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1. INTRODUCTION

1.1 PURPOSE

This document presents how computer program HEC-2 can be
used to develop a floodway based on the Federal Emergency
Management Agency (FEMA), Flood Insurance Administration (FIA)
Guidelines and Specifications (FEMA, Sep.1985). It is assumed
that the reader has a knowledge of the basic program capabilities
and input requirements described in the HEC-2 Users Manual (HEC,
1982).

1.2 OVERVIEW

Terms frequently used in floodway analysis are defined in
Chapter 2. The regulatory basis for the floodway concept is
presented in Chapter 3. The encroachment options in HEC-2 were
developed to provide a convenient method for performing the
hydraulic analysis, based on the floodway concept.

The approach followed by the Corps of Engineers for flood
plain management is presented in a paper entitled "The Regulatory
Floodway" (USACE, August 1972). A procedure for delineating a
floodway is given in a paper titled "General Guidelines for
Development of Floodway Data" (USACE, March 1972). Chapter 3
presents the procedures outlined in those documents and Chapter 4
provides an example computation to illustrate the HEC-2 options
and procedure. The example is simple to provide an illustration
of the basic input, output, and analysis.

Some of the basic floodway application problems, including
model assumptions, are reviewed in the Chapter 5. Also, several
difficult application situations are defined and discussed. The
material in Chapters 6 through 10 provides a review of typical
problems associated with each situation and suggests modeling
approaches.

1.3 ACKNOWLEDGMENTS

The original version of this document was written by Vern
Bonner in 1974. Funding was provided by the Flood Plain
Management Branch, Office, Chief of Engineers. Material included
in the document was based on lecture notes and handouts developed
by Bill S. Eichert and John Peters. Computer program HEC-2 was
developed by Mr. Eichert and the encroachment routines were added
by him in 1971. Additional encroachment Methods 5 and 6 were
added in 1978.

This revision was made by Vern Bonner to include material
developed during a contract study of the floodway concept,
performed in 1987 for FEMA (HEC, 1987). Portions of that study
report are included in Chapters 2, 3 and 5 through 10 of this



document. The study was performed under the management of Vern
Bonner, and he wrote the report. Mr. Richard Hayes provided data
collection and technical analysis for the study. Dr. Robert
MacArthur, Simons, Li & Associates, Inc. reviewed floodway
applications on alluvial streams and wrote the draft of that
chapter. Technical support and reviews were provided by John
Peters, Michael Gee, and Alfredo Montalvo. Ms. Lynne Stevenson
provided editorial reviews. Mr. Bill S. Eichert was Director,
HEC, during the conduct of the study and provided technical
review and guidance.

The example computation in this document reflects the
modifications made in the HEC-2 program since the original
document was written. The computer runs were performed with the
1988 PC Version of HEC-2, which was still under development by
Randy Hills when this document was revised. Therefore, there may
be some slight differences in your program output, when compared
to the examples in this document.



2. DEFINITIONS

The following are definitions of terms frequently used in
floodway analysis. Where there is a source for the definition,
it is given. Otherwise, the definition is offered based on the
general consensus of the HEC staff and others. The definitions
are grouped by type so that they can be more easily compared.

2.1 CLASSIFICATIONS OF OPEN-CHANNEL FLOW (Chow, 1959)
STEADY FLOW - Depth of flow does not change with time.

SUBCRITICAL FLOW - State of flow where the gravitational forces
are more pronounced than the inertial forces. The flow has a low
velocity and is often described as tranquil and streaming.

SUPERCRITICAL FLOW - State of flow where the inertial forces
become dominant. The flow has a high velocity and is usually
described as rapid, shooting, and torrential.

UNSTEADY FLOW - Depth of flow changes with time.

UNIFORM FLOW - Depth is constant over channel length. (Prismatic
channel required)

VARIED FLOW - Depth of flow changes along the channel length.

GRADUALLY VARIED FLOW - Depth changes gradually over the
channel length.

RAPIDLY VARIED FLOW -~ Depth changes abruptly over a
comparatively short distance.

2.2 HYDRAULIC TERMS (Chow, 1959)

CONVEYANCE - A measure of the carrying capacity of the channel
section. Flow is directly proportional to conveyance. From
Manning’s equation, the proportional factor is the square root of
the energy slope.

CRITICAL DEPTH - The depth at which the specific energy for a
given flow is at a minimum. The depth dividing supercritical
(below critical depth) and subcritical (above critical depth)
flow.

FROUDE NUMBER - A dimensionless number representing the ratio of
inertial forces to gravitational forces. A Froude number of 1.0
indicates critical flow. A Froude number less than one indicates
subcritical flow and greater than one indicates supercritical
flow.



HYDRAULIC DEPTH - An average depth computed by dividing the
cross-sectional flow area by the width of the free water surface
(top width). It is the flow depth for rectangular channels.

SPECIFIC ENERGY - The energy in a channel section per unit weight
of water, measured with respect to the channel bottom. Equal to
the depth of water plus the velocity head.

VELOCITY HEAD - The kinetic energy term (alpha V2/2g) in the
total energy of flow. The energy (or Coriolis) coefficient
(alpha) is used to adjust for the distribution of velocity in the
cross section.

2.3 FLOOD TERMS

BASE FLOOD - The flood discharge used to define floodways for
flood insurace studies. The base flood has a l-percent chance of
being exceeded in any given year.

EXCEEDANCE FREQUENCY - The percentage of values that exceed a
specified magnitude, 100 times exceedance probability
(WRC, 1982).

FLOOD - A general and temporary condition of (1) partial or
complete inundation of normally dry land areas from the overflow
of inland and/or tidal waters and/or (2) the unusual accumulation
of waters from any source (FEMA, 1986).

RECURRENCE INTERVAL - The average interval of time (eg., 100-
years) in which a flood of a given size is exceeded as an annual
maximum (WRC, 1982).

1-PERCENT CHANCE FLOOD - (an exceedance frequency) The flood that
has a l-percent chance of being exceeded in any given year;
equivalent to the 100-year flood.

100-YEAR FLOOD - (a recurrence interval) The flood that is
exceeded once in 100 years on the average; equivalent to the 1-
percent chance flood.

2.4 FLOOD HAZARD TERMS
FLOOD HAZARD - The potential for inundation which involves the

risk to life, health, property, and natural flood plain values
(FEMA, 1986).



FLOOD HAZARD RATING (WRC, 1969)

PHYSICAL HAZARD: LOW MEDIUM HIGH
1% Flood Depth: < 1 ft 1-3 ft > 3 ft
Flood Rise Time: > 24 hrs 12-24 hrs < 12 hrs
Flood Velocity: < 1 fps 1-3 fps > 3 fps
Flood Duration: < 6 hrs 6-24 hrs > 24 hrs
Site Access: good fair poor

HAZARDOUS DEPTH - Based on WRC hazard criteria, a depth greater
than three feet would be considered as hazardous. However, this
does not consider velocity which would compound the hazard.

HAZARDOUS VELOCITY - Based on WRC hazard criteria, a velocity
greater than three feet per second would be considered a hazard.

HIGH VELOCITY (subcritical flow) - May be considered equivalent
to Hazardous Velocity; however, for this report it is considered
to be greater than 5 feet per second. The definition could also
be dependent on bed material scour, which might set the velocity
between 2 to 6 feet per second for many channel materials
(USACE, 1970).

1OW VELOCITY - Based on WRC criteria for a hazard, a velocity of
less than one foot per second would be considered a low velocity.
General engineering usage would assume a higher value.

SHALLOW FLOODING - For the purpose of the NFIP, shallow flooding
conditions are defined as flooding that is limited to three feet
or less in depth where no defined channel exists (FEMA, Sep.
1985). A flood hazard distinction is made between depths less
than one foot and depths between one and three feet.

2.5 FLOOD PLAIN TERMS

FLOOD PLAIN - The lowland and relatively flat areas adjoining
inland and coastal waters, and those other areas subject to
flooding (FEMA, 1986).

FLOOD PLAIN VALUE - Those natural and beneficial attributes
associated with the relatively undisturbed state of the

flood plain and include values primarily associated with water,
living, and cultural resources (FEMA, 1986).

FLOODWAY - The channel of a river or other watercourse and the
adjacent land areas that must be reserved in order to discharge
the base flood without cumulatively increasing the water surface
elevation more than a designated height. Normally the base flood
is defined as the l-percent chance flood and the designated



height is one foot above the pre-floodway condition (FEMA, Sep.
1985) .

FLOODWAY FRINGE - The area between the floodway and the base
flood plain boundaries. The fringe is that portion of the flood
plain that could be completely obstructed without increasing the
water surface elevation of the l-perecent chance flood by more
than a designated height (usually one foot) (FEMA, Sep. 1985).

WIDE FLOOD PLAIN - Generally a flat flood plain where there
is a potentially large increase in the extent in lateral flooding
from a small (e.g., one foot) change in water surface elevation.

2.6 STREAM CLASSIFICATION TERMS

ALLUVIAL STREAM - A stream that has formed its channel by the
process of aggradation. The sediment in the stream is similar
to the material in the bed and banks (ASCE, 1968).

BRAIDED RIVER - A river for which the channel is extremely wide
and shallow and the flow passes through a number of small
interlaced channels separated by bars or shoals. Slopes are
normally steep. There is little or no erosion of the main banks.
The channel as a whole does not meander, although local
meandering in minor channels generally occurs (ASCE, 1968).

BRAIDED STREAM - Elements of a network of connecting stream
channels on an alluvial fan or plain or a delta (ASCE, 1968).

LOW GRADIENT STREAM - A stream with a mild slope for which flow
is subcritical. Sometimes used to refer to very mild slopes with
low velocities, e.g., less than five feet per second.

MILD SLOPE - A slope less than the critical slope for a
particular discharge; the slope for which the normal depth of
flow is greater than critical depth and the velocity is less
than critical velocity (ASCE, 1968).

PERCHED STREAM - A stream where the overbank area is lower than
the immediate river bank elevation. When the river overflows the
banks, the water tends to move laterally away from the main
channel.

STEEP SLOPE - A slope greater than the critical slope for a
particular discharge; the slope for which the normal depth of
flow is less than critical depth and the velocity is greater
than critical velocity (ASCE, 1968).



3. REGULATORY BASIS FOR FLOODWAY

3.1 FLOOD INSURANCE BACKGROUND

"The National Flood Insurance Program (NFIP) was established
by the National Flood Insurance Act of 1968 and further defined
by the Flood Disaster Protection Act of 1973. The 1968 Act
provided for the availability of flood insurance within
communities that were willing to adopt flood plain management
programs to mitigate future flood losses. The Act also required
the identification of all flood plain areas within the United
States and the establishment of flood-risk zones within those
areas."

"A vital step toward meeting these goals is the conduct of
Flood Insurance Studies and restudies for flood-prone
communities. These studies provide communities with sufficient
technical information to enable them to adopt the flood plain
management measures required for participation in the NFIP. They
also develop the flood risk information necessary to establish
actuarial flood insurance premiums." (FEMA, Sep. 1985, pl-1)

The Flood Insurance Study (FIS) provides the basis for the
determination of base flood elevations, risk zones, insurance
rates, community controls and management of land uses and thus
promotes the NFIP objectives (FEMA, March 1986). Based on
consultation with the community, the scope of a study is
established by considering areas which are developed or are
likely to be developed within the next five years. The flood
hazard areas are determined on the basis of historic flood
experience.

The main product of the FIS is a Flood Insurance Rate Map
(FIRM) which depicts 100- and 500-year flood boundaries, flood
insurance rate zones, and base flood elevations (FEMA, March
1986). Areas subject to inundation by the base (100-year) flood
are labeled as Special Flood Hazard Areas (SFHAs). The zones
assigned depend on whether approximate or detailed methods are
used and on the depth and type of flooding (FEMA, Sep. 1985).
Areas between the 100- and 500-year flood boundaries are termed
areas of Moderate Flood Hazard. The remaining areas, outside the
500-year boundary, are termed areas of Minimal Flood Hazard.

An accompanying FIS report is usually published with a FIRM.
The boundaries of 100~ and 500-year flood plains and the floodway
may be shown on a separate Flood Boundary and Floodway Map
(FBFM), published as part of the FIS report or on the FIRM. The
FIRM and FBFM are used by the community for enacting and
enforcing flood plain management regulation ordinances and
ensuring sound construction practices in flood hazard areas
(FEMA, March 1986).



3.2 FLOODWAY CONCEPT

A floodway is "the channel of a river or other watercourse
and the adjacent land areas that must be reserved in order to
discharge the base flood without cumulatively increasing the
water-surface elevation more than a designated height" (FEMA,
Sep. 1985). The floodway serves to conserve an unobstructed area
for the passage of floodwaters while providing for the
appropriate use of adjacent lands based on knowledgeable
awareness of the flood hazard (USACE, August 1972).

The following guidelines provide a uniform approach to
floodway determinations. They are used to develop the initial
floodway, unless the state has more restrictive requirements
through legally enforceable statutes. The Flood Insurance
guidelines are defined by FEMA in Document No. 37, commonly
referred to as "the Guidelines," (FEMA, Sep. 1985).

a. The flood plain and the capacity of the floodway will be
based on the discharge of the 1l-percent chance flood.

b. The flood plain will be divided into two zones, the
floodway and the floodway fringe (see Figure 1).

¢. The floodway will be designed to pass the base flood
discharge without raising the water surface elevation more
than one foot above the water surface elevation for the
existing flood plain.

d. The floodway fringe is that portion of the flood plain
between the floodway and the limits of the existing 100-year
flood plain. For hydraulic computations, it is generally
assumed that all conveyance in the floodway fringe area will
be eliminated and provide no flow capacity.

e. The floodway will be determined using an equal reduction
of overbank conveyance on both sides of the stream. There
are provisions for deviation from this requirement as long
as the stream is not the boundary between different
communities.

f. The hydrology and hydraulics for floodway determination
are based on existing conditions. Specific guidelines are
provided for consideration of future flood control works.

g. The final floodway is based on input from the local
community and coordination with state officials.

While other considerations are suggested in other guidelines
(USACE, March 1972, 1978), the FEMA guidelines do not require
them. Generally, the special considerations involve concerns
about potential increased hazards that could be caused by flood
plain encroachments; e.g., increased velocities and loss of
valley storage. Some of these added considerations have been
adopted by individual states as part of their floodway criteria.
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(1) Maximum of 1 foot or less if so established by State or
local regulations.

(2) The floodway fringe should normally be considered as the
area between the designated floodway limit and the limit of
the natural selected flood as long as the encroachment :
results in only an insignificant increase (1 foot or less)
in the water surface elevation of the selected flood.

Figure 3.1. Floodway Definition Sketch

The concept of a maximum 1 foot rise evolved during the mid-
fifties as a realistic limit for a "significant increase";
considering the engineering judgment applied in the hydrologic
and hydraulic computations. It provided for development in the
flood plain while preserving an essential conveyance zone for
flood flow (Goddard, 1978).



3.3 COMPUTATIONAL PROCESS

The computational process is described below, based on the
Corps’ suggested procedures (USACE, 1978). The discussion and
examples refer to the use of the Corps’ Water Surface Profile
Program HEC-2 (HEC, Sep. 1982), which is frequently used for
these studies. However, the reference to HEC-2 does not limit
the concepts, procedures, or results to that program because the
other available standard step backwater programs are
fundamentally similar.

a. Develop and calibrate a model of the study reach.
Ideally, the calibration process will reproduce water
surface profiles for some historic floods where high water
marks and/or gage records are available.

b. Compute water surface profiles for a range of
discharges, including the 1- and 0.2-percent chance floods.

c. Analyze water surface profiles for the the study reach
and ensure that the model is producing reasonable results.

d. With the calibrated model, compute the base flood water
surface profiles for existing and potential floodway
conditions. The HEC-2 program has several options for
estimating the initial encroachment limits based on reducing
equal conveyance, modifying the cross section to eliminate
the encroached area, and computing the resulting water
surface elevation.

e. Evaluate the results of the computed profiles for the
various proposed floodways. The primary criterion is the
change in water surface elevation. However, the review
should also consider excessive velocities, floodway
alignment, and local development and requirements.

f. Based on the review of the preliminary floodway results,
refine the floodway definition and repeat the computation
process until the evaluation criteria are met.

g. Define and present the floodway to interested agencies
and make any additional adjustments necessary. The result
is labeled the final floodway.

The computational process provides water surface elevations
and locations for encroachment limits at defined cross sections.
The computational results must be transferred onto a map and the
floodway "filled in." Because information is only available at
the cross sections, the actual definition of the floodway
requires the interpretive extension of the cross-sectional
information to define a line between the sections that will be
the floodway. Usually the ground contours and the general flood
plain shape are used to assist in the definition of the floodway.

10



3.4 COMPUTATIONAL ASSUMPTIONS

The computer programs used to compute the water surface
profiles are intended for "steady, gradually varied flow" (HEC,
Sep. 1982). The definition requires two conditions: (1) that
flow remains constant for the time interval under consideration,
and (2) the streamlines are practically parallel so that a
hydrostatic pressure distribution can be assumed (Chow, 1959).
The following outlines the assumptions and how they affect the
application of the models used to compute floodways.

a. Steady flow does not vary with time, but in reality the
flood discharge does. The requirement indicates that the
flow remains constant for the time of consideration. This
is usually interpreted to apply to the general rainfall and
snowmelt floods where discharge changes slowly with time.
For those floods, a person standing on the bank of the
stream would not see the water depth changing with time.

b. Gradually varied flow, as the name implies, has a
gradual change in depth along the length of the stream. The
assumption of hydrostatic pressure distribution in the
section is met for still water. For moving water, the
assumption is generally considered reasonable as long as the
flow changes are gradual so that the imaginary lines of flow
can be considered to be reasonably parallel or gradually
changing.

c. Flow is one-dimensional with a single water surface
elevation across the section. The cross-sectional
information provided should only represent an area where the
flow is perpendicular to that section and has a horizontal
water surface elevation. Velocities in directions other
than the direction of flow are not evaluated. Also, any
effects due to curvature of the river are ignored.

d. River channels should have a small slope, less than

1 in 10. Small slopes are required because the pressure head

is represented by the water depth measured vertically. Most
floodway studies are performed on streams that meet this
requirement.

e. The cross section is a rigid boundary; it does not
change shape with the flow or during the flood. While this
assumption is generally used, many alluvial streams may have
considerable change in section shape during a flood that
approaches a l-percent chance event.

A thorough understanding of the assumptions, listed above,
is required before an adequate model of a study reach can be
developed. There is considerable engineering judgment required
in locating and defining the cross-sectional data to best meet
the assumptions. Additionally, the selection of energy loss
coefficients and the calibration of the model can provide
significant differences in computed water surface elevations and

11



floodways. Some of the difficulties in computing floodways are a
direct result of applications that fail to meet these
assumptions.

3.5 IDEAL FLOODWAY APPLICATION

The application of the floodway has two components;
application of the concept and computational application. The
applicability of the concept is a primary dquestion to be
answered. Given the definition of a floodway, does the current
procedure adequately define a floodway?

3.5.1 CONCEPT APPLICATION. Floodway determination is based
on an evaluation of the stream’s conveyance and an assessment of
the impact on the water surface profile. The elimination of the
conveyance in the floodway fringe assumes that development will
occur along the fringe and that development will essentially
eliminate the flow carrying capacity in the fringe area.

The computation process described in Section 3.3 and the
computational assumptions described in Section 3.4 are generally
applied to floodway determinations. Although different water
surface profile programs are used to perform the studies, the
programs are based on the same concept and theory. Given that the
study reach reasonably conforms to the assumptions described and
that the model is developed in a competent manner, the
computation process reflects the impact of lost conveyance on the
water surface elevation. Also, an estimate of flow depths and
velocities, under floodway conditions, are provided.

The computation process does not directly reflect the impact
of flood plain encroachment on flood plain (valley) storage, peak
discharge, or flood wave travel time. While some assessment can
be made on these other impacts, they are not usually a direct
consideration of the FEMA water surface profile or floodway
computation process.

The question whether the elimination of fringe conveyance
reflects the 1mpact of flood plain development is not as easy to
answer. In a review of floodway determinations and resulting
appllcatlons, the computed floodways were found to cause less
than the maximum allowable change in water surface elevation
(Goddard, 1978). That would indicate that the computed
floodway meets the FEMA requirements, but does not necessarily
reflect the maximum possible encroachment into the flood plain.
Also, the actual development was seldom in a manner that
completely blocks the the flow or storage in the fringe. The
fringe development was found to block from zero to 100 percent of
the area, with an average of around 25 percent in the 56
communities reviewed. That would indicate that the assumption of
complete elimination of conveyance may be conservative. However,
given that the fringe area could be completely filled, it is
reasonable to define the limits based on that assumption.
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A second part of the development assumption is that it will
occur along the fringe of the flood plain. For many locations,
where the terrain slopes down toward the river, the fringe of the
flood plain, with its shallow depth, is the most convenient and
likely place to develop. However, there are flood plains where
the overbank area is very flat, or the overbank slopes downward
away from the river, or the overbank area is generally flat with
mounds of high ground. For these various terrain situations the
most logical development locations are not necessarily along the
fringe of the flood plain. While it may be possible to compute
the floodway, there remains the question of whether it would
reasonably reflect the best areas for development in the flood
plain.

3.5.2 COMPUTATION APPLICATION. While there are some
difficult problems encountered in floodway determination, there
are many situations where the study reach does sufficiently fit
the ideal model and the process of defining the flood plain and
floodway is a straightforward engineering study. The following
is focused on the computational aspects of floodway
determination, not on any administrative problems that may arise
from adopting the computed floodway.

The ideal flood plain consists of a single, well defined low
flow channel in a gently sloping flood plain (see Figure 1). The
overbank area generally increases in elevation laterally away
from the channel, on either side. The cross sections from the
ideal flood plain will contain the flow within the boundary
geometry and the entire cross section can be considered to
effectively carry the flow. Ineffective flow areas (dead storage
zones) are few. There is no loss of flow with increasing
discharges; a consistent stage-discharge relationship will result
from the computation for a range of discharges.

The channel with a mild slope maintains the flow in the
subcritical flow regime. The variations in channel shape and
slope along the channel are relatively small and gradual.
Tributaries to the study reach are few and minor, and they do not
significantly affect the water surface profile beyond the added
discharge they provide. There are no downstream conditions
(e.g., reservoirs or tidal estuaries) that influence the flood
level in the area of interest.

There are few manmade structures affecting the flow in the
ideal flood plain. Bridge crossings are generally designed to
pass the 100-year flow with minimum impact, ideally with all the
flow passing under the bridge under low flow conditions. There
are no dams, diversions, or other structures controlling the
depth or direction of flow in the stream.

While the stream may be alluvial, velocities are relatively
low and the assumption of rigid flow boundary is acceptable.
This condition may be the most difficult to determine and
requires considerable judgment and experience.
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The expected development in the flood plain can reasonably
be assumed to occur along the floodway fringe. This development
can also be assumed to be continuous along that fringe. This
assumption is consistent with the assumed complete elimination of
conveyance in the floodway fringe when computing water surface
profiles for floodways. It is possible that the random filling
of the fringe, resulting in localized flow contraction and
expansion, may cause greater losses and higher water surface
elevations than those computed assuming continuous fill.

Given the idealized study reach, the development of an
adequate model is required. The development of the model is
first controlled by the physical study reach. Cross sections,
reach lengths and Manning’s "n" values are selected based on an
engineering analysis of the reach. 1Initial stages of model
development usually focus on the input requirements and data
entry for the model (computer program) used. Model development
is a two stage process. The first stage, collecting the
necessary data and assembling it into the proper form for the
computer program used, gets most of the attention. The first
phase is essential; however, the second phase, model refinement
and calibration, is equally important.

Once the data set is developed and running with the computer
program used, model development and calibration moves into an
analysis process that requires a good understanding of the study
reach, the model used, and the underlying theory of the model.
While the initial data set was based on the physical
characteristics of the study reach and a visualization of the
flow’s path, this phase of calibration must verify that the
computed results are reasonable and consistent with the original
assumptions. Additional cross-sectional data and refinements are
usually required to develop the model into a reasonable
representation of the flow and energy loss process. Also, the
computation of historic flood profiles should be used to
calibrate the model and provide confidence that it can adequately
reproduce observed flood profiles.

The key to a successful floodway computation is a well
developed and calibrated model. With adequate care in the model
adjustment and calibration phase, the floodway computation should
be a relatively straight forward engineering task. The HEC-2
computer program has several options to estimate the limits of
the floodway fringe and the resulting water surface profile. If
the model has been adequately developed and the study reach
reasonably reflects the characteristics of the "ideal," then the
options in HEC-2 should quickly provide the limits of
encroachment without exceeding a change in water surface
elevation limit.

The rush to estimate a floodway can cause the use of an
input data set that has not been adequately refined. As soon as
the data set seems to work with the computer program, an attempt
is made to compute the floodway and complete the job. The
computational problems with the existing condition model are
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compounded with the addition of encroachments. Often, the
encroachment process produces erratic results, and sometimes the
program cannot even complete the computations.

While problems resulting from incomplete data development
are not the subject of this document, it is important to keep in
mind that basic data problems may be the source of some of the
difficulties encountered in determining floodways. Some
guidelines for HEC-2 output review are presented in Training
Document No. 26, Computing Water Surface Profiles with HEC-2 on a
PC (Bonner, 1987).
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4. HEC-2 COMPUTER PROCEDURE

4.1 GENERAL APPROACH

The HEC-2 floodway procedure is based on calculating a
natural profile as the first profile in a multiple profile run.
Other profiles, in the run, are calculated using various
encroachment options, as desired. The six encroachment methods
available are described in the HEC-2 Users Manual, Appendix II
"Floodway Encroachment Calculations." The input data
organization and associated output statements are also presented
in Appendix II. An example application of Encroachment Methods 4
and 5 is provided in Example 4, shown in the Users Manual,
Appendix I. The input data requirements are defined in Appendix
VII. The ET record provides the primary input for the
encroachment options.

The procedure described herein uses Encroachment Method 4,
which provides an initial estimate of the floodway encroachments
based on a target change in water surface elevation. For
encroachment computations, the program stores the computed water
surface elevation (CWSEL) and conveyance (Ql1) from the first
(existing conditions) profile. On the second (or subsequent)
profile, the input would specify Method 4 and a "target" change
in water surface elevation. The program adds the "target"
elevation increase to the first profile water surface elevation
and computes the conveyance, which will be greater than it was at
the lower elevation. The program then computes the encroachment
stations that should reduce the conveyance remaining, at the
higher water surface elevation, to the value computed for the
first profile water surface elevation. The encroachment
computations associated with Method 4 are shown in Appendix A of
this document.

The program then modifies the cross section to eliminate the
conveyance areas beyond the computed encroachment stations
(floodway fringe area). With the section modified, the program
computes the water surface elevation for the encroached
condition. The resulting water surface elevation may be higher,
or lower, than the target increase. The effects of downstream
changes and the effect of the redistribution of flow for the
current cross section may cause the computed water surface
elevation to be different than the target.

Encroachment Methods 5 and 6 are extensions of the Method 4
procedure, and could be used in the same fashion as the following
Method 4 example. Both Method 5 and 6 compute the initial
encroachment stations using the Method 4 procedure. However,
after computing the water surface elevation for the encroached
cross section, the results are compared to the initial target.
Method 5 compares the change in water surface and Method 6 uses
the change in energy elevation. If the computed results do not
check with the target increase, the program adjusts the desired
conveyance reduction and computed encroachment stations and
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repeats the process. A maximum of 20 iterations will be used in
an attempt to match the target. However, only the current cross
section is operated on. Because the computed results at the
current cross section are also dependent on the results from the
downstream cross section modifications, the program may not be
able to match the target increase at the current cross section.
Method 5 works best on low velocity streams with gradual changes;
while Method 6 works better with high velocity streams.

Recognizing that the initial floodway computations may
provide changes in water surface elevation greater, or less, than
the "target" increase, initial computer runs are usually made
with several "target" values. (For this example, both an 8/10ths
and 10/10ths (one) foot targets were used.) The initial computed
results are analyzed for increases in water surface elevation and
for changes in velocity and other parameters. Also, plotting the
computed results on a plan-view map is recommended. From these
initial results, new estimates are made and tried. After a few
initial runs, the encroachment stations become more defined.
Because portions of several computed profiles are used; the final
computer runs are usually made with Method 1 defining the
specific encroachment stations at each cross section.

4.2 EXAMPLE PROBLEM

The following is an example of the use of encroachment
Method 4 in computer program HEC-2 to develop a designated
floodway. Data input has been kept simple to illustrate the
techniques. Table 4.1 shows a partial input listing. Appendix B
contains the HEC-2 output for the problem. A description of the
additional encroachment input data and the output are given
below. The input and summary printout for a second trial are
shown in Appendix C. Both Method 4, with varying targets, and
Method 1 encroachments are used in the second trial.

Only a few added input parameters are required to use the
encroachment options in HEC-2. The added encroachment data are
discussed here; the data listing in Appendix B contains remarks
explaining the added data. Reference should be made to the HEC-2
Users Manual, Appendix II for a general description of all the
encroachment methods and Appendix VII for the input data
description. The Users Manual information is not presented here.

Flow Distribution is recommended when computation water
surface profile for floodway determinations. With flow
distribution requested, the program prints the lateral
distribution of percentage of flow (which equals percentage of
conveyance), area, and velocity in the incremental overbank
areas. The 1988 version of HEC-2 also provides the hydraulic
depth in each increment and provides the distribution in the
channel element, if the use of varying channel "n" values causes
the channel conveyance to be incrementally computed. The flow
distribution information is printed immediately after the normal
printout for each cross section.
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Table 4.1 Partial HEC-2 Input File Showing Encroachment Data

T1 FLOODWAY DETERMINATION EXAMPLE - First Trial -

T2 First Profile is Existing Condition; Method 4 with 0.8 & 1.0 in 2nd & 3rd
T3 COW CREEK NEAR PALO CEDRO

* * * Remarks Indicate Added Encroachment Input * #*

*# INQ (J1.2) specifies field to read on ET and QT

Second field of ET = 0 indicating no encroachment

0 2 0 0 0 0 0 0 392 0

ot

J2.10 = 15 requesting Flow Distribution for first profile

1 0 -1 0 0 0 0 (o} 0 15

[\N]

Summary tables 110 and 200 are Pre-defined Floodway Data Tables

w

110 200
.05 .05 .045 .1 .3 0 0 0 0 0
1-percent Chance Flood Discharge is defined on all QT fields to be read

3 53000 53000 53000 0 0 0 0 0 0

=]

ET.2 0 indicates No Encrcachment on first profile (J1.2 = 2)

ET.3 = 8.4 " 0.8 foot rise using Method 4 when J1.2 = 3 in second profile
ET.4 = 10.4 " 1.0 foot rise using Method 4 when J1.2 = 4 in third profile
T 0 0 8.4 10.4 0 0 0 0 0 0

No additional ET records required if no change in scale or method desired.

***w**»»*o***g*Q***Q***H**

X1 .08 21 300 530 0 0 0 0 0 0
GR 410 0 400 40 390 300 380 330 372 350
GR 368 360 368 480 372 490 380 520 390 530
GR 395 700 390 820 380 870 375 890 380 940
GR 390 960 395 1000 390 1100 390 1160 400 1200
GR 410 1500 0 0 0 0 0 0 0 0
X1 .21 18 150 390 750 750 800 0 0 0
GR 410 0 400 130 390 150 380 175 373 200
GR 369 210 369 300 373 320 380 380 390 390
GR 395 600 390 680 385 900 390 980 400 1040
GR 403 1100 395 1400 400 1600 0 0 0 0
X1 .34 16 50 275 650 690 670 0 0 0
GR 410 0 390 50 373.5 100 370 110 370 210
GR 373.5 220 380 250 390 275 395 500 395 1500
GR 390 1720 390 1780 400 1820 403 2200 398 2900
GR 400 3300 0 0 0 0 0 0 0 0
X1 .55 13 20 350 1100 1100 1100 0 0 0
GR 410 0 390 20 374.5 90 371.5 100 371.5 200
GR 374.5 210 380 280 390 350 395 600 395 1200
GR 400 2200 405 2350 400 2900 0 0 0 0
X1 .86 13 120 480 1550 1400 1500 0 0 0
GR 420 0 400 120 376 200 372 210 372 370
GR 376 380 400 480 405 550 400 600 395 800
GR 395 1700 400 2050 410 2400 o 0 0 0
X1 .94 14 75 255 400 400 400 0 2 0
GR 410 0 408 50 383 75 380 110 367 120
GR 367 210 384 255 390 275 392 276 397 300
GR 400 680 398 800 400 1050 408 2000 0 0
X1 1.06 10 190 450 700 600 650 0 0 0

* Remarks are added to highlight encroachment related data *
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Flow distribution is called by setting the variable ITRACE
equal to 15, in the tenth field of the J2 record (J2.10). This
will provide flow distribution information for every cross
section in the profile. The option is usually requested for the
first profile of a floodway run because that profile represents
the existing condition run. The flow distribution provides
helpful information for determining the appropriate location for
the encroachment stations. In the example problem, flow
distribution is called in the first profile (see Table 4-1 for the
input and Appendix B, page B-4 for an example of the output).

Summary tables can be defined using the J3 record. Two pre-
defined floodway tables (110 and 200) are available in HEC-2, and
the separate summary output program, SUMPO. Table 200 was
designed to provide results similar to the format specified in
the Guidelines (FEMA, Sep. 1985). The HEC-2 Users Manual,
Appendix II provides a variable listing for the two summary
tables, and Appendix VII describes the J3 input. In the example
problem, both tables are requested.

The primary encroachment input is specified on the ET
record. All encroachment methods can be specified on the ET;
while only Methods 1 and 2 can be specified on the X3 record.
Also, the ET provides the capability to allow a mixture of
existing and encroached (floodway) conditions in the same
multiple-profile computer run. The ET is read the same as the QT
record; that is, the INQ variable on the second field of the J1
record (J1.2) defines the field to read on every ET and QT record
in the data set. If the QT record is used to define the
discharges, the l1l-percent chance flood discharge would be input
in all QT fields read. Often, every field of the QT is encoded
with the appropriate discharge so that any field can be specified
by INQ for the encroachment options.

In the example, Method 4 is specified on the ET record with
0.8 foot (8.4) and 1.0 foot (10.4) rise in water surface
elevation. (see Table 4.1 Partial Input Listing) The ET field
to read, specified on the J1 record (J1.2), is 3 for the first
profile and the third field of the ET record is blank. This
input specification will produce an existing condition water
surface profile for the first profile, which is required for
Encroachment Methods 3 through 6. The computed water surface
elevation and conveyance from the first profile is used by those
methods to compute the encroachment stations. The INQ input on
the second and third profiles indicate field 4 and 5,
respectively; which will provide the two encroachment profiles.

The starting water surface elevation to be used for the
encroachment profiles could be the same elevation as the natural
profile if the starting elevation is fixed by a lake, bay, or a
channel control. If the study reach is part of a stream in which
future downstream encroachments could cause a rise in water
surface elevation, then the encroachment profiles should be
started at the higher water surface elevation. For this example,

19



the starting elevations are assumed to be equal to the starting
elevation for the natural profile plus the one foot increase.

The following listing shows the ending portion of the input

data file, which requests the multiple profile computatiop. Note
the starting elevation is set at the 1 foot higher elevation of
393. The J1.2 (INQ) = 3 to read the third field of the ET
record, thus requesting a Method 4 encroachment with an 0.8 foot
increase in water surface elevation. Flow distributiop was not
requested; however, it can be requested for every profile, if
desired. The third profile input is similar to the second,
except J1.2 (INQ) = 4 requesting Method 4 with a 1.0 foot rise
and J2.1 (NPROF) = 15 requesting summary printout.

Table 4.2 Partial HEC-2 Input File Showing Multiple Profile Data

GR 410 0 400 75 390 190 377 240 373 250
GR 373 400 390 450 395 500 400 1050 407 1600
X1 1.27 14 550 820 1050 1050 1050 0 0 0
GR 410 0 400 280 390 550 380 599 378 610
GR 374 620 374 710 378 720 380 775 390 820
GR 400 920 405 1200 400 1500 408 3000 0 0
EJ

Tl FLOODWAY DETERMINATION EXAMPLE - First Trial -
T2 Encroachment Method 4 with an 0.8 foot increase
T3 COW CREEK NEAR PALO CEDRO

3 reads the third field of ET; Method 4 with 0.8 foot increase
393 indicating a 1-foot higher starting water surface elevation

Jl.2
J1l.9

0 3 0 0 0 0 0 o 393 0

No Flow Distribution requested for this profile (J2.10 = 0)

% % % G4 ¥ * * *
ot

J2 2 -1 0 0 o] 0 0 0 0
T1 FLOODWAY DETERMINATION EXAMPLE - First Trial -

T2 Encroachment Method 4 with a 1.0 foot increase

T3 COW CREEK NEAR PAIO CEDRO

4 reads the fourth field of ET; Method 4 with a 1.0 foot rise

*
(<]
=
. .
N
o

* J1.9 393 indicating a 1-foot higher starting water surface elevation
*
J1i 0 4 0 0 0 0 0 0 393 0
*
* J2.1 = 15 requesting the Floodway Summary Tables specified on J3
*
J2 15 0 -1 0 0 0 0 0 0 0
BLANK
BLANK
BLANK
ER

* Remarks are added to highlight encroachment related data *
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The output for the Example Problem is shown in Appendix B.
The added encroachment output is described in Appendix II of the
HEC-2 Users Manual. Table 4.3, below, shows an example from the
second profile encroachment. The first added statement, numbered
2800, gives the conveyance data computed by the program and the
second, numbered 3470, provides the computed encroachment
stations. Following the encroachment output, the standard output
variables are provided for the cross section. The computed
solution reflects the cumulative effects of the encroachments.

The order of the output reflects the order of the HEC-2
computations. The 2800 output line shows the conveyance (Q1) and
the water surface elevation (WSEL) for the first, assumed natural
(NAT), profile. The conveyance under encroached conditions (ECN
Q1) and the higher water surface elevation (WSEL) are also shown
on the first line. The RATIO = 0.0000 indicates that the two
conveyance values are equal; that is the encroached cross-section
conveyance at the higher water surface elevation equals the
natural conveyance at the natural water surface elevation.

The second line shows the conveyance in existing cross
section (NAT Q1) at the higher water surface elevation (WSEL) and
the distribution of conveyance in the cross section (RATIOS LOB,
CH, ROB =). This reflects the intermediate computation step
where the water surface elevation is raised the target amount
(0.8 foot in the second profile) and the conveyance is
recomputed. The increase in conveyance is computed as a ratio
and the value is shown as TARGET in the 3470 line. One-half of
the target amount is removed from the two extremes of the cross
section (floodway fringe), if there is sufficient conveyance.
The available conveyance is show as RATIO LOB & ROB.

If there is not sufficient overbank conveyance, the
encroachment station will be set equal to the bank station and
the residual TARGET amount will be removed from the other
overbank area. The program will not set the encroachment
stations inside the left and right bank stations. The computed
ENCROACHMENT STATIONS, left and right, are shown on the 3470 line
along with the Encroachment Method (TYPE) and the ratio of
conveyance reduction (TARGET). After the cross section is
adjusted, the water surface elevation is computed and the output
reflects the results of the encroachment.

Table 4.3 Sample Encroachment Output from the Second Profile

CCHV= .100 CEHv= .300

*SECNO  .080
2800 NAT Q1= 12528.17 WSEL= 392.00 ENC Q1= 12528.17 WSEL= 392.80 RATIO=  .0000

NAT Q1= 13654. RATIOS LOB,CH,ROB= .0028 .7925 .2047 MWSEL= 392.80

3265 DIVIDED FLOW

3470 ENCROACHMENT STATIONS= 300.0 916.8 TYPE= 4 TARGET= .082
.08 25.00 393.00 .00 392.00 394.35 1.35 .00 .00 390.00
53000. 0.  45594. 7406. 0. 4630. 1418. 0. 0. 390.00
.00 .00 9.85 5.22 .000 .045 .050 .000 368.00 300.00
.001746 0. 0. 0. 0 0 0 .00 500.84 916.84
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The Summary Printout, starting on page B-16, reflects the
choice of variables and tables defined on the J3 record. For
this example, the two pre-defined summary tables were selected.
Table 110 is designed to show the computed water surface
elevations (CWSEL) and the change in elevation (DIFKWS) between
the first "existing conditions" profile and the following
encroached "floodway" profiles. HEC-2 saves the first profile
water surface elevations as the "known water surface" (KWS) and
computes the difference (DIF) with the following encroached
profiles. The DIFRWS column makes it easy to see if the change
in elevations exceed the maximum criterion for the floodway
study. The energy elevation (EG) is also provided.

The top width (TOPWID) and distribution of flow in the three
flow elements (QLOB, QCH, QROB) provide a "plan view" of the
floodway results. The PERENC variable shows the ratio of
conveyance reduction and computed encroachment stations (STENCL &
STENCR) are displayed next to the bank stations (STCHL & STCHR).

Table 200 is designed to present the floodway results in a
form similar to that required for a FEMA floodway study report.
The WIDTH, SECTION AREA, and MEAN VELOCITY data are for the
entire cross section under floodway conditions. The WATER
SURFACE ELEVATION data are all rounded to the nearest tenth in a
way that ensures that the rounded difference between the
elevations is consistent with the rounded elevation values.

Floodway output review tends to focus on the change in water
surface elevations because that is the primary criterion for most
floodways. However, the entire computer run should be reviewed
for reasonableness of results for both the existing conditions
profile and encroached profiles. The impact of the encroachment
on top widths and velocities should be considered along with
change in water surface elevations. Chapter 5 reviews general
floodway application problems, and Chapters 6 through 10
present "typical" application problems associated with several
categories of study reaches.

The increase in water surface elevation will frequently
exceed the "target" used to compute the conveyance reduction and
encroachment stations for the section. In the example problem,
see Appendix B, the results from the second profile with an 0.8
foot target increase in elevation produced water surface
elevation increases greater than 1.0 foot in portions of the
reach. That is why several target increase values are generally
used with initial floodway computations.

Seldom are the encroachment results from a single profile
acceptable for the entire reach; however, portions of different
profiles usually are acceptable. The second, and succeeding,
trials are usually based on combinations of the multiple-profile
results, defined in a single profile. As the floodway model is
refined, it is important to remember that the change in water
surface elevation at a cross section reflects the current and
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previous cross-section modifications. If one section has an
increase in water surface elevation well above the target change,
it usually means that the previous cross-section modification is
contributing to the current section’s large increase. The amount
of encroachment at the previous cross section, as well as the
current, should be reduced.

In the Second Trial, shown in Appendix C, the first profile
is still the "existing condition." The second profile uses

Method 4 to compute the encroachment stations, but the target
change in elevation was varied in an attempt to keep the computed
change in water surface elevation within one foot. The third
profile uses Method 1 to specify the encroachment stations. The
stations were selected based on the computed stations provided in
the First Trial and the resulting change in water surface
elevation. The ET input for the two approaches are illustrated
in the partial data listing, shown below.

Table 4.4 Partial Input Listing for Trial 2

T1 FLOODWAY DETERMINATION EXAMPLE - Second Trial -
T2 First Profile Existing Condition; Second Method 4, & Third Method 1
T3 COW CREEK NEAR PALO CEDRO

Jl ] 2 0 0 0 0 (¢} 0 392 0
J2 1 0 -1 0 0 0 0 0 0 15
J3 110 200

NC .05 .05 . 045 .1 .3 0 0 0 0 0
QT 3 53000 53000 53000 0 0 0 0 0 0
*

* ET.3 requests Method 4 with 0.9 foot rise

* ET.4 indicates Method 1 with Encroachment stations in fields 5 and 6

* Selected stations (300 & 920) were based on the First Trial results.

*

ET 4] 0 9.4 5.1 300 920 0 0 0

X1 .08 21 300 530 0 0 0 0 0 0
GR 410 0 400 40 390 300 380 330 372 350
GR 368 360 368 480 372 490 380 520 390 530
GR 395 700 390 820 380 870 375 890 380 240
GR 390 960 395 1000 390 1100 390 1160 400 1200
GR 410 1500 0 0 0 0 0 0 0 0
*

* ET.3 changes the Method 4 target to 0.8 foot rise

* ET.4 defines the Encroachment stations for the next cross section.

* Method 1 only applies to the following cross section; therefore, an

* ET is required before each corss section when using Method 1.

* STENCL STENCR

ET 8.4 5.1 150 820

X1 .21 18 150 390 750 750 800 0 0 0
GR 410 0 400 130 390 150 380 175 373 200
GR 369 210 369 300 373 320 380 380 390 390
GR 395 600 390 680 385 900 390 980 400 1040
GR 403 1100 395 1400 400 1600 0 0 0 0
* STENCL STENCR

ET 6.4 5.1 50 350

*

X1 .34 16 50 275 650 690 670 0 0 0
GR 410 0 390 50 373.5 100 370 110 370 210
GR 373.5 220 380 250 390 275 395 500 395 1500
GR 390 1720 390 1780 400 1820 403 2200 398 2900
GR 400 3300 0 0 o 0 0 ] 0 0
*

* ET.3 is blank, indicating no change from previous value of 6.4. All the

* Methods, except 1, apply continuously, unles changed by a new entry.

* BLANK STENCL STENCR

ET 5.1 20 500
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As the computed floodway is refined, plot the floodway on a
plan-view work map. While the analysis describe here focuses on
the HEC-2 output and the change in water surface elevation, it is
important to remember that the floodway must be consistent with
local development plans and provide a reasonable hydraulic
transition through the study reach. Sometimes a computer
solution, that provides a floodway with most computed water
surface elevations at or near the maximum, may be unreasonable
when transferred to the actual study reach.
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5. FLOODWAY APPLICATION PROBLEMS

With the ideal floodway application described, some of the
common sources of computational and application problems are
presented. In some cases a study reach may have aspects of
several problems, and in other cases, the problems may not fit
any of the descriptions that follow. The following paragraphs
describe some of the problems encountered in the application of
the floodway concepts.

5.1 MODEL ASSUMPTION PROBLEMS

The computational process used in computing floodways is
outlined in Section 3.3, and the key computational assumptions
are listed in Section 3.4. These assumptions are the basis of
many application problems and deserve a separate review and
comment.

a. Steady flow assumption is not a significant problem in
floodway determination. For most naturally occurring floods on
major streams, flow changes slowly enough with time that steady
flow is a fair assumption. Even when it is not, the assumption
would seldom cause any computational problems.

b. Gradually varied flow may not be a valid assumption in
the vicinity of manmade structures such as bridges and channel
control structures. The estimation of energy losses in more
rapidly changing flow becomes more uncertain; therefore, the
computed water surface elevation is more uncertain too. Under
these conditions, the estimated energy loss may be too high or
low, or it is possible that the computational process will not be
able to determine a water surface elevation. Without a solution
based on computed energy losses, the HEC-2 program generally
assumes critical depth. For most flood plain studies, the
critical depth solution is not valid. Also, a critical depth
solution at a cross section will not provide a basis for
computing a floodway encroachment based on a change of water
surface elevation at that section.

c. One-dimensional flow may also not be a valid assumption.
The location and definition of cross sections requires a
considerable degree of understanding of the flow pattern to
properly define the input data. Two major problems that violate
the assumption of one-dimensional flow are: (1) multiple water
surface elevations and (2) flow in multiple directions.

1. Multiple water surface elevations within one cross
section usually result from multiple flow paths. When the
flow in each path is physically separated from the other
paths, the distribution of flow in each path is a function
of the conveyance (or energy loss) through the length of
that path. Because the one-dimensional model distributes
flow in each cross section based on the conveyance in that
section, the flow distribution in the model is free to shift
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from section to section in the computational process. The
traditional solution to the problem is to divide the model
into the separate flow paths and compute a profile for each
one (see Chow, 1959, Sec.11-9).

2. Flow in multiple directions cannot easily be modeled
with a single cross section perpendicular to the flow. 1In
cases where the flow is gradually expanding, contracting, or
bending, the section can be defined that will reasonably meet
the requirement, but it does take special care. When flow
takes a separate path, like a levee overflow or a side
diversion, then the flow lost from the main channel must be
separately estimated and subtracted from the main channel
flow. The HEC-2 program has a Split Flow Option to compute
lateral flow losses and the resulting profile in the main
channel (HEC, Sep. 1982).

d. Channels of small slope are common in natural streams. A
slope less than 1 in 10 means that the pressure-correction factor
is close to 1 and, therefore, not required. Also, the depth of
flow is the same whether measured vertically or perpendicularly
to the channel bottom (Chow, 1959). For most valley streams where
floodway computations are performed, a 1 in 10 slope would be
considered steep. Channel slopes are usually less than 1 in 100.

c. Rigid boundaries mean that the channel shape and
alignment are constant for the period of analysis. The concern
is not with the long term changing boundaries, like with
meandering rivers. More important to the floodway analysis is
the local scour and deposition that can occur in a stream during
a flood event. The problem is generally more pronounced at major
contractions, like bridge crossings, because there is a general
increase in velocity and, therefore, potential for increased
scour. General velocity guidelines can be found in design
criteria for stable channels (USACE, 1970).

Modeling scour and deposition would require considerably
more data, engineering expertise, and a movable bed computer
model. A National Research Council study concluded that rigid-
boundary models should be utilized for flood insurance studies
until deficiencies in the application in movable bed models are
removed (NRC, 1983). The principal deficiencies were inadequate
understanding and formulation in the mechanics of the various
processes, and a general lack of available input data.

5.2 FLOODWAY COMPUTATION PROBLEMS

There are numerous computational problems that result from
limited and/or incorrectly formulated model data. The basic data
for floodway water surface profile calculations are:

a. Discharge (peak discharge for the 1% chance flood)

b. Flow regime (usually subcritical)
c. Starting water surface elevation
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d. Cross sections (defining flow boundaries)

e. Reach lengths (between given cross sections)

f. Loss coefficients (Manning’s "n" and contraction/
expansion coefficients, if used)

With the limited budget available for the typical flood plain
study, there is a natural tendency to collect a limited amount of
data, especially cross sections. Once the data are collected and
formatted as computer program input, there is little chance to
obtain additional data. Because the programs will execute with
the limited data, the computations can proceed. Also, there is
the question of how much data is required to compute the water
surface profiles with sufficient accuracy.

In an HEC study, 98 HEC-2 data sets were used to evaluate
water surface profile accuracy (HEC, 1986). The data, from
previous flood plain studies, were edited to produce consistent
data sets without bridges or non-surveyed cross sections.
Comparisons made of profiles computed using several commonly used
friction loss approximation techniques "...show significant
differences, more than a foot, in reaches of many streams. A
significant number of the original data sets underestimate the
profiles as compared to those calculated with more accurate
integration of the energy loss-distance function made possible by
using closer-spaced cross sections" (Burnham & Davis, 1986, pg.5).
The study used a cross-sectional spacing of 500 feet, by
interpolating cross sections from the survey data, to calculate
the "true" water surface profile. The assumption was that the
survey data adequately defined the physical study reach, but the
added sections were needed to improve the energy loss
computations.

These study results indicate that limited cross-sectional
data, in the extreme, may cause computational difficulties that
would make computing water surface profiles for flood flows and
developing floodways very difficult and probably inaccurate. 1In
a less-severe, data-deficient case, the profiles may be computed
but with questionable accuracy. Potential errors of one foot or
more could be expected. With sufficient cross-sectional data and
careful, efficient use of that data, a reasonable model could be
developed. The refinement of the model, through a calibration
process, then becomes the next focus.

Calibration is a time consuming task. Historic flood flows
and flood level data are required. The model may need several
cycles of adjustment and execution before the results reasonably
reproduce available historic information. Without this process,
the computed profiles have considerable uncertainty. The
previously cited study on profile accuracy found that the
Manning’s "n" values may be the most significant data in the
profile computation process. "Significant effort should be
devoted to determining appropriate Manning’s coefficients"
(Burnham & Davis, 1986, pg.22). The adjustment of this model
parameter is a major part of the calibration process.
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The processes of model development and calibration may be
overlooked in the haste to develop the flood plain and floodway
data; however, the computational problems that may result from
incomplete model development could cause greater delays. If
basic computational problems, like those results based on
assumptions of critical depth, are not eliminated, the floodway
computation will be more difficult and time consuming. A
training document for HEC-2 application provides some suggestions
for model calibration and output analysis (Bonner, 1987).

Once a model has been developed and calibrated, the floodway
computation process can begin. If the model is working well, the
floodway computation, based on the change in water surface
elevation criterion, should not be a major problem. However, the
computed floodway may not be reasonable from an application point
of view.

The typical computation of cross section encroachment, based
on an equal reduction of conveyance in the overbanks, does not
consider the total floodway as a two- or three-dimensional
entity. The computation results may yield top widths that
increase and decrease from section to section (undulating top
widths). The computed encroachment may indicate a floodway that
runs contrary to the natural flood plain meander. Additionally,
the computations do not reflect the local development plans for
the flood plain. Defining the floodway is not simply a
computation problem. The computed results require adjustments
and additional engineering refinement to define the floodway.
The added refinement, and the more judgmental nature of the
refinement, is a floodway determination problem.

In a study of the origin, use, and rationale of the one foot
criterion, a small number of floodway studies were reviewed.
Even though the maximum change in water surface elevation was one
foot, the average computed change was 0.7 foot (Goddard, 1978).
Also, increases at many points were found to be less than 0.4
foot. This would indicate that the floodway computations did not
necessarily define the minimum necessary floodway. Conversations
with FEMA staff indicate that there are cases where subsequent
computations have shown that additional encroachments could be
made, into what has been defined as floodway in previous studies,
without exceeding the one-foot increase in water surface
elevation. This has encouraged the emphasis on determining the
maximum encroachment when computing the floodway.

Computing a floodway which defines the maximum limits of
encroachment may require several iterations and considerable
engineering judgment. Bridges and other obstructions to flow
complicate the problem. Because a bridge may act as a local
control, the change in water surface elevation upstream from the
bridge may be quite different than the downstream change. It may
take several cross sections before the profile approaches the
maximum allowable change in water surface elevation. With more
bridges, or other obstructions, the problem is compounded.
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The refinement process could continue for many cycles of
adjusting the stations that define the limits of encroachment and
then computing the water surface profile to determine the impact
of the estimated floodway. In those states with additional
criteria for floodway determination, the process will also
require evaluating the results based on the added requirements.
The problem becomes increasingly complex when local development
plans and the more subjective desire for a natural floodway are
added. In summary:

a. The computation of floodways in a complicated problem.

b. Proper data development and parameter calibration are
essential to the floodway computation.

c. Many computational problems can result from inadequate
data and improperly used models.

d. The model computations may not consider all the aspects
that should be considered.

e. Beyond the initial floodway computations, there are
numerous, more subjective refinements that could be made.

5.3 PROBLEM CLASSIFICATION

Grouping floodway problems into general categories does not
provide a complete classification system; however, there are
certain fundamental problems that cause difficulty when applying
the current procedure. These application problems were generally
defined and placed into the following categories:

1. Low gradient streams - usually with low velocity, long
duration floods over a wide area.

2. Flood overflow situations - including overflow
at drainage divides and on leveed streamns.

3. Alluvial streams - with movable boundaries.

4. High velocity streams - flowing at supercritical and
subcritical velocities.

5. Developed flood plains - with development in the
potential floodway zone.

While it is extremely difficult to define general solutions
to unique and variable application problems, major common
problems have been defined. The floodway concept applicability
and general solution approach are provided in the following
chapters.
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6. LOW GRADIENT STREAMS

Low gradient conditions frequently occur at the lower end of
the stream’s course, as it approaches its outflow point. Low
gradient streams are commonly located in wide flood plains in
coastal areas and may be subject to tidal influence. Numerous
examples exist in the Gulf States. Not only is the stream slope
low, around 1 in 1000, but the stream overbank area is usually
wide and flat. These characteristics yield low velocity flood
flows over wide areas. The computed floodways are often wide
too. Based on this description, the low gradient stream appears
similar to the ideal application described in Section 2.5.
Computing the floodway limits should not be a major problem,
given a well developed and calibrated model.

6.1 APPLICABILITY OF FLOODWAY CONCEPT

The general nature of the wide flood plain is an extensive
inundated area, often with shallow flood depths and low
velocities. The flow conveyance for much of the overbank area
may be very low, and, therefore, the conveyance lost due to
development in that area may be relatively small. A significant
modeling problem for these flood plains is the determination of
the conveyance and storage zones in the flood plain. (A modeling
approach is described in Section 6.2.) Once an area is defined
as a storage zone, without conveyance, it is automatically a part
of the flood plain fringe. The steady flow, water surface
profile computation does not consider the storage zone in
determining the flow conveyance and water surface profile.
Therefore, development in the storage zone will not increase the
computed water surface elevation.

Loss of overbank storage can influence the peak discharge
and travel time of a flood wave. While most floodway
computations do not evaluate the storage effect, it should be
recognized. The downstream peak flow will tend to be higher and
arrive sooner with a filled overbank area, as assumed for
floodway determination (DeVries, 1980). It deserves mention here
because the wide flood plain is more likely to have a significant
amount of overbank storage and, if significant storage area is
loss due to flood plain encroachment, the potential effect on the
flood wave should be evaluated.

The floodway computation is based on completely eliminating
conveyance from the fringe of the conveyance portion of the cross
sections. If development were to occur in that fashion, then the
computations should reasonably reflect the cumulative effect of
eliminating the flow carrying capacity of that fringe area.
Therefore, the current floodway concept is applicable to the low
gradient, wide flood plain areas. The computation assumptions
and procedures can define an area (floodway) required to pass the
base flood without increasing the water surface elevation by more
than a designated amount. However, an alternative procedure
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could meet the requirements and also be more consistent with the
likely development in the flood plain.

While the computation of a floodway may reflect the impact
of the complete elimination of the flow carrying capacity along
the flood plain fringe, the question of whether the computation
reflects flood plain development remains open to debate. What
portion of the lands, adjacent to the river, is required to
discharge the base flood? The difficulty occurs when the
computed floodway is compared with the flood plain development
that has occurred, or is expected to occur. The computed
floodway may meet the change in water surface elevation criterion
and not produce any hazardous conditions. However, the floodway
may also be very wide and include areas that are locally seen as
the best areas for development. Adopting the computed floodway
may be the major problem, not the computation of the floodway.

6.2 FLOODWAY COMPUTATION PROBLEMS

A typical problem in model development for wide flood
plains is the definition of the cross sections. Because the
flood plain is usually very flat, the limits of the cross
sections are not apparent. The question is often: "How far out
should the cross section extend?" The limits of effective flow
are not obvious and the wider the cross section, the more data
required.

Aerial photos of historic floods can help define the limits
of flooding. Also, photos can indicate where water appears to be
effectively moving and the direction of flow. This information
can be used in locating sections perpendicular to flow. Flow may
be 2-dimensional in a wide overbank. If photos are not
available, then field interviews and other sources of historic
information are often helpful when defining the cross section
limits.

Once the field data has been obtained and the input data
developed, the calibration process begins. One modeling problem
with the wide flood plain is the definition of the limits of
effective flow in the cross section. The nature of the modeling
problem is outlined below:

1. In the one-dimensional model, flow in the cross section is
distributed proportionally to conveyance. The section
elements can be considered as the channel and the two
overbank areas. (Some computer programs may consider more
elements, but they usually consider at least the three
primary elements.)

2. When the discharge is high enough to flood the overbank

areas, the overbank flow area (and conveyance) is usually
very large, when compared to the channel area.
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3. The distribution of flow, based on conveyance, places a
large proportion of the total dlscharge into the overbank
area. The channel flow proportion is reduced, accordingly.

4. The computed flow in the channel, can be far less than the
flow was at bank full discharge. Also, the computed
velocity in the channel will be less than it was for lower
discharges, when all the flow was in the channel.

A solution to the flow distribution problem is to reduce the
overbank conveyance, which will cause more of the total discharge
to be in the channel. The problem is that this adjustment is
often handled in an arbitrary fashion. In some cases, a fixed
lateral distance is used when the cross-sectional data are
obtained. In other cases, the average velocities in the
incremental areas of the flood plaln fringe are used to limit the
conveyance. A typical criterion is to eliminate areas with a
velocity less than one foot per second. The eliminated area is
considered a storage zone, not used for conveyance calculation.

A more reasonable approach is to reduce the overbank
conveyance until the flow in the channel produces channel
velocities near the value obtained when the entire flow was in
the channel. There is a general increase in channel velocity
with an increase in flow and depth. So a channel velocity near,
or slightly greater than, the bank-full channel velocity would be
expected when the flow is higher and mov1ng into the overbank
area. The difficulty with this approach is that it may take
several trials to get the distribution "balanced" for the design
flood.

There are two methods available to modify the overbank
conveyance: either block (or eliminate by some method) the
ineffective overbank fringe or raise the Manning’s "n" values in
the ineffective area (See Figure 6.1). When the overbank area is
eliminated, the true values for flood plain width, flooded area,
or volumes are not reflected in the computed results. If those
items are 1mportant then high "n" values should be used to
reduce conveyance in the ineffective areas. Then high "n" values
allow the water to be located in the ineffective area, but the
computed conveyance will be negligible because it is inversely
proportional to the Manning’s "n" value.

The method used to redistribute, or limit, the overbank
conveyance should not affect the floodway computatlon directly.
The usual approach, in computing the floodway, is to eliminate
the overbank conveyance, compute a new profile, and evaluate the
change in water surface elevations. If the fringe of the flood
plain has been adjusted to eliminate or reduce its conveyance,
the adjusted area is not effective and will not impact on the
computed floodway proflle. That is, if it was not considered as
effective conveyance in the existing condition profile, then
eliminating it in the floodway profile will not affect that
profile either.
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Figure 6.1 Modifying Cross-section Flow Area

The use of high "n" values to define ineffective area does
not limit the floodway computations. Also, by using high "n"
values, an estimate of valley storage can be obtained from the
water surface profile computations. A storage-discharge function
can be developed by computing profiles for a range of discharge
values and relating the discharge to the storage under the
computed profile. The storage-discharge function can be computed
for the existing flood plain and for a proposed floodway. By
routing the base flood hydrograph through the study reach for the
two conditions, an estimate of the impact of lost storage can be
made.

If there are no other physical problems in the study reach,
the primary computation problems in computing floodways in low-
gradient, wide flood plain streams pertains to definition of the
cross sections and the limits of effective flow. 1In a few '
extreme cases, even the direction of flow may be uncertain.

6.3 FLOODWAY APPLICATION PROBLEMS

Floodways computed in these applications tend to be wide,
and may not fit well with the community’s view of the development
potential of the study area. Part of the problem comes from the
assumptions in the computation process. The floodway is
determined by eliminating the floodway fringe from the outside
limits, toward the channel bank, until the change in water
surface elevation reaches the target. Conveyance is removed
equally from both sides of the flood plain. Nothing in the
existing procedure considers potential, or attractiveness, of any
particular portion of the cross section for development.

33



With the equal conveyance, continuous elimination of the
floodway fringe there may be instances where portions of the
excluded floodway fringe may have more conveyance than portions
remaining in the floodway. Because conveyance is a function of
flow area, the deeper portions of the overbank can generally be
considered to have greater conveyance than the shallow areas. An
examination of the cross-sectional areas in the fringe would
clearly show where the greater depths may be excluded.

An added practical problem comes from the requirement that
the development occur above the base flood level. Because there
are additional costs involved in raising the first floor
elevation above the natural ground level, the portions of the
cross section with the most shallow flooding would be the least
costly to develop. With this in mind, it is obvious that a
floodway that allows filling and development in some deeper
fringe areas, while preserving some more shallow flood plain
area, would not be very attractive to the local community
planning to develop the area.

The floodway concept in wide flood plains in currently under

review. FEMA is considering alternative procedures for some
communities.
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7. FLOOD OVERFLOW SITUATIONS

There are a variety of situations that could be character-
ized as flood overflow situations. For this discussion, the
topic is limited to situations where a portion of the flood flow
leaves the general path of the channel and proceeds down a
separate course. The location can be a natural drainage divide
or a manmade structure. The portion leaving the main channel may
or may not rejoin the the channel flow downstream.

The case where the natural stream course is higher than its
overbank area (perched streams) is also considered. For perched
streams, the overflow may occur in several places, and it may be
more difficult to predict the locations of overflow without
profile computations. Leveed channels are also discussed in this
section, primarily as a computation problem. FEMA has guidelines
for levee evaluation (FEMA, Sep. 1985).

7.1 APPLICABILITY OF FLOODWAY CONCEPT

The application of floodways to study reaches with areas of
flood overflow is complex. The degree of applicability depends
on the nature of the overflow, the impact of flood plain
encroachments on the magnitude of the overflow, and the
interaction with the local community on the acceptability of the
potential alternatives. There is no single answer to the
problem.

In an overflow situation, a primary question is whether the
overflow proceeds into a storage area or into a secondary flow
path. Development in storage areas will not directly affect the
water surface elevations along the conveyance channel. There-
fore, the conveyance-based floodway computation would not apply
to the storage area.

overflow into a storage ‘area reduces the peak discharge
in the primary channel. One example would be a levee break. The
reduced discharge would result in a lower water surface profile
downstream from the overflow. For example, a simulation of the
flood caused by Tropical Storm Agnes in the Susquehanna River
basin estimated that the downstream peak discharge would have
been 10 percent greater if the levee had not been overtopped at
Wilkes-Barre, Pennsylvania (Feldman, 1973).

Development in areas that provide flow-carrying capacity
would directly affect the water surface profile. In overflow
situations, there may be considerable difficulty defining the
flow paths, the distribution of flow through the various
paths, and the impact of development along the flow paths.
However, the floodway concept is applicable to those
situations. Development along the flow paths can have a
significant impact on the base flood elevation.
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The following discussion describes floodway concept
application for three overflow situations: (1) at a drainage
divide, (2) on a perched stream, and (3) on leveed streams.

7.1.1 OVERFLOW AT A DRAINAGE DIVIDE. For a reach containing
a natural drainage divide, when flow depths exceed a controlling
elevation, a portion of the flood flow leaves the study reach and
proceeds in a different direction. In some cases, the drainage
divide can be a manmade flood bypass system, e.g., the Yolo
Bypass of the Sacramento River. The manmade system is not the
concern here because for such systems the flood overflow is known
and usually managed. The natural overflow situation may not be
known at the start of a study, especially if recent flood events
have not exceeded the controlling elevation and a careful review
of the historic flooding situation has not been performed.

Drainage divide.

Figure 7.1 oOverflow at a Drainage Divide
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The next concern is whether the flood overflow occurs at the
elevation of the base flood, or if it occurs with a simulated
floodway. In either case, the floodway computation will increase
the amount of overflow by raising the water surface elevation.
However, if the overflow does not occur at the base flood level,
but would at the increased elevation resulting from a floodway,
there is the added issue of increased flooding in an area that
would not have been flooded without the floodway. The floodway
computations should be based on the controlling elevation for
overflow as the target elevation. This approach still increases
the risk of flooding in the overflow area for flood events higher
than the base flood.

The current floodway procedures can be applied to this flood
plain situation. Two major problems need to be solved in order
to apply the procedure: (1) estimate the lost flood flow and (2)
provide for the passage of the lost flow. Methods for estimating
the lost flow are discussed in Section 7.2. Providing for the
passage of the overflow must be negotiated with the appropriate
local authority. The overflow passage must be considered as a
portion of the floodway to preserve its conveyance. The
traditional floodway computations would then be performed for the
study reach with the remaining portion of the base flood as the
design discharge.

The area flooded during overflow conditions should be
delineated as a portion of the flood plain. If it is a storage
area, the area flooded depends on the volume of overflow and the
elevation-storage characteristics of the flooded area. In
effect, it is a reservoir storage problem. The computational
tools are available to solve the problem; however, they do
require additional data that probably would not be developed for
the typical floodway study. The computations require the entire
flood hydrograph for the base flood, while usually only the peak
discharge is estimated. Development in the flooded area would
generally reduce the flood storage available, but it would not be
significant in most situations. Therefore, the floodway concept
would not apply to the overflow storage area. The primary
concern should be to define the area flooded.

7.1.2 OVERFLOW ON A PERCHED STREAM. Perched streams result
from the development of natural levees from sediment deposits.
The stream may overflow at any number of locations, and the over-
flow water generally moves laterally away from the channel. The
definition of the flood plain and the floodway is very difficult.
The applicability of the floodway procedure may depend on the
degree of overflow, which may not be known until initial modeling
has been performed.
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If the channel overflows at discharges well below the base
flood level, conventional floodway computations might be applled
easily. The key is whether the one-dimensional assumption is
appropriate. The question is: Whether a single water surface
elevation can be assumed across the entire flood plain. If the
answer is yes, then the floodway concept should be applicable.
Under this condition, the flood flow should be contained so that
the flow is following the general path of the channel. (Flow
lines are generally parallel.) However, if the answer is no, the
problem is more difficult. The degree of difficulty depends on
the number of locations where the water overflows the channel and
where the water goes once it leaves the main channel.

Once the water overflows the channel and flows in a
different direction than the main channel, the one-dimensional
solution is no longer applicable. Some additional computations
are required to estimate the quantity of overflow and the area
flooded. If the overflow locations are limited in number and
definable in a model, the computational problem is similar to the
drainage divide problem. Once the overflow estimates have been
made, defining the potentlal floodway may be easier. The key to
floodway applicability is whether the overflow area is a
conveyance or storage area. Section 7.2 presents the major
computation problems and suggested solution procedures.

Figure 7.2 Overflow on a Perched Stream
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7.1.3 OVERFLOW ON A LEVEED STREAM. The application of the
floodway procedures for a leveed stream is similar to that for a
perched stream. The primary difference is the evaluation of the
levee to verify that it provides a l-percent chance flood level
of protection. The Guidelines require certification of
ownership, maintenance, and sufficient freeboard to ensure that
the levee is likely to perform at the required level of
protection in the future (FEMA, Sep. 1985). If the levee does
not meet the required criteria, the area protected by the levee
will be evaluated as if the levee did not exist. For the area
outside of the levee protection, a base flood profile, at the
point of levee overtopping, would also be computed, and the
higher of the two profiles would be used to define base flood

elevations.

Floodways are delineated at the landside toe of credited
levees (FEMA, Sep. 1985). There is no floodway computation.
Development could occur in the protected area without any impact
on the base flood conveyance.

For leveed streams that do not meet certification standards,
the base flood elevations are computed without the levees
controlling the flow. Therefore, a floodway could be computed
based on this same assumption. The flood plain and floodway
would be modeled by the one-dimensional water surface profile
computation, assuming water can freely move between channel and

overbank.

7.2 FLOOD OVERFLOW COMPUTATION

There are three basic questions to answer when computing
water surface profiles for streams with potential overflow
problems.

a. Is there an overflow problem?

Compute water surface profiles assuming there is no overflow
problem. Review the computed results and determine whether
the computed water surface elevations exceed any controlling
elevations in the study reach. If they do, there is an
overflow problen.

b. How much water is "lost" due to overflow?

Model the overflow situation to determine how much water is
lost and how much remains in the study reach. The modeling
approach depends on the nature of the overflow. Three cases
are considered:

CASE 1 - oOverflow is confined and limited.
CASE 2 - Overflow is general and fills the overbank.
CASE 3 - Overflow is general and not confined.
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c¢. What happens to the overflow water?

It may be necessary to model what happens to the overflow
water in order to define the area flooded. Three cases are
presented:

CASE 1 - Water is contained in a storage area.
CASE 2 - Water is conveyed in a separate flow path.
CASE 3 - Water is conveyed in an uncontrolled path.

The general procedures used to estimate flow lost due to overflow,
and the resulting inundation from the overflow, are discussed
below. The application of those procedures to the types of
overflow encountered is presented in Section 7.3.

7.2.1 IS THERE AN OVERFLOW PROBLEM? Using the one-
dimensional model approach, the water surface profiles would be
computed without considering any overflow. In many cases, the
fact that there is an overflow is unknown at this point in the
study. The computed profile would indicate water surface
elevations exceeding the channel boundary, and the general
location and nature of the overflow would be known. The computed
profile can be used to estimate the amount of water lost by using
the computed water surface elevation to estimate the potential
energy necessary to move the water over the overflow location.

The overflow computations can be done externally to the
water surface profile computation, and then the profile can be
recomputed with the remaining discharge (adjusted based on the
estimated overflow) in the study reach. The HEC-2 computer
program has an option for making these iterative computations
automatically. The Split Flow Option is described and
demonstrated in the HEC Training Document No. 18 (Montalvo, 1982).
The general computation procedure is described in Section 7.2.2.

An alternative approach would be to use a two-dimensional
model to evaluate the transfer of flow through the drainage
divide. Generally, the two-dimensional modeling would increase
the study effort two to ten times that required for a one-
dimensional model. However, a more complete solution can be
obtained, and if the full hydrograph is available, the entire
flood hydrograph could be routed through the model. This more
complete computational approach would give both volumes and
discharge values for the two flow paths.

7.2.2 ESTIMATING WATER "LOST' DUE TO OVERFLOW. If the
computed water surface profiles indicate that a portion of the
flow would pass into a separate flow path, then the problem is to
estimate the flow loss. While there are two-dimensional models
available, the following procedures are based on the assumption
that the typical flood plain analysis would be limited to the
one-dimensional model.
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Case 1 - Overflow is confined and limited in area, for
example, a drainage divide. 1In this situation there would be a
limited number of cross sections where the computed water surface
elevations exceed the cross-sectional boundary. At the computed
elevations, some of the flow would leave the study reach and
cross over the boundary.

The computed water surface elevations can be used to
estimate the potential for flow to move out of the study reach.
The physical nature of the overflow geometry would provide an
indication of the appropriate model to estimate the amount of
flow that would leave the reach. Typical models would be the
weir equation applied to the overflow section or channel
conveyance based on the overflow path. The determination of what
is controlling the overflow amount and the appropriate model is
an engineering decision.

The HEC-2 Split Flow Option can be applied to a variety of
overflow situations. The overflow discharge can be modeled with
a weir flow equation, a rating curve, or by using normal depth.
A weir model would apply to lateral overflow along a levee, and
normal depth would be used when the overflow was controlled by
the conveyance of the overflow path. The rating curve would
usually be used to model a side diversion on the channel. The
overflow is computed based on the computed water surface
elevation, and the channel discharge is reduced to reflect the
overflow. A new profile is computed with the modified flows, and
the computed elevations provide new estimates of overflow. The
program iterates until the assumed and computed flows agree
within the error criterion.

The steady flow solution obtained by this procedure assumes
that there is sufficient flow volume to maintain the discharges.
As a result, this procedure is most applicable to a very broad-
based flood with a peak discharge maintained over a considerable
period of time. If the flood is fairly rapid in its rise and
fall, the lost flow may be far less than the quantity estimated
by the steady flow solution. Therefore, this approach is most
applicable to large basins with large volumes of runoff.

To get an estimate of the volume of lost flow, the entire
flood hydrograph is required. In the typical floodway study, a
flood hydrograph is not developed; instead, an estimated peak
discharge value and steady flow computations are used. However,
if a flood hydrograph is available, the Split Flow Option can be
used to develop a rating curve for the overflow locations, and
those curves can then be used to estimate the time-distributed
overflow by treating them as diversions in a flood routing
simulation. The HEC-1 Flood Hydrograph Package can perform the
simulation (HEC, 1985). The computation would provide estimates
of the volume of lost flow and the remaining discharge in the
main channel. The National Weather Service’s hydrodynamic model
DWOPER can provide dynamic wave routing and solve the overtopping
problem, based on a weir flow model (Fread, 1982).
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case 2 - Overflow is general and fills the overbank, for
example, low level levees. If two conditions are met, the
problem is easy to solve. The first condition is that the
overflow is general and fills the overbank area. The second is
that the overbank flow follows the same general path as the
channel.

If the levee elevation is exceeded at a level well below the
l-percent chance flood discharge and the overbank area is fully
occupied by the overflow, the modeling problem is not any
different than the ideal floodway condition. In this situation,
the levees merely block a portion of the cross-sectional area.
With the water surface profile well above the levee elevation,
the water should be able to move in and out of the overbank area,
depending on the profile elevation. If the overbank area is
sufficient to control and maintain the flow in the flood plain,
there would not be any additional computational problems.

There is a range of flows, from bank full to the level where
the overbank areas are flowing full, where the one-dimensional
solution is not appropriate. The flow exceeds the channel
capacity, but the overbank conveyance is greater than required to
carry the overflow. The one-dimensional solution allocates the
cross-sectional flow proportionally to the conveyance and cannot
balance the solution with the flow in the overbanks. The HEC-2
program provides a message indicating that it cannot obtain a
balanced solution. The correct solution requires an estimate of
the overflow and the computation of the water surface profile
based on the remaining channel flow. If the overflow is confined
to a flow path, a water surface profile can be separately
computed based on the estimated overflow discharge.

A second situation where the one-dimensional solution fails
is when the flood flow in the overbanks does not move parallel
with the main channel. The perched stream is an example. The
problem becomes a more difficult two-dimensional problem.

Case 3 - Overflow is general and not confined to an
identifiable flow path. The overflow area can be extensive, and
the overflow water may move into different flow paths. Examples
include perched streams with overflow going into broad flow
areas, and leveed streams with flow passing over several portions
of the levee.

As long as the overflow location can be considered stable,
the HEC-2 Split Flow approach can be used to estimate the
overflow. The weir model for overflow calculations would be
preferred. It is difficult to apply the normal depth,
conveyance-based split flow computations to a broad overflow
area.
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Figure 7.3a Overflow Fills the Flood Plain
(One common water surface elevation applies)

Figure 7.3b Overflow Partially Fills the Overbanks
(Multiple water surface elevations exist)
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The Split Flow option is not suitable for divided flow
situations with complex multiple flow paths. If the flow is
confined in multiple flow paths, the individual paths can be
analyzed separately following the procedure described in Section
11-9 of "Open-Channel Hydraulics" (Chow, 1959) or in Appendix III
of HEC Training Document No. 18 (Montalvo, 1982). If the flow is
not confined, the solution would require a two-dimensional model,
which is beyond the scope of the typical floodway analysis.

The overflow computations may require numerous overflow
reaches and several trials to obtain a solution. The profile
calculations are from downstream to upstream, but the overflow
loss would occur upstream first. Additional cross sections and
overflow profile definition may be required to obtain an adequate
solution. The "Split Flow Reach Length Consideration" Section of
Training Document No. 18 (Montalvo, 1982) provides information on
the effect of reach lengths on the overflow computation.

7.2.3 ESTIMATING THE AREA FLOODED BY OVERFLOW. Once the
amount of lost flow has been estimated, it may be necessary to
determine the area flooded by the overflow. The cases considered
are: (1) water is contained in storage; (2) water is conveyed in
a separate flow path, and (3) water is conveyed in an
uncontrolled flow path.

Case 1 - Water is contained in a storage area adjacent to
the overflow location. The physical boundary of the overflow
area prevents the water from moving through a separate flow path.
The flooded area depends on the volume of overflow water;
therefore, the entire hydrograph is required to estimate the
volume. The flood hydrograph could be routed with an unsteady
flow program, like DWOPER (Fread, 1982), or the steady flow
solution from Split Flow calculations can be used, as follows.

First, a rating curve for the overflow location(s) is
developed. The rating curve can be developed based on split
flow computations for a range of channel discharges. Then a
routing model (e.g., HEC-1 Flood Hydrograph Package) is used
to route the flood hydrograph through the study reach. The
overflow is modeled as a diversion. The overflow rating
curve defines the diversion relationship. The computed
diversion hydrograph represents the overflow, and the
remaining hydrograph represents the downstream channel flow.

If the overflow moves into a low-lying area, the flooded
area would be defined by the volume of overflow and the storage
capacity of the area. The problem is similar to a reservoir
storage problem where the low-lying area is the reservoir without
an outflow. How high the water will rise can be determined by
the storage-elevation curve for the area. This flooded area
should be treated as part of the flood plain. If development is
to occur in this area, the limits could be estimated using the
one~-foot change in elevation criterion based on the reservoir
storage. However, defining an overflow area "floodway" based on
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storage is not recommended. Flood easement or land use control,
consistent with paragraph 60.3 of the regulations (FEMA, 1986),
should be used to maintain the overflow area.

Case 2 - Water is conveyed in a separate flow path. If the
overflow moves into a separate flow path, a separate analysis
should be performed to delineate the flooded area. If there is
sufficient flow, a separate water surface profile computation
could be performed for the overflow. A separate data set would
be required to define the overflow reach. The overflow
discharge, computed from the primary study reach, would be the
basis of profile computations.

The magnitude of the overflow discharge may be different for
the with and without floodway conditions on the primary study
reach. Presumably, the floodway condition would raise the
computed water surface elevations, and the higher elevations
would cause more water to move across overflow location(s).
Computing overflow for the two conditions may severely complicate
the problem. The floodway computation is dependent on the flow,
and the flow is dependent on the resulting water surface
elevation.

Case 3 - Water is conveyed in an uncontrolled path, for
example, overflow from a perched stream. If the flow is moving
across a broad area, a one-dimensional model usually cannot
adequately model the flow. The one-dimensional solution requires
cross sections based on the flow directions and the expected
lines that define equal water surface and energy elevations. If
the flow is in several directions, the problem requires a
horizontal two-dimensional model. Approximate flow depths can be
estimated by treating the overflow area as a flow plane. The
flow plane approach would be consistent with the "Shallow
Flooding" procedures in the Guidelines (FEMA, Sep. 1985).

7.3 FLOODWAY APPLICATION PROBLEMS

The floodway concept is applicable to the three situations
described in Section 7.1. Application problems with the current
floodway procedures are reviewed for each situation in the
following sections.

7.3.1 DRAINAGE DIVIDE OVERFLOW. The overflow can be
estimated using the procedures described in Section 7.2.2 for Case
1. Once the distribution of flows has been determined, the
floodway computation can be performed based on the remaining flow
in the study reach. The floodway computations could proceed as
simply as the ideal flood plain application, except for the
impact of the higher floodway water surface elevations on the
overflow discharge.

The higher floodway water surface elevations would provide

an increased energy level for the overflow. With the higher
head, the overflow quantity would increase. Therefore, the
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distribution of flow with and without the floodway would be
different. The difference depends on the elevation change and
the overflow characteristics of the drainage divide.

The floodway computations can be performed on the study
reach using the current procedures and the remaining estimated
discharge, after overflow discharge is subtracted from the base
flood discharge. A flood bypass zone will have to be defined to
provide for the passage of the overflow discharge into the bypass
area. Proper development control will be required, and the
continued management of the bypass area will have to be assured
in order to support the study reach floodway.

The bypass area can be delineated based on the procedures
described in Section 7.2.3. If the area receiving the overflow
acts as a storage area (Case 1), the limits of flooding under
base flood conditions should be defined as part of the flood
plain delineation.

If the overflow is conveyed through the bypass area (Case
2), then the conveyance area should be defined as a separate
flood plain that is treated as an integral part of the study
reach floodway. A separate floodway could be computed for the
bypass area. However, the problem becomes more complex when you
consider the interaction of the overflow calculations with the
different water surface elevations with and without floodways in
the primary study reach and the overflow area.

There is a potential trade-off between the study reach and
the bypass. When the study reach floodway is computed, the
higher water surface elevation may increase the flood overflow
and increase the area flooded in the bypass. In effect, the
flooded land in the bypass is traded for the developed land along
the study reach. This trade off can be evaluated, and a
potential compromise solution negotiated with the local
community.

7.3.2 LOW-LEVEL LEVEES. The application of the floodway
results should not be a major problem for this situation, if the
overflow is contained in the overbank area (Case 2). The
computation of the floodway should be nearly ideal if the natural
terrain controls the overbank flow in a course parallel with the
main channel flow. The one-dimensional solution, assuming that a
common water surface elevation applies across the entire cross
section, would apply.

If the overbank does not control the flow along the channel
flow path (Case 3), the problem becomes two-dimensional. For
cases where the overflow is limited to a definable path or area,
the procedures and concepts presented in the sections on drainage
divides apply. If the overflow is not limited to a definable
region, then the situation is similar to sheet flow, and the
floodway concept does not apply. Delineation of sheet flow areas
is usually limited to defining the overflow region and the
approximate depth.
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7.3.3 HIGH-LEVEL LEVEES. While the floodway delineation for
certified levees is clearly defined by the levees, the floodway
application is not used for those levees that do not meet the
criteria for l-percent chance flood protection. By assuming the
levees do not control the flow, the base flood elevation can be
computed with the levees allowing the water to freely move in and
out of the overbank areas. This approach is suggested in the
Guidelines. For low level levees, which are exceeded by flood
flows well below the base flood, the assumption of a one-
dimensional model may be appropriate. However, for levees that
provide nearly l-percent chance flood protection, the assumptions
of a one-dimensional model may not be appropriate.

Modeling the high levee stream requires assumptions about
the levee’s performance during a major flood. Will the levee be
overtopped at a known location, and will the levee withstand the
overflow? If the answers are yes, the procedures for drainage
divides could be used. However, what if the overflow causes the
levee to fail? Then the overflow assumptions would not correctly
model the outflow, and the flooded area would be underestimated.
Also, there is the possibility that the levee might be overtopped
in another location, and a different area would be flooded.

While there are procedures for estimating the overflow, the
uncertainty of the actual performance of the levees make the
modeling process uncertain. The Guideline approach does not
require the determination of where the levee will fail or what
its performance will be under overflow conditions. The computed
base flood elevations reflect a general failure of the levee
system. The floodway would provide the necessary conveyance
under this condition.

7.4 SUGGESTED FLOODWAY PROCEDURES

The floodway concept is applicable to most overflow
situations. If there is water loss due to overflow, then the
estimated amount of overflow and the area flooded by the overflow
should be determined. Floodway computations would be performed
based on the flow remaining in the study reach, after subtracting
the overflow loss.

Procedures are available to compute overflow in drainage
divide and levee situations. Section 7.2.2 describes the
computations using the HEC-2 Split Flow Option. Additional
information can be obtained in the HEC Training Document No. 18
(Montalvo, 1982). Using these procedures, the remaining flow in
the study reach can be estimated and a floodway can be computed
using the current procedures. The flood plain and floodway
delineation must include provisions for the passage of the
overflow and allowance for its storage or passage. Section 7.2.3
provides procedures for estimating the area inundated by the
overflow.
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The sheet flow condition, which might occur with overflow on
a perched stream, may be an exception to the above procedures.
The Guidelines, Appendix A2, provide general procedures for sheet
runoff computations. For conditions where sheet flow will be one
foot or less, only the area flooded is defined; detailed studies
are not required. For those conditions where depths are expected
to exceed one foot, but be less than three feet, estimating the
depth of the sheet flow using normal depth approximations is
suggested. The use of traditional floodway computations would
not be appropriate for the sheet flow area. The requirements of
paragraph 60.3 of the Regulations (FEMA, 1986) would apply.

The Split Flow procedure would not be applicable to flow
separation into two or more paths, like divided flow around an
island. If the flow is confined in multiple flow paths, the
individual paths can be analyzed separately following the
procedure described in Section 11-9 of "Open-Channel Hydraulics"
(Chow, 1959) or in Appendix III of HEC Training Document No. 18
(Montalvo, 1982). If the flow is not confined, the solution would
require a two-dimensional model which is beyond the scope of the
typical floodway analysis.

Floodway computations are applicable for streams with levees
that do not meet the Guideline requirements for certification.
The one-dimensional model solution is consistent with the
assumption that levees do not control the flow, and water is free
to move in and out of the overbank areas. If the study reach,
ignoring the levees, controls the flow then the current floodway
computation procedures should be applicable. For those locations
where the levees provide nearly a l-percent chance flood
protection, the floodway delineation may appear unreasonable. In
those situations, the floodway would be some distance outside the
levees.
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8. ALLUVIAL STREAMS

Alluvial streams are authors of their own geometry and are
continually adjusting their dimensions (slope, depth and width)
through the processes of aggradation and degradation (deposition
and scour) in response to the present flow conditions and
sediment transport characteristics. Therefore, potential
analysis problems, dealing with flood plains and floodways are
related to the traditional assumptions that channel boundaries
are rigid (immobile) and static (will not change over time).

Some alluvial channels may be relatively inactive, and
standard floodway procedures are adequate. However, many
alluvial channels, especially in the arid Southwest, demonstrate
a great deal of mobility and readjustment during and after flood
events. For these types of channels, alternative floodway
computation procedures may be necessary to accurately delineate
floodway boundaries and flow characteristics.

Once disturbed, an alluvial stream begins an automatic and
unrelenting process that culminates in its reaching a new
equilibrium with nature. The new equilibrium characteristics may
or may not be similar to the stream’s original characteristics or
channel features. Failure to recognize important sediment
transport characteristics of an alluvial stream can lead to a
situation in which computed water surface elevations are not
accurate, estimated channel velocities are exceeded and manmade
channel modifications require expensive periodic repair.

The purpose of this chapter is to discuss those situations
where standard floodway procedures are inadequate and to present
alternative techniques and procedures that may provide more
reliable information for flood plain management.

8.1 APPLICABILITY OF FLOODWAY CONCEPT

Rigid boundary assumptions, upon which most flood control
and flood insurance studies are currently based, do not
acknowledge the potential for river systems to move both
laterally and vertically. Failure to address this natural
characteristic of alluvial streams in the design and construction
of flood control projects, river crossings or other structures or
channel modifications located within the flood plain can lead to
their damage, destruction or premature obsolescence.

Additionally, if sediment transport related problems are not
addressed properly during the evaluation of potentially active
alluvial channels, long-term upstream and/or downstream changes
may occur as the channel attempts to readjust itself to new
equilibrium conditions. Determination of design fault and damage
liability issues is not straightforward, but is certainly
becoming a more common occurrence. If significant morphological
changes occur in the channel over time, results from past flood
insurance and floodway delineation studies may become invalid,
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necessitating expensive new studies. According to Linder (1976),
"In the past, too many problems associated with flood control,
drainage, navigation and other types of water resources projects
have been handled by modifying the river channel involved without
giving equal thought to the sediment being transported by the
water flowing in those channels." Misunderstanding the role of
water in transporting enormous quantities of sediment has been
more a matter of neglect than unawareness.

Flood insurance studies and the floodway analyses associated
with these studies are not necessarily concerned with designing
or building projects as part of the study. They are primarily
concerned with the delineation of floodways and flood hazard
areas within the flood plain so flood hazard maps can be
developed and flood insurance rates can be estimated.

The floodway concept is based on being able to reasonably
define the distribution of flood flow in a flood plain. Those
areas that can be developed with a minimal impact are defined and
become the basis for land use zones and development control. The
applicability of the floodway approach must be based on the
present ability to reasonably assess the conveyance for various
alluvial stream types. Therefore, prior to performing a detailed
floodway analyses, one must try to answer the following
questions:

a. Does the study reach reasonably resemble and possess the
characteristics of an "ideal floodway" as described, and
will it satisfy the assumptions listed?

b. Will water surface profiles and velocities computed by
traditional procedures be valid? If not, can one estimate
the approximate amount of departure away from the true water
surface elevation or velocity that may be contributed to
alluvial channel characteristics?

c. Is the study reach "reasonably" stable? That is, if a
floodway is developed based on the present channel
characteristics, will it remain essentially the same into
the planning future? How can engineers quickly determine
whether a stream may be active and/or present sediment
transport related problems for evaluating the floodway now
or in the future?

d. What are possible alternative procedures for computing
floodway characteristics in active alluvial streams?

The following sections present some preliminary guidance
pertaining to these questions. As the suggested procedures are
tried and applied, they will undoubtedly require further
improvement to cover the variety of field conditions found across
the country. The procedures should, therefore, be considered as
preliminary at this time.
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8.2 SITUATIONS NOT APPLICABLE FOR FLOODWAY COMPUTATION

There are several situations where the floodway concept is
difficult to apply. The following conditions often fail to
sufficiently meet the criteria for ideal floodway application.
Generally, the assumption of a rigid boundary is not applicable,
which makes it difficult to apply the traditional floodway
procedures. Many of these situations can be defined as erosion-
prone areas, which are included under paragraph 60.5 of the
Regulations (FEMA, Oct. 1986).

Alluvial Fans - An obvious flood prone area that frequently
fails to meet the criteria of an ideal floodway is the alluvial
fan. Alluvial fans develop below the mouth of a canyon by the
outwash of sediment and debris from the canyon draining an
upstream watershed. Flooding on an alluvial fan is part of the
natural process that forms the fan. Usually, the channel is
poorly defined on an alluvial fan. Even if there appears to be a
channel, the flows during a flood event may leave the channel and
form new ones (avulsions).

The procedures provided in Appendix 5 of the Guidelines
(FEMA,Sep.1985) are based on statistical analysis, rather than
the floodway procedures described. There is no "floodway." The

FEMA methodology is based primarily on the following assumptions
that obviously fail to meet standard floodway criteria.

a. On the upper portion of the alluvial fan, the flow is
confined to a single channel. Critical flow is assumed
which defines the flood velocity and depths.

b. On the lower region of the fan, the flow splits into
multiple channels. Normal flow conditions are assumed
to exist.

Therefore, given a peak discharge for a flood, the flow
depth, channel width and flow velocity are calculated. Risk of
flooding is distributed spatially across the fan according to a
probability relationship that is related to the radial distance
from the apex of the fan. Velocity and depth are considered in
defining zones within the flood hazard area. FEMA, the Corps of
Engineers and others are presently working to improve methods for
evaluating flood hazards on alluvial fans. The Arid West
Committee of the Association of State Floodplain Managers is also
working to develop more appropriate methods and criteria for
delineating and regulating development on alluvial fans.

Braided Streams - Braided streams commonly fail to meet
ideal floodway criteria. Braided streams are typically the least
stable form of alluvial channels. They are relatively wide with
poorly defined, unstable banks. They typically possess multiple
channels and multiple flow paths within those channels. Channels
are very active and frequently migrate over the flood plain.
Braided channels usually result from:

51



a. the stream being supplied with more sediment than it can
presently carry, resulting in deposition of its excess
load,

b. steep valley slopes which produce a wide shallow channel
where bars and islands readily form.

Either, or both, of these factors can lead to braiding. Any
floodway developed for a braided stream must be compared to the
future size and position that is likely for the channel.

Lateral Migration, Bank Instability and Erosional Hazards -
Lateral migration of river channels, river bank instability and
erosional hazards associated with geomorphologically active river
channels are not considered by traditional FEMA flood plain or
floodway analysis procedures. The analysis is based on the
assumption of a rigid boundary. However, the banks of a
laterally migrating channel may shift dramatically due to bank
erosion and bank failure. The lateral shift could cause the
channel to relocate into the fringe area of the previously
defined floodway.

This type of flood related problem often occurs in the arid
Southwest where ephemeral sand bed channels quickly fill with
flood waters from thunderstorms. Prior to a storm, completed
FEMA floodway maps may include the main channel and only a narrow
band of land adjacent to the channel. During a storm, an active
alluvial channel and banks may move tens of yards laterally,
effectively moving the channel out of its previously located FEMA
floodway. This type of movement quickly invalidates FEMA
flood plain maps and makes regulation of floodway requirements
extremely difficult for local flood plain management agencies.

Methods for determining the likelihood of lateral channel
migration are needed. This situation truly violates the
assumptions that the channel remains rigid and static during a
storm event. Officials with the Arizona Department of
Transportation and the Pima County Transportation and Flood
Control District estimate that traditional FEMA flood plain maps

can become invalid every two years due to lateral movement of
their most active alluvial channels (Pearthree, 1987). Both the
floodway and the base flood elevations are subject to change.

In-Channel Development - In-channel resources harvesting and
development, such as sand and gravel mining, may also cause
significant changes in the locations of channel banks, bed
elevation, bed slope and channel roughness. Depending upon the
extent of in-channel sand and gravel mining act1v1t1es, channel
adjustments upstream and downstream from the mining location may
occur for many years as the channel seeks to re-establish its
equilibrium. The same kinds of effects can occur following the
placement or construction of new channel crossings. Because the
long range impacts of these developments are difficult to
predict, management of the floodway becomes a difficult task for
the local community.
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Extreme examples are easily identified. Streams that fit
into the middle of the stability classification are more
difficult to evaluate. How stable are they, and should static
boundary or rigid boundary solutions be applied? In the absence
of more detailed studies, historical information and general
stream classification methods should be used to make the
determination. If the study reach reasonably fits the ideal
application, if it does not greatly violate the assumptions
presented, and if the history and present condition of the study
reach indicate a quasi-stable channel, then current procedures
can be applied with reasonable confidence.

8.3 FLOODWAY CALCULATION PROBLEMS

In alluvial channels one should consider the effects of
channel characteristics that change with the flow and during the
passage of an event. The interaction between the flow of the
water-sediment mixture and the sand bed creates different bed
configurations that change the resistance to flow and rate of
sediment transport. The gross measures of channel flow, such as
the flow depth, river stage, bed elevation and flow velocity,
change with different bed configurations. In the extreme case,
the change in bed configuration from plane to dunes or antidunes
can cause resistance to flow to change by a factor of 3 (Simons,
Li,& Assoc, 1982, pg.6.16). For a given discharge and channel
width, a 3-fold increase in Manning’s "n" results in a doubling
of the flow depth.

The interaction between the flow and the bed material and
the interdependence among the variables make the analysis of flow
in alluvial sand bed streams extremely complex.

If a rigid boundary model is not applicable because the
channel form changes significantly during a flood event, or
because the channel form and location is expected to change
significantly over the planning horizon, then why not use a
movable bed model? An investigation report, "An Evaluation of
Flood-lLevel Prediction Using Alluvial/River Models" (NRC, 1983),
describes a study to evaluate six mobile-bed computer models. A
study objective was to determine "whether flood-zoning studies
should make use of flood-stage prediction models that incorporate
river-bed mobility and degradation/aggradation, instead of
utilizing fixed bed models,...." A study conclusion was that the
modeling process will continue to be more reliable, but until
improvements are made to the cited model deficiencies, "..rigid-
boundary models should be utilized for flood-insurance
studies,...." The report also recommends examining the
sensitivity of rigid-boundary model solutions to "..uncertainties
and variations in channel roughness, channel geometry, and
channel slope."

Of the three factors mentioned above, the channel roughness
is the most easily evaluated and likely to have the most
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significant impact on the computed water surface profile. The
Hydrologic Engineering Center recently completed an investigation
to determine the accuracy of computed water surface profiles
using HEC-2 for various ranges of channel roughness and geometry
changes (HEC, 1986).

A recent report, "Guide for Selecting Manning’s Roughness
Coefficients for Natural Channels and Flood Plains" (Arcement &
Schneider, 1984), should be helpful in estimating Manning’s
roughness coefficients ("n" values) for flood plain studies. A
step-by-step procedure is provided for estimating the "n" value
for channels and flood plains. A section of the report provides
procedures for estimating "n" values in sand bed channels
considering bed form.

Additional methods for computing the effects of bed
configurations (roughness elements) in alluvial channels are
presented by Vanoni (1977), Graf (1971) and Simons, Li &
Associates (1982). Methods presented in these references can be
used to estimate the effective flow resistance associated with
different grain-sized bed materials and different bed
configurations. The dimension of dramatic bed configurations
such as dunes and antidunes may be on the same order as the depth
of flow itself, thus violating the computational assumptions
presented in Section 3.4.

The accumulation of debris in an alluvial channel can also
cause dramatic changes in water surface profiles and local
channel velocity. Effects of debris accumulation are not
explicitly addressed by traditional computational methods.

In some cases, an estimate of the debris accumulation can be
made. The impact on the computed water surface elevation can be
evaluated by modifying the cross-sectional definition to reflect
the debris blocked area and then computing the water surface
profile. The problem of predicting debris accumulation makes it
difficult to place any reliability on the computations beyond an
assessment of the sensitivity of the profile computation.

If one could reliably estimate the potential impact or
amount of influence that changing bed forms or debris may have on
the computed water surface elevation and/or channel velocity,
then a more reliable floodway could be determined.

8.4 CLASSIFICATION OF ALLUVIAL CHANNELS

As a first step toward determining whether an alluvial
stream can be analyzed with traditional floodway methods, one
should classify the channel according to its location and its
potential for fluvial activity.

All rivers can be separated into two major groups depending

on their freedom to adjust their channel boundaries due to flow
conditions. Bedrock or non-alluvial channels are confined

54



within, or between, rock outcrops so that the material forming
their bed and banks determines the channel morphology. These are
geologically controlled channels. Alluvial channels are free to
adjust their shape and gradient in response to hydraulic changes.
The materials they transport are similar to those materials
comprising the bed and banks of the alluvial channel. Alluvial
channels are of primary interest because of their dynamic
behavior in response to spatial and temporal changes of natural
and man-induced processes.

Schumm (1977) presents a generalized definition of an
idealized fluvial drainage basin and river system as the linkage
of three physiographic zones (see Figure 8.1). 1In this
description, Zone 1 is the drainage basin, upland watershed or
sediment source area. Erosion and sediment production are
generally the dominant sediment transport processes occurring in
Zone 1. Zone 2 is the transfer zone or zone through which Zone 1
sediments are transported. The processes of aggradation and
degradation are both active throughout Zone 2. Zone 3 is the
sediment sink or region of deposition.

WATERSHED
SEDIMENT SOURCE PRODUCTION
AREA ZONE 1
UPSTREAM CONTROLS
(climate, diastrophism,
land use)
A - Q.—_—___
' TRANSFER
‘f ZONE 2
g;
1 4
DOWNSTREAM CONTROLS
(base level, diastrophism) DEPOSITION

ZONE 3
SEDIMENT SINK

DEPOSITIONAL AREA
Estuary

Figure 8.1 Idealized Fluvial System (from Schumm, 1977)
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According to Schumm’s (1977) definition, Zone 3 is concerned
primarily with estuaries and the coastal region since they are
considered to be the ultimate deposition zone. Consequently, in
this analysis of inland waterways for the purposes of delineating
the floodway, Zone 3 (the estuary and coastal zone) generally is
not considered for a floodway. Zone 3 would usually be defined
as a FEMA Zone V, which comes under paragraph 60.3(e) of the
Regulations (FEMA, Oct.1986). The fluvial system of interest here
is the interaction of the watershed and alluvial channel network.

Niell (1978) proposes a refinement of Schumm’s definition of
the idealized fluvial system (see Figure 8.2). All three Zones
described by Schumm are still present. However, regions are
further classified according to the dominant local sediment
transport processes governing the morphology of the alluvial
channel, such as erosion, transportation, deposition and ultimate
deposition (such as occurs in deltas, lakes, reservoirs, and
estuaries). Also shown in Figure 8.2 are sketches of the
relative amounts of sediment of different sizes (gravels, sands,
silts and clays) typically in motion within the different
regional zones in the fluvial system.

Even if the description of the fluvial system with its
alluvial channels is limited to these simplified definitions, the
system is still highly complex, involving the interaction of many
natural processes. These natural physical processes govern the
response of the fluvial system to various inputs and/or
disturbances. Two primary inputs are climatic factors
(hydrospheric forces) and man’s activities (attempts to improve
or modify the natural characteristics of the system).

The most important climatic factor affecting erosion and
sediment transport is precipitation in the form of rain or snow
that leads to runoff and increased stage and discharge in
alluvial channels. Man’s activities include water resources
development, watershed conversion, resources acquisition (energy,
sand and gravel extraction, etc.), development and maintenance of
transportation systems, and development and maintenance of flood
control projects.

The response of the fluvial systems to these inputs and/or
disturbances is governed by the relevant physical processes
operating in the system as shown in Figure 8.2 and the proximity
of the channel to these inputs and disturbances. For example, in
alluvial channels within the system, the physical processes
describing sediment transport capacity balanced with the
availability of sediment materials establish whether or not a
channel will aggrade or degrade in response to precipitation
generated water and sediment runoff.
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Figure 8.2 Classification of Alluvial Channels (from Niell,1981)
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Another useful classification scheme is presented by Simons,
1i & Associates (1982). It is especially useful for floodway
studies because it defines the stream by channel type such as
straight, meandering, braided or some combination of these. 1In
their scheme, the channel progresses from high stability to low
stability; from a low channel-width-to-depth ratio to a high
ratio; and from a low bed-load-to-total-load ratio to a high
ratio. The higher the number that best fits the general channel
description for the study reach, the less stable the study reach
is.

1. Straight channel with a straight thalweg. (The thalweg is
the lowest point in the channel.) The channel is relatively

stable.

2. Straight channel with a sinuous thalweg. The channel is
relatively stable, but there may be shifts in the thalweg
and location of bar formations.

3. Meandering channel. If the channel has a uniform width with
small point bars, the channel is stable but neck cutoffs may
occur. If the channel is wider at the bends and has large
point bars, the potential cutoffs and meander shifts make it
a relatively unstable channel.

4. Meandering channel with braided transitions, large point
bars and frequent cutoffs. Generally, the channel is
unstable with a sinuous thalweg.

5. Braided channel. This is an unstable channel with multiple
thalwegs and numerous bars and islands. Islands with more
permanent vegetation would indicate a more stable condition
than without vegetation.

Lane (1955) developed a simple qualitative relationship that
provides a quick and simple tool for estimating whether changes
in discharge, sediment load, average sediment size or channel
slope will affect the sediment transport capacity of a channel
and, therefore, its stability. Simons, Li & Associates (1982)
give several examples of how to effectively use Lane’s
relationship to perform qualitative assessments.

The primary factors affecting channel morphology are water
discharge and sediment load. An increase or decrease in
discharge (either mean annual or mean annual flood) changes the
channel geometry and slope. Channel width and depth are directly
related to discharge while channel slope is inversely related. A
change in the bed load changes channel dimensions, gradient,
width-to-depth ratio and sinuosity (Simons, Li, & Asoc, 1982).
The classification system described above does not use discharge
because it mainly influences the size of the channel, the type of
transported material, and the proportion of bed load.
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8.5 CHANNEL STABILITY ASSESSMENT

Changes in channel geometry with time are particularly
significant during periods when alluvial channels are subjected
to comparatively high flows. The converse situation exists
during low flow periods. Erosive forces during high flow periods
may have a capacity approximately 100 times greater than those
forces acting during periods of intermediate and low flow. It
has been estimated that approximately 90 percent of all alluvial
river changes occur during that 5 to 10 percent of the time when
large flows occur. As mentioned in Section 8.2, the assumptions
of static and rigid boundaries may be inappropriate during high
flows.

Therefore, assessment of the stability of an alluvial
channel for flood flows may indicate whether traditional floodway
computations are acceptable. Procedures by Ingram (1986),
Simons, Li & Associates (1982), Vanoni (1977), Graf (1971) and
Northwest Hydraulic Consultants (1984) can be used to quickly
determine the relative stability of an alluvial channel given the
general channel dimension, slope, bed material size and range of
discharges. Procedures to estimate channel stability based on
Shield’s diagram for incipient motion, critical bed shear stress
and/or critical channel velocity are presented in Chow (1959),
Vanoni (1977), Simons, Li & Associates (1982) and are found in
"Hydraulic Design of Flood Control Channels" by the U.S. Army
Corps of Engineers (1970). These procedures can be applied to
evaluate whether channel velocities with and without a floodway
may lead to scour and an unstable channel condition.

Effects of channel encroachments on channel velocities and
potential increase in scour can also be assessed. Many easy-to-
use utility computer packages are available from the "CORPS"
library of computer codes to aid engineers in determining the
stability of a channel for different flow conditions. The U.S.
Army Corps of Engineers at the Waterways Experiment Station
provides information and assistance with the "CORPS" computer
programs that estimate channel stability and hydraulic
characteristics.

8.6 FLOODWAY APPLICATION PROBLEMS

The following is a list of floodway application problems
that may occur if traditional floodway procedures are applied to
active alluvial channels.

a. Lateral migration and channel shifts toward the floodway
limit may threaten the fringe development. Severe lateral
shifts may affect areas formerly outside of the floodway
zone.

b. Aggradation within a floodway channel will raise the base
flood level leading to an increased flooding hazard with

time.
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Braided and laterally migrating streams may require that the
floodway width be wider than computed by traditional methods
in order to cover the areas of potential flooding (provide
channel setback limits).

Floodways determined along channels where active in-steam
sand and gravel mining are occurring will require frequent
updating and modification.

Floodway determinations on alluvial fans are not possible
with the present procedures.

Floodways are determined by using an equal reduction of
overbank conveyance on both sides of the stream. One must
ask if the encroachments may cause bend accelerations,
super-elevated flows in the bends, increased channel
velocities or other aggradation or degradation associated
problems. Examination of the plan form, in addition to the
channel cross section and profile, is equally important.

One must consider a smooth transition into and out of a
designed floodway zone so as not to cause upstream or
downstream sediment transport problems.

Floodway studies only consider the l-percent chance flood
for analysis. Proper planning and design of floodways and
flood plain development should consider the effects of the
full range of expected flows. A properly designed floodway
will operate efficiently and remain stable during low,
intermediate and high flows. Remember that 90 percent of
the sediment moves during 10 percent of the time.

Floodway maintenance is essential. Floodway computations
are based on the assumption that the channel’s roughness and
cross section will remain the same over time. Clearing and
snagging of shrubs and debris is essential.

If changes in the characteristics of the upstream watershed
are possible with respect to discharge or total sediment
load, this must be considered in the management of the
floodway.

The location of the floodway is based on the present
location of the channel. One needs to ask:

Has the channel always been there?

If not, when and why did it shift locations?

How far did it move?

What is the likelihood of it shifting in the future?

Can modification of channel storage capacity result in
upstream or downstream sediment related problems?
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m. Channel blockage during a storm by debris accumulation may
lead to increased water surface elevations, channel bank
erosion and hydraulic conditions drastically different from
those computed with the traditional assumptions.

An assessment of the channel stability can provide a
relative sense of the likelihood of having some of the problems
listed above. If the fluvial system appears sufficiently stable
for application of the rigid-boundary model, then traditional
floodway procedures should be used. If the stream assessment
indicates a likely channel change that would invalidate the
floodway determination, then the following procedures should be
considered.

8.7 ALTERNATIVE PROCEDURES

Perhaps the most important concept to realize about fluvial
systems and especially alluvial channels is that they are dynamic
systems that are constantly attempting to achieve a state of
balance or equilibrium. Consequently, alluvial channels are
either adjusting to altered conditions or are in a state of
dynamic equilibrium with their present conditions. In either
case, natural and man-induced changes can initiate responses that
may propagate over large areas for many years.

Alternative floodway computation procedures must first
determine whether the alluvial channel being analyzed is stable
or active and whether the assumptions listed in Section 3.4 are
sufficiently met. If the channel is reasonably stable, then
traditional procedures can be applied. If not, then the degree
of instability and specific dynamic features affecting the
floodway should be considered. Options available range from
added floodway criteria, which provide a factor of safety
consistent with the risk and uncertainty, up to detailed
quantitative analysis.

8.7.1 GENERAL SOLUTION APPROACH. The recommended procedure
for evaluating alluvial channels involves three levels of
analysis. Simons, Li & Associates (1982) define the levels as:

I. alitative, involving channel classification, examination
of historical characteristics and application of geomorphic
concepts;

ITI. guantitative, involving detailed geomorphic
concepts and the application of basic quantitative
engineering relationships;

ITI. detailed gquantitative, involving sophisticated mathematical
modeling procedures.

A qualitative Level I analysis provides information
necessary to classify the stability of an alluvial channel,
examine its past activity and determine whether alternative
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computational procedures are necessary for delineating the
floodway. The general knowledge obtained at this first Level
provides understanding and direction for the Level II and III
quantitative analyses, should they be necessary. Additionally,
the governing physical processes are usually identified in the
general solutions of Levels I and II, allowing proper selection
(or development) of a model, if the Level III analysis is
performed.

The three level approach provides an efficient and logical
method of evaluating complex river problems. The risk of error
is minimized because all results and conclusions are cross-linked
to the other levels of analysis. The following paragraphs
discuss some of the important concepts and procedures suggested
for each level of analysis when conducting a floodway evaluation.

8.7.2 LEVEL I - QUALITATIVE GEOMORPHIC ANALYSIS. The
qualitative geomorphic analysis relies strongly on common sense
and practical experience. Geomorphology is the study of
surficial features of the earth and the physical and chemical
processes of changing land forms, while fluvial geomorphology is
the geomorphology (and mechanics) of watershed and river systems.
Qualitative geomorphic techniques are primarily based on well-
founded understanding of the physical processes governing
watershed and river response.

Therefore, important first steps are to assemble and review
previous work and historical data applicable to the study area
and to become familiar with the study area. A site visit by key
project participants ensures identification of important
characteristics of the channel and flood plain. Additionally,
being in the study area and contacting the concerned local
interest groups provides excellent insight and perspective for
the study. Site visits are an essential element of a successful
Level I study.

The following is a listing of the type of data that should
be collected and examined during Level I analysis. Following a
Level I analysis, one should be able to determine whether
traditional floodway procedures will be valid for the particular
alluvial channel in question.

a. General Channel Slope and Cross Section Characteristics
b. Representative (Dominant) Discharge

c. Bed and Bank Material Characteristics

d. Land-Use and Land-Use Changes

e. Major Structures, Channel Crossings and History
f. Aerial Photographs

g. Flood History

h. Fire History

i. Tectonic Activity

j. History of Bed and Bank Stability

k. Channel Maintenance Records
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After completing the necessary site visits, there are a
number of simplified concepts and procedures that contribute to a
qualitative analysis. These include aerial photograph analysis,
evaluation of historical land-use patterns, and application of
relatively simple relationships describing basic geomorphic
concepts. A Level I analysis may include the following kinds of
analyses and data requirements.

a. Collect and review all available reports, maps and data
pertaining to the reach.

b. Compare the general characteristics of the alluvial channel
to the idealized floodway characteristics. Ask yourself
if any of the assumptions listed in Section 2.4 are
violated.

c. Examine aerial photographs. Determine plan form
characteristics of the river channel and flood plain.
Examine historical shifts in the channel and flood plain
locations.

d. Classify the channel according to standard geomorphic

procedures (Schumm, 1977). Determine whether the channel is
straight, meandering or braided, and estimate its relative
stability.

e. Using Lane’s (1955) relationship, evaluate the general
characteristics of the channel and floodway and their
responses to various changes in flow, sediment load or
channel modifications.

f. Examine the bed and banks. Do they appear to be stable or
unstable? Where and why? Locate unstable reaches on your
plan and profile maps. Plot historical bank full channel
width versus time, and compare the widths to the peak flows
experienced during each year.

Based on Level I analysis, the decision should be made
whether to apply traditional floodway procedures, consider
additional factors like velocities or setback limits, or proceed
with Level II analysis. Further analysis may be beyond the scope
of the FEMA floodway study.

8.7.3 MINIMUM FLOODWAY SETBACK. Several local agencies,
such as The Pima County Transportation and Flood Control
District, have adopted alternative flood plain management
ordinances to complement traditional floodway determination. A
common problem in the arid Southwest is the large scale lateral
migration of the channel during flood events. In Pima County,
Arizona, strict flood plain management ordinances require that
structures be set back a prescribed distance from the river. The
distance is based on the type of channel and the magnitude of the
expected l-percent flood discharge. Major watercourses may
require a lateral setback of 500 feet, while smaller ephemeral
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streams, with a l1-percent discharge of less than 3,000 cubic feet
per second, may only require a setback of 50 feet.

The intent of the setback ordinance is to provide protection
from the unpredictable threat of lateral river migration that
occurs on these rivers. The results from a Level I assessment
should provide an indication of the historical migration of the
stream, and that information could be used to determine the
minimum setback requirements. The traditionally computed
floodway would be adjusted, if required, to provide the minimum
setback to the fringe area.

Alternative methods of providing additional flood plain
management and protection should be encouraged as part of the
floodway determination process until more accurate methods are
available.

8.7.4 MAXIMUM VELOCITY. The maximum velocity, or a change
in velocity, should be an added evaluation consideration for
floodways on alluvial streams. If the floodway computation
indicates an increase in the channel velocity, it is likely that
velocity increase will cause a change in the alluvial channel.
The channel velocity is usually computed for both the existing
and floodway conditions; therefore, it can be compared. A change
in the channel velocity of more than 10-percent may be an
indication that the floodway is too restrictive. However,
whether the increased channel velocity is too great depends on
the channel bed material.

The maximum permissible velocity recommended for channel
design could be used for evaluating floodway channel velocity.
Tables and guidelines can be found in Chow, paragraph 7.9 (1959),
USACE EM 1110-2-1601, paragraph 13 (1970), and Simons, Li &
Associates, paragraph 12.2.2 (1982). Much of the data were
developed for irrigation canal design with steady flow
conditions; however, the values will provide an indication of the
"safe"™ velocity for various bed materials.

8.8 SUGGESTED FLOODWAY PROCEDURES

Alluvial Fans - While new mathematical models are being
developed to simulate flooding on an unbounded plain (Hamilton,
Schamber, & MacArthur, 1987), these procedures are still in the
developmental stage. The continued development and testing of
models is encouraged. However, until the procedures and computer
programs are in general use, the current Guideline procedures
(FEMA, Sep. 1985) should be used for general studies on alluvial
fans.

Braided Streams -~ The lack of stability of the various
stream paths in a braided stream make it very difficult to
consider them separately for floodway definition. The general
case should consider the braided streams as a whole channel.
Under the Guidelines, floodway definition must be outside the

64



channel; therefore, all of the braided streams would be in the
floodway. Additionally, the suggested procedures for alluvial
streams should be followed.

Alluvial Streams - The assessment of the study reach is
essential in determining the proper study procedure. Level I
Qualitative Geomorphic Analysis is recommended; therefore, the
selection criteria for a study contractor should include an
evaluation of their training and experience with alluvial
streams. The value of a Level I assessment is dependent on the
experience of the person performing the analysis. An assessment
requires considerable engineering judgment.

Section 8.1 presented three considerations for applying the
floodway procedures. The first, the applicability of the "ideal
floodway" model, is an engineering decision that can be made prior
to an assessment of channel stability. The second two depend on
an assessment.

The validity of the computed water surface elevations and
resulting conveyance and velocities cannot be determined with the
rigid-boundary model approach. However, sensitivity of the
computed values can be determined by modifying the Manning’s "n"
values to reflect changes in bed form and by modifying cross
sections to reflect debris accumulation. If an assessment
determines that these types of changes are likely, then an
attempt to quantify and evaluate the impacts should be made.
Section 7.3 provides suggestions and references.

Lateral Migration, Bank Instability and Erosion Hazards -
Concern for the future of the floodway, and for the development
that would be allowed in the fringe, is the motivation for the
third question: Is the study reach "reasonably" stable? Again,
the Level I assessment should provide some indication of relative
channel stability. From the available information using the
current floodway computation procedures, the channel and overbank
velocities and the setback distance of the floodway line should
be evaluated. The change in velocities under proposed floodway
conditions should be reviewed for the impact on channel
stability. Section 8.7.4 provides references for permissible
channel design velocities. The stream assessment should provide
sufficient information for defining reasonable velocity limits.

The use of minimum setbacks is a protective measure
reflecting the potential for the stream to shift into the fringe
area. The history of the stream, from the stream assessment, is
the best indicator for future expectation. Present math models
to predict lateral migration are developing, but are not
practical for general floodway analysis. In the absence of a
local setback standard, the historic stream migration should be
considered when setting the floodway limits. A minimum setback
should be included as a safety factor to account for the
uncertainty in the engineering procedures used.

65



9. HIGH VELOCITY STREAMS

In terms of human hazard, high velocity in streams could
include velocities greater than five feet per second. Some may
place the value near two feet per second (Muller, 1975). When
velocities exceed two feet per second and depths are greater than
two feet, there is a potential for sweeping cars off roads. With
greater depths, it is difficult for an adult to maintain
stability while walking.

For sediment transport, the velocity that causes motion of
the bed material (incipient motion) may be considered the
threshold for high velocity. Using average velocity information
from stable channel design, velocities from two to six feet per
second are suggested for many common bed materials. Therefore,
velocities greater than six feet per second can often be
considered a problem for maintaining existing channel form and
for protecting any floodway fringe fill.

For flow stability, the velocity near critical velocity
would be the point of concern. Most likely, the critical
velocity would be higher than the velocities stated above. Flows
at or near critical depth are generally unstable (Simons, Li, &
Assoc., 1982). Near critical depth, any changes in flow
conditions can result in major changes in flow regime and depth.
For this reason, flow depths near critical depth are discouraged
in channel design.

The velocities in the supercritical flow regime are even
higher than those listed above. 1In this state, the inertial
forces (velocity) are dominant. The flow is often described as
rapid, shooting and torrential (Chow, 1959). Under this
condition, gravity waves created by disturbances in the channel
are swept downstream. The computation of water surface profiles
must start at the upstream end of the reach and proceed
downstream because the impact of changes in the cross section is
carried downstream.

9.1 APPLICABILITY OF FLOODWAY CONCEPT

The applicability of the floodway concept should be
considered separately for subcritical and supercritical flow
regimes, because the impact of development on the water surface
elevation is different. When computing water surface profiles,
subcritical flow is usually assumed because it is the most common
flow regime in flood plain studies. Also, the water surface
profile computer programs have internal checks to ensure that the
profile is in the proper flow regime. However, it is possible to
have both flow regimes in compound cross sections, i.e., super-
critical regime in the channel and subcritical flow in the
overbanks (Schoellhamer, Peters, & Larock, 1985).
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9.1.1 SUPERCRITICAL FLOW. Under supercritical flow
conditions, the velocity head may be equal to or greater than the
depth of flow. Any obstruction of flow can result in a standing
wave, with no effect on the flow upstream. Channel contractions
can develop disturbances at the walls of the channel, which form
standing waves reflected diagonally from wall to wall in the
downstream direction. Channel expansions can cause a hydraulic
jump, which is unstable in both location and height (Simons, Li,
& Assoc., 1982).

Supercritical flow is a very challenging computational
problem, as well as a very hazardous condition for flood plain
development and use. Flood plain development can cause the water
surface elevation to increase or decrease, depending on the
situation. Given the reduced significance of the flow depth to
the total energy of flow, it is obvious that using the change in
water surface elevation as an evaluation criterion may not
properly reflect the impact of development under supercritical
flow conditions. The total energy elevation would be a better
choice. The question remains whether floodway encroachments
should be computed at all.

If the flow is primarily confined to the channel, then there
should not be any flood plain encroachment. The existing flood
plain should also be considered the floodway. The potential
impact from imposed flow contractions and expansions would be
sufficient justification for this policy. However, when the
added concern for human safety is evaluated against the high
velocities associated with supercritical flow, there is little
justification for development within the existing flood plain.

With flood flow in the overbank areas, it is possible to
have a supercritical flow condition indicated and still not have
hazardous velocities and depths in the overbank area. Under this
condition, encroachment computations may seem appropriate. To
avoid the confusion from computed encroachments causing the water
surface elevation to both increase and decrease along the study
reach, the energy elevation is recommended as a better evaluation
parameter. Also, the actual water surface elevation at the flood
plain fringe may be closer to the computed energy elevation for
the cross section. A consideration of overbank velocity is also
recommended to ensure that velocities are reasonable if
development should occur.

9.1.2 SUBCRITICAL FLOW. If flow depths are near critical
depth, then the floodway application problem is similar to that
for supercritical flow. Modifications to the cross sections can
produce erratic results. The preceding discussion on
supercritical flow would generally apply to the near critical
depth condition. The problem is defining what constitutes near
critical depth.

Various studies have been performed to determine the general

unstable zone (USACE, 1970). A range of unstable depths is
between 1.10 times critical depth and 0.9 times critical depth.
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Using the Froude number (F), the range is between 1.13 and 0.86.
While the Froude number is an obvious choice for defining near
critical depth, it may not be readily available in the output of
the computer program used to compute the water surface profiles.
An approximate equivalent can be developed from the ratio of
velocity head to depth. For stable subcritical flow, the
velocity head (HV) should be less than one-third the hydraulic
depth (D) (HV/D < 0.33). If the velocity head is greater than
one-third the hydraulic depth, the flow would be considered
potentially unstable.

The 1mpact of development in a flood plain with high
velocity flow is more pronounced than with lower velocities. The
floodway concept is applicable to high velocity, subcritical flow
streams. However, for flood plain studies with subcritical flow
in the unstable range, the floodway computation should be based
on energy elevation. For subcritical flow that is sufficiently
above critical depth, the current floodway procedure is
appropriate.

9.2 FLOODWAY COMPUTATION PROBLEMS

Ignoring the concerns about sediment transport, the primary
computational problems with high velocity flow come from the
unstable conditions near and below critical depth. As flow
depths approach critical depth, the velocity head becomes a more
significant poriion of the total energy. The ve1001ty head is
equal to half of the hydraulic depth when flow is at critical
depth in a rectangular section (Chow, 1959). As previously
described, flow conditions become unstable when the velocity head
is greater than one-third the hydraulic depth.

As the flow depth decreases below critical depth, the
velocity head continues to constitute an increasing proportion of
the total energy of the flow. The computation of water surface
profiles and floodways generally becomes more difficult with
increasing velocity of flow. The computed profiles are generally
more sensitive to variations in input data. Floodway computation
problems for supercritical and subcritical flow regimes are
discussed below.

9.2.1 SUPERCRITICAL FLOW. Computing water surface profiles
for supercritical flow is more difficult than for subcritical
flow. The computation process is more sensitive to the quantity and
accuracy of the data provided. Generally, the greater the
velocities, the more cross-sectional data required. Also,
variations in the loss coefficients and number of cross sections
have a greater impact on the computed energy loss and resulting
water surface profile. Adding the analysis of encroachments to
the basic modeling difficulties compounds the analysis problems.

Floodways should not be computed if there is little or no

overbank area. If there are isolated portions of the flood plain
that appear reasonable for development, then those locations
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should be evaluated. The primary evaluation should be based on
velocity and depth. The potential areas can be blocked out in
the model, and new water surface profiles computed. Again, the
change in energy elevation should be evaluated along with the
change in water surface elevation. Neither should exceed one
foot, or applicable lower state or local standards.

When there is sufficient overbank flow to consider the
standard floodway computation, there may be some additional
computational considerations. A study at the Hydrologic
Engineering Center developed a method for computing a subdivision
Froude number for compound sections (Schoellhamer, Peters, &
Larock, 1985). A study conclusion was that the method could help
identify mixed flow conditions that would violate the assumptions
of the standard step method. For shallow overbank depths, an
imaginary subdivision Froude number was computed in some of the
cases. This would indicate that the computation process may not
be valid because there exist two different flow regimes, and the
one-dimensional approach cannot handle both. Under this
situation, it may appear that encroachments would be feasible,
but the model may not be appropriate.

9.2.2 SUBCRITICAL FLOW. The degree of computational
difficulty varies, but it generally is greatest near critical
depth and tends to decrease as the flow depth increases above
critical depth. For subcritical flow, the problem area is the
unstable zone with a Froude number greater than 0.86, or a depth
below 1.1 times critical depth. These limits are approximate
"rule-of-thumb" values to indicate where the more serious
problems occur. There still may be computational difficulties
for streams at greater depths but with higher velocities.

For higher velocity conditions, the redistribution of flow,
resulting from eliminating conveyance in the flood plain fringe,
has a greater impact on the computed velocity head and energy
losses. While the computed profile may remain subcritical, the
change in water surface elevation due to the flood plain
encroachment is more uneven. The water surface elevation may
even decrease in a location, due to the encroachment. 1In the
more extreme cases, the encroachment may cause critical depth to
occur. Usually the next upstream cross section will have a much-
larger~-than-expected increase in water surface elevation. To
correct the situation, the encroachment must be reduced at the
section with the decrease in water surface elevation, and the
profile computed again. This process may have to be repeated
many times to provide a reasonable balance between the
encroachments and the resulting water surface profile.

While the floodway concept is considered applicable to high
velocity subcritical streams, the computation of a floodway is
definitely more difficult. The difficulty is compounded when the
model data lacks sufficient cross sections and has not been
thoroughly calibrated. When there is computational difficulty
and a balanced solution for water surface elevation cannot be
obtained, the HEC-2 program may assume critical depth. In some
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cases the true profile may be near critical depth, but often the
true solution is well above this depth. If these computational
problems are not eliminated before the floodway computations
begin, the resulting computations will yield erratic results.
While it may be tempting to say the floodway concept does not
apply in this case, the fact is that the model is not
sufficiently developed to compute a floodway.

9.3 SUGGESTED APPROACH

With the significant differences between supercritical and
subcritical flow, the floodway procedures should be defined
separately for the two flow regimes.

9.3.1 SUPERCRITICAL FLOW. The flood plain, as defined by
the base flood water surface profile, should be treated as the
floodway when there is little or no overbank area. With steep
streams in incised channels, there may be some uncertainty about
the distinction between channel and overbank. If the cross-
sectional shape does not clearly divide into channel and
overbank, then cross-sectional areas with depths less than three
feet and flow velocities less than three feet per second can be
evaluated as overbank areas.

If there is overbank area, the floodway can be delineated by
blocking the conveyance along the fringe that contains flow less
than three feet deep and has a velocity less than three feet per
second. It is unlikely these areas contain supercritical flow.
The floodway water surface profile would then be computed, and
both the total energy and water surface elevations would be
evaluated against the appropriate criterion for change in
elevation. If either change exceeds the criterion, the
encroachments would be reduced until the results were within the
maximum allowable increase.

The total energy elevation is recommended as the operational
base flood elevation for supercritical streams. The true water
surface elevation will be close to the energy elevation along the
fringe of the flood plain. Also, the total energy elevation is a
better indicator of the flood risk in the flood plain. The water
surface elevation will tend to rise to the energy elevation if
the flow is obstructed. This is consistent with the present
Guidelines (FEMA, Sep. 1985, pg.2-12).

9.3.2 SUBCRITICAL FLOW. The conveyance-based floodway
computations are not practical when the base flood water surface
elevation is at or near critical depth. Critical depth solutions
may appear in high velocity water surface profile computations
because the model is not adequate. Therefore, study contractors
should be encouraged to improve the model, by adding cross
sections and other refinements, in order to eliminate assumed
critical depth solutions.
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If the base flood profile is at, or below, 1.1 times
critical water surface depth for numerous cross sections, then
the procedures for supercritical flow are recommended. If the
base flood profile is well above critical depth, the current
floodway procedure is recommended. However, the use of total
energy elevation should be freely allowed for high velocity
streams that present floodway computational problems.

The change in energy or water surface elevation should not
be the only criterion. Given the potential hazards of flow
depths and velocity, as well as the floodway profile response to
any changes in cross sections, the floodway evaluation should
also consider velocity and depth in the floodway fringe. While
this is not required by the Guidelines, it is encouraged as an
added consideration for high velocity streams. Maximum values of
3~-feet of depth and 3-feet per second velocity are recommended
for supplemental evaluation.
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10. DEVELOPED FLOODWAY

Existing development in the floodway area that has been
defined by current floodway procedures is common. Much of the
urban growth of this country has occurred on the flood plains.

In spite of the billions invested in flood control works, the
national cost from flood damage continues to rise. Flood plain
development and the resulting increase in flood damage led to the
creation of the National Flood Insurance Program to promote land
use planning.

Most of the flood insurance areas are studied because there
is, or soon will be, flood plain development. In many cases the
development has been so extensive that the potential floodway
area is seen as an essential part of the community. The demand
for the land may have driven up the value of the property to a
level that makes any control of the land use very difficult for
local communities to accept. The floodway impact to the property
value could be great. Therefore, any procedure used must be as
reasonable and equitable as possible.

Developed floodway application problems may apply to any of
the floodway situations reviewed in the previous chapters.
Floodway development is often just one more added complication to
any of the previous study problems. However, the purpose of the
floodway must be kept in mind while considering the problem and
alternative solutions. The floodway is required to provide safe
passage of the base flood and to limit additional development
so that it has an insignificant impact on the flood elevation.

10.1 FLOODWAY COMPUTATION PROBLEMS

The computation of water surface profiles is more difficult
with buildings and other constructed obstructions in the flood
plain. There are two basic approaches that can be used to model
flood plain development in this situation: either model the
buildings, or adjust the loss coefficients to reflect the added
obstructions.

10.1.1 MODELING BUILDINGS. Modeling the individual structures
on the flood plain may require additional cross sections. Four
cross sections may be required to show a blocked portion of the
flood plain, such as the presence of a building. (see Figure
10.1). Two cross sections describe the downstream and upstream
faces of the building, and two sections describe the open area
downstream and upstream from the building. If there are many
buildings to define, the number of cross sections could become
large. Also, defining all the buildings could become quite
tedious.

If the flood plain development is fairly complete and the

structures are approximately in a line, then the row of buildings
could be treated as a continuous zone that is obstructed for the
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length of a city block. (With the usual zoning setback
requirements for a lot, this would be common.) This approach
would assume that there was no flow between the individual
buildings. While this would reduce the number of cross sections
required, it would also indicate lower energy losses than a model
that included all the contraction and expansion of flow between
the buildings. The loss coefficients could be adjusted higher to
account for the simplified model’s lower computed losses.

Flow

Sec 4 ' Structure
1

k]

CHANNEL

Figure 10.1 Cross Section Location and Effective Flow Boundaries
(from Montalvo, 1981)
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Regardless of the approach, the flood plain model will
require more cross-sectional data than it would if the
development were not there. Even with the added data, the
complicated potential interflow that would occur through side
streets would generally be ignored. The complicated flow paths
cannot be modeled with a one-dimensional model.

The main advantage of modeling the buildings is that the
flood plain model is more physically based. The model can be
used to assess the impact of additional construction in the flood
plain. The disadvantage is that added cross-sectional data will
increase study costs.

10.1.2 ADJUSTING LOSS COEFFICIENTS. Instead of modeling
the buildings in the flood plain, the impact of the obstructions
can be estimated by adjusting the Manning’s "n" value to reflect
the presence of buildings. A procedure was developed by the U.S.
Geological Survey (USGS) to estimate the adjusted "n" value based
on the relative proportion of blocked cross-sectional width and
the relative proportion of open space between the buildings
(Hejl, 1977). Water surface profiles were computed, modeling the
buildings in the manner described in Section 10.11. The model
was based on a uniform density and spacing of the buildings. An
equation to adjust the Manning’s value was then developed based
on the computed water surface profiles.

The advantage of using the adjusted Manning’s "n" value is
the relative ease of application. The flood plain model is
basically the same as for non-urbanized areas. An "n" value is
estimated, based on the available flow paths, and then adjusted,
based on the relative obstruction of the development. The
disadvantage of this approach is the inability to evaluate
incremental changes to the flood plain development. The computed
water surface profile is based on the average development.

10.1.3 BRIDGE CROSSINGS. A common floodway computation
problem is defining floodways in the vicinity of bridges. The
modeling of flow through bridges is complex. It may account for a
major portion of the modeling effort, after the basic data are
prepared for the program. The problem considered here is not how
to compute flow through bridges, but how to compute and interpret
the computed floodway.

The floodway computation problems usually occur when the
bridge model indicates that the base flood discharge will pass
under the bridge, either as low flow or pressure flow. This
situation usually means that the flood plain flow must contract
to pass under the available bridge opening. Once past the
bridge, the flow expands to the limits of the flood plain.

To model the contraction and expansion of flow, the cross
sections must be adjusted to define only the available conveyance
area in the immediate vicinity of the bridge. This often means
that the cross sections upstream and downstream from the bridge
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do not define any conveyance area in the overbanks because the
abutments of the bridge f£ill the overbank area.

The floodway computations are based on reducing overbank
conveyance in order to reflect development blocking the flow in
the fringe area. However, at the cross sections in the vicinity
of the bridge, there is no conveyance in the overbanks. The
computed floodway encroachment would be defined at the edge of
the bridge opening. If the computed encroachment locations are
used as the floodway limits, the floodway would contract and
expand through the bridge just like the flow.

PLAN

2

R T T

3

Figure 10.2 Effective Flow in the Vicinity of Bridges
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The simple solution to this problem is to use the computed
floodway limits from the full-flow cross sections, upstream and
downstream from the bridge in order to define the floodway
through the vicinity of the bridge. The conveyance-based
encroachment computations (e.g., Methods 3 and 4 in HEC-2) are
meaningless when there is no conveyance available in the overbank
area.

If the base flood also flows over the bridge and/or
roadway approaches, the overflow is usually modeled as weir flow.
The conveyance in the overbank areas immediately upstream and
downstream from the bridge is usually considered effective, on
the assumption that the overbank flow can pass over the bridge.
Therefore, the conveyance-based encroachment calculation can be
performed at the cross sections in the vicinity of the bridge.
To be consistent, the bridge overflow should also be limited to
the floodway width computed for the upstream and downstream cross
sections. The HEC-2 program provides the floodway width
limitation to the weir flow calculation, if requested by adding a
value of 0.01 to the encroachment option input data.

10.2 FLOODWAY APPLICATION PROBLEMS

The major problem here is that construction already exists
in the flood plain, and perhaps in the potential floodway. There
is a difference in application between rural and urban
development. In the rural area, with low density development,
the problem of floodway development may not be too severe.
Existing development probably would not have had a significant
impact on the base flood elevation. The traditional floodway
computation could be used to define the limits of development.
However, there may be application problems associated with limited
development in wide flood plains, as discussed in Section 6.3.

In the urban environment, high density development probably
exists in the flood plain and maybe in the potential floodway.
When the floodway is computed, the present assumption is that the
future development will block the conveyance along the edge of
the flood plain. However, that area may already be largely
developed. There may be very little development area remaining.

The floodway evaluation is based on the impact of
development on the water surface profile. However, it is
difficult to model the developed flood plain, and the impact of
additional development. There may be some flood conveyance area
along the streets and between buildings with the present flood
plain development. Along the flood plain fringe, should that
conveyance area be considered totally blocked for floodway
determinations? Assuming that the fringe is totally blocked may
not be applicable when only a few remaining lots are available
for development.

The water surface profile is already higher than the natural
condition profile due to existing development. Adopting a
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floodway that could ultimately raise the base flood elevation one
foot above existing flood levels is a 51gn1f1cant applicatlon
problem. Some states have set a lower maximum change in water
surface elevation in recognition of the impact of existing
development (Goddard, 1978).

10.3 SUGGESTED APPROACH

To support the goals of the floodway concept, there needs to
be a computational procedure that reasonably evaluates the impact
of flood plain development on the base flood elevation. Given
the constraints of time and funds for floodway studies, the
procedure should not be too complicated. Of the procedures
reviewed, a combination of traditional floodway computation and
simplified urban modeling is considered the most practical
solution to the problems identified.

The buildings on the flood plain should be included in the
cross-sectional data if they are few in number, or if they can be
treated as a block development. A row of buildings can be
defined with two cross sections; therefore, the increased input
requirements are relatively small. This approach is preferable
because it is more physically based.

The use of adjusted Manning’s "n" values to model the flood
plain development is recommended for extensive development. The
flood plain model would be developed without detailed modeling of
obstructions caused by buildings. The roughness coefficients
would be estimated to include the buildings. While this may not
be the "best possible solution," it would provide base flood
elevations and a model that could be used to compute a floodway.
The maximum allowable change in water surface elevation would be
the appropriate value for the study area. The primary
disadvantage of this procedure is that the model cannot be used
to evaluate the impact of a local modification or additional
development proposal.

The floodway would be computed using the current procedures.
Because the "n" values reflect the existing development, the
average impact of existing development in the floodway would be
considered. Existing development in the floodway would be
subject to the current limitations on substantial changes or
additions. Ideally, the existing development in the floodway
should be removed.

Establishing an alternative floodway approach for the
developed flood plain would create administrative problems. The
basis for determining when a flood plain is fully or near fully
developed would require arbitrary rules that may be subject to
continued debate. Even though the existing development may be
extensive and floodway computation may not seem that logical,
the floodway computation is recommended.
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The recommended floodway computation is not difficult. The
use of "n" values to model extensive development is currently
used in some flood plain studies. The computed floodway would
still provide a basis for limiting further development in the
zone most needed for flood conveyance. The floodway also
provides for added development in the fringe. Because the
floodway computations would assume complete loss of conveyance in
the fringe, the floodway determination should be conservative,
even if the one-foot maximum change in elevation is used.
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A. CALCULATION OF ENCROACHMENT STATIONS BY METHOD 4

The following "hand-calculation" example is provided to
illustrate the HEC-2 Method 4 procedure for determining
encroachment stations for a cross section. Encroachment Methods
5 and 6 start with the Method 4 calculation and Method 3 uses the
same encroachment station computation, given a conveyance
reduction value. The HEC-2 output for the example is also shown
to allow comparison of results and to relate the printed output
to the basic computations.

First, the conveyance and water surface elevation is
computed for the natural conditions. These computations are made
in the first profile of a multiple profile run using HEC-2. On a
second, or subsequent profile, the water surface elevation is
increased an incremental amount, as specified on the ET record
input. (For example, an ET value of 10.4 indicates an increase
of 10-tenths, one-foot, using Method 4.) The conveyance, at the
increased water surface elevation, and the conveyance increase
over existing conditions are computed. Then the ratio of
conveyance increase to the conveyance at the higher elevation is
computed. The conveyance increase ratio becomes the TARGET for
computing the encroachment stations.

The encroachment stations are computed based on removing
half of the conveyance increase (TARGET) from each of the two
overbank areas (equal conveyance reduction). However,
encroachments will not go inside the bank stations. If the
conveyance in one of the overbanks is less than half of the
TARGET, the overbank area is removed (encroachment station equals
bank station) and the remaining portion of the TARGET is added to
the ratio for the other overbank area.

Starting with the left overbank, the incremental conveyance
is accumulated for each ground station until half of the TARGET
reduction is bracketed by two stations. The encroachment station
is then interpolated between the two stations. The original
encroachment station calculation was based on linear
interpolation between the ground stations. However conveyance
does not varying linearly with distance, so the interpolation was
modified to a parabolic equation around 1979. The right overbank
encroachment is computed in a similar fashion, working from the
farthest right station toward the right bank station. The
following example illustrates the computations.

METHOD 4 EXAMPLE

Determine location of encroachment so that conveyance, with
a one foot higher water surface elevation, is equal to conveyance
for the lower (existing condition) water surface elevation.



100——,

Figure A-1. Method 4 Example Cross Section

Conveyances for natural water surface elevation, NAT K

K = (1.486/n) * A * R2/3
KioB = (1.486/0.05) * (15%50) * (15%50/65)2/3 = 113,817 cfs
Kog = (1.486/0.03)*(40%50)*(40%50/100)2/3 = 729,929 cfs

Kpop = (1.486/0.05)*(15%100)*(15%100/115)2/3=_ 247,022 cfs

NAT Kpopar, = 1,090,768 cfs

Conveyances for one foot higher water surface elevation, ENC K
Krop = (1.486/0.05)%(16*50)*(16%50/66)2/3 = 125,459 cfs

(1.486/0.03) % (41%50) * (41%50/100)2/3 = 760,596 cfs

Ken
Kpop = (1-486/0.05)*(16%100)*(16%100/116)2/3= 273,491 cfs

ENC Kpopar, = 1,159,546 cfs

Ratio of required conveyance reduction, TARGET
TARGET = (ENC Kp - NAT Kp) / ENC Kg
TARGET = (1,159,546 - 1,090,768) / 1,159,546 = 0.0593

Overbanks reduction ratio = 0.0593 / 2 = 0.02965



Ratios of conveyance at the higher water surface elevation

RATIO LOB = 125,459 / 1,159,546 = 0.1082
RATIO CH = 760,596 / 1,159,546 = 0.6559
RATIO ROB = 273,491 / 1,159,546 = 0.2359

Therefore, there is sufficient conveyance for encroachment
calculation. (0.1082 & 0.2359 > 0.02965)

THE FOLLOWING COMPUTATIONS ARE FOR THE LEFT ENCROACHMENT, STENCL

Determine overbank convevance reduction, KoBr

Kogr = 1,159,546 * 0.02965 = 34,380 cfs

Determine remaining overbank conveyance, REMKX

REMKX = 125,459 - 34,380 = 91,079 cfs

Determine conveyance in the cross-section increment that brackets
the encroachment target (In this case it is the entire overbank.)

REMK1 = Kpop = 125,459 cfs

Determine the conveyance for half of the cross-section increment

REMK = (1.486/n) * A * R2/3

REMK = (1.486/0.05)% (16%25)*(16%25/41)2/3 = 54,278 cfs

Determine parabolic equation coefficients, aX?+ bX + ¢ = 0

a =2 * (REMK1 - (2 * REMK))

a =2 % (125,459 - (2 * 54,278)) = 33,806
b = (4 * REMK) - REMK1
b= (4 * 54,278) - 125,459 = 91,653

Q
I

- REMKX = -91,079



Determine encroachment stations

Where:

XLEN = Distance between the two bracketing stations
ST = The right bracketing station

XST = The left bracketing station

XL = The encroachment distance from XST

X = The ratio (XL / XLEN)

For the left overbank encroachment:

ST = 50 feet
XST = 0 feet
XLEN = 50 - 0 = 50 feet

-b + Vbz - 4ac
X=

2a

-91,653 +‘V§1,6532- 4 * 33,806 * -91,079

x=
2 * 33,806

X = (-91,653 + 143,932) / 67,612 = 0.773
STENCL = ST - (X * XLEN)

STENCL = 50 - (0.773 * 50) = 11.339 feet

The right encroachment station is computed in a similar

fashion. The cross-section data used in this example was entered
into HEC-2 as cross-section number 1.00, with a discharge of 1000
cfs. The following output can be compared to the hand
calculation. Note that HEC-2 uses an indication discharge (Q1)
as Conveyance (K). Q1 = 0.01 * K

SECNO DEPTH CWSEL CRIWS WSELK EG HV HL OLOSS  BANK ELEV
Q QLoB QCH QROB ALOB ACH AROB VoL TWA  LEFT/RIGHT
TIME VLOB VCH VROB XNL XNCH XNR WIN ELMIN SSTA
SLOPE XLOBL XLCH XLOBR ITRIAL IDC ICONT CORAR TOPWID ENDST
*PROF 2
*SECNO 1.000
2800 NAT Q1= 10908.72 WSEL= 65.00 ENC Qf= 10908.72 WSEL= 66.00 RATIO=  .0000
NAT Q1= 11597. RATIOS LOB,CH,ROB= .1082 .6559 .2359 MSEL= 66.00
3470 ENCROACHMENT STATIONS= 11.3 189.0 TYPE= 4  TARGET= .059
1.00 41.00 66.00 .00 65.00 66.00 .00 .00 .00 50.00
1000. 85. 695. 220. 519. 2050. 1425. 0. 0. 50.00
.00 .14 .34 .15 .050 .030 .050 .000 25.00 11.34
.000001 0. 0. 0. 0 0 0 .00 177.70 189.04

Figure A-2. HEC-2 OUTPUT FOR METHOD 4 EXAMPLE CROSS SECTION

A-4



Appendix B HEC=-2 FLOODWAY EXAMPLE - FIRST TRIAL






L L P T TP P e
* 8%21-09% (SL4) ¥0L1-952 (9L6)
* 91956 VINJOFITVD ‘SIAVA
* q 31Ins ‘133¥1S ANOJ3S 609
» YAINID ONIUI3INIONI JI90T0YAAH 3HL
* SYIINIONT 40 SAU0J AWYY “S°n

o Ho e 2 A X e 6 R IR I R  H N I O 5 A IR

X X ¥k ¥ X

XXXXXXX

X
X

X
X
XXXXX

X
XXXXX

XXXXX

X

X

XXXXX

XXXXX

XX X X X

YINNVE 40 aN3
XAXXXXX X X

X X X
X X X
XXXX XXXXXXX
X X X
X X X

XXXXXXX X X

T2

0 igl:oL  3WIL 88/Y /1 J1va NNy

ISVI13Y 8861 40 NOISYIA TVINIWIY3JX3
9261 ¥IAWIAON 10 NOISY3IA

S3TI40¥d 3IIVAINS ¥ILVM

L Y Y

*x ¥ k X %
¥ X ¥ ¥ ¥



*paJLsap POYlaW Jo 91eds UL dBUBYD OU 41 pPaJinbad spJodad |3 JBUOLILpPe ON

000" 000" 000" 000" 000" 000" 00%°0L 00%'8 000" 000" 13
311joud PULy3 UL § = Z°gr USYM ¥ Poylal Buisn aSid 3004 0 w ¥70L = %13
911j04d puosas UL ¢ = 2°2r USYM % PoYisW Bulsn Bsld 1004 §°0 u %°8 = €°13
(2 = 2°2r) 211304d 1SJ14 UO JUSYOROJOUZ ON S9IEILPUL ¢ = 2°13

000" 000" 000° 000" 000" 000° 000°000€S  000°000£S 000°000£S 000°¢ 1o
peaJ agq 03 spl@Ll} LD 1B UO pauljap S1 abJeydsig pool4 aduey] usddad-|

000° 000" 000" 000" 000" 00g” ooL- S%0° 050" 050" IN

000" 000" 000" 000" 000" 000" 000" 000" 000°00¢ 000°0OLL
INOLNIdd AdVHWNS ¥04 S3Q0J F1AVIIVA ¢r

S91qe] BlBQ ABMPOO)4 PauULap-add aJe g2 pue oL $9)9e1 AJeuming

000°S1L 000" 000" 000" 000" 000" 000" 000" L~ 000" 000" 1L
J0VALI WINHD mal Q1 Nd HJ3sX AJ3sX SAddd 1071d1 JO¥dN  2r

w.__.m.o.._a ISdij} JOoj UoLINLJISLQ MOY4 mC_.UWWDUw.._ GL = oLer

000" 000°26¢ O 0" 00" 000000 "0 0 "2 0
04 JES] 0 SNIAH JIYLI3N Lals ¥I1dal ANIN ONI AJ3HIT P

JUBWYOBOJIUD OuU Bulledtpul 0 = [3 O P19t} puosas
1o pue 13 uo peat 01 p1al} saly1oads (Z°LF) ONI
x » INAU] JUBWIYOEOIIUT PIPPY SIBILPU] SHJIBULY 4

04032 OT¥d ¥VAN XIJUD MOD £l
PJE 3 PUZ UL 071 3 8°0 Y3IM % POYISN ‘UOLILPUCD BULISIXT SI 911404d ISJ14 2L
- letdl 3sJdld - I1dWYXI NOILYNIWNIL3Q AVMA0O1d LL

L Ay P Y
2J3H 40 NOIS¥3A WINL 886l

e Ry ey D P T PRSP PP ey
00:€L<0L @8NVIr%0 43LNJ3X3 NNY SIHL

J9vd 0 :¢l:0l 88/y /1



000"
000"
0007028
0007019
000°

00070091
0007042
000"

000"
0007 00&
0007024
000"

000"
0007008
000°02¢
000"

000"
00070021
000°002
000"

000"
000" 0062
000°00s1
000°0l2
00G"

000"
000" 0%0L
0007 06¢
0007002
000"

000"
000°0021
000°0%6
000°0£S
0007 0S¢
000"

39vd

000"
000"
000°06¢
000°82&
000"

000°20%
000" ¢2¢
000"

000"
000" 26&
000°29¢
000°¢2

000"
000" s6¢
000722¢
000°

000"
000" S6¢
005" 12¢
000"

000"
000" 86%
000" S6%
000°0.%
000"

000"
000°00%
000°06%
000" €28
000"

000"
000°00%
0007 08¢
000°06¢
000°2.%
000"

000"
000°000%
0007694
000° 065
000"

00070501
000°0%2
000*

00070002
000°92¢
000°0LL
000"

000"
000°009
000°0L2
000"

000"
0007009
0007001
000"

000"
00070022
000°00S
000"0oL i
000"

000"
000" 086
0007 08¢
000° s/l
000°

000"
00070911
0007068
0007025
000" 0¢E
600"

000"

000°80Y%
0007 08¢
000°08%
00070501

000°00%
000°2L%
000°059

000" 80%
000°26€
0007082
000°00%

000"

000700y
000°2.¢
0007 00S1

000"

000" 6%
0097128
00070011

000"

000°£0Y
000" S6%
000°0.&
0007029

000"

000°06%
000°08¢%
0007082
000°008

000"
000°06¢
000°S.&
000°08¢
000°08%
000"

000"

000°00S1
0007022
0007 0SS
00070501

000°00S
0007061
0007009

0000501
0007622
000"
000°00%

000°00%2
0007055
0007002
0007 00%1

000°006¢
000°0SE
000706
0000011l

000"
00070281
000°s22
000°00L
000°069

00070091
0007006
000°02e
000°0s1
0007052

000"
000°00LL
000°0.8
000°06Y
000°00¢
000"

000"
000°00%
000°8.¢
000°06¢
0007040l

000" S6¢
0007 06%
0007002

000°00%
0007 06%
000°¢8¢
000" 00Y

00070LY
000" S0Y
000°9.&
00070451

000" 00%
0007 06%
00S° Y€
000°00L1

000"

000" 00%
000°06g
00s"¢4¢
0007059

000" 00%
000" S8¢
000°¢/¢
000" 062
000°0SZ

000"
0007 06¢
0007 08¢
000"2.l¢
0007062
000°

000"
00070021
000°0LL
0007082
0007028

000°0sY
000" s
000" 0SY

000°008
000° 5S¢
000°0s
0007592

000°050¢
000°08%
0007021
000708y

000°05¢2
000°08¢
000702
000°0s&

000"
00070821
0007052
00005
000" 62

0007 00%L
0007089
0007 00&
0007 0£1L
0007 06¢

000°
000°0001
000" 028
000°08Y%
000°0%
0007 0£S

000"

000" S0Y
000" %.¢
000" 00Y
000°0S&

0007 06%
000°00%
0007061

000°86%
000" 8¢
0007807
000" s

0007 00%
0007 00%
000" 00%
0007021

000" S0%
0007 08¢
000°06€
000°0¢

000"
000" 06¢
0007 08¢
000" 06€
000°05

000" s6¢
0007 06¢
000°69¢
000" 00%
000°0sl

000"

000" 56¢
000°06¢
000789¢
000" 00%
000" 00¢

000"
0007026
0007029
000"
000" ¥4

000°00%
000"
000701

000°089
000°012
000°
000° %1

00070041
000°08¢
000"
000°¢4

000°00¢c2
ooo-olLe
000"
000°¢lL

000°002E
000°0c.L
000°02¢
000"
000791

000°00LL
0007009
000°0i2
000"
000781

000°00SL
0007096
000700.
0007092
000"
000°L2

0 :gl:oL

000"
000°00%
000" %%
000°0LY
0271

000°¢LE
000°0LY
09071

000°00%
000°29¢
000°0LY
0%6"

000" S6¢
000°9.%
000°02%
098"

000°00%
005" L€
000°0LY
0ss”

000°00%
000°06€
0057 ¢2%
000°0LY
ove”

000" £0Y
000" S6¢
000°69¢
000°0LY
oLe”

000°0LY
000°06&
000" S6¢
000°89¢
000°0LY
080"

88/% /1

ra
-0
9
49
LX

¥9
y¥9
LX

Y9
49
B
LX

¥9
Y9
¥9
LX

9
¥9
¥9
LX

¥9
9
d9
¥9
LX

Y9
Y9
9
9
LX

B
49
-5
9
9
LX



L
871
8°%¢
L
oool
£9°000L 9.°%9. 00"
6lL°¢%lL  00°69¢ 000"
007062 ‘gl Ay
00706 l0° 4"
0°L 02 1 0"l 04 Syl
'l 02 €1 €l P4 LA
0'8 0°0cL 0°0Y 0°91 0°0%L 0°52/
0- S* b 0 " ¢ oL
‘8911 "09LL ‘oott "9.6 ‘096 "0%6
00°89LL 007299 00"
00°8%¢ 00°89¢ 000"
00°06¢ 0 "0
00°06¢ 00" 00"
1SON3 QIhdoL IVA0D
Viss NIWT3 N1M
LIHOT¥/1431  vmL T0A
A313 JNVE  SSOT0 H
39vd

‘086

Ly g6g

0
0s0°
R¥IT4
0ei

0
050"
"5081
82°L

LNOJI
UNX
a0dv
A

6°a 9-
LY 8"l
cT66¢l 8726
1 €
‘089
=7ASMd
0 [
S%0° 050"
“009Y 2l
0L7%6¢ 00°
0°L e
S'Yy €1
0°0s¢ 0°gy
0°¢ L-
"0¢8
=73sMd
0 0
S%0° 050"
"00%Y K4
82°¢6¢  00°26¢
201 IVIYLL
HINX INX
HOVY 907v
93 A73SM

0%¢" ONJ3Sx

Lt 2 6L L7l =Hidad
8"l 8°6 L7l =13A
5 gve 876657 9°LL =VY
8- 0768 0° =D ¥3d
23 "062 ‘oSl eyl =Yis
1e” =0ONJ3S ¥0d NOILNGI¥LSIG MOTL
‘09l "008 "0s2 S62100°
VAN 6L°6 2971 20"
"2%6. "620SY "6l “000¢S
00" Ly 'g6s Ly %2 1es
MO1d Q3AQIAIGQ S92¢€
0lLZ" ONJ3S«
0"l L*61 0"l =Hld3q
€1 L6 £l =T3A
0°89 0°00%%7 0°2s =YY
2" 4708 L =0 ¥3d
865 ‘0gs 00¢ ‘8%e =YiS
80" =0ONJ3IS ¥04 NOILNGIdLSIA MOT4
‘0 ‘0 "0 062100°
¥9° s L6 9271 00"
"I8L0L Y82y 99 "000£S
00" 00°26¢  00°%2 80"
M07d G3AIAIQ S92¢
080" ONJ3S«
oog” =AH3D 001" =AH2J
I d0¥dx

-1 (0N ) d HJI1X 19071X 34078
S04A HIA 907A IWIL
2030 HaD 8070 V]

SMI¥D T13SMO H1d3d ONJ3s

0 *¢l:0l 88/y /1



2271961 Y7191 00" 0 0 4 "00%1 "00s1 "084l £18000"
96722l 00°¢.¢ 000" 0s0° S%0° 000" 26" L 59°9 00* 9"
0000% "80l "9 ‘8e2Y “0%L9 0 ‘8518 2y 0 ‘000¢S
00" 00% <0° letl 65" 0% 66g 00° 00" 18786 18792 98"
MO014 Q3AIAIQ §92¢
098" ONJASx
2"l €e 8" 76l ¢ =Hld3d
0l 9°L 92 €L 47l =13A
07658 6°26¢L  ¥°q02L  LTL659 8792 =YY
0"l €Yy 09 9°88 | =0 ¥3d
"¥991L ‘0021l 009 "0sg "0 ‘el =Vis
(A QP13 =13sMI 5s° =0NJ3S ¥04 NOILngIyLsIq MO
LE*991L  €971991 00" 0 0 I ‘0oLt ‘001l "00L1 996000 "
89721 067148 0007 0s0° 5%0° 080" 1671 S8l /N 60"
00°06¢ s “10% pA1%Y "169 22 1286¢ 1L69Y LY *000¢gs
007068 ¢L° 291 SL* 1086 00" 00* 2e"l6e  28°%e se”
SNIAH NVHL JYOW Q3ONYHD AH L0£S
085" ONJ3S»
e vy e ¢e g6l e =H1d3a
4 0"y 4 s°¢ 9°Ll v'e =73A
6°L¢ €192 VA% 6°92% 0°082% L'¢2 =V3iY
ra 0°¢ 0°¢ 0°¢ 87¢6 L* =0 ¥3d
"l6lL “08LL ‘0ell "Ly "6ie 05 ‘68 =Vlis
9¢°¥6¢ =13SMD ve* =0ONJ3S ¥0d4 NOILNAIYLSIA MOTd
e 2641 26700 00" 0 0 4 ‘069 "0L9 ‘099 225¢00"
L 6g 00704 000" 0s0” S%0° 050" s8¢ 19714 6g°2 %0~
00°06¢ e "ele Ll "08cY /4 T4 "6896Y .S ‘000£S
00706 02" eyl 26°1 £€¢796¢  00° 00° 9e"WeE 9LVl yes
SNIAH NVHL JYOW Q3DONYHO AH L0SE
MO14 Q3IAIAIQ S§92¢
1SON3 aIMdOL YYi0d 1NOJI 301 IVIYLI b-1: (e ) ¢ HITX 1807X 3d07s
V1SS NIW13 NLM UNX HONX INX g0¥A HOA g901A IL
LH91¥/1437 VWML T0A godyY HY 907 030 HJ0 80170 o
A373 JANVE  SSOT0 TH M 93 A73sM SMI¥D 13sMD Hld3d ONJ3s
39vd 0 :¢L:0L 88/y /1



§6°/80L HL°9i01
L 00°¢l¢
00°06¢ “9¢L
00706 YL©
17962 2e7ved
1819 00°69%
00°98< ‘2L
00°S8¢  8%"
LSQN3 aIMdOL
V1iss NIWT3
IHBIY/1431 WML
A313 JNVE  SSO70

39vd

00°
000"
AT
6L"

00"
000"
"8l8
67"

AVA0D
NLM
T0A

il

4 0°¢ 0'8 1782 €5 =H1d43q
g Ll e 9°4 9°e =13A
0°6 672691  6786% €99 87029 =YY
0" ¥°s 5°¢ 0768 e =0 d3d
8801 ‘0501 *00s "0y ‘06l A =Y1S
8¥°00Y =13SMD 90" =ONJ3S ¥04 NOILNAGIYLISIA MOTd
0 0 4 "009 ‘059 “00L S08000°
0s0* 70" 0s0° s0°2 9L 1972 61"
"9%02 "9L19 “1e9 "66lY welly  TIv9L “000¢S
18" 62°10% 00" 00" 8y°00y 8Y°"l¢ 901
SNIAH NVHL JYOW QAONVHI AH LOSE
090° 1 ONJ3S«x
1°e s [ 6°¢c 9°9 =H1d3d
¢e v°e %G 02t 8'¢ =13A
2 ey 2°s 6°¢81 8°662% 0°/8 =YY
cr 0- 0°¢ e7l6 9" =D ¥3d
"962 "9.2 7x4 1T 7 29 =¥1$
61°86% =173sMd 6" =0NJ3S ¥04 NOILNAI¥ISIAQ MOTd
0 0 4 "00Y "00% “00Y 150200"
050" S%0° 050" 1079 86°LL 9.°¢ l°
"1ee “00gYy "8 X317 "ylels  fle2g 000£S
8L°¢ 2£°00%  00° 00" 6L°86E 61762 96"
SNIAH NVHL J¥OW QIONVHD AH LOSE
0%6° ONJ3Sx
6°1 8¢ 6" 2 6L =H1d3d
€l 12 €1 L9 =13A
2 0is hrogve 97162 876¢L9  =VAWY
€1 el L 9°%8 =0 ¥3d
"L96L "0041 ‘008 ‘08Y 92l =v1s
18786¢ =13sMd 98" =0ONJ3S ¥04 NOILNAI¥LSIA MOTd
LNOJI a1 VIdLI 4F0TIX HOTX 7807X 3d07s
YNX HONX INX g03A HOA 807A JWIL
0021 HIY 207V 030 HJO 49070 0
A 93 AT3SM SMIYD 13sM0 Hld3d ONJ3s
0 *¢l:ol 88/y /1



"84Ll

JE
7
17821
2

"00sl

L%"89lL 9879601 00"
LP"l¥e 00°%.¢ 000"

00°06¢ “Lel )
00706¢ 00" P

1SANZ QIMdOL
Y1iss NIW13
LH91Y/14371 VML
A373 INvE  SSO70

39vd

6cil
g

JVI0I
NiM
TOA

TH

"L66
8e°10%

0
050"
"9¢
62

1INODI
ANX
:0)-1
A

=T13aSMI

0

60"
“ev09
9L°20%

Jal
HINX
HJV
923

"026

‘0zZ8

4
0s0"
"6YLL
00"

IVIYLI
INX
a0
b RER]

271

vree Y9 L =H1d3g
9L 0°¢ L =13A
172909 122l 9°9%2 =vVIIv
£°98 L6 0- =0 ¥id
"0SS "08¢ "ive =Vis
=0NJ3S ¥04 NOILNAIYISIA MO1d
"0s0L “0s0L ‘0s0lL 058000°
9¢°¢ PA-A %62 €
0602 “19lsy  T6YLS “000¢S
00" 8¢°10Y 8£°22 2271
MOTd Q3AIAIQ §92¢
0221 ONJ3Sx
901X HIIX 7907X 34078
90¥UA HOA g07A ELEE
1o 1) HJO 0170 0
SMI¥D 13sM0 Hld3d OND3S

0 ¢l:ot 88/y /1



000" 000" 000" 000" 000" 000" 000" 000" L- 000" 000°¢
JIVALI WINHD Mel 2071V Nd Ho3sX AJ3sX SAddd 107d1 d40¥dN 2P

(0 = 0L"2r) @)1tjoud s1yl Joj paisanbad uOLINGLJISLE MO14 ON

000" 000°€6€ "0 0 00" 000000°  °0 0 € ‘0
o4 13sH ®  SNIAH  JIdL3W 1418 ¥1a1 ANIN ONI  MI3HDI 1P
UOL1BAD1D 0BJNS JI3BM BULlJels Jaybly 3004-| B BULILILPUL €6 = &°LP
9SB3JOUL 300} 0 YILM % POYISW {13 JO P1aL4 PJLY3l 8yl Spead ¢ = 2°|f
0¥Q32 0T¥d ¥V3N X3FHI MOD €1

9SBAJOUL 1004 §°( UB YILM & POYIdl Juswydseodoui gi
- 1eld] 3Sdid - F1dWYX3 NOILYNIWY3IL3IA AVMAOOTd LI

R TP e L L
233H 40 NOIS¥3IA VI¥L 8861

AN IR KNI I N eI I I I I AR N IR H AR I I I I N AR

22:¢L:0lL 98NVIY0 d3lndaxa NMY SIHL

39vd 0 :¢l-0L 88/y /i



00°&i¢ 00°GeZ  00° 0 0 4 *069 "0.9 "059 ¥19200°

00709 00"0l¢ 000" 000" a40° 000~ 00" f4: 1) 00" 0"
007062 "Ll 961 0 “e8YY 0 ‘0 ‘000es 0 “000gS
007068 27 7L PA N4 €9 l6g  927%6L  00° 927668 92°%2 he”

480° =1394VL ¥ =3dAL 0762 0°0s =SNOILVLS LNIWHIOVOUINT 0.1%¢

SNIAH NVHL J¥OW Q39NVHI AH LOSE

917 66¢ =13SM  %S80°  LEL6™  SLO0"  =80¥'HI’807 SOILVY "%6GLL =LO LVN
1%00"- =0IlVd 91'S6E =73SM 8179850l =LD ONI 9L"Y6¢ =73sM  99°2%S0L =10 LVN 0082

0Y2™ ONJ3S«
Y2 ee8  62°8%9 00" 0 0 4 "08L ‘008 ‘08 %22100°
00°0slL 00°69¢ 000~ 050" S¥0° 000" e e %66 00° 20"
00°062 "ol “ebl “gosl "0g8Y "0 "8104 "eRely 0 “000¢s
00706 10° ) 0%°L 2L°66e  IvTeée  00° 9 h6e  9£7 %L 1e’
€60° =139dVL ¢ =adAl 2768 0°0sal =SNOILVLS INIWHIVOYINT 0.L%¢

MO1d Q3dIAIQ §92¢

12 %6¢ =13SM 2Y¥/LT €528 9000°  =80¥'HI907 SOILVY °GBJEL =B LWN
0000° =OIlVd 12°%6¢ =13ISM  81°8052lL =LD INI Ly°g6¢ =73SM 81°80S2l =lO 1VN 0082

0l2" ONJ3sx
¥8'9Ll6 8700 00" 0 0 0 "0 0 0 9%2100"
00°00£ 00°89¢ 000" 050" §%0° 00C" 2e2°s 86 00" 00"
00706¢ Y ‘0 ‘8Ll “0£9Y ‘0 "90Y%4L “h6ss% "0 "000£S
00706 00" 00" qetl SET¥6e  00726¢ 00" 00°¢6¢ 00°S2 80"
280" =139dvl ¥ =3dAl 8796 0°00¢ =SNOILVLS LN3IWHOVOYONI 0L%E

MOT4 Q3aAIAIQ S92¢

08°26¢ =13SM 202" G264° 8200° =H0Y'HI'€07 SOILVY "%G9¢L =LO LYN
0000° =OIlVY¥ 08°26¢  =T13SM Z1°82G2L =Lb ONI 00°26€  =73SM /1°8262L =LO 1VN 0082

080" ONJ3Sx

00¢” =AH3J OO0L" =AHID

Z 40¥dx
1SAN3 QIMdoL YVY0D INOJI adr  IVIYLI 907X HOIX 18901X 34078
V1SS NIW13 NiM ANX HINX INX 80¥A HIA g907A WIL
IHOTY/1431  vML T0A 203V HOY 807V 2040 KO 49070 0
A373 JNvE  SS070 TH A 93 AT73IsM SMI¥D RES ) Hldad ONDJ3S

39vd 0 -gl<ol 88/% /1



00" sl 00769¢

00°98¢ T

00°98E  9v°
1€0"

000" 000" S%0° 000" 00" 6L°LL 00" 9L"

“0LL 0 “L67 ‘0 "0 "000es 0 “000£S
6%" 9172 U0y 6L786E 00" 82 66¢ 82°0¢ 6"
=130V ¥ =3dALl 07552 076l =SNOIiVLS LN3WHIVOYINI 0.l%¢

SNIAH NVHL 3¥OW QIONVHI AH L0£S

66786¢ =73SM  G¥20° /896" 8900" =80¥'HI'901 SOILVd "€0%2l =Ib LWN
9920°- =0IlVd 66°86¢% =73SM 00°GL0ZL =LD INI 61°86¢ =1asM  02°%0.LL =10 1VN 0082

8974521 08°ii0l
L7°0¢L  00°¢lL
00°00% "0S
00°00% <0°
00L*"

0%6" ONJO3S«x
00° 0 0 Z “00%L oosl "0ssl 69.000°
000° 0s0° s%0° 000" 0c ¢ 1979 00" SL®
"9 *202 1572 "0 2965 "800 “000¢S
ra" 19° 6%°00% 18'86E 00° g8°66¢ 88°.¢ 98"

=139Vl ¥ =3dAl 272421 0°02lL =SNOILYLS LNIWHIVOUINI 0.%€

MOTd Q3AIAIQ S992¢

19766€ =13ISM 9%6L° 508" 0000°  =80¥'HI'S07 SOILVY 69902 =lO LWN
0000" =OIlV¥ 19°66¢ =T73ISM 9972658l =LD INI 18°86E  =13ISM 9¥"2658L =LO LVN 0082

9¢"¢ly  9¢7eSY

00702 05°1.¢

00706¢ "9¢

00°06¢ £i°
901"

098" ONJ3S«
00" 0 0 4 "00LL “00LL “00LL €56000°
000" 050" S%0° 000" 0e°¢ L 00" 80"
8he "088 WAYLS "0 "106¢ "66005 °0 "000£S
€971 28" 6LT66E  2e7l6e 007 287868  L8°9¢ 68"

=1394v1i ¥ =3dAl %7 elY 0°0¢ =SNOILVLS AINJWHIVONONI 0LYE

SNIAH NVHL Z¥0OW QIONVHI AH 10¢E

2l 86¢ =13sM 8LGLT  2/%8"  0l00° =H0Y'HI’807 SOILVY °S806L =LO LVN
0000° =0Ilvd 21°86% =73SM  §2°650Z1 =10 ON3 2¢°/26¢ =73sM  €2°650ZL =L0 1VN 0082

1SON3 QIMdOL
VISS NIWT3
1H91Y/1437 VAL
A3 JNVE SSOT0

q9vd

065" ONJ3S«
AVA0D INODI 341 WINLI ¥807X KX 1807X 3d01S
NLM ANX HINX INX 908A HIA g07A JWIL
T0A 203V HIV 207 2030 HO 8070 0
TH M 93 AT3ISM SMI¥D T4SM2 Hld3a OND3S

0 :¢i-0L 88/% /1

10



oL

gLTees  gLv6le 007 0 0 4 ‘0s01L ‘0501 ‘osol 228000°

66°¢SY  00°%.¢ 000" 0s0° S%0° 050" £€67¢ 69°4 68°¢ e
00706¢ ‘69 186 95 "9L€9 “6101 “lsY "g8e8Y  T996% *000%£S
00"06e 00" 98" 98" G2"g0%  B8LTlOY 00" 6£720%  6£°82 XA

£80° =1304vl ¥ =3dAL 1°€¢8 0°ysy =SNOILVLS INIWHOVOAINI 0L%E

81°20Y =73SM €LS0"  S6£8°  160L"  =90Y¥'HD'H07 SOILVY¥ -9186L =lD LWN
0000° =OIlv¥ 8l°20% =13SM  99°¢/1l8L =10 ONI 8£°l0Y =13sh  99°¢/l8L =LD 1VN 0082
02271 ONJ3S«

€8°G609 £8°6lY 00" 0 0 e “009 "059 “00L 918000°
007061 00°%£l& 000" 0s0° S%0° 000" Lg 6974 00° 8L"
00706¢ "09 "664 "L60L Y9 ‘0 "L688 ‘€096 0 "000€s
00706 ¢l° [4: 18" 6£°¢c0% 8¥°00% 00° s ioy 29782 90°L

280° =13OUVL ¥ =3dAl 8°409 0°06t =SNOILVLS IN3IWHIVOUINI 0.%€

SNIAH NVHL 3¥0W QIONVHD AH LOLE

82 ioy =73SM ¥L0L" 8298 8S€0"  =80Y'HI’901 SOILYY “09€0Z =IO LYN
0000" =OIlv¥ 82°i0% =T3SM  £/°%898L =LD IN3 8%"00% =13IsM  ¢2°%898L =LB 1VN 0082
09071 ONJ3S«

LSON3 aIMdol AVA0D LNOJI a1 VIALI AG0TX HJ3TIX 18071X 3d07S
Viss NIW13 N1M UNX HINX INX H0¥A HOA 807A WL
1H91Y/1437 WAL T0A q04vY HOV 207 8030 H30 80170 0
A3T3 JNVE  SSOT0 H AH 93 P RER SMI¥D TASMD Hid3a ONJ3S

39vd 0 :gl:ol 88/y /1

11



L

000" 000"

FOVALI WINHD
000" 000°£6¢
0d RERT

9¢igi+0l 88NVIY0 Q3LNJ3X3 NNY SIHL

ERL

000" 600" 000" 000" 000° 000" - 000" 000°GL

mMal Q1Y N4 HJ3SX AJ3SX SAJ¥d 1071d1 40¥dN  2r

¢f U0 paljloads sajqel Adeumins AeMpoold ayy Buiisanbad g¢i = {°2r

‘0 0- 00" 000000 "0 0 4 0
o SNIAH JIYL3N Lyls d1dI ANIN ONI A03HIT P

UOLIRAD]D 80B4INS JO3EM BULIJe)S JOYBLY 3004-1 B BULIEdLpUL $6€
9S1J 3004 0°L B UM 4 POYIBW L3I 40 P13l UIJnos ayy spead ¥

6"Lr
Ay

0Y032 01vd AVIN 334D MOD ¢l
3SBAJOUL 300} (°L B YIIM 4 POYIdW JuUdWYdSBOJOUI 2L
- 1eld]l 3Isdid - J1dWYX3 NOILVNIWYIALIA AVMQOOTd L1

B PRy e L T T
2J3H 40 NOISY3A TVIYL 8861

AR NN NN N NN NI I I NI I H I IR NN IR NI IR IR IR IR I R 20 I

0 ‘¢l:0l 88/Y /1

B-12



cl

160" =1394vl ¥ =3dAl 07622 0704 =SNOILYLS LNIWHIVOAINI 0L%E

SNIAH NVHL 34OW GIONVHO AH LOLS

9¢°G6E =13SM  ¥$60°  0S06°  9100° =H0¥'H3’807 SOILVY "226lL1 =iD lWN
LL207- =O0IlVY 9€°66€  =T3ISM 28°%920L =LO INI 9€"%6§  =T13ISM 99°2%S0L =LD l¥YN 0082

0%¢" OND3Sx
¥9°208 £0°6l9 00" 0 0 [ ‘08l "008 “0sL 6281L00°
0005t 00692 000" 050" S%0° 000" 9L ¢ i ol 00° 20"
00°06¢ 0l "60L ‘08¢l RALY 0 Tevoy ‘2668 "0 *000£S
00706 1O° g9 87°L 067668 L¥y'g6¢  00° eyTveE v Se e
113 =1304¥L ¥ =3dAl 97208 0-osl =SNOILVLS LN3IWHOVOUINI 0L%E

M07d Q3AIAIQ S92¢

177962 =13SM  208L° 268" 000" =90¥'HI'€07 SOILV¥ “02lLYL =LO LWN
0000" =OILVY¥ L¥"%6% =T3sM 8L°8052L =10 INI LY g6¢ =73sM 81°80S2l =LD LVN 008¢

0l2" ONJ3sx
16906 16706% 00" 0 0 0 ‘0 0 0 %28100°
00°00¢ 00°89¢ 000" 050" 90" 000" 2075 20701 00" 00°
007062 0 "0 "i9el ‘0e9Y 0 ‘96£9 9099y "0 *000£S
00°06s 00° 00" 7"l €y 96e 00°26¢ 00° 00°¢6¢ 00°SC 80"
aoL” =130UYL ¢ =1dALl 67906 0°00¢ =SNOI1VLS INJWHIVONINI 0LYE

MO14 Q3AIAIQ §92¢

00"56¢ =13SM 1802 988Z° £5£00° =90¥’'HJ‘907 SOILVY “LS6EL =LO LWN
0000 =OIlVd¥ 00°€6¢  =13SM /1°8252L =10 ONI 00°26¢  =173SM 21L°8252L =LD LVN 0082

080" ONJ3S«

00¢” =AH3D 00L" =AHJD

¢ 40¥dx
1SAN3 dInMdol V0D INOJI adal IVIYLI JF01X HIIX 1807X 3d01S
Y1SsS NIWT3 N1M ANX HINX INX G0¥A HIA g01A AWIL
1HDI¥/1437 WML T0A a0y HOV 407V a0dd HJO 4070 V]
A373 JNVE  SSOT0 TH A 93 A13sM SMI¥D 13SM3 Hld3d ONJ3S

39Ivd 0 *¢i:ol 88/% /1

13



¢l

00°s 00°69¢ 000" 000" §%0° 000" 00" YA 00" 9l

00°98¢ 28 “169 0 TGSy ‘0 0 "000eS 7O *0002S
00°s8¢  G%° 6%° gL°e 258°10% 6L°86¢ 00" m66E vt 0L 96"
2¢0” =130WL ¥ =3dAl 0°6S2 0°6. =SNOILVLS INIWHOVOAONI 0L%E

SNIAH NVHL J¥OW QIONVHO AH LOLE

61 766¢% =13SM 2520°  §/96° 0/00° =E0M'HD’9017 SOILVY “28S2L =LD LWN
G0%0"- =0llVd 61°66¢€ =T13aSM  02°22121 =10 ONI 61°86¢ =73asM 02°%0.iL =10 LVN Q08¢

0%6" ONDJ3S«
671911 187126 00" 0 0 [4 “00YL ‘00sl ‘oSSl £82000°
10702l 00°2.¢ 000" 0s0° S%0° 000" a2te 69°9 00" 1
00°00% 9y "129 "80g¢ "651L ‘0 "e2lLs "2182% 70 "000¢S
00°00% 20° 0g"L 9" €9°00% 187°86¢ 00° 00700y 00°82 98"
48 =130dY1 ¥ =3dAl 6°19l1 0-ozl =SNOI.LVLS INJWHOVOAINI 0LYE

MOT4 Q3AIAIQ S92¢

18°66¢ =73SM  2%02°  €962°  0000°  =E0¥'HI’907 SOILVY -g2ele =lb IWN
0000" =0livd¥ 18766¢% =73SM  9%°26581 =IO ONI |8 86L =T3IsM 92658l =L0 LVN 0082

098" ONJ3Sx
96 %2% 95°%0% 00" 0 0 4 ‘ool ‘0oL “00LL 246000°
00°02 0s5°l.g 000" 0s0° a0° 000" Lye §8°L 00" 80"
00°06% e “1he 2 "€9.9 0 "0961 ‘0¥0ls "0 *000¢S
00706 ¢l° 9" 1 98" LgT66g 2¢7l68 007 S%°86s  G6°9¢ S8°
31 =1309UYL ¥ =3dAL 97 %2% 0°0¢ =SNOILVYLS INIFWHIVOUINT 0.%¢

SNIAH NVHL J¥OW Q3ONVHO AH LOZE

2£°86% =T3SM QL9LT  1Z§8"  L100°  =804'HI’801 SOILVY “%£96L =lD LWN
0000° =0IlVY ¢2£°86% =13aSM  §2°69S041L =LD ON3 2¢°16¢ =J3SM  £2°650LL =Lb LVN 009¢

065" ONJ3Sx
LSAON3 QIMdOlL AVI0D LNOJI 4l IVINLI ¥907X HJX 180X 340718
Viss NIW13 NLM UNX HONX INX g0dA HOA g907A JWIL
IHDI¥/1437T VML T0A 204y HJV 207 8040 HJD 9070 0
A373 JNvE  SS010 TH AH 93 ATISM SMIAJ 13asMa Hid3a ONJ3S

39vd 0 :¢l:0l 88/% /1

B-14



7l

Sh*¥28  Y.79%e 007 0 0 [ “0s0l ‘0s01 "0s0L 8£8000"

2.7/9% 00°%.¢ 000" 0s0” S%0° 0s0° 1671 272 66’ ¢ e
00°06¢ 9 “Ys6 1 ‘8h¢9 %06 "s0lL Tlegey  Thisg *000£S
00°06¢ 00" 88" 68" 07°¢0% 8¢'loy 00" 15207 1s°8e 271

goL- =L30WVL ¥ =3dAl §"%¢8 1°29% =SNOILYLS LNIWHOVOAINI 0%E

8¢°20Y =13SM 0GS0°  0S€8"  0ZLL"  =€0¥'HI‘807 SOILVY "65202 =LO LVN
0000° =OIlvd 8¢°20% =73SM 99°¢/Ll8L =10 IN3 8¢ 1L0Y =13sSM  99°¢/l8L =LD LVN 0082
04271 ONJ3S«

06°0Ss  06°09e 00" 0 0 2 "009 “059 “00L 2¢8000°
007061 00°€L& 000" 050" S%0° 000" 4% 6L°L 00" 8l"
00°06¢ 1] "8l 18l "9 ‘0 "1652 "60%05 "0 *000£S
007068 2i° £8" 06" 25720y 8¥"o0y  00° ¢97L0Y  ¢9°8¢ 90°1L

0L =139AYL ¥ =3dAL 6°04S 0°06t =SNOILVLS LNIWHIVOAONI 0l%E

SNIAH NVHL JUOW Q3ONVHO AH LOCE

8%°10Y =73SM 00L° 0998° 020"  =604'HI‘H07 SOILVY °10802 =LO LWN
0000" =0llvd 8%°L0% =13sM  £2°%898L =10 ON3 8%700% =73SM  £2°¥898L =LO LVN 0082
090°1 ONDJ3Sx

1SAN3 QIMdOL b-1-2-100) LNOJI 34l WIALE Y407IX HJTX 1807X 340718
V1SS NIW13 N1M ANX HONX INX g03A HIA 907A IWIL
1HDIY¥/1431 VWML T0A 904y HIVY 407V 8040 HJOD 8070 0
AJT3 ANvg  SSOT0 TH AH 93 AT3SM SMI¥D T13SMO Hld3ad ONJ3S

39vd 0 :¢l:0l 88/y /L

15



9428
€1°¢€8
00"

067055
£8°609
00"

00°452
007552
00"

%6°L9LL
6971521
00"

PANS 4
9e" ey
00"

00°6ie
00°622
00"

¥9°208
Y2568
00"
167906
787916
00"

YINALS

Sl

007028 00°0sS
007028 007055
00028 00°08S
00705y 007061
00°05Y 007061
00°05% 007061
007552 00" G
007552 00" sl
00°55¢ 00°s
00°08Y 007021
00" 08% 00°021L
00708y 007021
00°0s¢g 00°02
00°0s¢ 00°0¢
00° 0S¢ 00702
00°si2 00°09
00°s.¢ 00°09
00°522 00°0s
00°06% 007051
00" 06& 0o0°osal
007 06¢ 0o-osl
00705 00°00¢
00705 00" 002
00705 00°00£
JHILS THOLS
05:¢1:01
IVvd

2L 19%
66°£SY
00"

007061
007061
00"

00°9L
00°6.
00"

00°02L
00°021
00"

00702
00°0¢
00"

00°09
00°09
00"

00°0si
00"0slt
00"
00°00¢
00°00¢
00"

TON3LS

oL- 95" %01
80" Y
00° 2676802
oL- 8271652
80" 88°96£%
00" 92 66lY
€0" 00"

€0" 00"

00" §276S1LL
1% 80°¢2lS
oL- 61°2965
00" 65872618
€L 98°6561
2 6271062
00" L97¢2B6S
oL” 00"

60° 00"

00" 88°¢52¢
1% 0L°2%0%
60" §9°2109
00" €9°1964
oL” 1675659
80" 82°90%L
00" 85708101

INFA3d 4040

HeT12g6Y
1.728498Y
29°0945%

22°80%0S
21 °¢096Y
61 YSLLY

0070005
00°000£S
Y2 glals

1679181%
187220L%
Ly ey8yy

7170%0L 4
0286005
£€6°0L69%

00°000£S
0070005
9%°6896%

0£°L568Y
Y€°286LY
%0°6205Y

60°%099%
CL7¢68SY
207 %58.2Y

HJ0

60°Y.L5¢
S6°996¢
9¢76%1S

00"
00°
SS9 999l

00"
00"
10722

00"
00°
00"

00°
00"
29°9%

00"
00"
99795

00°
00"
€e 6l
00"
00"
52" 59

g070

%4795¢
1768
9879601

06°09¢
€8 qlY
717910

00708l
007081
[4 20+ 14

28" 1eé
08°L101
7171291

98" Y0Y
9¢° ¢Sy
€97 LSoL

00°5¢e
00" S22
26°004

€0°6L9
62°8%9
9L 9.
16706y
%8°005
00°299

QindoL

07" g0y
92" 0%
91"20%

258720y
6£°20%
62" L0y

457 10%
77710y
22700%

£9°00%
6%°00%
0%°66¢

LE" 665
61°66¢
20°86¢

%9°26¢
£Y°L6¢
£e 968

06°56¢
117 56¢
0L" 6%

ey Y6e
9¢"v6%
82°g6¢

93

gLt
20" L
00"

A"
0" L
00"

T
60°1
00"

6L°L
20°1
00°

il
s0°1
00"

0" L
06"
00*

1071
96"
00"

00" 4
00"}
00*

16720%
6£°20%
82" 10Y

29°10%
28" Loy
8%°00%

Yy 66¢
827 66¢
61786¢

00°00%
88766¢
18°86¢

G%°86%
187865
28" 168

0y°S6¢
92" s6¢
98" Y6¢

2 h6e
9¢"h6¢
0y°g6g

00°£6%
00°£6%
00" 26¢

SMi41d TISMI

098"
098"

(1}
088”
0s8°

16

ovg" i
o%g" M
ove”

oLe”
oLe”
oie”

080"
080°
080"

ONJ3S

OLL 378V1 LNOLNTAd AAVHWNS

Y032 07vd dVIN HIFIID MOD

1SI7 SUOYYI JO AUVWWNS NI J9VSSIW SALVIIGNI ¥IGWNN NOILIIS-SSO¥D 40 1431 1V () JASI¥ILSY -3IION

88NVIrY0 d31NJ3X3 NN¥ SIHL

e s L e s
Z¢J3H 10 NOIS¥IA VIAL 8861

NN IH K IR I I I I I I I I NN IR XK

0 ‘gL-0l

88/y /1L



9l

I9vYd

SALON TVIO3dS ANV SH0AAT 40 AUVKWHNS

0 *¢l:0l 88/% /1

17



b7L0Y
5°00%
27868
8°86¢
£726¢
Y°96¢
Y°e6¢
0°26¢

. . e e
- — — —

OO r—c— 00
. .
[,

Y e0y
S10Y
£°66%
6°66%
%7862
£°56¢
V7 h6e
0°¢6¢

12 "06YL “6lE
0L 437 ‘oly
8Ll "L6%Y ‘o8l
A "€286 "¢l
0L "819L Tgsy
8Ll "8y 44
'8 "eeg9 689
88 ‘8709 "L19

AVMQ00T4 AVMAOOTd  ALIOOT3A vy

JONJAII4IA  LNOHLIM

HLIM

NOILVAZT3 J0V4¥NS ¥3LVM

L 3dvd

NVIW  NOILD3S  HLAIM
....... AVMQOOT ------~

4

02" L
090°1
0v6°
088"
ove”

oLe”
080"

NOILVLS

“ON 31140¥d

4030 07vd ¥V3AN 33380 MOD  'VIVA AVMA0O1d

0 :¢i:01

88/Y /1

18



7L0%
5700y
2786¢
87862
€726¢
Y7 96%
Y7 g6¢
0°26e

. P
— o — — —

OO0OO—NM—«—
.

§°20%
9°10%
57 66¢
0°00%
%7864
Y7668
Y796€
0°¢6%

€2 "l08. A3
€2 EAT2A "19¢
PR T4V, ‘o8l
9°9 “L9%6 "evol
4P PA1Y2 "G0%
L' ‘risy 744
'8 ‘geL9 "€59
06 “168S *209

AVMQ001d  AVM@OOTd  ALIJOT3A Vady

JONFI4410  LNOHLIM

HLIM

NOILVAZT3 30vIANS ¥3LVM

8L 39vd

NVIW  NOILD3S  HIQIM
-mm=--~ AYMGOOTd -------

¢

0271
090°1
0%6"
085"
o%e”

oLe-
080"

NOILVLS

"ON 31140¥d

¥Q30 OTVd ¥VAN MIT¥D MO 'VLVA AVMAOOT4

0 :glol

88/y /1

19



l

6L:¥L:0L 98NVr¥0 431N33X3 NN¥ SIHL

39vd

H AT TR KRENN TN IR TR AN FHAAIT ARSI AN
¢330 40 NOISY3A VIYL 886l

Ao KK I A KN N I H M AN IRH K I IR IRAE I KNI I H NN N NI I K

gl=vi:ol 88/y /1

20



Appendix C HEC-2 FLOODWAY EXAMPLE - SECOND TRIAL
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