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top width of flow, ft (m)

average flow velocity in the x-direction, ft/s (m/s)

int flow velocity, ft/s (m/s)

age flow velocity, ft/s (m/s)

verage flow velocity in the y-direction, ft/s (m/s)
volume, ft* (m°)

critical velocity (Froude number = 1.0), ft/s (m/s)
critical velocity for initiation of motion of bed material, ft/s (m/s)
velocity for normal stage in HDS 1 method, ft/s (m/s)
shear velocity, ft/s (m/s)

flow width, ft (m)

deck width of a bridge under pressure flow, ft (m)
wetted perimeter, ft (m)
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WSEL

Yw

D> D

water surface elevation, ft (m)
water surface elevation, ft (m)
water weight component in momentum balance bridge method, ft* (m®)
Cartesian coordinate, ft (m)

Cartesian coordinate, ft (m)

flow depth, also average or hydraulic depth, ft (m)
average flow depth prior to scour, ft (m)

critical depth (Froude number = 1.0), ft (m)

normal depth (bed slope equals energy slope), ft (m)
scour depth, ft (m)

abutment scour depth, ft (m)

contraction scour depth, ft (m)

pier scour depth, ft (m)

vertical contraction scour depth, ft (m)

Depth from water surface to the centroid of the

Depth from water surface to the centroid of flow

Depth from water surface to the centroid of pier ar

Cartesian coordinate, ft (m)
Rouse number

energy correction coefficient
abutment scour amplification, facto
momentum correction fact
momentum transfer coefficien
bed form height, ft (m)

sity, slugs/ft* (kg/m®)
kinematic viscosity, ft%/s, (m?/s)

iepviscosity, slug/ft-s (kg/m-s)

hear stress, Ib/ft* (Pa)

shear stress at the channel bed, Ib/ft> (Pa)
hear stress acting on the bed, Ib/ft> (Pa)
al shear stress for bed material movement, Ib/ft* (Pa)
hear stress acting on the water surface, Ib/ft* (Pa)
x-direction shear stress due to turbulence, Ib/ft? (Pa)
y-direction shear stress due to turbulence, Ib/ft? (Pa)
particle fall velocity through quiescent fluid, ft/s (m/s)
Coriolis parameter, (1/s)
slope of the channel bed
time derivative weighting factor in finite difference method
bridge skew to flow
pier skew to flow
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AASHTO
AREMA
ASCE
BEM
CADD
CEM
CFD
CFR
CLOMR
CWA
DOT
EGL
EPA
FDM
FEM
FEMA
FESWMS
FHWA
FIS

FSA
FST2DH
GIS
HDS
HEC
HEC
HGL
LES
LIDAR
LRFD

LIST OF ACRONYMS

American Association of State Highway and Transportation Officials
American Railroad Engineering and Maintenance-of-Way Association
American Society of Civil Engineers
Boundary Element Method
Computer Aided Design and Drafting
Coastal Engineering Manual
Computational Fluid Dynamics
Code of Federal Regulations
Conditional Letter of Map Revision
Clean Water Act

Department of Transportation
Energy Grade Line

Environmental Protection Agency
Finite Difference Method

Finite Element Method

Federal Emergency Management Age
Finite Element Surface Water M i
Federal Highway Administrati
Flood Insurance Study
Farm Service Agency

Geographical Info
Hydraulic Design Se
Hydraulic i

Grade Line
dy Simulation

ghway Research Program

ironmental Policy Act

ic and Atmospheric Administration
National Ocean Service

tional Research Council

ral Resources Conservation Service

Ordinary High Water

Particle Image Velocimetry

Reynolds-Averaged Navier-Stokes

River Analysis System (HEC-RAS)

Resource Management Associates 2-D hydraulic model
Set Back Ratio

Soil Conservation Service (now NRCS)

System International (metric system of units)

Sediment Impact Assessment Model (component in HEC-RAS)
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SMS Surface-water Modeling System

TAC Transportation Agency of Canada
TRACC Transportation Research and Analysis Computing Center
TRB Transportation Research Board

UNET Unsteady Network (model)
USACE U.S. Army Corps of Engineers
USBR U.S Bureau of Reclamation
USCG U.S. Coast Guard

USDA U.S Department of Agriculture
USsDOT U.S. Department of Transportation
USGS U.S. Geologic Survey

WSEL Water Surface Elevation

WSPRO  Water Surface Profile (model and bridge modeling ap

N
&
?\
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GLOSSARY

adverse slope: The hydraulic condition where the bed slope in the direction of flow
is negative and normal depth is undefined.

aggradation: General and progressive buildup of the longitudinal p
channel bed due to sediment deposition.

alluvial channel: Channel wholly in alluvium; no bedrock is exposed

alluvial fan: Fan shaped deposit of material at th

low slope. An alluvial cone is m
suspended in flow while a debri
kinds of materials.

alluvial stream: Stream which has fo i cohesive or noncohesive
sported by the stream.

alluvium: Unconsolid i ream in a channel,
floodplain, i

annual flood: daily or instantaneous).

approach section: [ of a bridge where flow is fully
the floodplain and the discharge distribution is

average velocity: given cross section determined by dividing

avulsi change in the channel course that usually occurs when a
breaks through its banks; usually associated with a flood or
a catastrophic event.

Increase in water surface elevation relative to elevation occurring
under natural channel and floodplain conditions. It is induced by a
bridge or other structure that obstructs or constricts the free flow of
water in a channel.

Sides of a channel between which the flow is normally confined.
bank, left or right: Sides of a channel as viewed in a downstream direction.
bank protection: Engineering works for the purpose of protecting streambanks from

erosion.
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bank revetment:

bankfull discharge:

base floodplain:

bathymetry:
bed:

bed layer:

bed load discharge

(or bed load):

bed load:

bed material:

bedrock:

bed shear
(tractive force):

ondition:

bridge owner:

bridge section:

Erosion resistant materials placed directly on a streambank to
protect the bank from erosion.

Discharge that, on average, fills a channel to the point of
overflowing.

Floodplain associated with the flood with a 100-yeax
interval.

The below-water ground elevation at typic
Bottom of a channel bounded by ba

Flow layer, several grain diame
above the bed.

posed at the surface of the earth or overlain by soils
idated material.

a exerted by a fluid flowing past a boundary.

of the channel bottom.
Rock fragment whose diameter is greater than 250 mm.

A location along the model boundary where discharge and/or water
surface are defined or set.

Cross sectional area beneath a bridge that is available for
conveyance of water.

Any Federal, State, Local agency, or other entity responsible for a
structure defined as a highway bridge by the National Bridge
Inspection Standards (NBIS).

The cross section at a bridge. For scour calculations in HEC-RAS,
typically the upstream adjacent section to the internal bridge
sections.
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bridge waterway: Area of a bridge opening available for flow, as measured below a
specified stage and normal to the principal direction of flow.

bulk density: Density of the water sediment mixture (mass per unit volume),
including both water and sediment.

causeway: Rock or earth embankment carrying a roadway ac

caving: Collapse of a bank caused by undermining
flowing water.

channel: Bed and banks that confine surface

channel pattern: Aspect of a stream channel in p

channelization: Straightening or dee
grading, flow control i ion of flow into an

check dam:
choking (of flow): [ ich may cause severe backwater
clay (mineral): i e diameter is in the range of 0.00024 to 0.004 mm.

clear-water scour: abutment (or contraction scour) when there is no

of the bed material upstream of the bridge crossing at
using bridge scour.

nt of rock whose diameter is in the range of 64 to 250 mm.

A numerical hydraulic model that incorporates turbulence
fluctuations.

Junction of two or more streams.

Natural or artificial control section, such as a bridge crossing,
channel reach or dam, with limited flow capacity in which the
upstream water surface elevation is related to discharge.

Sediment particles that roll or slide along in almost continuous
contact with the streambed (bed load).

contraction reach: The river reach were flow is converging from being fully expanded
in the floodplain into the bridge opening.
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contraction scour: Contraction scour, in a natural channel or at a bridge crossing,
involves the removal of material from the bed and banks across all
or most of the channel width. This component of scour results
from a contraction of the flow area at the bridge which causes an
increase in velocity and shear stress on the bed at the bridge. The
contraction can be caused by the bridge or from a nat
narrowing of the stream channel.

contraction: Effect of channel or bridge constriction on flow stre

control section: A location where water surface is uniqu
discharge.

conveyance: The capacity of the channel to acco

Coriolis force: Inertial force caused by the Earth
body to the right in the Northern H

countermeasure:

critical depth:

critical shear stress: ini stress required to initiate soil particle

critical slope: [ ition where the bed slope is equal to critical

critical velogi ¢ analysis, the velocity when flow has a Froude number
ternatively, in sediment transport analysis, the velocity

a bed material particle size is at incipient motion.

Section normal to the trend of a channel or flow.

crossing Relatively short and shallow reach of a stream between bends;
also crossover or riffle.

Water flowing through a channel.
Concave wall of a meandering stream.

(A) Direct channel, either natural or artificial, connecting two points
on a stream, thereby shortening the original length of the channel
and increasing its slope; (B) natural or artificial channel which
develops across the neck of a meander loop (neck cutoff) or
across a point bar (chute cutoff).
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debris:

degradation (bed):

depth of scour:

design flow (design

flood):

dike (groin, spur, jetty):

dike:

discharge:
drag force:
drift:

eddy current:

phemeral stream:

equilibrium scour:

Floating or submerged material, such as logs, vegetation, or trash,
transported by a stream.

General and progressive (long-term) lowering of the channel bed
due to erosion, over a relatively long channel length.

Vertical distance a streambed is lowered by scour k
reference elevation.

Discharge that is selected as the basis for
of a hydraulic structure.

Structure extending from a bank int
(A) reduce the stream velocity
dike, thus encouraging sedimen
(permeable dike); or (B) deflect e
streambank (impermeable dike).

ontrol or containment of
h a streambank differs

motion of a fluid flowing contrary to the main current,
circular water movement that occurs when the main
es separated from the bank.

correction coefficient the must be applied when the average
velocity is used to compute kinetic energy because the total energy
of a velocity distribution is not equal to the energy computed from
the average velocity.

The profile line that includes water surface elevation (hydraulic
grade line) plus kinetic energy head.

Stream or reach of stream that does not flow for parts of the year.
As used here, the term includes intermittent streams with flow less
than perennial.

Scour depth in sand-bed stream with dune bed about which live
bed pier scour level fluctuates due to variability in bed material
transport in the approach flow.
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erosion: Displacement of soil particles due to water or wind action.

exit section: The cross section downstream of a bridge where flow is fully
expanded in the floodplain and the discharge distribution is
proportional to conveyance.

opening unti

expansion reach: The river reach were flow is diverging from the brid
it is fully expanded into the floodplain.

extent: See model extent.

fall velocity: Velocity at which a sediment particl
water.

fetch: Area in which waves are generat

constant direction and speed; som
fetch length.

fetch length: Horizontal dista
generates waves

fill slope: fill embankment. Where a fill slope

ent load that is composed of particle

n those represented in the bed (wash load).

ine sediment load is finer than 0.062 mm for sand

, clays and sand could be considered wash load
d cobble-bed channels.

fine sediment load: That

aracterized by rapidly rising and falling stages, as

by a sharply peaked hydrograph. Typically associated
ountain streams or highly disturbed urbanized catchments.
Most flashy streams are ephemeral, but some are perennial.

Graph indicating the probability that the annual flood discharge will
exceed a given magnitude, or the recurrence interval
corresponding to a given magnitude.

ncy curve:

Nearly flat, alluvial lowland bordering a stream that is subject to
inundation by floods.

Flow characteristics (discharge, stage, velocity, or duration) that
are associated with a hydraulic problem or that can reasonably be
considered of sufficient magnitude to cause a hydraulic problem or
to test the effectiveness of a countermeasure.

flow hazard:

flow profile: The longitudinal line of water surface elevation along a channel.
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flow resistance:

fluvial geomorphology:

fluvial system:

freeboard:

Froude Number:

geomorphology/
morphology:

grade-control structure
(sill, check dam):

graded stream:

The boundary impediment to flowing water depending on several
factors, including boundary roughness, vegetation, irregularities,
etc.

Science dealing with morphology (form) and dynamics of.s
and rivers.

Natural river system consisting of (1) the drainagé
watershed, or sediment source area; (2) trib
river channels or sediment transfer zone;
valley fills and deltas, or the sediment d

Vertical distance above a design st
surges, drift, and other contingegiCi

term used for streams that have apparently achieved
ilibrium between the rate of sediment transport and

agment whose diameter ranges from 2 to 64 mm.

Dike extending upstream from the approach embankment at either
or both sides of the bridge opening to direct the flow through the
opening. Some guide banks extend downstream from the bridge
(also spur dike).

Channel degradation associated with abrupt changes in the bed
elevation (headcut) that generally migrates in an upstream
direction.

Three dimensional movement of water particles along a spiral path
in the general direction of flow. These secondary type currents are
of most significance as flow passes through a bend; their net effect
is to remove soil particles from the cut bank and deposit this
material on a point bar.
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horizontal slope: The hydraulic conditions where the bed slope is zero and normal
depth is infinite.

hydraulic control: See control section.
hydraulic grade line The profile line that is the water surface elevation.
(HGL):
hydraulic model: Small-scale physical or mathematical repre
situation.
hydraulic radius: Cross sectional area of a stream divi
hydraulic structures: Facilities used to impound, acc
flow of water, such as dams, wei
and bridges.
hydraulics: Applied science conc

especially in pip
hydrograph:

hydrology:

hydrostatic pressure:

incipient overtop

rtion of a cross section that is not actively conveying flow in
the downstream direction.

The hydraulic condition when bed material, often the median grain
size, begins to move and sediment transport of bed material
occurs.

Lowest point in the channel cross section or at flow control devices
such as weirs, culverts, or dams.

island: A permanently vegetated area that divides the flow of a stream and
is emergent at normal stage. Islands originate by establishment of
vegetation on a bar, by channel avulsion, or at the junction of

minor tributary with a larger stream.

lateral erosion: Erosion in which the removal of material is extended horizontally
as contrasted with degradation and scour in a vertical direction.
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levee:

live-bed scour:

load (or sediment load):

local scour:

longitudinal profile:

lower bank:
mathematical model:
meander or full

meander:

meandering stre

odel extent:

Embankment, generally landward of the top of bank, that confines
flow during high-water periods, thus preventing overflow into
lowlands.

Scour at a pier or abutment (or contraction scour) when
material in the channel upstream of the bridge is movi
causing bridge scour.

Amount of sediment being moved by a strea

Profile of a stream or channel dr
centerline. In drawing the profile,
or the thalweg are plotted against red from the
mouth or from an ar initial poi

inuosity greater than some arbitrary value. The
a moderate degree of pattern symmetry,

y regularity of size and repetition of meander loops. The
nerally exhibits a characteristic process of bank erosion
bar deposition associated with systematically shifting

Particle diameter of the 50th percentile point on a size distribution
curve such that half of the particles (by weight, number, or volume)
are larger and half are smaller (Dsp).

Change in position of a channel by lateral erosion of one bank and
simultaneous accretion of the opposite bank.

The hydraulic condition where the bed slope is less than critical
slope and normal depth is greater than critical depth.

The limits of a model domain including boundary conditions and
fixed boundaries.
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momentum correction A correction coefficient the must be applied when the average

coefficient (B): velocity is used to compute momentum because the total
momentum of a velocity distribution is not equal to the momentum
computed from the average velocity.

mud: A soft, saturated mixture mainly of silt and clay.

multiple openings: Road embankments that have two or more bridge
culverts) located along the embankment.

natural levee: Low ridge that slopes gently away fro
formed along streambanks during fl

non-uniform flow: Flow of changing cross section
channel at a given time.

normal depth: A condition when the water surface grade slope
are parallel to the b ndary condition where the
water surface is energy grade slope.

normal stage:
numerical model:

one-dimensional model: i [ | that computes flow velocity in the

orifice flow: ridge where the upstream low-chord is submerged

overbank flow: ement that overtops the bank either due to stream stage

and surface water runoff.

The bridge hydraulic condition when the approach embankment
and/or bridge are being overtopped during a flood.

Bridges located in series along a channel where flow does not fully
expand between the bridges.

Stream or reach of a stream that flows continuously for all or most
of the year.

phreatic line: Upper boundary of the seepage water surface landward of a
streambank.

physical model: A laboratory hydraulic model of a prototype condition.
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pile:

probable maximum
flood:

rapid drawdown:

rapidly varied flow:

reach:

recurrence interval:

regime:

relief bridge:

revetment:

river training:

Elongated member, usually made of timber, concrete, or steel, that
serves as a structural component of a river training structure or
bridge.

Very rare flood discharge value computed by hydro-metee
methods, usually in connection with major hydraulic s f

Lowering of the water against a bank more quic
can drain without becoming unstable.

Flow where streamlines are not paralle
curvature, pressure is not hydrostati
cannot be ignored.

Segment of stream length that is
of study.

Reciprocal of the an ili xceedance of a hydrologic

egard to stability. A
nnel has reached an equilibrium form
istics. Also, the general pattern of
n, as in flow regime, tidal regime,
e, etc. (used also to mean a set of

xible armor placed to inhibit scour and lateral erosion.
revetment).

ing to anything connected with or adjacent to the banks of a
stream (corridor, vegetation, zone, etc.).

Layer or facing of rock or broken concrete dumped or placed to
protect a structure or embankment from erosion; also the rock or
broken concrete suitable for such use. Riprap has also been
applied to almost all kinds of armor, including wire enclosed riprap,
grouted riprap, partially grouted riprap, sacked concrete, and
concrete slabs.

Engineering works with or without the construction of embankment,
built along a stream or reach of stream to direct or to lead the flow
into a prescribed channel. Also, any structure configuration
constructed in a stream or placed on, adjacent to, or in the vicinity
of a streambank that is intended to deflect currents, induce
sediment deposition, induce scour, or in some other way alter the
flow and sediment regimes of the stream.

XXXi



roughness coefficient: Numerical measure of the frictional resistance to flow in a channel,
as in the Manning or Chezy formulas.

runoff: That part of precipitation which appears in surface stream
either perennial or intermittent form.

saltation load: Sediment bounced along the streambed by energy. and turbulence

of flow, and by other moving particles.

sand: Rock fragment whose diameter is in th

scour: Erosion of streambed or bank materi
considered as being localized (
total scour).

sediment concentration:  Weight or volume of
transporting (or susp

ow, sediment outflow,
a river reach.

sediment continuity:

sediment discharge:
ge may be limited to certain sizes
part of the cross section.

sediment load: diment being moved by a stream.

sediment or fluvi
sediment;

equal to the sediment discharge from the drainage area.

Slow movement of water through small cracks and pores of the
bank material.

See unit shear force.
Particle whose diameter is in the range of 0.004 to 0.062 mm.

similitude: A relationship between full-scale flow and a laboratory flow
involving smaller, but geometrically similar boundaries.

sinuosity: Ratio between the thalweg length and the valley length of a
stream.
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skew: The condition when a bridge opening is not perpendicular to flow
or when a pier is not aligned with the flow.

slope (of channel or Fall per unit length along the channel centerline or thal
stream):

slope-area method: Method of estimating unmeasured flood discharge
channel reach using observed high water lev,

sloughing: Sliding or collapse of overlying materi
caving, but usually occurs when a b
saturated.

slump: Sudden slip or collapse of a ban
and confined to a short distance,

above it.

specific energy: Flow depth plus

spill-through abutment:
ill-through" of fill at an open
y abutment having such a slope.

spur dike:

spur: ermeable linear structure that projects into a

ank to alter flow direction, induce deposition, or

of a channel when, though it may change slightly at
times of the year as the result of varying conditions of flow
sediment charge, there is no appreciable change from year to
year; that is, accretion balances erosion over the years.

Condition that exists when a stream has a bed slope and cross
section which allows its channel to transport the water and
sediment delivered from the upstream watershed without
aggradation, degradation, or bank erosion (a graded stream).

Water surface elevation of a stream with respect to a reference
elevation.

Flow of constant discharge, depth and velocity at a cross section
through time.

steep slope: The hydraulic condition where the bed slope is greater than critical
slope and normal depth is less than critical depth.
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stream: Body of water that may range in size from a large river to a small
rill flowing in a channel. By extension, the term is sometimes
applied to a natural channel or drainage course formed by flowing
water whether it is occupied by water or not.

streambank erosion: Removal of soil particles or a mass of particles frop
surface due primarily to water action. Other facto
weathering, ice and debris abrasion, chemic

streambank failure: Sudden collapse of a bank due to a
removal of material at the toe of th

streambank protection:

streamline:

streamtube:

subcritical, supercritical with Froude Number less than and
flow:

submerged orifice flow: [ re the upstream and downstream low-

ent passing through a stream cross section
rin a unit of time suspended by the turbulence

suspended sedim
discharge:

thalweg: i ding down a channel that follows the lowest elevation of
A numerical hydraulic model that computes three components of

velocity.

That portion of a stream cross section where the lower bank
terminates and the channel bottom or the opposite lower bank
begins.

The above-water ground elevation at typical flow conditions.

Sum of long-term degradation, general (contraction) scour, and
local scour.

total sediment load: Sum of suspended load and bed load or the sum of bed material
load and wash load of a stream (total load).
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tractive force:

turbulence:

two-dimensional model:

ultimate scour:

uniform flow:

unit discharge:

unit shear force (shear
stress):

unsteady flow:

upper bank:

watershed:

waterway opening width
(area):

Drag or shear on a streambed or bank caused by passing water
which tends to move soil particles along with the streamflow.

Moation of fluids in which local velocities and pressures flue

require multiple flow events and in
be achieved over a long time period.

Flow of constant cross section a
channel at a given time. Both the

Discharge per unit wi over a cross section, or
local at a point).

e channel bed by flowing water. For
to a component of the gravity force

mbank having an elevation greater than the
ter level of the stream.

of flow usually expressed in ft/sec (m/s). Average
is the velocity at a given cross section determined by
ividing discharge by cross-sectional area.

An abutment, usually with wingwalls, that has no fill slope on its
streamward side.

Turbulent eddy in the flow generally caused by an obstruction such
as a bridge pier or abutment (e.g., horseshoe vortex).

Suspended material of very small size (generally clays and
colloids) originating primarily from erosion on the land slopes of the
drainage area and present to a negligible degree in the bed itself.

See drainage basin.

Width (area) of bridge opening at (below) a specified stage,
measured normal to the principal direction of flow.
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CHAPTER 1

INTRODUCTION — HYDRAULIC DESIGN OF SAFE BRIDGES

1.1. INTRODUCTION
1.1.1 Background

The Federal Highway Administration provides oversight of the Nation's bridges through the
National Bridge Inspection Standards (NBIS) and other regulatory policies and programs.
Bridge failures resulting from both natural and human factors leddthe U.S. Congress to
express its concern about the safety, approaches, and oversight of4he Nation's,bridges.

Within the Conference Report for the Departments of Transportation, and Housing and Urban
Development, and Related Agencies Appropriations Act, 2010 (H.R. Rep. No. 111-366), the
Congress recommended that the "... (FHWA) use a more risk-based, data-drivenfapproach
to its bridge oversight" to improve bridge safety. Congress stated its intention t@ monitor the
progress that FHWA makes in identifying new approaches to bridge oversight, completing
initiatives, and achieving results from its efforts. Congress directed that FHWA apply funds to
focus and achieve these activities.

To address the conference report, FHWA“undertook a “combination of activities that
contribute to four primary outcomes: gere rigorous oversight of*bridge safety; full NBIS
compliance by all States; improved information for safety oversight and condition monitoring;
and qualified and equipped bridge inspection personnel.

As hydraulic issues remain adeading factor'in bridge failures, FHWA recognized that these
activities need to include efforts_to, better collect,“understand and deploy more recent and
robust guidance and techniques 10 the accepted state of hydraulic and waterway related
practice. This document is‘on€ of the'preducts of these efforts.

1.1.2 Purpose

The purpose of HDS\7, Hydraulic Design of Safe Bridges, is to provide technical information
and guidance on theyhydraulic design of bridges. HDS 7 replaces the HDS 1 manual
"Hydraulics“of Bridge"Waterways#* (FHWA 1978) for guidance of bridge hydraulic analyses.
Bridgés should be designed as safely as possible while optimizing costs and limiting impacts
to goroperty and the environment. Many significant aspects of bridge hydraulic design are
discussed. 4Theseminclude regulatory topics, specific approaches for bridge hydraulic
modeling, Aydraulic"madel selection, bridge design impacts on scour and stream instability,
and sediment transport.

The impacts of bridge design and construction on the economics of highway design, safety to
the traveling public, and the natural environment can be significant. An economically viable
and safe bridge is one that is properly sized, designed, constructed, and maintained. In
general, although longer bridges are more expensive to design and build than shorter
bridges, they cause less backwater, experience less scour, and can reduce impacts to the
environment. Increased scour from too short a bridge can require deeper foundations and
hecessitate countermeasures to resist these effects. A properly designed bridge is one that
balances the cost of the bridge with concerns of safety to the traveling public, impacts to the
environment, and regulatory requirements to not cause harm to those that live or work in the
floodplain upstream and downstream of the bridge.
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1.1.3 History of Bridge Hydraulics

Determining the hydraulic capacity of bridges and culverts is a field that has been evolving in
the United States since the mid 1800s. The earliest methods of sizing hydraulic openings
were largely based on experience and historic performance. However, as the railseads
expanded westward many crossings were encountered where there was no floodfhistory:or
other up or downstream structures to use as the basis for determining bridge or'eulvert size.
Therefore, tabular and empirical methods were developed that related waterfivay opening to
size of drainage area and other coefficients that accounted for drainage basin and stream
characteristics. The American Railroad Engineering and Maintenanceg-of-Way“Association
(AREMA) published a report in 1911 that presented six formulas fofwaterway area and 21
formulas for design discharge. A report by V.T. Chow in 1962 listed 12, formulas)for
waterway area and 62 formulas for design discharge (McEnroe 2007).

The earliest methods for determining waterway openings {for bridgesfand culverts®did not
consider bridge or culvert configuration. Furthermore, the coneept of ‘a “design” discharge or
recurrence interval of expected floods to use when determining structure &Size was not
considered. Even though design discharges were not considered an early textbook on
highway design and construction by Byrne {1893). suggested that the  factors to be
considered when determining the capacity of @& hydratlic ulvert depended on; (1) the rate of
rainfall, (2) the kind and condition of the soil, (@)the characterand inclination of the surface,
(4) the condition of inclination of the bed of the stream, (5) theishape of the area to be
drained, and the branches of the stream, (6) the formyof the mouth and the inclination of the
bed of the culvert, and (7) whether it is permissible t@ back the water up above the culvert,
thereby causing it to discharge under a head. ) These“same concepts were applied to the
hydraulic sizing of bridges. Asftechniquesdfor estimating discharge developed throughout the
1900s these same factors translated into"many of the parameters found in methods used
today to estimate recurrence intervals; peak discharges, and hydrographs.

At the same time ghese methods were being developed in the United States a formula
developed by Robgert Manning (Manning 1889) was becoming popular. Originally developed
in S| units with a coefficient of 1.0,\the form of the equation in U.S. Customary units is
presented as:

1,486
n

V R2/381/2 (11)

wheres

V =Velecity, ft/s

n = Roughness Coefficient
R = Hydraulic Radius, ft

S = Slepe

There were two things that Robert Manning did not like about his equation, (1) that it was
dimensionally incorrect, and (2) it was difficult (at the time) to determine the cubed root of a
humber and then square it to arrive at a number to the 2/3™ power. King's handbook (King
1918) presented a table of numbers from 0.01 to 10 to the 2/3™ power which eliminated the
problem of determining a number to the 2/3™ power and is considered to be a leading reason
in the early acceptance and of use of the Manning Equation.
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As methods were being developed to estimate discharge, it was realized that one could
make an estimate of the roughness coefficient based on known values from similar channels
and floodplains, determine the slope of the channel, and then use an iterative solution to
determine the "normal” depth at a cross-section or hydraulic opening. Through the 1950s
this remained a popular method of determining the depth and velocity of flow at a_cross-
section or through a hydraulic opening.

The problem with using normal depth as the estimate of flow depth (ama@d velocity) for
determining the size of hydraulic opening is that it does not consider the effects of backwater.
Backwater is the additional depth to accelerate flow through the lssidge opening and
overcome a variety of resistance and drag forces. These forces depend on a number of
factors including bridge type, degree of contraction, embankment{skew, pier numberand
type, debris blockage, etc.

To account for backwater, research was completed andf methods, were developed that
examined the components of backwater (Liu et al. 1957)s In HDS 1, theg€omputed
backwater was added to the "normal” depth at a location upstream of the bridgé to evaluate
the overall impacts of a bridge (FHWA 1978).

Another significant development that contributed to“thesdevelopment of the current state of
bridge hydraulics was the publication of a téxtbook about‘open channel flow by V.T. Chow
(Chow 1959). The publication presents and applies concepts“of energy, momentum, and
continuity to the flow of water in open channels. 1tisyalso one of the places where the direct
and standard step methods for computing Water surface profiles were first presented. The
direct step method is applicable to prismatichchannels and the standard step method to
natural channels. The standard step method uses concepts of conservation of energy and
flow, and is widely used for water surface profile calculations.

At the same time the_physics of opemchannel flow and water surface profiles were being
developed, mainframe  computer and ‘programming languages were developing. The
application of computer programs made it possible to rapidly complete trial and error
solutions required/for computing water surface profiles. One of the first computer programs
that was developed\ to compute water surface profiles in natural channels was HEC-2
(USACE 1992) with development dating back to at least 1964. The HEC-2 program has
undergene-“continual ‘development and was ported to the PC in 1984. HEC-2 has evolved
into the' HEC-RAS (River-Analysis System) model (USACE 2010a, b, ¢). HEC-RAS performs
steady non-uniform flow hydraulic calculations similar to HEC-2, but incorporates enhanced
visualizationgmoré'complete bridge and culvert hydraulic computations, unsteady flow, and
sediment Aransport. There were many other computer programs developed to compute
water surface profiles. The USGS developed E431 (USGS 1976) and the Federal Highway
Administration developed WSPRO (FHWA 1998) that had components specifically
formulated forithe analysis of flow through bridge openings. HEC-RAS has incorporated
reatures,from these programs including the WSPRO bridge routine.

More recent developments in the field of bridge hydraulics include the development of two-
dimensional hydraulic and hydrodynamic models to compute the entire flow field. These
models include FST2DH (FHWA 2003) and RMA-2 (USACE 20009).

1.2 HYDRAULIC ANALYSIS OVERVIEW

The hydraulic analysis of a bridge opening is a complicated undertaking. Decisions must be
made regarding the type of model computational methods, model extent, and amount of
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topographic data that needs to be collected. An assessment of flow resistance caused by
channel and floodplain conditions needs to be made and the impacts on flow due to different
seasonal conditions also needs to be evaluated. An understanding of flow type, historic flow
conditions, and flooding at the site also provides valuable insight into the approaches that
need to be employed.

Once the preliminary data has been collected and an understanding of the flowomplexity at
the bridge opening is obtained, a decision must be made regarding the type of hydraulic
model that should be used at the hydraulic crossing. Some situations callyfor a one-
dimensional gradually-varied steady-state flow model while othersgrequire “the, use of
unsteady flow models, or two-dimensional steady or unsteady flow models to more fully
understand the flow conditions at the hydraulic crossing. SomegSituations call for a more
sophisticated modeling approach because of other factors. These can include the need for a
more complete understanding of the flow conditions because of bridge” scour or bank
stabilization.

There are also regulatory requirements that must be adhered to. ThesFHWA, USACE,
FEMA, EPA, state and local agencies, and others have \requirements that must be
considered when determining the best overall @appreach for evaluating the flow through a
bridge opening and its impact on adjacent dand ownerSythe environment, and economic
concerns. These types of issues must be considered when‘developing the best approach for
analyzing the flow through a bridge opening or reach of river.

1.3 MANUAL ORGANIZATION

This manual is intended to be@\general resource fer bridge hydraulic design. The concepts
are valid for a range of one- and two-dimensional numeric models, not just for the specific
models that are mentioned.

1.3.1 Chapter 1 — latroduction

The purpose of HDS 7 is to providet\FHWA guidance on hydraulic analysis and design of safe
bridges.  Significant, aspects of bridge hydraulic design are discussed, which include
regulatorygopics, specific approaches for bridge hydraulic modeling, model selection, scour
and stream instability, and,sediment transport.

1.3:2 Chaptey2 — Design Considerations and Regulatory Requirements

Chapter, 2¢ provides infarmation and discussion on the range of design considerations,
environmental considerations, and regulatory requirements that may be encountered during
bridge design and construction. Topics include FHWA guidance, AASHTO Specifications,
freeboard, setback and road grade requirements, design considerations, scour and channel
instability coneerns, Federal regulations, navigation permits, and environmental permits.

1.3.3 Chapter 3 — Governing Equations and Flow Classification
Chapter 3 provides background on fundamental open channel flow concepts. Although this

is not a hydraulic engineering textbook, there is sufficient information to serve as a reference
source on the equations used in open channel and bridge hydraulics.
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1.3.4 Chapter 4 — Hydraulic Analysis Considerations

Chapter 4 builds on the background from Chapter 3 to discuss hydraulic modeling. One- and
two-dimensional modeling are compared and contrasted as well as steady versus unsteady
flow modeling. Criteria for selecting a modeling approach are identified. Topics that,are
relevant to the range of hydraulic modeling approaches are also included in thiS chapter:
These include model extent, boundary conditions, hydrology, and model calibration:

1.3.5 Chapter 5 — One-Dimensional Bridge Hydraulic Analysis

Chapter 5 provides information and guidance on the use of one-dimensional models for
bridge hydraulic analysis. Information focuses on the use of HEC4RAS, but the guidance js
applicable to a wide range of one-dimensional models. The chapter covers standard
applications as well as special cases. The chapter alsq pravides addiscussion of the
assumptions that the one dimensional approach reqdires andyhow violating these
assumptions leads to error and uncertainty in the modeling results.

1.3.6 Chapter 6 — Two-Dimensional Bridge Hydraulic Analysis

Chapter 6 provides information and guidange on the use of two-dimensional models for
bridge hydraulic analysis. Information focuses en the use“ef EST2DH, but the guidance is
also applicable to other finite element_ and finitexdifference models. The chapter covers
standard applications as well as specialicases, although finite element models are primarily
used for complex cases.

1.3.7 Chapter 7 — Unsteady Flew Analysis

Chapter 7 discusses modeling unsteady flow with one- and two-dimensional models. Topics
discussed in this chapteriinclude the basic equations that define unsteady flow, upstream
and downstream model extents, floadplain storage and connections, and boundary
conditions. River and tidal applications are included.

1.3.8 Chapter 8 —\Bridge Scour Cansiderations and Scour Countermeasure Hydraulic
Analysis

Chapter 8 discusses an extremely important aspect of bridge safety. Scour during floods is a
significant part of bridge design and is a primary contribution of the hydraulic engineer to the
bridge, strugtural designm,,This topic is covered in detail in HEC-20 and HEC-18 (FHWA
2012a,b)4 "A general discussion of the types of scour and information on obtaining
appropriate, hydraulic variables from one- and two-dimensional models are the focus of this
chapter. The,importance of considering future channel change (width adjustments, changes
inlehannel alignment and channel migration, and long-term aggradation and degradation) are
addressed.

1.3.9 Chapter 9 — Sediment Transport and Alluvial Channel Concepts

Chapter 9 provides an overview of sediment transport concepts, which are covered
thoroughly in HDS 6, River Engineering for Highway Encroachments (FHWA 2001).
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1.3.10 Chapter 10 — Other Considerations

Chapter 10 is a resource for hydraulic engineers to identify additional factors that may impact
bridge design and structure safety. These topics include bridge deck drainage, hydraullc
forces on bridge decks, piers and pile groups, coincident flows at confluences o
physical modeling, and computational fluid dynamics.

1.3.11 Chapter 11 - Literature Cited

Chapter 11 provides all the references for the document.
by government agencies (FHWA, USGS, NCHRP etc.) the agency i
This format was selected to group all agency documents togethe

authors are listed within the reference.

1.4 DUAL SYSTEM OF UNITS

HDS 7 uses dual units (U.S. Customary and SI metric).
of measurement is explained. The conversion factors ph

the U.S. Customary and Sl systems of unit
some common equivalent hydraulic units
length the foot (ft) or meter (m); of mass the
(Ib) or newton (N); of pressure the Ib/ft

system (seconds, s). Sediment particle s
the decimal equivalent of millimeters in m

For referen

dition uses for the unit of
weight/force the pound
f temperature degrees

Sl Units
. 1m
35.31 ft* 1m?
35.31 ft’/s 1 m’s
32.2 ft/s® 9.81 m/s?
62.4 Ib/ft> 9800 N/m®
1.94 slugs/ft® 1000 kg/m®
5.14 slugs/ft® 2647 kg/m®
2.65 2.65
1 1
°F °C = 5/9 (°F - 32)
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CHAPTER 2

DESIGN CONSIDERATIONS AND REGULATORY REQUIREMENTS

2.1 INTRODUCTION

Hydraulic engineers and designers are faced with a wide variety of .hoices when
determining the capacity or location of a new bridge or an existing bridge that is to be
replaced. In addition to the choices regarding hydrologic and hydraulic componrents of a
bridge hydraulic analysis there are many other factors and requirements'to consider.

One early consideration is the level of service the bridge is expectédto provide:, If the“dridge
is remote and carries a low volume of traffic, it can be designed with aflower hydraulic
capacity resulting in a smaller and less expensive bridge. This means that the bridge,and/or
approach roadways will be overtopped more frequently andithe bridges0owner can expect the
bridge and approach roadways to require more frequent maintenance and repair.” On the
other hand, if the bridge is on an important route such that significant hardships or economic
impacts would be encountered if the bridge were out of service,\then it should be designed
with a higher hydraulic capacity resulting in a larfgérand more expensive bridge and higher
approach embankments. These bridges and/or~appreach readways would be rarely
overtopped and would need less frequent maintenance orirepair.\ A smaller bridge may be
less expensive from a capital (initial) cost perspeetive, but this“does'not necessarily always
hold true from a life-cycle cost perspective. Most states or local jurisdictions have policies
and criteria that govern the level of service expectedfrom their roadways and bridges.

There are also a significant number of permitsythat may”be required when designing or
replacing a bridge. Federal, State, and local agencies have diverse and important interests
regarding the design and constructien©f bridges. A good hydraulic analysis conducted early
in the design process andsa,thorough understanding of the permitting and approval process
helps avoid costly redésigns-or delays, and problems with permitting.

2.2 BRIDGE OPENING AND ROAR GRADE DESIGN CONSIDERATIONS

In general, given a particular design discharge at a given crossing, the shorter a bridge the
more backwater it will,create. This same smaller bridge will also have higher velocities
throughfthe bridge opening,and.an increased potential for scour at the bridge foundation. A
longer bridge at this same“crossing will generate a smaller amount of backwater and will
have lower velocities and potential for scour. Policy considerations and economics require
an_understanding ofuthe, impacts that the bridge could have on the flow of water in the
floodplain@nd impactsit'might have on adjacent properties.

The bridge waterway width is directly associated with the bridge length, from abutment to
abutment. ‘Hydraulic capacity should be a primary consideration in setting the bridge length.
The bridge must provide enough capacity to:

e Avoid excessive backwater in order to prevent adverse floodplain impacts
e Prevent excessive velocity and shear stress within the bridge waterway

Freeboard refers to the vertical distance from the water surface upstream of the bridge to the
low chord of the bridge. The freeboard requirement is associated with a particular design
recurrence-interval event, which is usually the 50- or 100-year event. Rural, low-traffic routes
often allow a lower recurrence interval for establishing hydraulic capacity and freeboard.
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The road profile can have a significant effect on bridge crossing hydraulics. Even if a bridge
is designed to provide freeboard above a 100-year flood, the approach roadways may be
overtopped by that same flood. When the overtopping occurs over a long segment of
roadway, the associated weir flow is an important component of the overall hydraulic
capacity of the crossing. In such a case, raising the road profile will have the potential to
increase backwater unless additional capacity is provided in the bridge waterway o
compensate for the lost roadway overtopping flow capacity.

The design of the piers and abutments has an effect on the bridge hydraulic capacity.
Although this effect is small compared to the bridge length and road grefile, itcan still be
important. For example, a bridge that crosses a regulatory floodway must be showntoicause
no increase in backwater over existing conditions. In such a casedhe energy losses thabare
affected by the number of piers and their geometry can e significaat.” Spill-through
abutments, set well back from the tops of the main channel hanks, afe advisable when
bridge hydraulic capacity must be optimized.

Frequently the bridge waterway design includes subtle changesito the channelfcross section
under the bridge and for a short distance upstream and downstream of the bridge. These
changes are intended to enhance channel stability @nd, in some cases, to improve hydraulic
efficiency. Channel stability can be enhanceg, for instance; by grading the channel banks to
side slopes of 2H:1V or flatter, and by providing,channel bankisevetment. Capacity can be
improved by a moderate widening of the channeh bottom in thedimmediate vicinity of the
bridge, with appropriate width transitionsiupstream and downstream.

There are several potential bridge opening and road grade considerations that impact
hydraulic capacity and upstre@m flood risk; espegially when a road is upgraded and the
bridge is replaced. These include, bridge length;“deck width, abutment configuration (spill
through or vertical wall), number andfsize of piers, low chord elevation, freeboard, and road
grade. If a crossing with'a 25*year level, of service is improved to a 50-year level of service,
the road elevation may need to be increased. To avoid increased flood risk, the replacement
bridge may need to be considerably, longer and higher than the existing bridge. If there is
inadequate freeboard, debris may collect along the deck and reduce flow conveyance.

2.3 FLO@BRLAIN'AND FLOODWAY REGULATIONS

A number of federal regulations affect the design and construction of bridges across the
nation's waterways. Executive Order (EO) 11988, which became law in 1977, is the source
fromywhichg the  federalyfloodplain regulations are derived. The Federal Emergency
Management Agency (FEMA 2010) provides the following information regarding EO 11988.

Executive Order 11988 requires federal agencies to avoid to the extent
possible, the long- and short-term adverse impacts associated with the
occupancy and modification of flood plains and to avoid direct and indirect
support of floodplain development wherever there is a practicable alternative.
In accomplishing this objective, "each agency shall provide leadership and
shall take action to reduce the risk of flood loss, to minimize the impact of
floods on human safety, health, and welfare, and to restore and preserve the
natural and beneficial values served by flood plains in carrying out its
responsibilities” for the following actions:

e Acquiring, managing, and disposing of federal lands and facilities
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e Providing federally-undertaken, financed, or assisted construction and
improvements

e Conducting federal activities and programs affecting land use, including but
not limited to water and related land resources planning, regulation, and
licensing activities

The guidelines address an eight-step process that agencies should cafry out
as part of their decision-making on projects that have potential impactsyto or
within the floodplain. The eight steps, which are summarized below, reflect the
decision-making process required in Section 2(a) of the Order.

1. Determine if a proposed action is in the base floodplain (that areawhich
has a one percent or greater chance of flooding in any. given year).

2. Conduct early public review, including public noticé.

3. ldentify and evaluate practicable alternatives tQ \ocating in the base
floodplain, including alterative sites outside of the floadplain.

4. ldentify impacts of the proposed action.

5. If impacts cannot be avoided, develop measures to minimize the impacts
and restore and preserve the floodplain, as appropriate.

6. Reevaluate alternatives.
7. Present the findings and a publie,explanation.
8. Implement the action.

Among a number of¢things, thé Interagency Task Force on Floodplain
Management clarified the EO4with respect to development in floodplains,
emphasizing the_requirement for agencies”to select alternative sites for
projects outside the floodplains)if practicable, and to develop measures to
mitigate unavoidable impacts.

FHWA regulations regarding the implementation of EO 11988 can be found in Title 23,
Section 650, Subpart\A - Location and Hydraulic Design of Encroachments on Flood Plains
of the Coderof,FederalhRegulations (23 CFR 650A). An FHWA policy statement referred to
as Non-Regulatory SupplementfAttachment 2 provides additional guidance on complying
withgthe floodplain provisions“of 23CFR650A. FEMA procedures for implementing this EO
areé found in Title 44 Part 9 of the Code of Federal Regulations (44 CFR 9).

Floodplain regulations create constraints on the allowable backwater for the design of a new
bridge. The, stringency of the constraint depends upon the status of the particular floodplain
being crossed. When a bridge project is to cross a FEMA floodplain featuring an established
regulatory floedway, the hydraulic engineer for the project must demonstrate that the fill
and/or bridge elements to be constructed within the floodway will not cause any increase in
the 100-year flood water surface elevation compared to existing conditions. This constraint is
often termed a no-rise requirement. If meeting the no-rise requirement is not practicable, the
bridge owner must coordinate with the local community floodplain administrator and with
EEMA to revise the floodplain mapping and floodway boundaries as appropriate. In such a
case the local community could be sanctioned or penalized by FEMA under the National
Flood Insurance Program unless a Conditional Letter of Map Revision (CLOMR) request is
submitted to and approved by FEMA prior to the beginning of project construction.
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When crossing a FEMA floodplain without a regulatory floodway, federal regulations are less
stringent. In such a case the federal regulations allow the project, combined with existing
development that has occurred since the floodplain map became effective, and with other
future developments that might reasonably be anticipated, to cause up a 1.0 foot increase in
the 100-year flood water surface elevation. In many locations, however, state regulatiens or
local ordinances may impose a more stringent constraint than the federal regulations.

Some bridge projects involve replacing an existing floodplain crossing that causes significant
backwater over pre-bridge conditions. If the bridge to be replaced is known 1@ eause more
than 1 foot of backwater, it is advisable to design the replacementgdbridge to avoid any
additional backwater, even if the floodplain regulations might allow admoderate increase. In
such a case the new bridge should result in some reduction of the lsackwater.

Even though floodplain regulations are derived from federal Jaws, floodplain" management is
a function of state or local government. The project-specific enforcement of floodplain
regulations, therefore, typically takes the form of floodplain, permits from state or local
agencies. It is the responsibility of the bridge owner to assure that any potentialdesigns meet
the criteria outlined in these regulations and assure that all required floodplain permits are
applied for and received before the construction of @inew or replacement bridge takes place.

2.4 SCOUR AND STREAM STABILITY CONSIDERATIONS AND GUIDANCE

Another critical component of the design and/or evaluation of a bridge opening is to design
the bridge to be stable from scour at theypiers, abutments, and across the contracted
opening. From a hydraulic perspective, the magnitude of lecal scour at a pier is a function of
depth and velocity of flow, alignment ofgthe“pier with“flow, and pier type and location.
Depending of foundation costs and complexity itwill be necessary to balance the number
and size of piers, length and heightg#and anticipated total scour depth against increased
costs of the superstructuregassociated, with longer spans (girder type and allowable span)
and foundation requirédto resist scour.

The magnitude of local scour at apf@butment is a function of depth and velocity of flow, the
skew of the embankment to the floadplain, as well as the amount of flow from the overbank
that passes through the bridge opening. It is also a function of where the abutment is located
in relationfto’the mainehannel. It is recommended that an abutment not be located in or
close to the main,channel if)at.allfpossible.

The amount of eontraction scour that occurs at a bridge crossing is a function of the degree
that aybridge contracts floedplain flow. In general, bridges with higher degrees of contraction
can he expected to have higher flow velocities and larger scour depths. If the depths of
contraction,scour are too large it may be necessary to increase the bridge length to reduce
scour acrossithe bridge opening.

Bridgesishould"be designed to withstand scour from large floods and from stream instabilities
exXpected over the life of a bridge. Recommended procedures for evaluating and designing
bridges to resist scour can be found in FHWA publications HEC-20 (FHWA 2012a) and HEC-
18 (FHWA 2012b).
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2.5 NAVIGATION REQUIREMENTS

The FHWA regulation 23 CFR 650 Subpart H (Navigational Clearances for Bridges)
establishes policy and sets forth coordination procedures for Federal-aid highway bridges
which require navigational clearances. This regulation involves a bridge owner applying for
and obtaining a bridge permit from the U.S. Coast Guard (USCG). However, the gégulation
also involves ensuring NEPA coordination and compliance with other guidelines and
specifications to ensure that bridges do not interfere with navigational requirements in the
waters of the United States. Specifically, the policy of FHWA is (a) to provide, clearances
which meet the reasonable needs of navigation and provide for cost-effective, highway
operations; (b) to provide fixed bridges wherever practicable, and; (c) to consider appropriate
pier protection and vehicular protection and warning systems ongbridges subject to,ship
collisions.

The American Association of State Highway and Transportatien @fficials (AASHTO)
acknowledges these requirements within respective (i.e.,\Standard (AASHTO 2005) and
LRFD (AASHTO 2010)) bridge design specifications. These specifications incldde articles
on vertical and horizontal clearances. The U.S. Army Corps of Engineérs (USACE)
conducted a research investigation that helped determine \the basis for setting these
clearances (FHWA 1984a). The FHWA and AASHTO,collaborated to produce the articles on
vessel collision contained within the AASHTOspecifications.

Not all bridges will require U.S. Coast, Guard (SCG) permits, however only FHWA (in
coordination with USCG) may make Such a determination. Therefore, safe and prudent
bridge design should seek to investigate ‘and, resolve such issues during the environmental
documentation phase of a project.

2.6 SECTION 404 REQUIREMENTS

The USACE RegulatorysProgram regulates the discharge of fill placed within waters of the
United States, through'Section 404 of‘the,Federal Clean Water Act (CWA). The Regulatory
Program authorizes two types of permitsi Standard Permit and General Permit. A Standard
Permit authorizes impacts which have more than minimal impact to the waters of the United
States. These permits are typically needed for the larger impact projects and require a more
thorough review by‘the Regulatory /Program. A General Permit authorizes minimal adverse
impactsgto waters of theyUnited States. There are two types of General Permits: Regional
Genefal Permits and Nationwide Permits. Regional General Permits are issued for projects
whiCh are similar'in nature and are typically issued for a specific geographic region by a local
U.SHArmy CorpsiofiEngineers District. Nationwide Permits authorize only minimal adverse
environmental impacts.“As of January 2012 there are 50 Nationwide Permits, which
authorize activities from utility line installation to minor fill discharge. The three Nationwide
Permits ‘which are often utilized by DOT's are Nationwide Permits 3 (Maintenance of
currently servieeable structures), 13 (Bank Stabilization), and 14 (Linear Transportation
Projects).

If"a project involves work within a water of the United States, the bridge owner must
coordinate with the local USACE regulatory office to determine whether a permit is required.
Some activities for scour protection projects may be exempt but some may require a permit.
The permitting process can take a few months to more than a year, so it is imperative to
address the issue early in the design process. This is particularly true if the project requires a
standard permit rather than a general permit.
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2.7 AASHTO SPECIFICATIONS AND DESIGN CRITERIA

The FHWA regulation 23 CFR 625 (Design Standards for Highways) requires the use of
AASHTO Specifications and Design Standards for bridge design. Specifically, there are
three AASHTO documents applicable to bridge owners. The earliest specification is_typieall
referred to as the "Standard Specifications" (AASHTO 2005). The newer specifig
Load and Resistance Factor Design (LRFD) principles and is known a
Specifications" (AASHTO 2010). As of 2007, the FHWA requires all ne idges to be
designed using the LRFD specifications. The FHWA also requires that a bridge owner follow
guidance outlined in their state hydraulic or drainage manual or, 4f ot a ble, the
"AASHTO Highway Drainage Guidelines" (AASHTO 2007).
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CHAPTER 3

GOVERNING EQUATIONS AND FLOW CLASSIFICATION

3.1 INTRODUCTION

This chapter provides background on the fundamentals of rigid boundary opef ehannel flow.
Although this is not a hydraulic engineering textbook, there is sufficient informatioen to act as
a source reference on the equations used in open channel and bridge ydrauliesh, In open
channel flow the upper surface of the water is in contact with the atm@sphere, therefere, the
surface configuration, flow pattern and pressure distribution depénd primarily on“gravity.
Because the flow involves a free surface, it has more degreesfof freedomfthan flow infa
closed conduit flowing full. The types of flow include:

One-, two-, or three-dimensional

Real or ideal fluid (viscid or inviscid)
Incompressible or compressible

Steady or unsteady

Pressure or gravity

Uniform or nonuniform (varied)

Gradually or rapidly varied

Laminar or turbulent

Subcritical or supercritical (tranquil or rapid)

The following sections will emphasize opef channel flow as being: (1) uniform or nonuniform
(varied) flow; (2) steady or unsteady floWw; (3) lammanor turbulent flow; and (4) subcritical or
supercritical.

3.1.1 Streamlinesand Streamtubes

The motion of each fluid particle 1§ described in terms of its velocity vector, V, which is
defined as the time rate of change of the position of the particle. The particle's velocity is a
vector quamtity, with'a magnitude (the'speed, V = |V|) and direction. As the particle moves, it
followsda particular path, Which.isfgoverned by the velocity of the particle. The location of the
particle” along the path is a“function of where the particle started at the initial time and its
velocity alongfthe path. If the flow is steady (i.e., nothing changes with time at a given
locatien in the flow field)peach successive particle that passes through a given point such as
point{(@)in Figure 3.1, will follow the same path. For such cases the path is a fixed line in the
X-Z planea, Neighboring particles that pass either side of point (1) follow their own paths,
which may.be, of different shape but do not cross the one passing through (1). The entire X-
Z plane is filled with such paths.

For steady-flow each particle progresses along its path and its velocity vector is everywhere
tangent to the path. The lines that are tangent to the velocity vectors throughout the flow
field are called streamlines. For many situations it is easiest to describe the flow in terms of
the "streamline" coordinates based on the streamlines as shown in Figure 3.1. The particle
motion is described in terms of its distance along the streamline. The distance along the
streamline is related to the particle speed by V = ds/dt, and the radius of curvature is related
to the shape of the streamline. In addition to the equal potential coordinates along the
streamlines, the coordinate normal to the streamline, n, will be of use in the applications of
open channel flow.
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ment of fluid bounded by a pair of streamlines that

there can be no net movement of fluid across a
e no net movement of fluid in or out of the streamtube,
e utilized in the development of the continuity equation.

jon is the time rate of change in magnitude or direction of the

(3.2)

he vector acceleration, a, has components both tangential and normal to the streamline, the
angential component representing the change in magnitude of the velocity, and the normal
mponent reflecting the change in direction:
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_Vn _ 3.4
"oodt  dt r (34)

The first terms in Equations 3.3 and 3.4 represent the change in velocity, both magnitude
and direction, with time at a given point. This is called local acceleration. The sece

is called convective acceleration.

3.1.3 Classification of Open Channel Flow

particular type of nonuniform flow that occurs when ov/os
called varied flow. Figure 3.2 illustrates uniform flow in a s
depth of flow, a constant slope, and a constant cross secti
condition seldom exists in nature. Examples of nonuniform fl
or curving sides of the channel. When ov/os = 0 when there is
r or drop, or a change in

side or bottom, so that the velocity increase tion of flow, Figure 3.3.

Figure 3.2. Example of uniform flow (Y, = Y;).

e slop interest in Figures 3.2 and 3.3. The channel bed slope, S,, water
e, Sy, often referred to as the hydraulic grade line (HGL), and slope of the
line (EGL), Sy, often referred to as the friction slope.

occurs when the velocity at a point does not change with time, that is ov/ot = 0.
is unsteady, ov/ot = 0. Examples of unsteady flow are traveling surges and
od waves in an open channel.

hether laminar or turbulent flow exists in an open channel depends upon the Reynolds
mber, R, of the flow. Laminar flow occurs when viscous forces are predominant
compared with the inertial forces, and turbulent flow occurs when the inertial forces are great
compared with forces of viscosity. Laminar flow in open channels occurs very infrequently,
except with special liquids such as oils or extreme concentration sediment mixtures.
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Slope of the Water Surface (HGL)

Y2

Slope of the Channg| Beq

Unlike laminar and turbulent flow, subcritical an iti s exist only with a free
surface or interface. The criterion for subcri ritical (rapid) flow is the

\ L Dp . .
Froude Number, Fr = E T is the ratio of two

types of forces.

The Froude number is a ratio
in detail later in this chapter.
flow is critical, when Fg nquil, and when the Fr > 1 the flow is rapid.

nsteady, laminar or turbulent, subcritical or supercritical, and the two
sumbers (the Froude number and the Reynolds number) are more fully
following sections.

.2 THREE BASIC EQUATIONS OF OPEN CHANNEL FLOW

he basic equations of flow in open channels are derived from the three conservation laws.
ese are: (1) the conservation of mass, (2) the conservation of energy, and (3) the
conservation of linear momentum. The conservation of mass is another way of stating that
(except for mass-energy interchange) matter can neither be created nor destroyed. The
conservation of energy is an empirical law of physics that in a closed system the energy
remains constant over time. Similar to the conservation of mass, energy can neither be
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created nor destroyed, although it can be transformed from one state to another (i.e., kinetic
energy to potential energy). The principle of conservation of linear momentum is based on
Newton's second law of motion which states that a mass (of fluid) accelerates in the direction
of and in proportion to the applied forces on the mass.

In the analysis of flow problems, much simplification can result if there is no acce
flow or if the acceleration is primarily in one direction and the accelerations in o
are negligible. However, a very inaccurate analysis may occur if it is

accelerations are small or zero when in fact they are not.
assume one-dimensional flow and the derivations of the equations uti
concept. A control volume (Figure 3.4) is a volume which is fixed in
fluid and through whose boundary matter, mass, momentum, ene
is called a control volume and its boundary is a control surface.

Section 1

luid flowing from Section 1 to Section 2.

servation of mass to a steady flow in a streamtube
ich describes the continuity of the flow from section to

+ | Time rate of changeinmass | =0

- Mass flux into the
in the control volume

control volume

ainfall would contribute mass through the surface of the control volume and seepage
asses through the interface between the water and the banks and bed. In the absence of
y lateral mass fluxes, the mass enters the control volume at section 1 and leaves at
ction 2, or

Dm

Dt 0 (3.5)
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The fluid mass can be represented by the density times the volume, pdxdydz, and Equation
3.5 can be written as:

d
ELVO. paxdydz + | pdxdydz =0

Orienting the axes for sections one and two to be perpendicular to dx, then
dx/dt = Velocity in the x direction

In the absence of any lateral mass fluxes, the mass enters the co volume at &

and leaves at section 2. Further assuming steady flow, Equation

dx dx
—dyd = —dyd
Ja (p at Zjl L (” at Zl

flow is passing through. The dot product
(V x n) determines the component of the ve lar to the surface since only that

(3.10)

It is often conveni to work with
ch that

average conditions at a cross section, so an average

(3.11)

e Iocal veIocny whereas V is the average velocity at the cross

(3.12)

e volume flow rate or the discharge. Equation 3.12 is the familiar form of the
onservation of mass equation for steady flow in open channels. It is applicable when the
fluid density is constant, the flow is steady and there is no significant lateral inflow or
epage. The velocity will generally vary in both direction and magnitude over the cross
ction and the summation (integral) of the area over the cross section must be at right
angles to the velocity component.
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Two-Dimensional Form of the Continuity Equation. Considering flow through a small control
volume as shown in Figure 3.5, assume a general flow, V(x,y,z,t). Flow through surfaces 1
and 2 are perpendicular to the Y-Z plane. Note that the efflux rate through area 1 is -pVy per
unit area and the flow through the area is given as pVy + {0(pVy)/ox}dx. Therefore, the net
efflux through the surface would be {o(pVy)/ox}dx. Performing similar computatio
other sides and adding the results the total net efflux rate is:

opV,) , a(pVv,) L 9pV,)
OX oy

Net Efflux Rate = { }dx dy dz

Figure 3.5. Net flow through a control volume.

side the control volume equals -dp/ot (dx dy dz). Dividing

orm of the continuity equation.

a(Vx) +a(vy) +6(Vz) _o
ox oy oz |

The equation states that for steady flow the rate of flow into the control volume must be equal
to the rate of flow out.
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3.2.2 Conservation of Energy

The first law of thermodynamics is the application of the conservation of energy to heat and
thermodynamic processes. The first law of thermodynamics stipulates that energy must at aII
tlmes be conserved. The first law accounts for energy enterlng, Ieavmg and accum

Newton's second law.

Under the assumption of frictionless motion, equations are
easily understood. This section introduces the Bernoulli eq
and predict pressures and velocities in a flow field. Euler fir
to the motion of fluid particles. Consider a streamline and s [ cle shown in
Figure 3.6.

P dydz + [a—P dx]dy dz
OX

A\ 4
>

ure 3.6. Surfaces forces acting on a fluid element in the X and Y directions for an
inviscid fluid.
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The forces tending to accelerate the particle are: pressure forces on the ends of the system,
pdA - (p+dp)dA = dpdA (the pressure on the sides of the system have no effect on its
acceleration), and the component of weight in the direction of motion, -pg, dsdA (dz / ds = -
pgndAdz. The differential mass being accelerated by the action of these differential forces is
dM = pdsdA. Applying Newton's second law, dF = (dM)a, along a streamline and usi

. . . . dv . )
one dimensional expression for acceleration for steady flow, a_ = Vd_ gives:
s

—dpdA —-pg,dAdz = (pdsdA)v 3_\3/
Dividing by pdA produces the one-dimensional Euler equation
dp

—+vdv+g,dz=0
p

For incompressible flow the equation can be divided by g, and

2
@er(" J+dz=0 (3.15)
Y 29,
For uniform density, Equation 3.15 can be
2
d(B+ v +zJ=o (3.16)
v 29,

For incompressible
integrated betwee
to obtain the Bern

fluid, the one-dimensional Euler equation can be
vy and g, are both constant) along a streamline

(3.17)

aghitude of the velocity, and the height above the datum. An
atlonshlp can be added to account for the losses in the system. These losses
jon and transition (expansion and contraction) losses that are described in

ibution. As shown in Figure 3.7 the requirement of zero velocity at a boundary
minar and turbulent flow produces velocity distributions that are not uniform
onuniform). The term v?/2g is the kinetic energy per unit weight at a particular point. If the
velocity distribution varies across the section of the flow, the total kinetic energy of the
ction will be greater than the kinetic energy computed from the average velocity (e.g., the
erage value of the sum of incremental velocity squared is greater than the average velocity
squared).
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Figure 3.7. Nonuniform velocity distrib

As indicated by Equations 3.11 and 3.12, the average veloci

V=ijAvdA=9
A A

The total kinetic energy per unit time that pa
product of the kinetic energy per unit weight
from streamline to streamline across th

mined by integrating the
id passing per unit time

A y?
Energy flux =I 2—g(y dQ) =y (3.18)

The energy flux using the averag equire a correction coefficient a.

Energy flux = oczi (3.19)

Solving for the en correction coefficient a yields the following relationship:

(3.20)

orrection coefficient is used in one-dimensional models (Chapter 5) to account
al velocity variation across a cross section (channel versus floodplains) and is
2 two-dimensional models (Chapter 6) to account for vertical velocity variation at

rvation of Linear Momentum

The flow shown in Figure 3.4 is complex to analyze in terms of Newton's Second Law
ecause of the curvature in the flow. Therefore, as a starting point, the differential length of
ach dx is isolated as a control volume. For this control volume, shown in Figure 3.8, the
pressure terms P, and P, are directed toward the control volume in a direction normal to the
sections 1 and 2. Shear stress 1, is exerted along the interface between the water and
wetted perimeter and acts in a direction opposite to the flow. The following derivation was
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taken from FHWA Hydraulic Design Series (HDS) 6 (FHWA 2001). The statement of
conservation of linear momentum is:

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

volume volume control volume

considered. Consider the conservation of momentum in the direction

in Figure 3.8). At the outflow section (section 2), the flux of mom
volume through the differential area dA; is:

poV,dA,V,

flux (mass per unit of time) and p,v,dA,Vv, is the momentum flux
area at section 2. The flux of momentum out of the control volume is then:

(3.22)

(3.23)
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The amount of momentum in the control volume is Ll pvd(Vol) and therefore the time rate
O

of change of momentum in the control volume is given by:

g{ [ pvd(von)

Az
and the bed and banks (over the wetted perimeter). The
the direction opposite to the direction of flow and results in
average shear stress on the interface area, and WP is the a
is the length of the control volume. The WPdXx is the interface
in contact with).

The forces affecting the body fall into two cla
body forces. Another surface force not j

most important example of a body force gravity field. The body force
cussed in a subsequent section.
irection for the control volume is:

As with the conse
of point velocities.

tion, it is convenient to use average velocities instead
efficient B is defined so that when average velocities

(3.26)

(3.27)

e pressure force and shear force terms on the right-hand side of Equation 3.27 are usually
abbreviated as XF, so:

F = Ll p,dA, — LZ p,dA, —IL 1, WPdx +F, (3.28)
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The conservation of linear momentum equation becomes:
PB,VIA, —pB, VA, = F, (3.29)

For steady flow with constant density, combining Equation 3.12 with 3.29, the ste
conservation of linear momentum equation takes the familiar form:

pQ@B,V, —B.V))= ZFx
Depending on the situation, other external forces need to be applie
due to wind blowing over the control volume. This force pl
analyzing currents during a hurricane storm surge.

3.3 FLOW RESISTANCE AND OTHER HYDRAULIC EQ
3.3.1 Flow Resistance

This section provides basic information to dete

flow in natural channels. The two most co

developed an equation to estimate
ow that passes over or through a

flow in an open channel as an alternative
hydraulic structure such as a weir or flume,

Figure 3.9. Forces acting on a control volume for uniform flow conditions.
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Summing the forces acting on the control volume in the x direction gives the following:
D F, =ma (3.31)

Noting that the mass times acceleration term is zero for uniform flow condition
velocity at section 1 and is the same as the velocity at section 2, therefore
acceleration of the fluid) Equation 3.31 becomes:

Fi-F.+F.-F=0
where:
Fppand F,, = Forces due to hydrostatic pressure at secti
Fuweo = Force due to weight of water in the co
F+ = Force opposing the flow due to friction
0 = Slope angle of channel bottom
L = Distance between section 2 and section 1
Z = Distance from channel inv
Since the depth of flow is the same at sectio sections are the same,

the hydrostatic forces at sections 1 and

F.=F, (3.33)
Therefore Equation 3.33 can
F,-F =0 (3.34)

Noting that F,, =

(3.35)

(3.36)

Ais the average area between sections 1 and 2, also note that A; = A, uniform flow. Flow
elocity in the channel depends on its cross-sectional shape (among other factors), and the
sistance to the flow depends upon the shear stress acting over the channel boundary, the
wetted perimeter. The hydraulic radius is defined as the ratio of the channel cross-sectional
area to the channel wetted perimeter (the portion in contact with the flow R = A/WP and is
defined as the hydraulic radius. Rewriting Equation 3.36 yields.
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For the remainder of this section the subscript on slope will be dropped and only use the
symbol S, remembering for uniform flow, S = S, = S,. Therefore, Equation 3.37 can be
expressed as:

T =vYRS

the pipe, D, the Iengzth of the between points of interest (i.e.,
the velocity head, V /2g and proposed an equation of the fo

2
h =tV _gL (3.39)
D 2g
where:
hy = Head loss between
f =
L =
D = Diameter of
Solving for the velocity in Equatio
V= ,/% DS (3.40)

r a cylindrical pipe flowing full and substituting 4R for the diameter of

Noting that D = 4

(3.41)

(3.42)

he Chezy Equation is used extensively in Europe. Manning performed experiments in a
oratory to develop a relationship for C and from his work and others he found that the C
oefficient varied with the hydraulic radius according to:

3.15



o % RY6 (3.43)

The Manning equation then becomes

V — £R2/3 Sl/2
n

Manning developed his formula in the metric system with the unit of le
To convert Equation 3.44 to U.S. Customary units and maintain
systems, a factor of 1.486 needs to be included in the equation.
equation in U.S. Customary units becomes:

V 1 486 R2/3sll2

n

The 1.486 is due to the dimensional relationship of the equatio

meters to feet (3.2808"° = 1.486).
By applying the continuity equation, the e written in terms of
discharge as:

1.486

Q= =790 AR2/3gV2 (3.46)
n

sistance coefficient "n" in order to
th or determine the depth given the flow in a natural
ods to estimate the Manning resistance coefficient

It is important to est|mate co
determine either the flo
channel. There are
presented in the fo

following relationship for estimating the Manning

(3.47)

e complete discussion can be found in Chow (1959, pp. 108-113). Table 3.2
ows a portion of the table for Natural Streams taken from Chow's Open-Channel
Hydraulics book.
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Table 3.1. Values for the Computation of the Manning Roughness
Coefficient Using Equation 3.43 (after Chow 1959).

Channel Conditions Values
Material Earth N 0.020
Rock cut
Fine gravel 0.02
Coarse Gravel 0.
i?r‘;gfjelzri‘t’; Smooth 000
Minor 0.00
Moder 0
0.020
Ve oo
0.005
0.010-0.015
e
0.010-0.015
Appreciable 0.020-0.030
Severe 0.040-0.060
Low Ny 0.005-0.010
Medium 0.010-0.025
High 0.025-0.050
Very High 0.050-0.100
Degree of meandering Minor Ms 1.000
Appreciable 1.150
Severe 1.300
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Table 3.2. Values of the Manning Roughness Coefficient for Natural Channels.

Type of channel and description Minimum | Normal | Maximum
D. Natural Streams
D-1 Minor stream (top width at flood stage < 100 ft)
a. Stream on plain ]
1. Clean, straight, full stage, no rifts or deep pools 0.025 0080  0.033
2. Same as above, but more stones and weeds 0.030 0.035 0.040
3. Clean, winding, some pools and shoals 0.033_‘_ 0.040 0.045
4, Same as above, but some weeds and stones 0.035 0.045"»_0.050 A
5. Same as above, lower stages, more ineffective slopes and
ections g P 0040 0048 0,055
6. Same as above, but more stones 4 —OﬁS 4’7?050 _00&)
7. Sluggish reaches, weedy, deep pools 0.050¢ ™ 0.070 0.080
e s foctrs i hea ) o075 Qosa” 050
b. Mountain streams, no vegetation in channel, banks asually
steep, trees and brush along banks submerged at‘high stages
1. Bottom: gravels, cobbles, and few boulders “0.03 0.04 0.05
2. Bottom: cobbles with large boulders A "; 0.04 0.05 0.07
D-2 Flood Plains
a. Pasture, no brush A D
1. Shortgrass 2 A 0.025 0.030 0.035
2. High grass > y <9 - 0.030 0.035 0.050
b. Cultivated areas
1. Nocrop ¢ _ 0.020 0.030 0.040
2. Mature row crops D 0.025 0.035 0.045
3. Mature field'erops A 0.030 0.040 0.050
c. Brush
1. Scattered bﬁsh, heavy weeds! 0.035 0.05 0.07
2. Ligm)rush aﬁrees, in winiér 0.035 0.05 0.06
34 Light brush and trees, iASumMmer 0.040 0.06 0.08
4. Medium to dense brush, in winter 0.045 0.07 0.11
"B, Medilim to densesorush, in summer 0.070 0.10 0.16
d. Trees
1. Dehse willows, summer, straight 0.11 0.15 0.20
2. Clearetland with tree stumps, no sprouts 0.03 0.04 0.05
3 Samegabove, but with heavy growth of sprouts 0.05 0.06 0.08
e e o o rees e
L 5. Sameas above, but with flood stage reaching branches 0.10 0.12 0.16
D-3 Major streams (top width at flood stage > 100 ft). The n value
is less than that for minor streams of similar description,
because banks offer less effective resistance.
a. Regular section with no boulders or brush 0.025 up to 0.06
b. Irregular and rough section 0.035 up to 0.10

3.18



Other sources for determining the Manning Roughness factors include pictures of selected
streams and over-bank floodplains to use as a guide for selecting n. The publication "Guide
for Selecting Manning's Roughness Coefficients for Natural Channels and Flood Plains"
(FHWA 1984b) is an excellent resource on how to estimate Manning n values for both
channel and out-of-bank flows. The U.S. Geological Water Supply Paper 1849, "Roughness

Mason (1991) and NRCS (1963).

Figure 3.10 shows a floodplain with a computed roughness coeffi
The vegetation of the floodplain is a mixture of small and large
ironwood. The base is firm soil and has minor surface irregulari
Ground cover is medium, and there is a large amount of undergro and
palmettos (FHWA 1984b). Similarly, Figure 3.11 is take
Supply Paper and shows a channel with a computed Manning

<-|: ..-..:. -‘:'#r'i.- 2’& ] . b E' .:- .-:' -"# N b I-l- i B .. *‘ e .
Figure 3.10. Floodplain roughness example (FHWA 1984Db).
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Figure 3.1 g ups
New Cumberlal

m from the right bank on Indian Fork, near
Ohio (USGS 1967).

As sta can be divided into shear resistance and resistance due

- e upstream side to the downstream side of an object (form
passes over an object a resistance to flow is created that depends upon
e.boundary of the object. The shape of the boundary (i.e., a bridge
of the streamlines and local acceleration of the fluid. Consequently
pressure takes place from the upstream to the downstream side of the boundary,
referred to as a normal stress. The summation of the forces over the surface
g force on the boundary and a pressure resistance against the fluid.

the Drag Equation. The determination of the drag of a flowing fluid past a
ndary can be accomplished using dimensional analysis to determine the significant
ariables and through experimental data to determine the numerical relationships between
he parameters. For incompressible flow the drag force can be written as a function of the
llowing parameters that represent the geometry of the object (area, A), the flow (velocity of
w, V), the roughness of the boundary (roughness height, e) and the fluid (density and
viscosity of the fluid, p and p):

F, =func (A, V,p,u,€) (3.48)
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The Buckingham © method of dimensional analysis shows that three non-dimensional groups
can be formed. Choosing A, V, and p as the repeating independent variables yields the
following relationship.

1/2
F, = func (ApVZ, APV ,Ej
1! L

Equation 3.48 can be rearranged where Fp/pAV? is defined as the coefficient 6

I:D
ApV?

Since stagnation pressure can be represented as pV?/2, Equatio 9
follows:
% =C, =func (Re,fj
P2
The force of drag then can be written as: \

The force of drag then is a fun bject, the velocity of the flow, and the
density of the fluid. The drag coe pon the Reynolds Number R, which in
i of the flow relative to the viscous effects. The
n determined experimentally.

=C, =func (Re,gj
L

e rearranged as

(3.51)

(3.52)

ment of bridge piers in the channel or the floodplain of
ackwater due to the pier obstruction to the flow. The
be computed using Equation 3.52 and knowing the
8) provided drag coefficients for various objects as a
drag coefficient is dependent on the ratio of pier area to

Application of Dra
natural rivers will

| Table 3.3. Typical Drag Coefficients for Different Pier Shapes.

Pier Shape Drag Coefficient Cp
ircular pier 1.20
longated piers with semi-circular ends 1.33
Elliptical piers with 2:1 length to width 0.60
Elliptical piers with 4:1 length to width 0.32
Elliptical piers with 8:1 length to width 0.29
Square nose piers 2.00
Triangular nose with 30 degree angle 1.00
Triangular nose with 60 degree angle 1.39
Triangular nose with 90 degree angle 1.60
Triangular nose with 120 degree angle 1.72
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Drag Force due to the Addition of Debris. The accumulation of debris on bridge piers as
illustrated in Figure 3.12 and on the superstructure can create significant forces on the
structure. The hydraulic effects of debris can be analyzed using a one-dimensional model.
However, depending upon the complexity of the hydraulics and the risk of failure of the
structure, two- or three-dimensional models as well as physical model studies can be
performed. The reader is referred to NCHRP Report 445, Debris Forces on Highw;
(NCHRP 2000), and Hydraulic Engineering Circular No. 9 (FHWA 2005), Dg
Structures Evaluation and Countermeasures, Chapter 4 Analyzing and
Impacts to Structures.

illustrated in Figure 3.13 where the pier is modeled by
9y the area of the blockage. If the debris obstruction is large
be necessary to model some of the flow area as ineffective.

Figure 3.13. An example of upstream bridge cross section with debris accumulation
on a single pier.
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Effects of Submerged Structures.

If the high-water level reaches the bottom of the superstructure, the bridge may act like a
short culvert. For bridges that are designed for submergence, it is advisable to analyze the
structure for uplift and the additional drag that the flow will create on the bridge. Chapter 10
provides guidance on computing drag and lift forces for submerged bridge deck
resulting moment from the combination of these forces.

3.3.3 Weir Flow

There is a wide application for utilizing weirs for measuring flow in a |
A weir may be described as any regular obstruction over which
surface is called the crest and the water flowing over the crest i
3.14).

Velocity
Distribution

Figure 3.14. ir flow over a sharp crested weir.

ow the reader is referred to the following references (Chow
JSBR 1987).

overtops a culvert, bridge and/or the roadway approaches, the flow is calculated
andard weir equation. Since weir flow is a very complex two dimensional flow

ow pattern produced by the weir is two dimensional.

or the simplified case the problem leads to an approximate result. The flow pattern
picted in Figure 3.15 results by assuming that the velocity distribution upstream of the weir
is uniform, all fluid particles pass horizontally over the weir crest, the pressure in the nappe is
atmospheric, and the influences of viscosity, turbulence, secondary flows, and surface
tension are negligible.
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Writing Bernoulli's equation between section 1, which is in the approach channel where the
velocity profile is uniform and section 2, which is slightly downstream of the weir crest along
the streamline AB, results in the following relationship:

2 2
H+V—1=(H—h)+v—2
29 29

\%1

>
VVVVTV F VVVVYVYY

sharp crested weir.

(3.54)

g = V,H leads to the following equation:

(3.55)

(3.56)

pically Equation 3.56 can be simplified by assuming that V; is small and therefore V,%/2g
can be neglected. The kinetic energy term can be neglected for approach velocities of 2 ft/s
0.6 m/s) or less and for most practical problems there is more uncertainty in determining the
ppropriate coefficient. Therefore, Equation 3.56 can be written to solve for unit discharge,

g:
q =§\/29 H*' (3.57)
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Equation 3.57 is the basic equation for the typical rectangular weir. Because of the
assumptions made in developing the simplified form of the weir equation a coefficient needs
to be introduced to account for the properties that were neglected and therefore, Equation
3.57 can be expressed as:

q=C, 2\/29 H*"?

(King and Brater 1963). To write the continuity equation for th
combining C, %w/Zg into a single coefficient C,, then the com

can be written as:

Q=C,LH¥" (3.59)
for the various
Equation 3.59 includes
being used.

There has been a significant amount of researc
types of weirs that have been developed

Ogee Spillway Crest. Diversion struct o divert water from an existing natural

weir (Figure 3.16). The ogee spillway is de cific flow, Qo, and a specific head,
Ho, and therefore there is a unique coeffici

When flow overtops
to the submergenc
relationship that i
coefficient, which w over the weir.

ignificant tailwater the discharge will be reduced due
e shape weir, the USBR (1987) has developed a

Figure 3.16. Ogee spillway crest (USBR 1987).
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Figure 3.18. Ratio of discharge coefficients caused by tailwater effects (USBR 1987).
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Broad-Crested Weir. The flow over a broad-crested weir will occur at critical depth for an
ideal fluid flow (Figure 3.19). The flow over a broad-crested weir can be computed using the
continuity equation and assuming that there is a hydrostatic pressure distribution where
critical depth y. occurs. For a rectangular channel the Froude Number at minimum energy
(critical depth) is equal to one.

F,o=1= Ve

ay.

ccurring in a rectangular channel the critical depth is
g yields:

(3.60)

fent for Sl units is 1.705. In many situations the critical depth section may be in a
g streamline curvature and the boundary friction along the crest may reduce the

(3.61)

he coefficient is a function of P/H, L/H, R, shape of the weir, and roughness. Discharge
efficients for a broad-crested weir usually range from about 2.6 to 3.05 (1.44 to 1.68 for
). Flow over a bridge and the roadway approaches (embankments) is usually calculated
using the general broad-crested weir equation.
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Weir Coefficient. The discharge coefficient for a broad-crested weir as stated above ranges
between 2.6 and 3.05 (1.44 to 1.68 for Sl). Flow overtopping a bridge deck is not an ideal
broad-crested weir and it is generally recommended that the lower value be used for the
discharge coefficient where increased resistance to flow caused by obstructions such as
bridge railings, curbs, and debris would cause a decrease in the value of C. FromgKing's
Handbook (King and Brater 1963), weir coefficients are given with respect to the héadon‘the
weir and to the width of weir. The Hydraulics of Bridge Waterways manual (FHWA 1978)
provides a curve of C versus head on the roadway. "Hydraulic Performancegf Bridge Rails"
(Charbeneau et al. 2008) shows the impact of bridge rails on the computation for the
overtopping flow.

Similar to the Ogee Weir, when flow overtops a broad-crested weéirand there is significant
tailwater the discharge will be reduced due to the submergenCe of the weir. For broad-
crested weirs FHWA (1978) has developed a relationship to aceount fordweir submergence
(Figure 3.20).

1
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Figure“3.20. Discharge reduction factor versus percent of submergence.
3.3.4 Gate,and Orifice Equations

This, section“deals with inline structures that are commonly found in open channel flow.
Cammaomexamples of inline structures are the orifice and Tainter gates (radial gates). Other
inline structures such as bridges can often be modeled with an orifice type equation.

Sluice and Tainter Gates. The two most important design features for the sluice (vertical lift)
and Tainter gates (Figure 3.21) are the head (elevation) versus the discharge relationship
and the pressure distribution over the gate surfaces. The structural design of the orifice
involves consideration of the hydrostatic force on the gate, the hoisting force, the weight of
the gate, and the roller friction (the friction on the gate is reduced by rollers that are typically
attached to the gate). The Tainter gate has a circular segment for its face which rotates
about the center of the curvature. Since the hydrostatic pressures are radial, passing
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through the trunnion bearing, the thrust on the gate is substituted for the roller friction of the
orifice. The pin friction is usually much less than the roller friction, so that the Tainter gate is
comparatively light and easy to operate.

For the sluice and Tainter gates shown in Figure 3.21, the Bernoulli equation for_one-
dimensional flow can be used to solve for the discharge.

2_g+y2=

e relation for flow passing under the gate as:

(3.64)

gnored the losses due to the boundary development along the gate
hese are usually insignificant due to the short distances involved. The coefficient
2 C. is determined through experimental measurements or two-dimensional
rvilinear zone. For the simplifying assumption where the approach velocity
therefore, V,%/2g = 0, the equation can be further simplified to:

= C,hLy20(y, - v,) (3.65)

e discharge coefficient Cq is a function of the upstream and downstream depths, the gate

pening, and the gate geometry. The form of the equation as stated above is for both free
and submerged conditions.
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3.4 FLOW CLASSIFICATION

Open channel flow can be classified in many ways. Flow can be classified as either steady
or unsteady. Flow can also be classified as uniform or non-uniform (varied). Non-uniform
flow can be further classified as gradually varied or rapidly varied. The flow can_alse, be
subcritical or supercritical, and depending upon the turbulence of the flow field, thé flow can
be classified as laminar (low Re) or turbulent (high Re). Since nearly all opengchannel flow
situations are turbulent, laminar flow will not be discussed in the followingfsections. For
further clarification of laminar and turbulent flow in open channels the readeriisydirected to
Henderson (1966), Chow (1959), and Fundamentals of Fluid Mechapics by Munson et al.
(2010).

3.4.1 Steady Versus Unsteady Flow

When the time derivatives of a flow field become insignificant, the flowsdis considered to be a
steady flow. Steady-state flow refers to the condition where'the fluid“properties at & point in
the system do not change over time. Otherwise, flow is ‘called unsteadys4 Whether a
particular flow can be treated as steady or unsteady can depend, on the frame of reference.
The simplest steady flow is uniform flow, in whichin@flow variable \changes with distance. In
a uniform steady flow, every flow variable such as depth @nd velog€ity is constant with respect
to distance and time (i.e., 0/0x = 0 and o/t = 0).lf the flow istnetuniform, then it is classified
as non-uniform and can be further divided into“gradually varied ‘and rapidly varied flow. In
gradually varied flow, the flow variables may change with distance but are constant with
respect to time. The changes with distance are assumed to be gradual so that the vertical
accelerations are small. This allows use of the Manning uniform flow equation for
computations of depth, velocity, slope, and discharge. 1n rapidly varied flow, substantial
variations are present in the vertical and/or transverse flow. A good example is a hydraulic
jump. Other examples of rapidly varied flow are flows through culverts and bridges and over
weirs and spillways. Figure 3.22 illustrates the classification of flow according to changes in
depth with space andtime. Unsteady, uniform flow is, at best, rare (Chow 1959). It would
require change in/depth with time,ut no.change in depth with respect to distance at any
instant in time.

Steady FlewmpFor steady flow analysis, the flow is known at all points along the channel. It
shoulddbe notedithat Steady. flowdoes not mean the velocity and acceleration are constant.
Flowfin an open channel bend or flow transitioning from a mild to a steep channel may be
stéady but the'velocity and/or acceleration are not constant. The numerical solution to the
energy. or gqnomentum ‘equations is such that one boundary condition is known either
downstream or upstream and the solution for the other boundary is computed through an
iterative’ process (see Section 3.4.4). If the flow is subcritical, the computations are
performedfrom downstream to upstream. For supercritical flow the direction of the solution
IS frem upstream to downstream. The basic gradually varied flow equation in open channels
can be written as:

d_y_ So _Sf
=—2 =
dx 14 d(v©/29)
dy

(3.66)
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Open Channel Flow

Steady Flow Unsteady Flow
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i Uniform Flow Varied Flow i
N7 oy !
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' [ Gradually Rapidly Rapidy | |
i Varied Flow Varied Flow Varied Flow i

For a rectangular
d(v?/2g

at the change of the velocity head with respect

to depth d the general differential equation for gradually varied

flow ca

(3.67)

Q%T

angular channel F2 = AT

hen Steady Flow Modeling is Appropriate. This consideration is of considerable
actical interest, since unsteady flow is significantly more complex and requires more data
and effort to analyze than steady flow. The flow is steady if the depth of flow at a particular
oint does not change or can be considered constant for the time interval under
nsideration. The flow is unsteady if the depth changes with time. Open channel flow in
natural channels is almost always unsteady, although it is often analyzed in a quasi-steady
state for channel design or floodplain mapping as well as the hydraulic design of bridges and
culverts. In most open channel flow problems, practical flow conditions are typically studied
under steady flow conditions.
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Determining if a steady flow approximation is a reasonable assumption depends on the
degree the flow variables change with time. During most rainfall-runoff events the water
surface in the river will rise but the stage increases slowly with time and oy/ot = 0. Many
natural open channel flow problems can be adequately analyzed with the steady-state
approximation. On the other hand if a dam embankment were to fail, the resultinggflood
wave would create a relatively fast increase in water surface depth downstream with'respect
to time (oy/ot # 0) and the acceleration terms would need to be included in theg€omputations
for the water surface elevations downstream.

Under steady flow, the user inputs as boundary conditions a discharge gpstream and,a stage
downstream. The numeric model calculates stages throughout thedinterior points; keeping
the discharge constant. Under unsteady flow, the user inputs a discharge hydrographtatithé
upstream boundary and a discharge-stage rating at the downgtream boundary. The model
calculates discharges and stages throughout the interior points.

Unsteady Flow. In unsteady flow analysis, two governing equations mustbe expli€itly solved
because the discharge and the elevation of the water surface are both*unknewn. The two
governing equations are the conservation of mass and the‘\censervation of momentum.
Unsteady flow is presented in detail in Chapter <% Imysteady flow\the conservation of mass
can be written as Q = AV where the dischargeiis constantiand the oenly unknown is the water
surface. In unsteady flow the discharge must be explicitly“salved for flows and elevations.
The continuity equation for unsteady flowais given by

50 oA
Y O _ 3.68
x o (3.68)

Where q is the lateral inflow rate perfunit length ‘of ehannel. The momentum equation for
unsteady flow can be written,as:

1ﬂ+Xﬁ=Sf—SO+Q+q| (3.69)
got g ox OX

Equations3:68 and 3.69 are known as the shallow water equations developed for one-
dimensional"unsteadyflow,in open channels and are also called the Saint-Venant equations.

Storage Effects for Unsteady Flow. Steady flow computations ignore storage effects both
withih, the channel andythe overbank areas. In comparison, the unsteady flow equations
account for both types of storage. The storage can significantly reduce peak flows giving a
more realistic assessment of the surface flooding. If storage does occur in a floodplain and
flow is treateéd as steady, then the storage can be accounted for by blocking that portion of
channel by defining it to be ineffective.

342 Suberitical Versus Supercritical Flow

Various types of waves and surges may occur in open channels and cause a locally
unsteady flow. The simplest is the small surface wave which progresses radially outward
from a point as a rock would cause if thrown into a lake. The rate that this wave progresses
outward is called its celerity. Subcritical flow is when the flow velocity is less than the celerity

of a gravity wave, ¢ =,/gy, and supercritical flow is when the flow velocity is greater than the
wave velocity.
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a)V=0 b)V < /gy

Figure 3.23. Propagation of a water wave in shallow water illustr.
supercritical flow.

Dropping a rock in a pond will cause a wave to propag
velocity (Figure 3.23a). By dropping the rock in a stream

velocity V of the stream such that V<@(i.e., V/@ propagate
This condition

upstream at a velocity of @ —V and downstre

is defined as subcritical flow. If imposed such that
V> ./gy(ie., V/4gy >1), the wave will be ith no affect upstream
(Figure 3.23c). This condition is defi iti . e conclusion is that for
subcritical flow any disturbance in the i nslate upstream (i.e., water surface
computations must progress from down On the other hand, for
supercritical flow the computations must tream to downstream since any
disturbance in the flow field . In 1861 William Froude presented a
paper where he defined the rati [ elocity (average) V to a gravitational

wave velocity ¢ = ./g alled the Froude Number.

(3.70)

defined as the energy per unit mass. Many practical
e solved by application of the energy principle (Bernoulli's
e channel bottom as the datum as shown in Figure 3.24.

Hydraulic Grade Line | |

dy E Y

Figure 3.24. Specific energy description.
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The concept of specific energy was first introduced by Bakhmeteff in 1912. The water
surface is the same as the hydraulic grade line and the total energy head is represented by
the energy grade line. Specific energy is a fundamental concept and widely utilized in
solving problems of open channel flow. Flow represented in Figure 3.24 is essentlally
rectilinear (i.e., the flow has smooth parallel streamlines). The specific energy E is g
the total energy head consisting of the depth of flow and the velocity head and t
is given by the continuity equation Q = AV. Considering the special case wh
losses are negligible (h, = 0), the Bernoulli equation can be applied between
as:

V? V7
=—1+
29 y2 2g yl
The sum of the depth of flow and the velocity head is the spécifi r d can befwritten
as:
2
Eoy+ L (3.72)
29
Since the flow in channel cross section (Fi . i ct of the area and the
average velocity, a change in the depthawi i e Q unless the velocity

However, the redistribution of the
velocity and the depth keeping the same esult in different specific energies.
Thus there are limitless combinations of

discharge. For very high d Id become very small and the specific

very high then the depth would e very shallow and the specific energy would be
approximately equal These trends can be shown in the specific energy
diagram shown in

It is obvious from
except at minimu
alternate e

iagram that there are two depths for the same energy
is a unique depth. The two depths are referred to as
imum energy is typically called critical depth. Critical
derivative of the energy with respect to depth at the
se will be equal to zero.

+i[ ?2 j (3.73)
dy | A°2g
(3.74)
Q' d pry 1, QLA
1+2_g@(A )=1+ zg( 2) A dy (3.75)
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Depth of flow (y)

<
o

(3.76)

ea an th are functions of depth, Equation 3.76 defines a critical
at minimum energy. Substituting V2 = Q%A? (i.e., continuity equation Q =
san, be written in terms of the velocity and a hydraulic depth as:

(3.77)

draulic depth is defined as D, = —¢2 _ _
Topwidth

or a rectangular channel the hydraulic depth is equal to the depth of flow and by taking the
uare root the equation reduces to the Froude Number introduced at the beginning of this
ection (Equation 3.70).
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Dimensional Analysis and Similitude. Many open channel flow problems can be solved only
approximately by analytical or numerical methods. Physical model studies play an important
role in verifying solutions or by providing results that can't be obtained through analytical
solutions.

Similitude is a relationship between a full-scale flow and a flow involving
geometrically similar boundaries. In 1861 Froude published a paper whi
identifying the most efficient hull shapes. He established a dimensionless

nber, later to
avior of full

sized prototypes.

The three types of similitude involved in fluid mechanics are
dynamic similarity. Geometric similarity involves the length s
ratios of the model geometry scales would all be the same.
length and time ratios, which require that the streamline p
as in the prototype. Dynamic similarity requires that the forc
the same from point to point.

, gravity and viscous. If
the model were to be in absolute simili geometric, kinematic and dynamic

For model studies involving [ i force has to be included for dynamic
similarity. For open channel flo ominating force is that of gravity (i.e.,
viscous, surface tensi es are small and can be neglected). This requires

prototype.

Inertia (379)

open channel flow the inertial force can be represented as

d the gravitational force as F = mg = pl°g.

p|3V2J
L (3.80)

Pr ototype
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This reduces to:

2 2
(V_J [V_j (381)
g I Model g I Prototype

The length scale can be represented by the depth of flow in many open g€hannel flow
situations. The square root of Equation 3.81 shows that the Froude Numbeér of the model
needs to be equal to the Froude Number of the prototype for open channel similitude. This is
essentially what Froude found when he was performing his experimentsdinythe 1300s.

\% \%
= =R =(R)e b
(\@J (\/g_y] e N

3.4.3 Uniform, Gradually, and Rapidly Varied Flow

Uniform Flow. Uniform flow was discussed in Section 3.3.1%with the development of the
Manning Equation. Uniform flow requires not4nly,a longitudinally uniform cross section
(prismatic channel), requiring the channel cross section, reughness, and slope to be constant
throughout, but also that there be an equilibrium between ‘the gravitational and frictional
forces. Water flows down a channel by the foree ef gravity and“is resisted by the boundary
shear stress. The gravitational forcesyaccelerate the flow while the frictional forces
decelerate the flow. For a constant discharge there is, only one velocity or depth that can
satisfy these conditions. For most practical flow sittatiens encountered in open channel
hydraulics, cross sections, roughness, and/or slopes typically change from upstream to
downstream and therefore, most flow situations are non-uniform (or varied) flow.

As illustrated in Figure 3.26xfor the'flow to be uniform the depth, water area, velocity, and the
discharge at every séction-of the channel reach must be constant; and the energy slope,
water surface slopg, and channel bottom slope must be parallel (i.e., S;= Sy, = Sp = S). For
practical purposes, the requirement of“gonstant velocity may be interpreted as the
requirement that the\flow possess a constant mean velocity. Strictly speaking, however, this
should mean that'the flow possesses a constant velocity at every point on the channel
section withimythe uniferm-flow reach. In other words, the velocity distribution across the
channgl section is unaltered.in theé reach.

Uniform flow is eonsidered to be steady state only, since unsteady uniform flow is practically
nonexistent4 In naturalpstreams, a strict uniform-flow condition is unusual. Despite this, the
uniformsflow condition is*frequently assumed in the computation of flow in natural streams.
The results obtained from this assumption are understood to be approximate and general,
but they offera relatively simple and satisfactory solution to many practical problems.

Hydrostatic Pressure. For a fluid at rest, the pressure at a point below the surface (assuming
thé surface’is exposed to the atmosphere) is equal to the distance below the surface (depth
of submergence) multiplied by the specific gravity of the fluid P = yy. This is defined as the
hydrostatic pressure for an incompressible flow having no shear stresses acting on the fluid
since it is at rest. For uniform flow the pressure would also be hydrostatic since the
streamlines in uniform flow are all parallel to one another, there are no vertical accelerations,
and the velocity is everywhere the same (no shear stresses).
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gradual change in depth and velocity, vertical
are essentially parallel. The conservation of en d to solve for the depth,
any location along the
sumption that P/y = vy.
For rapidly varied flow, such as the hy icj of momentum equation
[ ed later in this section. Figure 3.27
shows the hydraulic conditions for gradua alysis using energy principles.
The value of the energy co
derivation, but must be includ

equal to one for the following
practical application. The total energy

(3.83)

Water Surface -
Channeﬁggd HGL

L

Y

Figure 3.27. Definition sketch of a typical non-uniform water surface profile.
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Differentiating Equation 3.83 with respect to x, the rate of energy change is:

dH_d (Vi) dy dz
dx dx{2g) dx dx

The energy grade line S; = —dH/dL = -dH/dx for small slopes (i.e., less than
channel slope is given by S, = —dz/dx and the slope of the water surface
line) is Sy, = —dH/dx —dy/dx.

The energy equation can be written between sections 2 and 1 for ste

V—"'2+y +z —V—12+y +2z,+h
29 2 2 Zg 1 1 |

Note that Sy (AX) = z, — z; and S;(Ax) = h, for small slopes. [ then be
written as:

VZ V?
—y 2L = (S, —-S,)(A
Vo =Yit i m e = (5 =S (%)

Dividing by Ax and noting in the limit A .86 is written in differential form as:

2
ﬂ—'_i[\/_J:SO _Sf

(3.87)
dx dx\{ 29

d

2
This is similar to the eq in Section 3.4.1 where d_(\Z/_J was equal to —FZ.
X\ <9

Therefore, the gra s presented in Section 3.4.1:

dy _ S, - (3.88)

ied row there is a gradual change in depth and velocity with distance and
with the losses being determined empirically using the Manning
ined from the Manning equation.

(3.89)

e coefficient 1.486 is 1.0 for Sl units. For computations of the water surface
evations along the x-axis a finite difference scheme is used rather than solving the
ifferential Equation 3.88. Equation 3.85 is written in terms of the water surface WSEL =y +
as:

VZoV2
WSEL, = WSEL, + ~L — 2 +h, (3.90)
29 29
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Equation 3.90 is solved iteratively and is presented in more detail in Section 5.2.

Rapidly Varied Flow. Rapidly varied flow has pronounced curvature of the streamlines;
therefore the hydrostatic pressure distribution assumption is no longer valid. Often the flow
curvature is so abrupt that the flow profile is broken and becomes discontinuous (such as a
hydraulic jump). The energy equation is insufficient to solve for rapidly varied flow,

many rapidly varied flow situations.

Hydraulic Jump. The most important local rapidly varied flow proble
jump, which develops when supercritical flow transitions to subcri
occurs when high velocity discharges flow into a zone of lower v
or over spillways or other hydraulic structures. Figure 3.28 is
jump phenomenon.

The equation relating the depths of flow up and downstr
developed by applying the conservation of linear momentum
the channel bottom has a horizontal or small slope as shown
with small slopes the gravity component (wei
relatively small and can be neglected. Als
friction forces are small in comparison to t
neglected. Therefore the only signific
(Figure 3.29).

assuming
or channels
downstream direction is
he channel is short, the
the jump and can be
y hydrostatic pressure

Figure 3.28. Hydraulic jump.

-4\ F,(hydrostatic)

F, (hydrostatic) A «—

—> s [ “SEE——

Figure 3.29. Control volume for the hydraulic jump.
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By assuming hydrostatic pressure distribution at sections 2 and 1 where the flow streamlines
are nearly parallel and summing the forces in the x-direction gives:

> F, =F,-F,=ma (3.91)

The magnitude of the hydrostatic force is F =y y A, where y is the distance mg

the free surface to the center of gravity of the cross sectional area. Therefore
can be written as:

SF, =yy—22A2 —V%Al —ma =pQ(V, - V,)

In the case of a rectangular channel A = yW and g = Q/W, Egua
by dividing by yW:

Y ¥ Ay v,
2 2 g 1 2

Since g = vy, Equation 3.93 can be written a;

y_i_ﬁ:g(&_gj
2 2 gly. VY,

The next series of equations

(3.94)

ions of the Equation 3.94:

(Y, =y, +Y) = (3.95)
yyi+yly, =230 (3.96)
(3.97)
(3.98)

is is a quadratic equation for y, /y; and knowing y;, can be solved as:

2
YA /1+ 8q (3.99)
y, 2 ay,
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This can be reduced to the positive root as the negative root will give a hegative depth.

Yy =%y1{—1+w/1+8F§} (3.100)

3.4.4 Profiles for Gradually Varied Flow

To develop flow profiles the conservation of energy equation is used. The energy associated
with section 1 and section 2 in Figure 3.27 can be stated as follows; the ‘water surface
elevation (potential energy) plus the velocity head (kinetic energy) at se€tion 2 is equal to the
water surface elevation and the velocity head at section 1 plus the energy losses thraugh the
reach. The total energy or head above an arbitrary datum was givén'in Equation 3.83.

Gradually varied flow is steady flow whose depth varies graduallyhyalong the lengthgof the
channel. This definition requires that two conditions be met: (1) the'flow 1s steady (i.e-, all of
the variables remain constant for the time interval under \consideration), and (2) the
streamlines are approximately parallel (i.e., the pressure distribution over thefcross section
can be considered hydrostatic). The theory of gradually varied flow assumes that the head
loss through the reach can be approximated Osingauniform flow equations (the Manning
equation will be used to calculate the frietion lossesS)y, Other assumptions for the
development of the flow profiles will include the following:

1. The slope of the channel is small (i.e; the depth of,flow is the same whether the vertical

or normal direction is chosen). This“assumes that, the cosine of the slope angle is

sufficiently small (i.e., cos 6,z 1).

No air entrainment occurs:

The channel is prismatic (i.e.;'the channel has canstant alignment and shape).

The velocity distributiongin the “‘¢hannel is fixed (i.e., the velocity distribution coefficients

are constant andforour-case equal to,one).

5. The roughness/coefficient is independent of the depth of flow and constant throughout
the channel reach under consideration.

pwn

Equation 3.101 is the,gradually varied flow equation when the Manning equation is used to
define energynloss. It is,used to obtain the shapes of the water surface profiles. Recall that
dy/dx sepresentsithe slopeyef,the water surface with respect to the bottom of the channel. If
the avater surface convergesto the bottom of the channel (i.e., the depth of flow decreases
with distance4downstream) the slope will be negative. Alternatively, if the water surface
diverges from the bottomyof the channel (i.e., the depth of flow increases with distance
downstream) the slope IS positive.

10/3
dy g T0a/Y) (3.101)
dx 1-Mety)’

Types of Channel Slopes. Equation 3.101 is used to define the type of slopes relative to the
X direction (direction of flow). Since hydrostatic pressure distribution has been assumed in
the development of the equation, the application will be limited to flows with streamlines
essentially straight and parallel, and of small slope. Also, the depth of flow is measured
vertically from the channel bottom, the slope of the water surface dy/dx is relative to this
channel bottom. Figure 3.30 shows water surface slopes resulting from the change in depth
along the channel.
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Horizontal

critical, and steep slopes the ¢ i ared to the slope if the channel were
flowing at critical depth (i.e., solv S. by substituting y. into the Manning

Mild Slope
Critical Slope
Steep Slope
Horizonta

obstructio the flow, the qualitative analysis of the flow profile depends on locating the

On the other hand, when the flow is subcritical (Fr < 1) the depth control is downstream and
the computations must proceed upstream. Example flow profile curves that result from a
ange in slope are illustrated in Figure 3.32. For the My, My, Sy, C4, Hy, and A, profiles the
omputations for water surface profiles start at the downstream control point and proceed
upstream. For the Ms, S,, S3, Cs, Hs, and A; profiles the computations for water surface
profiles start upstream at the control point and proceed downstream.
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Mild Slope (Sp < Sc and y,, > Y,)

Y>Yn>VYe Yn>Y>VYe

Steep Slope (Sg > S and y,
Horizontal

Y=>Yc>Yn

Horizontal

Y>VYc

Yc>Y

Figure 3.31. Flow profile curves.
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Horizontal

Critical Slope (Sy = S, and y, = V)

Figure 3.31.

rofile curves (continued)

ummary of the Flow Profiles

onof ytoy,and y. | General Type of Curve | Type of Flow
Y >VYn> Ve Backwater Subcritical
Yn >y >V Drawdown Subcritical
Yn> Ve >y Backwater Supercritical
Y >VYe=VYn Backwater Subcritical
Y =Y¥c=Yn None None
Ye=VYn>Y Backwater Supercritical
Y >VYe>Vn Backwater Subcritical
Ye > V> Yn Drawdown Supercritical
Ye>Yn>Y Backwater Supercritical
Y>VYn>Ye None None
Yn>Y > Ve Drawdown Subcritical
Ya>Ye >y Backwater Supercritical
Not applicable None None
Adverse Slope Y >VYe Drawdown Subcritical
As Ve >y Backwater Supercritical
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Mild Slope

’ Mild Slope

Adverse Slope

-

' Steep Slope

Adverse Slope

Critical Slope

Figure 3.32. Example flow profiles for gradually varied flow with a change in slope.
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CHAPTER 4
HYDRAULIC ANALYSIS CONSIDERATIONS
4.1 INTRODUCTION

Chapter 3 provides background on the fundamental open channel flow cenecepts that
comprise the basis for the majority of the numerical hydraulic modeling and calculations
encountered in open channel flow and bridge hydraulic analysis. The calculations are often
complex and tedious, and many require iterative solution techniqueshdue te interaction
between variables. Therefore, computer programs have been the primary tool for hydraulic
engineers ever since computers have become widely available. Asg€omputer technolagy,has
advanced, so has numerical hydraulic modeling. The primary analysis appr@ach for bridge
hydraulics is one-dimensional modeling, although two-dimensional modeling is beconiing
common and three-dimensional modeling is used to analyzedcomplex,flow fields. Chapters 5
and 6 provide information and guidance on the use of one-\and two-dimensional numeric
models for bridge hydraulic analysis. This chapter includes information‘on,selecting the most
appropriate approach whether it is one-, two-, or three-dimensional numerical modeling,
steady or unsteady modeling, or physical hydraulic modeling.\ This chapteralso provides
background on developing input data and other €¢ensiderations that are common to all bridge
hydraulic problems regardless of the specific g@pproach:

4.2 HYDRAULIC MODELING CRITERIA AND SERECTION

Any hydraulic model, whether it is numerical er physiealjhas assumptions and requirements.
It is important for the hydraulic engineer to be,aware“ofyand understand the assumptions
because they form the limitations of thatd@appreaeh. It is'the goal of any hydraulic model
study to accurately simulate “the, actual flow cendition. Violating the assumptions and
ignoring the limitations will resultiinia‘poor representation of the actual hydraulic condition.
Treating the model asg@¥black bax will often produce inaccurate results. This is not
acceptable given thgfeost of ‘bridges andhthe potential consequences of failure. Therefore,
the approach should be selected based primarily on its advantages and limitations, though
also considering [the importance ¢of the “Structure, potential project impacts, cost, and
schedule.

4.2.1 Opé-Dimensional Versus wo-Dimensional Modeling

Onesdimensionall modeling™ Tequires that variables (velocity, depth, etc.) change
predominantly‘in_one defined direction, x, along the channel. Because channels are rarely
straight, the computational direction is along the channel centerline. Two-dimensional
models .edmpute the horizontal velocity components (V, and V,) or, alternatively, velocity
vector magnitude and direction throughout the model domain. Therefore, two-dimensional
models aveid, many assumptions required by one-dimensional models, especially for the
natural, compound channels (free-surface bridge flow channel with floodplains) that make up
the vastpmajority of bridge crossings over water. Chapters 5 and 6 include detailed
discussions of one- and two-dimensional model assumptions and limitations.

The advantages of two-dimensional modeling include a significant improvement in
calculating hydraulic variables at bridges. Therefore FHWA has a strong preference for the
use of two-dimensional models over one-dimensional models for complex waterway and/or
complex bridge hydraulic analyses. One-dimensional models are best suited for in-channel
flows and when floodplain flows are minor. They are also frequently applicable to small
streams. For extreme flood conditions, one-dimensional models generally provide accurate
results for narrow to moderate floodplain widths. They can also be used for wide floodplains
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when the degree of bridge constriction is small and the floodplain vegetation is not highly
variable. In general, where lateral velocities are small one-dimensional models provide
reasonable results. Avoiding significant lateral velocities is the reason why cross section
placement and orientation are so important for one-dimensional modeling. Two-dimensional
models generally provide more accurate representations of:

Flow distribution
Velocity distribution
Water Surface Elevation
Backwater

Velocity magnitude
Velocity direction
Flow depth

Shear stress

Although this list is general, these variables are essential information for new bridge designs
evaluating existing bridges for scour potential, and countermeasure design.  The Federal
Emergency Management Agency (FEMA) also depends on, numerical hydraulic models of
extreme events to determine flood hazards. FEMA and NOAA (National Oceanic and
Atmospheric Administration) commissioned the National Research Council (NRC 2009) to
investigate the factors that affect flood map accuracy and identify ways of improving flood
mapping. Among their findings, the NRC recommended greater use of two-dimensional
models.

Two-dimensional models should be used“when flow pattesas. are complex and one-
dimensional model assumptions are significantlyvielated. If the hydraulic engineer has great
difficulty in visualizing the flow patterasypand setting up a one-dimensional model that
realistically represents the flow field, then‘twe-dimensional modeling should be used. One
study that developed criteria for selecting one- versus two-dimensional models is "Criteria for
Selecting Hydraulic Models" (NCHRP 2006). “The recommendations from that study are
summarized and expanded on below.

Multiple Openings. Madltiple openings along an embankment are often used on rivers with
wide floodplains. gRather than usingtaysingle bridge, additional floodplain bridges are
included. Although one-dimensionalimodelsiean be configured to analyze multiple openings,
the judgment and l@assumptions that are made by the hydraulic engineer in combination with
the assumptions and\limitations of the software result in an extreme degree of uncertainty in
the resultsgglbe praportion of flow/going through a particular bridge and the corresponding
flow degpth™and welocity are_important for structure design and scour analysis. Because
multiple opening bridges represent a large investment, two-dimensional analysis is always
walrranted.

Anothentype of multiple’opening is multiple bridges in series. There are conditions when this
bridge “configuration should be analyzed using two-dimensional models. These include
unmatched bridge openings or foundations that do not align. An upstream or downstream
railcoad or ‘parallel road may significantly alter the flow conditions and warrant two-
dimensional analysis.

Figure 4.1 shows two-dimensional model results (velocity magnitude) for the U.S. Route 1
crossing over the Pee Dee River in South Carolina. Flow is generally from top to bottom in
this figure. This model illustrates several reasons for selecting two-dimensional modeling.
The floodplain width ranges from 4,000 to 8,000 ft (1,200 to 2,400 m) and has highly variable
land use and vegetation. The US 1 crossing includes a 2,000 ft (600 m) main channel bridge
and two 500 ft (150 m) relief bridges. There is also a railroad crossing downstream.
Although the railroad also has three bridge openings, they are shorter and not aligned with
the US 1 bridges. The highest velocity, greater than 8 ft/s (2.4 m/s) occurs in the main
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channel. However, the center relief bridge has an average velocity of nearly 6 ft/s (1.8 m/s)
and the eastern relief bridge has velocities of over 7 ft/s (2.1 m/s). The floodplain area under
the main channel bridge, however, has velocities ranging from 1 to 3.5 ft/s (0.3 to 1.1 m/s).
Therefore, overall conveyance would be improved and backwater would be reduced by
shortening the main channel bridge and lengthening the relief bridges. If changing t e
lengths would adversely impact the downstream railroad bridges, the two-dimens;j
results would also quantify those impacts.

Velocity,

ft/s (m/s)
9(2.7)
8(2.4)
7(2.1)
6(1.8)
5(1.5) ~
4(1.2)
3(0.9)
2(0.6)
1(0.3)
0(0.0)

Figure 4.1. o-dimensional madel velocities, US 1 crossing Pee Dee River.

Wide Floodplain
conveyance and f

en include features that significantly impact flow
toric channel alignments and changes in land use or
ution. In a one-dimensional model, two cross sections
have significantly different vegetation, such as wooded
nificantly different topography due to land use activities. If

change in flow distribution that is not phyS|caIIy possuble To
the flow conditions, the hydraulic engineer would need to adjust the cross
ations or alter the Manning n values, although this is difficult to implement. The
al model avoids these difficulties because in the simulation all the flow is
Therefore, wide and complex floodplains benefit from two-dimensional

Skewed Roadway Alignment. Roadways should be aligned perpendicular to channel and
loodplain flows. FHWA (1978) indicates that skewed crossings with angles of up to 20
egrees produced no objectionable flow patterns. The HEC-RAS Reference Manual
USACE 2010c) indicates that using the projected opening is adequate for skew angles of up
to 30 degrees for small flow constrictions. Two-dimensional modeling is the recommended
approach for higher skew angles or moderate amounts of skew combined with moderate to
high flow contraction. Not only will the flow patterns and bridge conveyance be better
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defined, but potential problems with backwater will also be evident. Figure 4.2 shows a
crossing with an approximate 25 degree skew to the floodplain with flow from top to bottom.

This figure illustrates how floodplain impacts can vary greatly upstream of a skewed
crossing. The colors represent the difference in water surface between natural (no bridge
crossing) and existing conditions. The darkest color shows the greatest water

Water Surface
Difference

ft, m

1.7, 0.52
1.5, 0.46
1.3, 0.40
1.1, 0.34
0.9, 0.27
0.7, 0.21
— 0.5, 0.15

3ackwater at a skewed crossing.

When computing road overtopping, the HEC-RAS model (USACE
energy grade line in the cross section upstream of the bridge as the

Bquation.  This assumption is reasonable for many conditions.
andard use of ineffective flow areas can trigger full floodplain flow for any amount
, USACE (2010a) recommends comparing the road overtopping discharge to
low and adjusting the Manning n to better maintain flow continuity. As
gure 4.2, for roads crossing wide floodplains or skewed crossings, two-
odels offer a better approach. Road overtopping is still computed using the
ir equation, but nodes on either side of the embankment are connected using a weir
segment. The water surface and velocity at the two connected nodes are used to determine
ead and submergence. The head at the upstream node is used rather than the total energy
ade line of the entire upstream cross section. Therefore, better estimates of the initiation of
vertopping and overtopping discharges are achieved.

Upstream Controls. For sub-critical flow conditions, calculations progress from downstream
to upstream. Locally, however, flow depth, velocity magnitude, and velocity direction can be
controlled by upstream structures and obstructions. In one-dimensional modeling the usual,
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approximate approach is to incorporate ineffective flow areas to account for upstream
obstructions. The overall flow area and conveyance are altered, but flow distribution is still
based on the distribution of conveyance at the cross section. Therefore, upstream effects
are not fully accounted for in one-dimensional models. Figure 4.3 shows velocity conditions
at the I-35W crossing of the Mississippi River in Minnesota. This figure illustrates tha
dimensional models can be used to accurately determine whether an upstreal
impacts a downstream structure, even in sub-critical flow conditions. The I-3

e approach
flow to the I-35W Bridge. During extreme events, the lock and dam could be operated with

flow primarily through the three gates (as shown), or additional flow ca

new bridge design. For this situation flow is definitely not distrib
channel based on conveyance distribution. Another concern wi
any adverse impact on the 10" Avenue Bridge immediately da
Bridge has a large pier in the center of the channel. The twosdi
evaluate whether changes to the 1-35W replacement bridge
approaching the 10" Avenue Bridge pier or change the flow a

I, especially during floods when water in the floodplain flows more directly down
oves in and out of the channel. One-dimensional models must consider
erent channel and floodplain flow distances between cross sections and compute a
discharge-weighted flow length. Two-dimensional models do not make any simplifying
ssumptions related to channel versus floodplain flow distance because the two-dimensional
twork directly incorporates flow paths. Flow conditions at confluences also vary depending
on the proportion of flow in the main stem and tributary. With a one-dimensional model,
determining the angle of attack for pier scour calculations is highly subjective in these
situations and can be difficult for many other conditions. Two-dimensional models provide
improved estimates of angle of attack because velocity direction is computed directly.

4.5



Multiple Channels. Anabranched and braided rivers have multiple channels and flow paths
that complicate hydraulic calculations. Figure 4.4 shows an extreme example of multiple
channels at Altamaha Sound in Georgia. The figure depicts channels in blue, flood-prone
areas in green, and roadway alignments in red. The area is subject to riverine and tidal
flooding. Not only are there nine crossings (five on 1-95 and four on SR 17), but there are
more than 20 individual channel segments, or reaches that would need to be in
HEC-RAS split-flow model. The hydraulic engineer would also have to decide th
adjacent floodplain to assign to each channel segment and may well need to for lateral
flow between floodplain segments. Two-dimensional models, while s significant
challenge, clearly have numerous advantages in this situation. Althg m
channel situations are well simulated with the split-flow options in ®
developing a two-dimensional model for these conditions may be
one-dimensional model.

than an eq

Figure4.4. Channel network, Altamaha Sound, Georgia.

s and Wind Simulation. Figure 4.4 is an example of the complex channel and
ions that occur more frequently in tidal waterways than in upland rivers. Tidal
include inlets, estuaries, bays, and passages. Many bays and estuaries are
auseways with multiple bridge openings and the potential for overtopping and
ve attack. The HEC-25 manuals (FHWA 2004, 2008) include information and guidance
on tidal and coastal conditions, including tides, storm surges, and wind, that impact
ansportation structures. Some coastal hydrodynamic conditions are dominated by wind-
iven currents. Many two-dimensional models include wind stress acting on the water
urface as a boundary condition. Therefore, two-dimensional models need to be used for
many coastal bridge hydraulic analyses.
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Flow Distribution at Bridges. The HEC-18 manual (FHWA 2012b) establishes scour
evaluation procedures recommended by FHWA. Flow and velocity distributions are required
within the bridge opening to calculate contraction, pier and abutment scour. One-
dimensional models estimate flow and velocity distribution based on the incremental
conveyance within a cross section (see Section 5.4). This assumption requires thatseach
point in the cross section also have the same water surface elevation and engrgy slope.
Figure 4.5 shows water surface and velocity vectors from a two-dimensionaldmodel. The
model represents a relatively simple situation, but does not meet the one-diménsional criteria
described above. In this figure, the thin lines indicate the channel banks andiembankment.
The water surface is relatively uniform along the upstream face of the bridge, varying by less
than 0.3 ft (0.1 m), but the velocity vectors in the overbank areas indhe bridge opening are
not perpendicular to the bridge face. Although these are indicator$ that the flew is not ones
dimensional, the most significant departure from one-dimensional assumptions'is the velagcity
in the overbank areas under the bridge. A one-dimensional model wotld estimate much
lower velocity in the overbanks based on conveyance and‘equal energy slope at the bridge
cross section. The average energy slope in the overbank areas under the bridgeds over five
times the energy slope of the channel area, resulting in velogities more_thandwice what is
computed from one-dimensional conveyance-weighted calculations.

Embankment

- w- WL w w4
- y— w— A— M A A W a— a4
-— - — W A — - A —

-— - W o W M W o

- | Water Surface Contour
- | Interval 0.2 ft (0.06 m)

Figure 4.5. Two-dimensional flow within a bridge opening.

Countermeasure Design. The HEC-23 manual (FHWA 2009a) provides guidance on
designing countermeasures for stream instability and scour. Many countermeasures,
including spurs, guide banks, and transverse dikes, significantly alter flow paths and flow
distributions. Two-dimensional models that are set up with a complete three-dimensional
representation of the channel and countermeasure provide an accurate simulation of the flow
field in the horizontal plane including locations of high velocity, flow separation and flow
circulation. Three-dimensional models, CFD modeling, and physical hydraulic modeling may
be required for analyzing extremely complex flow fields with large vertical velocity
components that can occur at countermeasures.
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Summary. No numerical model provides an exact representation of the complexities of an
actual flow condition. This is especially true where roadways cross nhatural water courses
with variable channel bathymetry, floodplain topography, land use, and vegetation. The
assumptions that are required for one-dimensional models are often violated to a greater
degree than is commonly thought, though in many cases experienced hydraulic engineers
can compensate for some of the limitations of one-dimensional models. Begause two-
dimensional models avoid many assumptions required by one-dimensional smodels, they
better represent the physics of the flow and provide more realistic hydraulic results,
especially at highway encroachments. Therefore, two-dimensional models should be used
for many bridge hydraulics and scour problems. Table 4.1 provides gdiglance on selecting
one- versus two-dimensional modeling for bridge hydraulic and scour analyses. » Two-
dimensional models provide more accurate results for hydraulically complex conditionst
Table 4.1 does not include three-dimensional numerical medeling, caomputational fluid
dynamics (CFD), or physical hydraulic modeling because these‘methodsfare used primarily
to simulate individual piers or other bridge elements and aré rarely used to analyze theentire
bridge reach.

Table 4.1. Bridge Hydraulie, Modeling Selection.

Bridge Hydraulic Condition Hydraulic Analysis Method
One=Rimensional | Two-Dimensional
Small streams ® D
In-channel flows ® D
Narrow to moderate-width floodplains o ]
Wide floodplains D ([
Minor floodplain constriction  J D
Highly variable floodplainreughness ] o
Highly sinuous channéls D e
Multiple embankment openings /O o
Unmatched multiple openings in series /O L
Low skew roadway alignment (<20°) ] ]
Moderately'skewed roadway alignmént (>20° and <30°) ] ]
Highly skewed readway alignment (>30° ) @) o
Detailed analysis.ef;bends, confluences and angle of attack @) o
Multiple chiannels D L
Small tidal,streams and rivers ® D
Large tidalwaterways and wind-influenced conditions @) o
Detailed flow distribution at bridges D o
Significant roadway overtopping D [
Upstream controls @) ([ J
Countermeasure design D [

® well suited or primary use

D possible application or secondary use

O unsuitable or rarely used

D/O possibly unsuitable depending on application
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4.2.2 Steady Versus Unsteady Flow Modeling

The majority of bridge hydraulic analyses for upland rivers are performed with steady-state
conditions where the peak flow conditions for various design events are used for hydraulic
design and scour computations. Chapter 7 provides guidance on modeling unsteady_flows.
There are several conditions when unsteady modeling should be performed. These include
nearly all tidal applications (FHWA 2004, 2008). An exception for tidal model§ is when a
peak discharge and the corresponding water surface elevation can be established by other
means. Unsteady flow analysis can also be beneficial when the available basemodeling for
floodplain regulation was developed as an unsteady model or when storage effects need to
be evaluated.

There is often the perception that increasing the size of a bridge' will increase, downstream
flooding by decreasing the amount of water stored upstream of the existing structure. This
topic was investigated by McEnroe (2006), who concluded that fewiculverts and even, fewer
bridges are affected by structure-induced detention storage, and, therefore, mast do not
increase downstream flooding when they are enlarged. Roads that avertop are unlikely to
have increased downstream flow when structure sizes are increased. “ToOyfully assess the
potential for increased downstream flooding, unsteady flow modeling is required. However,
the model extent must be increased upstream 'te, capture Yavailable storage and the
downstream extent should be increased tgy, account for, dynamic routing effects. The
downstream boundary condition must be applicable to the full range\of flows (rating curve or
normal depth).

Although the potential downstream impactsyto bridgesenlargement are generally minor or
negligible, the benefits of bridge enlargement, are often, considerable. McEnroe (2006)
indicates that benefits include seductions infbackwater, floeding, overtopping, and scour. He
also indicates that even if downstream flows increase, the flow hydrograph will more closely
resemble the natural conditions thatiexisted before the’roadway was constructed.

4.2.3 Three-Dimengional Modeling and,Computational Fluid Dynamics

Three dimensional modeling includgs, morewariables in a given flow condition than one- and
two dimensional modeling. While it requires more modeling effort and computational
resources, three-dimensional Computational Fluid Dynamics (CFD) simulation often reveals
more details ofi, the flow, at bridge elements. With the advancement of high performance
computing facilities and“computational algorithms, three dimensional CFD is becoming more
feasible to use’ in hydraulic engineering. Computational facilities such as that at
Transportation Research and Analysis Computing Center (TRACC) of Argonne National
Laboratoryd house “high-performance computational clusters with multi-core processing
capability. " In order to apply analytical formulation to complex stream conditions, three-
dimensional, modeling usually cuts the water body of interest into relatively small "cells,"
within which the flow condition is relatively simple so that the analytical formula is more
readily, applicable. Examples of numerical techniques for this purpose include Finite
Difference 'Method (FDM), Finite Element Method (FEM), and Boundary Element Method
(BEM). Depending upon the complexity and properties of the situation, general-purpose
commercial software or custom-developed codes can be used. Most commercial software
work with Computer-Aided Design (CAD) packages to streamline the modeling process of
complex systems. Figure 4.6 shows the results from three-dimensional CFD modeling. The
streamlines in Figure 4.6(a) illustrate the flow structure behind a rectangular pier with a 30
degree skew at the beginning of scour. Figure 4.6(b) shows the change in flow patterns at
ultimate scour.
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e-dimensional CFD. It takes into

Turbulence modeling is an important part
ipation in the simulation. The

account the fluctuation of velgcity and e

Two important turbulent modeli widely applied in bridge-related CFD
simulations are large eddy Si S) and Reynolds-averaged Navier-Stokes (RANS).
The RANS method equations of motion for fluid. Using Reynolds
decomposition, the and pressure fields are decomposed into mean
values and fluctu itional term compared to the original Navier-
Stokes equations as the Reynolds stress tensor, in the resulting
equations for the ynolds stress tensor is modeled in terms of the mean
governing equations.

cales is extremely demanding on computer power and
, ence over large scales is resolved by using filtered Navier-
yhich is a spatial averaging that eliminates the small scale turbulence.
e modeled based on the hypothesis that the smaller eddies are
LES allows the computation of instantaneous velocity distribution and
ic force, but requires a large amount of computational resources. Because of
'formatlon on temporal fluctuation in flow and because of continued
computer power, the use of LES has increased rapidly in recent years. In
ng, it is of great interest in scour development because the fluctuation of
force can significantly increase the erosion potential. In some past studies, it
hat the high fluctuation of bed shear may occur at a different location than high
ean bed shear (see Figure 4.7).

S can potentially provide additional temporal details to supplement RANS simulation and
tain more accurate dynamic measurements. There is not a one-size-fits-all optimal
solution for turbulence modeling, so support from experiments is often needed. Once
numerical modeling is calibrated by experiments, a large amount of additional conditions can
be analyzed and expensive and time-consuming physical modeling can be greatly reduced.
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(b)

and continues to be a valuable tool in fluid mechanics.

models prowde direct experimental data for complex flow fields, flow-
[ nd erosmn processes. Fluid mechanics textbooks (such as Munson et
discussion of dimensional analysis and similitude requirements for
cale models Geometric similarity is the first requirement, although some
an be evaluated with distorted vertical and horizontal scales. For free-surface
Froude number scaling (the ratio of inertial force to gravitational force)
inant hydraulic forces. When the Froude number is used for scaling, other
uch as the Reynolds number, do not scale. Therefore, physical scale models
omplete representation of the prototype conditions. Scale models range from
ree-dimensional fixed-bed models to fully three-dimensional moveable-bed models and
oveable-bed models of individual piers or other structural elements to evaluate local scour
AC 2004). For moveable-bed models, the sediment characteristics should also be scaled,
ough this is often difficult. Figure 4.8 shows a moveable-bed physical model of the 1-90
crossing of Schoharie Creek in New York conducted at Colorado State University (CSU).
The model was used to evaluate scour that caused the bridge to fail in 1987. ASCE (2008)
provides a useful discussion of sediment transport scaling for physical models.
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r, so complete flow expansion and contraction must
, the use of the minimum downstream extent does

However, i
further down

degree of certain
extending the mo
illustrated

m will decrease uncertainty at the structure. This is
ater surface profiles for a simple bridge model. The
charge with the only difference being the downstream
profiles represents a valid solution to the equations of
- undary is located far enough downstream so the profiles
4.0 feet (1.2 m) of initial difference is eliminated before reaching the bridge.

all uncertainty is removed. Inaccuracies or change in any of the input
It in uncertainty in the results.

he minimum downstream extent for two-dimensional models is similar to one-dimensional
odels with flow fully expanded upstream and downstream. It is also desirable to select a
cation where flow is reasonably one-dimensional, especially at the downstream boundary.
is is because the downstream boundary is usually specified as a constant water surface
elevation along the boundary. One useful approach is to place the upstream and
downstream boundaries at least one floodplain width up- and downstream of the crossing.
As with one-dimensional models, the further the boundary is located away from the crossing
the less influence the boundary condition will exert of the results.

4.12




When there are other structures or hydraulic controls either upstream or downstream that will
influence or can be impacted by the project, then the modeling should be extended to include
these structures. Figure 4.9 shows some backwater created by the crossing. Although the
extent of the model probably captures the maximum water surface increase, extending the
model upstream would be required to fully assess potential upstream impacts.

As indicated in Section 4.2.2, unsteady flow analysis also requires extending
account for storage-routing effects. Unsteady flow modeling of tidal water
significant effort. Tidal models must extend far enough downstream to reac
tide or storm surge boundary condition and to account for storage a
between the downstream boundary and the structure. Tidal models
upstream of the structure to account for storage because it is the
factor that determines tidal flow rates (FHWA 2004, 2008).
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Figure 4.9. Flow profiles with downstream boundary uncertainty.
G AND SELECTING MODEL BOUNDARY CONDITIONS

part of the hydraulic engineer's responsibility is to select representative
undary conditions for the hydraulic analysis. Peak discharge is one boundary condition
that is commonly used for river projects and flood hydrographs are most frequently used for
nsteady riverine modeling. For subcritical flow conditions, the downstream water surface
st be specified or computed. For supercritical flow the upstream condition is specified and
or mixed flow conditions the downstream and upstream condition is specified. The model
extent (Section 4.3) and boundary condition should be selected based on identifiable
hydraulic controls or on other reliable information. There are several types of hydraulic
controls that can establish the boundary condition at a bridge. These include slope breaks
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where critical depth occurs (from flat to steep in the downstream direction), diversion dams,
bridges, roads and other structures. The discussion below relates to a downstream
boundary but also applies to upstream boundary conditions for supercritical or mixed flow
models.

4.4.1 Water Surface

A known water surface is very commonly used in hydraulic modeling, where the hydraulic
engineer specifies the elevation as the starting downstream condition. One coammon source
for the known water surface is a Flood Insurance Study (FIS). The FIS profile ' may, include
many miles of river downstream of the bridge that is being analyzed.” Starting the model
relatively close to the bridge is more efficient and the water surfacef€an be extracted fromythe
appropriate location on the profile. Gage data or an observed_igh water mark can also_be
used to establish known water surface elevations as input boundaryyconditions.

4.4.2 Normal Depth and Energy Slope

Normal depth occurs when the bed profile, water surface, and energy grade line are all
parallel, and the flow depth and velocity do notéchange along the channel flow path. This
occurs relatively infrequently in natural riversgthough“it ¢an _be a reasonable approximation
for establishing boundary conditions in many situations.““The, Use of the channel invert
(thalweg) to compute bed slope should be avoidedyin natural channels because the channel
bed elevation can vary widely over short distances., A better approximation is to use the
floodplain slope as measured from a topographic map. The channel slope can, however, be
much less than the valley slope for highly/sinbous meandering channels. A conveyance
weighted slope can be used, hlbthis requifes an . assumed water surface to compute channel
and floodplain conveyance.

When energy slope oghormal’depth’is used, the model iteratively computes a water surface
that produces the desired slope. Flow conditions are unlikely to actually satisfy normal depth
criteria because [Of longitudinal tepographic and roughness variations. The model
downstream extent should be extended for this situation. The variability in channel and
floodplain conditions'is then incorparated into the model solution and uncertainty caused by
the boundanyseonditiomiis reduced.

Theré are situations whenthe'FEMA Flood Insurance Study (FIS) only includes the 100-year
fladd profile bat the bridge hydraulic study requires additional design flows. Similarly, the
FEMA study' may includepseveral flood discharges but these do not match those desired for
the hydraulic study. For this condition the energy slope can be computed from one
discharge \and applied to other discharges. This approach may also involve significant
uncertainty.and should be used in conjunction with extending the modeling downstream.

4.4.3 Rating Curve

A rating curve is a stage versus discharge table or curve relating stage and discharge.
Gaging stations have published rating curves that are regularly checked and updated by the
USGS. Gaging station data can also be used to establish rating curves. These data only
apply to the specific gage location. Multiple profile data from FEMA studies can also be used
to develop rating curves for a specific location and used as a model boundary condition. The
same uncertainties can apply to the use of energy slope, so extending the model
downstream is warranted.
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4.4.4 Critical Depth

Critical depth is a relatively well defined boundary condition when a control structure
produces a sudden drop in the channel. Critical depth in natural channels is unusual except
in steep, bedrock or boulder-bed channels. In HEC-RAS (USACE 2010c) critical depth_is
defined as the minimum total energy. In a natural channel, total energy includes theenergy
correction coefficient, a, so roughness and flow distribution impact the detérmination of
critical depth. Critical depth should be confirmed as reasonable beforef using it as a
boundary condition in natural channels.

4.5 RIVERINE HYDROLOGIC INFORMATION

Peak discharge is the most commonly required input for giver hydraulic ‘models. “For
unsteady flow models the flow hydrograph is usually required. “The, HDS 2" manual (FHWA
2002) provides discussion and guidance on the analysis of aspects of the hydrologic cycle
that are important to highway engineers. Of primary interest'are statistical methods, regional
regression equations and hydrologic modeling. Any one of these methadsymay provide the
most reliable estimate of peak discharge based on basin €onditions and availability of
information.

When flood frequency information is available frem a reliable and authoritative source then
that information can be used, although it sheuld be reviewed“for reasonableness and
applicability. Commonly used sources include FEMA Flood Insurance Studies, USACE,
state agencies, and local agencies. One finding of the NRC (2009) study is that flood
frequency analysis of gage records is the: most reliableymethod for defining peak flood
discharges. The reliability offgage analysis increases with the period of record. FEMA
(2009) indicates that gaging stationy,data are applicable to all studies if the record length is 10
years or longer. This does not necessarily mean that such a short period of record would
provide the most reliable“results, however. Where basin flow regulation is significant,
hydrologic modelingis often required.

The sources of peak discharge in general order of preference are:

Prior_studies by authoritative sources

Statistical frequency.analysis‘of gage records at the site
dransferring @ gage analysis to a nearby, ungaged location
Applicableregional regression equations

Hydrolegic models

The USGS)StreamStats web-based application computes stream flow statistics for gaged
and ungagedylocations throughout the U.S. (USGS 2008). For states that do not have
StreamStats fully implemented, USGS gaging station statistics are provided. States that
have “StreamStats implemented include gage analysis, gage transfer, and application of
fegional regression equations.

4.6 NUMERICAL MODEL EVALUATION

Numerical model verification, calibration and validation are all part of the evaluation process.
Schwartz (2005) indicates that model verification involves testing to assure that the model
solve the equations correctly. The verification process may include testing the model results
against known analytical solutions to the same set of conditions. Although it can be
assumed that widely used and accepted one- and two-dimensional models solve the
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appropriate equations correctly, errors in the programs do become evident from time to time.
Therefore, it is the hydraulic engineer's responsibility to check results for reasonableness.
Even though a program is correctly solving the equations, errors in data entry should also be
checked.

Even though a model has been verified and all the input data are correct, it caf produce
erroneous results. This can occur in one-dimensional models if cross section spacing is too
large and in two-dimensional models if the network is not sufficiently refinéd to solve the
equations accurately. This type of error can be identified by reviewing model results. As
discussed in Section 4.7, inaccurate or incorrect data of one type, partictlarly elevation, may
require the use of unrealistic values of other parameters, such as roughness, to compensate.

A solution to a specific set of conditions also requires appropriate boundary’ conditions and,
in the case of unsteady flow models, appropriate initial conditions.. For a sét'of boundary and
initial conditions, the model parameters (including roughness;. tufbulence, amd other
coefficients) must be adjusted to calibrate the model to match, observed,conditiohs within a
desired degree of accuracy. If the calibrated parameters are not within thexnormal expected
range, the model should be reviewed to determine if there are &rrors in the‘input data. In the
case of hydraulic models, errors in geometry aredoften,the source of unrealistic results or the
need for unrealistic input parameters.

If possible, the calibration process should not usejall available observed data. Part of the
data, especially observations from anather event, should be reserved for the validation
process. The validation step tests the modehand can improve the confidence in the model
results, but may also identify deficiencies in the model.

Schwartz (2005) also includes. sensitivity analysiSyand uncertainty analysis as part of
numerical model evaluation. Sensitivity analysis;” where each parameter is adjusted
independently, is used to'identify theyparameters that have the greatest impact on the
solution. Because siumerical hydraulictmedels are used to simulate complex systems, any
one parameter may dominate the_solutiony» Uncertainty analysis is similar to sensitivity
analysis, but is used to evaluate the\overall uncertainty in the model results based on the
uncertainties of the model input parameters. Monte-Carlo methods, which allow a set of
input parameters towvary randomly based on expected probability characteristics, are very
useful in determining modeling uncertainty.

44 DATA REQUIREMENTS AND SOURCES

There_isda wide variety of information that is pertinent to bridge hydraulics and scour
analyses. ylable 4.2 provides a summary of the various types of information, their use, and
sources. ‘Although all of the data listed in Table 4.2 can be important in a bridge hydraulic
study, geometric data are the greatest source of uncertainty and error. If the geometry is
incorrectpthen the flow, velocity, depth or water surface elevation must be incorrect. For
example,“if'the floodplain elevation is several feet low and the modeled water surface is
correct then the flow depth, and probably the velocity and floodplain discharge are incorrect.
To obtain the correct velocity and discharge with an incorrect depth, then some other
variable, probably flow resistance, must be adjusted incorrectly. That variable may well be
outside the normal expected range. For these conditions, a model that has been calibrated
for one flow is unlikely to produce accurate results for another event.
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Table 4.2. Data Used in Bridge Hydraulic Studies.

Type of Information

Use

Sources

Floodplain topography

Hydraulic model geometry

Land survey,
photogrammetry, LIDAR
USGS National Ele
Dataset (NED)

Channel geometry and

Hydraulic model geometry

Land survey,

bathymetry survey, LI
Current/recent aerial Land use and roughness,
photography channel boundaries

Historic aerial photography

Land use and roughness
change, channel migration

Existing structure
information

Hydraulic model geometry

FEMA Flood Insurance
Studies and other flood
hazard studies

Hydrology, flood history,
channel and floodplai

roughness inform
profiles, coas
range lines

Flood maps

and local floodplain
administrator

Existing hydraulic models

FEMA, local floodplain
administrator, USACE, other

Boring Logs

Geotechnical investigation

Core Samples

Geotechnical investigation

Site visit

ent gradation, scour
ysis

Site visit

Tidal hydrodynamic model
geometry

National Oceanic and
Atmospheric Administration
(NOAA) and National Ocean
Service (NOS) Office of
Coastal Survey

Channel stability
assessment

Bridge owner

Flood frequency analysis,
historic flooding, hydraulic
model calibration and
validation

USGS, USACE, state water
resources agencies

ide gage data

Astronomic tide, water
surface elevation frequency
analysis

NOAA
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The variable that has the greatest effect on accuracy is topographic data and the need for
increased accuracy of elevation data increases for lower relief areas (NRC 2009). Geometric
accuracy includes elevation, reach lengths, and bridge and roadway geometry. Improved
elevation accuracy improves the results of all models. There is often the misconception that
two-dimensional models require more accurate data and a larger domain. Two-dimensienal
models produce better results because they include more complete representati

models, not data accuracy.
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CHAPTER 5

ONE-DIMENSIONAL BRIDGE HYDRAULIC ANALYSIS

5.1 INTRODUCTION

The previous chapter describes many differences between one-dimensiona
three-dimensional hydraulic analysis. As stated, most bridge hydraulic studi
dimensional analysis methods. This chapter provides information and guidance
one-dimensional modeling techniques for bridge hydraulic analysis.

One-dimensional analysis encompasses a wide range of app
methods requiring just a single waterway cross section to
calculations involving many cross sections and multiple
methods are frequently used for rapid assessment of flood

FEMA floodplain mapping. They typically incorporate the w (see
Chapter 3). If uniform flow is assumed, then the flow depth a i er surface
elevation at a particular cross section can be_calculated usi ng equation
(Equation 3.46). The HDS 1 method describe ion i

approximate method. It includes an undeslyi [ at flow conditions are
essentially uniform downstream of the brldg i ckwater estimate using

empirical equations based on energy lo

The engineer must be cautious, howe approximate methods to bridge
hydraulics problems. Bridge- constrlcted fl tream reaches usually exhibit
significantly non-uniform flow . ecommended, therefore, that engineers
use methods employing wat i ulations for one-dimensional bridge
hydraulic analysis.

5.2 HDS 1 METH
As explained in C ssor to this document is HDS 1 (FHWA 1978). HDS 1

presented a com tional method of determining the backwater caused by a bridge
crossing asfloe [ S 1 presented the basic expression for backwater as:

(5.1)

Total backwater, ft (m)

Total backwater coefficient

Kinetic energy distribution coefficients at Cross Sections 1 and 2

Gross water area in constricted bridge waterway measured below
normal stage at Cross Section 2, ft* (m?)

Average velocity in constriction (total discharge divided by A,,), ft/s (m/s)
Total flow area at Cross Section 1, including addition caused by
backwater, ft? (m?)

Ay = Total flow area at Cross Section 4, downstream of influence of bridge, ft?
(m?)
g = Acceleration of gravity, ft/s® (m/s?)
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The HDS 1 backwater expression (Equation 5.1) applies the energy equation between the
location of maximum backwater upstream of the bridge and the point downstream of the
bridge where flow is fully expanded, and including an empirical bridge loss coefficient. The
expression is based on the assumption of steady, subcritical flow in the affected stream
reach (classmed in HDS 1 as Type | flow). Another S|gn|f|cant assumptlon inheren
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igure 5.1. Sketch illustrating positions of Cross Sections 1 through 4 in HDS 1 backwater
method (FHWA 1978).
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The engineer applying the HDS 1 method would first compute the flow depth in a
representative cross section under uniform flow conditions and without any constriction, for a
given design discharge rate. Prior to incorporating the constriction caused by the bridge
crossing, the representative cross-section properties would apply to each of the cross
sections (1 through 4) because of the uniform flow assumption. Once the unconstrictedsflow
depth is determined, the engineer computes A, and oy. The values of A,,, Vo @and o, are
then computed based on superimposing the constriction caused by the road gmbankments
and abutments onto the cross-sectional area and considering the area withindthe constriction
and under the normal water surface (see Part C of Figure 5.1).

The engineer would then determine the bridge opening ratio (M)¢ which represents the
degree of constriction of the waterway. The value of M is computed by dividing the tetal
cross section discharge (Q) into the discharge (Qp) passingfthrough the bridge without
redirection by the encroaching road embankments or abutments.

Mo Qe (5.2)
Q
where:
Qo = Discharge that can pass through the bridge,without redirection by the

encroaching road embankments er abutments,“¢fs,” Referring to Part D of
Figure 5.1, Q, is computed as the discharge contained in the portion of the
representative unconstrictéd cross‘section that lies within the projected
limits of the bridge opening, ft®s (m®/s)

Q = Total cross séetion discharge, ftlls (m®/s)

After computing the value of M, the engineer would develop the value of K*. The value of K*
is found through a series ofygraphical,charts that were derived empirically from physical
modeling. K* is prigharily a function of'Mpbut is also affected incrementally by other factors
including the skew/angle (if any), the,size"and type of bridge piers, and the eccentricity of the
bridge opening within the floodplain. Once the value of K* was obtained, the total backwater
height h;" could be\eemputed, whichin turn would allow the upstream water surface elevation
to be calculated.

Because the HDS 1 methed incorporated the concept of uniform flow, the backwater could
befestimated through relatively straightforward calculations, avoiding the complexity of the
step \backwater calculatiens associated with varied flow. The uniform-flow simplification,
however,4meant that the method would yield uncertain results when applied to situations
involving highly varied flow conditions.

Inyaddition to the basic backwater computation method, HDS 1 provided additional methods
forbridges. experiencing certain complex flow conditions, including:

Flow passing through critical depth inside the constriction (Type Il flow)
Submerged-deck (pressure) flow conditions

Flow overtopping the road

Bridges with spur dikes (now called guide banks)

The methods presented in HDS 1 for submerged-deck flow and overtopping flow are still in
common use at present, and are discussed in later sections of this chapter.
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5.3 WATER SURFACE PROFILE COMPUTATIONS

The HDS 1 approach to backwater computation provided a useful analysis tool without overly
cumbersome calculations. The assumption of approximately uniform flow, however, is an
important limitation to the HDS 1 approach and other approximate methods. Natural

Methods that are based on the assumption of uniform or approximately uni
accurately simulate the hydraulics of streams with significant variation.

A more accurate approach is required in order to ensure the protecti
meet the analysis demands of modern practice in bridge design.
of powerful computers on the desks of engineers, more rigor

techniques that allow the analysis of natural streams witho
These techniques are based on the concept of computin
variable function along the length of the stream. All of the m [ is section
are governed by the continuity and energy equations discusse

5.3.1 Standard-Step Methods

the stream. Several widely used
computer programs, including HEC-RA d HEC-2 use the standard-step
approach to compute water surface profi
locations to capture transitio ints in t

in the stream channel and floo '
the flow direction and have suffici
step method, descrik
waterway geometr
cross section layo

the strategic locati

, geometry, flow rate and roughness
ions must be oriented perpendicular to

a pre-set dista etween cross sections. Figure 5.2 shows the
for a floodplaingmo mputed by the standard-step approach. Note
of the cross sections to reflect the geometric changes.

.._;_;.,- - ;‘i j"""} i’ i'

Figure 5.2. Cross section layout for a standard-step floodplain model.
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Figure 5.3 graphically illustrates the computational framework for solving the energy equation
using the standard-step approach. The calculations progress along the length of the stream
segment, one cross section at a time. The hydraulic solution from the previously calculated
cross section (Cross Section 1 in Figure 5.3) and the user-specified information about the
cross section currently being calculated (Cross Section 2) are used to calculate the

1. Set a trial water surface elevation for Cross Section 2. In HEC-R
surface is determined by assuming the depth is the same as
Section 1.

2. Use the trial water surface elevation to compute the conveyal
kinetic energy distribution coefficient, and velocity head at Cros
3).

1 and 2] multiply the
estimate the friction loss.

3. Compute the average friction slope between Cross Sectio
average by the reach length between the twao sections

A
2
aV,

, 29

A

ot

‘(\aﬂ“e\B

V.

e 5.3. lllustration of water surface profile between two cross sections.

Datum

vy

the absolute difference in the velocity head values between Cross Sections 1
either a contraction loss coefficient or an expansion loss coefficient to estimate
the transition loss.

Find the total energy loss (on a trial basis) from Cross Section 1 to Cross Section 2 by
adding the friction loss and the transition loss.

6. Compute the energy grade line elevation (on a trial basis) at Cross Section 2 by adding
the total energy loss to the energy grade line at Cross Section 1.
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7. Subtract the velocity head from the energy grade line at Cross Section 2 to compute the
resulting water surface elevation.

8. Compare the water surface elevation computed in step 7 to the trial water surface
determined in step 1.

9. If the difference is within the specified tolerance, the calculation for CrossgSection 2 is
complete and the calculations progress to the next cross section. If4the difference
exceeds the tolerance, assign a new, adjusted trial water surface elevation and begin
again at step 2. lIterate until the difference between the computed and trial water surface
elevations is within the specified tolerance, then progress to the next eross section.

The procedure described above operates on two cross sections at'@atime. Thécalculationat
any cross section (e.g., Cross Section 2) requires the information from the Solution at“the
previous cross section (Cross Section 1). The analysis, therefore,)mustistart with agknown
water surface elevation at the first cross section in the reach. For suberitical analysis, the
downstream-most cross section is the first cross section.\ Eor supereritical analysis the
calculation starts with the upstream-most cross section. This'known watersusface elevation
at the first cross section is termed the "starting water surface" or the "boundary condition."

Most bridge-related studies involve subcritical flow“andatherefore, require the engineer to
specify a downstream boundary condition. ThiSispecified valugis typically taken from a prior
study (such as a FEMA Flood Insurance Study, profile plot)<ar is calculated using the
Manning equation, which requires an‘@ssumption_ of uniform flow conditions in the reach
downstream of the analysis. If the downstream end @f the model is located at a free overfall
(such as a grade control structure) or a slope change from flat upstream to steep
downstream, it may be appropriate to assign the water surface elevation at critical depth as
the boundary condition.

Step 3 in the descriptioagabeye involves approximating the friction loss using the average
friction slope. The friction slope at any.cress section is:

QY
S == 5.3
i (K} (5.3)
where;
S Friction slope in ft/ft (m/m)

A
(Tl

Jotaleross section conveyance, a function of flow area, wetted perimeter
and flowcresistance, ft*/s (m?s)

The friction loss between two cross sections is the integral of the friction loss function. An
analytical solution would be highly complex. A simplified numerical integration is achieved by
multiplying the“average slope by the distance between the cross sections. The average
friCtion“slope between two cross sections is typically computed by one of four methods
(USACE 2010c):
The Average Conveyance Equation
2
(3
1T, (5.4)
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The Average Friction Slope Equation

§f _ (Sfl "Z'szj

The Geometric Mean Friction Slope Equation

§f = Sfl x sz

The Harmonic Mean Friction Slope Equation

s _2S,xS,)

f Sfl +Sf2 (57)

The friction slope is inversely related to the square of conve

aches with
significant variation in cross section geometry, o

g variation in
in the friction slope from
step method uses the

friction loss, a large

one cross section to the next (see Figure
average friction slope between two cross
change in the friction slope can reduce
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igure 5.4. lllustration of the friction slope (the slope of the energy grade line) at each cross
section in a stream segment.
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Chapter 3 of this manual describes the various possible profile types on mild and steep
slopes (M1, M2, S1, S2, etc). Each of the four friction slope averaging methods above is
more suitable for some profile types than others. The HEC-RAS Hydraulic Reference Manual
(USACE 2010c) quotes research by Reed and Wolfkill (1976) indicating that the average
conveyance equation (Equation 5.4) gives the best overall results for a wide range ofprefile
types. The average friction slope equation (Equation 5.5) is the most suitable methodfor‘M1
profiles. For M2 profiles the harmonic mean equation (Equation 5.7) was shown to be the
most suitable. Any one of the friction slope averaging methods will pre@duce accurate
results if the reach lengths are sufficiently short (USACE 1986a).

As the reach length increases, however, so does the potential error infthe computed average
friction slope, regardless of the selected averaging method. Additionally, as the reachiength
increases, the error in the average friction slope is applied gver a longer distance, thus
having a greater effect on the total friction loss. The best remedy:fox the potential inaccuracy
stemming from the variation of friction slope is to keep the\ireach lengths short ffom one
Ccross section to the next.

As stated earlier, a water surface profile model using the standard step method should have
cross sections located at all locations necessary. towrepresent the\ major transitions in cross
section geometry. Usually, however, additional cross‘sectiens are required to keep the reach
lengths short enough to avoid significant errof ih, the average friction slope and total friction
loss calculations (USACE 1986a). The additional eross sections are often inserted using the
interpolation function of the program beihg used. An advisable practice in developing a
standard-step model is to shorten the reach lengths (€.g., add cross sections) in successive
trials until the resulting water surface profiledis insensitiveto further shortening of the reach
length. In other words, the number of crgss sections is sufficient when inserting more cross
sections does not significantly change the results.

5.3.2 Other Water Surface Profile Methods

Direct Step Method. The direct stepsmethadyis similar to the Standard Step Method in that it
uses average friction slope between two locations along the channel to compute the friction
loss term in the energy equation. It is also similar in the fact that calculation of the water
surface profile,progresses from a known condition at one cross section (1) to another cross
sectiond(2). 't is\not atrial.andgerror approach because the water surface at second cross
section'is determined in advance of the calculation, which is the flow depth at section 1 plus
seme increment’in flow depth. The primary limitation of the direct step method is that the
channel must be prismatic; meaning no change in the geometry, roughness, or discharge
betweenthe cross sections. Therefore, this approach is not applicable to natural channels.
The steps in the Direct Step method are:

1 €alculate'the specific energy (E =y + aV?/2g) and energy slope (Equation 5.3) for flow
depthyy,, at cross section 1

2. 'Based"on a change in flow depth (Ay) and resulting y,, calculate the specific energy and
energy slope at cross section 2.

3. Calculate the average energy slope (Sr) between the two cross sections.

4. From the energy equation, the distance between the two cross sections is:

AX = (58)
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This method is limited to prismatic channels because the channel properties must apply to
any location along the channel.

Integration Methods. The direct and exact integration of the energy equation for all types of
channels and flow conditions is not possible, though many attempts have been made,to
solve the equation for specific cases or through the use of simplifying assumptions“(Chow
1959, Henderson 1966, Chaudhry 2008 and others). The differential equation explicitly
containing the independent variables (Chaudhry 2008) is:

dy _ S,-S, (5.9)

dx 1- aWQ?
gA’

Each of the variables on the right side of the equation can vary. with distance aldng the
channel. If one assumes that discharge and Manning n are constant, along the channel
reach, that conveyance is proportional to yV?, and that AW is propettional’to y", then
Equation 5.9 can be written as:

N
d 1_(yOJ
0
y
According to Henderson, if thé_channel is rectangular, very wide, and the Manning equation

is used, then N = 3 and M = 10/3. s hé assumptions ‘and difficulties in integration make this
method limited to fairly shest,reachlengths.

(5.10)

Numerical Methods. The Standard and BRirect Step Methods represent commonly used
numerical integration of the energy®equation. Other numerical approaches include single
step methods, including Euler, Improved Euler, Modified Euler and Fourth-Order Runga-
Kutta, and Predictor-Corrector methods (Chaudhry 2008). The single step methods
representf suceessive improvements of computing average energy slope between cross
sections.” The Predictor-Conrector methods, including the Standard Step Method, involved
iteration to arrive at a water surface computed to within and acceptable tolerance. Any of
these methods isgstill limited by the fact that the mean (or integrated) energy slope must not
be ‘computed overtoa great of a distance. Therefore, the approach recommended in HEC-
RAS (USACE 2010c) to limit cross section spacing is both necessary and robust. It should
also be“noted that in practical applications, discharge and Manning n will also vary
longitudinally.yAlso the left floodplain, right floodplain, and channel distances between cross
sections will not' be equal. Therefore, many other assumptions are required for solution of
watersurfaee profiles using one-dimensional methods.

5.3.3 Mixed-Flow Regime

Natural streams and floodplains flow predominantly in the subcritical flow regime, and
therefore most bridge hydraulic analyses are concerned exclusively with subcritical flow.
Occasionally, however, supercritical flows are present within segments of the stream reach
being analyzed. A water surface profile model that includes both subcritical and supercritical
flow segments requires a mixed flow regime. The HEC-RAS Hydraulic Reference Manual

59



(USACE 2010c) describes the process used by the HEC-RAS program to analyze mixed-
flow water surface profiles. The process is paraphrased here.

The program starts by computing a subcritical water surface profile, starting at the
downstream most cross section and working in the upstream direction. After completing,the
subcritical profile, if the user has indicated that a mixed-flow profile is to be calculated,“the
program begins a supercritical profile calculation starting at the upstream endof the model.
Working its way downstream, the program computes a supercritical profile wherever such a
profile is possible. Some cross sections will be found to have valid solutions for both
subcritical and supercritical flow. At such locations, the program determines whichy,solution
controls by computing the specific force for each solution. Whicheverolution has the greater
specific force is the controlling solution. The specific force is computed using, the following
expression:

t

2
SFzﬂ-ﬁ-AY
A

9 (5.11)
where:
SF = Specific force, ft2 (m®)
B = Momentum distribution coefficient
An = Effective flow area in tHe cross seetion, ft* (m?)
A = Total inundated cross sectional areapincluding areas of ineffective flow, ft
(m?)
Y = Depth from water surface 10 the,centroid of the total inundated area, ft (m)

The program completes the mixed=egime profile aftér identifying the controlling solution at
each cross section. Thegupstream end of a hydraulic jump (abrupt transition from
supercritical flow upstream te'subcritical flow downstream) can be located through the mixed-
regime profile calculations.

Figure 5.5 is an example of a mixed-flow water-surface profile computed by HEC-RAS. In
this profile, a mild slope flows into a downstream steep slope, passing through critical depth
at the slope break. Flowis subcritical at both boundaries, but there is an internal segment of
supeteritical flow (S, curve)pstream of the hydraulic jump up to the slope break. There is a
subgritical profile’ (S; curve) at the downstream end of the steep slope controlled by a high
water surfacefelevation at the downstream boundary. Had the downstream boundary been
set‘asmormal depthfor the steep slope, the entire steep slope would have been an S, curve.
Theretis'an M, profile downstream of the bridge crossing and an M; profile upstream of the
bridge crassing. Each of these mild-slope profiles converge on normal depth. The various
types of flow profiles are described in Section 3.4.4.

5.4 CROSS;SECTION SUBDIVISION AND INEFFECTIVE FLOW

5.4.1 Cross Section Subdivision

Equation 5.3 shows that the friction slope is inversely related to the square of the
conveyance, K. In a natural floodplain, the flow depth, roughness and velocity usually vary
throughout the width of the cross section. Accurate conveyance calculations usually require

that the cross section be subdivided into regions of similar flow properties as illustrated in
Figure 5.6.
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As an illustration of the inaccuracy that hout cross section subdivision

consider the cross section | e indicated subdivisions) for a
condition in which the water s p of the left bank of the main channel.
The conveyance would reflect o ulic radius of the main channel. Next
consider a water surf above the top of the left bank. At this elevation the
water surface wou e left overbank. If the cross section were not
subdivided, the wi i ease by hundreds of feet, but the area would
increase very little of flow on the overbank. The much-increased
wetted perimeter le-increased area would lead to a decrease in the
hydraulic radlus a decrease in the conveyance compared to the water
surface | This condition causes a discontinuity in the calculated
rface elevation (see Figure 5.7).

all increase in water surface elevation would lead to a small increase in
onveyance calculation without subdivision, the conveyance would

Id be more or less uniform, even if the average velocities in two adjacent
are significantly different. The total conveyance of a cross section is the
f the conveyance for each subdivision of the cross section.

=Sk

L (5.12)
where

Ki = Conveyance of a subdivision, ft*/s (m®/s)

N = Number of subdivisions in the cross section
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ure 5.7. Discontinuity of computed conveyance for a non-subdivided cross section.
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The conveyance of a subdivision is

Ki = ﬁAiRi%
n, (5.13)
where:
n; = Manning roughness coefficient for the subdivision
A. = Effective flow area of the subdivision, ft* (m?)
Ri = Hydraulic radius of the subdivision, ft (equal to A divided by“the, wetted

perimeter), ft (m)

In the example shown in Figure 5.6, the cross section has fourfsubdivisions, two in the left
overbank and one each in the main channel and the right overbank. It i§ recommended to
subdivide overbank areas at changes in roughness. In the main channel, however, itfis'more
common to treat variable roughness (e.g., willows on the upper channel banks with an
unvegetated channel bottom) by calculating a single composite Manniaghroughness value
that applies to the entire channel width.

The subdivision of conveyance, in addition togrefiningthésaccuracy,of the total cross section
conveyance, also provides a rational means_of, distributing the total discharge within the
cross section. Most one-dimensional analysis. programs, including HEC-RAS, distribute
discharge within a cross section such*that it is proportional to the conveyance. If the left
overbank has one sixth of the total conveyance, for instance, the program will assign it one
sixth of the total discharge. Distributing the diseharge s important in the calculation of the
velocity distribution coefficientfthe representative reach length between cross sections, and
the average velocity in each subdivisiond An approXimate determination of the lateral velocity
distribution is possible by further dividing the main channel and overbank regions into smaller
subdivisions and distriblting the discharge to each subdivision in proportion to conveyance.

5.4.2 Ineffective Flow

In a one-dimensionalkmodel, the program assumes that any area in a cross section below the
water surfaee, elevation is available for conveyance, and makes use of that conveyance
unlesshe user specifiesyetherwiSe. In certain cases the engineer may want a portion of a
cross section ta be excludedfrom the conveyance, for one of several reasons including:

o _That portion‘of the €ress section is in the stagnant or eddying wake area downstream of a
largeobstruction, such as a building

o It is immediately upstream of an obstruction such that any water moving in the area is in
a lateralidirection rather than in the downstream direction

e ~ltis am,area where water can pond but cannot effectively convey flow from upstream to
downstream, such as an area behind a levee that is connected to the flowing water
downstream but not upstream

e It is outside of the effective contraction zone upstream of a constriction or the effective
expansion zone downstream of a constriction, such as a road crossing (discussed in
more detail in the next section)
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Engineers have used various approaches to exclude portions of cross sections from the
conveyance, including raising the ground elevation value or artificially increasing the
roughness coefficient. In the HEC-RAS program, the user can specify areas within a cross
section where the flow is ineffective (the Ineffective Flow setting) up to a user-designated
water surface elevation. If the water surface in the cross section reaches the designated

discussed in later sections. Figure 5.8 is an example of the use of
specifications at a bridge crossing.

Designated elevation to nullify
ineffective flow specification

4995

49907

| Ineffective
4985
' flow area
4980
100-year
water surface

4975

1200

naturalland manmade constrictions can affect streams and floodplains. Manmade
iens are often the result of highway crossings. By economic necessity, a typical
sing consists of a cross-drainage structure (a bridge or culvert) together with
rth-fill embankments encroaching into the floodplain from one or both sides. The
encroachment forms a hydraulic constriction. Most bridge crossings are configured such that
e abutments are at the channel banks or set back from the top of the banks, thereby
oiding significant constriction of the main channel flows. At such crossings the effects of
he constriction are not appreciable until the flood discharges are high enough to exceed the
main channel banks and inundate the overbank areas. Culvert crossings, by contrast, often
involve encroachment by fill in the main channel as well as the overbanks.
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When flow is constricted by a bridge or culvert crossing, the energy losses in the region
upstream and downstream of the crossing are greater than they would be without the
constriction. The flow upstream of the bridge is forced to contract from the full floodplain
width to the structure opening width. On the downstream side the flow re-expands to occupy
the full floodplain width. Both the contraction and expansion processes require_some
longitudinal distance from the crossing for fully established flow. This manual refers'to the
zones of establishment as the contraction and expansion reaches, or collectively as the
transition reaches. Increased friction losses (due to decreased conveyance){and transition
losses characterize both the contraction reach and the expansion reach.

5.5.2 Cross Section Placement

In one-dimensional hydraulic modeling, the engineer's placementfof cross segttions and the
modification of the conveyance properties of certain cross sections drive the analysis of‘the
transition reaches. Figure 5.9 illustrates the typical one-dimgnsionahmogdeling framework for
analyzing a bridge crossing. The key concept for modeling transitions is the narrowing of the
effective flow width in the contraction reach and the widening\of.the effective flowanidth in the
expansion reach. The outer streamlines in the transition reaches would, naturally follow
curvilinear flow paths. In one-dimensional modeling, however, the engineer typically
simplifies the problem by assuming linear transition tapers as shawn on Figure 5.9.

The hydraulic model's computation of the exeess loss is directly, related to the length of the
contraction reach (the distance from the approach'section to the“upstream bounding section)
and the length of the expansion reach (the, distancefrom the downstream bounding section
to the exit section). The longer the transitionyreach, the,more excess loss is expected. The
contraction and expansion reach lengths arendirectly“determined by the locations of the
approach and exit sections, which are assigned by the ‘engineer. This situation illuminates
one of the limitations of one-dimensional analysis in modeling constrictions. In two-
dimensional modeling, the maodelst governing “equations determine the length and
configuration of the tramsitien flow regions. In one-dimensional modeling, the engineer
imposes the length and“configuration @f the transitions on the model through the placement
of the cross sections and the modification 0f,the conveyance properties.

The placement of ithe approach and exit sections depends on the engineer's assessment of
the appropriate rates of taper for the contracting and expanding flow. The taper rates CR and
ER on Eigure,5.9 (contraction rate and expansion rate, respectively) vary depending on
many gite-specific factorsaChaptérs of the HEC-RAS Hydraulic Reference Manual provides
guidance on the assignmentof CR and ER (USACE 2010c).

Expansion Reach. Tables5;1 below is taken from the Hydraulic Reference Manual. The table
summarizes the results of research carried out by the USACE Hydrologic Engineering Center
and doeumented in Research Document 42 (USACE 1995). It gives the ranges of expected
values of ERyfor different combinations of degree of constriction, longitudinal slope, and ratio
ofyroughness between the overbanks and main channel. A cell in the table is selected based
on therdegree“of constriction, slope and roughness ratio that are closest to those of the site
being analyzed. The selected cell gives the range of appropriate ER value.

The engineer decides on a value within the range in the cell and uses that value to estimate
the length of the expansion reach. The expansion reach length is the distance required for
the effective flow to expand to the edges of the floodplain at the ER taper rate. For example if
an ER value of 2 is chosen, and the floodplain encroachment distance is 100 feet (30 m) on
one side of the floodplain, the flow will take 200 feet (60 m) to fully expand on that side. For
asymmetric encroachments, where the constriction is more pronounced on one side of the
floodplain than the other, the expansion reach length can be based on the average
encroachment distance.
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b/B ratio Nop/Ne = 2 Nop/Ne = 4
0.10 1.4-3.6 1.3-3.0 1.2-21
1.0-25 0.8-2.0 0.8-2.0
1.0-22 0.8-2.0 0.8-2.0
1.6-3.0 14-25 1.2-20
15-25 1.3-2.0 1.3-2.0
15-2.0 1.3-2.0 1.3-2.0
14-26 1.3-19 12-14
13-21 12-16 1.0-14
1.3-2.0 1.2-15 1.0-14
= bridge length, B = expanded flow width, S = slope, n. = channel Manning n,

nce the expansion reach length has been estimated, the engineer locates the exit cross
section and plots it on a topographic map or aerial photograph. Often the expansion reach is
o long that the engineer will want to insert intermediate cross sections between the bridge
d the exit section. Inserting intermediate cross sections is encouraged as long as
ineffective flow specifications are used to represent the expansion taper, as discussed later
in this section.
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Contraction Reach. Table 5.2 below is taken from Appendix B of the Hydraulic Reference
Manual. It summarizes the research published in Research Document 42 (USACE 1995)
with regard to the contraction rate (CR). It is similar to Table 5.1 but involves fewer factors. A
cell in the table is selected on the basis of longitudinal slope and roughness ratio. The values
in the cell are the appropriate range of CR values. The engineer selects a value within the
range and determines the length of the contraction reach. Every cell in the table includes a
CR value of 1. For this reason, and because in the research study the overall data set had
mean and median CR values both near 1, common practice is to routinely use a value of 1
for CR. This practice is usually acceptable, but for cases in which the bridge design is highly
sensitive to the amount of backwater (e.g., to comply with FEMA floodway, regulations) it may
be advisable to use the table to select CR.

Table 5.2. Ranges of Contraction Rates, CR (after USACE 2010¢):

Slope Nop/Ne = 1 Nop/Ne = 2 Noglne = 4
0.0002 1.4-36 1.343.0 1.2-2.1
0.001 1.0-25 0.8 -2.0 0.8-2.0
0.002 1.0-2.2 0.8-2.0 0.8 2.0

Variable: S = slope, n; = channel Manning n, no, = overbank Manningn

Tidal Bridges. When bridges over tidal streams are“analyzed with ene-dimensional unsteady
flow models, cross section locations must accommodatémflow in both directions. The
approach section during ebb tide conditions, I which flow is“teward the ocean, will be the
exit section during flood tide conditions, in which the flow is away from the ocean. In this
case the CR and ER values should be the same, and should be a compromise between the
ER and CR values that would have been selected if the bridge were not tidal. In many cases
it is appropriate to use a value of 1.5 for both CR and ER:

5.5.3 Ineffective Flow Specificationsfat Bridges

Section 5.4.2 describes the'lneffective Flow feature in HEC-RAS. This feature is very useful
in modeling bridgef erossings. Referring, to Figure 5.8, the upstream and downstream
bounding sections/are located beyond the'side slopes of the embankment fills, and therefore
the cross section geometry reflectsithe floodplain, not the roadway. Ineffective flow areas on
the upstream andtdewnstream bounding sections represent the presence of the highway
embankments. Figure 5.8 is an example of an upstream bounding section at a bridge. The
lateral position of thetineffectivefflow setting is set back from the abutment station by a
distance equal to the CRUor ER value multiplied by the distance of the cross section
upstream or dewnstream from the bridge. The engineer assigns the elevation setting on the
ineffective flow séettinggbased on the water surface elevation at which a significant amount of
dischargeavould flow over the top of the road embankment.

If intermediate cross sections are inserted in the transition reach between the bridge and the
approach section or between the bridge and the exit section, then those sections must
include,ineffective flow specifications to reflect the taper of the contracting or expanding flow.
ItdS strangly,recommended that the engineer plot the cross section lines and the taper lines
On a topographic map and/or aerial photograph in order to enter the ineffective flow
sSpecifications correctly.

5.6 BRIDGE HYDRAULIC CONDITIONS
This section provides a qualitative description of the various types of flow conditions that can

exist at a bridge. Later sections explain the technical approaches to modeling the different
conditions.
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5.6.1 Free-Surface Bridge Flow

Free-surface bridge flow refers to the range of flow conditions at a specific bridge in which
the bridge low chord is not submerged. The HEC-RAS Hydraulic Reference Manual
classifies free surface bridge flow conditions as Class A, Class B or Class C, depending on
flow regime in the stream reach being crossed and in the bridge waterway itself. Class'A, B;
and C flow can be considered roughly equivalent to Type |, Il, and Ill flow, respectively, as
described in HDS 1 (FHWA 1978).

Class A is the most commonly encountered free-surface bridge flow condition. A this class of
flow the conditions are subcritical upstream of the bridge, downstream of the bridge, and
throughout the bridge waterway. Class A flow generally satisfies the' constraints of gradually,
varied flow throughout the reach of interest. HEC-RAS provides faur available@approachesto
modeling Class A free-surface bridge flow at a bridge, described in.detail inthe next section.

In the Class B scenario, the flow passes through critical depth within‘the bridge waterway,
which requires that supercritical flow exist at least for a short, distaneeydownsgream of the
critical depth control section. The potential for Class B flow to @€cur inside abridge waterway
stems from two causes. First, the elevation of critical depth is aften higherin the constriction
than upstream or downstream. Second, the water sukface within the constriction is dropping
rapidly. Most commonly the flow conditions upstream anthdownstream of a bridge in Class B
flow are subcritical, and a hydraulic jump will‘often exist eithemwithin the bridge waterway or
a short distance downstream of the bridge. Class B,flow can sometimes occur in conjunction
with a supercritical stream profile. In this ease the bridge waterway is a control section with
subcritical flow upstream and a hydraulie jump oceurring some distance upstream of the
bridge.

In Class C flow, the regime is supercritical upstream and downstream of the bridge and
through the bridge waterway. Class, @ flow is an extremely rare condition because natural
channels on steep grades;, suchi as mountain streams, rarely support uninterrupted
supercritical flow over'long reaches (Jarrett 1984). Class C flow, therefore, would typically be
expected only in emgineered flood control ehannels on a steep slope. Figure 5.10 illustrates
Class A, B, and C flow conditions.

5.6.2 Overtopping-Flow

Overtopping flow is the conditien in which flow is crossing over the roadway approaches or
the bridge deckitself. Overtopping flow conditions are appropriately represented by a broad-
crested weir,4since the road embankment is elevated above the floodplain grade, the
dimension of the crestwin,the direction of flow (e.g. across the road) is broad, and the
overtQpping depth is comparatively shallow. Chapter 3 of this manual discusses broad-
crestedweirs. In a wide floodplain with a low road profile, the quantity of flow going over the
road instead, of through the bridge can be considerable. With just one foot (0.3 m) of
overtopping ‘depth, for instance, the weir flow could easily exceed 25 ft*/s (0.7 m¥s) for every
10 feetn(3.m) of weir length.

Overtopping flow at bridge crossings is usually combined with either free-surface bridge flow
or submerged-deck flow in the bridge waterway. When overtopping flow occurs, the engineer
must determine how much flow is going through the bridge and how much over the bridge
deck or roadway. This determination is accomplished by the principle that all flow paths from
the upstream bounding section to the downstream bounding section should result in the
same energy loss. Only one flow distribution between overtopping and bridge flow will result
in equal energy loss.
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or no embankment fill) or because the downstream water surface elevation is so
he weir crest elevation that the weir control is drowned out.

sually representative of orifice flow. When the low chord is submerged only at the upstream
edge of the superstructure, the orifice is considered free-flowing, and thus not affected by
ilwater. This condition is analyzed using the same approach as for an orifice (FHWA 1978)
d in this manual is referred to as "orifice bridge flow." Just as the headwater upstream of
an inlet-control culvert is not affected by conditions downstream of the culvert entrance, the
backwater upstream of a bridge operating under orifice bridge flow is not affected by
conditions downstream of the upstream edge of the superstructure.
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Another type of orifice flow exists when the highest point of the low chord is submerged at
both the upstream and downstream edges of the superstructure. This type of flow is
analyzed using a formulation for a tailwater-controlled orifice (FHWA 1978). Just as the
headwater upstream of an outlet-control culvert is sensitive to conditions within and
downstream of the culvert barrel, the backwater upstream of a bridge operating undegfull-
flowing or tailwater submerged orifice conditions is affected by conditions ithin~and
downstream of the bridge waterway. For purposes of this manual, this condition is termed
"submerged-orifice bridge flow."

5.7 BRIDGE MODELING APPROACHES

This section explains the approaches and equations that are usédto analyze the various
types of flow conditions that can exist at a bridge. The HE€-RAS Hydraulic Reference
Manual explains the approaches described in this section in, greater detail (USACE 2010c).
The information presented in this section is predominantlyitaken fromfthat sourcedbut with
much of the detail omitted. Except in the case of the WSPRO method, the discusSion below
applies specifically to the region between the upstream bounding crossysection and the
downstream bounding cross section. Upstream and downstream of this region, the energy
equation governs.

5.7.1 Modeling Approaches for Free-Surface Bridge Flow.Cenditions

The most commonly encountered free-surface bridgeyflow scenarios at bridges are Class A
conditions. The HEC-RAS program makes four modeling approaches available to users for
Class A flow: The Energy Method, the Momentum Balance Method, the Yarnell Equation
and the WSPRO Method. Theg four modeling appreaches‘are described below. Figure 5.11
shows the cross section identifiersfor reference tothe,bridge flow equations.

Energy Method. Chapter 3 describesthe energy equation in detail. Section 5.3 describes its
general applicationfto” water surface prafile calculations. When the energy equation is
applied to bridge hydraulics, the area occupied by the road embankments, abutments, bridge
deck and piers is subtracted from the effective flow area. The wetted perimeter is increased
to account for the sides of piers (often a minor effect) and the low chord of the bridge if it is in
contact withpthe flow. ,The low chord and pier sides can have a significant effect on the
wettedgperimeter. Since the area Is decreased and the wetted perimeter is increased, the
conyéyance isoften reduced-“significantly. The reduced conveyance, in turn, increases the
friction slope which increases the friction loss.

Momentum Balance Method. As discussed in Chapter 3, a momentum-based formulation
can be"used to analyze open-channel hydraulics. The Momentum Balance Method is based
on the prineiple that the sum of forces acting in a given direction on a control volume is equal
to'the mass of the water in the control volume multiplied by its acceleration. Hydraulics in the
bridge waterway can be solved using this force-balance approach in three steps. The first
step dealsiwith the control volume between the downstream bounding section (designated
with subscript 2) and the downstream face of the bridge opening (subscript BD):

ABDYBD + ﬁ = A2Y2 + BZQZ -A YPBD + Ff(2—BD) - Wx(Z—BD)

PBD

gABD gAz (5_14)
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A, Q2
PBU X3
+ Ff(BU—3) - Wx(BU—3)

2 —
—BBUQBU = A YPBU +1C
A 2 % gA
9A, (5.16)

PBU

the equations above:

A
A

Active flow area at the cross section denoted by the subscript, ft* (m?)
Flow area obstructed by pier at the upstream and downstream faces of
the bridge opening, ft? (m?) (see Figure 5.12)

A

PBU’" "PBD
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YPBU 5 YPBD

Qi
Bi

Wy

Co

Vertical distance from the water surface to the centroid of the flow area
at the cross section denoted by the subscript, ft (m)

Vertical distance from water surface to the centroid of the pier area at
the upstream and downstream faces of the bridge opening, ft (m) (see
Figure 5.12)

Discharge at the cross section denoted by the subscript, ft*/
Velocity weighting coefficient for momentum at the
denoted by the subscript
External friction force acting on the control volume pert
water, ft2 (m®)
Component of the weight of water acting in t ection of
unit weight of water, ft* (m®)

Drag coefficient for flow around the pier

accounting for streamlined pier shapes. The Momentum Balance Method is also the

preferred approach to computing the bridge hydraulics in Class B flow, because it is not

indered by rapidly varied flow conditions.
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Yarnell Equation. While the Energy Method and the Momentum Balance Method are

theoretically derived, the Yarnell Equation is strictly empirical. It is based on the results of

roughly 2600 flume experiments that were designed to test the relationship between the

change in water surface elevation caused by a pier and the size, shape, and configuration of

the pier in combination with varied flow rates. The resulting equation is:
2

H,, = 2K(K + 10w — 0.6)(a. + 150.*) \ézg

where:
H;, = Drop in water surface elevation from the up
(Cross Section 3) to the downstream boundi
ft (m) (see Figure 5.13)
K = Yarnell's pier shape coefficient (see belo
® = Ratio of the velocity head to the depth
section
Vs, = Velocity at the downstream bo
When using the Yarnell Equation, the engi e coefficient. Table 5.3
provides appropriate values of the coeffic view pier shapes. A

empirical, its application
to the flume studies that were used
iS means that the equation is only
nder approximately uniform flow

should be limited to bridge sites that are
in the development of the equation. In pra
appropriate for channels of ge
conditions, where piers are th

WSPRO Method. Begi
surface-profile co
hydraulic analysis
hydraulics approa
The WSPRO Met
similar to the

Os the FHWA developed and supported a water-
WSPRO, that became the standard bridge
departments of transportation. The bridge
included as an available method in HEC-RAS.
tandard-step solution of the energy equation, and is
spects. Unlike the other three free-surface bridge flow

ftware for many
from that pro i
is based on

(5.18)

Water surface elevation at the exit section (Cross Section 1) and at the
approach section (Cross Section 4), ft (m) (see Figure 5.14)

= Velocity at the exit section and at the approach section, ft/s (m/s)

= Sum of the energy losses between the exit section and the approach
section, ft (m) (see Figure 5.14)
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Figure 5.13. finitions of variables in the Yarnell Equation.
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3r0ss section (Cross Sections 1 and 2).

e five increments of friction loss cover the segments between Cross Sections 1 and 2;
between the downstream bounding section and the downstream face of the bridge opening
ross Sections 2 and BD); the segment under the bridge deck (Cross Sections BD and BU);
etween the upstream face of the bridge opening and the upstream bounding section (Cross
Sections BU and 3); and between the upstream bounding section and the approach section
(Cross Sections 3 and 4). For each of the first four segments, the friction loss is calculated
using the following general equation:
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fseg =
KK, (5.19)

Friction loss in the segment, ft (m)

fseg

Lseg = Segment reach length computed as the discharge-weig
reach length, ft (m)

Q = Discharge, ft¥/s (m®s)

Key K = Conveyance at the downstream and upstreal

(m/s)

L. Q°
h — av
o K3K4
where:
h, , = s 3 and 4, ft (m) (see Figure
Ks, Ky = 3 and 4, ft’/s (m%/s)
Lav = e approach reach, ft (m)

Water
Surface

Figure 5.14. Profile view with definition of terms in the WSPRO Method.
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HEC-RAS computes the effective average flow length in Equation 5.20 as the average length
of 20 equal-conveyance stream tubes that flow from Cross Section 4 to Cross Section 3 on
theoretical curvilinear paths. The details of the assumed stream tube flow paths are
explained in Appendix D of the HEC-RAS Hydraulic Reference Manual and in the WSPRO
User's Manual (FHWA 1986).

By default, the WSPRO Method does not include the standard contraction amd expansion
losses from the energy equation (e.g. the contraction or expansion coefficight multiplied by
the absolute difference in velocity head between two cross sections) in the“energy losses
from the exit section to the approach section. Expansion losses betwegén Cross: Sections 1
and 2 are accounted for using the following equation:

e P O T N
)

(5.21)
where:
he = Expansion loss in expansion reachpft (m)
A;, A, = Flow areas at exit sectiofi and downstréam, bounding section, ft? (m?)
o = Kinetic energy distribution coefficient at exit:section
B = Momentum distribution coefficient at the exit section
oy, B = Factors related to diseharge coefficient, C, which is a function of bridge

geometry

Appendix D of the HEC-RAS Hydraulic Reference Manual (USACE 2010c) explains in detail
the empirical discharge coefficientiCimentioned in the'definition of the variables o, and f,.

5.7.2 Selection of Free-Surface Bridge Elow Modeling Approach

The Energy, Momentum Balance and WSPRO Methods are all suitable to a wide range of
conditions. Among, these three, the[Momentum Balance Method is unique in accounting for
the pier drag _as a function of pier shape. Therefore the Momentum Balance Method is
recommended in cases where pi€rs are the predominant energy loss factor and especially
whenfthe pier geometry is'somewhat streamlined.

The Energy andWSPRQO, Methods are both effective in conditions where friction loss and the
effectsof €onstriction are predominant. In most cases the results of the two methods, when
appliedicotrectly under the same conditions, are very similar in terms of the energy grade
line and water surface elevation upstream of the bridge. Only the WSPRO Method, however,
accounts for different types of abutments geometries (for instance spill-through abutments
vs. vertieal abutments with wing walls). The Momentum Method also typically performs well
intsituatiens”where the constriction is the predominant loss factor, and has the advantage
that it can better accommodate rapidly-varied flow, which is important in Class B and Class C
free-surface bridge flow.

Because of its empirical derivation, the Yarnell Equation is suitable only for Class A cases in
which the geometry of the waterway is generally uniform and regular, and without a great
degree of constriction. It can be expected to perform well in analyzing bridges over man-
made channels such as irrigation canals or engineered flood control channels.
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Ideally engineers modeling Class B and Class C flow conditions should employ the
Momentum Method for the reasons mentioned earlier. The Energy Method is also an
acceptable approach, although less ideal.

5.7.3 Modeling Approaches for Overtopping and Orifice Bridge Flow

The HEC-RAS program makes two different approaches available to the userdfor modeling
overtopping and orifice bridge flow conditions: Energy Method and PresSure and Weir
Method. Note that in HEC-RAS terminology, orifice and submerged-orifice ‘oridge flow
conditions are termed "pressure flow."

Energy Method. Just as described above for free-surface bridge flow modeling, the ‘Energy
Method simply continues the standard-step solution of the efiergy equation throughtthe
bridge structure and vicinity. It accounts for the blockage caused by the r0ad embankments,
abutments, bridge deck and piers simply by reducing the conveyance.adf the water surface is
high enough to overtop the road, the program will treat the flow areasabove the road as
conveyance area, but not as a weir. When the Energy Method is used, thie quantity of
overtopping flow will not be computed or reported. If the low chexd is submerged, the added
wetted perimeter will have a negative effect on conveyance, but'the program will not attempt
to compute orifice conditions.

Pressure and Weir Method. If the userghas specified the Pressure and Weir Method, then
the broad-crested weir equation is be usedyto compute the quantity of any overtopping flow.
One of two orifice equations is used when orifice_or submerged-orifice bridge flow is
detected.

Overtopping (Weir) Flow. The“teehnigde for computing weir hydraulics in the case of flow
over the road or bridge deck isqvery similar to the approach that was described and
recommended in HDS¢ (FHWA 1978).3Figure 5.15 depicts the condition of flow overtopping
a roadway embankment. The broad-crested weir equation is:

Q, = CLH>"? (5.22)
where:

Qw =/ Discharge over the weir, ft*/s (m®/s)

C = \Weirflow coefficient, see below

L =""Length of'weir overtopping, ft (m)

H = Head driving weir flow, which is the upstream energy grade line minus

weir crest elevation, ft (m)

Thewdischarge coefficient for a broad-crested weir generally ranges between 2.6 and 3.1. A
bridge deckyis not an ideal broad-crested weir and it is generally recommended that the lower
value of 2.6 be used for the discharge coefficient where increased resistance to flow caused
by obstructions such as bridge railings, curbs, and debris are present. HDS 1 provides a
curve of the C value versus head on the roadway. That curve is reproduced here as Figure
5.16.
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Energy Grade Line

Q=CLH3/2
Water Surface

Road Embankment

The submergence doesn't start to affect the weir C i degree of submergence
' as the tailwater depth
nstream water surface

divided by the head, and the tailwater
elevation minus the weir crest elevati
about 80 percent, the discharge coeffici
indicated on the graph along the right and t

bridge deck. The H an iterative approach to find the flow distribution.
The solution appr the amount of weir flow such that the head
elevation driving t he energy grade line elevation upstream of the

bridge resulting fr rienced by the non-overtopping flow passing through

. The bridge opening acts as an orifice control section, with
downstream conditions. The equation for orifice pressure flow is:

} (5.23)

Discharge under bridge deck, through the bridge waterway, ft*/s (m®/s)
Orifice flow discharge coefficient

Net flow area at the upstream face of the bridge opening, under the low
chord, ft? (m?)

Height of the bridge opening from the highest point on the upstream low
chord to the mean riverbed elevation, ft (m)

Y3 = Hydraulic depth at the upstream bounding section (Cross Section 3), ft (m)
V3 = Velocity at the upstream bounding section, ft/s (m/s)
o3 = Kinetic energy distribution coefficient at the upstream bounding section
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Figure 5.17. Sketch of orifice bridge flow.
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The head forcing the flow through the orifice is defined as the vertical distance from the
energy grade line upstream of the bridge to roughly the vertical center of the bridge opening
height (the elevation halfway up the Z dimension). The value of the discharge coefficient Cp
is related to the ratio of low chord submergence (Ys/Z) as shown in Figure 5.18.

0.7

0.6

0.5

0.4
C 1 1/
C /
0.3 7

0.2

0.1

Figure 5.18. Relationshipbetween orifice dridge flow discharge coefficient and
submergence offthe low chord, from HDS 1 (FHWA 1978).

Note that the curve S shown as a dashediine to the left of Ys/Z=1.1. This region of the curve
represents a transition zone in which<erifice flow conditions have not been reliably
established. At this submergence level, the flow could be expected to vary between open-
channel and pressure flow conditions, and the orifice equation might not be reliable.

Figure 5.19 1llustrates theycase_of submerged-orifice bridge flow. The equation for this case
is:

Q=CA,2gH (5.24)
where:

Q =) Discharge under bridge deck, through the bridge waterway, ft*/s (m®/s)

Cy,,. = Discharge coefficient for submerged-orifice bridge flow (usually 0.8)

A= Net flow area of the bridge opening, ft*(m?)

H = Vertical distance between the upstream energy grade line and the

downstream water surface, ft (m)

In the submerged-orifice case, the head is measured from the upstream energy grade line to
the downstream water surface elevation, reflecting that the downstream conditions have a
direct effect on the backwater. Field data reported in HDS 1 indicated that the values of C for
submerged-orifice bridge flow range from 0.7 to 0.9. Common practice, encouraged by HDS
1, is to use a value of 0.8 for C.
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Energy Grade Line

Water Surface

Figure 5.19. Sketch

The selection of the modeling ap for overtopping or submerged-low-chord conditions
usually has much i equences than the selection of the free-surface
bridge flow modeli of the Energy Method can be far different from
those of the Pres h in turn can have major effects on the design
of the bridge. Thi idance on identifying the better modeling approach for
various situations.

and Weir M
ction provide

e preferred approach for many scenarios, including the

e.0r no tailwater submergence

nbankment is truly functioning as a weir if there is flow over an elevated road
nent and there is no significant tailwater submergence. This is true even for a
arge depth of tailwater above the weir crest. Figure 5.16 shows that the ratio
depth to head must be greater than 0.80 to significantly reduce the weir
n such cases the Energy Method typically overestimates the backwater caused
by the crossing because it fails to acknowledge the high-efficiency flow conveyance
provided by the weir. This effect is more pronounced with greater lengths of road
overtopping. In addition to overestimating the backwater, the Energy Method also
overestimates the amount of flow, and thus the velocity, inside the bridge waterway,
which in turn could lead to overestimated scour depths.

e Overtopping with a significant change in water surface elevation
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Similar to the previous case, if overtopping is occurring and the water surface difference
is substantial across the road alignment, then true weir flow conditions are likely. Again
the Energy Method overestimates the backwater caused by such cases.

e Orifice or Submerged-Orifice Bridge flow with Y3/Z 2 1.1

The bridge waterway is truly functioning as an orifice when the above submefgence ratio
criterion is met, so the Pressure and Weir Method will yield appropriate reSults. In such
cases the Energy Method usually tends to underestimate the head requiredyto force the
flow through the bridge waterway. Consequently the Energy Methodgunderestimates the
backwater caused by the crossing.

Scenarios that are better suited to the Energy Method include:
e Overtopping of a low or at-grade roadway

The embankment will not act as a weir during overtopping flow:ifythe road is at the
floodplain grade or has a very low embankment. In such cases thePressure and Weir
Method could potentially underestimate the backwater by attributing too"much capacity to
the road overtopping segment. In addition t@ underestimating backwater, the Pressure
and Weir Method could result in underestimating-thésflow through the bridge waterway,
which would in turn lead to underestimated velocity and“scour potential.

e Overtopping flow with very little watér surface change

A very small amount of drop in the water surface framyone side of the road embankment
to the other suggests that the weir crest is*highly submerged such that the embankment
is no longer functioning as'a weir. Infsuch cases,the Energy Method is appropriate. Use
of the weir equation would likely, underestimatetthe backwater, similarly to the previous
scenario. In HEC-RASmthe user can select the Pressure and Weir Method but specify
that if the submefgence ratio exceeds a threshold amount (often entered at 95%) then
the program wauld revert to the Energy Method.

Engineers occasionally encounter Situations that are borderline cases, where the decision
between the two methods is not clear cut. One such example is a case in which the bridge
low chordgisSisubmerged with a low degree of submergence (Ys/Z < 1.1) and there is no
overtopping floaws, Theflowyconditions are not firmly in the realm of orifice flow at this degree
of stbmergence and the“Energy Method may be more appropriate. In this case it is
recommended(to conduct the analysis with both the Pressure and Weir and the Energy
Metheds. USe the moreseconservative of the two if the two results do not differ greatly. Use
the Energy Method result'if the two results differ by a significant amount.

The recommendations above call for making decisions based on the observed flow
conditions. Usually the engineer will not be able to anticipate at the outset what types of flow
conditions, will ‘be observed in the model results. The modeling process, therefore, requires
sOme iteration by the engineer before arriving at a final analysis model. The recommended
practice is to make an initial model run with the Pressure and Weir Method selected. If the
model results show that overtopping is occurring, the engineer should identify whether the
weir crest is submerged, and if so, by how much, and then decide whether the overtopping
flow is truly functioning as weir flow. If so, then the Pressure and Weir Method is appropriate.
If not, then the Energy Method should be used. If no overtopping is occurring but there is
orifice or submerged-orifice bridge flow, then the engineer should decide between the
Pressure and Weir and Energy Methods based on the degree of low chord submergence.
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5.8 SPECIAL CASES IN ONE-DIMENSIONAL HYDRAULICS

The previous sections of this chapter have described the basic framework and technical
approaches to one-dimensional hydraulic analysis of bridges. This section describes useful
approaches to addressing special conditions that may exist at a bridge crossing site.

5.8.1 Skewed Crossing Alignment

Section 5.3 indicated that in one-dimensional modeling the cross sections shoule, be oriented
so that each part of the cross section is perpendicular to the anticipated directien of flow
across that part. Often the highway crosses the floodplain and/orgmain channehl on an
alignment that is not perpendicular to flow. The crossing is said t@ be skewed to“the,flow.
direction. When a cross section has a skewed orientation, the gross sectiopal flow areads
exaggerated, which leads to overestimation of the conveyance.{The effects@f skew are most
important for flow conditions in which the overbanks gare“inundated and the, road
embankments are causing significant constriction. A skewed“road crossinggrequires
adjustment of the geometric input to the model in order to aveid overestimating the capacity
of the crossing.

The recommended practice for skewed crossingsiwith,a skew angle less than or equal to 30°
is to define the upstream and downstream boundingpsections, along the toes of the
embankment side slopes, similar to a non-skewed crossing.< The engineer initially enters the
bounding cross section data, road embankment bridge deck, abutment and pier information
without adjustment to account for the“skew. Once, the unadjusted input is entered, the
engineer can use automated features in theyprogram te, make the required adjustment. The
cross section points of the bounding sections, require adjustment, along with the station
locations of the bridge abutments and pier centerlines.<Fhe conveyance of the bounding
sections and bridge opening mustbe calculated on the basis of the cross-sectional width and
area that are projected to a line perpendicular to the flow (see Figure 5.20). The adjustment
is accomplished by multiplying thetcross-section station values by the cosine of the skew
angle:

X

=X xCos(0) (5.25)

Adjusted Unadjusted

where:

X = | Station‘value'of a cross section point, abutment, or pier centerline, ft (m)
= Magnitude of skew angle (the angle deviation from a line perpendicular
to theflow direction)

If significant overtopping of the road embankments is anticipated at a skewed crossing, it
may be advisable to leave the portions of the bounding cross sections adjacent to the
embankments unadjusted, since weir flow tends to orient itself to be perpendicular to the weir
crest.

Within the bridge opening of a skewed crossing, the bridge piers may be aligned with the
flow or skewed. If the piers are skewed to the flow direction then the pier width entered into
the model should be the width projected in the direction of the flow. HEC-RAS has a feature
to calculate the projected width automatically given the actual pier width and length, and the
pier skew angle as input. The projected pier width is calculated as follows:

a = (L x Sing) + (ax Cos¢) (5.26)

projected
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where;:

a-proiected

—
11

agnitude of pie
the flow direction)

ows an example of a parallel bridge crossing. Hydraulically the two bridges are
sical modeling results reported in HDS 1 show that two identical bridges in
in close proximity to each other produce about 1.3 to 1.5 times the backwater
caused by one bridge alone, depending upon the distance between the two bridges (see
igure 5.22). The maximum clear distance between the bridges in the study cited was 9
idge deck widths (L4/l equal to 11 in Figure 5.22). One likely reason for the total backwater
eing less than twice the single-bridge backwater is that the full contraction and re-expansion
of the flow would have occurred only once (contracting upstream of the upstream bridge and
re-expanding downstream of the downstream bridge).
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Figure 5.21. Aerialimage of 2 70 over the Colorado River.
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Figure 5.22. Backwater multiplication factor for parallel bridges (from FHWA 1978).
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Except in very rare cases it is acceptable to model the two bridges as separate structures in
series, but this approach does require additional effort by the engineer that may not be
necessary. Depending upon the purpose of the analysis, it may be acceptable to model two
parallel, identical bridges as a single bridge. If the two bridge decks are within just a short
distance of each other, then treating them as a single bridge with the deck width equal to the
sum of the two decks is appropriate. If the two bridges are farther apart, it might

specifications. Examples of such cases are:

e When the purpose of the model is to develop the hydr

¢ When the flow can re-expand and consequently re-contra
could occur if there is substantial distance between the bri

bridge is very sensitive to conditions down [ ressure flow condition

¢ When the two bridge structures ar lengths, pier geometry,
deck profile, etc.

5.8.3 Split Flow Conditions

Engineers performing one-dim
model streams or flood
split reaches remain and
recombine downstr (see illustration

r more separate reaches. Often these
enerally parallel for some distance and eventually
igure 5.23).

Figure 5.23. lllustration of a cross-section layout to model split flow conditions.
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To model a split flow condition, the engineer defines a separate model reach for each flow
path. Each reach has its own series of cross sections and its own flow rate. The flow rate for
each reach is defined at the point where the flow paths diverge (usually defined by a
branching junction in HEC-RAS). The correct apportionment of the total flow between the
separate reaches is not known at the beginning of the analysis, but is determined threugh a
trial-and-error process. The process of finding the correct flow apportionment is based on‘the
principal that all separate reaches branching from a single point are expected to yield the
same energy grade line elevation at the point of divergence. The analysisfprogresses as
follows:

1. A trial flow rate is assigned to each reach, with the constraint that the sum ef the
individual reach flow rates must equal the total flow upstream offthe point of,divergence.

2. Using the assigned flow rates, a water surface profile js computed4for each separate
reach.

3. The resulting energy grade line elevations at the upstream ends ‘of all of the separate
reaches are compared.

4. |If all of the resulting energy grade line elevationsymatch each other within the desired
tolerance, which is usually 0.05 feetg(0.015 "m)_ ‘or, less,\ then the correct flow
apportionment has been found and the analysis proceeds‘heyend the split reaches.

5. If the disagreement between the resulting energy grade line elevations exceeds the
desired tolerance, then the flow rates are reduced, in the reaches that produced the
highest energy grade lines and increased imthose thatyielded the lowest values, and the
process begins again at step.2.

This process can be used whetherief not the sepatate reaches recombine downstream. If
they do recombine, thenitheytotal ‘energy loss in all reaches must be the same from the
branching junction tafthe confluence junction. If the reaches do not recombine, then the total
energy loss in all geaches might not be the same, but in the final solution they must all
produce the same|energy grade lin€ at the point of divergence.

The HEC-RAS program facilitates the modeling of split flow reaches. The Junction
Optimization feature“can, be activated by the engineer at any branching flow junction. If the
featurg’ IS activated “thewmpregram automatically performs iterations and checks for
convergence of the energy grade lines until the correct flow apportionment is found. The
same principleés and approaches used in solving the flow apportionment in split reaches are
used in the@nalysis of multiple-opening crossings.

5.8.4 Crossings with Multiple Openings in the Embankment

Some crossings require relief bridge openings or culverts through the embankment in
additionnte, the”main bridge opening. Particularly wide floodplains and those with separate
side channels are examples of sites that might require multiple openings. Figure 5.24
ilustrates a multiple-opening crossing. Similar to split reaches, the multiple-opening scenario
presents a special challenge in one-dimensional analysis. The analysis must correctly
determine the apportionment of the flow to each opening in the embankment. The engineer
IS encouraged to consider the use of two-dimensional analysis for multiple-opening
Situations.
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STAGNATION
POINT

Figure 5.24. Plan view ske

In one-dimensional modeling,
analysis of multiple-opening ivided-flow approach, in which the
w apportionment through the method
described above. The other is t e-opening approach, available in both
rams, the multiple-opening feature automatically
ind the correct apportionment of flow between the

ures of HEC-RAS and WSPRO differ, both are

creates multiple re

iterates
openings. Becau [

e multiple-openin

When HEC-RAS performs a multiple-opening
and downstream bounding sections into as many
The engineer must specify stagnation limits at both
fall into the ineffective regions of those sections, between
igure 5.25 as an example).

2 the partitions are established, HEC-RAS performs an automated split reach
he flow path for each bridge opening defined as a reach. The program
varied flow apportionment between the openings until the resulting energy grade
s at the upstream bounding section are the same from all flow paths, within the
ecified tolerance.

SPRO Multiple Opening Approach. A research report by the FHWA (1986) describes the
proach to multiple-opening analysis in the WSPRO program. The WSPRO approach
ffers from HEC-RAS in some respects. Like HEC-RAS, the WSPRO program partitions the
floodplain into "valley strips,” one for each opening. Whereas the lengths of the divided
partitions in HEC-RAS are from the upstream bounding section to the downstream bounding
section, the WSPRO valley strips are longer, running from about one bridge opening width
upstream to one bridge opening width downstream of the bridge.
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Figure 5.25. HEC-RAS multiple-opening example.

Like HEC-RAS, the WSPRO program “performs iterations \to determine the flow
apportionment between openings. The iterations de not, however, attempt to converge on an
equal upstream energy grade line. Instéady the program adjusts both flow apportionment and
the stagnation limits at each iteration and ¢omputes theyupstream water surface elevation for
each valley strip. The program computes flow, apportionment as a function of the relative
opening size and the upstreamgconveyance in thewalley strip. In each iteration, after the flow
apportionment is calculated, “the, progfam computes the conveyance-weighted average
upstream water surface of allfoffthe strips. This value, along with the discharge
apportionment, is comparedpto the results from the previous iteration. Adjustments and
iterations continue untiFthe results fromifwe consecutive iterations match within a tolerance.

5.8.5 Lateral Weirs

Occasionally,a raised 'embankment'such as a levee, flood wall, railroad, or roadway defines
an edgefof-afloedplain. yif the flood profile is high enough, water will leave the floodplain by
flowing over the embankment along the edge. The embankment in this case is functioning as
a lateral weir. /The flow in the floodplain decreases continuously in the downstream direction
along, the extent'ofithe,lateral overflow, as illustrated conceptually in Figure 5.26. In this
example, flow is removed from the model in the region from cross section 7 to cross section
4 by flowing laterally over the road. The flow returns to the model at cross section 2.

The engineer should account for any significant loss of flow by lateral overtopping when
performing one-dimensional analysis of a floodplain reach. HEC-RAS provides a lateral weir
feature that automates the calculation of lateral overtopping flow. The engineer defines the
lateral weir profile with respect to the floodplain model cross sections. The weir coefficient, C,
must also be supplied as input. If the lateral weir feature is activated, HEC-RAS automatically
computes the amount of lateral weir flow and removes the outgoing flow from the affected
reaches as the water surface profile is being calculated. This is by necessity an iterative
process, since the water surface profile that drives the lateral weir overflow is directly
affected by the quantity of outflow.
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complex than those for a weir perpendicular to the
over the weir should be based on the water surface

crest profile necessitated the derivation of a modified weir equation for
ir computations (USACE 2010c):

[(a1X2 + C1)5/2 - (alxl + Cl)slz] (5-27)

The weir overflow along the lateral weir segment, ft*/s (m?/s)

Weir discharge coefficient

Slope of the water surface minus the slope of the weir crest along the
direction of flow

Location of the upstream end of the lateral weir segment, ft (m)
Location of the downstream end of the lateral weir segment, ft (m)
Height of the water surface above the weir crest at the upstream end
of the lateral weir segment, ft (m)
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The standard weir coefficients for a weir crest perpendicular to the floodplain flow are often
inappropriate for lateral weir flow calculations because the momentum of the floodplain flow
causes the overtopping flow to cross the weir crest at an oblique angle. HEC-RAS offers the
option to use Hager's (1987) equation to compute the weir coefficient:

3 1-w 7 3a-y)1”
C 500\/5{3_2)/_\/\/} 1 (B+SO){y_W} (5.28)
where:
Co = Base discharge coefficient, a function of the weirgeometry
W = The ratio of the height of the weir crest aboveghe ground 40 the height of
the energy grade line above the ground
y = The ratio of the height of the water sufface above'the grounddto the
height of the energy grade line above the ground
B = Main channel contraction angle in radians (zero if the“weir 4§ parallel to
the main channel)
So = Average main channel bed slope

5.9 ONE-DIMENSIONAL MODELING ASSUMPTIONS ANDILIMITATIONS

Flow in natural channels and floodplainsisinherently three dimensional and unsteady. One-
dimensional modeling requires simplifying assumptions te, solve the equations of motion. It is
the assumptions that establish the limitations ‘ef a particular numerical model. A model
developer can derive better @lgorithms 40 'solve ithe equations to improve the numerical
model, but cannot fully overcome the limitations that ase intrinsic to a specific approach.

The HEC-RAS Hydraulic'Reference " Manual (USACE 2010c) lists the steady state analysis
program limitationsfas: (1) flow is steady, (2) flow is gradually varied, though alternative
equations are used for some rapidlysvaried flow situations, (3) flow is one-dimensional, and
(4) channel slopes are "small," generally less than 10 percent. Textbooks on open channel
flow, (Chow 1959,\Chaudhry 2008) expand on the assumptions related to one-dimensional
graduallywaried flow. he conditigns of one dimensional, steady, gradually varied flow are:
(1) thatthereis a single water surface at each cross section, (2) the flow is perpendicular to
the €ross section along its entire length, (3) the energy slope for the cross section applies to
every point inghe cross section, (4) hydrostatic pressure exists throughout the cross section,
(5)°channeldslope’is small; (6) energy slope is the same as for the corresponding normal
depth, (A the channel is prismatic with constant alignment and shape, and (8) roughness is
constant through the reach. The first six conditions apply to individual cross sections and the
last two applysto the reach. In practical applications these conditions will not exist, although
thepeross section conditions (1-6) are always applied within the computational framework of
one-dimeénsional models.

Taking the textbook assumptions as absolute would preclude the use of one-dimensional
models for many of the intended uses. For real-world application, the conditions can be
interpreted such that sudden changes in alignment, shape or roughness are not fully
simulated. Therefore, the hydraulic engineer should be aware of the limitations and use one-
dimensional modeling when the accuracy of the results is not overly compromised. The
following sections describe the assumptions and limitations of the one-dimensional modeling
approach.
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5.9.1 Water Surface, Velocity, and Cross Section Orientation

One-dimensional models use cross sections as the primary representation of the channel
geometry. The other aspect of geometry is the distance between cross sections. A one-
dimensional program treats each cross sectlon as having a smgle water surface ele

differ from reality, potentially significantly. If the flow i
satisfied. The less uniform the flow, the more the model res

Water Surface

I

Figure 5.27. One-dimensional model cross sections.

9.2 Total Energy and Flow Distribution

Energy varies throughout the cross section because velocity is not constant throughout the
cross section. Cross section A-A in Figure 5.27 shows local energy (WS + V?/2g) computed
from local water surface and velocity. Total energy is the local energy integrated for the
entire cross section. Therefore, another assumption is that the total kinetic energy computed
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is representative for the cross section. This implies that flow is distributed within

the cross section proportional to conveyance. It also implies that every point within the cross
section has the same energy slope. These are the assumptions that allow the program to
estimate velocity and flow distribution between floodplain and channel, or betweenddifferent
locations within the floodplain or channel. The assumption is accurate for unifafm flow and
normal depth, but in locations of significant flow curvature the assumption breaks'down.

5.9.3 Cross Section Spacing

One-dimensional numerical models assume that cross sections are spaced close “eneugh
that the numerical solution to the standard step equation is reas@pable. Theyralso assume
that when flow distribution changes between cross section, ‘that the flew can physically
accomplish the redistribution within the allotted distance.

The standard step approach for computing water surface requites a calculation@fhead loss
based on the friction slope between cross sections. The energy slopes at'the two cross
sections are used to compute the average friction slope. | If the energy slopes are
significantly different, the solution to the standard Step method can\be unreliable. Therefore,
cross sections in one-dimensional models should not be Spaced too far apart. Inserting
additional surveyed cross sections or interpolating, cross sectionsyis recommended to avoid
this problem.

Cross sections can also be too close together, resultingiimphysically impossible results. This
is illustrated in Figure 5.28. 4Floodplainsdoftenycontainta@brupt changes in land use and
hydraulic models must account fer the Aariability. of,roughness to simulate flow conditions.
Based on the assumptions describedfin Section 5.9.2, the one-dimensional solution would
have significantly moregflowsin thetright floodplain at cross section A-A' than in the right
floodplain at B-B'. d'he opposite wouldybe true in the left floodplain. Regardless of the
distance between £ross sections, the model would transfer the flow from one side to the
other. In reality, the water wodld start” shifting upstream of A-A' and complete the
redistribution downstream of B-B'.| 'Therefore the appropriate locations for these cross
sections should be'far, enough up-/and downstream of the vegetation break so that flow is
reasonably redistributedy, If a cross section is placed at the vegetation break, it would need
to have an intermediate value of Manning n. However, because flow is actively redistributing
at this location/ the cross section would also need to be rotated to a better alignment with the
flewhdirection’ andsthe,realigned cross section would need to have a single water surface.
Meeting, all‘'of these conditions is probably not possible.

The preceding discussion applies to any abrupt change in conveyance, not just from
changing roughness. Any redistribution of flow caused by changing conveyance (area,
depthipper roughness) should be reasonably possible within the distance between the cross
sections.. Otherwise, the redistribution is physically not possible. In summary, the cross
section spacing should be small enough to avoid numerical inaccuracies and large enough to
accurately represent flow redistribution.
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etailed descriptions of the approaches
bankment. The two approaches are
e divided flow approach. The multiple opening
enings, which can include bridges, culverts, and
rgets an equal energy at the upstream cross
ot exist. The HEC-RAS manual indicates that
water surface or energy vary significantly between the
hen those variables would vary significantly is often

section, which is
this method shoul
openings. Identifyi

es the hydraulic engineer to establish a separate reach for
his requires that the flow paths must be readily apparent. The model
different reaches to establish an equal energy at the upstream

ection to compute flow area projected into the direction of the flow. This calculation is
useful when the cross section is located along a skewed road embankment. However, the
ater surface is assumed to be level along the cross section, so large amounts of skew and
ewed crossings at wide floodplains are unlikely to meet this requirement. Pier skew is
sed to calculate the projected blockage of the pier in the direction of flow. Flow does realign
for long piers, so judgment should be used to avoid blocking too much of the bridge opening

with skewed piers.
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CHAPTER 6

TWO-DIMENSIONAL BRIDGE HYDRAULIC ANALYSIS

6.1 INTRODUCTION

Chapter 4 describes the differences between one-dimensional and two-dimensi
analyses. Most bridge hydraulic studies have used one-dimensional analys

frequently, especially for complex situations. As the use of tw
becomes more commonplace, they will, inevitably, be used
straightforward bridge hydraulic conditions. This chapter provide
on the use of two-dimensional models for bridge hydraulic anal

In one-dimensional modeling, the standard step solution
frequently used for hydraulic analysis. For two-dimensi
equation (Newton's second law of motion, F = [
conjunction with the continuity equation. Figure 6.1 illustrat

water in three-dimensional space and include primary

volume in two-dimensions. The calculated varia [ d depth are also shown.
In two-dimensional models, vertical velocit ered as negligible and
hydrostatic pressure is assumed. Velocity is an be expressed as a
magnitude and direction or as the X (x direction) and V (y
direction). The elevation of the bed (Z, th (H) vary over the area. The force
variables shown in Figure 6.1 are pressu ntrol volume horizontal surfaces,
water weight (W), bed shear stress compo er surface shear stress (ts). For
a set of unbalanced forces, t ith the control volume will accelerate. As
will be discussed in the next se i re the primary set of forces acting on

ing on the problem.

Figure 6.1. Three-dimensional coordinate system and two-dimensional hydraulic variables.



6.2 GOVERNING EQUATIONS

Although the representations of the variables may differ between the various two-
dimensional modeling programs, and some variables may not be included in all the
programs, the conservation of mass and momentum are used as the basis for hyd ic
calculation in two-dimensional models. The following equations are presen
FST2DH model (FHWA 2003). The conservation of mass (continuity eq
dimensions is:

0
aZw +aqx + qy

o X oy
where:
Z, = Elevation of the water surface, ft (m)
Ox = Unit discharge in the x direction (UH), ft*/s
Oy = Unit discharge in the y direction (VH), ft¥/s (
gn = Inflow per unit area, ft/s (m/s)

2
ai+i(ﬂq_x+gH2J+i
o0 ox\U H 2

6.2)

(6.3)

epth, ft (m)

um correction factor for non-uniform vertical velocity profile
Elevation of the channel bed, ft (m)

Acceleration due to gravity, ft/s® (m/s?)

Water density, slug/ft® (kg/m°)

Atmospheric pressure, Ib/ft* (Pa)

Coriolis parameter, (1/s)

Bed shear stress in the x and y directions, Ib/ft* (Pa)

Water surface shear stress in the x and y directions, Ib/ft* (Pa)
x-direction shear stresses due turbulence, Ib/ft* (Pa)
y-direction shear stresses due turbulence, Ib/ft* (Pa)
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The terms of Equations 6.1 and 6.2 are mass times acceleration or force terms in Newton's
second law of motion, ZF = ma, as shown in Figure 6.2. Figure 6.2 is the x direction
(Equation 6.2) and there are equivalent terms in the y direction equation. The equation
shown in Figure 6.2 has been rearranged and multiplied by mass (p) to clearly indicate mass
times acceleration terms versus force terms. The acceleration terms are local acceleration
(time) and convective acceleration (converging or diverging stream lines). The jforce terms
include changing hydrostatic pressure due to changing flow depth, the compofent of water
weight acting on the sloping bed, atmospheric pressure gradient, bed shear stress, water
surface shear stress due to wind, shear stresses caused by turbulence, and the pseudo force
term due to the Coriolis Effect. The bed shear stress is evaluated uSing the ‘Manning or
Chezy relationships, though Manning is more commonly used. Surface shear is related to
wind speed. Turbulence shear relates to turbulence exchange_and horizontal diffusion, of
momentum. The Coriolis Effect is due to the fact that the modeél represents an area on‘the
rotating earth. There is an apparent force which is caused by the resulting angular
acceleration. Some of these forces are negligible in many river @pplications, dncluding
Coriolis, surface shear, and atmospheric pressure gradient, Which applyamost often to large
bodies of water in tidal applications. The solution techniques fer Equations, 6¢1 through 6.3
include the application of the finite difference method and finite element method.
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Figure 6.2. Terms in two-dimensional momentum transport equations, x direction.

6.3 TYPES OF TWO-DIMENSIONAL MODELS
6.3.1 Finite Element Method

The finite element method is well suited for solving differential equations over complex
domains, which is why this manual recommends it for use in bridge hydraulics. The finite
element method uses an unstructured mesh or grid and solves Equations 6.1 through 6.3
through numerical integration techniques for each element. Each element consists of nodes
located at the corners and mid-sides where velocity and depth are computed. Elements are
typically triangular or quadrilateral in shape, but curved sides are also possible by placing the
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mid-side nodes out of alignment with the corner nodes. The FST2DH model (FHWA 2003)
also includes a quadrilateral element shape with a center node in addition to the mid-side
and corner nodes. Figure 6.3 illustrates a variety of element types and shapes. The element
sides do not need to align with the x- or y- directions, they do not need to have consistent
size or orientation, and a mixture of triangular and quadrilateral elements are allow
unstructured mesh forms the geometric framework for the hydraulic computations

® Cornernode

Element types and shapes.

ayout using triangular and quadrilateral elements. The
everal criteria, which include:

ation of the topography and bathymetry
3 representation of land use and roughness variability
d detail in areas of high velocity gradients (change in magnitude or direction)

d bathymetry are represented by assigning elevations to the nodes. Land use
by varying roughness conditions (Manning n) by assigning material types to
elements. Figure 6.4 illustrates how triangular elements can be used to transition from
arge to small elements and to represent curved features. This allows for areas with greater
opographic, land use and velocity variability to have greater detail. The velocity vector (x-
d y- components) and flow depth are computed at each corner, mid-side, and center node.
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Figure 6.4. Example fi eleme work layout.

6.3.2 Finite Difference Method

al solution technique for differential equations that
approximates deri es with finite di ces. The finite difference method for a two-
dimensional mod grid“of Ax and Ay increments over the domain. The
values of velocit variables are computed for each grid cell and the
differences are us [ he derivatives (dV/ox = AV/AX). Because the grid is
structure ' rapid, though a large number of differential elements
ere is little change in either input data or results. Figure

3 ork that has replaced a number of the cells, and a one-dimensional
ection across the embankment. With suitably sized grid cells, even highly
ain can be well represented in a finite difference model, and a channel can be
ectly in the network without needing to use a one-dimensional representation.
some finite difference models to use nested grids where a finer grid is
he coarse grid that covers the entire domain. Grid cell distances may need to
very small to accurately represent the flow field within a bridge opening. These small
istances may be difficult to accommodate in a finite difference model when consistent size
ver the entire domain is required.
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Figure 6.5:XExample finite difference network.

6.4 GEOMETRIC REQUIREMENTS AND MESH QUALITY
6.4.1 Geometric Requirements

RMA2 (USACE)2009) aitwo-dimensional finite element model is very similar to FST2DH, but
does ot include some features that are desirable for bridge hydraulics. The RMA2 manual
incldes discussion of the importance of various aspects of two-dimensional models as they
relate to the accuraey,of simulation results. The discussion indicates that the most important
aspects (60%) of model development are geometry and study design, which includes model
extent.. Boundary conditions are considered the second most important aspect (20%)
followed“byaproughness (10%), eddy viscosity (6%), and "other" (4%). The amounts are
intended only as a gauge of importance, but intuitively geometry must be accurate in order to
develop, an accurate result. If the ground elevation is incorrect, then one or more of the
dependentivariables (velocity, depth, and water surface elevation) must also be incorrect.
Therefore, developing accurate geometry is fundamental to good modeling practice.

Figure 6.6 is a perspective plot showing a finite element mesh (black lines) with ground
surface contours (white lines) and the ground surface elevation shaded with dark shading
representing the lower elevation. The areas without elements are embankments that are
above the expected water surface elevation and form a closed boundary where water flows
along the element sides. The surface created by the elements should accurately simulate
the three-dimensional surface of the channel bed and floodplain surfaces.

6.6



Figure 6.6. Example‘surface o e element network.

Figure 6.7 shows a portion of a mode nain that illustrates how topographic and

bathymetric geometry, as wellhyas model bo ry conditions and the closed boundary
combine to geometrically defi he model do The contours of the model should
reasonably replicate the contour detailed topoagraphic map of the area. The closed
boundary should encl rea tr an be inundated by the simulated flows. This model

pstream boundary (see Figure 4.3 for reference).
the bottom of the domain are defined by long
ated Dy short walls. As indicated by the flow rates
during an extreme flood the three gates would convey
bers would be used to discharge flow from upstream.
the structures and is shown as an inflow boundary at

includes a navigati
The primary and
walls and the thr
(arrows at the left

vith curved sides are often used along closed boundaries. This improves the
of the mesh, but the main benefit is that a well-constructed curved boundary

llements sides are used. All the vectors are tangent to the mesh boundary nodes for the
curved element side. Small "leaks" in the mesh occur for the left mesh and are avoided in
e right mesh. The finite element mesh may not exactly maintain continuity due to these
pes of leaks. As a mesh quality review, continuity lines should be placed throughout the
mesh to evaluate whether too much water is lost or gained in the system. Ideally, the total
flow should be maintained, but a one or two percent discrepancy is acceptable. If there is
excessive discrepancy in the flow rate, additional mesh refinement is needed.
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Figure 6.7. Topography andboundary of a finite element network.

Figure 6.8. lllustration of curved mesh boundary.
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6.4.2 Mesh Quality

In addition to accurate geometric representation, other aspects of mesh quality are important
for accurate simulations. As discussed in Chapter 5, one-dimensional models should not
have cross sections that are too widely spaced or have large changes in conveyanees, In
two-dimensional models, mesh refinement is required in areas of significant topegraphic or
hydraulic variability. Hydraulic variability includes rapidly changing velocity magnitude,
velocity direction, or flow depth. Figure 6.9 illustrates several other types@f mesh quality
considerations. These include oddly shaped elements, limits on interior angles, element
aspect ratio, area change between elements, number of elements cennected“tona single
node, and ambiguous gradients. The SMS (Surface-Water Modeling System, “Aguaveo
2011) software for developing input and reviewing output forfseveral two-dimensional
models, including FST2DH and RMAZ2, includes tools for checking the meshdqQuality attributes
shown in Figure 6.9.

Interior Angle. Figure 6.9 (a) shows triangular and quadrilateral elements that have interior
angles that are too small or too great. Angles less than thet10 degree lowerflimit or more
than the 130 degree upper limit should be avoided. The quadrilateral element also has an
odd element shape with two long sides and two shortsides.

Aspect Ratio. Figure 6.9 (b) shows elements with large aspeet,ratios, defined by element
length divided by element width. Thesg, elementsyhave aspectratios of 15. The FST2DH
manual recommends that aspect ratio be less than'd2,5 and the RMA2 manual recommends
10 as an upper limit. However, a 10 degree interior angle on a triangle results in an aspect
ratio of 5.7. Therefore, this manual recommends 5.7 as an upper limit of aspect ratio. It is
easy to check the aspect rationof a triangle or quadrilateral by measuring the length and
width. The aspect ratios of triangles fh an entire_mesh can be checked by checking the
interior angles with the angle computed as Tan*(1/Aspect Ratio). Using this approach, the
aspect ratio of a quagdrilateral’can be checked using this approach by checking the interior
angles of the quadrilateral split into triangles.

Maximum Area Change. Figure 6.9 (c) shows elements with large area changes compared
to neighboring elements. The maximum recommended area change between elements is a
2:1 (0.5) ratioptwiceonhalf as large.” The velocity gradient can change rapidly over a small
element but not for a large,element. Therefore, values of derivatives may have a significant
discontinuity between elements when the area change is too large and this can result in
ndmerical instability and a poor representation of the flow field.

Numben.of Elements Connected to a Node. Figure 6.9 (d) illustrates too many elements
connectedito a single node. When too many elements connect to a node, too much weight is
associated with the values of depth and velocity at that point in space. The maximum
number of elements connected to a node should be no more than seven.

Ambiguous” Gradients. Elements should be generally planar in elevation. When a
guadrilateral is not relatively planar, it should be divided into two triangular elements. As
illustrated in Figure 6.9 (e), when a quadrilateral has opposite corners that are higher or
lower than both of the other corners, the topography of the element is ambiguous. For the
example shown, the corner nodes and contours indicate that there is a saddle shape, but
there is probably either a trough or ridge between the corners. The surrounding topography
would clearly indicate which topographic feature is present. If the saddle is the true shape,
then the quadrilateral should be divided into eight triangular elements.
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Figure 6.9. Finite element mesh quality considerations.
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6.5 BRIDGE MODELING APPROACHES

For many bridges the primary hydraulic effect is the contraction and expansion of flow due to
the constriction of flow by the roadway approach embankments. Two-dimensional models
are ideally suited to compute the flow conditions and backwater associated withythe
expansion and contraction. Bridge hydraulics may also require analysis of pier and‘abutment
obstruction, debris obstruction, submerged deck flow, road overtopping, bridgefovertopping;
and relief structures. Methods for analyzing these additional components afe discussed in
this section.

6.5.1 Pier Losses

There are three methods that can be used to include pier losses in two-diménsional models.
For large piers, the pier layout can be incorporated directly into‘the, mesh. "For small piers,
the drag force of the pier can be included as an additional farce in the equations of motion for
an element. The third approach is to make an adjustmenttto,the Manning n offthe bridge
elements to account for the additional forces caused by pier drag.

Disabled Element Approach. For very large piershit.is often desirable to include the pier
directly into the finite element network. This igjillustrated imyFigure 6.10. One pier is included
by leaving a void in the mesh and the other“pier is included by, disabling the elements. In
either case, the model will exclude flow from thesejareas by treating them as blocked. Flow
that is approaching either of these piersimust accelerate around the piers as it would in the
prototype condition. Because velocity is depth averaged, vertical velocities are not included,
and hydrostatic pressure is assumed, the complete flow field is not reproduced. A three-
dimensional model or CFD madel would bé required to simulate the complete flow field.

The mesh is greatly refined in the fareas adjacent’to the piers because there are large
velocity gradients around these obstructions. The disabled elements were used for the
upper pier becausefit'was part of a bridge, design and the void was used because it is an
existing pier. Theldisabled elements were assigned appropriate element types for the "no
bridge" condition so the models with and without the new pier could be compared directly by
maintaining the identical element pattern.

Additional"Force, Method.mBecause the equations of motion include the forces acting on a
control volume|defined by the“element, the pier drag force can be included as an additional
fofece in Equations 6.2 and 6.3. As illustrated in Figure 6.11, the FST2DH model (FHWA
2003),includes this option> The force is applied to the element as a whole so there is no
obstructien in the element, nor is the force applied to a specific location in the element. The
hydrauli¢ engineer specifies the pier location (model x, y coordinate), dimensions (length and
width), orientation, and drag coefficient. Multiple piers can be included in a single element.
Beéeause the'pier dimensions and orientation are included, the projected area in the direction
of flow isycalculated. The flow is not deflected around the obstruction as with the disabled
glement “approach, though for large piers in small elements there will be some flow
redistribution around the element. If the computed drag force is large and the element size is
small, the element may have a much reduced velocity and significant flow redistribution will
occur. This condition may actually indicate that the drag force is underestimated for that pier
because the velocity in the element is used for the calculation rather than the approach
velocity upstream of the pier. The reasonableness of the result can be checked by
computing the drag force using the true approach velocity and comparing the force with the
force reported in the FST2DH output. If there is a large discrepancy, the model force can be
increased by using an artificially large drag coefficient.
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Increased Flow Resistance Method. Another approach to including the pier drag force is to
increase the Manning n of the element. The force caused by pier drag is equated to an
increase of shear stress so the total force is equivalent. The hydraulic engineer needs to
compute the area of piers in an element or group of elements and apply the following
eqguation to estimate the effective Manning n (ng) that accounts for the additional forcessOne
disadvantage of this approach is that angle of attack is not directly accounteddfor-in“the
model but needs to be included when determining the pier width. The advaftage of this
approach is that the drag from a large number of piers can be incorporated into the model by
adjusting the Manning n of some or all of the bridge elements. As with the additional force
method, an obstruction is not modeled and flow redistribution may notsccur. Theyeffective
Manning n is computed from:

KZ 1/3 CA
n,=_[n+ 14 Z e (6.4)
29> A,

where:
Ne = Effective Manning n of the element orgroup ofielements
n = Manning n of the bed if nogier were present
Cq = Pier drag coefficient
A, = Projected area of thegdier in the direction of flow, ft* (m?)
Ae = Area of an element or group of elements in plan, ft* (m?)
y = Average flow depth, ft (m)
g = Gravitational,constant, ft/s? (mis?)
Ky = 1.486 for US. eustomafy unitsiand 1.0 for S

6.5.2 Pressure Flow

Pressure flow occyrs when the deck of the bridge is submerged. Flow depth becomes
constrained by the deck so velocityh mustiincrease through the bridge opening. The two
methods that can be\used in FST2DH to simulate pressure flow are described below.

Capped.Element Methed. FST2BH is able to compute pressure flow for bridges directly
withingthe model. The“hydraulic engineer assigns low-chord elevations to the nodes that
comprise the elements at a bridge. The continuity and momentum equations are adjusted to
account for thé censtraint that the bridge deck imposes on flow depth, pressure head is used
in place of flow depth:for terms not associated with velocity, and an additional shear stress is
used for‘flow in contact with the deck. Although this method accounts for many of the
processes associated with pressure flow, it does not account for flow separation at the
leading edge of the deck as would be associated with orifice and submerged orifice flow.

InereasediElow Resistance Method. The results of the capped element method can be
compared with hand calculations of the orifice or submerged-orifice flow equations presented
in Chapter 5. If the results differ significantly and the hydraulic engineer is more comfortable
with the results of the equations, then the Manning n for the bridge elements can be
manually adjusted until the results are consistent.
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6.5.3 Weir Flow and Road Overtopping

Road overtopping is a common condition at highways during major floods. Vertical flow
acceleration is often large for road overtopping conditions, so modeling the road
geometrically in the finite element network is usually not recommended. Only whenythe
embankment is low in comparison to the flow depth and vertical accelerations arefnegligible
can the embankment be simulated geometrically.

In the FST2DH model, the weir equation is applied between two nodes and“the, computed
flow is removed from the model at one node and entered back into the model at, another
node. This is illustrated in Figure 6.12. The road embankment is not'included geometrically
in the network and the roadway can either be a void in the network or included as disabled
elements. The weir connection includes the elevation of the® weir so thé affects ofithe
embankment are included. The nodes should be placed at the teexof embankment, but flow
will not occur between the nodes until the weir elevation is exceededt The weir coefficient
and segment length along the roadway are also assigned to the node:. This length is 2/3™ of
the element side length for mid-side nodes and 1/6™ of the adjeining element side lengths for
corner nodes. The model should be set up with a one-to-one\correspondence, including
element side lengths, of nodes and elements a€ross,the embankment. Free flow and tail-
water submerged flow can be simulated.

This approach to roadway overtoppinggis more_aecurate than A one-dimensional models
because the water surface on both side, of the readway will vary along the roadway.
Therefore, not only will weir flow be more“aceurately‘tepresented, but the flow frequency for
initiation of overtopping will be more accurately predicted.

\
Weir Elevation

'O

o o

7

Figure 6.12. Weir and culvert connections.
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6.6 MULTIPLE OPENINGS IN AN EMBANKMENT

Figure 6.13 shows velocity output from a two-dimensional model that includes multiple
openings along the roadway embankment. Two-dimensional models are ideally suited for
this condition because flow is distributed accurately throughout the model domain
model shows high velocity flow along the entire length of the main channe
velocities in the two relief bridges located on the floodplain. The model al
concentration at the abutments.

There are no additional requirements for modeling multiple openings 4
model than those required for modeling single openings. As wi
model, the geometry, land use, roughness, boundary conditions
accurately represented.

As compared with one-dimensional modeling, there are| no
stagnation zones or ineffective flow areas, so the need for | ent
5.8.4). There is also no assumption built into the computer co
the openings or at a particular location upstream. Therefore, @
flow among the bridge openings is computed.

Velocity,
ft/s (m/s)

igure®.13. Two-dimensional model velocities with multiple bridge openings.
LE OPENINGS IN SERIES

arallel roadways have openings that align in series. In Figure 6.13 there is a railroad
bankment that has similar main-channel and relief bridges to the upstream highway
mbankment. These openings are not identical in length, number of piers, or pier size. Also,
the distance between the embankments is not consistent across the floodplain. As with
multiple openings along an embankment, two-dimensional modeling is ideally suited for
analyzing this type of situation. Prior to the availability of two-dimensional modeling it was
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difficult for hydraulic engineers to assess whether an upstream bridge or pier creates
adverse conditions for a downstream structure. Therefore, when structural elements are not
well aligned, or if questions exist regarding pier placement at an adjacent structure, two-
dimensional models should be used. Depending on flood elevations, embankment heights
and the amount of backwater created by the crossing, road overtopping may occur_ferone
embankment and not another. These complex hydraulic conditions can be analyzéd directly
in two-dimensional models.

As with modeling multiple openings along an embankment, there are“no, additional
requirements for modeling multiple openings in series in a two-dimensignal model than those
required for modeling single openings. Geometry, land use/roughness, ‘houndary
conditions, and model limits must be accurately represented. £4As compared with. one¢
dimensional modeling, there are no requirements for estimating flowgexpansion “and
contraction between bridges or assigning ineffective flow areas, soithe need for judgment is
reduced. Therefore, a more accurate distribution of flow within each of the bridge @penings
is computed.

6.8 UPSTREAM FLOW DISTRIBUTION

As illustrated in the model in Figure 6.7, thegesults of Which are shown in Figure 4.3, flow
distribution may be affected by upstream structures. These Structures may be river control
structures, countermeasures, or other bridge openings as discussed'in the previous section.
In one-dimensional subcritical models all eemputations progress from downstream and flow
is distributed based on conveyance. Therefere, the effects of upstream controls on flow
distribution cannot be simulated in one-dimensional ‘models other than by manipulating
conveyance through Manninggher assigning areas,as ineffective. Although the downstream
water surface boundary condition is still‘’required as a,control for subcritical two-dimensional
models, upstream impacts on flow'distribution are well-simulated in two-dimensional models.

6.9 SPECIAL CASES'IN TWO-DIMENSIONAL MODELING

Chapter 5 includes special cases of one-dimensional modeling that fall outside the typical
model application.| These include skewed crossings, parallel crossings, multiple openings
and otherdess,common, applications.’ Most of these situations are not considered as special
applications “in \two-dimenrsional' ‘'models because the assumptions required by one-
dimensional models are not required in two-dimensional models. This section provides
guidance on the use of two-dimensional models for some of these cases, and compares and
contrasts the use'of onésand two-dimensional models for them.

6.9.1 Split,Flow

Figure 6.14%s 'a two-dimensional model representation of the one-dimensional split flow
model shewn in Figure 5.23. In a one-dimensional model, separate reaches are required for
the two split flow reaches and two more reaches are required upstream and downstream of
the split flow reaches. In the one-dimensional representation, a trial and error process is
used to apportion flow between the two reaches until an energy balance at the upstream
combined-flow cross section is achieved. Two-dimensional modeling provides a better
depiction of split flow hydraulics because the assumption of energy balance at a particular
location is not made. In essence, the two-dimensional model is always using an iterative
process to apportion flow throughout the network until the equations of motion are satisfied.
Therefore, solution to the split flow problem is intrinsic to two-dimensional hydraulic analysis.
The assignment of a specific location for energy balance is not a requirement in two-
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dimensional modeling, nor is it even possible to make that assignment. Another advantage
of two-dimensional modeling is that if flow over the island from one "reach" to the other
occurs, the two-dimensional model would not need a special lateral connection that is
required by the one-dimensional model.

Materials

I Channel

Floodplain
Island

of split flow two-dimensional model.

ateral weirs are locations where flow is removed from
e dominant flow direction. This is illustrated for a one-
In the two-dimensional model a weir connection as

ely significant components of a two-dimensional model because culverts are
than bridges and flow through the culvert is analyzed very well using specific
ationships that were developed for that purpose. Flow approaching or downstream of the
culvert may be two-dimensional, such as water moving along an embankment that turns to
ow through the culvert. Figure 6.12 illustrates a culvert connection in a FST2DH two-
ensional model. A culvert connection is handled similarly to a weir connection in that flow
s removed from one boundary node and reentered at a corresponding boundary node on the
opposite side of the embankment. The culvert dimensions, entrance and exit invert
elevations, entrance conditions, and Manning n are required input.
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6.9.4 Debris

There is no automated method for including debris on piers in an FST2DH model as there is
in HEC-RAS. However, the area of the debris blockage can be included with the pier
dimensions and an increased force will be computed using the additional drag force_method
or increased flow resistance method.

6.10 TWO-DIMENSIONAL MODELING ASSUMPTIONS AND REQUIREMENTS
6.10.1 Gradually Varied Flow

Although two-dimensional modeling provides a much more complete analysis of “bridge
hydraulics than one-dimensional modeling, especially as it relates to flow distributions“and
lateral velocity components, two-dimensional models do not aceount fof vertical velocities
and accelerations. Therefore, the flow is assumed tQ \have' ayhydrostatic qressure
distribution, vertical velocities are neglected, and flow circulation is netisimulated. " If these
flow features are an important aspect of the flow hydraulics, such as detailed analysis of flow
at a pier, then three-dimensional models, CFD models, or physical models are required.

6.10.2 Flow Distribution and Water Surfaceyat Boundanies

Two-dimensional models make various assumptions about flow distribution and water
surface elevation at boundaries. Water, surface boundaries are usually treated as a level
water surface. This may not be an accurate representation, so, as with one-dimensional
models, it is best to have the downstream<boundary located well away from the point of
interest.  Although it is possible to entér a“varying water surface boundary, the data
necessary to establish the inputis often not available. The FST2DH model will usually
distribute water at the upstream boundary very reasonably. Other models may or may not do
as well. In any case,the model resultsishould be evaluated to make sure that the upstream
boundary is not unduly influencing the selution. The upstream boundary should also be
located well away from the location of interest. As a rule-of-thumb, the upstream and
downstream boundaries should be at least one floodplain width upstream and downstream of
the bridge crossing., If flow is not fully expanded at the boundaries and largely one-
dimensionalpthen the model extent/Should be increased.

6.103 Model Step-Down and“Convergence

Unlike, one-dimensionalimedels, which have a control either at the downstream or upstream
boundaryf depending on flow regime, two-dimensional models do not compute flow by
progressing, from one boundary to another. The starting condition for most two-dimensional
models is"a uniform pool of water that inundates the entire model domain. Once a solution is
achieved for‘this condition, the model head boundary is stepped down by small increments
until thedesired water surface boundary is achieved. The model must achieve a reasonably
stable and‘converged solution for each intermediate run. This process can be tedious and at
times difficult if the model becomes unstable. There are many approaches to achieving an
efficient step-down process and a stable, yet accurate target condition. These include
stepping down water surface elevation at a low discharge and then stepping up discharge,
and using high Manning n and viscosity terms during the step-down process and then
stepping down these coefficients. The SMS software has automated run-control that
includes various step-down procedures (Aguaveo 2011).
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Once the model water surface and discharge boundary conditions, and other input variables
including Manning n and viscosity terms, have reached the target values, the model must be
run for a sufficient number of iterations to converge on a numerically valid solution.
Convergence criteria related to water surface, velocity, or unit discharge can be set to halt
program execution once the criteria are met.

6.10.4 Wetting and Drying

element to be included in the flow computations. If a single node i
element is removed from the computational network. Dry eleme
water surface boundary should be avoided as it may cause mod
and drying process can create numerical instabilities but
significant conveyance when the elements are large. It i
smooth boundary along the wet/dry boundary.

There are several techniques for maintaining model stability
dry. These include incorporating additional network refinem
Manning n and increasing its value for shallo
and RMA2, allow the engineer to assign porgsity to

value, this approach allows for a very small nt of fl

surface is below the node eewaton%

odels, including FST2DH
assigning a low porosity
nodes where the water
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CHAPTER 7
UNSTEADY FLOW ANALYSIS
7.1 INTRODUCTION

Almost all flow in rivers and streams is to some extent unsteady, i.e., it changés'with time:
Also, the rate of flow and the depth usually vary along the river. In many applications, flow
may be assumed to be uniform along a short reach of the channel. Among the most
important causes of unsteady flow are the following:

1. Runoff from precipitation (rainfall event and/or snowmelt); whenddepth and yelocity‘@fiflow
in a river change rapidly with time

2. Unsteady or transient flows released from reservoirs during“operations for flood control,
hydropower generation, recreation, and wildlife management, etc.

Tidal-generated waves (astronomical tides)

Dam-break floods

Wind-generated storm surges or seiches
Landslide-generated waves

Earthquake-generated tsunami waves

Irrigation flows affected by gates, pumps, diversions, etc.

©No G~ ®W

There are several computer models “that have“been developed for simulating one-
dimensional flow. Fread of the National“O¢eanic Atmespheric Administration's National
Weather Service (NOAA's NWS) developed two unsteady flow models having the capability
to simulate flows through a“single stream or  aysystem of interconnected waterways.
DWOPPER was the original model @nd was later replaced by FLDWAV (Jin and Fread
1997). The HEC-RASgmedel (USACE 2010c) incorporates the UNET (USACE 2001)
unsteady flow algorithms for<a full network of natural and constructed channels. The HEC-
RAS model is the most widely used 1-D model in the US.

Figure 7.1 illustrates the basic properties of flow hydrographs. The downstream flow
hydrograph_exhibits a delay (travel time) and is reduced (attenuation) when there is no
additional flowheontributions between the upstream and downstream locations. Hydrologic
routing focuses \on the  discharge hydrograph. For bridge hydraulics, hydrodynamic
simulation is preferred because hydraulic variables (velocity, water surface elevation, depth,
etc.),are computedsthroughout the channel reaches represented in the model domain.

7.1.1"Unsteady Flow Equations — Saint-Venant Equations

The discussion in this section emphasizes the one-dimensional equations and applications;
however the two-dimensional equations also will be presented. Solutions to one-dimensional
flow problems are conveniently viewed in a three-dimensional coordinate space, in which two
of the axes are distance along the channel and time, x and t, respectively, as shown in
Figure 7.2. The third coordinate axis corresponds to the solution, such as discharge Q(x.t).
Similar three-dimensional surfaces can be used to represent the variation in depth Y(x,t),
water surface elevation h(x,t), or velocity V(x,t). From Figure 7.2, the initial hydrograph is
given through time at the upstream cross section at x = Xo. As the flood wave travels
downstream, the hydrograph is attenuated and lagged in time. Figure 7.2 also illustrates that
the condition at a location x >0 will not change for some amount of time (lag time) before the
initial upstream change in flow propagates downstream.
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The initial conditions for an unsteady flow model are first a solution of the steady state flow,
Q at time t = t, (i.e., steady state water surface profile computation), and the inflow
hydrograph at the most upstream channel cross section. In Figure 7.2, this indicates that
flow and depth would be known along the x axis for time t = t, and the flow or depth would be
known at the upstream cross section x = Xo.

7.2 the solution has reached time t,.

@ Known inflow hydrograph through {i
B Known hydraulic values along

tions for known and computed values.

ter in general are based on known physical principles,
In unsteady flow analysis the continuity and the
ed explicitly because the flow and the elevation of the

a control volume (storage). In steady flow the conservation of mass can be
AV where the discharge is constant and the only unknown is the water

The pressure distribution is hydrostatic

The channel bottom slope is small so that the flow depth measured vertically is almost
the same as the flow depth normal to the channel bottom (i.e., sin 6 = tan 6 = 6, where 0
is the angle between the channel bottom and the horizontal datum)

3. The velocity distribution at the channel cross section is uniform
4. The channel is prismatic; that is, the channel shape remains unchanged with distance
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5. The friction losses in unsteady flow may be computed using the empirical formulas (i.e.,
the Manning equation) for steady-state flows

-

Figure 7.4. Definition sketch
Assuming that the lateral inflow into or out of t
eguation can be written as:

Q,-Q, =2—3Ax (7.1)
The partial derivative is
channel. Given that
the volume of wat
conservation of
storage, and for a
shown in Figure 7.

ing with both time and distance along the
ter surface elevation above the datum (h = z +y),
2 is increasing at the rate T(oh/ot)At. From the
the must be equal to the change in the channel
nel Ax where T is the top width of the water surface as

Figure 7.5. Channel cross section relating topwidth to area.
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Substituting for Q =AV, the continuity equation can be written as:

ﬂAx + TQAX = gAX (7.2a)
OX ot
Aﬂ + VTQ + Tﬂ =(q
oX X ot

In order to account for off-channel storage, Fread (1981) wrote the conti

@+6(A+AO) _q
OX ot

where A is the active cross-sectional area of flow and A is
cross-sectional area.

7.1.3 Dynamic Momentum Equation

I le ctions 1 and 2 of Figure

Applying Newton's second law to the eleme
7.4 yields:

dv
F, =ma =pAAX| — | =
>F, p [dtj p

The net forces causing flow i .4 are (1) the force resisting the shear

(7.3)

(7.4)

(7.5)

(7.6)

OX Ox gox g ot

7.5



Substituting Sy = -9z/0x for the bed slope resulting in

dynamic equations for two-dimensional flow analysis and includes additional
are difficult to represent in one-dimensional models.

Dynamic Wave Equation Terms. Meanings of the various ter n the dynam
equations are as follows (Henderson 1966):

Continuity equation:
e A(dV/ox) = prism storage
o VT(dy/ox) = wedge storage

e T(dyl/ot) = rate of rise

e ( = lateral inflow per unit length
Momentum equation:
eS¢ =friction slope (frictional
e 0z/0x = S, = bed
o Jy/ox = pressure differential

(Vig)(eVlox) = ective accel

or various applications. Approximations to the full dynamic Wave
are accomplished by combining the continuity equation with the various
n of the momentum equation. The most common approximations of the
guation are shown in Figure 7.6 (Henderson 1966). Although the time
ation 7.7 is only included in the full dynamic wave equations, each of the
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S = So - aylox - (VIg)aViox) - (1ig)@Viat)

Steady Uniform Flow
and
Kinematic Wave Approximation

Steady Nonuniform flow (excluding kinetic energy)
and
Diffusion Wave Approximation

Steady Nonuniform Flow
and
Quasi-Steady Dynamic Wave Approximation

Full Dynamic Wave Equations

Figure 7.6. Approximations,of the‘Momentum Equation.

7.2 MODEL UPSTREAM AND DOWNSTEREAMEXIENTS

The minimum number of cross sections in‘a steady state, riverine bridge analysis includes
upstream (Approach), downstream (Exit) and bridge cross sections. The water surface
elevation is specified for the Exit cross sectionyand a discharge is specified for the
simulation. As discussed in Sectiond4.2, additional upstream and downstream cross
sections are often warranted to assess hydraulic impacts of the bridge design and to
decrease uncertaintie§ ‘associated withyinexact boundary conditions. All of the factors
discussed in Section 4.2 apply to unsteadyflow models.

Study limits, cross sections, and reach lengths comprise the geometry of the hydraulic
model (Figure 7.7). Once the geometry is created, all other information required to
completed@ hydraulicimoedel can befadded.

Thedmodel limits' of an unsteady model must be carefully chosen to include all potential
storage upstream.and downstream of the location of interest. If a bridge hydraulic model
including only“the“minimUim number of cross sections were used as the unsteady model
geometry, the simulation would be inaccurate because storage and routing effects would be
significantly, under represented. Therefore, unsteady models almost always require much
longer upstream and downstream limits than steady models.

Ingmany cases the water surface elevation at the downstream boundary of a hydraulic
model is not known, or a control such as a hydraulic structure is not present. In these
Situations, a downstream boundary condition is assumed, which establishes the starting
water surface elevation. Several assumptions can be made to estimate the downstream
Water surface elevation including normal and critical depth.
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Cross
Section

/ \\——

Reach

Upstream
Limits

unsteady-flow analysis and steady-
of the stream system. In steady-
m boundary is needed to start

flow analysis is the information needed a
flow analysis, knowledge of one elevation

discharges and steady compute water surface elevations. This practice is a
simplification of true Ji i is more completely represented by unsteady flow.
However, many pr and culvert hydraulics can be adequately solved
using these tradi
between steady a

y, 0Q/at = 0, it can vary with respect to space dQ/dx # 0. As
ontinuity equation for unsteady flow, Equation 7.2, both the flow and
e and space.

k flow coincides with the peak stage
n be adequately estimated at all locations along the channel reach, and
e Peak stages occur simultaneously over a short reach of channel

For small bed slopes (i.e., slopes less than 0.0004) or highly transient flows, such as tidal
influences or dam breach flood waves, the peak stages do not necessarily coincide with
the peak discharges, and the rating curves of stage versus discharge are not single
valued. Actual rating curves are looped due to the changing of the energy slope
throughout the flood event. This means that two discharges are possible at the one
stage depending on whether the stage occurs on the rising limb or falling limb of the
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hydrograph. The magnitude of this loop can be affected by any of several hydraulic
parameters, the most significant of which may be backwater effects from downstream.
Each flood will follow a different loop. Figure 7.8 illustrates looped rating curves for two
floods with the arrows designating the rise and recession limbs of the discharge
hydrographs. The inner loop is for a slower rate of rise and fall which creates a er
loop.

A

Stage

>

Figure 7.8. Looped rating ¢ [ ing andrecession limbs of a hydrograph.

nction of ‘@ two tributaries is not necessarily the
combination of th : ater from the flow at the junction can cause water to
be stored in ups e flow combinations.

4. Tributary flow i i eam channel may experience a flow reversal caused
up into the tributary or vice versa e.g., when a large
nel during a period of low flow.

, . Regardless of the slope of the channel, unsteady row analysis should be
r all rapidly changing hydrographs.

orks, where the flow divides and recombines, unsteady flow analysis should
ed for subcritical flow. Unless the problem is simple, steady flow analyses
curately compute the flow distribution. When flow divides and recombines in
the split-flow reaches the length of the channels, the resistance to flow, and channel
geometry will differ. This causes the flood wave to travel through the reaches at different
speeds, which in turn affects the flow distribution in the reaches. To accurately determine
the flow distribution, unsteady flow modeling is preferred over steady state modeling.
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7.4 SOLUTION SCHEMES FOR THE SAINT-VENANT EQUATIONS
Several numerical methods have been used to solve the Saint-Venant Equations.

1. The Method of Characteristics — The method of characteristics is a technique for selving
partial differential equations. The method is valid for any hyperbolic partialdifferential
equation such as the Saint-Venant Equations. The method reduces the partial differential
equation to a family of ordinary differential equations for which the golution can be
integrated from some initial data. Typically the problems are reduced to, simplified
conditions such as wide rectangular approximation for the channel géometry.“Henderson
(1966) has an excellent overview of the method applied to open chiannel hydraulics:

2. Finite Difference Numerical Methods — The finite difference methods are numerical
methods based upon the approximations that permit replacinghdifferéntial equations by
finite difference equations. These finite difference approximationsyare algebraigfinform,
and the solutions are related to grid points for approximating the solutions tofdifferential
equations using finite difference equations to approximate derivativest =~ The finite
difference solution involves three steps: (1) dividing the solution into grids or nodes, (2)
approximating the given differential equationdbyfinite difference equivalence that relates
the solutions to grid points, and (3) solving thetdifference equations subject to the
prescribed boundary conditions and/or initialeonditions.

The error in the solution is defined as the difference between its approximation and the exact
analytical solution. The two sources of effonin theinite difference methods are round-off
error, (loss of precision due to computer rounding of decimal quantities) and truncation error
or discretization error, (differepCe betweenfthe exact solution of the finite difference equation
and the exact quantity assumingyperféct arithmetie). In order to solve a problem, the
problem's domain must be discretized,” This is usually done by dividing the domain into a
uniform grid (see Figuré 7.9)."In Figurey/.8 and the following finite difference equations, the
solution domain sh@ws positions in spaceyas i, i+1, i+2, etc. and positions in time as j, j+1,
j*+2, etc. Note that this means that finite:difference methods produce sets of discrete
numerical approximations to the derivative, often in a "time-stepping" manner.

A commongand accepted procedure for solving the one-dimensional unsteady flow equations
is the feur-pomt implicit sehemeg@lso known as the box scheme. More information is needed
for unsteady-flow analysis“than for steady flow analysis. For the example shown in Figure
74, a singledchannel with no special features (excluding the bridge) is divided into 9
computational elementSu(reaches) yielding 10 nodes (cross sections). With two unknowns
(depth and flow) at each node, there are 20 unknowns but only 18 equations (2 per
computational element). Therefore, the unknowns cannot be determined without some
additionalinfermation at the boundaries of the system.

The timepderivatives are approximated by a forward difference quotient centered between i
and i + 1'points along the x-axis, i.e.,

j1 Ml Kl
6_K= Ki +Ki+1 Ki Ki+1 (7.8)
ot 2,

where K represents any solution variable (e.g., velocity, discharge, flow depth, etc.).
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j+2

i+l K/o
K/t 19 __act ONOX

i i+1 i+2

The spatial derivatives are approximated by a fo
two adjacent time lines according to weightin

Kt K Ki, —KI
6K 6[ i+1 j (1 e) [ i+1 i
X

7.9
6x AX (7.9)

Variables other than derivati d at“the time level where the spatial
derivatives are evaluated by u [ factors, i.e.,

j+1 j+1
K= e[%] + (7.10)

The influence of t r on the accuracy of the computations was examined
by Fread (1974) the accuracy decreases as 0 departs from 0.5 and
approach : mes more pronounced as the magnitude of the
Usually, a Weighting factor of 0.60 is recommended to

plicit difference equations are obtained.

associated with the | time line are known from either the initial condition or
utatlons The initial conditions are values of h and Q at each node along the x

re four unknowns and only two equations, the algebraic approximation of the
int-Venant Equations cannot be solved in an explicit or direct manner. However, if the
equations are applied to each of the N-1 rectangular grids between the upstream and
ownstream boundaries (Figure 7.9), a total of 2N-2 equations with 2N unknowns can be
rmulated (where N denotes the number of nodes). Then, prescribed boundary conditions,
ne at the upstream boundary and one at the downstream boundary, provide the necessary
two additional equations required for the system to be determinate.
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In order to solve the unsteady flow equations, the state of the initial conditions of water
surface elevation and discharge (h and Q) must be known at all cross sections at the
beginning (t = tp) of the simulation (represented by the squares in Figure 7.3). This is the
initial condition of the flow, which is typically steady nonuniform flow and would be solved
using HEC-RAS (steady) or WSPRO computer models.

When the flow is subcritical, information at both the upstream and the downstream boundary.
of the system is also needed. The information supplied at a boundary is calléd a boundary
condition. This information can be in one of three forms: flow known as afunetion of time
(flow hydrograph), water-surface elevation known as a function of time (stage“hydrograph),
or a relation between flow and water-surface elevation (rating curve ogenergy slopeor river
conditions). The upstream boundary is typically a flow hydrograph (tépresented by the €itcles
in Figure 7.3) and the downstream boundary is typically a knownfrelation between flow and
water-surface elevation (a rating curve or energy slope for river conditions).” If the riverine
system is influenced by a tidal condition, then the downstream baundaryfcondition is@almost
always modeled using a stage hydrograph of tides.

The information supplied at a special feature internal to the stream system'is eften called an
internal boundary condition. In unsteady-flow analysis, internal boundary eonditions are
approximated as steady-flow relations becausé the, special features generally are short
enough that the changes in momentum and xolume of Water within the special features are
small. The isolation and description of the special featurés, is a major component of
unsteady-flow analysis.

The same computational problems can arise, for unsteady-flow analysis as for steady-flow
analysis because both analyses use algebraic ‘approximations to the differential and integral
terms. These approximations are developed for a computational element of finite length. If
the computational element is taoiong, an incorrect'solution results. The difference between
the analyses is that in unsteady-flow,analysis the computational problems are more complex
and more frequent thaamin, steady-flow analysis. The increased frequency is primarily
because unsteady-flow analysis involves,computations over a wide range of water-surface
elevations, whereas most steady-flow analysis involves computations over a narrow range of
water-surface elevations. Furthefmore,the time dimension results in additional
complications. Generally, the closer cross-sections are spaced, the shorter time-step is
required. Therefore the need to reduce cross-section spacing must be balanced with the
length of thésimulation:

7.5 CHANNEL AND FLOODPLAIN CROSS SECTION

Figure, 7.104llustrates itheyinteraction between the channel and the floodplain flows. When
the riven.is rising, flow moves laterally away from the channel, inundating the floodplain and
filling available storage areas. As the depth increases, the floodplain begins to convey water
downstreamy, When the river stage is falling, water moves back toward the channel from the
fleedplains supplementing the main flow in the channel.

Even thouglr the flow is two-dimensional, because the primary direction of the flow is along
the main channel, it can be approximated by a one-dimensional representation. Off-channel
ponding areas can be modeled as storage areas that exchange water to and from the
channel or to other storage areas within the floodplain. For this case, modeling the flow
using a steady state approximation will produce very different results than if modeled using
an unsteady approximation due to differences caused by storage.
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Floodplain Boundary

|
|
» Floodplain Flow !
|
|

»

Applying steady flow to mod
be addressed in many differe
entirely, assuming that

ank flows illustrated in Figure 7.10 can
h is to ignore overbank conveyance
used only as storage. The HEC-RAS model has
ed to modify cross section data to better simulate
the actual hydrauli [ section properties a series of program options
are available to restri flow areas of cross sections. Among these

e user to define areas of the cross section that will

ing conveyed. Ineffective flow areas are often used to
ion in which water will pond, but the velocity of that water in
irection is close to zero. This water should be included in the storage
ed cross section parameters, but it is not included as part of the
area. The volume of water that is already in storage does not attenuate the flow
e change in volume does.

modeling it is always important to account for channel storage as well as
This is because the hydrograph volume must be simulated and portions of the
re, but not convey flow. It is useful to think of storage-only portions of a cross
ection as having extremely high n-values, which effectively eliminates the conveyance.
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For unsteady flow, when the water surface exceeds the trigger elevation, the ineffective flow
area will either begin to convey flow or remain ineffective depending upon its type
(permanent on non-permanent). For non-permanent ineffective flow areas, once the water
surface is higher than the trigger elevation, the entire ineffective flow area becomes effective.
Water is assumed to be able to move freely in that area based on the roughness, wetted
perimeter, and area of each subdivision. The left and right overbanks are m0 longer
considered storage but are now active flow areas.

Occasionally, ineffective flow areas may need to remain ineffective permanently,. When the
water surface is below the trigger elevation, the permanent ineffective flow area‘behaves like
the non-permanent area. For permanent ineffective flow areas, whén the waterisurface
elevation surpasses the trigger elevation, the area below the trigger elevation “temains
effective. Water above the trigger elevation is assumed to conveyfflow. This @ption is usefdl
to avoid numerical instability associated with sudden change in €onveyances

7.6 STORAGE AREAS AND CONNECTIONS

Unsteady flow analyses are used to predict the temporal and\spatial variations of a flood
hydrograph as it moves through a river reach. The effects of storage and flow resistance
within a river reach are reflected by changestinphydrograph shape and timing as the
floodwave moves downstream. Figure 7.12 showsithe, major changes that occur to a
discharge hydrograph as a floodwave moves ‘downstream.

The HEC-RAS computer program provides an option, to enter off-channel storage areas as
ponding areas that are either in-line or off-line. “Sterage areas are treated as simple
reservoirs.  The use of storage areas allow fer more‘stable and faster computations than
representing a region with cross sections4 The ‘eontinuity equation is used to account for
volume of the storage area and the flowdnto and*out,of the storage is accomplished with the
storage indication method (i.e., as reservoir routing also sometimes called level pool routing).
The momentum equationgisgRot computed and the storage is computed by volume/elevation
methods of either gan~area time ‘elationship to account for depth or inputting an
elevation/volume cudrve. Figure 7.12 istamexample of an off-line storage area used in the
HEC-RAS computer program.

Storage areas can\be connected tg @ cross section(s) using a lateral connection, placed at
the top ombdttem of ‘a reach, or connected to another storage area. The only data needed to
describe storage)areas are,stordge versus elevation. Two methods are available for this in
the jprogram: surface area“times depth, or interpolation from an entered rating curve of
elévation versds volume.

The “datadfor storage area connections are a combination of procedures available in the
computer model. The storage area can be connected to river reach with a lateral connection
that can include gated structures and culverts, or entered as a stage-discharge rating curve.
An,initial watersurface elevation or a storage area is also required for simulation.

140 ' HYDRAULIC PROPERTY TABLES

The HEC-RAS computer program has several features that aid in the computation and
trouble shooting of the unsteady flow program for problems that may be encountered during
a computer run. The Geometric Preprocessor is one such feature. It is used to process the
geometric data into a series of hydraulic properties tables, rating curves, and a family of
rating curves. This is done in order to speed up the unsteady flow calculations. Instead of
calculating hydraulic variables for each cross section during each iteration the program
interpolates the hydraulic variables from the tables.
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Figure 7.12. lllustration of an off-line storage area using the HEC-RAS computed model.
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Cross sections are processed into tables of elevation versus hydraulic properties of area,
conveyances, and storage (see Figure 7.13 for how the channel is subdivided). The user is
required to set the interval to be used for spacing the point in the cross section tables. This
interval is very important, in that it will define the limits of the table that is built for each cross
section. The interval must be large enough to encompass the full range of stages th

property tables or plots of the rating curves. Viewing the grap
diagnostic tool for examining cross section geometry. The relatio

Bald Eagle Loc Haw
590 h
1
Ground
-
Bank Sta
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=
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o
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Station (i) 462 41, 5¥B.16

Figure 7.13. Cross section hydraulic table increments.
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Figure 7.14 shows an anomaly in the conveyance for the right overbank flow at elevation
214.2. The cross-sectional plot shown in Figure 7.15 shows that the overbank Manning n
value is a constant for the right overbank having a value of 0.06. Due to the computational
scheme in HEC-RAS which subdivides the cross section by the number of horizontal n
values, a problem could exist in determining the proper conveyance. By adding_g
Manning n value beginning at station 1024, the program will subdivide the cros
the two n values and recompute the conveyance. Note that when the progre
with two n (but the same) values for the right overbank, the conveyance ¢
smoother as shown in Figure 7.16. The feature of viewing these characteris
help the modeler troubleshoot many of the geometry properties that will'ca
flow computation to be unstable.

View Hydraulic Property Tables
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Figure 7.14. Conveyance properties versus elevation for a single cross section.
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Cross Section

File Options
River: IBeaver Creek, ;ILI@ | +II| Reload D at

Feach: IKentWDDd ;I River Sta. IE.EEI ;I ﬂﬂ

Help

Elewation (1)

Beaver Cr. - storage areas Plan: YWith bridge
River Mile 5.29 100-%ear Flood Prafile

*.04+|L.I U: 6
E 4

ks

Elevation214.2

Station= 1024

2101

goo 1000 1200 1400 1600 1500

Station (1)

200 400

| cross section for an unsteady flow model.

of the (1) geometric data, cross section data, Manning n values, bridges and
flow data and boundary conditions; and (3) the numerical accuracy of the

the one-dimensional unsteady flow equations are assumed to represent the flow conditions
ough a river system, then only an analytical solution of these equations will yield an exact
solution. Therefore, any finite difference solutions are going to be approximate.
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e, or the errors become so large that the computations cannot continue.
stability include: cross section spacing, computational time step,

ing hydrographs can cause computational problems, instability and non-
hen applied to numerical approximations of the unsteady flow equations.
> when an implicit, non-linear finite difference solution technique is used,

any computational problems can be overcome with proper selection of the time
the distance step Ax.

ross section spacing should be placed at representative locations to describe changes in
ometry. Additional cross sections should be added at locations where changes occur in
discharge, slope, velocity, and roughness. Cross sections also should be added at
structures located along the river reach. Bed slope plays an important role in cross section
spacing. Steeper slopes require more sections, and streams flowing at high velocities also
will require more cross sections.
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Computational time step is related to numerical stability and accuracy through the Courant
Condition.

Cr = Vu(AUAX) < 1.0 or At < AX/V,, (7.12)

The flood wave speed is normally greater than the average velocity. For mostgfrivers, the
flood wave velocity can be calculated by V,, = dQ/dA and an approximate valuedS V,, = 1.5V.

The Courant condition may yield time steps that are too restrictive (i.e., a larger time step
could be used and still maintain accuracy and stability. Fread (1981) found for manyspractical
unsteady flow problems that the Courant conditions can be relaxed amd values greaterthan 1
yield satisfactory results.

The theta weighting factor is applied to the finite difference approximationS when solving the
unsteady flow equations. Theoretically, theta can vary from 0.5 to"1.04 However adpractical
limit is from 0.6 to 1.0. A theta of 1.0 provides the most stability; while a value of 0.6
provides the most accuracy. When choosing theta, there is a balance betweenfccuracy and
computational robustness. Larger values of theta produce selutions thatiare more robust
and less prone to blowing up. Small values oféthéta, while more accurate, tend to cause
oscillations in the solution, which are amplified if“there, are lakge numbers of internal
boundary conditions.

At each time step derivatives are estimated, the equations are solved, and all of the
computation nodes then are checked for“aumerical“errer. If the error is greater than the
allowable tolerances, the program will iterate. The defaultymaximum number of iterations in
the HEC-RAS program is set at 20. Moregterationsywill generally improve the solution.

Within the HEC-RAS program twao_ solution tolerances can be set or changed. The water
surface calculation isgSet'to 002 feet and the storage area elevation solution is set at 0.05
feet. These default values should be“aceeptable for many river simulations. Making the
tolerances larger can reduce the stahility of the solution, and making them smaller can cause
the program to go to.the maximum Aumber of iterations.

7.9 TWO-DIMENSIONAL UNSTEADY FLOW MODELS

Thegoverning equations fortwo-dimensional unsteady flow (Saint-Venant equations) are
présented in Chapter 6. The equations in two dimensions include additional terms, such as
wind stressgthat-are difficult to represent in one-dimensional models.

Just as_the one-dimensional unsteady flow solution is more complex than the one-
dimensional steady flow solution, the two-dimensional solution is much more complex than
thepene-dimensional solution. The two-dimensional modeling approach is most appropriate
to calculate:

Water levels and flow distributions around islands

Flow at bridges having one or more relief openings

In extremely contracting and expanding reaches

Into and out of off-channel storage or flow situations such as overtopping of a levee
Flow at river junctions

Circulation and transport in water bodies with wetlands

Water surface elevations and flow patterns in large rivers, reservoirs, and estuaries
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Boundary conditions are required throughout the simulation just as in the one-dimensional
modeling. They are applied along the flow boundaries of the solution, and are required to
eliminate the constants of integration when the governing equations are numerically
integrated to solve for U, V, and h in the interior domain. External boundary nodes along the
downstream end of the network are typically assigned a water surface elevation_and
boundary nodes along the upstream end of the network are typically assigned flow or
discharge. The use of boundary condition specification removes either the depth, or one or
both of the velocity components from the computations.

Dynamic simulations are used to model situations where water levels, flow rates, and
velocities can change over time, such as an estuary where ocean tidés influence the flow.
For tidal flow situations, starting a model at low tide usually will mafe quickly attain‘realistic
flow conditions throughout the model domain. This is somewhat Similar tofsetting critieal
depth as a downstream boundary condition for a one-dimensignal model;4sthe M, curve will
converge more quickly than an M; backwater curve. If good prototype tidal datagis not
accessible, then one alternative is to access or generate Synthesized harmonic tidal data.
Several software packages which will generate harmonic tidal data ‘at most USGS station
locations are available.

7.10 TIDAL WATERWAYS

The HEC-25 (FHWA 2004, 2008) manuals provide guidanee on,tidal hydrology, hydraulics,
and coastal issues related to highways. didal watenways are defined as any waterway either
dominated or influenced by tides and hurrieane stormysurges. 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 crossinghor whether, the bridge crosses a tidal inlet,
bay or estuary (tidally contfolled). The flownin 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.
Therefore, tidally affectéd river crossmgs,are not subject to flow reversal, but the downstream
tidal fluctuation acts as a cyclic downstream control. Tidally controlled river crossings will
exhibit flow reversal.

Tidally affected river,crossings arel €haracterized by both river flow and tidal fluctuations.
From a hydraulic stand point, thelow in the river is influenced by tidal fluctuations which
result im acyclic variationin,the downstream control of the tail water in the river estuary. The
degrée 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 aréa, storagemvolume, and hydraulic resistance. Although other factors are
involvedy4the relative distance of the river crossing from the ocean can be used as a
gualitativeindicator 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 tail
water controlidue to tidal fluctuations. As such, the tidal fluctuation downstream will result in
only miner,fluctuations in the depth, velocity, and discharge through the bridge.

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 tail
water 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. 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.
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Wind is a significant component of surge at a coastline. The U.S. Army Corps of Engineers
Storm Surge Analysis manual (USACE 1986b) indicates that wind is the greatest component
of storm surge and that the peak surge occurs in the area of maximum winds. Use of a wind
field as a two-dimensional boundary condition may be necessary to model some tidal
waterway conditions. In determining the forces on bridges, the properties of the flow that
have the greatest impact are the height of the water and its velocity (FHWA 2009
fields can create waves that significantly affect the bridge structure and therefore
analyzed in all river crossings that are tidally influenced.

The damage to highway bridges in recent hurricanes was due primari
storm surge (see Chapter 10). The damage was caused as the stor
level to an elevation where larger waves could strike the bridge
waves produce both an uplift force and a horizontal force
magnitudes of these forces depend on wave characteristics
deck. The magnitude of wave uplift force from individual w
simple span bridge decks. The total resultant force is a
provided by the typically small connections between the pi
decks begin to progressively slide, "bump,” or "hop" across t
wave propagation.

The buoyancy of the bridge decks caused under the bridge decks
contribute to the total force on the individual b eck is submerged, i.e.,
when the storm surge elevation excee

that were elevated above the storm su [ evation were still damaged in both
Hurricanes Ivan and Katrina by waves.

se of damage, is based on post-storm
ith numerical model hindcasts of the

This conclusion, that wave loal
inspections of the damaged bri
wave and surge conditi
review of the relate
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CHAPTER 8

BRIDGE SCOUR CONSIDERATIONS AND
SCOUR COUNTERMEASURE HYDRAULIC ANALYSIS

8.1 INTRODUCTION

The most common cause of bridge failures is from floods eroding bed mategial from around
bridge foundations. Scour is the engineering term for the erosion of soil, alluvium or other
materials surrounding bridge foundations (piers and abutments) by flowing water.. Bhe HEC-
18 and HEC-20 manuals (FHWA 2012b, 2012a) are the primary FHWA resourees for
guidance on evaluating scour and stream instability at bridge crossings. Safe bridge‘design
must account for scour conditions that may occur over the life 'of the bridge. Scour'is
greatest during flood events when flow velocity and depth is highest, butfthe event-related
scour is in addition to the long-term stream instability eé@mponents4of channel ghifting,
aggradation, and degradation.

Each of the scour components discussed in this chapter should be considered during bridge
design. It is important for bridge engineers toprecognize that these scour and stream
instability components be considered over the life“of the, bridge. \No equations for predicting
scour are provided in this chapter becausgiupdated“equations and procedures may be
incorporated into future versions of HEC-18 and HEC-20, and‘beeause every type of scour is
not discussed in this chapter.

The FHWA HEC-18 and HEC-20 manuals, are theyprimary source of guidance and
procedures for incorporating scour and stream instahility into safe bridge design. The
American Association of StatefHighway and Transportation Officials (AASHTO 2010) LRFD
Design Specifications includestthe following statements, regarding the factors related to
scour and stream instability that should be considered’in bridge design:

e Evaluation of bridge design alternatives shall consider stream instability, backwater, flow
distribution, stream velocities, scour<potential, flood hazards, tidal dynamics (where
appropriate) and consistency with established criteria for the National Flood Insurance
Program.

e Studies shall be“cartied out tofevaluate the stability of the waterway and to assess the
impact of construction ongthe'waterway.

¢ d(Consider) whether the stream reach is degrading, aggrading, or in equilibrium.

¢ (Consider) the effeet,of natural geomorphic stream pattern changes on the proposed
structure.

e Forunstable streams or flow conditions, special studies shall be carried out to assess the
probable future changes to the plan form and profile of the stream and to determine
countermeasures to be incorporated in the design, or at a future time, for the safety of the
bridgesand approach roadways.

e For the design flood for scour, the streambed material in the scour prism above the total
scour line shall be assumed to have been removed for design conditions.

e Locate abutments back from the channel banks where significant problems with
ice/debris buildup, scour, or channel stability are anticipated.

e Design piers on floodplains as river piers. Locate their foundations at the appropriate
depth if there is a likelihood that the stream channel will shift during the life of the
structure or that channel cutoffs are likely to occur.
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e The added cost of making a bridge less vulnerable to damage from scour is small in
comparison to the total cost of a bridge failure.

This is only a partial list of AASHTO's specifications and commentary related to scour and
stream instability. These topics are a significant aspect of safe bridge design, andga

complex combination of hydrologic, hydraulic, fluvial-geomorphic, erosion, sco
transport, geotechnical, and structural considerations. The following sections d
and stream instability processes, how to obtain data from hydraulic mode
scour, and numerical modeling of scour countermeasures.

8.2 SCOUR CONCEPTS FOR BRIDGE DESIGN

During flood flows, water is conveyed in the river channel and 4
the channel. Figure 8.1 illustrates a representative fpri
characteristics for a flood condition. The figure includes s

opening where flow velocities are highest. Upst
fully expanded in the floodplain, approximate is in the channel and 35
percent of the flow is in
e channel banks and
5.7 ft/s (1.7 m/s) in the upstream
. This compares with velocities in
| and 4.4 ft/s (1.34 m/s) in the
opening generate much higher shear
m flow velocities. In addition to the

and abutments) locally obstruct flow

the channel and 10 percent is in th
abutments (setback area). Flow velo
channel and 1.2 ft/s (0.37 m/s) in the ups
bridge opening as high as 8.8 ft/s (2.7 m/,
setback areas. The higher cities i

stresses and are much more i
increased velocities, brid
and cause additional

Velocity ft/s (m/s)
7.02.1)
S
— 5.0(1.5) ‘g
s 3.0(0.9) IS
X
1.0(0.3) S
g Streamlines
w
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= — > 7 t/s 2.1 m/s) —3 €

|

Figure 8.1. Velocity and streamlines at a bridge constriction.
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Scour is a significant concern during extreme flood events and bridges should be designed to
withstand the scour produced by these events. Channel geometry, which includes
aggradation, degradation, channel shifting, and channel widening, also changes during the
life of a bridge. Therefore, potential for stream instability should be a part of safe bridge
design.

8.3 TYPES OF SCOUR
8.3.1 Contraction Scour

Contraction scour is a sediment imbalance process that occurs during floods when the
sediment supply from upstream is less than the sediment transp@rt capacity,in the“bridge
opening. There are two sediment supply conditions for contra€tion scourgclear water and
live bed. Clear-water contraction scour occurs when the upstream flow velocity is insufficient
to transport bed material. The HEC-18 manual (FHWA 2012D) inCludes equations for
determining the critical velocity when bed material movement is initiatedy, which _depends on
flow depth and particle size. Clear-water conditions occur for fine sedimentisizes (sands and
fine gravel) only when flow velocity is small and for coarse sediment sizes (€oarse gravel and
cobbles) even for relatively high velocity. Live bedeenditions occur when there is sufficient
flow velocity to transport bed material upstream of the‘bridge. Very fine sediment (clay and
silt) is often not found in channel beds in signifiecant amounts and‘does not generally play a
role in either clear-water or live-bed cantraction scour. The water may be turbid due to
suspended transport of silt and clay, butis still considered as clear-water from the standpoint
of bed material transport.

For clear-water contraction scgu, the flowdvelocitylin the bridge opening is sufficient to move
bed material even though the upstrean flow velogityais too low for bed material movement.
For live-bed contraction scour, the_ higher flow velocity in the bridge opening has a greater
capacity for transporting sediment that is the upstream flow velocity. In either case, there is
an imbalance betwéen sediment supply and sediment transport capacity, and contraction
scour occurs. The channel bed erodes and lowers, thereby increasing the flow depth and
decreasing the flow velocity until the bed material transport capacity equals the supply from
upstream. The er@sion process takes time so depending on the duration of the flood, the
ultimate seeur, may‘not be achieved. Accurate contraction scour calculations depend on
havingdaccurate)estimates,of flew distribution at the approach and bridge cross sections.
Flowfis divided into channel“left floodplain and right floodplain in the fully expanded flow
upStream of the bridge, and divided into channel, left setback (floodplain) and right setback
areasyunderithe bridgemhhese subarea discharges control the contraction scour process.

Live-Bed Contraction Scour. Live-bed scour almost always occurs in river channels during
flood events.) Exceptions to this expectation are boulder-bed and bedrock channels that are
nopalluvial. “Channels that have significant levels of diversion and/or flood control may also
not be live-bed because the channel forming flows no longer occur. Figure 8.2 includes a
plan and profile sketch to illustrate the flow variables for live-bed contraction scour. At the
approach section (cross section 1), the flow velocity in the river channel is high enough to
transport bed material. The total sediment transport in the approach channel depends on the
flow depth (y;), velocity (V,), discharge (Q,), width (W;), and sediment size (represented by
the median bed material particle size, Dso). At the bridge section (cross section 2), floodplain
flow has entered the channel so the channel discharge (Q), velocity, and sediment transport
capacity are greater than in the channel at the approach section. A hydraulic model includes
a surveyed cross section at the bridge so the flow depth in the model is a pre-scour depth
(Vo). The channel width at the bridge section (W,) is often similar to the upstream width, but
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may be wider or narrower. The bridge section channel may also be partially blocked by piers
or by abutments that encroach into the channel, which results in W, less than W;. The live-
bed scour equation is presented in HEC-18 (FHWA 2012b). The equation yields the total
flow depth including scour (y2), and the scour is the difference between this depth and the
pre-scour flow depth (ys. = Y2 — Yo). Because it is assumed that bed material_size. is
consistent along the channel reach, bed material size is only used to determine atthether or
not live-bed conditions exist and does not actually appear in the live-bed contfaction scour
equation. For live-bed conditions, a functional relationship for contraction scodr is:

Ysc = fn (y1, Qu, W1, Q2, W2, o) (8.1)

Larger amounts of contraction scour occur for greater differences between channel
discharge at the approach and bridge sections. Also, scour ingfeases for parrower channel
widths at the bridge section. The worst case live-bed copntraction scodr occurs then the
bridge abutments and road embankments encroach into theiehannel and the entire floodplain
flow is conveyed in the constricted channel at the bridge opeRing. Live-bed contra€tion scour
decreases as the abutments are set back farther from the channel banks and swhen fewer or
narrower piers are located in the channel.

Clear-Water Contraction Scour. Clear-watemcontractionpscour is\expected in the setback
areas under a bridge. The fully expanded floadplain flow upstream of the bridge usually has
a low velocity and would not be expeected to“mebilize the granular floodplain materials.
Floodplains are also often comprised“@fycohesive imaterials and vegetated. Therefore,
although very fine particles (silts and clays) may be trahsported in suspension, there is little
potential for bed material transport or livesbedyscour “in floodplains. Flow velocity in the
setback area under the bridgeds;, howeverf often high enough to cause erosion. Clear water
scour is, therefore, an erosion proeessdbased on flow, velocity and shear stress. Figure 8.3
includes a plan and profile sketeh¥of the clear-water contraction scour variables. The
important variable atthe approach ‘section (section 1) is velocity (Vi), but is only used to
determine whetherhe velocity is lesstthan the critical velocity for bed material transport.
This comparison should be made if there is any uncertainty about whether the upstream flow
is transporting bed material. The ‘channel as well as the setback areas could have clear-
water contraction scour, but most often only the setback areas will. If there is a relief bridge
through thegembankment on the floedplain, this opening will also typically have clear-water
contragetion Scour.

The clear-water contraction scour equation is a function of only the hydraulic conditions in a
particular subarea, nothupstream conditions. These variables include discharge (Q), width
(W), andflow depth before scour (yp). Clear-water contraction scour occurs until the lowering
of the ground, which increases depth and decreases flow velocity, produces a non-eroding
velocity. Theynon-eroding velocity is a function of grain size (Dso) for non-cohesive soils and
IS 'ayfunctiontofycritical shear stress (t.) for cohesive soils. The HEC-18 manual (FHWA
2042h) ineludes equations for clear-water contraction scour. As with the live-bed contraction
scour equation, the clear-water contraction scour equation yields a total depth including
scour (y,) and the predicted scour is the difference between this depth and the pre-scour
depth (ysc = Y2 — Yo). For clear-water conditions, a functional relationship for contraction
scour is:

Ysc = fn(Q, W, Dso (Or 1¢), Yo) (8.2)
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Vertical Contraction Scour (Pressure Scour). Pressure scour is another type of contraction
scour, but created by a vertical constriction rather than a horizontal constriction. It can occur
even if no horizontal constriction is present. Pressure scour may be either live-bed or clear-
water depending on the upstream flow and sediment characteristics. Prediction of pressure
flow scour at an inundated bridge deck may be important for safe bridge design and for
evaluation of scour at existing bridges. An experimentally and numerically calibrate
reference was developed by FHWA (2012c) to calculate pressure scour depth
deck inundation conditions. This formula is included in HEC-18 (FHWA 201
illustrates the flow characteristics at a fully submerged bridge deck. The dept
maximum scour is comprised of three components, which are h. (the [
depth not including scour), ys (the scour depth), and t (the bou
Pressure conditions can significantly increase total scour at a brid

boundary layer thickness is an additional scour component. Usi
computed from the relationships represented in Equations
depth to the bottom of the deck the functional relationship f

Ysve = N (Ysee, 1)
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Figure 8.4. Vertical contraction scour.

8.3.2 Lo cour

r occurs where the flow field is disrupted by an obstruction. The term "local" is
e scour is in the vicinity of the obstruction, not across the entire channel or
dge section. The flow is redirected and accelerates, vortexes form, and there is increased
turbulence. The two most common types of local scour at bridges are pier scour and
butment scour. Ice and debris can also impact local scour.

ier Scour. Pier scour is illustrated in Figure 8.5. The velocity upstream of the pier
accelerates around the pier and flow is directed downward along the front face of pier. A
"horseshoe" vortex forms where the downward flow reaches the bed and the size of the
vortex increases as the scour hole enlarges. The flow around the pier sheds vortexes on the
sides of the pier. Sediment deposition occurs in the wake area downstream of the pier. Pier
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scour can occur in clear-water or live-bed conditions. There are many factors that influence
the magnitude of pier scour. Hydraulic factors are velocity (V), depth (y), and angle of attack
(6) of the flow approaching the pier, but outside the influence of the pier. Pier shape (a
including circular, square, sharp, rounded-, or rectangular nosed), pier width (a), and prer
length (L) also contribute significantly to the amount of pier scour. Complex pier geo
that include pile groups, pile caps, and footings must also be considered when g
pier scour. Sediment size (Dsp), density (A = ps/p - 1) and gradation (c) are incl
pier scour equations. Although pier scour may appear to be a relatively simp
calculations are often cumbersome for all but the simplest cases. HEC-18
includes several pier scour equations for various conditions. A functionakrelatio
scour is:

yS-p = fn (Vl yr er ar L1 E_y! D50! Al (X)

f curs at abutments when the roadway embankment and abutment
' flow Abutment scour is a type of local scour, but is related to contraction scour
embankment is the primary cause of flow constriction.

conducted an evaluation of abutment scour processes and prediction
e conclusions and recommendations that pertain to abutment scour evaluation
ge design include:

Contraction scour should be viewed as the reference scour depth for calculating
abutment scour. Abutment scour should be taken as the product of the contraction scour
caused by flow acceleration through the constricted opening multiplied by a factor
accounting for large-scale turbulence. This approach would replace the current approach
for adding contraction scour to a separately computed abutment scour.
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o Abutments should be designed to have a minimum setback distance from the channel
bank of the main channel with riprap protection of the embankment and a riprap apron to
protect against scour. The setback distance should accommodate the apron width
recommended in HEC-23 (FHWA 2009a).

¢ Two-dimensional models should be used on all but the simplest bridge crossing
matter of course.

Abutment foundations should be designed to be safe from long-term degfadation, lateral
banks, dikes, or revetments. NCHRP (2010a) developed abutment
account for a range of abutment types, abutment locations, flow
transport conditions. HEC-18 (FHWA 2012b) includes these
illustrates abutment scour processes. Where abutments are se

the channel, abutment scour can occur entirely in the
channel. When the abutment is set close to the channel the
soil characteristics, including grain size and cohesion, factor
will occur in the floodplain versus channel. Because abutmen
scour, the scour relationship is similar in form to Yo- Ys-a IS the
from the combination of
contraction and abutment scour, and yy is t ity of the abutment prior
to scour. The value of ynax is related to y; in i ater contraction scour
equations and to an amplification fac turbulence structures.
Abutment shape (&, including spill-thr wall abutment types) also affects
abutment scour. An abutment scour functi [ ip can be expressed as:

Ysa = fn(yzfaAfyo) (8-5)

Abutment scour can r i nical failures of the embankment or channel bank
materials. Once th

but will progress la
act more as a pier

lly, potentially cre
m the standpaint of s

ScourArea  High
Turbulence

oooooooo

Figure 8.6. Flow structure in floodplain and main channel at a bridge opening
(NCHRP 2011b).
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8.3.3 Debris Scour

Debris is a common problem at bridges, especially during floods. Debris loading and impact
forces can damage piers, decks, and girders and debris can reduce the waterway openlng
thereby increasing upstream floodlng All types of scour can be mcreased due to_de

Increased pier scour, as shown in Figure 8.7, is the most common type ¢
problem. Debris clusters are highly variable from one bridge location
same bridge from one flood to the next (NCHRP 2010b). HEC-20
guidance on identifying upstream debris production potential and
depending on pier location in the channel. HEC-18 (FH
relationships for debris clusters on piers Figure 8.8 |Ilustrat
depends on the flow impacting the pier and the flow plu
The plunging flow creates a scour hole just downstream
cluster and the pier obstruction creates a local scour hole.
pier may occur when the debris cluster size and flow depth

(Figure 8.9) by reducing flow area in the ulating debris in two-
dimensional models would require use of the hapter 6 for including
pier drag. For debris collected at the " hord of the bridge would need to be
adjusted.

Figure 8.7. View down at debris and scour hole at upstream end of pier.
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8.3.4 Channel Instability

In the context of safe bridge design, channel instability includes any channel change that can
threaten a bridge foundation. The change may be natural or result from a variety of human
activities.  Channel instability can create changes in channel geometry that expose
foundations and increase scour during floods. The HEC-20 Manual (FHWA 2012a)fprovides
guidance on evaluating channel instability at bridges. Even though these changes may be
gradual or episodic, they are usually cumulative and are considered long-terpa‘because they
alter the channel over the life of the bridge. Therefore, the potential foryertical and
horizontal change must be considered in safe bridge design.

Channel instability not only considers the existing conditions, bt also potential future
conditions. Factors that may need to be considered when assessing poténtial channél
instability include:

Channel size and form

Flow and flood history

Valley and floodplain setting

Geologic and other vertical or horizontal controls
Channel and floodplain materials

Vegetation and land-use

Sediment sources and supply

Vertical Instability. Vertical change in€ludes aggradation and degradation resulting from a
long-term excess or deficit in sediment supply, and from,degradation caused by headcutting.
Long-term trends in discharge also impact channel geometry because channels that convey
larger flows tend to be wider and deeper. if @ channel consistently conveys more water than
it has historically, the channellwill enlarge. This ean occur due to increased runoff from
urbanization, from climate changepand many other’causes. Bridge inspection files that
include repeat cross seetion measurements are useful in identifying aggradation and
degradation problems and trends. The sediment transport chapter (Chapter 9) includes the
discussion of sediment continuity and “how sediment transport concepts can be used to
analyze aggradation and degradatioh when there is an imbalance of sediment supply and
transport capacity.

Headcutsgo€eur when ehannel degfadation progresses up the channel and are caused when
the downstream base levelof.afchannel is lowered. Figure 8.10 shows a headcut that will
migrate upstream and through'the bridge crossing during future runoff events. Features of a
he@adcut that £an threaten a bridge include long-term degradation that persists after the
headeut hasfmigrated upstream of the bridge, plunge pool when headcut is under the bridge,
and channel'widening that occurs because bed lowering can destabilize channel banks.

Lateral Instability. Figure 8.11 shows progressive channel migration over a 72 year period at
anhighway cressing. The channel banks were identified and traced from historic and recent
aerial photography. These banklines not only show trends of channel migration down valley
and acress valley, but also variability in channel width through time. The channel migration
process includes erosion of the bank materials, bank geotechnical failures, transport of the
eroded and failed materials, and sediment accretion on the insides of bends (point bars).
Reviewing historic aerial photography is not only useful for identifying the potential for lateral
instability problems at a bridge, but can be used to make predictions of channel location
during the life of the bridge. These photo-comparison techniques are presented in HEC-20
(FHWA 2012a). As illustrated in Figure 8.12, a single flood can also cause extreme channel
migration and widening, which for some regions can present significant challenges for bridge
design.
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Figure 8.11. Meander migration on Wapsipinicon River near De Witt, lowa.
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Figure 8.12. Channel widening and meander migratic
Nevada.

8.3.5 Evaluating Channel Instability

Vertical and lateral instability is often identifi g bridge inspections, through channel
reconnaissance during bridge design, or th ent and historic aerial
photography. Hydraulic modeling an S can also be used to
evaluate channel instability. As discus
used to evaluate channel aggradation an nds over the life of a bridge. Even
when sediment transport modellng is no draulic models, especially two-
dlmensmnal models, can provide insight i eral channel instability potential.
ity i than up- or downstream may be prone
to bed or bank erosion. Models
be used to evaluate p itions by configuring the model for expected channel
changes.

Model results sh i without considering the river characteristics.
teristics, vegetation characteristics, and manmade
may be expected from reviewing model results. It is
ce be performed and that the hydraulic engineer

If model geometry is inaccurate, bank stations are not correctly or
efined, Manning n values are not accurate, or model assumptions are violated,
en the poor quality of the hydraulic input data used in scour calculations can result in
unreasonable and incorrect scour estimates.

e variables listed above all depend on the suitability of the hydraulic model to define flow
istribution. For pier scour, the velocity and depth upstream of the pier are required input.
For contraction scour, the amounts of flow in the channel relative to the floodplains both
upstream and in the bridge opening are required. Abutment scour depends on the same flow
distribution information as contraction scour, but also requires an estimate of flow
concentration adjacent to the abutment.
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The rest of this section provides discussion of extracting the necessary hydraulic information
from one- and two-dimensional models. Recognizing that two-dimensional models provide
more accurate representations of the flow field and flow distribution, FHWA encourages the
use of two-dimensional modeling for all but the most straightforward bridge crossings.

8.4.1 One-Dimensional Models

Figure 8.13 shows the minimum number of cross sections for a one-dim
hydraulic model. The Exit cross section is required to establish the downstre
condition for the model. Contraction and abutment scour calculation i
floodplain discharges at the Approach section and bridge crossing.

sional bridge
n boundary

graphical representation of flow distribution at the bridge crossing from a
el. The results are also available as tabular output from the HEC-RAS
e cross section shown is adjacent to the bridge and roadway immediately
stream of the bridge. This cross section is used in scour calculations to avoid pier
influence. The diagonally hatched areas are ineffective flow areas created by the
mbankment blockages. This figure shows low velocity in the overbank areas under the
idge where flow depth is low and Manning n is high, and high velocity in the channel where
ow depth is high and Manning n is low.
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Pier scour calculations require velocity an of the pier. Maximum velocity
and depth, highlighted in Figure,8.14, are scour calculations because they
produce the most conservati ults a shift in the thalweg could direct the
highest velocity to any pier in th . ank and channel discharges used for
contraction and abut tions are determined by proportioning channel and
overbank conveyan

It is important to r ribution in HEC-RAS is approximate and based
on several assum

imensional Models

Two-dimensional model results are shown graphically as velocity contours and vectors in
igure 8.15. Contours of depth are also available as graphical output. The figure depicts a
mplex flow situation where a highway crosses a channel and wide floodplain. There is a
ong, main channel bridge, a shorter relief bridge on the floodplain (upper right corner of the
figure) and another relief bridge further along the embankment (not shown in the figure).
There is also a narrow railroad embankment, which has a main channel bridge and two relief
bridges, downstream of the wide highway embankment.
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For pier scour calculations, point values of velocity and depth can be obtained at any
location. Flow direction can also be determined from the model output to estimate angle of
attack at a pier. Figure 8.15 also shows four flow lines. Flow lines, also called flux lines and
continuity lines, are used in two-dimensional models to compute the discharge through an
area. The flow lines in this figure are positioned to compute channel discharge at the bridge
opening and approaching the bridge upstream, overbank flow in the wide floodplain“tnder
the main channel bridge, and total flow in the relief bridge. The area, length, average
velocity, and average depth can also be determined from the flow line @utput. These
variables provide the input data for contraction and abutment scour calculations,

Figure 8.15 also shows the flow concentration (high velocity) at the two abutmentshof the
main channel bridge. This type of flow concentration is not ayailable output from one¢
dimensional models. Unit discharge can be computed at anygoint in thegwo-dimensianal
model by multiplying velocity and depth, or at any flow line, by“dividingdischarge by width
(flow line length). Although this is a much more accurate representation of flow than & one-
dimensional model, two-dimensional models also make Simplifying assumptions, which
include hydrostatic pressure and no vertical velocity components.
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Figure 8.15. Velocity and flow lines in two-dimensional models.

8:5 HYDRAULRIC ANALYSIS OF SCOUR COUNTERMEASURES

Scour “and 'stream instability have always threatened the safety of bridges over water.
Countermeasures are intended to control, inhibit, change, delay, or minimize these threats.
HEC-23 (FHWA 2009a) provides guidance on selecting and designing countermeasures for
various types of threats considering the range of river characteristics that are encountered.
In addition to countering erosion and scour, with few exceptions countermeasures also alter
flow and need to be included in hydraulic models. This section describes hydraulic modeling
considerations for several countermeasures.
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8.5.1 Revetments and Vegetation

Channel bank revetments and vegetation are the most common type of lateral stream
instability and bank erosion countermeasure. Revetments are placed directly on the channel
bank and include riprap, articulating concrete blocks, various types of mattresses, and
be used in combination with vegetation. Hydraulic modeling of revetments and
includes adjusting geometry to represent earthwork and assigning representati
Manning n for the countermeasure material.

8.5.2 Guide Banks

abutment. Flow separation can also reduce the effective bridge
shown in Figure 8.16) can be used to prevent severe
separation. Scour may still occur, but is expected only at e guide
bank.
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Area of scour
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ional modeling, one additional cross section should be located at the
s of the guide bank. The cross section should only include active flow in the
a between the two guide banks. It is reasonable to use lower values of the contraction
coefficient as compared to the value used to represent the more abrupt flow transition
esulting when no guide bank is used. The water surface elevation can differ greatly from the
nt side to the back side of guide bank. The energy grade elevation at the cross section at
e upstream end of the guide banks is a reasonable estimate of the elevation of ponded
water along the back side of the guide bank. The HEC-23 manual (FHWA 2009a) provides
the SBR (Set Back Ratio) method to estimate the flow velocity at an abutment from one-
dimensional model results. The SBR method can also be used to estimate the flow velocity
at a guide bank.
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As shown in Figure 8.17, the geometry of guide banks can be included directly in two-
dimensional models. The finite element mesh shown in this figure demonstrates that areas
of rapid change in velocity magnitude or direction require a more refined network of
elements. The unstructured mesh of the finite element network also allows for detailed

assignment of cover type, i.e. Manning n. Figure 8.18 shows the flow field around thi ide
bank and the flow around the abutment at the other end of the bridge. T
separation under the bridge right abutment (left side of figure) but not on the gui ank side.

Flow velocities are also much lower at the guide bank protected side.
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uide bank in a two-dimensional network.

early tes some of the benefits of two-dimensional modeling for bridge
sis. The true flow field is much better simulated in two-dimensional models.
direction is computed intrinsically by two-dimensional models the angle of
ier scour becomes more deterministic, though potential for future change
considered. The two-dimensional model also shows that the right abutment,
t include a guide bank, has flow separation and a portion of the bridge opening
not effective for conveying flow. The maximum velocity at the guide bank is also much
ower than at the opposite abutment. Therefore, the required riprap size is much smaller for
e guide bank.
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bend protected with in HEC-23 (FHWA 2009a), the hydraulic function
re significantly different in that bendway weirs
ws and spurs are not. The primary similarities
nd from the bankline and usually have unprotected

he models shown in Figure 8.19, high velocities reach

are designed to o
of these structur
channel bank bet

els also illustrate that the upstream spur is subjected to the highest flow velocity
e spurs are likely to shift the thalweg and may erode and shift the opposite
se of the increased flow velocities away from the spurs. One-dimensional
also be used to simulate these conditions but the results would be more
verage conditions at a cross section rather than the detailed distributed results
-dimensional flow field. It should be recognized, however, that even a very refined
o-dimensional model network is not a complete representation of the flow characteristics,
specially when structure overtopping occurs.
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CHAPTER 9

SEDIMENT TRANSPORT AND ALLUVIAL CHANNEL CONCEPTS

9.1 INTRODUCTION

Safe bridge design includes the recognition that channels are not stationarybut that they
may adjust their bed and banks during the life of the bridge. The HEC-20{(FHWA 2012a)
and HDS 6 manuals (FHWA 2001) are the primary FHWA manuals relatedyto stream
instability and sediment transport topics. Another reference that providés’broad ‘coverage of
this topic is Sedimentation Engineering (ASCE 2008). HDS 6 statés that "The mowveable
boundary of the alluvial river adds another dimension to the design problem and can
compound environmental concerns. Therefore, the designgof highway crossing “and
encroachments in the river environment requires knowledge of the me€hanics of alluvial
channel flow." This chapter provides an overview of thesé ‘topics ihgthe context of bridge
design.

Most channels and floodplains that roads cross are alluvial. Alluvial channels are formed by
materials that have been transported and depositéd,by flowing water and can’be transported
by the channel in the future. Channel adjustmentsiinclude aggradation, degradation, width
adjustment, and lateral shifting. Aggradationpand degradation ‘are the overall raising or
lowering of a channel bed over time from sediment accumulation or erosion. Channel
widening and shifting are the result of bank erosion due to hydraulic’forces or by mass failure
of the bank.

Sediment transport analyses can play a rolé inyseveraliaspects of safe bridge design. Of
primary concern is whethef ithe channel willy experience long-term aggradation or
degradation. Aggradation decreases flow conveyanee and has the potential of increased
frequency and magnitude_of flooding, road overtopping, and loss of service. Degradation
threatens bridge foundations by remowving support and making the bridge more vulnerable to
scour during floodst "A related concernis that the bridge could alter the prevailing flow
conditions and cause aggradation ok degradation. Departments of Transportation may also
conduct channel restoration as part of a bridge replacement. Sediment transport analysis is
needed to determineithe potential impacts of the restoration to avoid creating a channel that
does not adequately convey sediment supplied from upstream. Another role that sediment
transport can_play in_bridge design is that contraction scour can be computed from a
sedimient transport modelirather than from the standard contraction scour equation. This
wodld be dong Iif there was significant uncertainty in the use of the standard contraction
seour, equation emifsthere was a significant potential benefit from applying a more detailed
analysis. dn summary;'sediment transport analyses should be considered as part of a bridge
designior the following reasons.

Evaluatiomof long-term aggradation or degradation potential

¢ _Concerns aver a bridge replacement impacting channel vertical stability
Evaluation of channel restoration project impacts on sediment transport and channel
vertical stability

e More detailed evaluation of potential contraction scour, especially for short duration flows

ASCE (2008) indicates that one-dimensional sediment transport models are most often
applied to simulations involving extended river reaches and extended time periods, typically
to determine the long-term response of a river to natural or man-made changes. This is
because of the computational efficiency of one-dimensional models as compared to two-
dimensional models. This makes one-dimensional models well-suited to address the topics

9.1



listed above. As indicated by ASCE (2008), one-dimensional models cannot resolve local
details of flow and mobile bed dynamics, which two- or three-dimensional models provide the
possibility of resolving, though currently for relatively small scale problems over relatively
short time periods.

Channel stability and sediment transport are complex processes that interact to produce the
existing channel form and future channel adjustments. This is why HEC-20 (EHWA 20123a)
emphasizes that qualitative evaluation (Level 1), and standard engineering @nalyses (Level
2) should be conducted even when advanced numerical sediment transport modeling (Level
3) is performed. Factors that influence sediment transport include sediment properties,
hydrology, watershed and land-use conditions, channel geometry, anddvegetation.

Sediment properties include size, gradation, cohesion, density, shape, porosity of the
sediment mixture, angle of repose, and sediment layer depthst. Many, if mot all, aspectsrof
hydrology also play a role in sediment transport analyses. JFhesetineludé not only peak flow
rates, but also individual flood hydrographs, and the durations, of allflows. The entire range
of flow may be significant because even though the highestflows have the highest rates of
sediment transport, lower flows may have significantly longer\durations and produce the
greatest cumulative sediment transport. Channels respond and adjust tosehanges in flow
and sediment supply. Therefore, changing watershed,conditions eften result in adjustments
in channel geometry. Channel geometry, bedymaterial; and, vegetation determine hydraulic
variables (velocity, depth, etc.), which in{ turn control_sediment transport capacity.
Consequently, sediment transport andgchannel stability depend®not only on the specific
physical processes, but also the histary, of natural and human-induced factors in the
watershed.

The following sections providé, a general overview of ‘Sediment transport concepts and
processes. Other resources arejavailable to pravide the in-depth information required to
perform these analyses. These“resources include"HDS 6 (FHWA 2001), Sedimentation
Engineering (ASCE 2008), textbooks (Simons and Senturk 1992, Yang 2003, Julien 2010),
and the manuals forSpecific numerical'magdels that incorporate sediment transport.

9.2 SEDIMENT CONTINUITY

The amountyef material transported, eroded, or deposited in an alluvial channel is a function
of sedimentsupply and ehanneldransport capacity. Sediment supply is provided from the
tributary” watershed and™“from_erosion occurring in the upstream channel bed and banks.
Sediment tranSport capacity is primarily a function of sediment size and the hydraulic
properties ofdtheschannel. When the transport capacity of the flow equals sediment supply
fromupstream, a state‘of equilibrium exists.

Application ef the sediment continuity concept to a channel reach illustrates the relationship
between sediment supply and transport capacity. The sediment continuity concept states
that the sediment inflow minus the sediment outflow equals the rate of change of sediment
volume inva, 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 (Figure 9.1). The sediment
inflow to a given reach is defined by the sediment supply from the watershed and channel
(upstream of the study reach plus lateral input directly to the study reach). The transport
capacity of the channel within the given reach defines the sediment outflow. Changes in the
sediment volume within the reach occur when the total input to the reach (sediment supply)
is not equal to the downstream output (sediment transport capacity). When the sediment
supply is less than the transport capacity, erosion (degradation) will occur in the reach so
that the transport capacity at the outlet is satisfied, unless controls exist that limit erosion.
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Conversely, when the sediment supply is greater than the transport capacity, deposition
(aggradation) will occur in the reach.

g Change in volume = Sediment

(erosion if negative, de

Figure 9.1 Definition sketch of the [ concept.

Controls that limit erosion may either be hum uman-induced controls
included bank protection works, grad , ilized bridge or culvert
crossings. Natural controls can be geo tcrops, or the presence of significant
coarse sediment material in the channel. f coarse material can result in the
formation of a surface armor layer of larger

The Exner equation describes
dimensional differential fo

equation mathematically. The one-

(9.1)

channel, ft (m)
evation, ft (m)

rial porosity (volume of voids/total volume)
nt transport rate, ft*/s (m>/s)
Distance along channel, ft (m)

nel reach, the sediment continuity equation is:

At(Q s(m) s(out) )
TWLE-m)  WL(E-n)

(9.2)

ere:

AV = Change in volume of sediment particles stored or eroded in the reach, ft® (m®)
L Reach length, ft (m)
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9.3 SEDIMENT TRANSPORT CONCEPTS
9.3.1 Initiation of Motion

Initiation of motion of bed material particles exposed to flowing water is difficult to defme
precisely. The particles are subjected to drag and lift forces by the flowing water. F

near the boundary, turbulence fluctuations, and particle size, shape and relative
respect to other particles all contribute to these forces. Particle size, shape
position to other particles also contribute to forces that resist motion, includ
and external support forces acting on the particle (friction and other point co
grains). This problem has been simplified and studied empirically
laboratory conditions, dating back to Shields (1935). Detailed discu
many sources including HDS 6 (FHWA 2001). Shields related
particle size, particle submerged unit weight, and flow shear st
motion.

small
equal to

Standing water exerts hydrostatic pressure on the channel
slopes, the flowing water exerts a time-average shear stress
the hydrostatic pressure times the channel slope:

TO = szo (93)
where:

1, = Shear stress, Ib/ft? (Pa)

Y = Specific weight of water, |

y = Flow depth (hydraulic radi th for wide channels, or local

depth) ft (m)

So = Bedslope (ore varied flow)
Another useful for i average shear stress for gradually varied flow
conditions is:

(9.4)

city, ft/s (m/s)
.S. Customary units

velocity squared. The Shields parameter relates critical shear stress to
nd specific weight by.

T, =k D (ys —v) (9.5)

ere:

Critical shear stress for beginning of motion, Ib/ft? (Pa)

Tc =

Ks = Shields parameter

Ds = Particle size, ft (m)

vs = Specific weight of the particle, Ib/ft® (N/m)
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Shields parameter ranges from 0.03 to 0.10 for natural sediments and depends on particle
shape, angularity, gradation and imbrication. The use of 0.047 is common for sand sizes.
When the shear stress of the flow exceeds the critical shear stress of the particle, the
channel bed begins to mobilize and bed material is transported downstream. Particle motion
begins as sliding and rolling of individual particles along the bed. It is important to recognize
that the Shields equation is not a sediment transport equation because it does s
any estimate of the amount of sediment in motion. It is also important to note

relationship.
9.3.2 Modes of Sediment Transport

Once the critical shear stress is exceeded, bed material begin
saltate) along the bed surface. This material is referred to

excess shear stress (defined as 1, - 1), this is the only m
excess shear stress increases, turbulence begins to susp
turbulence acts to mix the particles in the water column an
settle. Therefore, bed material can also transported downstre
load. The two types of bed material load are illu in Fi

Velocity
Profile

BED LOAD SUSPENDED BED

MATERIAL LOAD

mpose

- Composed of particle
erthan tho

: S sizes found in the bed Composed of
preciable quantities in that move by surface particles typically
Washload moves creep, sliding, saltation found in the bed that
- or rolling within the are transported in
provide boundary layer. suspension.

watershed erosion.

| BED MATERIAL LOAD |
|

TOTAL SEDIMENT LOAD |

Figure 9.2. Definitions of sediment load components (FHWA 2012a).
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The suspended bed material load shown in Figure 9.2 is a result of the interaction between
gravity and turbulence. Because gravity is causing particles to settle, they are concentrated
near the bed. Turbulence mixes the particles in the water column and, depending on the
size and density of the particles, relatively few particles may reach the surface. The
suspension of particles is illustrated in Figure 9.3, which shows the concentration profi
various particle sizes in a turbulent flow field. The equation that describes the cor
profiles is:

[ el

where:

Sediment concentration at height y from
Sediment concentration at height a above
Total flow depth (from surface to bed) ft (m
Rouse number = o/(Bxv-)

Fall velocity of the particle in
Parameter relating particle, an
approximately equal to 1. ine parti
Von Karman's constant of 0.

Ca

e NX

sfer due to turbulence,

A
1

S
I

Shear velocity = 4/t gRS

Water density, slugs/ft® (kg/m®
Accelerationue to gravi m/s
Hydraulic r ft (

Qo

NEAE
N
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AN \
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Figure 9.3. Suspended sediment concentration profiles (Rouse 1937).

9.6



Larger particles have greater fall velocities and larger Rouse numbers. Therefore, Figure 9.3
shows that for a given level of turbulence (as represented by the shear velocity), large
particles will remain close to the bed. Finer particles have smaller Rouse numbers, are
mixed higher into the flow and have higher concentrations. Julien (2010) indicates that
particle sizes with Rouse numbers less than 0.025 (1/40) will have essentially uniform
concentration profiles. These particles are extremely fine, primarily silts and claysgand have
very small fall velocities. They are defined as wash load, which are derived primarily from
upland erosion and bank erosion of floodplain materials. Wash load materialgis nhot found in
appreciable quantities in the channel bed.

In summary, bed material is transported in contact with the bed (bed lo@d) and in suspension
(suspended bed material load). The total sediment load transpoxted by the channelalso
includes wash load, which is supplied to the channel rather than dérived from the bed. “Wash
load is also transported in suspension. In coarse bed channéls; such as' eobble-bed and
boulder-bed streams, sand may act as wash load because it is not feund in appreciable
guantities in the bed and because the supply is far less ithan “the® channel capacity to
transport this size.

9.3.3 Bed-Forms

In sand-bed streams, sand material is easily, eroded and, is continually being moved and
shaped by the flow. The interaction betweentthe, flow of the:water-sediment mixture and the
sand-bed creates different bed configurations whieh change the“resistance to flow, velocity,
water surface elevation and sedimentttransport.<_Consequently, an understanding of the
different types of bed forms that may oecur, bed form geometry, resistance to flow, and
sediment transport associated with each bed ferm can help in analyzing flow in an alluvial
channel.

Flow Regime. Flow in alluvial sand*bed channels isidivided into two regimes separated by a
transition zone. Formsgoefgbed roughness in sand-bed channels are shown in Figure 9.4.
There is no direct relationship between the classification of upper and lower flow regime and
Froude Number (supercritical/subcritical flow). The flow regimes are:

e The lower flow regime, where resistance to flow is large and sediment transport is small.
The bed form is either ripples of dunes or some combination of the two. Water surface
undulations, are“out, of phasefwith the bed surface, and there is a relatively large
separation zone downstream from the crest of each ripple or dune. The velocity of the
downstream movement of‘the ripples or dunes depends on their height and the velocity
of the grains moving up their backs.

o The transition zone, where the bed configuration may range from that typical of the lower
flow regime to that typical of the upper flow regime, depending mainly on antecedent
conditions. If the antecedent bed configuration is dunes, the depth or slope can be
increasedito values more consistent with those of the upper flow regime without changing
the bed farm; or, conversely, if the antecedent bed is plane, depth and slope can be
decreased to values more consistent with those of the lower flow regime without
changing the bed form. Resistance to flow and sediment transport also have the same
variability as the bed configuration in the transition zone. This phenomenon can be
explained by the changes in resistance to flow and, consequently, the changes in depth
and slope as the bed form changes.

e The upper flow regime, in which resistance to flow is small and sediment transport is
large. The usual bed forms are plane bed or antidunes. The water surface is in phase
with the bed surface and normally the fluid does not separate from the boundary, except
when an antidune breaks.

9.7



PR A A

ANTIDUNE STANDING WAYE

— LXK

e AT

" ANTIDUNE BREAKING WAVE

WASHED OUT DUNES

Figure 9.4. Bed forms in sand'ehannels (after HDS 6 - FHWA 2001).

Effects of Bed Forms at Stream Crossings.. Atyhigh flows; most sand-bed stream channels
shift from a dune bed to a tramSition or a plane‘bed configuration. The resistance to flow is
then decreased by one-half to one-third«f that preceding the shift in bed form. The increase
in velocity and corresponding decrease in depth may increase scour around bridge piers,
abutments, spur dikes erbanks and'may increase the required size of riprap.

Another effect of bed forms on highway“eressings is that with dunes on the bed, there is a
fluctuating patternfof scour on thetded. Methods for computing bed-form geometry can be
found in Julien and Klaassen (1995) and Karim (1999). Karim included laboratory and field
data where the crest-to-trough height, A, for dunes ranged from less than 0.1y to up to 0.5y.
Karim also showed ‘a range of antidune heights between 0.1y and 0.4y. Bennet (USGS
1997)dndicated an approximate upper limit as A < 0.4y. The average dune height equation
by Julien and Klaassen is:

0.3
A 2.5(%J 9.7)
y y

The lower and*upper bounds on dune heights (95 percent) range from 0.3 to 3.2 times this
averageheight. Dune lengths can be approximated as 6.25 times the flow depth. Care must
be used in analyzing crossings of sand-bed streams in order to anticipate changes that may
occur in bed forms and the impact of these changes on the resistance to flow, sediment
transport, and the stability of the reach and highway structures. With a dune bed, the
Manning n could be more than twice as large as a plane bed (see Figure 9.5). A change
from a dune bed to a plane bed, or the reverse, can have an appreciable effect on depth and
velocity. In the design of a bridge or a stream stability or scour countermeasure, it is good
engineering practice to assume a dune bed (large n value) when establishing the water
surface elevations, and a plane bed (low n value) for calculations involving velocity.
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BED FORM

Standing waves

Plane Bed | Ripples Dunes Transition Plane Bed and antidunes .

Water
Surfacei
NN T |

Bed

A\

Resistance to flow
(Manning’s roughness
Coefficient)

Lower Regime Transition

Lower Flow Regime

the basic form of:

9, = a1, —1.)*"” (9.8)

Bed load discharge per unit width of channel, ft?/s (m?/s)
vikical coefficient

bed-load dominated sediment transport, such as in gravel-bed rivers, is
ortional to velocity cubed.

nother classic method for predicting sediment transport is the Colby (1964) graphical
ethod for bed material load in sand-bed rivers. The Colby method is discussed in detail in
DS 6 (FHWA 2001). Sand-bed channels are dominated by suspended sediment transport
r most flow conditions. The first step in the Colby method is to determine an uncorrected
sediment discharge based on flow velocity. The Colby curves follow a trend of sediment
discharge proportional to velocity to the power of between 3.5 and 6. These large powers
indicate that suspension is more effective in transporting sediment in sand-bed channels.
They also indicate that uncertainty in velocity generates extreme uncertainty in sediment
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transport calculations. Based on these observations, a 10 percent change in velocity can
result in a 40 to 80 percent change in sediment transport rate. The Colby method also
includes correction factors for water temperature and wash load concentration because
these factors affect the fluid viscosity and particle fall velocity.

As flow velocity and shear stress increase bed load increases, but suspended loaddncreases
rapidly and can easily dominate the sediment transport process. This is becausée bed load is
transported in a small fraction of the flow depth (often considered as twice thé median (Dso)
sediment diameter and because the flow velocity (and bed load velocity) is Iow near the bed.
Suspended load is carried through more, and potentially all of the flow, depthi(8ee Figure
9.3). Velocity quickly increases with distance above the bed so suspénded load iSycarried
downstream at a much higher velocity than bed load.

Although the Colby method provides insight into the sediment tfansport proe€ess, suspended

load was more rigorously investigated by Einstein (1950).4 The Einstein suspended load
equation is described in HDS 6 (2001), and is a solution to the\suspended load equation:

Yo
g, = Ivcdy (9.9)

Where the variables are defined as in Equation 926 and:

Suspended load discharge per unitwidth, ft?/s (m?/s)
Velocity at height y above the bed, ft/s\(m/s)

Qs
\'%

The solution of the integral uses,Equation 9.6 far sediment concentration and a logarithmic
velocity profile equation (vertical welocity distribution is discussed in Chapter 6). The
concentration and velocityprofiles are illustrated in Figure 9.6. This integration depends on a
reference concentration thatjs determined from the bed load. ASCE (2008) presents nine
equations for determining the reference‘concentration and an easily applied equation (Abad
and Garcia 2006)/to solve the integration of Equation 9.9. Because the rate of bed load
transport and the ¢oncentration profile depend on grain size, the integration is performed for
the range of grain sizes in the bed material and the total bed material load is the sum of the
proportionateitranspartirates computed for each size class. Julien (2010) used Equation 9.9
to show that bed load“compriseS 80 percent or more of the total load when shear velocity
divided by fall yelocity (v*/w)is less than 0.5, and that suspended load comprises 80 percent
of more of the tetal load when v*/o > 2. For 0.5 < v¥/o < 2 the sediment transport is
considereddo be mixed load.

ASCE (2008) also presents six empirically based equations for determining total sediment
load. These equations have the advantage of being more easily applied, but should only be
usedhwithin the limits of the data used in their development. This concept applies to the use
ofsany“sediment transport equation. The HDS 6 manual (FHWA 2001) includes 20 sediment
fransport equations and the applicability to various grain sizes. The HEC-RAS Reference
Manual (USACE 2010c) and SAM reference manual (USACE 2002) include information on
the range of data (particle size, specific gravity, velocity, depth, slope, channel width and
temperature) used to develop many of the sediment transport equations used for sand and
gravel sizes. Any equation that is considered for use should be evaluated for applicability to
the specific conditions.
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Figure 9.6. Velocity and sedimént,concentration, profiles.

It is important to note that there are sevéral ways of“expressing and calculating rates
sediment transport. These include volumetric (ft¥/Shm?/s), mass and weight (tons/day, metric-
tons/day), and concentration (ppm, mg/l), sediment volume/total volume, and sediment
weight/total weight). HDS 6 provides ‘exact and“approximate equations for converting
between these expressions.

9.5 OVERVIEW OF SEDIMENT TRANSPORT MODELING

The HEC-RAS Referene€ Manual (USACE 2010c) states that "Sediment transport modeling
is notoriously difficult™® " This is because the high degree of variability and uncertainty in much
of the data and because the equations ake highly sensitive to the input variables. As
indicated in the previous section, @ small*change in velocity can significantly change the
sediment transport capacity. Changes in sediment size also dramatically impact transport
capacity. Another reason for the difficulty in modeling is that the sediment transport process
is extremely‘complex:

Thé HEC-RAS Users Manual (USACE 2010b) describes three types of sediment transport
analysis capabilitiespwithin HEC-RAS. In order of increasing complexity, they are (1)
SedimentgTransport Capacity, (2) Sediment Impact Analysis Methods (SIAM), and (3)
Sediment Routing. For each of these types of analysis, six sediment transport equations are
available:

The sediment“transport capacity function is simply a sediment transport calculator. The
potentialitransport capacity is determined for each cross section in a user-defined reach and
bed material grain size distribution. These calculations can be reviewed to identify
imbalances between individual cross sections or reaches. Cross sections that have
significantly different transport capacity should be reviewed to determine if there are errors
on inconsistencies in the cross section, or if there are other conditions that limit sediment
transport. Bridge constrictions often have very different sediment transport capacity for flood
conditions due to the flow constriction that causes contraction scour. Bridge constrictions
should have little impact on transport capacity for in-bank flows.
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The next level of complexity is SIAM. SIAM is a sediment budget tool. It combines channel
reach-weighted hydraulics, annual flow duration information, bed material gradation, other
sediment properties, and information on sediment sources to compute the annual sediment
transport capacity for each reach. The engineer must identify channel reaches with similar
hydraulic and sediment properties. The results can be used to locate potential instabilities
and sediment imbalances (surpluses and deficits) between reaches.

The third, and most challenging capability is sediment transport routing. In sédiment routing,
the sediment transport capacity is used to update cross section geometry, which'is, then used
to update the hydraulic calculations. The geometry is updated for individual cross'sections,
though the hydraulic variables can be weighted with up- and downstreéam cross sections. A
flood hydrograph or long-term flow hydrograph is entered as agseries of ceonstant flowst
Within each flow time step, many sediment transport and crosgfsection updating time steps
are often required. The model does not assume that transport capacity 4§ reached at every
cross section, but limits erosion based on potential entrainment ratesfand limits deposition
based on fall velocity, flow velocity and water depth. Sediment layemdepths,4as well as
lateral limits for erosion and deposition are also input. Sediment transpert shodeling also
requires greater model upstream and downstream extent, as well as careful consideration of
all boundary conditions (hydraulic and sediment)4

Figure 9.7 shows channel profiles for Las Vegas Wash, aychannel with a history of
degradation. The channel has experieneed increased flow over time and sediment supply is
limited by upstream channel stabilization. s he bridge,crossing location degraded over 30 ft
(9 m) between 1970 and 1999. Equilibrium Slepe caleulations indicated that an additional 40
feet (12 m) of degradation could occur based on expected discharge and sediment supply
rates. Equilibrium slope is defined as thefslope aychannel will seek based on an expected
combination of sediment supply<and water dischargeyand is described in detail in the HEC-
20 manual (FHWA 2012a). Because equilibrium™slope calculations do not provide the
amount of time it will take'to reach equilibrium, a sediment transport model was developed to
provide an independent estimate of channel degradation at the bridge and the time it would
take to reach varigus amounts of degradation. The final profile from the sediment transport
model is at equilibrium with the expected flow and sediment and was achieved approximately
10 years into the simulation. The bridge was protected with grade control structures and the
predicted fimahdegradation has occurred downstream of the bridge. Note that the final profile
showsdaggradation downstreamdof station 6000 ft (1830 m). This aggradation is due to
sediment accumulating in“the“pool of Lake Mead, which is a downstream, though highly
vaftiable, control.

Because0f the sensitivity to the hydraulic conditions, a sediment transport routing model will
often highlight deficiencies in a hydraulic model. When velocity or conveyance change
significantly between cross sections, the change in sediment transport capacity may result in
unrealistic amounts of aggradation or degradation, or create unrecoverable numerical
instabilities, during the model run. Sediment transport routing is inherently non-uniform and
yunsteady.“It is non-uniform because the cross section geometry will change as erosion and
deposition occur. It is unsteady because the rate of sediment transport imbalance
determines the amount of cross section change (Equations 9.1 and 9.2).
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Figure 9.7. Channel profiles frem sediment routing model.
The following is a partial list of thelinformation needed, for a typical sediment routing analysis:

Channel and floodplain geemetry

Channel and flogdpfain roughness

Structure geometry

Geologic or structural vertical controls

Hydraulic boundary conditions

Inflow hydrographs (including tributary)

Sediment supply houndary conditions (including tributary)
Bed material gradations

Depth of alluvium and sediment layers
Sedimentdransport relationships

There aré many decisions that impact the results of a bridge hydraulic analysis. Selecting
high Manning n values results in conservative water surface elevations. Selecting low
roughnesswalues results in more conservative velocity estimates. Using a fixed bed model
forpbridge hydraulics may also produce conservative estimates of backwater. This is
becausencontraction scour enlarges the bridge opening and reduces the velocity in the
bridge. Therefore, in many cases, backwater actually caused by bridges is less than a fixed
bed model predicts. In some cases, use of a mobile-bed model, or incorporating contraction
scour in the bridge opening of a fixed-bed model, better represents actual flow conditions at
the bridge. This is illustrated in Figure 9.8, which shows the water structure for a fixed-bed
model run for natural (no bridge) and bridge conditions and a mobile-bed model. The bed
profile shows the construction scour caused by the bridge constriction. In this case, the
mobile-bed model computed approximately 40% less backwater due to the 2.6 ft (0.79 m) of
contraction scour that resulted based on sediment transport.
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Figure 9.8. Contraction sc for fixed-bed and mobile-bed models.

Alluvial fans are v i [ landforms that can create significant hazards to
highways as a r i s, deposition, channel incision, and avulsion
(Schumm and La . an occur where there is a change from a steep to a flat
gradient, especiall [ gions. The National Research Council Committee on
Alluvial E [ efined alluvial fans as sedimentary deposits that are

on of the stream, the coarser bed materials can no longer be
e sudden reduction in both slope and velocity. Consequently, a
builds out as the material is dropped. Alluvial fans are often characterized by
anel geometries and rapid lateral movement. The steep channel tends to drop
pent load in the main channel building out into the main stream. In some
e ‘main stream can make drastic changes, or avulsions, during major floods.
ommittee determined that alluvial fan hazards can include (1) flow path
certainty below the fan apex, (2) abrupt deposition and ensuing erosion of sediment as a
stream or debris flow loses competence to carry material eroded from the steeper, upstream
ource area, and (3) the combination of sediment availability, slope, and topography creates
ra hazardous conditions that elevation or fill will not reliably mitigate risk.
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The potential for avulsion, deposition, channel blockage, and channel incision are important
for highway design. To minimize these impacts on highways, a reconnaissance of the fan
and its drainage should be undertaken so that potential changes can be identified and
countermeasures taken. Any study of alluvial fans should include a geomorphic map
delineating active and inactive portions of the fan and the identification of problemgsites
within the active portions of the fan. For example, local aggradation in a channel g
avulsion because avulsion is likely to occur in places where deposition has raise
the channel to a level that is nearly as high as the surrounding fan surface

and Lagasse 1998).

French (1987) cautions that alluvial fan hydraulics are highly uns
Analyzing hydraulic and sediment transport conditions on
conducted without in-depth geomorphic evaluation.
two-dimensional models available for modeling flow and s
specifically FLO-2D (Obrien 2009). FLO-2D is a grid-base
well-suited for simulating unconfined flow and sediment condi uvial fans,
including mud- and debris-flow conditions. Although the grid-
for determining the detailed hydraulic results oft ired for b
unsteady, unconfined flow conditions on alluvial fan
this approach necessary.
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CHAPTER 10

OTHER CONSIDERATIONS

10.1 HYDRAULIC FORCES ON BRIDGE ELEMENTS
10.1.1 General

Bridge design engineers must analyze the stability of the bridge as a whole and elements of
the bridge under various loading conditions. Rivers, streams and coastal'water badies exert
significant forces on bridge structures especially during times of fle@d or storm surgex The
hydraulic forces potentially acting on a bridge include hydrostaticg#buoyancy, drag andwave
forces. Impact by vessels and forces exerted by debris or4ice, are als@ closely tied to
hydraulics. Bridge designers require information from the results‘ofithe Hydraulic analysis to
evaluate the hydraulic forces on bridge elements.

Bridge designers typically follow the AASHTO LRFD Bridge'Design Specifications (herein
referred to as the LRFD Specifications) (AASHTO 2010), \with some  state-specific
modifications, in evaluating forces and loads“enmbridges. The guidelines of LRFD
Specifications, along with information and®insights™“from,, other\ references, are briefly
summarized in this section.

10.1.2 Hydrostatic Force

The weight of water exerts hydrostatic préssure in allidirections. It is calculated as the
product of the height of the water surface above the point of interest and the unit weight of
water. Thus the pressure is greatest at‘the lowest point of a submerged element and is zero
at the water surface elevatioen.

The hydrostatic forge acting on a bridge elément in a particular direction is the summation, or
integral, of the product of the pressure andithe surface area of the bridge element projected
in the plane perpendicular to the direction of the force. Hydrostatic forces on one side of a
bridge are at least\partly balanced by opposing hydrostatic forces acting on the other side.
Any imbalance,in the hydrostatic/force is due to variation in the water surface elevation.
Bridgefdesigners must be infermed of the water surface elevation upstream and downstream
of the bridge for the design flood in order to evaluate the hydrostatic forces.

10.1.3) BueyancyForce

Buoyancy is, an uplift force equivalent to the weight of water displaced by the submerged
element. It'¢an, be a threat to a submerged bridge superstructure if the superstructure design
incorporates large enclosed voids as with a box-girder or if air pockets develop between
girders_beneath the deck. Buoyancy is also a factor in evaluating wave-related forces on
bridge decks, discussed later in this chapter. If a pier is constructed with a large empty void,
the buoyant uplift force acting on the pier may be significant. Bridge designers must be
informed of the water surface elevation upstream and downstream of the bridge for the
design flood in order to evaluate the buoyancy forces.

10.1



10.1.4 Stream Pressure and Lift

Stream pressure is the name in the LRFD Specifications for the pressure associated with the
drag exerted on the structure by flowing water. By the LRFD Specifications, the stream
pressure on a bridge element is computed as a simple function of the square,@
impinging flow velocity multiplied by a drag coefficient.

Stream Pressure on Piers

plan view shape of the pier, the skew (if any) of the pier axis vers
the presence or absence of debris on the pier. The hydraulic engi

stream pressure on a pier.

Stream Pressure and Lift on Bridge Superstructures

am pressure and forces
used physical modeling
ling to investigate the

Recent research provides refined guidance on
acting on submerged bridge superstructure
and three-dimensional computational fluid
hydrodynamic forces on inundated bridge

lift force acting vertically and tending to li cture; and the overturning moment
resulting from unevenly distributed forces and te

al n odeling both focused on three different
ders, one with three larger rectangular

Figure 10.1. CFD results plot showing velocity direction and magnitude from a model
of a six-girder bridge (from FHWA 2009c).
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The resulting report, entitled "Hydrodynamic Forces on Bridge Decks" (FHWA 2009c)
provides equations for use in determining the drag coefficient, lift coefficient and moment
coefficient as functions of the inundation ratio, for each of the three superstructure types
investigated. The inundation ratio is a measure of the degree of submergence of the
superstructure. It is defined as the vertical distance measured down from the water

drag coefficients roughly ranging from 0.7 to 2.2.

For inundated bridge decks, lift is another force component that sho
bridge design. FHWA (2009c) provides equations for lift, as well
moment that the combined drag and lift forces create. The deck
unit depending on the interconnection of the girders, so lift and d
individual deck elements. Figure 10.2 is a definition sketch for
variables.

tch for deck force variables (FHWA 2009c).

moment per unit length of bridge (FHWA 2009c) are:

(10.1)
forh >1 (10.2)

;forh <1 (10.3)

(10.4)

M., = pCM\2/2W2 (10.5)
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The values of the drag, lift and moment coefficients for a six-girder bridge are shown in
Figures 10.3 through 10.5. FHWA (2009c) also provides charts of these coefficients for
three-girder bridges.

2.5

Figure 10.3. D r bridge (FHWA 2009c).
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Figure 10.4. Lift coefficient for 6-girder bridge (FHWA 2009c).
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of certain information from the
information includes the water
surface elevation, depth and bridge, along with the elevation of the
bridge low chord. It will be ively adjust the drag coefficient to
accommodate a brid type other than a six-girder or three-girder bridge
design.

The hydraulic engineer must inform the
hydraulics analysis to determi

10.1.5 Wave For

ings must consider the potential for significant wave
-25 "Highways in the Coastal Environment" (FHWA

2004 and Hurricane Katrina in 2005. The landfall of each hurricane caused
er level, allowing the Iarge waves generated by the storm to affect the

nitudes of the forces depend upon several factors including the tide level, storm
perties of the anticipated waves. The FHWA conducted a pooled-fund study to
eIop guidelines and specifications for the design of bridges subject to wave forces in
coastal settings.

e resulting recommendations were published by AASHTO in the document "Guide
pecifications for Bridges Vulnerable to Coastal Storms," (AASHTO 2008). A bridge designer
following this AASHTO document requires certain information about the tidal hydraulics and
the wave setting. The hydraulic engineer should be prepared to provide the following
information, with input from a coastal engineer:
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Maximum probable wave height for the design event
Wave length

Wave period

Upwind fetch over which wave can be generated
Storm tide water surface elevation at the bridge for the design event, including lo
setup where appropriate

Stream bed elevation at the bridge

e Current velocity from tidal hydraulic modeling for the design event

Figure 10.6. otograph of a brid

HWA 2008).

damaged by Hurricane Katrina from HEC-25

other wave/properties can be computed using equations from the

USACE 1984) or from the Coastal Engineering Manual (USACE
application of numerical wave modeling software. The wave
erally dependent upon the wind speed, duration and direction, the upwind
pth at the bridge and the water depth over the fetch.

andisuperstructures. The LRFD Specifications provide guidance on incorporating
ial into the stream pressure calculations, with respect to assigning a drag
efficient and estimating the cross sectional area of the debris blockage.

research project by the NCHRP used physical modeling to examine debris forces on
idges. The report, titled "Design Specifications for Debris Forces on Highway Bridges,"
CHRP 2000, Report 445) recommends separate evaluation of the drag force and
hydrostatic force from debris accumulations. For evaluating the drag force, the report
provides envelope curves and tables to aid in assigning the drag coefficient for debris on
piers and superstructures as a function of the amount of blockage caused by the debris and
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the Froude number in the contracted section. The report also provides useful guidance on
the selection of the reference velocity for use in the drag force, or stream pressure,
calculations. The hydrostatic force is calculated based on the difference in water surface
from the upstream side of the debris accumulation to the downstream side of the bridge.

Another research project by the NCHRP used field observations, a photographiefdatabase
and extensive physical modeling to investigate the affects of debris on bridge piér scour. The
resulting report, titled "Effects of Debris on Bridge Pier Scour," (NCHRP 2010b, Report 653)
provides refined guidance on estimating the potential dimensions of a debris*flow, blockage,
on incorporating debris into one- and two-dimensional hydraulic models;»and on_cemputing
an effective pier width for pier scour calculations based on the estimated debris dimensions.
When the potential for debris accumulation on the bridge is significant, the hydraulic engineer
should be prepared to provide the bridge designer with thefestimated ddimensions “and
reference elevation of the potential debris blockage. The hydraulic engineer should also
recommend an appropriate drag coefficient for the debris, based on"NEHRP Report445.

10.1.7 Effects of Ice

When ice accumulates at a bridge and forms a substantial ice jam, significant problems can
develop. Some of the negative consequences,include‘bridge scour and bank erosion, even
during times of low streamflow. Ice jams alsoimpart significantylateral forces on the bridge.
Similar to debris blockages, ice jams magnify the stream pressure forces by increasing the
surface area to which the stream pressureiis appliedaThe upstream water surface elevation
(and consequently the hydrostatic force) Is affected yithe inordinate amount of backwater
that often accompanies ice jams. The elevation at whichiice,is expected to accumulate has a
significant influence on the bridge stabilitys€alculatiens. Extensive discussion on evaluation of
ice forces is provided in the LRFD Specifications.

The design team should perform site-specific research to assess whether ice jamming is a
relevant concern. If it is a concern, theyhydraulic engineer may be required to develop
hydrologic and hydraulic informationgto assist the bridge designer in evaluating ice forces. It
may be beneficial, for instance, to\determine the months of the year when ice jamming is
most likely to occur.\Streamflow regords would then be studied to assess the potential for
flooding during, the 'most likely icefjamming months, and to identify a streamflow rate that
represents a reasonable yet conservative flow rate for assessing the potential elevation of an
ice jam on the bridge. Field“reconnaissance may reveal evidence of the elevation range
within which icé jams typically form. The Transportation Association of Canada has published
the "Guide 40 Bridge Hydraulics" (TAC 2004), which includes information on estimating the
stage and thickness of iCe jams. If needed, the hydraulic engineer can develop hydraulic
model simulations of ice jam situations. The HEC-RAS program includes the capability to
incorporate iee cover into its simulations.

Ice canwexert other forces on a bridge besides the increase in stream pressure and
hydrostatic: force mentioned above. Large ice floes striking bridge piers can generate
significant impact forces. Large sheets of ice can experience thermal expansion, generating
lateral pressure on the bridge. Ice adhering to the bridge structure during water level
increases can impart uplift forces. The hydraulic engineer should be prepared to assist the
bridge designer in assessing the potential range of water levels associated with these forces.
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10.1.8 Vessel Collision

When a bridge is to cross a navigable waterway, the design should consider the potential for
impact forces from vessel collisions. Bridges should be designed, wherever practicable, to
minimize the probability of a vessel impact. Advisable practices include providing apprepriate
vertical clearance above the water surface, keeping piers as far away fromhavigation
channels as practicable, and avoiding the placement of piers near a bend inda 'navigation
channel. Navigating large ships and barges can be very difficult, especially’at bends, and
especially in high-velocity waterways. Locating one or more bridge piers near a,bend in a
high-velocity waterway with barge or ship traffic dramatically increases‘the risk“ofya vessel
impact.

After taking appropriate precautions in locating the bridge dand bridgegdpiers, it is“stil
necessary to allow for some probability of vessel collision.“The typé of vessel to be
considered depends upon the waterway being crossed and the typicahboat traffic. The LRFD
Specifications provide significant guidance on selecting antappropriaté,designaessel and
assessing the probability of a vessel collision. The bridge designer typically evaluates more
than one vessel collision scenario.

One potential scenario spelled out by the LRED Speecifications is a case of an empty barge
breaking free from its mooring and hitting a bridge pier underpeak100-year flood conditions.
The flood conditions include the presence of half.ofithe long-term*seour and half of the flood-
specific scour at the time the vessel strikes the pieraThe hydraulic engineer should inform
the bridge designer about the peak 100-year flood: velocity, flow direction, depth, water
surface elevation and total scour to enable evaluation of, the impact force. The required
velocity is the local velocity impinging onfthe pienin question. It is usually appropriate to
report the same velocity, flow directionfand depth that were used in the scour calculations
when providing information for vesselfimpact forces under flood conditions.

Another commonly g£onsidered case is‘a fully loaded vessel motoring along the navigation
channel and errantly striking the _lbridgetduring typical waterway conditions. The LFRD
Specifications state that the appropriate velocity and water surface for such a scenario are
those associated with, yearly mean conditions, combined with half of the estimated long-term
scour depthmlf streamilow records are available for the stream reach being crossed, the
annualdmean-of the daily meanflow rates can be used to represent yearly mean conditions.
In adidal waterway it is more“meaningful to select one or more specific tidal levels, such as
meéan high water, to represent typical waterway conditions.

Some_bridge pier locations, for instance in the vicinity of seaports or major shipping
channels, .imay be exposed to very large vessel impact forces that cannot readily be
accommodated in the bridge structure design. In such cases it is common to incorporate
Separate structural dolphins, with or without fender racks, to prevent a bridge impact. Care
should beytaken in the design of dolphin installations to avoid aggravating the scour potential
at the bridge piers they are protecting.

10.2 BACKWATER EFFECTS OF BRIDGE PIERS

Hydraulic drag at bridge piers is experienced by the bridge as a force that must be resisted
by structural stability. It is experienced by the stream flow as resistance to flow that must be
overcome by an increase in energy driving flow through the bridge waterway. The increase in
energy takes the form of backwater. The total backwater upstream of a bridge is often
dominated by the constriction associated with the road embankments and bridge abutments,
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with the piers making only a small contribution. The relatively small backwater contribution of
piers, however, can be a significant factor in bridge design, especially in the context of highly
restrictive, no-rise floodway regulations (see Chapter 2).

Most bridges crossing regulatory floodways require piers to be located within the floodway. to
keep the span lengths within a cost effective range and to avoid unreasonable supérstructure
depths. The placement of piers in the floodway, however, can lead to regulatory challenges
since the piers are likely to cause some small amount of backwater. In guch cases the
hydraulic engineer and the design team should work together to develop a“design for the
spans and piers that satisfies the regulatory constraints without unacceptable castimpacts.
Aligning the piers with the flow direction, using hydraulically streamlinéd pier geometries and
elevating the low chord to a reasonable freeboard height above thé 100-year flood elevation
are best practices that should be incorporated to the extent feasible. In such«€ases the bridge
hydraulics should be analyzed using a methodology that accountsifor the hydraulic benefits
of streamlined pier geometries. The momentum method within HEC-RAS, for instance (see
Chapter 5) uses a pier drag coefficient that is a function ‘of, the pierigeometny. Yarnell's
equation also incorporates a pier shape factor.

The Texas Department of Transportation commissioned a research study to aid in the
evaluation of the magnitude and nature of backwater associated with bridge piers. The
researchers conducted physical modeling ta eorrelate the pier‘drag coefficient and the
relative backwater (backwater depth gdivided< by, flow depth)<to the Froude number
downstream of the pier, for a range of ‘piek, sizes and, flow contraction ratios. The results of
the study (Charbeneau and Holly 2001) led te a recammended equation for calculating the
backwater effects of pier. The recommended equation fallows the form of Yarnell's equation
but incorporates modificationsffer improved correlation to the physical modeling results. In
general it was found that the observeddrelative backwater depth was consistently less than
Yarnell's equation would predict.

Another analysis stpategy that can be useful in dealing with no-rise floodway regulations is to
perform a simulation that includes only the bridge elements that are actually located within
the floodway, excluding elements of the crossing that are outside the floodway. This
simulation allows ‘the hydraulic engineer to isolate the impacts caused by work in the
floodway.a@nly workin the floodway is regulated to the no-rise standard per FEMA
regulations, though localerdinances may regulate to a no-rise standard outside the FEMA
regulatory floodway.

10:3 \COINCIDENT FLOWS AT CONFLUENCES
10.3.1 'Significance of Coincident Flows at Confluences

When a bridge ever a stream is located near a confluence with another stream, the engineer
must consider the potential influence of the other stream on the hydraulics at the crossing.
Questionsto consider include:

e If the bridge is upstream of the confluence: How will the other stream affect the water
surface profile through the bridge waterway for various flood recurrence intervals?

e If the bridge is within or very near the floodplain confluence zone: How will the interaction
between the flows from the two streams affect the distribution and direction of flow
throughout the confluence area?
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In order to appropriately consider the effects of the confluence, it is necessary to estimate the
coincident flow probabilities of the two streams. Consider a bridge crossing a minor tributary
stream a short distance upstream from a major river, as illustrated in Figure 10.7. The
tributary would likely have a much smaller contributing drainage area than the river. Major
flooding on the river may be driven by dlfferent factors than those that cause major

tributaries are often driven by intense thunderstorms at other times of year,
a few hours.

Figure 10.7. lllustration of a confluence situation.

hat the 100-year flood on a small tributary is not likely
on a large receiving river. It is necessary, however, to

idance on coincident flow frequencies at confluences has been scarce. FHWA
C-22 "Urban Drainage Design Manual," (FHWA 2009b) provides guidance on
oincident flow frequencies for the design of storm drain outfalls into rivers and streams. The
guidance takes the form of a table indicating the relative flood frequencies of the tributary
d main stream as a function of the ratio of the contributing drainage areas. For example, if
e drainage area of the main stream is 100 times the drainage area of the tributary, the
engineer would determine the outfall tailwater based on a 25-year flood profile on the main
stream for a 100-year storm drain design. The table in HEC-22 provides a convenient format.
The basis of the table, however, is not well documented but was apparently based on data
for a limited number of watersheds in a specific geographic location in coastal Virginia.
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NCHRP conducted a research project (Project 15-36) NCHRP (2010c) with the objective of
developing practical, reliable procedures for estimating coincident flow probabilities at
confluences. The work has been completed and at present publication is pending. The
resulting report, once published, is expected to provide significantly improved guidance on
handling the issue of coincident flows at confluences.

10.4 ADVANCED BRIDGE HYDRAULICS MODELING
10.4.1 Background

One-dimensional and two-dimensional hydraulic analysis techniquesdare sufficiently rigorous
for the needs of most bridge design projects. Occasionally, however, a projectycalls for. more
advanced hydraulic modeling techniques, such as physical modeling or computational fluid
dynamics (CFD) modeling, which do not require the simplifications inhereft'in one- and two-
dimensional modeling.

Physical hydraulic modeling refers to simulations conducted in a ‘geemetrically-scaled
physical representation of the bridge or, more often, an element or section of the bridge
along with the surrounding channel or waterway. CED modeling refers to a highly detailed
three-dimensional mathematical representation of the“bridge element and waterway. Both
techniques allow for the investigation of flow patterns and“hydrodynamic phenomena at a
degree of resolution, detail and rigor that is not readily obtainable with one-dimensional or
two-dimensional analysis.

10.4.2 Applications of Advanced Modeling

Physical Modeling. Numerous physicaldimodel studies, have been conducted to assess scour
potential in situations involving largefpiers with complex geometry. Physical modeling has
also been used to evaluate vertical eontraction scour as illustrated in Figure 10.8. HEC-18
(FHWA 2012b) prevides recommended yequations for estimating the scour potential at
complex piers, but/their range of reliable application does not cover the full range of possible
complex configurations. Physical medeling, therefore, is sometimes used to enhance the
reliability of the scour estimates. Physical modeling provides the benefit of demonstrating,
resolving gand, displaying the camplex flow behavior without reliance on numerical
formulations “that are,“ofnecessity, only approximate representations of the real physical
congditions. Physical modeling“also allows a more detailed understanding of the geometric
cenfiguration @f scour around the pier.

Physicalymodeling for scour investigations is conducted in moveable-bed flumes. The flumes
are constructed as geometrically scaled models of the prototypes they represent. Most of the
limitations*@fyphysical modeling stem from the challenge of scaling the hydraulic conditions
from, the prototype to the model. Hydraulic scaling for bridge hydraulics applications is
usually based on the Froude number, meaning that the Froude number in the model is set to
ggual the“Froude number in the prototype under design conditions. Even with Froude
number scaling, challenges can arise which are described later in this section. To support
physical modeling, two-dimensional computer modeling is often conducted to determine the
velocity magnitude and direction and the depth of flow at each pier in the prototype for the
design flow conditions.
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Figure 10.8. Velocity from physical mod e Velocimetry (PIV).

ethods to solve the Navier-Stokes
low patterns for a wide range of

CED Modeling. CFD modeling empl
equation in analyzing detailed three-dim
applications, from stream hydraulics to air
blood vessels. CFD modelingd
vortices in the vicinity of flow o
sized and configured. Fi

lex near-field flow patterns, such as the
e grid cells of the model are properly
example of CFD modeling of a submerged bridge
to bridge hydraulics is, to date, somewhat limited.

Figure 10.9 Velocity result from CFD (RANS) modeling.
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Hybrid Approach. Compared to the convenience offered by modern computational facility,
physical modeling has become a much more expensive, time-consuming, and inflexible
option for investigating a large variety of bridge hydraulics subjects. However, there are
specific aspects in CFD that requires input from physical modeling. Examples of such needs
mclude turbulence models, scallng effect, roughness simulation, and sedlment transpo

Figure 10.10 shows an example of such process. In an investig
scour, a physical model of the pier was set up in a hydraulic flu
flow velocity, flow depth, and bed material (a). The shape of t
surveyed using a laser distance scanning system (b). A CFD
on the bathymetry from the survey (c). This model was use
study the horseshoe vortex systems (d). This process eliminated
sediment entrainment model in CFD by using the scour date
therefore allowed computational effort to be focused on the behavior
vortices.

Y - Position

Figure 10.10. Hybrid modeling of pier scour.
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10.4.3 Example of Advanced Modeling Applied to Bridge Design Projects

The Woodrow Wilson Bridge carries 1-95 over the Potomac River between Washington, D.C.
and Alexandria, Virginia. The original structure was opened to traffic in 1961. Dramatic
growth in the traffic volume required a replacement of the original bridge. Construction.e

the design of the replacement bridge included extensive investigation of the
using state-of-the-art techniques. The large investment in substructure fo

ations for the

employed in the scour evaluation included:

¢ Two-dimensional hydraulic modeling of the river and floodplai
roughly 6 miles, to provide local velocities and angles of att

e Analysis of scour in cohesive materials

e CCHE3-D software.
The modeling combined 3-dimensional [ led sediment transport

piers, and the model domain for the simula
the pier, as shown in Figure 10.11.

Numeriecal 2 nr Afte I'\{-_O HOUI‘B_' o

New Bridge

&,max = 2.48 meters

Figure 10.11. lllustration of CFD modeling of Woodrow Wilson Bridge pier and dolphins
(from Dou et al. 2001).

10.14



The large-scale tests at the Turner Fairbank Highway Research Center were much more
costly to conduct. Consequently only four large-scale experiments were performed. The
large-scale tests had model-to-prototype scale ratios of 1 to 28 for one test and 1 to 50 for
the other three. The purpose of the large-scale models was to investigate the scale effects by
comparison with small-scale models of the same conditions. The comparison betweenJarge-
and small-scale models showed enough similarity to provide confidence in the ddse“of‘the
small-scale tests to predict the scour at the piers (Jones 2000). The phySical models
provided significant value in comparing the effects of different design optiongt They showed,
for example, that the use of three 45-foot diameter dolphins to protect the baseule, piers from
vessel collision could double the scour potential at the piers, while the' ise of ‘anialternate
fender ring could actually reduce the scour potential. Figure 10.12 isfa photograph‘efiene of
the experiments at the J. Sterling Jones Hydraulics Research Laboratory.

Figure 10.12. Photographefithe post-sceur condition of a small-scale physical model
test of 2@ Woodrow Wilson'Bridge pier.

10.4.4 Limitations of Advanced Modeling

Physical gmodeling andyCFD provide the benefit of detailed hydraulic analysis without the
simplifications‘that are requiredstd analyze the problem with one- or two-dimensional models.
Certain practical and technical challenges exist, however, that have thus far prevented
widespread application of advanced modeling techniques to bridge design projects.

Limitations 'of Physical Models. The practical limitations of physical models arise from the
limited number of suitable facilities available for model testing and the relatively high cost of
constructing and running the experiments. The testing should be done at a facility with
appropriate flumes, measurement equipment, water supply, and, most importantly, expert
personnely,Such facilities are typically associated with universities and/or government
agencies, although some are owned by private interests. Hydraulic laboratory facilities
typically maintain a significant backlog with respect to both flume space and personnel. If
physical modeling is to be employed for a bridge design project, therefore, the arrangements
must be made with significant lead time before the bridge design must be complete. Physical
model studies can be highly labor intensive, which corresponds to significant cost. Personnel
are needed to fabricate model elements, install them in the flumes, install and calibrate
measurement devices, run the experiments, record the results, analyze the results, and
refine the experiments as necessary.
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Technical challenges in physical modeling are typically related to scaling between the model
and the prototype. The most common type of scaling for open-channel hydraulic studies is
Froude-based scaling, which generally means that the geometric configuration is scaled
down by some uniform scale ratio, but hydraulic properties have different scale ratios such
that the Froude number in the model is the same as in the prototype. Froude scaliaggis a
reasonably straightforward way to establish similitude in models of open-chahnel flow:
Unfortunately, the scaling of sediment sizes and sediment transport in a physieal'model are
not straightforward for Froude scaling. Recognizing this limitation, physical model studies for
scour evaluation often use a bed material size that has a critical velocity that iSjjust less than
the model velocity, rather than attempting to scale the sediment size from the prototype.

The scaling requirements of physical modeling lead to another limitation in bridge hydrauli¢
modeling. Unless the depth to width ratio is distorted in the modél; 1t is usually not feasible to
physically model the entire bridge waterway and floodplain unless the available flume_ facility
is uncommonly wide. Most physical model studies applied t@ bridge‘hydraulics, therefore, are
designed to represent the flow around and adjacent to a specific bridgeselementfsuch as a
pier or abutment. Supplemental two-dimensional computer moedeling iS_oftenfemployed in
order to apply the correct local velocity and flow direction in the'physical model.

Limitations of CED Models. CFD modeling isgmot yet iniwidespread use for bridge hydraulics.
Practical limitations of CFD are associated. with the required, @amount of computational
resources and the limited availability of personnel qualified to“develop and apply CFD
models. The examples to date of CFD being appliedito bridge hydraulics problems required
the use of very powerful computers, whichhare not widely available. As a result of the
computational intensity, most CFD studies applied to bridge hydraulics have focused on a
specific local flow field, for inStance at afpier,<rather than attempting to model the entire
bridge waterway. Therefore CFD iS,usually a supplement to, rather than a substitute for, one-
or two-dimensional modeling. As<with” physical modeling, the number of personnel with
expertise in CFD modeling, especially.as,applied to bridges, is relatively small.

The current technical limitations of4CFDvin»bridge hydraulics, as with physical modeling,
relate to sediment transport and Scour processes. The Woodrow Wilson Bridge example
cited above required, the simplifying assumption of uniform sand, where the actual bed
material waspvaried and included/eohesive soil. Significant refinement is required to the
computational: algorithmspof CED models if they are to be validated for direct use in
prediCting scour depths.

10:5 BRIDGE DECK DRAINAGE DESIGN
10.5.1 "Objectives of Bridge Deck Drainage Design

The, design "of 'a bridge should include consideration of bridge deck drainage in order to
protect public 'safety, support efficient traffic flow and prevent or minimize water related
damage to'the bridge. Relevant design measures include the use of appropriate cross
slopes and longitudinal slopes on the bridge deck, along with hardware such as inlets,
scuppers, and drainage pipes. While the concerns and design approaches are comparable to
roadway pavement drainage design, significant differences exist because of the physical and
geometric constraints of installing a drainage system on a bridge.

FHWA document HEC-21 "Design of Bridge Deck Drainage,” (FHWA 1993) provides

extensive guidance on the design of deck drainage systems. This section briefly summarizes
the design considerations for bridge deck drainage, drawing heavily from HEC-21.
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10.5.2 Bridge Deck Drainage Considerations

Minimizing Spread Width and Flow Depth. Runoff flow spreading into traffic lanes on a
bridge deck causes safety risks and reduces levels of traffic service. The flow encroaching
into traffic lanes, if deep enough, can cause hydroplaning, an extremely hazardous coadition

the deck and the longitudinal grade of the bridge. Figure 10.13 is a crossg
illustrating the concept of spread width.

SPREAD
--— WIDTH —»

!
L

Figure 10.13. Sketch,i i [ bridge deck drainage.

removing all or a portion of the runoff
from the deck surfac inlets or scuppers can be used to remove runoff.
e spread width and depth below objectionable
amounts. Shorter
the deck to ac
methodology and
for a bridge

pread width. HEC-21 (FHWA 1993) describes a
0 assist in determining the inlet spacing requirements

Flow switching from the gutter on one side of the road to the other side
A sag in the gutter profile, causing water to pond
A locally flattened cross slope allowing excessively wide flow spread

a superelevation transition cannot be avoided, the engineer should consider mitigating
potential problems by placing one or more inlets just upslope of the beginning of the
transition.
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Protecting Road Embankments at Bridge Ends. Erosion damage commonly occurs on the
road embankment slopes adjacent to bridge ends because of inadequate control of bridge
deck drainage. The problem can be minimized by designing the drainage system to deliver
the flow safely to the bottom of the embankment without erosion. HEC-21 advises
intercepting gutter flow with roadway drainage inlets on the approaches at both ends_of the
bridge. The intercepted flow is typically either conveyed by pipes to the bottem of the
embankment or is delivered through pipes to an existing storm drain system. Some flow can
be allowed to bypass the specified roadway inlet if there is curbing of sufficient height and
length to convey the bypassed flow to the next drainage inlet or erosion-protected outfall
location, thus protecting the embankment from erosion damage.

Minimizing Drainage-Related Damage at Bridge Joints. Water Seeping from thehydeck
through bridge joints can cause corrosion damage to the girders,dearings andysubstructure.
For that reason, some transportation agencies require inlets ofl the bridge‘deck to capture
flow before it runs across the joint at the downslope end ofghe bridge, £ven if thereqare no
other inlets on the deck. The interception capacity of a single bridge deck inlet'is quite
limited. Therefore the beneficial function of bridge deck inletsiplaced at'the downslope end of
a bridge deck is primarily to intercept nuisance flows such as runoffifremdminor rainfall
events, snowmelt, and landscape watering, rather than to keep joints“dry during high-
intensity rainfall events.

10.5.3 Design Rainfall Intensity

The runoff flow rate that must be accommodatedtinibridge deck drainage design is directly
related to the short-duration rainfall intensitypawhichis the expected temporal rate of rainfall
over a brief period of time (usually 10 minutés or, less).“Transportation agencies typically link
the criteria for acceptable spréad width ahd protection of the embankments at the bridge
ends to a standard design recurrence interval (frequency) for rainfall intensity. The 10-year
rainfall intensity is commonly used»as the design ‘standard for moderate- to high-volume
roads. HEC-22 (FHWA#2009b) provides guidance on selecting design rainfall frequency for
deck drainage.

10.5.4 Practical Considerations in Design of Bridge Deck Inlets and Drainage Systems

Dimensional._Limitations of Bridge’ Deck Inlets. The pavement drainage inlets used in
roadway’ pavement “drainage _applications are generally unsuitable for bridge deck
applications because they. cannot be easily integrated into the structural dimensions of a
bridge deck. Roadway pavement drainage typically drops through a long curb opening or
gutter, grate into@ilarge,concrete catch basin, from which it is discharged through a pipe into
an outfall or a storm drain'system.

Bridge deckiinlets, by necessity, usually have a smaller footprint on the bridge deck surface.
karge openings, may cause extensive complications in the design and construction of deck
reinforeement.“Bridge deck inlets are typically rectangular or round cast iron grates that allow
runoff totdrop into shallow inlet chambers constructed of formed concrete, ductile iron or
welded steel. HEC-21 provides illustrations of several common inlet configurations, and also
explains the factors that affect the interception capacity of bridge deck inlets. Grates with
bars parallel to the traffic direction are the most hydraulically efficient. Many new bridges
and bridge widenings, however, are being designed to accommodate bicycle traffic. Such
bridges require bicycle-safe grates, which have bars perpendicular to the traffic direction.
Perpendicular-bar grates can be made more efficient with vane grates, which are tilted or
curved with the top edges inclined in the upstream direction.
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Handling Intercepted Runoff. From the shallow inlet chambers, the drainage is discharged
either into a vertical scupper or an underdeck drainage system. A vertical scupper may
discharge drainage water directly into the air under the bridge or may extend down to the
ground along the height of a pier. In many situations the runoff cannot be discharged dlrectly
into receiving waters beneath the bridge due to storm water quality concerns or reg

other reasons. Roads, railroads, and residential, commercial or i
beneath the bridge are examples of settings in which direct discharg
unacceptable.

maintenance and aesthetics of bridges, and should be avo
the setting or by regulations. If they cannot be avoided, t
possible. Underdeck drainage pipe is usually ductile iron, P

Figure 10.14. Installed underdeck bridge drainage system.
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Water Quality Impacts on Receiving Waters. When a bridge is to cross a wide waterway, the
design of bridge deck drainage can be a significant challenge due to the need to avoid
negatively impacting the water quality of the waterway being crossed. When environmentally
sensitive waters are present, the state's water quality regulations will prohibit direct discharge
of the bridge deck runoff into the stream beneath the bridge. In such cases the runofi

deck runoff (NCHRP 2002).

Maintenance Considerations. Even under the best conditions,
become plugged by debris. To minimize the required mainte
efficiency of the bridge deck drainage system, inlets a
systems should be designed to keep debris at or above th
be located in areas that are easy to reach and safe for mai
should be placed at the outer edge of the shoulder, and the
feasible. Inlets should not be located within traffic lanes, unle jected traffic
volumes are very low.
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APPENDIX A

Metric System, Conversion Factors, and Water Properties

In Sl there are seven base units, many derived units and two supplem
Base units uniquely describe a property requiring measurement. O
units in civil engineering is length, with a base unit of meters i
meter include the kilometer (1000m), the centimeter (1m/100)
The second base unit relevant to highway applications is t

which is the inertial of an object. There is a subtle differen In
Sl, mass is a base unit, while weight is a derived qu nd the
acceleration of gravity, sometimes referred to as the force of ity. of mass is
the kilogram and the unit of weight/force is the newton. Table relationship

of mass and weight. The unit of time is the S
(seconds). The measurement of temperatur
Fahrenheit temperatures to Centigrade, °C =

U.S. Customary system
owing equation converts

ress other characteristics. Common
rea, volume, velocity, and density.

Derived units are formed by combining
derived units in highway drainage engin
Some derived units have special names (T

Customary to Sl units. The symbols
upper and lower case (e.g., kilometer

dards that should be followed. Table A.5 provides
the standard Sl pre .

Table A.6 provid
units. Table A.7
equivale uli

s of water at atmospheric pressure in S| system of

s the sedim grade scale and Table A.8 gives some common
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Table A.1. Overview of S| Units.

Base Units Units
Base units length meter
mass kilogram
time second
temperature* kelvin
electrical current ampere
luminous intensity candela

amount of material

Supplementary units

angles in the plane
solid angles

*Use degrees Celsius (°C), which has a more commo

Table A.2. Relationship

System Mass Force
U.S. Customary slug, pound,
pound-mass pound-force
SI kilogram newton
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Table A.3. Derived Units With Special Names.

Quantity Name Symbol Expression
Frequency hertz Hz s?
Force newton N kg
Pressure, stress pascal Pa
Energy, work, quantity of heat joule J
Power, radiant flux watt W
Electric charge, quantity coulomb C
Electric potential volt vV
Capacitance farad
Electric resistance ohm
Electric conductance siemens
Magnetic flux weber
Magnetic flux density tesla

Inductance

Luminous flux

llluminance

v
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Table A.4. Useful Conversion Factors.
Quantity Cuggogag/la.nits To Metric Units Mgl;lely
Length mile km
yard m
foot m
inch
Area square mile
acre
acre
square yard
square foot
square inch
Volume acre foot
cubic yard
0.02832
28.32
0.2360
3.785
16.39
Mass 0.4536
0.4536
Mass/unit length 1.488
Mass/unit area kg/m? 4.882
Mass density pcf kg/m® 16.02
Force Ib N 4.448
kip kN 4.448
Force/unit lengt plf N/m 14.59
kIf kN/m 14.59
psf Pa 47.88
ksf kPa 47.88
psi kPa 6.895
ksi MPa 6.895
ft-1b N-m 1.356
ft-kip kKN -m 1.356
Ib - ft m 0.1383
Ib - ft? kg - m? 0.04214
in mm* 416200
Section modulus in® mm?® 16390
Power ton (refrig) kW 3.517
Btu/s kW 1.054
hp (electric) W 745.7
Btu/h W 0.2931
*4 significant figures; underline denotes exact conversion
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Table A.4. Useful Conversion Factors (continued).

From U.S.

To Metric

Quantity Customary Units Units Multiply by *
Volume rate of flow ft’/s m®/s
cfm m®/s
cfm L/s
mgd m3/s
Velocity, speed ft/s m/s
Acceleration f/s? m/s?
Momentum Ib - ft/sec
Angular momentum Ib - ft?/s kg -
Plane angle degree
degree

*4 significant figures; underline denotes exact

Submultiple Multiple Multiple Multiple
Name Name Factor Symbol
deci deka 10! da
centi hecto 107 h
milli kilo 10° k
mega 10° M
giga 10° G
tera 10*? T
peta 10 P
exa 108 E
zetta 10% Z
yotto 10% Y
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Table A.6. Physical Properties of Water at Atmospheric Pressure in Sl Units.

Temperature Densit Specific Dynamic Kinematic Vapor Surface Bulk
P y weight Viscosity Viscosity | Pressure | Tension' | Modulus
Centigrade | Fahrenheit | kg/m® N/m® N.s/m? m?/s N/m? abs. N/m GN/m?
0 32 1,000 9,810 1.79 x 10° 1.79 x 10°® 611 0.0756 1.99
5 41 1,000 9,810 1.51 x 10_3 1.51 x 10'6 872 0.0749 2.05
10 50 1,000 9,810 1.31x10° 1.31x 10° 1,280 0.0742 2.11
15 59 999 9,800 1.14 x 10_3 1.14 x 10'6 1,700 0.0735 2.16
20 68 996 9,790 1.00 x 10° 1.00 x 10°® 2,340 0.0728 2.20
25 77 997 9,781 8.91 x 10™ 8.94 x 10”7 3,170 0.0720 2.23
30 86 996 9,771 7.97 x 10 8.00 X110’ 4,250 0.0712 2.25
35 95 994 9,751 7.20 x 10” 7.24 x 10" 5,630 0.0704 2.27
40 104 992 9,732 8.53x 10" | 6.58 x 107 7,380 0.0696 2.28
50 122 988 9,693 5.47 x 104 5.53 x 10" 12,300 0.0679
60 140 983 9,843 468 x 10" | 44.x 107 | 120,000 0.0662
70 158 978 9,694 4.04x 10" 4.13%10" 31,200 0.0644
80 176 972 9,535 3.54x 100 Ml 3.64x10" 947,400 0.0626
90 194 965 9,467 3.5 x 10 | 98.26 x 107 | 70,100 0.0607
100 212 958 9,398 2.82X10° | 294x 107 | 101,300 | 0.0589
'Surface tension of water in contact with air
Table A.7. Physical Properties of Water at Atmospheric Pressure in U.S. Customary Units.
Temperature Densit Specific Bynamic Kinematic Vapor Surface Bulk
P y Weight Viscosity Viscosity Pressure | Tension® | Modulus
weight | lo-sec/ft’ ft’/sec
Fahrenheit | Ceatigrade | Slugs/ft’ Ib/ft® x 10 x 10 Ib/in® b/ft Ib/in®
32 0 1.940 62.416 0.374 1.93 0.09 0.00518 | 287,000
39,2 4.0 1.940 62.424
40 444 1.940 62.423 0.323 1.67 0.12 0.00514 296,000
50 10.0 1.940 62.408 0.273 1.41 0.18 0.00508 305,000
60 15.6 1.939 62.366 0.235 1.21 0.26 0.00504 | 313,000
70 21.1 1.936 62.300 0.205 1.06 0.36 0.00497 | 319,000
80 2607 1.934 62.217 0.180 0.929 0.51 0.00492 325,000
90 32.2 1.931 62.118 0.160 0.828 0.70 0.00486 329,000
100 87.8 1.927 61.998 0.143 0.741 0.95 0.00479 | 331,000
120 48.9 1.918 61.719 0.117 0.610 1.69 0.00466 | 332,000
140 60.0 1.908 61.386 0.0979 0.513 2.89
160 71.1 1.896 61.006 0.0835 0.440 4.74
180 82.2 1.883 60.586 0.0726 0.385 7.51
200 93.3 1.869 60.135 0.0637 0.341 11.52
212 100 1.847 59.843 0.0593 0.319 14.70

'Surface tension of water in contact with air
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Table A.8. Sediment Particles Grade Scale.

Approximate Sieve

Size Mesh Openings
Per Inch
Millimeters Microns Inches Tyler U.S.
Standard
4000-2000 160-80
2000-1000 80-40
1000-500 40-20
500-250 20-10
250-130 10-5
130-64 5-2.5
64-32 2.5-1.3
32-16 1.3-0.6
16-8 0.6-0.3 25
8-4 0.3-0.16
4-2 Very fine gravel
2-1 2.00-1.00 2000-1000 Very coarse sand
1-1/2 1.00-0.50 1000-500 Coarse sand
1/2-1/4 0.50-0.25 500-250 Medium sand
1/4-1/8 0.25-0.125 250-125 120 Fine sand
1/8-1/16 0.125-0.062 125-62 230 Very fine sand
1/16-1/32 0062-0031 62-31 Coarse silt
1/32-1/64 0.031-0.016 Medium silt
1/64-1/128 0.016-0.008 Fine silt
1/128-1/256 Very fine silt
1/256-1/512 Coarse clay
1/512-1/1024 Medium clay
1/1024-1/2048 Fine clay
1/2048-1/4096 Very fine clay

A.9




Table A.9. Common Equivalent Hydraulic Units.

Volume
Unit qubic liter u.s. cubic cubic cubic acre-foot sec-foot-
inch gallon foot yard meter 2
liter 61.02 1 0.264 2 0.035 31 0.001 31 0.001
U.S. gallon 231 3.785 1 0.1337 0.004 95 0.003 79
cubic foot 1,728 28.32 7.481 1 0.037 04 0.028 32
cubic yard 46,660 764.6 202 27 1 0.746 6
meter® 61,020 1,000 264.2 35.31 1.308
acre-foot 75.27 E+6 | 1,233,000 325,900 43,560 1,613
sec-foot-day | 149.3 E+6 | 2,447,000 646,400 86,400 3,200

Discharge (Flow Rate, Volume/Ti

Unit ga_llon / liter / acre-foot / meter”/
minute second day second
gallon / minute 1 0.063 09 0.004 419 63.09 E-06
liter / second 15.85 1 0.001
acre-foot / day 226.3 14.28 0.3259 0.014 28
feet’/ second 448.8 28.32 0.646 3 0.028 32
million gallon / day 694.4 43.8 1 0.043 82
meter’/ second 15,850 1,00 22.82 1
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