboratory experiments with limited field verification. The equations recommended in this
document are considered to be the most applicable for estimating scour depths.

A factor in scour at highway crossings and encroachments is whether the scour 1s
clear-water or live-bed scour. Clear-water scour occurs where there 1s no transport of bed
material upstream of the crossing or encroachment and live-bed scour occurs where there
is transport of bed material from the upstream reach into the crossing or encroachment.
This subject is discuss in detail in Section 2.6.

This document presents procedures, equations, and methods to analyze scour in both
riverine and coastal areas. In riverine environments scour results from flow in one direction
(downstream). In coastal areas, highways that cross streams and/or encroach longitudinally
on them are subject to tidal fluctuation and scour results from flow in two directions. In
waterways influenced by tidal fluctuations, flow velocities do not necessarily decrease as
scour occurs and the waterway area increases. This is in sharp contrast to riverine
waterways where the principle of flow continuity requires that velocity be inversely
proportional to the waterway area. However, the methods and equations for determining
stream instability, scour and associated countermeasures apply for both riverine and
coastal streams. The difficulty in tidal streams is in determining the hvdrauiic parameters
(such as discharge, velocity, and depth) that are to be used in the scour equations.



2.2 Total Scour

Total scour at a highway crossing is comprised of three components. These are:

Is Long-term aggradation and degradation,
2. Contraction scour, and
3. Local scour.

In addition, lateral migration of the stream must be assessed when evaluating total
scour at piers and abutments of highway crossings.

2.2.1 Aggradation and Degradation

These are long-term streambed elevation changes due to natural or man-induced
causes which can affect the reach of the river on which the bridge is located. Aggradation
involves the deposition of material eroded from the channel or watershed upstream of the
bridge, whereas degradation involves the lowering or scouring of the bed of a stream due
to a deficit in sediment supply from upstream.

2.2.2 Contraction Scour

Contraction scour in a natural channel involves the removal of material from the bed
and banks across all or most of the channel width. This component of scour can result from
a contraction of the flow area or change in downstream control of the water surface
elevation. The scour is the result of increased velocities and shear stress on the bed of the
channel.

Contraction of the flow by bridge approach embankments encroaching onto the
floodplain and/or into the main channel is the most common cause of contraction scour.
Contraction scour can be either clear-water or live-bed. Live-bed contraction scour typically
occurs during the rising stage of a runoff event, while refilling of the scour hole occurs
during the falling stage. Also, clear-water scour at low or moderate flows can change to
live-bed scour at high flows. This cyclic nature creates difficulties in measuring contraction
scour after a flood event.

2.2.3 Local Scour

Local scour involves removal of material from around piers, abutments, spurs, and
embankments. [t is caused by an acceleration of flow and resulting vortices induced by the
flow obstructions, and is usually cyclic in nature. Local scour can also be either clear-water
or live-bed scour.



2.2.4 Lateral Stream Migration

In addition to the types of scour mentioned above, naturaily occurring laterai
migration of the main channei of a stream within a floodplain may increase pier scour.
erode abutments or the approach roadway, or change the total scour by changing the flow
angle of attack at piers. Factors that affect lateral stream movement also affect the stability
of a bridge. These factors are the geomorphology of the stream, location of the crossing on
the stream, flood characteristics, and the characteristics of the bed and bank materials (see
Hydraulic Engineering Circular No. 20, [8] and "Highways in the River Environment’[9]).

The following paragraphs provide a more detailed discussion of the various
components of total scour.

243 Aggradation and Degradation - Long-Term Streambed Elevation Changes

Long-term bed elevation changes may be the natural trend of the stream or may be
the resuit of some modification to the stream or watershed. The streambed may be
aggrading, degrading or in relative equilibrium in the vicinity of the bridge crossing. In this
section long-term trends are considered. Long-term aggradation and degradation do not
include the localized cutting and filling of the bed of the stream that might occur during a
runoff event (contraction and local scour). A stream may cut and fill at specific locations
during a runoff event and also have a long-term trend of an increase or decrease in bed
elevation over a reach of a stream. The problem for the engineer is to estimate the long-
term bed elevation changes that will occur during the life of the structure.

A long-term trend may change during the life of the bridge. These long-term changes
are the result of modifications to the stream or watershed. Such changes may be the result
of natural processes or human activities. The engineer must assess the present state of the
stream and watershed and then evaluate potentiai future changes in the river svstem. From
this assessment, the long-term streambed changes, must be estimated.

Factors that affect long-term bed elevation changes are: dams and reservoirs
{upstream or downstream of the bridge), changes in watershed land use (urbanization,
deforestation, etc.), channelization, cutoffs of meander bends (natural or man made),
changes in the downstream channel base level (control), gravel mining from the streambed,
diversion of water into or out of the stream, natural lowering of the total system, movement
of a bend, bridge location with respect to stream planform, and stream movement in relation
to the crossing. Tidal ebb and flood may degrade a coastal stream, whereas littoral drift may
resuit in aggradation of a stream.

The Corps of Engineers and other agencies should be contacted concerning
documented long-term streambed variations. If no documented data exist or if such data
require further evajuation, an assessment of long-term streambed elevation changes for
riverine streams should be made using the principles of river mechanics. With coastal
streams the principals of both river and coastal engineering mechanics are needed. Such
an assessment requires the consideration of all influences upon the bridge crossing; 1.e..



runoff from the watershed to a stream (hydrology), the sediment delivery to the channel
(watershed erosion), the sediment transport capacity of a stream (hydraulics) and the
response of a stream to these factors (geomorphology and river mechanics). In coastal
streams, 1n addition to the above, consideration must be made of tidal conditions; i.e., the
magnitude and period of the storm surge, the sediment delivery to the channel by the ebb
and flow of the tide, littoral drift, the sediment transport capacity of the tidal flows and the
response of the stream to these tidal and coastal engineering factors.

Significant morphologic impacts can result from human activities. The assessment
of the impact of human activities requires a study of the history of the river, estuary, or tidal
inlet, as well as a study of present water and land use and stream control activities. All
agencies involved with the river or coastal area should be contacted to determine possible
future changes in the river.

To organize such an assessment, a three-level fluvial system approach can be used
comprising of (1) a qualitative determination based on general geomorphic and river
mechanics relationships, (2) an engineering geomorphic analysis using established qualitative
and quantitative relationships to estimate the probable behavior of the stream system to
various scenarios of future conditions, and (3) physical models or physical process computer
modeling using mathematical models such as BRI-STARS [10] and the U.S. Army Corps of
Engineers HEC-6 [11] to make predictions of quantitative changes in streambed elevation
due to changes in the stream and watershed. Methods to be used in Levels 1 and 2 are
presented in HEC-20, "Stream Stability at Highway Structures,” [8] and HIRE.[9] Additional
discussion of this subject is presented in Chapter 4 of this document.

For coastal areas, where highway crossings (bridges) and/or longitudinal stream

encroachments are subject to tidal influences, the three-level fluvial system approach is also
appropriate. The approach for tidal waterways is described in Chapter 4 of this document.

2.4 Contraction Scour

2.4.1 General

Contraction scour occurs when the flow area of a stream at flood stage is reduced,
either by a natural contraction or by a bridge. From continuity, a decrease in flow area
results in an increase in average velocity and bed shear stress through the contraction.
Hence, there 1s an increase in erosive forces in the contraction and more bed material is
removed from the contracted reach than is transported into the reach. This increase in
transport of bed material from the reach lowers the natural bed elevation. As the bed
elevation is lowered, the flow area increases and, in the riverine situation, the velocity and
shear stress decrease until relative equilibrium is reached:; i.e., the quantity of bed material
that is transported into the reach is equal to that removed from the reach.

In coastal streams which are affected by tides, as the cross-section area increases the

discharge from the ocean may increase and thus the velocity and shear stress may not
decrease. Consequently, relative equilibrium may not be reached. Thus, at tidal iniets which
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experience clear-water or live-bed scour, contraction scour may resuit in a continual
lowering of the bed (long-term degradation).

Contraction scour can also be caused by short-term (daily, weekly, yearly or seasonal)
changes in the downstream water surface elevation that control backwater and hence, the
velocity through the bridge opening. Because this scour is reversible, it is included in
contraction scour rather than in long-term aggradation/degradation.

Contraction scour is typically cyclic. That is, the bed scours during the rising stage
of a runoff event, and fills on the falling stage. The contraction of flow due to a bridge can
be caused by either a natural decrease in flow area of the stream channel or by abutments
projecting into the channel and/or the piers blocking a large portion of the flow area.
Contraction can also be caused by the approaches to a bridge cutting off the floodplain flow.
This can cause clear water scour on a setback portion of a bridge section and/or a relief
bridge because the floodplain flow does not normally transport significant concentrations
of bed material sediments. The difference between clear-water and live-bed scour is
discussed in detail in Section 2.6. This clear-water picks up additional sediment from the
bed upon reaching the bridge opening. In addition, local scour at abutments may well be
greater due to the clear-water floodplain flow returning to the main channel at the end of
the abutment.

Other factors that can cause contraction scour are (1) natural stream constrictions,
(2) long highway approaches over the floodplain to the bridge, (3) ice formation or jams,
(4) natural berms along the banks due to sediment deposits, (5) island or bar formations
upstream or downstream of the bridge opening, (6) debris, and (7) the growth of vegetation
in the channel or floodplain.

In a natural channel, the depth of flow is always greater on the outside of a bend.
In fact there may well be deposition on the inner portion of the bend at the point bar. If
a bridge 1s located on or close to a bend, the contraction scour will be concentrated on the
outer part of the bend. Also, in bends the thalweg (the part of the stream where the filow
is deepest and, typically, the velocity is the greatest) may shift toward the center of the
stream as the flow increases. This can increase scour and the nonuniform distribution of
the scour in the bridge opening.

Contraction Scour Equations. There are two forms of contraction scour depending
upon the competence of the uncontracted approach flow to transport bed material into the
contraction. Live-bed scour occurs when there is streambed sediment being transported into
the contracted section from upstream. In this case, the scour hole reaches equiiibrium when
the transport of bed material out of the scour hole is equal to that transported into the
scour hole from upstream. Clear-water scour occurs when the stream bed sediment
transport in the uncontracted approach flow is negligible. In this case, the scour hole
reaches equilibrium when the average bed shear stress is less than that required for incipient
motion of the bed material. Clear-water and live-bed scour are discussed further in Section
2.6.




Contraction scour equations are based on the principle of conservation of sediment
transport. In the case of live-bed scour, this simply means that the fully developed scour in
the bridge cross-section reaches equilibrium when sediment transported into the contracted
section equals sediment transported out. As scour develops, the shear stress in the
contracted section decreases as a result of a larger flow area and decreasing average
velocity. For live-bed scour, maximum scour occurs when the shear stress reduces to the
point that sediment transported in equals the bed sediment transported out and the
conditions for sediment continuity are in balance. For clear-water scour, the transport into
the contracted section is essentially zero and maximum scour occurs when the shear stress
reduces to the critical shear stress of the bed material.

2.4.2 Live-Bed Contraction Scour Equation
Laursen [12] derived the following live-bed contraction scour equation based on a

simplified transport function and other simplifying assumptions. The application of this
equation is presented in Section 4.3.4.

AT LA )
Y1 Q, W, n

Ys = Y,-Y, = (Average scour depth, ft)

where
Y1 = average depth in the upstream main channel, ft
Y, = average depth in the contracted section, ft
W, = bottom width of the upstream main channel, ft
W, = bottom width of main channel in the contracted section, ft
Q, = flow in the upstream channel transporting sediment, cfs
Q, = flow in the contracted channel, cfs. Often this is equal to the total
discharge unless the total flood flow is reduced by relief bridges or
water overtopping the approach roadway
n, = Manning's n for contracted section
n, = Manning's n for upstream main channel
k, & k, = exponents determined below depending on the mode of bed material
transport
V./w k, k, Mode of Bed Material Transport
<0.50 0.59 0.066 | Mostly contact bed material

0.50 to 2.0 0.64 0.21 Some suspended bed material discharge

>2.0 0.69 0.37 Mostly suspended bed material discharge
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Ve = (gyIS])l/2 shear velocity in the upstream section, ft/s

w = median fall velocity of the bed material based on the Dy, (see Figure 3)
= acceleration of gravity (32.2 ft/s?)

slope of energy grade line of main channel, ft/ft

so = median diameter of the bed material, ft

O Lo
1l

24.3 Clear-Water Contraction Scour Equation

Laursen's [13] clear-water contraction scour equation has a much simpler derivation
because it does not involve a transport function. It simply recognizes that the shear stress
in the contracted section must equal the critical shear stress.

e 2)
where

T, = average bed shear stress, contracted section

t. = critical bed shear stress at incipient motion

For noncohesive bed materials and for fully developed clear-water scour, Laursen
used Equation 3 to estimate the critical shear stress.

T, =4 D, 3)

c

The bed shear stress can be expressed as:

Ty = YyZSf = = T oy (4)

where

y = the unit weight of water (62.4 1b/ft)

y, = average depth in the contracted section, ft

S; = slope of the energy grade line, ft/ft

average velocity in the contracted section, ft/s

<
[

Using Strickler's approximation for Manning's n:

n = 0.034 D' (5)
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Rearranging Equation 2:

-~

2 =10 (6)

T
c

By substituting Equations 3 and 4 into Equation 6 and solving for y,, Laursen's clear-water
contraction scour equation can be derived:

2 3

V2
—— | 7)

120 D,,*

Y, =

In terms of discharge (using continuity), the equation is:

Yo = (8)

o

120 D,,® W:

The velocity and depth given in Equations 7 and 8 are associated with initiation .of
motion of the indicated D, size. Equation 7 can be rearranged to give the critical velocity
V. as follows:

%)

| =
W | =

V.= 1095 y°® Dy

A dimensionless form of Equation 8 can be written if flow continuity can be assumed
for the approach and contracted segments of the floodplain being analyzed. That is:

Q =0Q =V Wy (10)
then
3
n_ (W% b
wo W 1 2 (11)
1 2 —3' 3
120 y;° Ds,

Note that the term in brackets in Equation 11 should not exceed a value of 1.0. If this term
is greater than 1.0, then live-bed conditions would control.
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Laursen's clear-water contraction scour equations are based on rather limiting
assumptions. For example they assume homogeneous bed materials. However, with clear-
water scour in stratified materials, assuming the layer with the finest Dg, would result in the
most conservative estimate of contraction scour. Alternatively, the clear-water contraction
scour equations could be used sequentially for stratified bed materials. An example
problem illustrating the use of the contraction scour equations is presented in Chapter 4.

Both the live-bed and clear-water contraction scour equations are the best that are
available and should be regarded as a first level of analysis. If a more detailed analysis is
warranted, a sediment transport model like BRI-STARS [10] could be used.

2.5 Local Scour

The basic mechanism causing local scour at piers or abutments is the formation of
vortices (known as the horseshoe vortex) at their base (Figure 1). The horseshoe vortex
results from the pileup of water on the upstream surface of the obstruction and subsequent
acceleration of the flow around the nose of the pier or embankment. The action of the
vortex removes bed material from around the base of the obstruction. The transport rate
of sediment away from the base region is greater than the transport rate into the region,
and, consequently, a scour hole develops. As the depth of scour increases, the strength of
the horseshoe vortex is reduced, thereby reducing the transport rate from the base region.
Eventually, for live-bed local scour, equilibrium is reestablished and scouring ceases. For
clear-water scour, scouring ceases when the shear stress caused by the horseshoe vortex
equals the critical shear stress of the sediment particles at the bottom of the scour hole.

In addition to the horseshoe vortex around the base of a pier, there are vertical
vortices downstream of the pier called the wake vortex (Figure 1). Both the horseshoe and
wake vortices remove material from the pier base region. However, the intensity of wake

vortices diminishes rapidly as the distance downstream of the pier increases. Therefore,
immediately downstream of a long pier there is often deposition of material.

St

%m—"

fff;m/

@ Horseshoe Vortex

Figure 1. Schematic Representation of Scour at a Cylindrical Pier.
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Factors which affect the magnitude of local scour at piers and abutments are (1)

width of the pier, (2) discharge intercepted by the abutment and returned to the main
channel at the abutment (in laboratory flumes this discharge is a function of projected
length of an abutment into the flow), (3) length of the pier if skewed to flow, (4) depth of
flow, (5) velocity of the approach flow, (6) size and gradation of bed material, (7) angle of
attack of the approach flow to a pier or abutment, (8) shape of a pier or abutment, (9) bed
configuration, (10) ice formation or jams, and (11) debris.

1.

Pier width has a direct influence on depth of local scour. As pier width increases,
there is an increase in scour depth.

Projected length of an abutment into the stream affects the depth of local scour. In
laboratory flume studies, an increase in the projected length of an abutment (or
embankment) into the flow increased scour, whereas this is not the case in the field.
This result for flumes is caused by the fact that the discharge intercepted by the
abutment and returned to the main channel is a function of the abutment length.
However, in the field case with a non-uniform distribution of flow, the discharge
returned to the main channel is not simply a function of the abutment length. Because
of this, abutment scour equations, which are based on laboratory experiments, give
very large depths. These depths would only occur in the field for conditions that
duplicate the conditions under which the flume experiments were conducted.

Pier length has no appreciable effect on local scour depth as long as the pier is aligned
with the flow. When the pier is skewed to the flow, the pier length has a significant
influence on scour depth. For example, with the same angle of attack, doubling the
length of the pier increases scour depth by 33 percent.

Flow depth also has an influence on the depth of local scour. An increase in flow
depth can increase scour depth by a factor of 2 or greater for piers. With abutments
the increase is from 1.1 to 2.15 depending on the shape of the abutment.

Flow velocity affects scour depth. The greater the velocity, the deeper the scour.
There is a high probability that scour is affected by whether the flow is subcritical or
supercritical. However, most research and data are for subcritical flow (i.e., flow with
a Froude Number less than one, Fr < 1).

Bed material characteristics such as size, gradation, and cohesion can affect local
scour. Bed material in the sand size range has little effect on local scour depth.
Likewise, larger size bed material that can be moved by the flow or by the vortices and
turbulence created by the pier or abutment will not affect the maximum scour, but
only the time it takes to attain it. Very large particles in the bed material, such as
cobbles or boulders, may armor the scour hole. Research at the University of Aukland,
New Zealand, by the Washington State Department of Transportation, and by other
researchers [14, 15, 16, 17] developed equations that take into account the decrease
in scour due to the armoring of the scour hole. Richardson and Richardson [18]
combined these equations into a simplified equation, which accounted for bed material
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10.

size. However, field data are inadequate to support these equations at this time. As
such, the extent that large particles will decrease scour is not clearly understood.

The size of the bed material also determines whether the scour at a pier or abutment
is clear-water or live-bed scour. This topic is discussed in Section 2.6.

Fine bed material (silts and clays) will have scour depths as deep as sand-bed streams.
This is true even if bonded together by cohesion. The effect of cohesion is to
influence the time it takes to reach the maximum scour. With sand bed material, the
time to reach maximum depth of scour is measured in hours and can result from a
single flood event. With cohesive bed materials it will take much longer to reach the
maximum scour depth, the result of many flood events.

Angle of attack of the flow to the pier or abutment has a significant effect on local
scour, as was pointed out in the discussion of pier length. Abutment scour is reduced
when embankments are angled downstream and increased when embankments are
angled upstream. According to the work of Ahmad [19], the maximum depth of scour
at an embankment inclined 45 degrees downstream is reduced by 20 percent; whereas,
the maximum scour at an embankment inclined 45 degrees upstream is increased
about 10 percent.

Shape of the nose of a pier or an abutment can have up to a 20 percent influence on
scour depth. Streamlining the front end of a pier reduces the strength of the
horseshoe vortex, thereby reducing scour depth. Streamlining the downstream end of
piers reduces the strength of the wake vortices. A square-nose pier will have
maximum scour depths about 20 percent greater than a sharp-nose pier and 10 percent
greater than either a cylindrical or round-nose pier. The shape effect is neglected for
flow angles in excess of five degrees. Full retaining abutments with vertical walls on
the streamside (parallel to the flow) will produce scour depths about double that of
spill-through (sloping) abutments.

Bed configuration of sand-bed channels affects the magnitude of local scour. In
streams with sand-bed material, the shape of the bed (bed configuration) as described
by Richardson et al. [20] may be ripples, dunes, plane bed or antidunes. The bed
configuration depends on the size distribution of the sand-bed material, hydraulic
characteristics, and fluid viscosity. The bed configuration may change from dunes to
plane bed or antidunes during an increase in flow for a single flood event. It may
change back with a decrease in flow. The bed configuration may also change with a
change in water temperature or change in suspended sediment concentration of silts
and clays. The type of bed configuration and change in bed configuration will affect
flow velocity, sediment transport, and scour. Richardson et al. [9] discusses bed
configuration in detail. e

Ice and debris can potentially increase the width of the piers, change the shape of
piers and abutments, increase the projected length of an abutment and cause the flow
to plunge downward against the bed. This can increase both the local and contraction
scour. The magnitude of the increase is still largely undetermined. Debris can be
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taken into account in the scour equations by estimating how much the debris will
increase the width of a pier or length of an abutment. Debris and ice effects on
contraction scour can also be accounted for by estimating the amount of flow blockage
(decrease in width of the bridge opening) in the equations for contraction scour.

Limited field measurements of scour at ice jams indicate the scour can be as much as
10 to 20 feet.

2.6 Clear-Water and Live-Bed Scour

There are two conditions for contraction and local scour. These are clear-water and
live-bed scour. Clear-water scour occurs when there is no movement of the bed material
in the flow upstream of the crossing, but the acceleration of the flow and vortices created
by the piers or abutments causes the material in the crossing to move. Live-bed scour
occurs when the bed material upstream of the crossing is moving.

Typical clear-water scour situations include (1) coarse bed material streams, (2) flat
gradient streams during low flow, (3) local deposits of larger bed materials that are larger
than the biggest fraction being transported by the flow (rock riprap is a special case of this
situation), (4) armored streambeds where the only locations that tractive forces are adequate
to penetrate the armor layer are at piers and/or abutments, and (5) vegetated channels
where, again, the only locations that the cover is penetrated is at piers and/or abutments.

During a flood event, bridges over streams with coarse bed material are often
subjected to clear-water scour at low discharges, live-bed scour at the higher discharges and
then clear-water scour on the falling stages. Clear-water scour reaches its maximum over a
longer period of time than live-bed scour (See Figure 2). This is because clear-water scour
occurs mainly in coarse bed material streams. In fact, local clear-water scour may not reach
a maximum until after several floods. Maximum local clear-water pier scour is about 10
percent greater than the equilibrium local live-bed pier scour.

The following equation suggested by Neill [21] for determining the velocity associated
with initiation of motion can be used as an indicator for clear-water or live-bed scour.

1 1

V, = 1.58[(S, -1) g Dyl /D) ® (12)
where
V. = critical velocity above which bed material of size Dy; and smaller will be
transported, ft/s
S, specific gravity of bed material
y = depth of flow, ft

For most bed material, the value of S, is approximately 2.65. Substituting this into
Equation 12 and consolidating the variables results in the following:
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1.1
V. = 11.52 y D, (13)

Comparing Equation 13 and Laursen's equation (Equation 9), indicates that these two
equations differ only by their respective coefficient (11.52 vs. 10.95). For practical
considerations either equation can be used (when S, is 2.65) for the determination of the
critical velocity V_ associated with the initiation of motion.

Equations 13 or 9 can be applied to the unobstructed flow to determine whether or
not the flow condition is live-bed or clear-water. If the average velocities in the cross
section are greater than V_ the scour will be live-bed. The preceding technique can be
applied to any unvegetated channel to determine whether a clear-water or live-bed condition
is likely. This procedure should be used with caution for assessing whether or not scour in
the overbank will be clear-water or live-bed. For most cases, the presence of vegetation on
the overbank will effectively bind and protect the overbank from erosive velocities. As such,
most overbank situations will experience clear-water scour.

MAXIMUM CLEAR-WATER SCOUR
/EQUlLIBRIUM SCOUR DEPTH

- N\
AN N

10%

LIVE-BED SCOUR

CLEAR-WATER SCOUR

PIER SCOUR DEPTH, y,

TIME

Figure 2. Illustrative Pier Scour Depth in a Sand-Bed Stream as a Function of Time.
(not to scale)

Live-bed pier scour in sand-bed streams with a dune bed configuration fluctuates about
the equilibrium scour depth (Figure 2). This is due to the variability of the bed material
sediment transport in the approach flow when the bed configuration of the stream is dunes.
In this case (dune bed configuration in the channel upstream and through the bridge),
maximum depth of pier scour is about 30 percent larger than equilibrium depth of scour.
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However, with the exception of crossings over large rivers (i.e., the Mississippi, Columbia,
etc.), the bed configuration will plane out during flood flows due to the increase in velocity
and shear stress. For general practices, the maximum depth of pier scour is approximately
10 percent greater than equilibrium scour. This is not illustrated in Figure 2.

For a discussion of bedforms in alluvial channel flow, the reader is referred to Chapter
3 of "Highways in the River Environment."[9] Equations for estimating local scour at
abutments or piers are given in Chapter 4 of this document. These equations were
developed from laboratory experiments and limited field data for both clear-water and live-
bed scour.

2.7 Lateral Shifting of a Stream

Streams are dynamic. Areas of flow concentration continually shift bank lines. In
meandering stream having an "S-shaped” planform, the channel moves both laterally and
downstream. A braided stream has numerous channels which are continually changing. In
a braided stream, the deepest natural scour occurs when two channels come together or
when the flow comes together downstream of an island or bar. This scour depth has been
observed to be 1 to 2 times the average flow depth.

A bridge is static. It fixes the stream at one place in time and space. A meandering
stream whose channel moves laterally and downstream into the bridge reach can erode the
approach embankment and affects contraction and local scour because of changes in flow
direction. A braided stream can shift under a bridge and have two channels come together
at a pier or abutment, increasing scour. Descriptions of stream morphology are given in
"Highways in the River Environment” [9] and HEC-20.[8]

Factors that affect lateral shifting of a stream and the stability of a bridge are the
geomorphology of the stream, location of the crossing on the stream, flood characteristics,
the characteristics of the bed and bank material and wash load.

It is difficult to anticipate when a change in planform may occur. It may be gradual
with time or the result of a major flood event. Also, the direction and magnitude of the
movement of the stream are not easily determined. It is difficult to properly evaluate the
vulnerability of a bridge due to changes in planform. It is important to incorporate potential
planform changes into the design of new bridges and design of countermeasures for existing
bridges.

Countermeasures for lateral shifting and instability of the stream may include changes
in the bridge design, construction of river control works, protection of abutments with riprap,
or careful monitoring of the river in a bridge inspection program. Serious consideration
should be given to placing footings/foundations located on floodplains at elevations
approximating those located in the main channel.
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To control lateral shifting requires river training works, bank stabilizing by riprap
and/or guide banks. The design of these works is beyond the scope of this circular. Design
methods are given by FHWA [8, 9, 22, 23, 28], U.S. Army Corps of Engineers [24, 25] and
AASHTO.[26] Of particular importance are "Hydraulic Analyses for the Location and
Design of Bridges,” Volume VII-Highway Drainage Guidelines, 1992 [26], "Highways in the
River Environment" [9]; "Use of Spurs and Guidebanks for Highway Crossings" [27], "Stream
Stability at Highway Structures” HEC-20 [8], and "Design of Riprap Revetments" (HEC-
11).[28]

2.8 Pressure Scour

When bridges are overtopped, the flow hydraulics at the bridge are dramatically
altered, and local and contraction scour can be increased. This topic is discussed in greater
detail in Section 4.3.5.
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CHAPTER 3
DESIGNING BRIDGES TO RESIST SCOUR

3.1 Design Philosophy and Concepts

Bridges should be designed to withstand the effects of scour from a superflood (a flood
exceeding the 100-year flood) with little risk of failing. This requires careful evaluation of
the hydraulic, structural, and geotechnical aspects of bridge foundation design.

The guidance in this chapter is based on the following concepts:

1.  The foundation should be designed by an interdisciplinary team of engineers with
expertise in hydraulic, geotechnical, and structural design.

2. Hydraulic studies of bridge sites are a necessary part of a bridge design. These studies
should address both the sizing of the bridge waterway opening and the designing of
the foundations to resist scour. The scope and depth of the analysis should be

commensurate with the importance of the highway and the consequences of failure.

3. Adequate consideration must be given to the limitations and gaps in existing
knowledge when using currently available formulas for estimating scour. The designer
needs to apply engineering judgment in comparing results obtained from scour
computations with available hydrologic and hydraulic data to achieve a reasonable
and prudent design. Such data should include:

a. Performance of existing structures during past floods,

b. Effects of regulation and control of flood discharges,

c. Hydrologic characteristics and flood history of the stream and similar streams, and
d. Whether the bridge 1s structurally continuous.

4.  The principles of economic analysis and experience with actual flood damage indicates
that it is almost always cost-effective to provide a foundation that will not fail, even
from a very large flood event or superflood. Occasional damage to highway
approaches from rare floods can be repaired rather quickly to restore traffic service.
On the other hand, a bridge which collapses or suffers major structural damage from
scour can create safety hazards to motorists as well as large social impacts and
economic losses over a long period of time. Aside from the costs to the highway
agency of replacing/repairing the bridge and constructing and maintaining detours,
there can be significant costs to communities or entire regions due to additional detour
travel time, inconveniences, and lost business opportunities. Therefore, a higher
hydraulic standard is warranted for the design of bridge foundations as a protection
against scour than is usually required for sizing of the bridge waterway. This concept
is reflected in the following design procedure which is to be applied to the bridge
design sized to accommodate the design discharge.
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3.2 General Design Procedure

The general design procedure for scour outlined in the following steps is recommended
for the proposed bridge type, size, and location (TS&L) of substructure units:

Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

Step 6.

Select the flood event(s) that are expected to produce the most severe scour
conditions. Experience indicates that this is likely to be the 100-year flood or the
overtopping flood when it is less than the 100-year flood. Check the 100-year
flood or the overtopping flood (if less than the 100-year flood) and other flood
events if there is evidence that such events would create deeper scour than the
100-year or overtopping floods. Overtopping refers to flow over the approach
embankment(s), the bridge itself or both.

Develop water surface profiles for the flood flows in Step 1, taking care to
evaluate the range of potential tailwater conditions below the bridge which could
occur during these floods. The FHWA microcomputer software WSPRO, "Bridge
Waterways Analysis Model for Mainframe and Microcomputer” [29], or the Corps
of Engineers HEC-2 [30], are recommended for this task.

Using the 7-step Specific Design Approach in Chapter 4, estimate total scour for
the worst condition from Steps 1 and 2 above. All foundations should be
designed with a geotechnical safety factor ranging from 1.5 to 2, common
geotechnical practice, for the 100-year or overtopping flood.

Plot the total scour depths obtained in Step 3 on a cross section of the stream
channel and floodplain at the bridge site.

Evaluate the answers obtained in Steps 3 and 4. Are they reasonable, considering
the limitations in current scour estimating procedures? The scour depth(s)

adopted may differ from the equation value(s) based on engineering judgment.

Evaluate the bridge TS&L on the basis of the scour analysis performed in Steps
3 through 5. Modify the TS&L as necessary.

a. Visualize the overall flood flow pattern at the bridge site for the design
conditions. Use this mental picture to identify those bridge elements most
vulnerable to flood flows and resulting scour.

b. The extent of protection to be provided should be determined by:
®  The degree of uncertainty in the scour prediction method.
® The potential for and consequences of failure.
® The added cost of making the bridge less vulnerable to scour. Design

measures incorporated in the original construction are almost always
less costly than retrofitting scour countermeasures.
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Step 7.

Perform the bridge foundation analysis on the basis that all streambed material
in the scour prism above the total scour line (Step 4) has been removed and is
not available for bearing or lateral support. All foundations should be designed
in accordance with the AASHTO Standard Specifications for Highway
Bridges.[31] In the case of a pile foundation, the piling should be designed for
additional lateral restraint and column action because of the increase in
unsupported pile length after scour. In areas where the local scour is confined
to the proximity of the footing, the lateral ground stresses on the pile length which
remains embedded may not be significantly reduced from the pre-local scour
conditions. The depth of local scour and volume of soil removed from above the
pile group should be considered by geotechnical engineers when computing pile
embedment to sustain verticaf load.

a. Spread Footings On Soil

“®  Place the bottom of the footing below the total scour line from Step
4.

-/ ®  Insure that the top of the footing is below the sum of the iong-term
degradation, contraction scour, and lateral migration.

Lo AN AT

b. Spread Footings On Rock Highly Resistant To Scour

Place the bottom of the footing directly on the cleaned rock surface for
massive rock formations (such as granite) that are highly resistant to scour.
Small embedments (keying) should be avoided since blasting to achieve
keying frequently damages the sub-footing rock structure and makes it more
susceptible to scour. If footings on smooth massive rock surfaces require
lateral constraint, steel dowels should be drilled and grouted into the rock
below the footing level.

c. Spread Footings On Erodible Rock

Weathered or other potentially erodible rock formations need to be
carefully assessed for scour. An engineering geologist familiar with the area
geology should be consulted to determine if rock or soil or other criteria
should be used to calculate the support for the spread footing foundation.
The decision should be based on an analysis of intact rock cores, including
rock quality designations and local geology, as well as hydraulic data and
anticipated structure life. An important consideration may be the existence
of a high quality rock formation below a thin weathered zone. For deep
deposits of weathered rock, the potential scour depth should be estimated
(Steps 4 and 5) and the footing base placed below that depth. Excavation
into weathered rock should be made with care. If blasting is required, light,
closely spaced charges should be used to minimize overbreak beneath the
footing level. Loose rock pieces should be removed and the zone filled with
clean concrete. In any event, the final footing should be poured in contact
with the sides of the excavation for the full designed footing thickness to
minimize water intrusion below footing level. Guidance on scourability of

it



Step 8.

rock formations is given in FHWA memorandum "Scourability of Rock
Formations” dated July 19, 1991.

d. Spread Footings Placed On Tremie Seals And ‘Supported On Soil

®  Place the bottom of the footing below the total scour line from Step
4.

® Insure that the top of the footing is below the sum of the long-term

degradation, contraction scour, and lateral migration.
Lo Gt s g

e. For Deep Foundations (Drilled Shaft And Driven Piling) With Footings Or
Caps

Placing the top of the footing or pile cap below streambed a depth equal to
the estimated long-term degradation and contraction scour depth will
minimize obstruction to flood flows and resulting local scour. Even lower
footing elevations may be desirable for pile supported footings when the
piles could be damaged by erosion and corrosion from exposure to river
currents.

i Stub Abutments on Piling

Stub abutments positioned in the embankment should be founded on piling
driven below the elevation of the thalweg in the bridge waterway to assure
structural integrity in the event the thalweg shifts and the bed material
around the piling scours to the thalweg elevation.

Repeat the procedure in Steps 2 through 6 above and calculate the scour for a
superflood. It is recommended that this superflood or check flood be on the
order of a 500-year event. If the magnitude of the 500-year flood is not available
from a published source, use a discharge equal to 1.7 x Q,,. However, flows
greater or less than these suggested floods may be appropriate depending upon
hydrologic considerations and the consequences associated with damage to the
bridge. An overtopping flood less than the 500-year flood may produce the worst-
case situation for checking the foundation design. The foundation design
determined under Step 7 should be reevaluated for the superflood condition and
design modifications made where required.

a. Check to make sure that the bottom of spread footings on soil or weathered
rock is below the scour depth for the superflood.

b. All foundations should have a minimum factor of safety of 1.0 (ultimate load)
under the superflood conditions. Note that in actual practice, the calculations
for Step 8 would be performed concurrently with Steps 1 through 7 for
efficiency of operation.
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Checklist of Design Considerations

3.3.1 General

Raise the bridge superstructure elevation above the general elevation of the
approach roadways wherever practicable. This provides for overtopping of approach
embankments and relief from the hydraulic forces acting at the bridge. This is
particularly important for streams carrying large amounts of debris which could clog
the waterway of the bridge.

It is recommended that the elevation of the lower cord of the bridge be increased a
minimum of 2 feet above the normal freeboard for the 100-year flood for streams
that carry a large amount of debris.

Superstructures should be securely anchored to the substructure if buoyant, or if
debris, and ice forces are probable. Further, the superstructure should be shallow
and open to minimize resistance to the flow where overtopping is likely.

Continuous span bridges withstand forces due to scour and resultant foundation
movement better than simple span bridges. Continuous spans provide alternate load
paths (redundancy) for unbalanced forces caused by settlement and/or rotation of
the foundations. This type of structural design is recommended for bridges where
there is a significant scour potential.

Local scour holes at piers and abutments may overlap one another in some instances.
If local scour holes do overlap, the scour is indeterminate and is deeper. The
topwidth of a local scour hole ranges from 1.0 to 2.8 times the depth of scour.

For pile and drilled shaft designs subject to scour, consideration should be given to
using a lesser number of longer piles or shafts as compared with a greater number
of shorter piles or shafts to develop bearing loads. This approach will provide a
greater factor of safety against pile failure due to scour at little or no increase in
cost.

At some bridge sites, hydraulics and traffic conditions may necessitate consideration
of a bridge that will be partially or even totally inundated during high flows. This
consideration results in pressure flow through the bridge waterway. Section 4.3.5 has
a discussion on pressure scour for these cases.

3.3.2 Piers
Pier foundations on floodplains should be designed to the same elevation as the pier
foundations in the stream channel if there is a likelihood that the channel will shift

its location over the life of the bridge.

Align piers with the direction of flood flows. Assess the hydraulic advantages of
round piers, particularly where there are complex flow patterns during flood events.
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Streamline piers to decrease scour and minimize potential for buildup of ice and
debris. Use ice and debris deflectors where appropriate.

Evaluate the hazards of ice and debris buildup when considering use of multiple pile
bents in stream channels. Where ice and debris buildup is a problem, design the
bent as though it were a solid pier for purposes of estimating scour. Consider use
of other pier types where clogging of the waterway area could be a major problem.

3.3.3 Abutments

Recognizing that abutment scour equations lack field verification, it is recommended
that rock riprap and/or guide banks be considered for abutment protection. Properly
designed, these two protective measures make it unnecessary to design abutments to
resist the computed abutment scour depths. The design of rock riprap and guide
banks 1s discussed in Section 7.5.

Relief bridges, guide banks (spur dikes), and river training works should be used
where needed to minimize the effects of adverse flow conditions at abutments.

Where ice build-up is likely to be a problem, set the toe of spill-through slopes or
vertical abutments back from the edge of the channel bank to facilitate passage of
the ice.

Wherever possible, use spill-through (sloping) abutments. Scour at spill-through
abutments is about 50 percent of that of vertical wall abutments.
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CHAPTER 4
ESTIMATING SCOUR AT BRIDGES
4.1 Introduction

This chapter presents the methods and equations for determining total scour at a
bridge; 1.e., long-term aggradation or degradation, contraction scour and local scour.
Example problems are given for both riverine and tidal conditions at the end of the chapter.
While the scour equations presented are based on riverine conditions, they are also
recommended for tidal waterways. Section 4.6 discusses hydrodynamics and scour
methodologies for tidal waterways.

Prior to applying the various scour estimating methods for contraction and local
scour, it is necessary to (1) obtain the fixed-bed channel hydraulics, (2) estimate the long-
term impact of degradation or aggradation on the bed profile, (3) if appropriate, adjust the
fixed-bed hydraulics to reflect these changes, and (4) compute the bridge hydraulics.

43  Specific Desion Approach

The seven steps recommended for estimating scour at bridges are:
Step 1: Determine scour analysis variables.
Step 2:  Analyze long-term bed elevation change.
Step 3:  Evaluate the scour analysis method.
Step 4: Compute the magnitude of contraction scour.
Step 5: Compute the magnitude of local scour at piers.
Step 6: Compute the magnitude of local scour at abutments.

Step 7:  Plot and evaluate the total scour depths as outlined in Steps 4 through 6 of the
General Design Procedure in Chapter 3.

The engineer should evaluate how reasonable the individual estimates of contraction
and local scour depths are in Steps 4 and 5 as well as evaluating the reasonableness of the
total scour in Step 7. The results from this Specific Design Approach completes Steps 1
through 6 of Chapter 3. The design must now proceed to Steps 7 and 8 of the General
Design Procedure in Chapter 3.

The procedures for each of the steps, including recommended scour equations, are
discussed in detail in the following sections.
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4.3

Detailed Procedures

43.1 Step 1: Determine Scour Analysis Variables

Determine the magnitude of the discharges for the floods in Steps 1 and 8 of the
General Design Procedure in Chapter 3, including the overtopping flood when
applicable. If the magnitude of the 500-year flood is not available from a published
source, use a discharge equal to 1.7 times the Q,,,. Experience has shown that the
incipient overtopping discharge often puts the most stress on a bridge. However,
special conditions (angle of attack, pressure flow, decrease in velocity or discharge
resulting from high flows overtopping approaches or going through relief bridges, ice
jams, etc.) may cause a more severe condition for scour with a flow smaller than the
overtopping or 100-year flood.

Determine if there are existing or potential future factors that will produce a
combination of high discharge and low tailwater control. Are there bedrock or other
controls (old diversion structures, erosion control checks, other bridges, etc.) that
might be lowered or removed? Are there dams or locks downstream that would
control the tailwater elevation seasonally? Are there dams upstream or downstream
that could control the elevation of the water surface at the bridge? Select the lowest
reasonable downstream water-surface elevation and the largest discharge to estimate
the greatest scour potential. Assess the distribution of the velocity and discharge per
foot of width for the design flow and other flows through the bridge opening.
Consider also the contraction and expansion of the flow in the bridge waterway.
Consider present conditions and anticipated future changes in the river.

Determine the water-surface profiles for the discharges judged to produce the most
scour from Step 1, using WSPRO [29] or HEC-2.[30] In some instances, the designer
may wish to use BRI-STARS.[10] Hydraulic studies by the Corps of Engineers, U.S.
Geological Survey (USGS), the Federal Emergency Management Agency (FEMA),
etc. are potentially useful sources of hydraulic data to calibrate, verify, and evaluate
results from WSPRO or HEC-2. The engineer should anticipate future conditions
at the bridge, in the stream's watershed, and at downstream water-surface elevation
controls as outlined in HEC-20.[8] From computer analysis and from other hydraulic
studies, determine the discharge, velocity and depth input variables needed for the
scour calculations.

Collect and summarize the following information as appropriate (see HEC-20 for a
step-wise analysis procedure).

a. Boring logs to define geologic substrata at the bridge site.

b. Bed material size and gradation distribution in the bridge reach.
é. Existing stream and floodplain cross section through the reach.
d. Stream planform.

&, Watershed characteristics.
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Scour data on other bridges in the area.
Slope of energy grade line upstream and downstream of the bridge.
History of flooding.

Location of bridge site with respect to other bridges in the area, confluence
with tributaries close to the site, bed rock controls, man-made controls (dams,
old check structures, river training works, etc.), and downstream confluences
with another stream.

Character of the stream (perennial, flashy, intermittent, gradual peaks, etc.).
Geomorphology of the site (floodplain stream; crossing of a delta, youthful,

mature or old age stream; crossing of an alluvial fan; meandering, straight or
braided stream; etc.).

Erosion history of the stream.
Development history (consider present and future conditions as well) of the
stream and watershed. Collect maps, ground photographs, aerial photographs;

interview local residents; check for water research projects planned or
contemplated.

Sand and gravel mining from the streambed upstream and downstream from
site.

Other factors that could affect the bridge.

Make a qualitative evaluation of the site with an estimate of the potential for
stream movement and its effect on the bridge.

4.3.2 Step 2: Analysis of Long-Term Bed Flevation Change

Using the information collected in Step 1 above, determine qualitatively the long-
term trend in the streambed elevation. The Corps of Engineers and other agencies
may have information on historic and current streambed elevations. Where
conditions indicate that significant aggradation or degradation is likely, estimate the
change in bed elevation over the next 100 years using one or more of the following:

a.

Available sediment routing or sediment continuity computer programs such
as BRI-STARS [10] and the Corps of Engineers HEC-6 [11],

Straight line extrapolation of present trends,

Engineering judgment,
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d. The worst-case scenarios (i.e., in the case of a confluence with another stream
just downstream of the bridge) assume the design flood would occur with a
low downstream water-surface elevation through a qualitative assessment of
flood magnitudes and river conditions on the main stream and its tributary.

If the stream is aggrading and this condition can be expected to affect the crossing,
taking into account contraction scour, consider relocation of the bridge or raising the
low cord of the bridge. With an aggrading stream, use the present streambed
elevation as the baseline for scour estimates because a major flood can occur prior
to aggradation.

If the stream is degrading, use -an estimate of the change in elevation in the
calculations of total scour.

43.3 Step 3: Evaluate the Scour Analysis Method

The recommended method is based on the assumption that the scour components

develop independently. Thus, the potential local scour is added to the contraction scour
without considering the effects of contraction scour on the channel and bridge hydraulics.
If contraction scour is significant, an alternate method presented in Appendix A may be

used.

1.

Estimate the natural channel hydraulics for a fixed-bed condition based on existing
conditions,

Assess the expected profile and planform changes,

Adjust the fixed-bed hydraulics to reflect any expected long-term profile or planform
changes,

Estimate contraction scour using the empirical contraction formula and the adjusted
fixed-bed hydraulics (see Step 4 below),

Estimate local scour using the adjusted fixed-bed channel and bridge hydraulics (see
Steps 5 and 6 below), and

Add the local scour to the contraction scour to obtain the total scour. (see Chapter

3, General Design Procedure, Step 4 or, Chapter 4, Step 7 of the Specific Design
Procedure).

4.3.4 Step 4: Compute the Magnitude of Contraction Scour

General. In the previous edition of this circular, and in the Interim Procedures [7],

contraction scour at bridge sites was broken down into four conditions (cases) depending
on the type of contraction, overbank flow, or relief bridges. Then specific equations were
presented for the different cases. However, all conditions of contraction scour can be
evaluated using two basic equations: (1) an equation for live-bed scour, and (2) an equation
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for clear-water scour. For any case or condition, it is only necessary to determine if the flow
in the main channel or overbank area upstream of the bridge, or approaching a relief
bridge, is transporting bed material (live-bed) or is not (clear-water), and then apply the
appropriate equation with the variables defined according to the location of contraction
scour (channel or overbank).

To determine if the flow upstream of the bridge is transporting bed material,
calculate the critical velocity for beginning of motion V, and compare it with the mean
velocity V of the flow in the main channel or overbank area upstream of the bridge
opening. If the critical velocity of the bed material is larger than the mean velocity (V, >
V), then clear-water contraction scour will exist. If the critical velocity is less than the mean
velocity (V. < V), then live-bed contraction scour will exist. To calculate the critical
velocity use either Neill's [21] or Laursen's [13] equation given in Chapter 2. These
equations are reiterated as follows:

Neill's equation with S_ equal to 2.65

1 1

V.= 1152y’ D3 (14)
where
Y. = critical velocity which will transport bed materials of size Dy, and smaller,
ft/s
S, = specific gravity of bed material
Y1 = depth of upstream flow, ft

Laursen's equation with S, equal to 2.65

1o
V., = 1095 y/ D,,’ (1)

Contraction Scour Conditions. Four conditions (cases) of contraction scour (see
illustrations in Appendix H) are commonly encountered:

Case 1. Involves overbank flow on a floodplain being forced back to the main channel
by the approaches to the bridge. Case 1 conditions include:

a.  The river channel width becomes narrower either due to the bridge
abutments projecting into the channel or the bridge being located at a

narrowing reach of the river;

b. No contraction of the main channel, but the overbank flow area is
completely obstructed by an embankment; or

c Abutments are set back from the stream channel.
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Case 2. Flow is confined to the main channel (i.e., there is no overbank flow). The

normal river channel width becomes narrower due to the bridge itself or the
bridge site is located at a narrower reach of the river.

Case 3. A relief bridge in the overbank area with little or no bed material transport in

the overbank area (i.e., clear-water scour).

Case 4. A relief bridge over a secondary stream in the overbank area. (similar to Case
1).

Notes:

1 Cases 1, 2, and 4 may either be live-bed or clear-water scour depending on whether

there is bed material transport from the upstream reach into the bridge reach during
flood flows. To determine if there is bed material transport compute the critical
velocity for the Dg, of the bed material using either Neill's or Laursen's equation
given above (Equations 14 or 15) and compare to the critical velocity.

Case 1c is very complex. The depth of contraction scour depends on factors such as
(1) how far back from the bank line the abutment is set, (2) the condition of the
bank (is it easily eroded, are there trees on the bank, is it a high bank, etc.), (3)
whether the stream is narrower or wider at the bridge than at the upstream section,
(4) the magnitude of the overbank flow that is returned to the bridge opening, and
(5) the distribution of the flow in the bridge section, and (6) other factors.

The main channel under the bridge may be live-bed scour, whereas the set-back
overbank area may be clear-water scour.

A water surface model like WSPRO [29] can be used to determine the distribution
of flow between the main channel and the set-back overbank areas in the contracted
bridge opening.

If the abutment is set back only a small distance from the bank (less than 3 to 5
times the depth of flow through the bridge), there is the possibility that the
combination of contraction scour and abutment scour may destroy the bank. Also,
the two scour mechanisms are not independent. Consideration should be given to
using a guide bank and/or rock riprapping the bank and bed under the bridge in the
overflow area.

Case 3 may be clear-water scour even though the floodplain bed material is
composed of fine sediments with a critical velocity that is less than the flow velocity
in the overbank area. The reasons for this are (1) there may be vegetation growing
part of the year, and (2) the fine bed material may go into suspension (wash load)
at the bridge and not influence the contraction scour.

Case 4 is similar to Case 3, but there is sediment transport into the relief bridge
opening (live-bed scour). This case can occur when a relief bridge is over a secondary
channel on the floodplain. Hydraulically this is no different from Case 1, but analysis
is required to determine the floodplain width associated with the relief opening and
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the flow distribution going to and through the relief bridge. This information could
be obtained from WSPRO.[29]

Live-Bed Contraction Scour. A modified version of Laursen's 1960 equation [12] for
live-bed scour at a long contraction is recommended to predict the depth of scour in a
contracted section. The original equation is given in Chapter 2. The modification is to
eliminate the ratio of Manning's n. The equation assumes that bed material is being
transported in the upstream section.

6
(%) (B (16)
b4l Q W, '

Y, =Y, - ¥, = (average scour depth) (17)
where
y; = average depth in the upstream main channel, ft
y, = average depth in the contracted section, ft
W, = bottom width of the upstream main channel, ft
W, = bottom width of the main channel in the contracted section, ft
Q, = flow in the upstream channel transporting sediment, cfs
Q, = flow in the contracted channel, cfs
k, = exponent determined below
V./w k, : ‘Mode of Bed Material Transport
<0.50 0.59 mostly contact bed material discharge
0.50 to 2.0 0.64 some suspended bed material discharge
>2.0 0.69 mostly suspended bed material discharge
V. = (t/p)"? = (gy, Sl)l/z, shear velocity in the upstream section, ft/s
w = fall velocity of bed material based on the Dy, ft/s (see Figure 3)
g = acceleration of gravity (32.2 ft/s?)
S, = slope of energy grade line of main channel, ft/ft
t = shear stress on the bed, Ib/ft?
p = density of water (1.94 slugs/ft®)
Notes:
1. Q, may be the total flow going through the bridge opening as in Cases 1a and 1b. It
is not the total for Case lc.
2. Q, is the flow in the main channel upstream of the bridge, not including overbank

flows.
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Dg, mm

The Manning's n ratio can be significant for a condition of dune bed in the main
channel and a corresponding plane bed, washed out dunes or antidunes in the
contracted channel. However, Laursen's equation does not correctly account for the
increase in transport that will occur as the result of the bed planing out (which
decreases resistance to flow, increases the velocity and the transport of bed material
at the bridge). That is, Laursen's equation indicates a decrease in scour for this case,
whereas in reality, there would be an increase in scour depth. In addition, at flood
flows, a plane bedform will usually exist upstream and through the bridge waterway,
and the values of Manning's n will be equal. Consequently, the n value ratio is
not recommended or presented in the recommended Equation 16.

W, and W, are not always easily defined. In some cases, it is acceptable to use the
top width of the main channel to define these widths. Whether top width or bottom
width is used, it is important to be consistent so that W, and W, refer to either
bottom widths or top widths.
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Figure 3. Fall Velocity of Sand-Sized Particles.
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4. The average width of the bridge opening (W,) is normally taken as the bottom width,
with the width of the piers subtracted.

3. Laursen's equation will overestimate the depth of scour at the bridge if the bridge
is located at the upstream end of a natural contraction or if the contraction is the
result of the bridge abutments and piers. At this time, however, it is the best
equation available.

Clear-Water Contraction Scour. The recommended clear-water contraction scour
equation is based on Laursen.[13] This was presented as Equation 8 in Chapter 2:

@ |
e (18)
120 D_* W?
Yy =Y, — ¥, = (average scour depth) (19)
where
Y1 = Depth of flow in the channel or on the floodplain prior to scour, ft
¥, = Depth of flow in the bridge opening or on the overbank at the bridge, ft
Y = Depth of scour, ft
Q = Discharge through the bridge or on the overbank at the bridge, cfs

D, Effective mean diameter (feet) of the bed material (1.25 Ds,) in the bridge,
opening or on the floodplain, ft

Ds, = Median diameter (feet) of bed material in the bridge opening, or on the
floodplain, ft
W = Bottom width of the bridge less pier widths, or overbank width (set back

distance), ft
It should be noted that the recommended clear-water scour equation (Equation 18)
differs from the original development by Laursen (Equation 8) in the use of the effective
mean bed material, D instead of the Dy,. This change is the result of subsequent research
discussed in HIRE [9] and tends to reduce the computed clear-water contraction scour.

Equations 18 and 19 can be combined to form a single equation for computation of
clear-water contraction scour:

(20)
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Note that for stratified bed material the depth of scour can be determined by using
Equations 18 or 20 sequentially with successive D_ of the bed material layers.

Other Contraction Scour Conditions. Contraction scour resulting from variable water
surfaces downstream of the bridge is analyzed by determining the lowest potential water-
surface elevation downstream of the bridge insofar as scour processes are concerned. Use
the WSPRO [29] computer program to determine the flow variables, such as velocity and
depths, through the bridge. With these variables, determine contraction and local scour
depths.

Contraction scour in a channel bendway resulting from the flow through the bridge
being concentrated toward the outside of the bend is analyzed by determining the super-
elevation of the water surface on the outside of the bend and estimating the resulting
velocities and depths through the bridge. The maximum velocity in the outer part of the
bend can be 1.5 to 2 times the mean velocity. A physical model study can also be used to
determine the velocity and scour depth distribution through the bridge for this case.

Estimating contraction scour for unusual situations involves particular skills in the
application of principles of river mechanics to the site-specific conditions. Such studies
should be undertaken by engineers experienced in the fields of hydraulics and river
mechanics.

4.3.5 Step 5: Compute the Magnitude of Local Scour at Piers

General. Local scour at piers is a function of bed material size, flow characteristics,
fluid properties and the geometry of the pier. The subject has been studied extensively in
the laboratory, but there is limited field data. As a result of the many studies, there are
many equations. In general, the equations, which give similar results, are for live-bed scour
in cohesionless sand-bed streams.

The FHWA [32] compared many of the more common equations in 1983.
Comparison of these equations is given in Figures 4 and 5. An equation given by Melville
and Sutherland [17] to calculate scour depths for live-bed scour in sand-bed streams has
been added to the original figures. Some of the equations have velocity as a variable,
normally in the form of a Froude Number. However, some equations, such as Laursen's
[12] do not include velocity. A Froude Number of 0.3 was used in Figure 4 for purposes of
comparing commonly used scour equations. In Figure 5, the equations are compared with
some field data measurements. As can be seen from Figure 5, the Colorado State
University (CSU) equation envelopes all the points, but gives lower values of scour than Jain
and Fischer’s [22], Laursen's {33], Melville and Sutherland's [17], and Neill's [21] equations.
The CSU equation [9] includes the velocity of the flow just upstream of the pier by including
the Froude Number in the equation. Chang [34] pointed out that Laursen's 1960 equation
is essentially a special case of the CSU equation with the Fr = 0.4 (See Figure 6).
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The equations illustrated in Figures 4, 5, and 6 do not take into account the
possibility that larger sizes in the bed material could armor the scour hole. That is, the
large sizes in the bed material may at some depth of scour limit the scour depth. Raudkivi
[15], Melville and Sutherland [17], and others [14, 16] developed equations based on
laboratory and limited field data which take into consideration large particles in the bed.
Most of the field scour depths were measured after the flood had occurred and the depths
were not representative of the flow conditions that caused them. The significance of
armoring the scour hole over a long time frame and over many floods is not known.
Therefore, these equations are not recommended for use.

In Figure 6, the CSU equation relationship between y/a and y,/a is given as a
function of the Froude Number. This relation was developed by Chang.[34] Note that
Laursen's pier scour equation is a special case of the CSU equation when the Froude
Number is 0.4. Values of y/a around 3.0 were obtained by Jain and Fischer [22] for chute-
and-pool flows with Froude Numbers as high as 1.5. The largest value of y,/a for antidune
flow was 2.5 with a Froude Number of 1.2. Thus, the CSU equation will correctly predict
scour depths for upper regime flows (plane bed, antidunes, and chutes and pools).

Chang [34] noted that in all the data he studied, there were no values of the ratio
of scour depth to pier width (y/a) larger than 2.3. From laboratory data, Melville and
Sutherland [17] reported 2.4 as an upper limit ratio for cylindrical piers. In these studies,
the Froude Number was less than 1.0. These upper limits were derived for circular piers
and were uncorrected for pier shape and for skew. Also, pressure flow or debris can
increase the ratio.

From the above discussion, the ratio of y/a can be as large as 3 at large Froude
Numbers.. Therefore, it is recommended that the maximum value of the ratio is taken as
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2.4 for Froude Numbers less than or equal to 0.8 and 3.0 for larger Froude Numbers. These
limiting ratio values apply only to round nose piers which are aligned with the flow.

To determine pier scour, the CSU equation [9] is recommended for both live-bed and
clear-water pier scour. The equation predicts equilibrium pier scour depths. For plane-bed
conditions, which is typical of most bridge sites for the flood frequencies employed in scour
design, the maximum scour may be 10 percent greater than computed with CSU's equation.
In the unusual situation where a dune bed configuration with large dunes exists at a site
during flood flow, the maximum pier scour may be 30 percent greater than the predicted
equation value. This may occur on very large rivers, such as the Mississippi. For smaller
streams that have a dune bed configuration at flood flow, the dunes will be smaller and the
maximum scour may be only 10 to 20 percent larger than equilibrium scour. For antidune
bed configuration the maximum scour depth may be 10 percent greater than the computed
equilibrium pier scour depth. In Table 1 values of the percent increase in equilibrium pier
scour depths calculated with the CSU equation are given as a function of dune height H.
These increases are tabulated as a correction (K;) to the CSU equation.

Table 1. Increase in Equ1llbr1um Pier Scour Depths (K3) for Bed Condltlon

| . B Condiion | Dune Helght Hee | K,
Clear-Water Scour N/A 1.1

Plane bed and Antidune flow N/A , 1.1

Small Dunes 10> H < 2 1.1

Medium Dunes 30> H >10 1.1 to 1.2

Large Dunes | H >30 1.3

Computing Pier Scour. The CSU equation for pier scour is:

y
Y

65
= 20K, K, K, ( Fr)® (21)

¥

In terms of y/a, Equation 21 is:

0.35
% 20K K, K, (ZlJ Fro® (22)
a a
where
ys = scour depth, ft
y; = flow depth directly upstream of the pier, ft
K, = correction factor for pier nose shape from Figure 7 and Table 2
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K, = correction factor for angle of attack of flow from Table 3
K; = correction factor for bed condition from Table 1
a = pier width, ft
= length of pier ft
Fr; = Froude Number = V,/(gy,)"?
V, = Mean velocity of flow directly upstream of the pier, ft/s
Table 2. Correction Factor Table 3. Correction Factor K,
K, for Pier Nose for Angle of Attack
Shape. of the Flow.
_ Shape of Pier Nose | K, _Angle | L/a=4 | L/a=8 | L/a=12
(a) Square nose 1.1 0 1.0 1.0 1.0
b) Round nose 1.0 15 1.5 2.0 2.5
(c¢) Circular cylinder 1.0 30 2.0 273 33
(d) Sharp nose 0.9 45 2.3 3.3 4.3
(e) Group of cylinders 1.0 90 2.5 3.9 5.0
Angle = skew angle of flow

L =

length of pier

Note: The correction factor K, for pier nose shape should be determined using Table 2 for
angles of attack up to 5 degrees. For greater angles, K, dominates and K, should be
considered as 1.0. If L/a is larger than 12, use the values for L/a = 12 as a maximum.
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Figure 7. Common Pier Shapes.
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Pier Scour for Exposed Footings. Pier footings and/or pile caps may become
exposed to the flow by scour. This may occur either from long-term degradation,
contraction scour, or lateral shifting of the stream. Computations of local pier scour depths
for footings or pile caps exposed to the flow based on footing or pile cap width appears to
be too conservative. For example, calculations of scour depths for the Schoharie Creek
bridge failure were closer to the measured model and prototype scour depths when pier
width was used rather than footing width.[35] It appeared that the footing decreased the
potential scour depth.

A model study of scour at the Acosta Bridge at Jacksonville, Florida, by Jones [36]
found that when the top of the footing was flush with the streambed, local scour was 20
percent less than for other conditions tested. The other conditions were bottom of the
footing at the bed surface, the top of the footing at the water surface with pile group
exposed and top of footing at mid depth. In a generalized study, it was found that a footing
extending upstream of the pier reduced pier scour when the top of the footing was located
flush or below the bed, but scour holes became deeper and larger in proportion to the
extent that the footing projected into the flow field.

Based on this study, the following recommendation was made for calculating pier
scour if the footing is or may be exposed to the flow.

"It is recommended that the pier width be used for the value of 'a’ in the pier scour
equations if the top of the footing (or pile cap) is at or below the streambed (after
taking into account long-term degradation and contraction scour). If the pier footing
extends above the streambed, make a second computation using the width of the
footing for the value of "a" and the depth and average velocity in the flow zone
obstructed by the footing for the 'y' and 'V' respectively in the scour equation. Use
the larger of the two scour computations.”

If the top of the footing or pile cap is at the long-term degradation and/or contraction scour
elevation then it is only necessary to compute the scour depth considering the pier width.

Determine the average velocity of flow at the exposed footing (V) using the
following equation:

m{lo.%lf +1)
v k, @)
1
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V; = average velocity in the flow zone below the top of the footing, ft/s

y; = distance from the bed to the top of the footing, ft

k, = the grain roughness of the bed. Normally taken as the Dg, of the bed
material, ft

y; = depth of flow upstream of the pier, ft

The values of V; and y; would be used in the CSU equation given above.

Pier Scour for Exposed Pile Groups. Experiments were conducted by Jones [36] to
determine guidelines for specifying the characteristic width of a pile group (Figure 8) that
are or may be exposed to the flow (as the result of long-term degradation and/or
contraction scour) when the piles are spaced laterally as well as longitudinally in the
streamflow. The following was concluded:

"Pile groups that project above the streambed [as the result of long-term degradation
and/or contraction scour] can be analyzed conservatively by representing them as
a single width equal to the projected area of the piles ignoring the clear space
between piles. Good judgment needs to be used in accounting for debris because pile
groups tend to collect debris that could effectively clog the clear spaces between pile
and cause the pile group to act as a much larger mass."

If the pile group is exposed to the flow as the result of local scour then it is unnecessary to
consider the piles in calculating pier scour.

For example, five 16-inch cylindrical piles spaced at 6 feet (Figure 8) would have an
'a’ value of 6.67 feet. This composite pier width would be used in Equation 21 to determine
depth of pier scour. The correction factor K; in Equation 21 for the multiple piles would
be 1.0 regardless of shape. If the pile group is a square as in Figure 8 then K, would be
1.0. However, if the pile group is a rectangle use the dimensions as if they were a single
pier and the appropriate L/a value for determining K,.
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Figure 8. Pile Groups.

The depth of scour for exposed pile groups will be analyzed in this manner except
when addressing the effect of debris lodged between piles. If debris is evaluated, it would
be logical to consider the multiple columns and debris as a solid elongated pier. The
appropriate L/a value and flow angle of attack would then be used to determine K, in

Table 3.

Pile Caps Placed at the Water Surface or in the Flow. For pile caps placed at or
near the water surface or in the flow, it is recommended that the scour analysis include
computation of scour caused by the exposed pile group, computation of the pier scour
caused by the pile cap and pier scour caused by the pier if the pier is partially submerged
in the flow. A conservative estimate of local scour will be the largest pier scour computed
from these three scenarios,

When computing the pier scour caused by the pile cap, assume that the pile cap is
resting on the bed and use the previously defined values of V; and y; in the CSU
equation. Use the CSU equation for the pier shaft and exposed pile groups as
recommended in the previous discussions.

Multiple Columns. For multiple columns (as illustrated as a group of cylinders in
Figure 7) skewed to the flow, the scour depth depends on the spacing between the columns.
The correction factor for angle of attack would be smaller than for a solid pier. How much
smaller is not known. Raudkivi [15] in discussing effects of alignment states "..the use of
cylindrical columns would produce a shallower scour; for example, with five-diameter
spacing the local scour can be limited to about 1.2 times the local scour at a single cylinder."
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In application of the CSU equation with multiple columns spaced less than 5 pier
diameters apart, the pier width 'a' is the total projected width of all the columns in a single
bent, normal to the flow angle of attack. For example, three 24-inch cylindrical columns
spaced at 10 feet would have an 'a’ value ranging between 2 and 6 feet, depending upon the
flow angle of attack. This composite pier width would be used in Equation 21 to determine
depth of pier scour. The correction factor K; in Equation 21 for the multiple column
would be 1.0 regardless of column shape. The coefficient K, would also be equal to 1.0
since the effect of skew would be accounted for by the projected area of the piers normal
to the flow.

The depth of scour for a multiple column bent will be analyzed in this manner except
when addressing the effect of debris lodged between columns. If debris i1s evaluated, it
would be logical to consider the multiple columns and debris as a solid elongated pier. The

appropriate L/a value and flow angle of attack would then be used to determine K, in
Table 3.

Additional laboratory studies are necessary to provide guidance on the limiting flow
angles of attack for given distance between multiple columns beyond which multiple columns
can be expected to function as solitary members with minimal influence from adjacent
columns.

Pressure Flow Scour. Pressure flow, which is also denoted as orifice flow, occurs
when the water surface elevation at the upstream face of the bridge is greater than or equal
to the low chord of the bridge superstructure. Pressure flow under the bridge results from
a pile up of water on the upstream bridge face, and a plunging of the flow downward and
under the bridge. At higher approach flow depths, the bridge can be entirely submerged
with the resulting flow being a complex combination of the plunging flow under the bridge
(orifice flow) and flow over the bridge (weir flow).

In many cases, when a bridge is submerged, flow will also overtop adjacent approach
embankments. This highway approach overtopping, is also weir flow. Hence, for any
overtopping situation, the total weir flow can be subdivided into weir flow over the bridge
and weir flow over the approach. Weir flow over approach embankments serves to reduce
the discharge which must pass either under or over the bridge. In some cases, when the
approach embankments are lower than the low chord of the bridge, the relief obtained from
overtopping of the approach embankments will be sufficient to prevent the bridge from
being submerged.

The hydraulic bridge routines of either WSPRO and HEC-2 are suitable for
determination of the amount of flow which will flow over the roadway embankment, over
the bridge as weir flow, and through the bridge opening as orifice flow, provided that the
top of the highway is properly included in the input data. These models can be used to
determine average flow depths and velocities over the road and bridge, as well as average
velocities under the bridge.
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With pressure flow, the local scour depths at a pier or abutment are larger than for
free surface flow with similar depths and approach velocities. The increase in local scour
at a pier subjected to pressure flow results from the flow being directed downward towards
the bed by the superstructure (vertical contraction of the flow) and by increasing the
intensity of the horseshoe vortex. The vertical contraction of the flow is a more significant
cause of the increased scour depth. However, in many cases, when a bridge becomes
submerged, the average velocity under the bridge is reduced due to a combination of
additional backwater caused by the bridge superstructure impeding the flow, and a reduction
of the discharge which must pass under the bridge due to weir flow over the bridge and
approach embankments. As a consequence of this, increases in local scour attributed to
pressure flow scour at a particular site, may be offset to a degree by lesser velocities
through the bridge opening due to increased backwater and a reduction in discharge under
the bridge due to overtopping of the bridge and approach embankments.

The average flow depth to be used to estimate scour depths should be measured to
the highest portion of the bridge superstructure blocking the flow. Flow depths in excess
of this elevation can be neglected in the scour computations because this excess depth is
attributed to the weir flow over the bridge and not the orifice flow under the bridge. It
should be noted that an open guardrail can be plugged with debris. If debris clogging is
likely, the flow depth used in the scour equations should be measured from the stream bed
to the top of the clogged guardrail.

The discharge through the bridge, approach velocity, and depths for calculating
contraction and local scour can be obtained by using WSPRO or HEC-2 computer
programs. Both programs have bridge routines with combined orifice (pressure) and weir
flows. It is highly recommended that WSPRO be used to analyze the scour problem when
the bridge is overtopped with or without overtopping of the approach roadway.

The worst case pressure scour problem normally occurs when all the flow must pass
through the bridge and there is no relief from flow over the bridge or approach roadway
and no backwater from downstream controls. This case was studied in a limited flume study
at Colorado State University in Spring 1990. [37,38] In this study, a single pier with a
simulated bridge deck was investigated in the flume. The height of the bridge deck above
the bed was adjusted for each simulation so that the upstream face of the bridge deck was
partially submerged (no flow over the top of the simulated bridge deck). The discharges
used for this study provided a range of approach flow depths, and approach
velocities. For all of the simulations, the underside of the bridge deck was, for the most
part, in contact with the flow. There was no sediment transport upstream of the bridge
(clear-water scour).

With the underside of the deck submerged, local pier scour depths calculated using
the CSU equation were increased by a factor of 1 at an approach Froude Number of 0.13
to a factor of 1.6 at a Froude Number of 0.59. These results were obtained by comparison
of scour depths for free surface and pressure flow simulations with similar hydraulic
characteristics. The magnitude of the increase in local pier scour, as expected, depended
on the velocity of the approach flow and the distance from the deck to the bed. For the
same approach velocity, local pier scour increased as the distance from the bed to the deck
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decreased. Although not tested, it is possible that the local scour at a pier resulting from
pressure flow would decrease if the flow overtops the bridge. Further analysis of the results
of these experiments and additional laboratory studies will be necessary to define the impact
of bridge submergence on local scour.

It is recommended that WSPRO or HEC-2 be used to determine the discharge
through the bridge and the velocity of approach and depth upstream of the piers when flow
impacts the bridge superstructure. These values should be used to calculate local pier
scour. Engineering judgment would then be exercised to determine the appropriate
multiplier times the calculated pier scour depth for the pressure flow scour depth. This
ranges from 1.0 for low approach Froude Numbers (Fr = 0.1) to 1.6 for high approach
Froude Numbers (Fr = 0.6). If the bridge is overtopped, the depth (y) to be used in the
pier scour equations and for computing the Froude Number is the depth to the top of the
bridge deck or guard rail obstructing the flow.

Scour from Debris on Piers. Debris lodged on a pier also increases local scour at a
pier. This has the effect of increasing pier width with resultant increase in velocity and
greater component of flow deflected downward. This increases the transport of sediment
out of the scour hole. When floating debris is lodged on the pier, the scour depth is
estimated by assuming that the pier width is larger than the actual width. The problem is
in determining the increase in pier width to use in the pier scour equation. Furthermore,
at large depths, the effect of the debris on the scour depths should diminish.

As with estimating local scour depths with pressure flow, only limited research has
been done on local scour with debris. Melville and Dongol [39] have conducted a limited
quantitative study of the effect of debris on local pier scour and have made some
recommendations. However, additional laboratory studies will be necessary to better define
the influence of debris on local scour.

Width of Scour Holes. The topwidth of a scour hole in cohesionless bed material
from one side of a pier or footing can be estimated from the following equation:

W =y (K + cot ) (23)
where
W = topwidth of the scour hole from each side of the pier or footing, ft
Y, = scour depth, ft
K = bottom width of the scour hole as a fraction of scour depth
8 = Angle of repose of the bed material and ranges from about 30° to 44°

If the bottom width of the scour hole is equal to the depth of scour y, (K = 1) the
topwidth in cohesionless sand would vary from 2.07 to 2.80 y.. At the other extreme if K
= 0, the topwidth would vary from 1.07 to 1.8 y.. Thus, the topwidth could range from 1.0
to 2.8 y, and will depend on the bottom width of the scour hole and composition of the bed
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material. In general, the deeper the scour hole, the smaller the bottom width. A topwidth
of 2.8 y, is suggested for practical application.

4.3.6 Step 6: Local Scour at Abutments

General. Equations for predicting abutment scour depths are based entirely on
laboratory data. For example, equations by Liu et al. [40], Laursen [33], Froehlich [41], and
Melville [42] are based entirely on laboratory data. The problem is that little field data on
abutment scour exist. Liu et al.'s equations were developed by dimensional analysis of the
variables with a best-fit line drawn through the laboratory data. Laursen's equations are
based on inductive reasoning of the change in transport relations due to the acceleration of
the flow caused by the abutment. Froehlich's equation was derived from dimensional
analysis and regression analysis of the available laboratory data. Melville's equations were
derived from dimensional analysis and development of relations between dimensionless
parameters using best-fit lines through laboratory data.

All equations in the literature were developed using the abutment and roadway
approach length as one of the variables and result in excessively conservative estimates of
scour depth. As Richardson and Richardson [43] point out in a discussion of Melville's
(1992) paper,

"The reason the equations in the literature predict excessively conservative
abutment scour depths for the field situation is that, in the laboratory flume,
the discharge intercepted by the abutment is directly related to the abutment
length; whereas, in the field, this is rarely the case.”

Figure 9 illustrates the difference. Thus, using the abutment length in the equations instead
of the discharge returning to the main channel at the abutment results in a spurious
correlation between abutment lengths and scour depth at the abutment end.

Flow Distribution for Loboratory Flow Distribution At Typical Bridges

Figure 9. Comparison of Laboratory Flow Characteristics to Field Conditions.
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Abutment scour depends on the interaction of the flow obstructed by the abutment
and roadway approach and the flow in the main channel at the abutment. The discharge
returned to the main channel at the abutment is not simply a function of the abutment and
roadway length in the field case. Richardson and Richardson [43] noted that abutment
scour depth depends on abutment shape, sediment characteristics, cross-sectional shape of
the main channel at the abutment (especially the depth of flow in the main channel and
depth of the overbank flow at the abutment), alignment, etc. In addition, field conditions
may have tree lined or vegetated banks, low velocities, and shallow depths upstream of the
abutment. Research to date has failed to replicate these field conditions.

Therefore, engineering judgment is required in designing foundations for abutments.
In many cases, foundations can be designed with shallower depths than predicted by the
equations when the foundations are protected with rock riprap placed below the streambed
and/or a guide bank (spur dike) placed upstream of the abutment. Cost will be the deciding
factor. A method to determine the length of a guide bank is given in HEC-20.[8]

In the following sections, two equations are presented for use in estimating scour
depths as a guide in designing abutment foundations. As stated above, these equations give
excessively conservative estimates of scour depths.

Abutment Site Conditions. Abutments can be set back from the natural streambank
or project into the channel. They can have various shapes (vertical walls, spill-through
slopes) and can be set at varying angles to the flow. Scour at abutments can be live-bed or
clear-water scour. Finally, there can be varying amounts of overbank flow intercepted by
the approaches to the bridge and returned to the stream at the abutment. More severe
abutment scour will occur when the majority of overbank flow returns to the bridge opening
directly upstream of the bridge crossing. Less severe abutment scour will occur when
overbank flows gradually return to the main channel upstream of the bridge crossing.

Abutment Shape. There are three general shapes for abutments: (1) spill-through
abutments, (2) vertical-wall abutments with wing walls (Figure 10), and (3) vertical walls
without wing walls. Depth of scour is approximately double for vertical-wall abutments as
compared with spill-through abutments.
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Figure 10. Abutment Shape.

Design for Scour at Abutments. The potential for lateral channel migration, long
term degradation and contraction scour should be considered in setting abutment foundation
depths near the main channel. It is recommended that foundation depths for abutments be
set at least 6 feet below the streambed, including long-term degradation, contraction scour,
and lateral stream migration. Normally, protection is provided using rock riprap with the
guidance from Chapter 7 and/or guide banks designed as given in HEC-20.[8] Engineering
Jjudgment is required in setting foundation depths for abutments.

Live-Bed Scour at Abutments. As a check on the potential depth of scour to aid in
the design of the foundation and placement of rock riprap or guide banks, Froehlich's [42]
live-bed scour equation or an equation from HIRE [9] can be used. Appendix B presents
an alternate design approach, using material contained in the original FHWA Interim
Procedures for Evaluating Scour at Bridges.[7] Froehlich analyzed 170 live-bed scour
measurements in laboratory flumes to obtain the following equation:

y a/ 043

== =227TK K, |—| F° +1 (24)
¥ Y
where

1 coefficient for abutment shape (see Table 4)
coefficient for angle of embankment to flow

5 ©/90)"1 (see Figure 11 for definition of 6)

8 <90° if embankment points downstream

8 >90° if embankment points upstream

the length of abutment projected normal to flow, ft
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i

®
]
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A, = thze flow area of the approach cross section obstructed by the embankment,
ft
Fr = Froude Number of approach flow upstream of the abutment
= V./(gy)"”?

V. = QJ/A,, ft/s

Q. = the flow obstructed by the abutment and approach embankment, cfs

Yy, = average depth of flow on the floodplain, ft

y, = scour depth, ft

Table 4. Abutment Shape Coefficients.
Description K

Vertical-wall abutment 1.00
Vertical-wall abutment with wing walls 0.82
Spill-through abutment 0.55

An equation in HIRE [9] was developed from Corps of Engineers field data of scour
at the end of spurs in the Mississippi River. This field situation closely resembles the
laboratory experiments for abutment scour in that the discharge intercepted by the spurs was
a function of the spur length. The HIRE equation is applicable when the ratio of projected
abutment length (a) to the flow depth (y,) is greater than 25. This equation can be used to
estimate scour depth (y,) at an abutment where conditions are similar to the field conditions
from which the equation was derived:

s o4 (25)
1
where
Yy, = scour depth, ft
y; = depth of flow at the abutment, on the overbank or in the main channel, ft
Fr, = the Froude Number based on the velocity and depth adjacent to and

upstream of the abutment
To correct Equation 25 from HIRE [9] for abutments skewed to the stream use Figure 11.
The abutment scour depths determined from the HIRE equation (Equation 25) will
need to be corrected for abutment type if this equation is used for any abutment shape
other than spill-through shapes. This correction can be made by multiplying the abutment
scour depth from Equation 25 by the factor K,/0.55, where K, is determined from Table 4.

Clear-Water Scour at an Abutment. Use Equations 24 or 25 for live-bed scour since
Froehlich's clear-water scour equation presented in Appendix B potentially decreases scour
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at abutments due to the presence of coarser material. This decrease is unsubstantiated by
field data, Froehlich's clear-water scour equation is not recommended.
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Figure 11. Adjustment of Abutment Scour Estimate for Skew.

4.3.7 Step 7: Plot and Evaluate the Total Scour Depths

Plot the Total Scour Depths. On the cross section of the stream channel and

floodplain at the bridge crossing, plot the estimate of long-term bed elevation change,
contraction scour, and local scour at the piers and abutments. Use a distorted scale so that
the scour determinations will be easy to evaluate. Make a sketch of any planform changes
(lateral stream channel movement due to meander migration, etc.) that might be reasonably
expected to occur.

L.

2.

Long-term elevation changes may be either aggradation or degradation.

Contraction scour is then plotted from and below the long-term aggradation or
degradation lines.

Local scour is then plotted from and below the contraction scour line.

Plot not only the depth of scour at each pier and abutment, but also the scour hole
width. Use 2.8 y, to estimate scour hole width on each side of the pier.

Evaluate the Total Scour Depths.

Evaluate whether the computed scour depths are reasonable and consistent with the
design engineer's previous experience, and engineering judgment. If not, modify the
depths to reflect sound engineering judgment.
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Evaluate whether the local scour holes from the piers or abutments overlap between
spans. If so, local scour depths can be larger though indeterminate. For new or
replacement bridges, the length of the bridge opening should be reevaluated and the
opening increased or the number of piers decreased as necessary to avoid
overlapping scour holes.

Evaluate other factors such as lateral movement of the stream, streamflow
hydrograph, velocity and discharge distribution, movement of the thalweg, shifting of
the flow direction, channel changes, type of stream, or other factors.

Evaluate whether the calculated scour depths appear too deep for the conditions in
the field, relative to the laboratory conditions (Abutment scour equations are for the
worst case conditions). Rock riprap or a guide bank could be a more cost- effective
solution than designing the abutment to resist the computed abutment scour depths.

Evaluate cost, safety, etc. Also, account for debris effects.

In the design of bridge foundations, the bottom foundation elevation(s) should be at
or below the total scour elevation(s) as discussed in Chapter 3.

Reevaluate the Bridge Design. Reevaluate the bridge design on the basis of the

foregoing scour computations and evaluation. Revise the design as necessary. This
evaluation should consider the following questions:

1.
2,

Is the waterway area large enough (i.e., is contraction scour too large)?

Are the piers too close to each other or to the abutments (i.q., do the scour holes
overlap)? The topwidth of a scour hole on each side of a pier is about 2.8 times the
depth of scour. If scour holes overlap, local scour can be deeper.

Is there a need for relief bridges? Should they or the main bridge be larger?

Are bridge abutments properly aligned with the flow and located properly in regard
to the stream channel and floodplain?

Is the bridge crossing of the stream and floodplain in a desirable location? If the
location presents problems:

a. Can 1t be changed?

b.  Can river training works, guide banks or relief bridges serve to provide for an
acceptable flow pattern at the bridge?

[s the hydraulic study adequate to provide the necessary information for foundation
design?

Are flow patterns complex?

a
b.  Should a two-dimensional, water-surface profile model be used for analysis?

0

Is the foundation design safe and cost-effective?

s

Is a physical model study needed/warranted?
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4.4 Computer Program HY-9 for Computing Scour Depths

The HY-9 computer program developed by Fraher (FHWA) [45] is a convenient tool
for solving the equations presented in this chapter. The program is interactive (i.e., the user
is prompted to enter the variables needed to solve the equations). The program parallels
the manual by presenting the equation names and numbers and all variables just as they are
in the manual. The following important features are provided:

1. Data are saved to a user named file and can be reopened for editing of values.
2. A hard copy report is available which includes the equation names and all variables.
3. An ASCII file output is available to allow transport to other word processing
programs.
4. ;Il’he program can handle data for up to 5 flow events and up to 10 pier solutions per
ow.

5. The HY-9 program is available from the University of Florida McTRANS Center,
Gainesville, Florida.

4.5 Scour Example Problem

4.5.1 General Description of Problem

This example problem is taken from a paper by Arneson.[46] A 650-foot long bridge
(Figure 12) is to be constructed over a channel with spill-through abutments (slope of
2H:1V). The left abutment is set approximately 200 feet back from the channel bank. The
right abutment is set at the channel bank. The bridge deck is set at elevation 22 and has
a girder depth of 4 feet. Six round-nose piers are evenly spaced in the bridge opening. The
piers are 5 feet thick, 40 feet long, and are aligned with the flow. The 100-year design
discharge is 30,000 cfs. The 500-year flow of 51,000 cfs was estimated by multiplying the
Qsg0 by 1.7 since no hydrologic records were available to predict the 500-year flow.
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Distance in Feet

Figure 12. Cross Section of Proposed Bridge.
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4.5.2 Step 1: Determine Scour Analysis Variables

From Level 1 and Level 2 analysis: a site investigation of the crossing was conducted
to identify potential stream stability problems at this crossing. Evaluation of the site
indicates that the river has a relatively wide floodplain. The floodplain is well vegetated
with grass and trees. However, the presence of remnant channels indicates that there is a
potential for lateral shifting of the channel.

The bridge crossing is located on a relatively straight reach of channel, The channel
geometry is relatively the same for approximately 1,000 feet upstream and downstream of
the bridge crossing. The Dy, of the bed material, and overbank material is approximately
2 mm. The maximum grain size of the bed material is approximately 8 mm.

The river and crossing are located in a rural area with the primary land use consisting
of agriculture and forest.

Rock outcrops have been identified in the valley bottom approximately 3,000 feet
upstream and downstream of the bridge crossing; however, at the bridge site, bedrock is
approximately 150 feet below the channel bed.

Since this is a sand-bed channel, no armoring potential is expected. Furthermore,
the bed for this channel at low flow consists of dunes which are approximately 1 to 1.5 feet
high. At higher flows, above the Qs, the bed will be either plane bed or antidunes.

The left and right banks are relatively well vegetated and stable; however, there are
isolated portions of the bank which appear to have been undercut and are eroding. Brush
and trees grow to the edge of the banks. Banks will require riprap protection if disturbed.
Riprap will be required upstream of the bridge and extend downstream of the bridge.

Hydraulic characteristics. Hydraulic characteristics at the bridge were determined
using WSPRO.[29] Three cross sections were used for this analysis and are denoted as
"EXIT" for the section downstream of the bridge, "FULLV" for the full-valley section at the
bridge, and "APPR" for the approach section located one bridge length upstream of the
bridge. The bridge geometry was superimposed on the full-valley section and is denoted
"BRDG." Values used for this example problem are based on the output from the WSPRO
model which is presented in Appendix C. Specific values for scour analysis variables are
given for each computation separately and cross referenced to the line numbers of the
WSPRO output.

Both the bridge and approach sections were coded to output 20 equal conveyance
tubes. Figure 13 and Figure 14 illustrate the location of these conveyance tubes for the
approach and bridge cross section respectively. Figure 15 illustrates the average velocities
in each conveyance tube and the contraction of the flow from the approach section through
the bridge. Figure 15 also identifies the equal conveyance tubes of the approach section
which are cut off by the abutments.
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Hydraulic variables for performing the various scour computations were determined
from the WSPRO output (see Appendix C) and from Figures 13, 14, and 15. These variable
which will be used to compute contraction scour and local scour are presented in Tables §
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Table 5. Hydraulic Variables From WSPRO for Estimation of Live-bed Contraction Scour.

Remarks
Q (cfs) 30,000 Total discharge input to WSPRO, line 11
K. (Approach) 680,989 Conveyance of main channel of approach. Read directly

from WSPRO, line 295, SA#2

Kiotal (Approach) 1,414,915 Total conveyance of approach section. Read directly from
WSPRO, line 297

W, (Approach) (ft) 400 Taken as the top width of flow (TOPW) for this case.
" Assumed to represent active live bed width of approach.
Read directly from WSPRO, line 295, SA#?2

A (Approach) (ft?) 3,467 Main channel area of approach section. Read directly
from WSPRO, line 295, SA#?2
TOPW (Approach) 400 Top width of main channel of approach section. Read
(ft) directly from WSPRO, line 295, SA#2
WETP (Approach) 400 Wetted perimeter of main channel of approach section.
(ft) Read directly from WSPRO, line 295, SA#?2.
K. (Bridge) 392,654 Conveyance of main channel through bridge. Read

directly from WSPRO, line 244, SA#2

K otal (Bridge) 433,451 Total conveyance through bridge. Read directly from
WSPRO, line 245

w, (Bridge) (ft) 380 Difference between subarea break points defining channel
banks at the bridge. Read directly from WSPRO, line 93,
less pier widths (20 ft.)

S; (ft/ft) 0.002 Average unconstricted energy slope. Defined as the head
loss (HF) listed on lines 318 or 322 of the WSPRO output
divided by the distance between cross sections listed on
lines 316, 319, and 323.

57



Table 6. Hydraulic Variables from WSPRO for Estimation of Clear-water Contraction
Scour on Left Overbank.

Remarks
Q (cfs) 30,000 Total discharge input to WSPRO, line 11
Q_han (Bridge) (cfs) 27,176.4 Flow in main channel at bridge. Determined in live-bed

computation of Step SA

Q, (Bridge) (cfs) 2,823.6 Flow in left overbank through bridge. Determined by
subtracting Q,,, from total discharge through bridge, or
by multiplying total discharge by K; /K, (line 243,
SA#1) for left overbank through bridge

D5, (Bridge 0.0066 Median grain size of left overbank area. Note conversion
Overbank) (ft) from mm to feet
W iback (Bridge)(ft) 211 Distance from left bank to toe of left abutment less pier

width. Determine by subtracting XLAB on line 335 and
total pier width from left bank station on line 137

A, (Approach) (f1) 4,049 Area of left overbank at approach. From WSPRO, line
294, SA #1
TOPW,,, (Approach) 992 Topwidth of left overbank at approach. From WSPRO,
(ft) line 294, SA #1

Table 7. Hydraulic Variables from WSPRO for Estimation of Pier Scour.

Remarks
Area (flz) 120.7 Read directly from WSPRO output
v (fps) 12.43 Velocity in conveyance tube #12. Read directly from

WSPRO output, line 224

Topwidth (ft) 13.1 Difference between left and right end stations of equal
conveyance tube. Read from WSPRO output, line 222

Y, (Y 9.21 Mean depth of Tube #12, computed as area divided by
topwidth of conveyance tube
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Table 8. Hydraulic Variables from WSPRO for Estimation of Abutment Scour Using
Froehlich's [41] Equation for Left Abutment.

Remarks
Q (cfs) 30,000 Total discharge, input to WSPRO, line 11
Qiube (cfs) 1,500 Discharge per equal conveyance tube, defined as total
discharge divided by 20
#Tubes 3.5 Number of approach section conveyance tubes which are

obstructed by left abutment. Determined by
superimposing abutment geometry onto the approach

section
Q.. (cfs) 5,250 Flow in left overbank obstructed by left abutment.
Determined by multiplying #Tubes and q, ;..
A, (left abut.) 2,910 Area of conveyance tube 1, 2, 3, and half of tube 4.
() Determined from WSPRO output, line 266
a' (ft 766.65 Length of abutment projected into flow, determined by

adding topwidths of conveyance tube 1, 2, 3, and half of
tube 4, determined from WSPRO output, line 265

Table 9. Hydraulic Variables from WSPRO for Estimation of Abutment Scour Using
HIRE [9] Equation for Left Abutment.

Remarks
Q (cfs) 30,000 Total discharge, input to WSPRO, line 11
Qyupe (cfs) 1,500 Discharge per equal conveyance tube, defined as total
discharge divided by 20
Ape #1 (ft%) 346.5 Area of conveyance tube #1, adjacent to left abutment.
(Bridge x-Section) Read directly from WSPRO, line 215
Viube ([t/5) 433 Mean velocity of conveyance tube #1, adjacent to left
(Bridge x-Section) abutment. Read directly from WSPRO, line 216
TOPW, ;. #1 (f) 129.5 Difference between left and right station of conveyance
(Bridge x-Section) tube 1. From WSPRO, line 214
y; (f) 2.68 Average depth of conveyance tube 1. Computed as:
(Bridge x-Section) A b/ TOPW oo of conveyance tube #1
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Table 10. Hydraulic Variables from WSPRO for Estimation of Abutment Scour Using
HIRE [9] Equation for Right Abutment.

Remarks
Q (cfs) 30,000 Total discharge, input to WSPRO, line 11
Qiype (cfs) 1,500 Discharge per equal conveyance tube, defined as total
discharge divided by 20
Aiee #20 (ftz) 245.2 Area of conveyance tube #20, read directly from WSPRO,
line 227
Ve (ft/s) 6.12 Mean velocity of conveyance tube #20, read directly from
WSPRO, line 228
TOPW, .. #1 (ft) 59.7 Difference between left and right station of conveyance
tube 1. From WSPROQ, line 214
yp (fY) 411 Average depth of conveyance tube 20 (A, ./ TOPW, )

Contraction scour will occur both in the main channel and on the left overbank of
the bridge opening. For the main channel, contraction scour will be live-bed because the
channel is predominantly sand which is transported as both contact and suspended load in
the main channel.

In the overbank area adjacent to the left abutment, clear-water scour will occur. This
is because the overbank areas upstream of the bridge are vegetated, and because the
velocities in these areas will be low. Thus, returning overbank flow which will pass under
the bridge adjacent to the left abutment will not be transporting significant amounts of
material to replenish the scour on the left overbank adjacent to the left abutment.

Because of this, two computations for contraction scour will be required. The first
computation, which will be illustrated in Step 4-A will use Laursen's live-bed equation to
determine the contraction scour in the main channel. The second computation, which is
illustrated in Step 4-B will utilize Laursen's clear-water equation for the left overbank area.
Hydraulic data for these two computations are presented in Tables 5 and 6 for the live-bed
and clear-water computations respectively.

Table 7 lists the hydraulic variables which will be used to estimate the local scour at
the piers (Step 5). These hydraulic variables were determined from a plot of the velocity
distribution derived from the WSPRO output (Figure 16). For this example the highest
velocities and flow depths in the bridge cross section will be used (at conveyance tube
number 12). Only one pier scour computation will be computed because the possibility of
thalweg shifting and lateral migration will require that all of the piers be set assuming that
any pier could be subjected to the maximum scour producing variables.
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Figure 16. Velocity Distribution at Bridge Crossing.

Local scour at the left abutment will be illustrated in Step 6-A using the Froehlich
[41] and HIRE [9] equations. Scour variables derived from the WSPRO output for these
two computations are presented in Tables 8 and 9 for the Froehlich and HIRE equation
respectively. Local scour at the right abutment will be computed in Step 6-B using the
HIRE equation, and the hydraulic variables listed in Table 10.

4.5.3 STEP 2: Analyze Long-term Bed Elevation Changes

Evaluation of stage discharge relationships and cross sectional data obtained from
other agencies do not indicate progressive aggradation or degradation. Furthermore, the
presence of bed rock outcrops both upstream and downstream of the bridge crossing serve
as grade control for the this reach of river. Based on these observations, the channel is
relatively stable vertically at present.

Furthermore there are no plans to change the local land use in the watershed. The
forested areas of the watershed are government owned and regulated to prevent wide spread
fire damage, and in-stream gravel mining is prohibited. These observations indicate that
future aggradation or degradation of the channel, due to changes in sediment delivery from
the watershed, are minimal.

61



Based on these observations, and due to the lack of other possible impacts to the
river reach, it is determined that the channel will be relatively stable vertically at the bridge
crossing and long term aggradation or degradation potential is considered to be minimal.
However, there is evidence that the channel is unstable laterally. This will need to be
considered when assessing the total scour at the bridge.

4.5.4 Step 3: Evaluate the Scour Analysis Method

For this problem it is assumed that the components of scour will develop
independently (Method 1). Therefore the contraction and local scour will be computed
using the hydraulic characteristics determined from the WSPRO model. The fixed bed
geometry will not be modified.

In some cases, when the contraction scour is large, (greater than approximately 5
feet), local velocities in the bridge opening can be measurably reduced as a result of
contraction scour. In such cases, the fixed-bed hydraulic model can be modified to account
for the contraction scour and the hydraulic characteristics of the bridge opening can be
redetermined using WSPRO. Contraction scour can be recomputed followed by
computation of the local scour. This method (denoted Method 2) is usually not necessary.

4.5.5 Step 4A: Compute the Magnitude of Contraction Scour

It was determined that the contraction scour in the main channel will be live-bed.
The following computation determines the mode of bed material transport and the factor
k,. All hydraulic parameters which are needed for this computation are listed in Table 5.
Neill's [47] equation was used to determine the critical velocity for Dy, of the bed material
and compared to the actual velocity to determine that for this situation, the flow will be live-
bed.

The hydraulic radius of the approach channel is:

A, 3461 2
WETP 400 ft

= 8.67 fi (46)

The average shear stress on the channel bed is:

t = YRS = (62.41b/ft>) (8.67 f1) (0.002) = 1.08 Ib/ft® (47)

The shear velocity in the approach channel is:

V., = (z/p)*® = (1.08/1.94)°° = 0.75 fifs (48)
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Bed material is sand with Dgy =2.0 mm. = 0.0066 ft

Fall velocity (w) = 0.9 ft/s from Figure 3

Therefore
1%
s DI | _ 5ss (49)
W 0.9

From the above, the coefficient k, is determined (from the discussion for Equation
16) to be equal to 0.64 which indicates that the mode of bed material transport is a mixture
of suspended and contact load.

The discharge in the main channel of the approach section is determined from the
ratio of the conveyance in the main channel to the total conveyance of the approach section.
By multiplying this ratio by the total discharge, the discharge in the main channel at the
approach section (Q,) can be determined.

680,989

- 0 (KJK. ) = 30,000 cfs (080989
@ = Q K/Kpw) Ca (1,414,915

) = 14,439 cfs (50)

Likewise, the discharge in the main channel at the bridge (Q,) is also determined
from the ratio of conveyance for the bridge section.

392,654

Q, - Q KK, - 30,000 ofs ( o

) = 27,176 cfs (31)

For many wider natural channels, the hydraulic radius is equal to the depth. For this
example the average depth, y,, is equal to the hydraulic radius of the main channel at the
approach section, therefore: y, =8.67.

The channel widths at the approach and bridge section are given in Table 3.
Therefore all parameters to determine contraction scour have been determined and
Laursen's live-bed equation (Equation 16) can be employed.

6
Y _ Q)3 M) (52)
Yy Q) \W,
6
Y2 _ (21,176)7( 400\ 178 (53)
8.67 14,439 380
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By multiplying the above result by y,, y, is determined to be equal to 15.4 feet.
Therefore the depth of contraction scour in the main channel is:

Yo=Y, -y, =154 ft - 867 ft = 6.7 ft (54)

This amount of contraction scour is large and could be minimized by increasing the
bridge opening, providing for relief bridges in the overbank or, in some cases, providing for
highway approach overtopping.

Since the contraction scour is large, Method 2 which would require revising the
WSPRO model to account for this amount of contraction scour may be warranted.
However, for this example, this amount of contraction scour is accepted and subsequent
computations of local scour will be illustrated.

4.5.6 Step 4B: Determine Contraction Scour for Left Overbank

Clear-water contraction scour will occur in the overbank area between the left
abutment and the left bank of bridge opening. Although the bed material in the overbank
area is soil, it is protected by vegetation. Therefore, there would be no bed-material
transport into the set-back bridge opening (clear-water conditions). The subsequent
computations are based on the discharge and depth of flow passing under the bridge in the
left overbank. These hydraulic variables were determined from the WSPRO output and are
tabulated in Table 6.

Computation of clear-water contraction scour (Equation 18)

2 u
5, = Q (85)
2
(120 D m2/3 Wsetbackz)
Computation of flow depth in contracted section at bridge, y;:
2 i 56
9, = (2823.6 ¢fs) _ 467 f (56)
(120) (0.0083 )3 (211 fr)?
Computation of flow depth in left overbank approach section, y;:
2
y, = —A_ GO 4085 (57)

TOPW (992 fi)

Therefore the clear-water contraction scour in the left overbank of the bridge opening is:
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Yy =Y, - ¥ =461 ft - 408 ft = 0.59 fr. (58)

4.5.7 Step 5: Compute the Magnitude of Local Scour at Piers

It is anticipated that any pier under the bridge could potentially be subject to the
maximum flow depths and velocities derived from the WSPRO hydraulic model(Table 7).
Therefore, only one computation for pier scour is conducted and assumed to apply to each
of the six piers for the bridge. This assumption is appropriate based on the fact that the
thalweg is prone to shifting and because there is a possibility of lateral channel migration.

Computation of Pier Scour. The Froude Number for the pier scour computation is
based on the hydraulic characteristics of equal conveyance tube number 12. Therefore:

B o= P o 1248 Jps - 0.72 (59)
g y)* (322 fis?) 921 MI**
For a round nose pier aligned with the flow:
K, =K, =10 (60)
For plane-bed condition:
K = 11 (61)
Using CSU's equation (Equation 20):
0.65
75 _ 20 K KK |2 m® (62)
Y Y1
0.65
s 2010 1.0) ) (2L 0720 - 128 (63)
9.21 921 ft

From the above computation the maximum scour depth accounting for bed condition
will be approximately 11.8 ft.

Correction for Skew. The above computation assumes that the piers are aligned with
the flow (skew angles are less than 5°). However, if the piers were skewed greater than 5°,
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the value of y./y,, as computed above, would need to be adjusted using K,. The following
computations illustrates the adjustment for piers skewed 10°.

|t~

- Hr g (64)
Sf

K, can then be interpolated using an L/a of 8 and a 10° skew angle from the
correction values tabulated in Table 3. For this example, K,=1.67. Applying this correction
for skew:

Ys

= 1.67 (1.28) = 2.14 (65)
921 ft

Therefore, the maximum scour depth for a pier angled 10° to the flow is 19.7 feet.

Discussion of Pier Scour Computations. Although the estimated local pier scour
would probably not occur at each pier, the possibility of thalweg shifting, which was
identified in the Level 1 analysis, precludes setting the piers at different depths even if there
were a substantial savings in cost. This is because any of the piers could be subjected to the
worst case scour conditions.

It is also important to assess the possibility of lateral migration of the channel. This
possibility can lead to directing the flow at an angle to the piers, thus increasing local scour.
Countermeasures to minimize this problem could include riprap for the channel banks both
upstream and downstream of the bridge, and installation of guide banks to align flow
through the bridge opening.

The possibility of lateral migration precludes setting the foundations for the overbank
piers at a higher elevation. For this example, the foundations for the overbank piers should
be set at the same elevations as the main channel piers.

4.5.8 Step 6A: Compute the Magnitude of Local Scour at Left Abutment

Computation of Abutment Scour Using Froehlich's [44] Equation. For spill-through
abutments, K, =0.55. For this example, the abutments are set perpendicular to the flow,
Therefore K,=1.0. Abutment scour can be estimated using Froehlich's equation with data
derived from the WSPRO output (Table 8).

The y, value at the abutment is assumed to be the average flow depth in the
overbank area. Itis computed as the cross sectional area of the left overbank cut off by the
left abutment divided by the distance the left abutment protrudes into the overbank flow.
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Vo= — = 22— =319 ft (66)

The average velocity of the flow in the left overbank (Figure 15) which is cut off by
the left abutment is computed as the discharge cutoff by the abutment divided by the area
of the left overbank cut off by the left abutment.

V = = =222 =18 fs (67)

Using these parameters, the Froude Number of the overbank flow is:

14
Fre—"¢_ . LB Jis - 0.16 (68)
g y)'* (322 fis?) 3.19 f))°*
Using Froehlich's equation:
,\0.43
2 _ 227k, K, (“—) Frost . 1 (69)
ya ya
0.43
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Using Froehlich's equation, the abutment scour at the left abutment is computed to
be 19.1 feet.

Computation of Abutment Scour Using the HIRE [9] Equation. The HIRE equation
for abutment is also applicable for this situation because L/y,, as represented by a'/y, from
the previous computation, is greater than 25.

The HIRE equation is based on the velocity and depth of the flow passing through
the bridge opening adjacent to the abutment end which is listed in Table 9. Therefore, the
Froude Number of this flow is:

vV
abut _ _ 433 fis - 047 (71)
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Using the HIRE equation (Equation 25):

Y1 _ 4 B0 < 4 047°F - 312 (72)

N

From the above computation, the depth of scour at the left abutment as computed
using the HIRE equation, is 8.4 feet.

4.5.9 Step 6B: Compute Magnitude of Local Scour at Right Abutment

The HIRE equation for abutment is also applicable for the right abutment since L/y,
is greater than 25.

The HIRE equation is based on the velocity and depth of the flow passing through
the bridge opening adjacent to the end of the right abutment and listed in Table 10. The
Froude Number of this flow is:

|4
Fr, = —2_ _ 612 jis - 0.53 (73)
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Using the HIRE equation:
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From the above computation, the depth of scour at the right abutment, as computed
using the HIRE equation is 13.3 feet.

Discussion of Abutment Scour Computations. Abutment scour as computed using
the Froehlich equation will result in scour predictions at the abutments which are deep.
These scour depths could occur if the abutments protruded into the main channel flow, or
when a uniform velocity field is cut off by the abutment in a manner that most of the
returning overbank flow is forced to return to the main channel at the abutment end. For
most cases however, when the overbank area, channel banks and area adjacent to the
abutment are well vegetated, scour depths as predlcted with the Froehlich equation will
probably not occur.

All of the abutment scour computations (left and right abutments) assumed that the
abutments were set perpendicular to the flow. If the abutments were angled to the flow, a
correction utilizing K, would be applied to Froehlich's equation or, using Figure 11 would
be applied to the equation from HIRE. However the adjustment for skewed abutments is
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minor when compared to the magnitude of the computed scour depths. For example if the
abutments for this example problem were angled 30 degrees upstream (0 = 120°), the
correction for skew would increase the computed depth of scour by approximately 3 to 4
percent for the Froehlich and HIRE equation, respectively.

4.5.10 Step 7: Plot and Evaluate Total Scour Depths

As a final step, the results of the scour computations are plotted on the bridge cross
section and carefully evaluated (Figure 17). For this example, only the computations for
pier scour which were aligned with the flow were plotted. Additionally, only the abutment
scour computations reflecting the results from the HIRE equation were plotted. The
topwidth of the local scour holes is suggested as 2.8 y..
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Figure 17. Plot of Total Scour for Example Problem.

It is important to carefully evaluate the results of the scour computations. For
example, although the total scour plot indicates that the total scour at the overbank piers
is less than for the channel piers, this does not indicate that the foundations for the
overbank piers can be set at a higher elevation. Due to the possibility of channel and
thalweg shifting, all of the piers should be set to account for the maximum total scour.

The plot of the total scour also indicates that there is a possibility of overlapping
scour holes between the sixth pier and the right abutment. During the plotting process, it
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is unclear where the right abutment scour should be measured from, since the abutment is
located at the channel bank. Both of these uncertainties should be avoided for replacement
and new bridges whenever possible. As such, it would be advisable to set the right abutment
back from the main channel. This would also tend to reduce the magnitude of contraction
scour in the main channel.

The possibility of lateral migration of the channel will have an adverse effect on the
magnitude of the pier scour. This is because lateral migration will most likely skew the flow
to the piers. This problem could be minimized by using circular piers. An alternative
approach would be to install guide banks to align the flow through the bridge opening. The
usage of guide banks would also minimize abutment scour.

A final concern relates to the location and depth of contraction scour in the main
channel near the second pier and near toe of the right abutment. At these locations,
contraction scour in the main channel could increase the bank height to a point where bank
failure and sloughing would occur. It is recommended that the existing bank lines be
protected with revetment (i.e., riprap, gabions, etc.). Since the river has a history of channel
migration, the bridge inspection and maintenance crews should be briefed on the potential
nature of this problem so that any lateral migration can be identified.

4.5.11 Complete General Design Procedure
The results of this specific design problem completes Steps 1 through 6 of Chapter

3. The design must now proceed to Steps 7 and 8 of Chapter 3, which includes
consideration of the check for superflood. This is not done for this example problem.

70



4.6 Scour Analysis for Tidal Areas

4.6.1 Introduction

This section presents methods and equations for determining stream stability and
scour at tidal inlets, tidal estuaries, bridge crossings to islands and streams affected by tides
(tidal waterways). Analysis of tidal waterways is very complex. The hydraulic analysis must
consider the magnitude of the 100- and 500-year storm surge (storm tide), the characteristics
(geometry) of the tidal inlet, estuary, bay or tidal stream and the effect of any constriction
of the flow due to the bridge. In addition, the analysis must consider the long-term effects
of the normal tidal cycles on long-term aggradation or degradation, contraction scour, local
scour and stream instability.

A storm tide or storm surge in coastal waters results from astronomical tides, wind
action, and rapid barometric pressure changes. In addition, the change in elevation resulting
from the storm surge may be increased by resonance in harbors and inlets, whereby the tidal
range in an estuary, bay or inlet is larger than on the adjacent coast.

The normal tidal cycle with reversal in flow direction and magnitude can increase
long-term degradation, contraction scour and local scour. If sediment is being moved on the
flood and ebb tide, there may be no net loss of sediment in a bridge reach because
sediments are being moved back and forth. Consequently no net long-term degradation may
occur. However, local scour at piers and abutments can occur at both the inland and ocean
side of the piers and abutments and will alternate with the reversal in flow direction. If,
however, there is a loss of sediment in one or both flow directions, then there will be long-
term degradation in addition to local scour. Also, the tidal cycles may increase bank
erosion, migration of the channel and thus, increase stream instability.

The complexity of the hydraulic analysis increases if the tidal inlet or the bridge
constrict the flow and affect the amplitude of the storm surge in the bay or estuary so that
there 1s a large change in elevation between the ocean and the estuary or bay. A
constriction in the tidal inlet can increase the velocities in the constricted waterway opening,
decrease interior wave heights and tidal range, and increase the phase difference (time lag)
between exterior and interior water levels. Analysis of a constricted inlet or waterway may
require the use of an orifice equation rather than tidal relationships.

For the analysis of bridge crossings of tidal waterways, a three level analysis
approach similar to the approach outlined in HEC-20 [8] is suggested. Level 1 includes
a qualitative evaluation of the stability of the inlet or estuary, estimating the magnitude of
the tides, storm surges, and flow in the tidal waterway, and attempting to determine whether
the hydraulic analysis depends on tidal or river conditions, or both. Level 2 represents the
engineering analysis necessary to obtain the velocity, depths, and discharge for tidal
waterways to be used in determining long-term aggradation, degradation, contraction scour
and local scour. The hydraulic variables obtained from the Level 2 analysis are used in the
riverine equations presented in previous sections to obtain total scour. Using these riverine
scour equations, which are for steady state equilibrium conditions for unsteady, dynamic
tidal flow will usually result in estimating deeper scour depths than will actually occur
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(conservative estimate), but this represents the state of knowledge at this time for this level
of analysis.

For complex tidal situations, Level 3 analysis using physical and 2-dimensional
computer models may be required. This section will be limited to a discussion of Levels 1
and 2 analyses. In Level 2 analyses, unsteady 1-dimensional or quasi 2-dimensional

computer models may be used to obtain the hydraulic variables needed for the scour
equations. The Level 1,2, and 3 approaches are described in more detail in later sections.

4.6.2 Overview Tidal Processes -
Glossary.
Bay A body of water connected to the ocean with an inlet.
Estuary Tidal reach at the mouth of a river.
Flood or flood tide Flow of water from the ocean to the bay or estuary.
Ebb or ebb tide Flow of water from the bay or estuary to the ocean.

Littoral transport or drift Transport of beach material along a shoreline by wave action.
Also, longshore sediment transport.

Run-up, wave Height to which water rises above still-water level when waves meet a beach,
wall, etc.

Storm surge Oceanic tide-like phenomenon resulting from wind and barometric pressure
changes. Hurricane surge, storm tide.

Tidal amplitude Generally, half of tidal range.

Tidal cycle One complete rise and fall of the tide.

Tidal inlet A channel connecting a bay or estuary to the ocean.

Tidal passage A tidal channel connected with the ocean at both ends.
Tidal period Duration of one complete tidal cycle.

Tidal prism Volume of water contained in a tidal bay, inlet or estuary between low and
high tide levels.

Tidal range Vertical distance between specified low and high tide levels.
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Tidal waterways A generic term which includes tidal inlets, estuaries, bridge crossings to
1slands or between islands,inlets to bays, crossings between bays, tidally affected streams, and
etc.

Tides, astronomical Rhythmic diurnal or semi-diurnal variations in sea level that result from
gravitational attraction of the moon and sun and other astronomical bodies acting on the
rotating earth.

Tsunami Long-period ocean wave resulting from earthquake, other seismic disturbances or
submarine land slides.

Waterway opening Width or area of bridge opening at a specific elevation, measured
normal to principal direction of flow.

Wave period Time interval between arrivals of successive wave crests at a point.

Definition of Tidal and Coastal Processes. Typical bridge crossings of tidal waterways
are diagramed in Figure 18. From this figure, tidal flows can be defined as being between
the ocean and a bay (or lagoon), from the ocean into an estuary, or through passages
between islands.

Flow into (flood tide) and out of (ebb tide) a bay or estuary is driven by tides and
by the discharge into the bay or estuary from upland areas. Assuming that the flow from
upland areas is negligible, the ebb and flood in the bay or estuary will be driven solely by
tidal fluctuations and storm surges as illustrated in Figure 19. With no inflow of water from
rivers and streams, the net flow of water into and out of the bay or estuary will be nearly
zero. Increasing the discharge from rivers and streams will lead to a net outflow of water
to the ocean.

Hydraulically, the above discussion presents two limiting cases for evaluation of the
flow velocities in the bridge reach. With negligible flow from the upland areas, the flow
through the bridge opening is based solely on the ebb and flood resulting from tidal
fluctuations or storm surges. Alternatively, when the flow from the streams and rivers
draining into the bay or estuary is large in relationship to the tidal flows (ebb and flood
tide), the effects of tidal fluctuations are negligible. For this latter case, the evaluation of
the hydraulic characteristics and scour can be accomplished using the methods described
previously in this chapter for inland rivers.
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Figure 18. Types of Tidal Waterway Crossings (after Neill [47]).
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Figure 19. Principal Tidal Terms (after Neill [47]).
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The forces which drive tidal fluctuations are, primarily, the result of the gravitational
attraction of the sun and moon on the rotating earth (astronomical tides), wind and storm
setup or seiching (storm surges), and geologic disturbances (tsunamis). These different
forces which drive tides produce varying tidal periods and amplitudes. In general
astronomical tides have a tidal period of approximately 12 hours. The continuous rise and
fall of astronomical tides will usually influence long-term trends of aggradation and
degradation, contraction and local scour. Conversely, when storm surges or tsunamis occur
the short term contraction and local scour can be significant. These storm surges and
tsunamis are infrequent events and have much longer tidal periods than astronomical tides.
Storm surges and tsunamis are a single event phenomenon which, due to their magnitude,
can present a significant threat to a bridge crossing in terms of scour.

Evaluation of total scour at bridges crossing tidal waterways requires the assessment
of long-term aggradation or degradation, local scour and contraction scour. Long-term
aggradation and degradation estimates can be derived from a geomorphic evaluation
coupled with computations of scour based on the long contraction described by Laursen [12
and 13]. Such computations of long-term trends are usually driven by astronomical tide
cycles. Worst case hydraulic conditions for contraction and local scour are usually the result
of infrequent tidal events such as storm surges and tsunamis.

Although the hydraulics of flow for tidal waterways is complicated by the presence
of two directional flow, the basic concept of sediment continuity is valid. Consequently, a
clear understanding of the principle of sediment continuity is essential for evaluating scour
at bridges spanning waterways influenced by tidal fluctuations. Technically, the sediment
continuity concept states that the sediment inflow minus the sediment outflow equals the
time rate of change of sediment volume in a given reach. More simply stated, during a
given time period the amount of sediment coming into the reach minus the amount leaving
the downstream end of the reach equals the change in the amount of sediment stored in that
reach.

As with riverine scour, tidal scour can be characterized by either live-bed or clear-
water conditions. In the case of live-bed conditions, sediment transported into the bridge
reach will tend to reduce the magnitude of scour. Whereas, if no sediment is in transport
to re-supply the bridge reach (clear-water), scour depths will be larger.

In addition to sediments being transported from upland areas, sediments are
transported parallel to the coast by ocean currents and wave action (littoral transport). This
littoral transport of sediment serves as a source of sediment supply to the inlet, bay or
estuary, or tidal passage. During the flood tide, these sediments can be transported into the
bay or estuary and deposited. During the ebb tide, these sediments can be re-mobilized and
transported out of the inlet or estuary and either be deposited on shoals or moved further
down the coast as littoral transport. (See Figure 20)
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Figure 20. Sediment Transport in Tidal Inlets (after Sheppard [48]).
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Sediment transported to the bay or estuary from the upland river system can also be
deposited in the bay or estuary during the flood tide, and re-mobilized and transported
through the inlet or estuary during the ebb tide. However, if the bay or estuary is large,
sediments derived from the upland river system can deposit in the bay or estuary in areas
where the velocities are low and may not contribute to the supply of sediment to the bridge
crossing. The result is clear-water scour unless sediment transported on the flood tide
(ocean shoals, littoral transport) is available on the ebb. Sediments transported from upland
rivers into an estuary may be stored there on the flood and transported out during ebb tide.
This would produce live-bed scour conditions unless the sediment source in the estuary was
disrupted. Dredging, jetties or other coastal engineering activities can limit sediment supply
to the reach and influence live-bed and clear-water conditions.

Application of sediment continuity involves understanding the hydraulics of flow and
availability of sediment for transport. For example, a net loss of sediment in the inlet, bay
or tidal estuary could be the result of cutting off littoral transport by means of a jetty
projecting into the ocean (Figure 20). For this scenario, the flood tide would tend to erode
sediment from the inlet and deposit sediment in the bay or estuary while the ensuing ebb
tide would transport sediment out of the bay or estuary. Because the availability of
sediment for transport into the bay is reduced, degradation of the inlet could result. As
discussed later, as the cross sectional area of the inlet increases, the flow velocities during
the flood tide increase, resulting in further degradation of the inlet.

From the above discussion, it is clear that the concept of sediment continuity provides
a valuable tool for evaluation of aggradation and degradation trends of a tidal waterway.
Although this principle is not easy to quantify without direct measurement or hydraulic and
sediment continuity modeling, the principle can be applied in a qualitative sense to assess
long-term trends in aggradation and degradation.

4.6.3 Level 1 Analysis

The objectives of a Level 1 qualitative analysis are to determine the magnitude of
the tidal effects on the crossing, the overall long-term stability of the crossing (vertical and
lateral stability) and the potential for waterway response to change.

The first step in evaluation of highway crossings is to determine whether the bridge
crosses a river which is influenced by tidal fluctuations (tidally affected river crossing) or
whether the highway crosses a tidal inlet, bay or estuary (tidally controlled). The flow in
tidal inlets bays and estuaries is predominantly driven by tidal fluctuations (with flow
reversal), whereas, the flow in tidally affected river crossings is driven by a combination of
river flow and tidal fluctuations.

Tidally Affected River Crossings. Tidally affected river crossings are characterized
by both river flow and tidal fluctuations. From a hydraulic standpoint the flow in the river
is influenced by tidal fluctuations which result in a cyclic variation in the downstream control
of the tailwater in the river estuary. The degree to which tidal fluctuations influence the
discharge at the river crossing depends on such factors as the relative distance from the
ocean to the crossing, riverbed slope, cross-sectional area, storage volume, and hydraulic
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resistance. Although other factors are involved, distance of the river crossing from the
ocean can be used as a qualitative indicator of tidal influence. At one extreme, where the
crossing is located far upstream, the flow in the river may only be affected to a minor
degree by changes in tailwater control due to tidal fluctuations. As such, the tidal
fluctuation downstream will result in only minor fluctuations in the depth, velocity, and
discharge through the bridge crossing.

As the distance from the crossing to the ocean is reduced, again assuming all other
factors as equal, the influence of the tidal fluctuations increases. Consequently, the degree
of tailwater influence on flow hydraulics at the crossing increases. A limiting case occurs
when the magnitude of the tidal fluctuations is large enough to reduce the discharge through
the bridge crossing to zero at high tide. River crossings located closer to the ocean than this
limiting case have two directional flows at the bridge crossing, and because of the storage
of the river flow at high tide, the ebb tide will have a larger discharge and velocities than
the flood tide.

For the Level 1 analysis, it is important to evaluate whether the tidal fluctuations will
significantly affect the hydraulics at the bridge crossing. If the influence of tidal fluctuations
is considered to be negligible, then the bridge crossing can be evaluated based on the
procedures outlined for inland river crossings presented previously in this document. If not,
then the hydraulic flow variables must be determined using dynamic tidal flow relationships.
This evaluation should include extreme events such as the influence of storm surges and
design floods.

From historical records of the stream at the highway crossing determine, whether the
worst case conditions of discharge, depths and velocity at the bridge are 100- and 500-year
return period tide and storm surge, or the 100- and 500-year flood from upstream or a
combination of the two. Historical records could consist of tidal and stream flow data from
Federal Emergency Management Agency (FEMA), National Oceanic and Atmospheric
Administration (NOAA), U.S. Army Corps of Engineers, and U.S. Geological Survey
(USGS) records; aerial photographs of the area; maintenance records for the bridge or
bridges in the area; newspaper accounts of previous high tides and/or flood flows; and
interviews in the local area.

If the primary hazard to the bridge crossing is from upland flood events then scour
can be evaluated using the methods given previously in this circular and in HEC-20.[8] If
the primary hazard to the bridge is from tide and storm surge or tide, storm surge and flood
runoff, then use the analyses presented in the following sections on tidal waterways. If it
is unclear whether the worst hazard to the bridge will result from a storm surge, maximum
tide, or from an upland flood, it may be necessary to evaluate scour considering each of
these scenarios and compare the results.

Tidal Inlets, Bays and Estuaries. For tidal inlets, bays and estuaries, the goal of the
Level 1 analysis is to determine the stability of the inlet and identify and evaluate long-term
trends at the location of the highway crossing. This can be accomplished by careful
evaluation of present and historical conditions of the tidal waterway and anticipating future
conditions or trends.

79



Existing cross-sectional and sounding data can be used to evaluate the stability of the
tidal waterway at the highway crossing in terms whether the inlet, bay or estuary is
increasing or decreasing in size or is relatively stable. For this analysis it is important to
evaluate these data based on past and current trends. The data for this analysis could
consist of aerial photographs, cross section soundings, location of bars and shoals on both
the ocean and bay sides of an inlet, magnitude and direction of littoral drift, and
longitudinal elevations through the waterway. It is also important to consider the possible
impacts (either past or future) of the construction of jetties, breakwaters, or dredging of
navigation channels.

Sources of data would be Corps of Engineers, FEMA, USGS, U.S. Coast Guard
(USCGQG), National Oceanic and Atmospheric Administration (NOAA), local Universities,
oceanographic institutions and publications in local libraries. For example a publication by
Bruun entitled "Tidal Inlets and Littoral Drift" [49] contains information on many tidal inlets
on the east coast for the United States.

A site visit is recommended to gather such data as the conditions of the beaches
(ocean and bay side); location and size of any shoals or bars; direction of ocean waves;
magnitude of the currents in the bridge reach at mean water level (midway between high
and low tides); and size of the sediments. Sounding the channel both longitudinally and in
cross section using a conventional "fish finder" sonic fathometer is usually sufficiently
accurate for this purpose.

Observation of the tidal inlet to identify whether the inlet restricts the flow of either
the incoming or outgoing tide is also recommended. If the inlet or bridge restricts the flow,
there will be a noticeable drop in head (change in water surface elevation) in the channel
during either the ebb or flood tide. If the tidal inlet or bridge restricts the flow, an orifice
equation may need to be used to determine the maximum discharge, velocities and depths
(see the Level 2 analysis of this section).

Velocity measurements in the tidal inlet channel along several cross sections, several
positions in the cross section and several locations in the vertical can also provide useful
information for verifying computed velocities. Velocity measurements should be made at
maximum discharge (Q,,,). Maximum discharge usually occurs around the midpoint in the
tidal cycle between high and low tide (see Figure 19).

The velocity measurements can be made from a boat or from a bridge located near
the site of a new or replacement bridge. If a bridge exists over the channel, a recording
velocity meter could be installed to obtain measurements over several tidal cycles.
Currently, there are instruments available that make velocity data collection easier. For
example, broad-band acoustic doppler current profilers and other emerging technologies will
greatly improve the ability to obtain and use velocity data.

In order to develop adequate hydraulic data for the evaluation of scour, it is
recommended that recording water level gages located at the inlet, at the proposed bridge
site and in the bay or estuary upstream of the bridge be installed to record tide elevations
at 15-minute intervals for at least one full tidal cycle. This measurement should be
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conducted during one of the spring tides where the amplitude of the tidal cycle will be
largest. The gages should be referenced to the same datum and synchronized. The data
from these recording gages are necessary for calibration of tidal hydraulic models such as
ACES-INLET [50] or DYNLET1 [51] which are recommended in the Level 2 analysis, or
other unsteady 2-dimensional or quasi 2-dimensional hydraulic flow models. A more
complete description of data requirements for model application is given in Section 4.6.4.

The data and evaluations suggested above can be used to estimate whether present
conditions are likely to continue into the foreseeable future and as a basis for evaluating the
hydraulics and total scour for the Level 2 analysis. A stable inlet could change to one which
is degrading if the channel is dredged or jetties are constructed on the ocean side to
improve the entrance, since dredging orjetties could modify the supply of sediment to the
inlet. In addition, plans or projects which might interrupt existing conditions of littoral drift
should be evaluated.

It should be noted that in contrast to an upland river crossing, the discharge at a tidal
inlet is not fixed. In inland rivers, the design discharge is fixed by the runoff and is virtually
unaffected by the waterway opening. In contrast, the discharge at a tidal inlet can increase
as the area of the tidal inlet increases, thus increasing long-term and local scour. Also, as
Neill [48] points out, constriction of the natural waterway opening may modify the tidal
regime and associated tidal discharge.

4.6.4 Level 2 Analysis

Introduction. Level 2 analysis involves the basic engineering assessment of scour
problems at highway crossings. At the present time, there are no suitable scour equations
which have been developed specifically for tidal flows. Because of this, it is recommended
that the scour equations developed for inland rivers be used to estimate and evaluate scour.
However, in contrast to the evaluation of scour at inland river crossings, the evaluation of
the hydraulic conditions at the bridge crossing using either WSPRO [29] or HEC-2 (30] is
not usually suitable for tidal flows.

Several methods to obtain hydraulic characteristics of tidal flows at the bridge
crossing are recommended. These range from simple procedures to more complex 2-
dimensional and quasi 2-dimensional unsteady flow models. Use of the simpler hydraulic
procedures will be illustrated in example problems at the end of this section.

Evaluation of Hydraulic Characteristics. The velocity of flow, depth, and discharge
at the bridge waterway are the most significant variables for evaluating bridge scour in tidal
waterways. Direct measurements of the value of these variables for the design storm are
seldom available. Therefore, it is usually necessary to develop the hydraulic and
hydrographic characteristics of the tidal waterway, estuary or bay, and calculate the
discharge, velocities, and depths in the crossing using coastal engineering equations. These
values can then be used in the scour equations given in previous sections to calculate long-
term aggradation or degradation, contraction scour, and local scour.
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Unsteady quasi 2-dimensional mathematical models such as ACES-INLET [50] and
DYNLET1 [51] can be used to model the hydraulic characteristics at the bridge. These
computer models are available from the U.S. Army Corps of Engineers. ACES-INLET is
restricted to analysis of tidal inlet with up to two inlets to a bay; whereas, DYNLET]1 can
be used for multiple tidal inlets, tidal estuaries, tidal affected streams and bridge crossings
in passages to islands. Currently, research is being conducted to either adapt these or other
existing models so that they can be better suited to the assessment of scour at bridges or to
develop new models.

Although these unsteady flow models are suitable for determining the hydraulic
conditions, their use requires careful application and calibration. The effort required to
utilize these models may be more than is warranted for many tidal situations. As such, the
use of these models may be more applicable under a Level 3 analysis. However, these
models could be used in the context of a Level 2 analysis, if deemed necessary, to better
define the hydraulic conditions at the bridge crossing.

Alternatively, either a procedure by Neill [47] or an orifice equation for constricted
tidal inlets can be used to evaluate the hydraulic conditions at bridges influenced by tidal
flows. A step-wise procedure for using these two methods to determine hydraulic conditions
and scour is presented as a prelude to the example problems presented later.

The procedure developed by Neill [47] can be used for unconstricted tidal inlets.
This method, which assumes that the water surface in the tidal prism is level, and the basin
has vertical sides, can be used for locations where the boundaries of the tidal prism can be
well defined and where heavily vegetated overbank areas or large mud flats represent only
a small portion of the inundated area. Thick vegetation tends to attenuate tide levels due
to friction loss, thereby violating the basic assumption of a level tidal prism. The discharges
may be over estimated using this procedure if vegetation will attenuate tidal levels. In some
complex cases, a simple tidal routing technique or 2-dimensional flow models may need to
be used instead of this procedure.

The selection of which procedure to use depends on whether or not the inlet is
constricted. In general, inlets to large bays as illustrated in Figure 18 can usually be
classified as constricted, whereas estuaries, which are also depicted on Figure 18 can be
classified as unconstricted. However, these guidelines cannot be construed as absolute.

Observation of an abrupt difference in water surface elevation during the normal ebb
and flow (astronomical tide) at the inlet (during a Level 1 analysis) is a clear indication that
the inlet is constricted. However, the observation of no abrupt change in water surface
during astronomical tidal fluctuations does not necessarily indicate that the inlet will be
unconstricted when extreme tides such as a storm surge occurs. In some cases, it may be
necessary to compute the tidal hydraulics using both tidal prism and orifice procedures.
Then, the worst-case hydraulic parameters would be used for the computation of scour.

Velocity measurements made at the bridge site (see Level 1) can be useful in

determining whether or not the inlet is constricted as well as for calibration or verification
of the tidal computation procedure. Using tidal data at the time that velocity measurements
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were collected, computed flow depths, velocities and discharge can be compared and verified
to measured values. This procedure can form a basis for determining the most appropriate
hydraulic computation procedure and for adjusting the parameters in these procedures to
better model the tidal flows.

Design Storm and Storm Surge. Normally, long-term aggradation and degradation
at a tidal inlet or estuary are influenced primarily by the periodic tidal fluctuations
associated with astronomical tides. Therefore, flow hydraulics at the bridge should be
determined considering the tidal range as depicted in Figure 19 for evaluation of long-term
aggradation and degradation.

Extreme events associated with floods and storm surges should be used to determine
the hydraulics at the bridge to evaluate local and contraction scour. Typically, events with
a return period corresponding to the 100- and 500-year storm surge and flood need to be
considered. Difficulty arises in determining whether the storm surge, flood or the
combination of storm surge and flood should be considered controlling.

When inland flood discharges are small in relationship to the magnitude of the storm
surge and are the result of the same storm event, then the flood discharge can be added to
the discharge associated with the design tidal flow, or the volume of the runoff hydrograph
can be added to the volume of the tidal prism. If the inland flood and the storm surge may
result from different storm events, then, a joint probability approach may be warranted to
determine the magnitude of the 100- and 500-year flows.

In some cases there may be a time lag between the storm surge discharge and the
stream flow discharge at the highway crossing. For this case, stream flow routing methods
such as the U.S. Army Corps of Engineers HEC-1 model [52] can be used.

For cases where the magnitude of the inland flood is much larger than the magnitude
of the storm surge, evaluation of the hydraulics reduces to using the equations and
procedures recommended for inland rivers. The selection of the method to use to combine
flood and tidal surge flows is a matter of judgment and must consider the characteristics of
the site and the storm events.

Scour Evaluation Concepts. The total scour at a bridge crossing can be evaluated
using the scour equations recommended for inland rivers and the hydraulic characteristics
determined using the procedures outlined in the previous sections. However, it should be
emphasized that the scour equations and subsequent results need to be carefully evaluated
considering other (Level 1) information from the existing site, other bridge crossings, or
comparable tidal waterways or tidally affected streams in the area.

Evaluation of long-term aggradation and degradation at tidal highway crossings, as
with inland river crossings, relies on a careful evaluation of the past, existing and possible
future condition of the site. This evaluation is outlined under Level 1 and should consider
the principles of sediment continuity. A longitudinal sonic sounder survey of a tide inlet is
useful to determine if bed material sediments can be supplied to the tidal waterway from
the bay, estuary or ocean. When available, historical sounding data should also be used in
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this evaluation. Factors which could limit the availability of sediment should also be
considered.

Over the long-term in a stable tidal waterway, the quantity of sediment being
supplied to the waterway by ocean currents, littoral transport and upland flows and being
transported out of the tidal waterway are nearly the same. If the supply of sediment is
reduced either from the ocean or from the bay or estuary, a stable waterway can be
transformed into a degrading waterway. In some cases, the rate of long-term degradation
has been observed to be large and deep. An estimate of the maximum depth that this long-
term degradation can achieve can be made by employing Laursen's clear-water contraction
scour equation (Equation 18) to the inlet. For this computation the flow hydraulics should
be developed based on the range of mean tide as described in Figure 19. It should be noted
that the use of this equation would provide an estimate of the worst case long-term
degradation which could be expected assuming no sediments were available to be
transported to the tidal waterway from the ocean or inland bay or estuary. As the waterway
degrades, the flow conditions and storage of sediments in shoals will change, ultimately
developing a new equilibrium. The presence of scour resistant rock would also limit the
maximum [ong-term degradation.

Potential contraction scour for tidal waterways also needs to be carefully evaluated
using hydraulic characteristics associated with the 100- and 500-year storm surge or inland
flood as described in the previous section. For highway crossings of estuaries, where either
the channel narrows naturally or where the channel is narrowed by the encroachment of the
highway embankments, the live-bed or clear water contraction scour equations (Equations
16 or 18) can be utilized to estimate contraction scour.

Soil boring or sediment data are needed in the waterway upstream, downstream, and
at the bridge crossing in order to determine if the scour is "clear-water" or "live-bed" and to
support the scour calculations if Laursen's clear-water contraction scour equation is used.
Equations 14 or 15 can be used to assess whether the scour is likely to be clear-water or live
bed.

The live-bed contraction scour equation can be applied to estuaries to estimate
contraction scour because the variables which are needed for these equations (i.e., the ratios
of widths and discharges) can be determined based on the geometry of the estuary and
highway crossing, and discharges passing through the bridge and in the channel upstream
of the bridge. However, for inlets to bays the geometry of the bay and inlet differs
significantly from the geometry and characteristics of flow for which the live-bed contraction
scour equation was developed. Unless the bridge crosses a long inlet for which live-bed
conditions can be fully developed on the inland or ocean side of the bridge, there is no live-
bed contraction scour equation which can be recommended for estimating contraction scour
at inlets to bays.

Although the clear-water contraction scour equation is of a form that it can be

applied to inlets to bays for the assessment of contraction scour, the magnitude of the
discharge associated with the storm surge will most likely result in an extremely conservative
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estimate of contraction scour. This is a result of one or more of the mitigating factors
influencing contraction scour discussed below.

Mitigating factors concerning contraction scour relate to the assumptions for which
the contraction scour equations were developed, and the resulting deviation from these
assumptions when applying these equations for estimation of contraction scour at estuaries
and bays. These mitigating factors apply to both clear-water and live-bed contraction scour.

The contraction scour equations were developed considering a long contraction and
assuming either a constant discharge or a flood hydrograph with a long duration. The
discharge hydrograph associated with tidal surges typically rise and recede more rapidly than
flood hydrographs. As such, the duration of the peak flow in tidal inlets and estuaries due
to a storm surge is significantly shorter than the duration of peak flows for an equivalent
flood hydrograph. Because of this, maximum contraction scour as computed using the
contraction scour equations will, in most cases, not fully develop.

Another mitigating factor which will tend to limit contraction scour concerns
sediment delivery to the inlet or estuary from the ocean due to the storm surge and inland
flood. A tidal surge can transport large quantities of sediment into the inlet or estuary
during the flood tide. Likewise, upland floods can also transport sediment to the bay or
estuary during extreme floods. Thus, contraction scour during extreme events will rarely be
classified as clear-water because of the sediment being delivered to the inlet or estuary from
the combined effects of the storm surge and flood tide.

From the above discussion, contraction scour equations as presented earlier in this
chapter for inland river crossings can be applied for estuaries. However, the use of the live-
bed equation for determining contraction scour at inlets to bays needs to be carefully
evaluated. Whether the crossing is located at an inlet to a bay or at an estuary, the
evaluation of contraction scour must be carefully evaluated using engineering judgment
which considers the geometry of the crossing, estuary or bay, the magnitude and duration
of the discharge associated with the storm surge or flood, the basic assumptions for which
the contraction scour equations were developed, and mitigating factors which would tend
to limit contraction scour.

Evaluation of the local scour at piers can be made by using the CSU equation as
recommended for inland river crossings (Equation 21). This equation can be applied to
piers in tidal flows in the same manner as given for inland bridge crossings. However, the
flow velocity and depth will need to be determined considering the design flow event and
hydraulic characteristics for tidal flows.

Scour Evaluation Procedure for an Unconstricted Waterway. This method applies
only when the tidal waterway or the bridge opening does not significantly constrict the flow

and uses the tidal prism method as discussed by Neill.[47]
STEP 1. Determine the net waterway area at the crossing as a function of elevation.

Net area is the gross waterway area between abutments minus area of the piers. It is often
useful to develop a plot of the area versus elevation.
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STEP 2. Determine tidal prism volumes as a function of elevation. The volume of
the tidal prism at successive elevations is obtained by planimetering successive sounding and
contour lines and calculating volume by the average end area method. The tidal prism is the
volume of water between low and high tide levels or between the high tide elevation and
the bottom of the tidal waterway.

STEP 3. Determine the elevation versus time relation for the 100- and 500-year
storm tides. The ebb and flood tide elevations can be approximated by either a sine or
cosine curve. A sine curve starts at mean water level and a cosine curve starts at the
maximum tide level. The equation for storm ebb tide that starts at the maximum elevation
is:

y=ACos 0 +Z (75)

where

y = amplitude or elevation of the tide above mean water level, ft at time t

A = maximum amplitude of elevation of the tide or storm surge, ft. Defined as
half the tidal range or half the height of the storm surge

8 = Angle in degrees subdividing the tidal cycle. One tidal cycle is equal to 360°.

-0

t time in minutes from beginning of total cycle
X total time for one complete tidal cycle, minutes
Z = vertical offset to datum, ft

The tidal range (difference in elevation between high and low tide) is equal to 2A.
One-half the tidal period is equal to the time between high and low tide. These relations
are shown in Figure 19. A figure similar to Figure 19, can be developed to illustrate
quantitatively the tidal fluctuations and resultant discharges.

To determine the elevation versus time relation for the 100- and 500-year storm tides,
two values must be known:

® the tidal range

e the tidal period

As stated earlier, FEMA, Corps of Engineers, NOAA and other federal or state
agencies compile records which can be used to estimate the 100- and 500-year storm surge

elevation, msl elevation, and low tide elevation. These agencies also are the source of data
to determine the 100- and 500-year storm tide period.
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Tides, and in particular storm tides, may have different periods than the major
astronomical semi-diurnal and diurnal tides which have periods of approximately 12.5 and
25 hours, respectively. This is because storm tides are influenced by factors other than the
gravitational forces of the sun, moon and other celestial bodies. Factors such as the wind,
path of the hurricane or storm creating the storm tide, fresh water inflow, shape of the bay
or estuary, etc. influence both the storm tide amplitude and period.

STEP 4. Determine the discharge, velocities and depth. Neill [47] has stated the
maximum discharge in an ideal tidal estuary may be approximated by the following
equation:

3.14 VOL )
s = — — (76)
T
where
Q.. = maximum discharge in the tidal cycle, cfs
VOL = volume of water in the tidal prism between high and low tide levels, ft’

T

tidal period, between successive high or low tides, s
In the idealized case, Q,,, occurs in the estuary or bay at mean water elevation and
at a time midway between high and low tides when the slope of the tidal energy gradient

is steepest see Figure 19.

The corresponding maximum average velocity in the waterway is:

Q
V g = )
A/
where
Vinax = Mmaximum average velocity in the cross section at Q__,, ft/s
A' = cross-sectional area of the waterway at mean tide elevation, halfway

between high and low tide, ft?

It should be noted that the velocity as determined in the above equations represents
the average velocity in the cross section. This velocity will need to be adjusted to estimate
velocities at individual piers to account for non-uniformity of velocity in the cross section.
As for inland rivers, local velocities can range from 0.9 to approximately 1.7 times the
average velocity depending on whether the location in the cross section was near the banks
or near the thalweg of the flow.

Neill's studies indicate that the maximum velocity in estuaries is approximately 30
percent greater than the average velocity computed using Equation 76. If a detailed analysis
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of the horizontal velocity distribution is needed, the design discharge could be prorated
based on the conveyance in subareas across the channel cross section.

Another useful equation from Neill [47] is:
Q, = Qpyy sin (360—%) (78)

where
Q, = discharge at any time t in the tidal cycle, cfs

The velocities calculated with this procedure can be plotted and compared with any
measured velocities that are available for the bridge site or adjacent tidal waterways to
evaluate the reasonableness of the results.

STEP 5. Evaluate the effect of flows derived from upland riverine flow on the values
of discharge, depth and velocities obtained in Step 4. This evaluation may range from
simply neglecting the upland flow into a bay (which is so large that the upland flow is
insignificant in comparison to the tidal flows), to routing the upland flow into the bay or
estuary. If an estuary is a continuation of the stream channel and the storage of water in
it is small, the upland flow can simply be added to the Q,,,, obtained from the tidal analysis
and the velocities then calculated from Equation 77. However, if the upland flow is large
and the bay or estuary sufficiently small that the upland flow will increase the tidal prism,
the upland flood hydrograph should be routed through the bay or estuary and added to the
tidal prism. HEC-1 of the Corps of Engineers could be used to route the flows. In some
instances, trial calculations will be needed to determine if and how the upland flow will be
included in the discharge through the bridge opening.

STEP 6. Evaluate the discharge, velocities and depths that were determined in Steps
4 and S above (or the following section for constricted waterways). Use engineering
judgment to evaluate the reasonableness of these hydraulic characteristics. Compare these
values with values for other bridges over tidal waterways in the area with similar conditions.
Compare the calculated values with any measured values for the site or similar sites. Even
if the measured values are for tides much lower than the design storm tides they will give
an appreciation of the magnitude of discharge to be expected.

STEP 7. Evaluate the scour for the bridge using the values of the discharge, velocity
and depths determined from the above analysis using the scour equations recommended for
inland bridge crossings presented previously. Care should be used in the application of
these scour equations, using the guidance given previously for application of the scour
equations to tidal situations.
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Scour Evaluation Procedure for a Constricted Waterway.

a. The procedures given above except for Steps 2 and 4 (the determination of the
tidal prism, discharge, velocity and depth for nonconstricted waterways) are
followed. To determine these hydraulic variables when the constriction is caused
by the channel and not the bridge, the following equation for tidal inlets taken
from van de Kreeke [53] or Bruun [54] can be used.

V.. =C, g A" 79
Qm - A/ | %4 & (80)
where

Vi = maximum velocity in the inlet, fps

Qua = maximum discharge in the inlet, cfs

C; = coefficient of discharge (C; < 1.0)

g = acceleration due to gravity, 32.2 ft/s’

Ah = maximum difference in water surface elevation between the bay and ocean

side of the inlet or channel, ft
A' = net cross-sectional area in the inlet at the crossing, at mean water surface

elevation, ft?

The coefficient of discharge (C,) given by van de Kreeke [53] or Bruun [54] when the
channel constricts the flow is:

C, = (/R (81)
where
2g n* L
Re i, 5 &, oo b, (82)
1.49* p *?
and
R = coefficient of resistance _
K, = velocity head loss coefficient on the ocean side or downstream side of the
waterway
taken as 1.0 if the velocity goes to 0 _
K, = velocity head loss coefficient on the bay or upstream side of the waterway.
Taken as 1.0 if the velocity goes to 0
n = Manning's roughness coefficient
L. = length of the waterway, ft
h. = average depth of flow in the waterway at mean water elevation, ft
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Tidal Calculations Using ACES. ACES [50] is an acronym for the Automated
Coastal Engineering System and was developed by the Corps of Engineers in an effort to
incorporate many of the various computational procedures typically needed for coastal
engineering analysis into an integrated, menu-driven user environment. As such there are
separate computation modules for wave prediction, wave theory, littoral processes and other
useful modules. One such module denoted as ACES-INLET is a spatially integrated
numerical model for inlet hydraulics. This module can be used to determine discharges,
depths and velocities in tidal inlets with up to two inlets connecting a bay to the ocean. This
module can be used in place of or in addition to the procedures given in Steps 3 and 4,
above, for tidal inlets. ACES-INLET is applicable only where the project site is at or very
near the inlet throat (i.e., for the bridges in Figure 20 crossing inlets).

Other modules incorporated into ACES may be useful in evaluating tidal highway
crossings. These modules can be used to estimate wave and tidal parameters, littoral drift,
wave run-up and other aspects of tidal flow which could influence the design or evaluation
of river crossings in tidal inlets connecting bays to the ocean.

Tidal Calculations Using DYNLET1. DYNLET1 [51] is a quasi 2-dimensional
numerical computer model for determining the discharge, depths and velocities in multi-
channel tidal inlets, tidally affected waterways, and tidal flows between islands or islands and
the mainland. The Corps of Engineers report describes DYNLET1 as "a simple model for
use in reconnaissance-level quantitative studies." The model is a 1-dimensional formulation
of the dynamic (time-dependent) behavior of tidal flow at inlets and is based on the full 1-
dimensional shallow-water equations employing an implicit finite difference technique. The
model is intended for personal computer (PC) users and facilitates numerical grid
generation and data entry. DYNLET1 can model very complicated systems all the way to
the head of tide. Thus, it can handle not only the bridges in Figure 20, but also tidally
affected river crossings.

Documentation from the Corps of Engineers states that DYNLET] can predict flow
conditions in channels with varied geometry, and it accepts varying friction factors across an
inlet channel and geometric boundary conditions. Values of water surface elevation and
average velocity are computed at locations across and along inlet channels and displayed on
the PC monitor and written to output files for further analysis. The inlet to be modeled may
consist of a single channel connecting the sea to the bay, or it can be a system of
interconnected channels, with or without bays. The principal limitation of DYNLET1 is
potential inaccuracy in situations where strong 2-dimensional flow fields such as gyres, exist
perpendicular to the major axis of the channel comprising the modeled inlet.

The model is quasi 2-dimensional (in the same sense that WSPRO is quasi 2-
dimensional). DYNLET1 gives a description of the flow across the channel by partitioning
channel discharge proportional to cross section bathymetry. It should be sufficiently
accurate for the analysis of the majority of bridge crossings of tidal waterways.

Data Requirements for Model Verification Using ACES-INLET or DYNLETI.
Ideally, synoptic measurements of the following data are required to validate modeling using
ACES-INLET or DYNLETI:
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Tidal elevations in the ocean and back bay locations. For DYNLET], the extent
of the grid network will determine the number of back bay and tributary gages
required. For ACES-INLET, the only back-bay boundary conditions are the area
of the bay (obtained by planimetering) and total river discharge impacting the bay.

Velocity measurements are needed in the inlet throat as well as at proposed
project sites.

Boundary condition data for any back-bay, open-water boundaries; these data may
be elevation, velocity, discharge, or any combination of these parameters. This

information is especially critical for validating DYNLET1.

Wind speed and direction if wind energy influences in the tidal system.

The above data may be available from previous studies of the tidal system (for example,
Corps of Engineers or NOAA studies) or may be collected for a specific project.

4.6.5 Level 3 Analysis

As discussed in HEC-20 [8], Level 3 analysis involves the use of physical models or
more sophisticated computer models for complex situations where Level 2 analysis
techniques have proven inadequate. In general, crossings that require Level 3 analysis will
also require the use of qualified hydraulic engineers. Level 3 analysis by its very nature is
specialized and beyond the scope of this manual.
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4.6.6 Example Problem Number 1

In this example problem the discharge, velocity, depths, and scour are to be
determined for an existing bridge across a tidal estuary as part of an ongoing scour
evaluation. The bridge is 2,685 feet long, has vertical wall abutments and 16- 12 foot
diameter circular piers supported on piles. Neither the bridge or the tidal waterway
constricts the flow.

For this evaluation, the bridge maintenance engineer has expressed concern about
observed scour at one of the piers. This pier is located where the velocities at the pier are
approximately 30 percent greater than the average velocities. The water depth at the pier
referenced to mean sea level is 12.3 feet. The actual depth of flow at the pier will need to
be increased to account for additional 'water depth caused by the storm surge for the
computation of pier scour.

Level 1 Analysis

a. Level 1 analysis has determined that the 100- and 500-year return period tidal
storm surge discharge,velocity and depths are much larger than those from
upland runoff. There is minimal littoral drift and historical tides are low. From
FEMA the storm surge tide for the 100-year return period is 7.2 ft and 500-year
return period is 9.4 ft. Measured maximum velocity in the waterway at mean
water level for a high tide of 2.2 ft was only 0.68 ft/sec.

Sonic soundings in the waterway indicate there is storage of sediment in the
estuary directly inland from the bridge crossing. This was determined by
observing that the elevation of the bed of the waterway at the bridge site was
lower than the elevation of the bottom of the estuary further inland. Although
no littoral drift is evident, there is storage of sediment at the mouth of the
estuary between the ocean and the bridge crossing.

b. Stability of the estuary and crossing was evaluated by examination of the periodic
bridge inspection reports which included underwater inspections by divers,
evaluation of historical aerial photography, and depth soundings in the estuary
using sonic fathometers. From this evaluation it was determined that the
planform of the estuary has not changed significantly in the past 30 years. These
observations indicate that the estuary and bridge crossing has been laterally
stable.

Evaluation of sounding data at the bridge indicates that there has been
approximately 5 feet of degradation at the bridge over the past 30 years;
however, the rate of degradation in the past 5 years has been negligible.
Underwater inspections indicted that local scour around the piers is evident.

c. A search of FEMA, Corps of Engineers, and other public agencies for flood and
storm surge data was conducted. These data will be discussed under the Level
2 analysis.

d. Grain size analysis of the bed material indicates that the bed of the estuary is
composed of fine sand with a Dy, of approximately 0.27 mm (.00089 ft).
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e. Velocities measured at Q_, during a large tide indicated that the maximum
velocity in the bridge section was approximately 30 percent greater than the
average velocity.

Level 2 Analysis

STEP 1. A plot of net waterway area as a function of elevation is given in Figure
21. Net waterway area is the average area at the bridge crossing less the area of the piers.

STEP 2. A plot of volume of the tidal prism as a function of elevation is also
presented in Figure 21. It was developed by planimetering the area of successive sounding
and contour lines and multiplying the average area by the vertical distance between them.

STEP 3. A synthesized storm surge for the 100- and 500-year return period was
developed and is presented in Figure 21. It was obtained as follows:

An idealized tidal cycle for one half the tidal period, beginning at high tide was
developed using the cosine equation (Equation 75). This plot can be used to develop an
idealized tidal cycle for any waterway. Tidal range and period are needed to use the
idealized tide cycle to develop a synthesized tidal cycle for this waterway.

The tidal ranges were obtained from a FEMA coastal flood insurance study during
the Level 1 analysis (Table 11).

Table 11. Tidal Ranges Derived from FEMA Flood Study.

 Roturn Period:| . High Tide Low Tide
100-year 7.2 ft. 0
500-year 9.4 ft. | 0

The tidal period is more difficult to determine because it is affected by more than
the gravitational attraction of the moon and sun. At this waterway location, the direction
of the storm and the characteristics of the estuary affected the tidal period. To determine
the tidal period, major storm tides were plotted, as the fourth plot in Figure 21. From a
study of these major storm tides a period of 12 hours was selected as being a conservative
estimate of the time from flood (high) to ebb (low) tide. Tidal period T is then 24 hours.

STEP 4. Using the data developed in Steps 1 to 3 and the equations given
previously the maximum tidal discharge (Q_,,,) and maximum average tidal velocity (V)
are calculated. The values used in the calculations are given in Table 12.

STEP 5. The 100- and 500-year return period peak upland flow into the estuary
was obtained from a USGS flood frequency study. These values are also given in Table 12.

Average flow depths can be determined by dividing the flow area as listed in Table

12 by the channel width (2,685 feet). Therefore the average flow depth for the 100- and
500-year event are 14.5 and 15.2 feet, respectively.
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Table 12. Design Discharge and Velocities.

100-Year 500-Year

Storm Tide Storm Tide
Maximum storm tide elevation 1.2 9.4
Mean storm tide elevation 3.6 4.7
Low storm tide elevation 0.0 0.0
Tidal prism volume (millions of cubic feet) Figure 21 1,640 2,150
Net waterway area at mean storm tide elevation (A") 39,000 41,000

square foot o

Tidal period (T) hours 24.0 24.0

Q_., Tidal-cfs (Equation 76) 59,600 78,100
V . Tidal-cfs (Equation 77) 1.53 191
Upland peak runoff cfs 4,980 7,920
Q_., (Tidal plus runoff) cfs 64,580 86,020
V_.. (Tidal plus runoff) cfs (V_.. = Q_../A") 1.66 2
Average flow depth - A'/width, ft 14.5 15.3

The volume of the runoff from the 100- and 500-year upland flow hydrograph is very
small in comparison to the storage volume in the estuary. In this case, adding the peak
discharge to the maximum tidal discharge will be a conservative estimate of the maximum
discharge and maximum average velocity in the waterway. If the upland inflow into the
estuary had been large, the flood could be routed through the estuary using standard
hydrologic modeling techniques.

STEP 6. A comparison of the calculated velocities with the measured velocities
indicate that they are reasonable. Simply adding the peak inflow from the upland runoff
results in a conservative estimate of the average velocity. Therefore, the discharge and
velocities given in Table 12 are acceptable for determining the scour depths. However, the
average velocity will have to be adjusted for the nonuniformity of flow velocity in the vicinity
of the bridge to obtain the velocities for determining local scour at the piers.

STEP 7. Calculate the components of total scour using the information collected
in the Level 1 and Level 2 analyses.

Long-Term Aggradation/Degradation. The Level 1 analysis indicates that the
channel is relatively stable at this time. However,there is an indication that over the past
30 years the channel has degraded approximately 5 feet. Therefore, for this evaluation, an
estimate of long term degradation of approximately 5 feet for the future will be assumed.

Contraction Scour. Contraction scour depends on whether the flow will be clear-
water or live- bed. Equation 15 is used to determine the critical velocity for the 100-year
hydraulics.
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V. = 10.95 (14.5)"5 (0.00089)'® = 1.65 fis (83)

This indicates that the 100-year storm surge combined with the inland flow will result in
velocities greater than the critical velocity. Therefore contraction scour will be live-bed.

Applying the modified live-bed contraction scour equation, it is noted that the ratio
of discharges is equal to unity. Therefore the contraction scour will be influenced by the
contraction resulting from the bridge piers reducing the flow width at the bridge crossing.
Using Equation 16, and assuming that the mode of sediment transport is mostly suspended
load, the estimate of live-bed contraction scour for the 100-year event is:

Y. 69
2 26851 _ 05 (84)
14.5

Therefore, the contraction scour for the 100-year event is approximately 0.72 feet.
Re-computation for the 500-year event with an average flow depth of 15.3 feet results in an
estimate of contraction scour of approximately 0.77 feet.

Local Scour at Piers. The hydraulic analysis estimates average velocities in the
bridge cross section only. Because of this, an estimate of the maximum velocity at the
bridge pier is made to account for non-uniform velocity in the bridge cross section. The
average velocity will be increased by 30 percent since velocities for normal flows (Level 1)
indicated that the maximum velocity were observed to be approximately 30 percent greater
than the average. Therefore the maximum velocity for the 100- and 500-year event are 2.16
and 2.73 ft/s respectively.

K, will be equal to 1.1 since the bed condition at the bridge is plane-bed. The depth
of flow at the pier for the 100- and 500-year storm surge is determined by adding the mean
storm tide elevation from Table 12 to the flow depth at the pier referenced to mean sea
level. From this, y; will be equal to 15.9 and 17.0 feet for the 100- and 500-year storm
surge, respectively.

Applying the CSU equation (Equation 21) for the 100-year event:

Y, 12 % 043 _ (85)
=5 =20 (L0 (LO) (LY [mr (0.095)°4 = 0.67

From the above equation, the local scour at the piers is estimated to be approximately 10.7
feet. Considering the 500-year event, the estimate of local pier scour is 11.8 feet.

96



4.6.7 Example Problem 2

This problem presents a Level 2 analysis of a bridge over a tidal inlet where the
waterway constricts the flow and illustrates how depletion of sediment supplied to the tidal
inlet can result in a continual and severe long-term degradation. The length of the inlet
1s 1,500 ft, the w1dth is 400 ft, Manning's n is 0.03, depth at mean water level 1s 20 ft. and
area A' is 8,200 ft*. The Dy, of the bed material is 0.30 mm or 0.00098 ft. and the D, (1.25

D) 1s 0.375 mm or 0.00123 ft.

From tidal records the long-term average difference in elevation from the ocean to
the bay, through the waterway, averaged for both the flood and ebb tide is 0.6 ft. The
difference in elevation for the IOO-year storm surge is 1.8 ft and for the 500-year storm surge
1s 2.9 ft.

a. Determine the long-term potential degradation that may occur because
construction of jetties has cut off the delivery of bed sediments from littoral drift
to the inlet.

For this situation, long-term degradation can be approximated by assuming clear-water
contraction scour and using the average difference in water surface between the ocean and
bay for the hydraulic computation using the orifice equations (Equations 79 through 82).

Using Equation 82, determine R

2
1.49% (20)*3

R =07 +10 +

R =242

From Equation 81, determine C,
12
I . (87)
2.42

Cq = 0.643
Using Equation 79 determine V_,,

= (0.643) 2g 0.6)°3 (88)

A% = 4.0 ft/s

max

Using Equation 80, determine Q

max

Quax = Vo A = 4.0 (8,200 (89)

97



Q.. = 32,800 cfs

Potential long-term degradation is determined using Equation 20:

6
s 013 |—Q |7 4 (90)
Y L

D;: ¥ 16 w
where
y, = depth of scour, ft o
y; = depth of flow in the waterway, ft
Q = discharge in the waterway, cfs
D, = effective mean diameter of the bed material (1.25 D), ft _
Dy, = median diameter of bed material. Use a weighted average of the material
in the scour zone, ft
'Y bottom width of the waterway, ft
y 32,800 |1
s _ ) 7 _
5 =013 T 1 OD
0.00123 320400
y, = 18.4 ft.

Discussion of Potential Long-Term Degradation

This amount of scour would occur in some time period that would depend on the
amount of sediment that was available from the bay and ocean side of the waterway to
satisfy the transport capacity of the back and forth movement of the water from the flood
and ebb tide. Even if there was no sediment inflow into the waterway, the time it would
take to reach this depth of scour is not known. To determine the length of time would
require the use of a tidal model such as ACES-INLET or DYNLET]I, and conducting a
sediment continuity analysis.

Using a tidal model and sediment continuity analysis, calculate the amount of
sediment eroded from the waterway during a tidal cycle and determine how much
degradation this will cause. Then using this new average depth, recalculate the variables
and repeat the process. Knowing the time period of the tidal cycle, then the time to reach
a scour depth of 18.4 ft. could be calculated for the case of no sediment inflow into the
waterway. Estimates of sediment inflow in a tidal cycle could be used to determine the time
to reach the above estimated contraction scour depth when there is sediment inflow. When
the long-term degradation reaches 18.4 ft the scouring may not stop. The reason for this
is that the discharge in the waterway is not limited, as in the case of inland rivers, but
depends on the amount of flow that can enter the bay in a half tidal cycle. As the area of
the waterway increases the flood tide discharge increases because, as an examination of
Equations 86 and 87 show the velocity does not decrease. There may be a slight decrease
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in velocity because the difference in elevation from the ocean and the bay might decrease
as the area increases. However, R in Equation 82 decreases with an increase in depth.

Although the above discussion would indicate that long-term degradation would
increase indefinitely, this is not the case. As the scour depth increases there would be
changes in the relationship between the incoming tide and the tide in the bay or estuary,
and also between the tide in the bay and the ocean on the ebb tide. This could change the
difference in elevation between the bay and ocean. At some level of degradation the
incoming or out-going tides could pick up sediment from either the bay or ocean which
would then satisfy the transport capacity of the flow. Also, there could be other changes as
scour progressed, such as accumulation of larger bed material on the surface (armor) or
scour resistance rock which would decrease or stop the scour.

In spite of these limiting factors, the above problem illustrates the fact that with tidal
flow, in contrast to river flow, as the area of the cross section increases from degradation
there is no decrease in velocity and discharge.

b. Determine V_,, Q.. for the 100-year storm surge and a depth of 20 ft.

The values of R and C, do not change.
V. =0643 2 g 1.8)°F (92)

= 6.92 fps

max

Qo = 56,770 cfs

These values or similar ones depending on the long-term scour depth, would be used
to determine the local scour at piers and abutments using equations given previously.

These values could also be used to calculate contraction scour resulting from the
storm surge. However, the contraction scour depth so calculated would be so large that 1t
is unlikely it could occur in the short time period of the storm surge.

Currently, research is being conducted by the Corps of Engineers and others in
support of FHWA and State highway agencies bridge scour assessment to provide improved
techniques for determined hydraulics and scour at tidal bridge crossings. However, this
research has not been completed at the time of this publication.
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CHAPTER 3
EVALUATING THE VULNERABILITY OF EXISTING BRIDGES TO SCOUR

5.1 Introduction

Existing bridges over streams subject to scour should be evaluated to determine their
vulnerability to floods and whether they are scour vulnerable (Technical Advisories 5140.23,
1991).[5] This assessment or evaluation should be conducted by an interdisciplinary team
of professional, experienced engineers who can make the necessary engineering judgments
to determine:

1. Priorities for making bridge scour evaluations;

2. The scope of the scour evaluations to be performed in the office and in the field;
3 Whether or not a bridge is vulnerable to scour damage; i.e., whether the bridge is a

scour-critical bridge;

4. Which alternative scour countermeasures would be applicable to make a bridge less
vulnerable;

8 Which countermeasure is most suitable and cost-effective for a given bridge;

6. Priorities for installing scour countermeasures;

A Monitoring and inspection schedules for scour-critical bridges; and

8. Interim procedures to protect the bridge and the public until the bridge is repaired,
replaced or until suitable long-term countermeasures are in place.

The factors to be considered in a scour evaluation reauire a broader scope of study
and effort than those considered in a bridge inspection. The major purpose of the bridge
inspection is to identify changed conditions which may reflect an existing or potential
problem. The scour evaluation is an engineering assessment of the risk of what might
possibly happen in the future and what steps can be taken immediately to eliminate or
minimize the risk.

5.2 The Evaluation Process

The following approach is recommended for the development and implementation
of a program to assess the vulnerability of existing bridges to scour:

STEP 1. Screen all bridges over waterways into three categories: (1) Low risk, (2)
scour susceptible, or (3) unknown foundations. Bridges which are particularly vulnerable
to scour failure should be identified immediately and the associated scour problem
addressed. These particularly vulnerable "scour susceptible” bridges are:
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Bridges currently experiencing scour or that have a history of scour problems
during past floods as identified from maintenance records and experience,
bridge inspection records, etc.

Bridges over erodible bed streams with design features that make them
vulnerable to scour, including:

° piers and abutments designed with spread footings or short pile
foundations;
® superstructures with simple spans or nonredundant support systems

that render them vulnerable to collapse in the event of foundation
movement; and

® bridges with inadequate waterway openings or with designs that collect
ice and debris. Particular attention should be given to structures
where there are no relief bridges or embankments for overtopping, and
where all water must pass through or over the structure.

Bridges on aggressive streams and waterways, including those with:

® active degradation or aggregation of the streambed;

@ significant lateral movement or erosion of streambanks;

® steep slopes or high velocities;

® in-stream materials mining operations in the vicinity of the bridge; and
@ histories of flood damaged highways and bridges.

Bridges located on stream reaches with adverse flow characteristics, including:

® crossings near stream confluences, especially bridge crossings of
tributary streams near their confluence with larger streams;

® crossings on sharp bends in a stream; and

® locations on alluvial fans.

STEP 2. Prioritize the scour susceptible bridges and bridges with unknown
foundations, by conducting a preliminary office and field examination of the list of structures
compiled in Step 1, using the following factors as a guide:

a.

The potential for bridge collapse or for damage to the bridge in the event of
a major flood;

The functional classification of the highway on which the bridge is located, and

the effect of a bridge collapse on the safety of the traveling public and on the
operation of the overall transportation system for the area or region;
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See Appendix D, which contains the North Carolina Department of
Transportation's procedure for conducting office and field examinations for the
prioritization of bridges.

STEP 3. Conduct field and office scour evaluations of the bridges on the prioritized
list in Step 2 using an interdisciplinary team of hydraulic, geotechnical and structural
engineers:

a. The recommended evaluation procedure is to estimate scour for a superflood,
a flood exceeding the 100-year flood, and then analyze the foundations for
vertical and lateral stability for this condition of scour. This evaluation
approach is the same as the check procedure set forth in Section 3.2, Step 8.
FHWA recommends using the 500-year flood or a flow 1.7 times the 100-year
flood for this purpose where the 500-year flood is unknown. An overtopping
flood will be used where applicable. The difference between designing a new
bridge and assessing an old bridge is simply that the location and geometry of
a new bridge and its foundation are not fixed as they are for an existing
bridge. Thus, the same steps for predicting scour at the piers and abutments
should be carried out for an existing bridge as for a new bridge. As with the
design of a new bridge, engineering judgment must be exercised in establishing
the total scour depth for an existing bridge. The maximum scour depths that
the existing foundation can withstand are compared with the total scour depth.
An engineering assessment must then be made as to whether the bridge
should be classified as a scour-critical bridge; that is, whether the bridge
foundations cannot withstand the total scour without failing.

b. Enter the results of the scour evaluation study in the bridge inventory in
accordance with the instructions in the FHWA "Bridge Recording and Coding
Guide" [6] (see Appendix E). Update the list of the scour-critical bridges.

® Bridges assessed as "low risk” for Item 113 (scour critical bridges)
should be coded as an "8". This is a modification of the definition of
Code 8, Item 113 which states "...for calculated scour conditions...”

° Bridges with unknown foundations should be coded as a "6" in [tem
113, indicating that a scour evaluation/calculation has not been made.
It is recommended that only those bridges with unknown foundations,
which have observed scour, receive scour evaluation prior to the
deployment of instrumentation currently being developed to determine
foundation type and depth.

® Bridges assessed to be "scour susceptible” are coded as "6" for Item 113
until such time that further scour evaluations determine foundation
conditions.

STEP 4. For bridges identified as scour critical from the office and field review in
Step 2, determine a plan of action (see Chapter 7) for correcting the scour problem,
including;:

a. Interim plan of action to protect the public until the bridge can be replaced
or scour countermeasures installed. This could include:
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® Timely installation of temporary scour countermeasures such as riprap.

® Plans for monitoring scour-critical bridges during, and inspection after
flood events, and for blocking traffic, if needed, until scour
countermeasures are installed.

° Immediate bridge replacement or the installation of permanent scour
countermeasures depending upon the risk involved.

b. Establishing a time table for Step 5 discussed below.

STEP 5. After completing the scour evaluations for the list of potential problems
compiled in Step 1, the remaining waterway bridges included in the State's bridge inventory
should be evaluated. In order to provide a logical sequence for accomplishing the remaining
bridge scour evaluations, another bridge list should be established, giving priority status to
the following:

a. The functional classification of the highway on which the bridge is located with
highest priorities assigned to arterial highways and lowest priorities to local
roads and streets.

b. Bridges that serve as vital links in the transportation network and whose
failure could adversely affect area or regional traffic operations.

The ultimate objectives of this scour evaluation program are (1) to review all bridges
over streams in the National Bridge Inventory; (2) to determine those foundations which
are stable for estimated scour conditions and those which are not, and (3) to provide interim
scour protection for scour-critical bridges until adequate scour countermeasures are
installed. This may include interim scour protection such as riprap, closing the bridge during
high water, monitoring of scour-critical bridges during, and inspection after flood events.
The final objective (4) would be to replace the bridge or install scour countermeasures in
a timely manner, depending upon the perceived risk involved.

5.3 Conducting Scour Evaluation Studies

An overall plan should be developed for conducting engineering bridge scour
evaluation studies. An example of this type of a plan, prepared by the North Carolina
Department of Transportation, is provided in Appendix D. It is recommended that each
State develop its own plan for making engineering scour evaluations based on its own
particular needs. The FHWA offers the following recommendations in regard to conducting
these studies:

L. The first step of the scour evaluation study should be an office review of available
information for purposes of assessing the stability of the stream and the adequacy of
the bridge foundations to withstand a superflood (a Qs flood or a flow 1.7 times

Qi00)-

2 The use of worksheets is encouraged since they provide a consistent frame of
reference for making field and office reviews and for documenting the results of the
investigations.
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3. To develop an efficient process for properly evaluating a large number of bridges,
a logical sequence needs to be established for conducting the evaluations. This
sequence should serve to screen out those bridges where scour is clearly not a
problem. For example, sufficient information may be available in the office to
indicate that the bridge foundations have been set well below maximum expected
scour, and that a field inspection is not necessary for determining that the bridge is
not at risk from scour damage. However, a field inspection is generally
recommended for bridges over streams that have one or more of the characteristics
listed under Step 1, paragraph b of this chapter.

Where adequate hydraulic studies have been prepared and kept for the original
bridge design, the scour estimates can be checked or recalculated from this information.
Where hydraulic data are not available, it may have to be recalculated. For such instances,
a "worst-case analysis" is suggested. If the bridge foundations are adequate for worst-case
conditions, the bridge can be judged satisfactory. Where the worst-case analysis indicates
that a scour problem may exist, further field and office analyses should be made.

54 Worst-Case Analysis

The following guide is offered for conducting a worst-case analysis:

5.4.1 Water-Surface Elevations

Information may not be available on the water-surface elevations of the stream at
some bridges. This can be compensated for by using procedures developed by the USGS
for many states. These procedures provide for estimating depths of flow by using hydrologic
area, drainage area, flood frequency, and error of estimate. Using these procedures, a
conservative depth-discharge relationship can be determined. This relationship can then be
used to develop rough estimates of scour.

5.4.2 Long-Term Aggradation and Degradation

Long-term streambed profile changes will usually be difficult to assess. The main
information sources are the records and knowledge of bridge inspectors, maintenance
personnel, or others familiar with the bridge site and the behavior of the stream and other
streams in the general area. If aggradation or degradation is a problem, there will usually
be some knowledge of its occurrence in the area. Cross sections of the stream at the bridge
site, for example, when taken by bridge inspectors over a period of time, may indicate a
long-term trend in the elevation of the streambed. Field inspections should be made at
locations where the streams are known to be active and where significant
aggradation/degradation or lateral channel movement is occurring. Further discussion on
long-term streambed elevation changes is included in Chapters 2, 3, and 4 and HEC-20.[8]
Particular attention should be given to bridges at problem sites, as noted earlier in this
section. Such bridges should be reviewed in the field. Additional information on conducting
field reviews is included in Chapter 6.
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5.4.3 Planform Changes

Assessing the significance of planform changes, such as the shifting location of
meanders, the formation of islands, and the overall pattern of streams, usually cannot be
accomplished in the office. Records and photographs taken by bridge inspectors and
maintenance personnel may provide some insight into the nature of the stream for the initial
office assessments. Historical aerial photographs of the stream can be extremely valuable
in this analysis. Ultimately, an engineering judgment must be made as to whether possible
future or existing planform changes represent a hazard to the bridge, and the extent of field
work required to evaluate this condition.

5.4.4 Contraction Scour

Contraction scour may be calculated using the equations in Chapter 4 where the
amount of overbank and main channel flow is known or can be estimated. The worst-case
approach would involve estimating the largest reasonable amount of overbank flow on the
floodplain beyond the bridge abutments and then calculating contraction scour on this basis.
More detailed analyses are recommended for bridges at problem sites, especially where a
large difference in the water-surface elevations may exist up- and downstream of the bridge.

5.4.5 Local Pier Scour

To determine local pier scour use the equations given in Chapter 4.

5.4.6 Local Abutment Scour

Determination of local abutment scour using the procedures and equations in
Chapter 4 requires an understanding of flow depths and velocities, and the flow distribution
on the floodplain upstream of the bridge. However, some preliminary judgments may be
developed as to the expected scour potential through an assessment of the abutment
location, the amount of flow in the floodplain beyond the abutment and the extent of
protection provided (riprap, guide banks, etc.). It should be noted that the equations given
in the literature are based on flume experiments and predict excessively conservative
abutment scour depths.

5.5 Documenting Bridge Scour Assessments

A record should be made of the results of field and office reviews of bridge scour
assessments, and Item 113, Scour Critical Bridges, of the FHWA document "Recording and
Coding Guide for the Structural Inventory and Appraisal of the Nation's Bridges" [6]
requires states to identify the current status of bridges regarding vulnerability to scour.
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CHAPTER 6

INSPECTION OF BRIDGES FOR SCOUR

6.1 Introduction
There are two main objectives to be accomplished in inspecting bridges for scour:
1 To accurately record the present condition of the bridge and the stream; and

2, To identify conditions that are iridicative of potential problems with scour and stream
stability for further review and evaluation by others.

In order to accomplish these objectives, the inspector needs to recognize and
understand the interrelationship between the bridge, the stream, and the floodplain.
Typically, a bridge spans the main channel of a stream and perhaps a portion of the
floodplain. The road approaches to the bridge are typically on embankments which obstruct
flow on the floodplain. This overbank or floodplain flow must, therefore, return to the
stream at the bridge and/or overtop the approach roadways. Where overbank flow is forced
to return to the main channel at the bridge, zones of turbulence are established and scour
is likely to occur at the bridge abutments. Further, piers and abutments may present
obstacles to flood flows in the main channel, creating conditions for local scour because of
the turbulence around the foundations. After flowing through the bridge, the floodwater will
expand back to the floodplain, creating additional zones of turbulence and scour.

The following sections in this chapter present guidance for the bridge inspector's use
in developing a comprehension of the overall flood flow patterns at each bridge inspected;
and the use of this information for rating the present condition of the bridge and the
potential for damage from scour. When an actual or potential scour problem is identified
by a bridge inspector, the bridge should be further evaluated by an interdisciplinary team
using the approach discussed in Chapter 5. The results of this evaluation should be
recorded under Item 113 of the "Bridge Recording and Coding Guide."[6] (see Appendix E)

If the bridge is determined to be scour critical, a plan of action (Chapter 7) should
be developed for installing scour countermeasures. In this case, the rating of the bridge
substructure (Item 60 of the "Bridge Recording and Coding Guide" [6]) should be revised
to reflect the effect of the scour on the substructure.

6.2 Office Review

It is desirable to make an office review of bridge plans and previous inspection
reports prior to making the bridge inspection. Information obtained from the office review
provides a better basis for inspecting the bridge and the stream. Items for consideration in
the office review include:
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1. Has an engineering scour evaluation study been made? If so, is the bridge scour
critical?

2 If the bridge is scour critical, has a plan of action been made for monitoring the
bridge and/or installing scour countermeasures?

3. What do comparisons of streambed cross sections taken during successive inspections
reveal about the streambed? Is it stable? Degrading? Aggrading? Moving
laterally? Are there scour holes around piers and abutments?

4. What equipment is needed (rods, poles, sounding lines, sonar, etc.) to obtain
streambed cross sections? :

=8 Are there sketches and aerial photographs to indicate the planform location of the
stream and whether the main channel is changing direction at the bridge?

6. What type of bridge foundation was constructed? (Spread footings, piles, drilled
shafts, etc.) Do the foundations appear to be vulnerable to scour?

7. Do special conditions exist requiring particular methods and equipment (divers,
boats, electronic gear for measuring stream bottom, etc.) for underwater inspections?

8. Are there special items that should be looked at? (Examples might include damaged
riprap, stream channel at adverse angle of flow, problems with debris, etc.)

6.3 Bridge Inspection

During the bridge inspection, the condition of the bridge waterway opening,
substructure, channel protection, and scour countermeasures should be evaluated, along with
the condition of the stream.

The 1988 FHWA "Bridge Recording and Coding Guide'[6] (see Appendix E)

contains material for the following three items:
1. Item 60: Substructure,
2. [tem 61: Channel and Channel Protection, and
3. [tem 71: Waterway Adequacy.

The guidance in the "Bridge Recording and Coding Guide" for rating the present
condition of Items 61 and 71 is set forth in detail. Guidance for rating the present condition
of Item 60, Substructure, is general and does not include specific details for scour. The

following sections present approaches to evaluating the present condition of the bridge
foundation for scour and the overall scour potential at the bridge.
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6.3.1 Assessing the Substructure Condition

Item 60, Substructure, is the key item for rating the bridge foundations for
vulnerability to scour damage. When a bridge inspector finds that a scour problem has
already occurred, it should be considered in the rating of Item 60. Both existing and
potential problems with scour should be reported so that a scour evaluation can be made
by others. The scour evaluation is reported on Item 113 in the revised "Bridge Recording
and Coding Guide."[6] If the bridge is determined to be scour critical, the rating of Item
60 should be evaluated to ensure that existing scour problems have been considered. The
following items are recommended for consideration in inspecting the present condition of
bridge foundations:

1. Evidence of movement of piers and abutments;

& Rotational movement (check with plumb line),-
°® Settlement (check lines of substructure and superstructure, bridge rail, etc., for

discontinuities; check for structural cracking or spalling),
® Check bridge seats for excessive movement.

2. Damage to scour countermeasures protecting the foundations (riprap, guide banks,
sheet piling, sills, etc.),

3: Changes in streambed elevation at foundations (undermining of footings, exposure
of piles), and

4. Changes in streambed cross section at the bridge, including location and depth of
scour holes.

In order to evaluate the conditions of the foundations, the inspector should take cross
sections of the stream, noting location and condition of streambanks. Careful measurements
should be made of scour holes at piers and abutments, probing soft material in scour holes
to determine the location of a firm bottom. If equipment or conditions do not permit
measurement of the stream bottom, this condition should be noted for further action.

6.3.2 Assessing Scour Potential at Bridges

The items listed in Table 13 are provided for bridge inspectors' consideration in
assessing the adequacy of the bridge to resist scour. In making this assessment, inspectors
need to understand and recognize the interrelationships between Item 60 (Substructure),
Item 61 (Channel and Channel Protection), and Item 71 (Waterway Adequacy). As noted
earlier, additional follow-up by others should be made utilizing Item 113 (Scour Critical
Bridges) when the bridge inspection reveals a potential problem with scour (see Appendix

E).
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Table 13. Assessing the Scour Potential at Bridges.

1.

UPSTREAM CONDITIONS

a.

d.

Banks

STABLE: Natural vegetation, trees, bank stabilization measures
such as riprap, paving, gabions, channel stabilization
measures such as dikes and jetties.

UNSTABLE: Bank sloughing, undermining, evidence of lateral

movement, damage to stream stabilization measures etc.

Main Channel

Clear and open with good approach flow conditions, or meandering or
braided with main channel at an angle to the orientation of the bridge.

Existence of islands, bars, debris, cattle guards, fences that may affect
flow.

Aggrading or degrading streambed.

Evidence of movement of channel with respect to bridge (make
sketches, take pictures).

Floodplain

° Evidence of significant flow on floodplain.

° Floodplain flow patterns - does flow overtop road and/or return to main
channel?

® Existence and hydraulic adequacy of relief bridges (if relief bridges are
obstructed, they will affect flow patterns at the main channel bridge).

®  Extent of floodplain development and any obstruction to flows
approaching the bridge and its approaches.

° Evidence of overtopping approach roads (debris, erosion of
embankment slopes, damage to riprap or pavement, etc.).

Debris

° Extent of debris in upstream channel.
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Table 13. Assessing the Scour Potential at Bridges (continued).

2.

e.

Other Features

Existence of upstream tributaries, bridges, dams, or other features, that
may affect flow conditions at bridges.

CONDITIONS AT BRIDGE

a.

b.

Substructure

Superstructure

Evidence of overtopping by floodwater (Is superstructure tied down to
substructure to prevent displacement during floods?)

Obstruction to flood flows (Does superstructure collect debris or present
a large surface to the flow?)

Design (Is superstructure vulnerable to collapse in the event of
foundation movement, e.g., simple spans and nonredundant design for
load transfer?)

Channel Protection and Scour Countermeasures

Riprap (Is riprap adequately toed into the streambed or is it being
undermined and washed away? Is riprap pier protection intact, or has
riprap been removed and replaced by bed-load material? Can displaced
riprap be seen in streambed below bridge?)

Guide banks (Spur dikes) (Are guide banks in place? Have they been
damaged by scour and erosion?)

Stream and streambed (Is main current impinging upon piers and
abutments at an angle? Is there evidence of scour and erosion of
streambed and banks, especially adjacent to piers and abutments? Has
stream cross section changed since last measurement? In what way?)

Waterway Area Does waterway area appear small in relation to the stream

and floodplain? Is there evidence of scour across a large portion of the
streambed at the bridge? Do bars, islands, vegetation, and debris constrict
the flow and concentrate it in one section of the bridge or cause it to attack
piers and abutments? Do the superstructure, piers, abutments, and fences,
etc., collect debris and constrict flow? Are approach roads regularly
overtopped? If waterway opening is inadequate, does this increase the scour
potential at bridge foundations?
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Table 13. Assessing the Scour Potential at Bridges (continued).

3 DOWNSTREAM CONDITIONS

a. Banks

STABLE: Natural vegetation, trees, bank stabilization measures such as
riprap, paving, gabions, channel stabilization measures such as dikes and
jetties.

UNSTABLE: Bank sloughing, undermining, evidence of lateral movement,
damage to stream stabilization measures, etc.

b. Main Channel

® Clear and open with good "getaway" conditions, or meandering or
braided with bends, islands, bars, cattle guards, and fences that retard
and obstruct flow.

® Aggrading or degrading streambed.

® Evidence of movement of channel with respect to the bridge (make
sketches and take pictures).

o Floodplain

® Clear and open so that contracted flow at bridge will return smoothly to
floodplain, or restricted and blocked by dikes, development, trees,
debris, or other obstructions.

@ Evidence of scour and erosion due to downstream turbulence.

d. Other Features

° Downstream dams or confluence with larger stream which may cause
variable tailwater depths. (This may create conditions for high velocity
flow through bridge.)

6.3.3 Underwater Inspections

Perhaps the single most important aspect of inspecting the bridge for actual or potential
damage from scour is the taking and plotting of measurements of stream bottom elevations
in relation to the bridge foundations. Where conditions are such that the stream bottom
cannot be accurately measured by rods, poles, sounding lines or other means, other
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arrangements need to be made to determine the condition of the foundations. Other
approaches to determining the cross section of the streambed at the bridge include:

1. Use of divers; and
. Use of electronic scour detection equipment (Appendix G).

For the purpose of evaluating resistance to scour of the substructure under Item 60
of the "Bridge Recording and Coding Guide," [6] the questions remain essentially the same
for foundations in deep water as for foundations in shallow water:

I What does the stream cross sectron look like at the bridge?

2 Have there been any changes as compared to previous cross section measurements?
If so, does this indicate that (1) the stream is aggrading or degrading; or (2) local or
contraction scour is occurring around piers and abutments?

3. What are the shape and depths of scour holes?

4. Is the foundation footing (or the piling) exposed to the streamflow; and if so, what
is the extent and probable consequences of this condition?

8 Has riprap around a pier been moved or removed?

6.3.4 Notification Procedures

A bridge inspector's site evaluation of the effect of water at the bridge is an
important part of a bridge inspection. A positive means of promptly communicating
inspection findings to proper agency personnel must be established. Any condition that a
bridge inspector considers to be of an emergency or potentially hazardous nature should be
reported immediately. That information as well as other conditions which do not pose an
immediate hazard, but still warrant further action, should be conveyed to the
hydraulic/foundation engineers for review.

A report form is, therefore, needed to communicate pertinent problem information
to the hydraulic/geotechnical engineers. An existing report form may currently be used by
bridge inspectors within a State highway agency to advise maintenance personnel of specific
needs. Regardless of whether an existing report is used or a new one is developed, a bridge
inspector should be provided the means of advising hydraulics and geotechnical engineers
of problems in a timely manner.
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7.1

CHAPTER 7

PLAN OF ACTION FOR INSTALLING SCOUR COUNTERMEASURES

Introduction

Scour countermeasures are those features incorporated after the initial construction

of a bridge to make it less vulnerable to damage or failure from scour.

7.1.1 New Bridges

For new bridges, recommended scour countermeasures have been addressed in

Chapters 3 and 4. In summary, the best solutions for minimizing scour damage include:

L.

2.

Locating the bridge to avoid adverse flood flow patterns,
Streamlining bridge elements to minimize obstructions to the flow,
Design foundations safe from scour,

Founding bridges sufficiently deep to not require riprap or other countermeasures,
and

Founding abutments above the estimated scour depth when the abutment is protected
by well designed riprap or other suitable countermeasures.

7.1.2 Existing Bridges

For existing bridges, the alternatives available for protecting the bridge from scour

are listed below in a rough order of cost:

1.

2

Monitoring scour depths and closing bridge if excessive,
Providing riprap at piers and monitoring,

Providing riprap at abutments,

Constructing guide banks (spur dikes),

Constructing channel improvements,

Strengthening the bridge foundations,

Constructing sills or drop structures, and
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8.

Constructing relief bridges or lengthening existing bridges.

These alternatives should be evaluated using sound hydraulic engineering practice.

In developing a plan of action for protecting an existing scour-critical bridge, the four

aspects that need to be considered are:

L

2,

3.

4.

Monitoring, inspecting and potentially closing a bridge until the countermeasures are
installed,

Installing temporary scour countermeasures, such as riprap around a pier, along with
monitoring a bridge during high flow,

Selecting and designing scour countermeasures, and

Scheduling construction of scour countermeasures.

These considerations are discussed in the following sections.

7.2

Monitoring, Inspecting, and Potentially Closing Scour-Critical Bridges

As noted in Chapter 5, special attention should be given to monitoring scour-critical

bridges during and after flood events. The plan-of-action for a bridge should include special
instructions to the bridge inspector, including guidance as to when a bridge should be closed
to traffic. Guidance should be given to other DOT officials on bridge closure. The intensity
of the monitoring effort is related to the risk of scour hazard, as determined from the scour
evaluation study. The following items are recommended for consideration when developing
the plan-of-action monitoring effort.

1.

Information on any existing rotational movement of abutments and piers or
settlement of foundations.

Information on rates of streambed degradation, aggradation, or lateral movement
based on analysis of changes in stream cross sections taken during successive bridge
inspections, sketches of the stream planform, aerial photographs, etc.

Recommended procedures and equipment for taking measurements of streambed
elevations (use of rods, probes, weights, etc.) during and after floods.

Guidance on maximum permissible scour depths, flood flows, water surface
elevations, etc., beyond which the bridge should be closed to traffic.

Reporting procedures for handling excess scour, larger than normal velocities and

water surface elevation or discharge that may warrant bridge closure. Develop a
chain of command with authority to close bridges.
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6. Instructions regarding the checking of streambed levels in deep channels where
accurate measurements cannot be made from the bridge (use of divers, electronic
instruments such as sonar, radar, etc.).

* Instructions for inspecting existing countermeasures such as riprap, dikes, sills, etc.

8. Forms and procedures for documenting inspection results and instructions regarding
follow-up actions when necessary.

9. Installation of scour depth warning devices.

7.3 Temporary Countermeasures

Monitoring of bridges during high flow may indicate that collapse from scour is
imminent. It may be disadvantageous, however, to close the bridge during high flow because
of traffic volume, poor alternate routes, the need for emergency vehicles to use the bridge,
etc. Temporary scour countermeasures such as riprap could be installed, allaying the need
for immediate closure. Temporary countermeasure installed at a bridge combined with
monitoring during and inspection after high flows could provide for the safety of the public
without closing the bridge.

7.4 Scheduling Construction of Scour Countermeasures

The engineering scour evaluation study should address the risk of failure at scour-
critical bridges so that priorities and schedules can be prepared for installation of scour
countermeasures at differing bridge sites. In some cases, the risk may be obvious, as where
an inspection reveals that a spread footing for a pier has been partially undermined.
Immediate action is warranted. In other cases, the need for immediate action is not so
apparent, and considerable judgement must be exercised. An example of the latter case is
where a stream meander is gradually encroaching upon a bridge abutment. A judgment
must be made on the risk associated with the rate of change of the meander and its
probable effect on the abutment and associated foundation.

Gradual river changes are common. As a consequence, the engineer may wait too
long to take action. As the degree of encroachment and scour hazard increases, the number
of alternative countermeasures is decreased and costs of correction are corresponding
increased. In addition, monitoring a bridge during high flows and inspection after high flow
may not determine that a bridge is about to collapse from scour.

7D Types of Countermeasures

An overview of commonly used scour countermeasures is provided below, along with
references for obtaining design procedures and criteria for their application to a specific site.
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Selection of the appropriate countermeasure is best accomplished through a field and office
evaluation of the conditions at the stream crossing (see also, HEC-20 [8]).

7.5.1 Rock Riprap at Piers and Abutments

The FHWA continues to evaluate how best to design rock riprap at bridge abutments
and piers.

Present knowledge is based on research conducted under laboratory conditions with
little field verification, particularly for piers. Flow turbulence and velocities around a pier
are of sufficient magnitude that large rocks move over time. Bridges have been lost
(Schoharie Creek bridge for example) due to the removal of riprap at piers resulting from
turbulence and high velocity flow. Usually this does not happen during one storm, but is
the result of a sequence of high flows. Therefore, if rock riprap is placed as scour
protection around a pier, the bridge should be monitored and inspected after each high flow
event to insure that the riprap is stable.

Sizing Rock Riprap at Abutments. The FHWA conducted two research studies in
a hydraulic flume to determine equations for sizing rock riprap for protecting abutments
from scour.[55][56] One study investigated vertical wall and spill-through abutments which
encroached 28 and 56 percent on the floodplain, respectively.[55] The second study
investigated spill-through abutment which encroached on a floodplain with an adjacent main
channel (see Figure 22). Encroachment varied from the largest encroachment used in the
first study to a full encroachment to the edge of main channel bank. For spill-through
abutments in both studies, the rock riprap consistently failed at the toe downstream of the
abutment centerline (see Figure 23). For vertical wall abutments, the first study consistently
indicated failure of the rock riprap at the toe upstream of the centerline of the abutment.

For Froude Numbers V/(gy)"? < 0.80, the recommended design equation for sizing
rock riprap for spill-through and vertical wall abutments is in the form of the Isbash
relationship:

Do . _Kk_|©2 (93)
y ($,-1) gy
where
Dy, = median stone diameter, ft _
V= characteristic average velocity in the contracted section (explained below), ft/s
S, = specific gravity of rock riprap
g = gravitational acceleration, ft/s?
y = depth of flow in the contracted bridge opening, ft
K = 0.89 for a spill-through abutment

1.02 for a vertical wall abutment
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For Froude Numbers >0.80, Equation 94 is recommended:[57]

.14

Dy . _k |V (94)
y S.-1)| gy
where

K = 0.61 for spill-through abutments
0.69 for vertical wall abutments

In both equations, the coefficient K, is a velocity multiplier to account for the
apparent local acceleration of flow at the point of rock riprap failure. Both of these

equations are envelop relationships that were forced to overpredict 90 percent of the
laboratory data.[SS][56][57]

Variable

e

Spill-through abutment

2 Floodplain

\ Channel Bank

Main

Channel
b
2 \

Figure 22.  Section View of a Typical Setup of Spill-Through Abutment on a Floodplain
with Adjacent Main Channel.
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Figure 23.  Plan View of the Location of Initial Failure Zone of Rock Riprap for Spill-
Through Abutment.

A recommended procedure for selecting the characteristic average velocity is as
follows:

1. Determine the set-back ratio (SBR) of each abutment. The set-back length is the
distance from the near edge of the main channel to the toe of abutment.

SBR = Set-back length/average channel flow depth

a. If SBR is less than 5 for both abutments, compute a characteristic average
velocity, Q/A, based on the entire contracted area through the bridge
opening. This includes the total upstream flow, exclusive of that that overtops
the roadway. The WSPRO average velocity through the bridge opening is
also appropriate for this step.

b. If SBR is greater than 5 for an abutment, compute a characteristic average
velocity, Q/A, for the respective overbank flow only. Assume that the entire
respective overbank flow stays in the overbank section through the bridge
opening. This velocity can be approximated by a hand calculation using the
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cumulative flow areas in the overbank section from WSPRO, or from a
special WSPRO run using an imaginary wall along the bank line.

If SBR for an abutment is less than 5 and SBR for the other abutment at
the same site is more than 5, a characteristic average velocity determined
from Step 1a for the abutment with SBR less than 5 may be unrealistically
low. This would, of course, depend upon the opposite overbank discharge as
well as how far the other abutment is set back. For this case, the
characteristic average velocity for the abutment with SBR less than 5 should
be based on the flow area limited by the boundary of that abutment and an
imaginary wall located on the opposite channel bank. The appropriate
discharge is bounded by this imaginary wall and the outer edge of the
floodplain associated with that abutment.

Compute rock riprap size from Equations 93 and 94, based on the Froude Number
limitation for these equations.

Determine extent of rock riprap

a.

The apron at the toe of the abutment slope should extend along the entire
length of the abutment toe, around the curved portions of the abutment to the
point of tangency with the plane of the embankment slopes.

The apron should extend from the toe of the abutment into the bridge
waterway a distance equal to twice the flow depth in the overbank area near
the embankment, but need not exceed 25 feet (see Figure 24).[58]

The abutment slope should be protected with rock riprap size computed from
Equations 93 or 94. Coverage should agree with Step 3a.

The rock riprap thickness should not be less than the larger of either 1.5
times Dy, or D,y The rock riprap thickness should be increased by 50
percent when it is placed under water to provide for the uncertainties
associated with this type of placement.

The rock riprap gradation and the potential need for underlying filter material
must be considered.
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Figure 24. Plan View of the Extension of Rock Riprap Apron.

Sizing Riprap at Piers. Riprap is not a permanent countermeasure for scour at piers
for existing bridges and not to be used for new bridges. Determine the Dy, size of the

riprap using the rearranged Ishbash equatidn (see HIRE [9]) to solve for stone diameter (in
feet, for fresh water):

5 = 0.692(KV)* (95)
(S,-1)2g

where

median stone diameter, ft

coefficient for pier shape

velocity on pier, ft

specific gravity of riprap (normally 2.65)
32.2 ft/s*

1.5 for round-nose pier
= 1.7 for rectangular pier

50

]

]

AR NIRRT
I

To determine V multiply the average channel velocity (Q/A) by a coefficient that
ranges from 0.9 for a pier near the bank in a straight uniform reach of the stream to 1.7 for
a pier in the main current of flow around a bend.
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1. Provide a riprap mat width which extends horizontally at least two times the pier
width, measured from the pier face.

2 Place the top of a riprap mat at the same elevation as the streambed. The deeper the
riprap is placed into the streambed, the less likely it will be moved. Placing the
bottom of a riprap mat on top of the streambed is discouraged. In all cases where
riprap is used for scour control, the bridge must be monitored during and inspected
after high flows.

It is important to note that it is a disadvantage to bury riprap so that the top of the
mat is below the streambed because inspectors have difficulty determining if some
or all of the riprap has been removed. Therefore, it is recommended to place the top
of a riprap mat at the same elevation as the streambed.

a. The thickness of the riprap mat should be three stone diameters (Ds;) or
more.
b. In some conditions, place the riprap on filter cloth or a gravel filter.

However, if a well-graded riprap is used, a filter may not be needed. In some
flow conditions it may not be possible to place a filter or if the riprap is
buried in the bed a filter may not be needed.

c. The maximum size rock should be no greater than twice the D size.

7.5.2 Guide Banks

Methods for designing guide banks are contained in the FHWA publication Hydraulic
Design Series No. 1, "Hydraulics of Bridge Waterways" [59] and HEC-20.[8] The hydraulic
effect of guide banks can be modeled through the use of the FHWA software, WSPRO.[29]
The purpose of the guide bank is to provide a smooth transition for flows on the floodplain
returning to the main channel at the bridge. The guide bank also serves to move the point
of maximum scour upstream, away from the abutment and align flows through the bridge
opening. Guide banks should be considered for protecting bridge abutments whenever there
is a significant amount of flow on the floodplain that must return to the main channel at the
bridge.

7.5.3 Channel Improvements

A wide variety of countermeasures are available for stabilizing and controlling flow
patterns in streams.

a. Countermeasures for aggrading streams include:

® Contracting the waterway upstream and through the bridge to cause it
to scour,
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° Construction of upstream dams to create sedimentation basins,
@ Periodic cleaning of the channel, and
° Raising the grade of the bridge and approaches.

b. Countermeasures for degrading streams include the construction of sills and
the strengthening of foundations as discussed in Item 5 (below).

c. Countermeasures for controlling lateral movement of a stream due to stream
meanders include placement of dikes or jetties along the streambanks to
redirect the flow through the bridge along a favorable path that minimizes the
angle of attack of the current on the bridge foundations. HEC-20 [8]
addresses this type of countermeasure in detail. Another useful reference is
Transportation Research Board Record 950.[32]

7.5.4 Structural Scour Countermeasures

The use of structural designs to underpin existing foundations is discussed in the
AASHTO Manual for Bridge Maintenance.[60] While structural measures may be more
costly, they generally provide more positive protection against scour than countermeasures
such as riprap.

7.5.5 Constructing Sills or Drop Structures

The use of sills and drop structures at bridges to stabilize the streambed and
counteract the affects of degradation is discussed in FHWA publications.[8,9]

7.5.6 Constructing Relief Bridges or Extra Spans on the Main Bridge

Providing additional waterway to relieve existing flow conditions is essentially a design
problem and the guidance in Chapters 3 and 4 is applicable to implementation. In some
locations with very unstable banks, additional spans may be more cost effective than
attempting to stabilize the channel banks in the vicinity of the bridge.

7.6 Summary

The foregoing discussion of countermeasures presents a wide variety of concepts and
approaches for addressing scour problems at bridges. The Interdisciplinary Scour Team
needs to collect and evaluate information about the behavior of streams and flood flow
patterns through bridges so that the most appropriate countermeasures are selected for the
particular set of site conditions under study. The FHWA publication "Countermeasures for
Hydraulic Problems at Bridges (Volume 2, Case Histories),” [2] is recommended as a guide
for reviewing the performance of the countermeasures discussed above. This document is
summarized in Chapter 5 of HEC-20.[8]
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