
  

Modeling a Change in Flowrate through 
Detention or Additional Pavement on the 
Receiving Stream: Final Report 

Theodore G. Cleveland, Marian R. Schwarz, and Cristal C. Tay 

Performed in Cooperation with the Texas Department of Transportation 

And the Federal Highway Administration 

Research Project 0-6841 

Research Report 0-6841-1 

http://www.techmrt.ttu.edu/reports.php 

Texas Tech University 

Multidisciplinary Research in Transportation 



Technical Report Documentation Page 

1. Report No.
 FHWA/TX-17/0-6841-1 

2. Government Accession No. 3. Recipient's Catalog No.

4. Title and Subtitle
Modeling a Change in Flowrate through Detention or Additional 
Pavement on the Receiving Stream: Final Report 

5. Report Date
 March 2016; Published November 
 2017 
6.  Performing Organization Code

7. Author(s)
Theodore G. Cleveland, Marian R. Schwarz, and Cristal C. Tay. 

8. Performing Organization Report No.
0-6841-1 

9. Performing Organization Name and Address
Texas Tech University, Water Resources Center 
10th and Akron, Room 203 
Lubbock, TX 79409-1022 

10. Work Unit No. (TRAIS)

11. Contract or Grant No.

12. Sponsoring Agency Name and Address
Texas Department of Transportation 
Research and Technology Implementation Office 
P.O. Box 5080 
Austin, TX 78763-5080 

13. Type of Report and Period Covered
Technical Report  
1 Jan 2015 – 31 Dec 2015 
14. Sponsoring Agency Code

15. Supplementary Notes
Project performed in cooperation with the Texas Department of Transportation and the Federal 
Highway Administration.

16. Abstract
The addition or removal of flow from a stream affects the water surface downstream and possibly 
upstream. The extent of such effects is generally determined by modeling the receiving stream. 
Guidance that concisely describes how far up/downstream a hydraulic model needs to extend to fully 
describe those effects was developed for rapid model construction to assess changes in anticipated 
discharge.  

The “rule of thumb” enables designers/modeler to predetermine the level of effort such a model would 
require. 

A spreadsheet-based tool named BoundaryDistanceRuleOfThumb-2015.xlsm was built to 
make the distance estimates based on four different methods based on literature review and a generic 
modeling study conducted as part of this research. 

17. Key Words
Hydraulic model boundary. 
Water surface change from discharge change. 

18. Distribution Statement
No restrictions. This document is available to the 
public through the National Technical Information 
Service, Springfield, Virginia 22161, 
www.ntis.gov 

19. Security Classif. (of this report)
Unclassified 

20. Security Classif. (of this page)
Unclassified 

21. No. of Pages
64 

22. Price

Form DOT F 1700.7 (8-72) Reproduction of completed page authorized



Modeling a Change in Flowrate through Detention or Additional
Pavement on the Receiving Stream

by

Theodore G. Cleveland
Marian R. Schwarz

Cristal C. Tay
Civil and Environmental Engineering, Texas Tech University

Research Report 0-6841-1
Research Project 0-6841

Research Project Title: “Modeling a Change in Flowrate through Detention or
Additional Pavement on the Receiving Stream”

Sponsored by the Texas Department of Transportation
December, 2015

Texas Tech University
Department of Civil and Environmental Engineering

10th and Akron
Box 41023

Lubbock, Texas 79409-1023

3



Disclaimer

The contents of this report reflect the views of the author(s), who is (are) responsible
for the facts and the accuracy of the data presented herein. The contents do not
necessarily reflect the official view or policies of the Federal Highway Administration
(FHWA) or the Texas Department of Transportation (TxDOT). This report does not
constitute a standard, specification, or regulation. This report is not intended for
construction, bidding, or permit purposes. The United States Government and the
State of Texas do not endorse products or manufacturers. Trade or manufacturers
names appear herein solely because they are considered essential to the object of this
report. The researcher in charge of this project was Dr. Theodore G. Cleveland at
Texas Tech University.

There was no invention or discovery conceived or first actually reduced to practice
in the course of or under this contract (to date), including any art, method, process,
machine, manufacture, design, or composition of matter, or any new useful improve-
ment thereof, or any variety of plant, which is or may be patentable under the patent
laws of the United States of America or any foreign country.
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Modeling a Change in Flowrate through Detention
or Additional Pavement on the Receiving Stream

Theodore G. Cleveland, Marian R. Schwarz, Cristal C. Tay ∗

February 15, 2016

Abstract

The addition or removal of flow from a stream affects the water surface elevations in
the vicinity of hydraulic structures (bridges, culvert systems). Currently, the extent
of such effects is only known by hydraulic modeling the receiving stream relative to
a structure of interest. Guidance that describes how far up/downstream a hydraulic
model needs to extend will be useful for rapid model construction to assess effect of
changes in anticipated discharge on a structure without modeling the entire stream
system.

This document uses the results of a generic modeling study to estimate where bound-
aries should be located in hydraulic models to assess the effect of change in discharge
near and around obstructions (culverts, bridge piers, gabions, and similar hydraulic
structures).

The goal of the study is to identify distances relative based on some common metric
where model boundaries should be established – beyond these distances, hydraulic cal-
culations based on the simpler slope-area method would apply; within these distances,
hydraulic modeling using HEC-RAS, WSPRO, or similar tools would be required for
precise description of water surface elevations and force calculations.

∗Texas Tech University, P.O. Box 41023, Lubbock, TX 79409
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1. Introduction

Culverts, bridges, and other obstructions change the water surface profile in a channel
at a given time; it is widely accepted that the addition or removal of flow from a
stream may affect the water surface downstream and possibly upstream. Currently,
the extent of any effects is only known by modeling the receiving stream.

The research goal is to identify distances relative to some common metric where model
boundaries should be established – beyond these distances, hydraulic calculations
based on the simpler slope-area method would apply; within these distances, hydraulic
modeling using HEC-RAS, WSPRO, or similar tools would be necessary for precise
description of water surface elevations and force calculations.

2. Background

The question of how far to model upstream and downstream of a structure is not
insignificant, and practical guidance is often by peer-to-peer, non-authoritative com-
munication. On a recent modeler’s forum (?) the following question was posed by a
forum member

“What would be the minimum required upstream and downstream model
extents required for hydraulic modeling of bridge crossings on rivers and
wide creeks?”

The responses could be grouped into three categories:

1. The first group suggests to model up and downstream until the effect is not
detectable (presumably using pre-change and post-change model). this response
was the common response from experts self-identified as computational fluid
dynamics experts, and one practice leader at a consulting firm.

2. The second group suggests that 155 – 200 meters is a distance beyond which
hydraulic structure effects become irrelevant. This response was common among
many self-identified hydraulics engineers working at various firms; clearly a rule
of thumb is implied as many of these responders also stated that if results seem
odd, then they would extend distances.

3. The third group referenced guidelines based on Samuels (1989) paper where
the question was examined in the context of riverine flow and distance that
backwater effects would propagate in a hydraulic model.

The project conducted a modeling study to address the question posed above by
scenario modeling several conditions. The results of the modeling study were then
used to produce a guidance tool for the boundary distances upstream and downstream
of a structure.
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3. Literature Review

The literature review focused on current practice in hydraulic modeling as to how
far a model should extend to capture the phenomenon of interest. Many sources
recommend use of engineering judgment (Parmley, 1992; Norman and Houghtalen,
2001) through water surface observation (Ricci et. al., 2001) or purpose based cross
sections (Sellin, 1970; Federal Emergency Management Agency, 2004; Wake, 2010)
without any specifics on distance.

Barnard et. al. (2013) defines longitudinal profile as the stream reach that includes
the culvert. The longitudinal profile is developed by measuring the elevation of the
bed, water surface level and bank slope; an example of a longitudinal profile in an
existing stream is shown in Figure 1. It is assumed, in this research, that the extents of
the longitudinal profile represent the boundary conditions upstream and downstream
of an obstruction.

Figure 1. Longitudinal Profile of an Existing Stream (Barnard et. al., 2013)

Bodhaine (1968) describes indirect methods for measurement of peak discharge at
culverts. Bodhaine recommends locating the approach section one culvert width up-
stream from the culvert entrance. When wingwalls exist, the recommended distance
upstream from the end of the wingwalls is equal to the width between wingwalls
at their upstream end. If there is not considerable contraction caused by the wing-
walls, the approach section may be closer than this, but not closer than one culvert
width.

Samuels (1989) provides a simple estimation of reach length to assess how the length
of channel is affected by works downstream. Samuels states that the appropriate
distance between the project area and the model boundary is the backwater length
for the river and that the boundaries should be located so that any error in estimating
water levels at that point, should not materially affect the study area. The backwater
length (L) is defined as L = 0.7 D

S0
where D bankfull depth is and S0 is the mean

channel slope.

Samuels (1990) discusses one dimensional models of flow in open channels as a funda-
mental analytic tool. Samuels describes cross-section sites and the distances between
them. At sites of key interest; sites adjacent to major structures; sites that are rep-
resentative of river geometry; cross sections should be 20 bankful widths apart as a
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first estimate ; cross sections should be no more than of 0.2 D
S0

apart, where D is the

bankfull depth of flow and S0 is the channel slope; cross section a maximum of L
30

apart where L is the length scale of the physically important wave; cross sections a
minimum of 10d−q

S0εs
apart, and finally, cross sections should be located so that the area

ratio lies between 2
3

and 3
2

for successive sections.

Fulford (1995) defines the assumed boundary conditions used in the Culvert Analysis
Program (CAP) culvert analyses. Usually the approach section is located one opening
width from the culvert entrance or, if wingwalls exist, a distance upstream from the
end of the wingwalls equal to the width between the wingwalls at their upstream end.
This assumption is inherent in culvert analyses in CAP.

The Dam Safety Section, Arizona Department of Water Resources (2002) created
a state standard for floodplain hydraulic modeling to provide guidance in fulfilling
the requirements of Flood Insurance Studies, as well as local community and county
flood damage prevention ordinances. Figure 2 is a definitional sketch from the Arizona
guidance document. The Arizona standard recommends that four cross sections be
used. One on either side of the obstruction, one at the upstream end of the contraction
reach and one at the downstream end of the expansion reach.

Figure 2. Contraction and Expansion Reaches at a Typical Road Crossing (Dam Safety Section,
Arizona Department of Water Resources, 2002)

Referring to Figure 2, the guidance document recommends the following regarding
the outer two cross sections:

1. Section 1 should be located sufficiently downstream from the structure so that
the flow is not affected by the structure. An iterative process may be used to
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determine what is “sufficiently downstream” and a suggested starting expan-
sion ratio is 3:1 (longitudinal to lateral distance). Field studies found expansion
ratios varying from 0.5 to 4 longitudinal units for each lateral unit. The ex-
pansion distance varies depending upon the degree of constriction, the shape of
the constriction and the magnitude and velocity of the flow. If the expansion
reach requires a long distance, then intermediate cross sections should be placed
within the expansion reach in order to adequately model friction losses.

2. Section 4 of Figure 2 should be located where the flowlines are approximately
parallel and the cross section is fully effective. Because flow contractions can
occur over a shorter distance than flow expansions, a suggested starting con-
traction ratio is 1 longitudinal to 1 lateral distance.

In addition, the Arizona guidance recommends another method that also re-
quires an iteration process and again, a suggested starting contraction ratio is 1
longitudinal to 1 lateral distance (one times the average length of the side con-
striction caused by the structure abutments). Field studies found contraction
ratios varying from 0.3 to 2.5 longitudinal units for each lateral unit.

The Oregon Department of Transportation (2005) discusses the field data they require
to conduct bridge backwater analyses using a digital terrain model (DTM) for rivers
in Oregon. Figure 3 is a definitional sketch from the document that displays the
recommended boundary conditions. In the figure, b is the bridge waterway opening
width, the approach section must be located a distance of b upstream and the two
downstream cross sections must be taken at b and 3b1 Distance between sections are
measured along the channel centerline (thalweg). These values are based on channel
curves and skewness of the bridge waterway sections, variations based on skewness
and channel curves are included in the document.

13b from the bridge. The figure shows the distance as b and then an additional 2b.
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Figure 3. Boundary Conditions at a Single Opening Stream Crossing with No Skew (Oregon Depart-
ment of Transportation, 2005)

Castellarin et.al. (2009) discusses guidance on choosing a suitable set of cross sections
for the representation of the natural geometry of a river, specifically for use in Preiss-
mann Scheme 1D hydraulic models. Models of a 55 km reach of the River Po, Italy,
and a 16 km reach of the River Severn, United Kingdom were used for investigation.
From these case studies “obvious guidelines” for cross section placement are: a cross
section at the model upstream and downstream ends, cross sections at either side of
structures where an internal boundary is set, a cross section at each point of interest
and cross sections at all available stream gages and stages.

More specific guidelines are given as a distance between cross sections, ∆x, was
recommended as ∆x ≈ kB where B=bankfull topwidth of the main channel; and
k=constant (with a recommended range from 10 to 20).

Elsewhere in Castellarin et.al. (2009), a method, based on an estimate of backwater

effects for subcritical flows, suggests that ∆x < 0.2(1−F 2)D
s

≈ 0.2D/S0 when F 2 → 0
where D=bankfull depth of flow and S0= main channel slope. Beyond this length,
the backwater upstream of a control (as well as other disturbance) decays to less than
0.1 of the original value.

The authors also recommended minimum distance between cross sections is ∆x >
10d−q

S0εs
in which q=number of decimal digits of precision; d represents the digits lost
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due to cancellation of the leading digits of the stage values; S0=average surface slope;
and εs=relative error on surface slope that can be tolerated in the computation.

Wildland Hydrology Inc. (2013) discusses stream habitat measurement techniques.
Relevant to this research, a minimum longitudinal profile length guideline recom-
mended is 20 to 30 bankfull channel widths, and such a length could serve as a
reasonable guideline for evaluating the effect of a flow change.

The Nebraska Department of Roads (2015) developed guidance for hydrologic and
hydraulic analyses at Nebraska bridge sites to develop the preliminary bridge data
sheets that define bridge design parameters. Cross sections that define the 100 year
floodplain are evaluated using HEC-RAS (Hydraulic Engineering Center River Anal-
yses System). The suggested upstream floodplain cross-section is approximately one
bridge length upstream from the bridge. The minimum upstream distance recom-
mended to the upstream cross section is of 100 feet and a maximum distance of 500
feet.

The guidance further recommends that the analyst locate the downstream floodplain
cross-section approximately one-half of the floodplain width downstream from the
bridge, with a minimum distance of 300 feet and a maximum distance of 1,500 feet
for the downstream cross section.

Wide floodplains transitioning to narrow hydraulic structure openings and developed
property located within 1,500 feet upstream may warrant an additional upstream
cross section to accurately reflect changes occurring in the floodplain and to ensure
the upstream-most cross section is far enough upstream that the water surface profiles
no longer experience influences due to the hydraulic structure.

The Nebraska Department of Roads (2015) and the Dam Safety Section, Arizona
Department of Water Resources (2002) treat culverts as similar to bridges except
that culvert hydraulics equations are used to compute inlet control losses rather than
contraction coefficients. A typical box culvert road crossing is similar to a bridge in
many ways with the walls and roof of the culvert corresponding to the abutments
and low chord of the bridge, respectively. The layout of cross sections, the use of
the ineffective flow areas, the selection of loss coefficients, and most other aspects of
bridge analysis are applicable to culverts as well, with the added requirement that
culvert entrance and exit loss coefficients are computed.

3.1. Synthesis and Conclusions

Recommended distance to boundaries, not specifically stated for upstream or down-
stream, from the various sources examined include:

1. the backwater length based upon bankfull depth and mean slope (Samuels,
1989),
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2. expansion ratios using longitude and latitude (Dam Safety Section, Arizona
Department of Water Resources, 2002),

3. equations based upon bankfull surface width, bankfull depth of flow, and main
channel slope (Castellarin et.al., 2009).

Recommended distances to the boundary, specifically for the approach sections, in-
clude:

1. one culvert width (Bodhaine, 1968),

2. one opening width (Fulford, 1995; Oregon Department of Transportation, 2005),

3. 20 to 30 times the bankfull channel width (Wildland Hydrology Inc., 2013),

4. 100 feet minimum distance with a maximum distance of 500 feet (Nebraska
Department of Roads, 2015).

Recommended distance to the boundary specifically for downstream sections, in-
clude:

1. Three opening widths (Oregon Department of Transportation, 2005)

2. a minimum distance of 300 feet and a maximum distance of 1,500 feet (Nebraska
Department of Roads, 2015).

Related guidance in terms of cross section stationing is reported in Samuels (1989)
as:

1. cross sections should be 20 bankful widths apart as a first estimate,

2. cross-sections should be no more than 0.2 D
S0

apart, where D is the bankful
depth, and S0 is the channel slope,

3. cross sections should be no more than L
30

apart where Ls is the length scale of
the physically important wave.

Based upon the literature reviewed, the opening width is a characteristic dimension
that should be used to establish modeling distances. Bankful width is the other
characteristic dimension that should be used to establish modeling distances.
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4. HEC-RAS Studies

A HEC-RAS modeling study was conducted to investigate the effect of boundary lo-
cation in cases where discharge is changed. These case studies were used to evaluate
approaches identified in the literature review. In each scenario a reference channel
without a hydraulic structure was simulated, then a structure was added and com-
parisons made to this reference simulation. The discharges were varied through two
orders of magnitude.

Water depth differences exceeding 0.08 foot absolute (1 inch) was the criterion used
to determine the distances from the obstruction still had an effect on the computed
water surface. That is, the influence distance was the distance to the first cross section
from the obstruction where the difference in computed hydraulic depth was less than
0.08 feet. The influence distance may be upstream of the obstruction or downstream
(supercritical).

4.1. Modeling Design

Different models were created to analyze the longitudinal extent (river distance) of
hydraulic structure influence under different discharge conditions. Four categories of
channels were considered: (1) A straight channel with non-skew hydraulic elements,
(2) a straight channel with skewed elements, (3) a curved channel with non-skew
hydraulic elements , and (4) a curved channel with skewed elements.

Three different categories of hydraulic elements were considered: (1) None – a base
case to compare effects of structure on water surface elevation and flowpath, (2)
a bridge with two piers and an abutment, and (4) an embankment with two cul-
verts.

The hydraulic elements with non-skew are aligned with the local channel centerline
and the skewed elements are aligned at a 15o skew angle, relative to the channel
centerline.

Figure 4 is a plan view sketch of the non-skew and skew configurations used. The left
panel illustrates how bridge piers are conceptualized in HEC-RAS with and without
skew. The right panel illustrates how culvert systems are conceptualized in HEC-RAS
with and without skew.

Three different longitudinal (channel bottom) slopes were considered: dimensionless
slopes of 0.005 (0.5%), 0.01 (1%), and 0.02 (2%).

Each configuration is modeled with six different discharge rates: 15cfs, 100cfs, 150cfs,
500cfs, 1000cfs, and 1500cfs.

The approach and exit channel configurations were built in a narrow and wide con-
dition. A total of 432 simulations are represented.

14



(a) Plan and Elevation sketches of bridge hy-
draulic element. Left set of panels is the aligned
configuration. Right set of panels is the skew
configuration. The effect of the skew angle is to
make the bridge piers appear “wider” to the flow

(b) Plan and Elevation sketches of cul-
vert hydraulic element. Left set of panels
is the aligned configuration. Right set of
panels is the skew configuration. The ef-
fect of the skew angle is to make the cul-
vert pair appear to shift to one side of the
stream

Figure 4. Plan and Elevation sketches of aligned and skew elements depicting the angle relative to
channel centerline, and “hydraulic” appearance of the section as water approaches.

4.2. Narrow/Wide Straight Channel

The straight channel was modeled as 5380 ft. long, which allows ≈ 1
2

mile of channel
in each direction away from the hydraulic structure. Figure 5 is a screen capture of
the geometry interfaces for the straight channel models.

The cross-sections are longitudinally 50 ft apart except at the structure where the
program defaults determine the relative positioning of the element within the channel.
The shaded rectangle in the middle of the channel plan-view plot is the location of
the hydraulic structure (No structure; a bridge; or a culvert system). Flow is from
left to right and is indicated by the arrow on the figure; in HEC-RAS, flow is from
larger to smaller river station.

The wide channel models replicate the longitudinal geometric ratios of the narrow

15



(a) HEC-RAS Straight Channel (Narrow) plan
view geometry. The structure is located in the
middle of the figure (indicated by the grey rect-
angle). Flow in the system is from left-to-right
(from large river station value to small river sta-
tion value.)

(b) HEC-RAS Straight Channel (Wide) plan view
geometry. The structure is located in the middle
of the figure (indicated by the grey rectangle).
The channel “width” decreases in the vicinity of
the structure whose physical characteristics are
unchanged from the narrow channel models

Figure 5. Narrow and Wide, Straight Channel plan view geometry.

system, but are 3-times wider than the hydraulic structure.2 The channel width is
reduced in the hydraulic structure area to the narrow channel configuration(s) at the
hydraulic structure.

4.3. Narrow/Wide Curved Channel

Figure 6 shows the HEC-RAS geometry interface for the narrow and wide curved
channel models.

(a) HEC-RAS (Narrow) Curved Channel. (b) HEC-RAS (Wide) Curved Channel.

Figure 6. HEC-RAS Plan view of narrow and wide curved channel configurations.

2This construct is to study the effect of a wide channel being forced through a relatively narrow
section.
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The curved channel has the centerline axis matching the length of the straight chan-
nel, however the inside of the curve and the outside of the curve are shorter and
longer, respectively than the related straight channel. The radius of curvature at the
centerline is nearly 1700 feet (about 1/3 of a mile), selected to be about the curvature
on the Brazos River near Rosenberg, Texas.

In either panel (left or right) the cross-sections have variable spacing to accommo-
date the curvature of the channel. The spacing at either end of the model region
is quite small, but approaches 50 feet at the structure. Because the spacing is vari-
able (and starts small), there are almost 50-percent more cross sections in the curved
models.

4.4. Typical Cross Sections

Two categories of cross sections were used; channel and far-field, and hydraulic struc-
ture sections. The channel and far-field sections are channel cross sections that are
used both reference simulations as well as hydraulic structure simulations.

4.4.1. Channel and Far-Field Cross Sections

Figure 7 displays the two channel cross sections for the narrow (left panel) and wide
(right panel) channel models.

(a) HEC-RAS (Narrow) Channel cross-section
geometry.

(b) HEC-RAS (Wide ) Channel cross-section
geometry.

Figure 7. HEC-RAS Channel cross-section geometry. The approaching and exiting cross-sections
all have the same geometry (except elevation of channel bottom, which is adjusted to reflect different
longitudinal slope).
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The far-field section is the name used herein to indicate a cross section located away
from the hydraulic structure where the effect of the structure on the flow depth
has become negligible (hence the adjective “far”). The section geometric are all the
same so a far-field section is identical to nay channel cross section, except at the
structure.

The two panels Figure 7 are at different locations in their respective models (hence
the difference in bottom elevations), but otherwise convey the principal difference
between a narrow and wide section as used in the research.

4.4.2. Bridge Aligned and Skew Cross Sections

Figure 8 depicts the cross section for the aligned and skewed bridge piers. The figure
illustrates the increased apparent width of the bridge piers as a consequence of the
skew angle.

(a) HEC-RAS (Narrow) Bridge (in-line with flow
direction) cross-section geometry.

(b) HEC-RAS (Narrow) Bridge (15o skew an-
gle with flow direction) cross-section geometry.

Figure 8. HEC-RAS (Narrow) Channel cross-section geometry. The approaching and exiting cross-
sections all have the same geometry (except elevation of channel bottom, which is adjusted to reflect
different longitudinal slope).

In the study, the internal (to HEC-RAS) default skew settings were used after the
angle was specified.

4.4.3. Culvert Aligned and Skew Cross Sections

Figure 9 depicts the cross section for the aligned and skewed culvert section. The
figure illustrates the apparent shifting of the culverts to one side of the channel as a

18



consequence of skew angle.

(a) HEC-RAS (Narrow) Culvert (aligned
with flow direction) cross-section geometry.

(b) HEC-RAS (Narrow) Culvert (15o skew an-
gle with flow direction) cross-section geometry.

Figure 9. HEC-RAS (Narrow) Channel cross-section geometry. The approaching and exiting cross-
sections all have the same geometry (except elevation of channel bottom, which is adjusted to reflect
different longitudinal slope).

In the study, the internal (to HEC-RAS) default skew settings were used after the
angle was specified.

The wide channel cases used identical cross sections for the structures – that is the
wide channel reduces to the narrow channel configuration in the vicinity of the struc-
ture, then expands back to the wide channel after the structure.

The culvert system provides roughly 70% open area whereas the bridge system pro-
vides nearly 95% open area as compared the the open channel at 3 feet fill depth.

Remainder of this page is intentionally blank
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4.5. Modeling Results

The modeling results from the HEC-RAS simulations are presented and interpreted
in the following subsections. The results are presented for different configurations
with the bridge pier case and the culvert case for each longitudinal flow condition.
The reference case is plotted as the narrow thickness line for each condition.

The results are plots of the water depth relative to the channel bottom (depth com-
ponent of specific energy); and are plotted in this fashion to enhance comparisons
between different longitudinal slopes.

4.5.1. Narrow Straight Channel – No Skew

This subsection presents the results for the three slopes for a narrow, straight channel
with the hydraulic structures aligned with the channel centerline.

Longitudinal Slope 0.5 percent

Figure 10 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 10. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
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structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the backwater effect extends about
1000 feet upstream of the structure.

Longitudinal Slope 1.0 percent

Figure 11 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 11. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
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propagation. At the highest flow rate simulated, the backwater effect extends about
600 feet upstream of the structure.

The flow depths are smaller in comparison to the 0.5 percent slope case for otherwise
the same conditions. The smaller depths are anticipated as the greater topographic
slope increases the gravitational force component on the flow and reduces the pres-
sure force (depth in open channel flow) requirement to sustain a particular discharge
value. Furthermore, the reduced depth corresponds to greater water speeds, that in
turn reduces the backwater distance effect of the hydraulic structures.

Longitudinal Slope 2.0 percent

Figure 12 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 12. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the backwater effect extends about

22



200 feet upstream of the structure.

The flow depths are smaller in comparison to the 0.5- and 1.0- percent slope cases
for otherwise the same conditions. The smaller depths are anticipated as the greater
topographic slope increases the gravitational force component on the flow and reduces
the pressure force (depth in open channel flow) requirement to sustain a particular
discharge value. Furthermore, the reduced depth corresponds to greater water speeds,
that in turn reduces the backwater distance effect of the hydraulic structures.

4.5.2. Narrow Straight Channel – 15o Skew

This subsection presents the results for the three slopes for a narrow, straight channel
with the hydraulic structures rotated 15o relative to the channel centerline.

Longitudinal Slope 0.5 percent

Figure 13 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 13. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.
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Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the backwater effect extends nearly
1500 feet upstream of the structure, a 1.5 increase as compared the the aligned struc-
ture case for the same channel.

Longitudinal Slope 1.0 percent

Figure 14 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 14. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the backwater effect extends about
1000 feet upstream of the structure; about double of the aligned structure case for
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the same channel.

The flow depths are smaller in comparison to the 0.5 percent slope case for otherwise
the same conditions. The smaller depths are anticipated as the greater topographic
slope increases the gravitational force component on the flow and reduces the pres-
sure force (depth in open channel flow) requirement to sustain a particular discharge
value. Furthermore, the reduced depth corresponds to greater water speeds, that in
turn reduces the backwater distance effect of the hydraulic structures.

Longitudinal Slope 2.0 percent

Figure 15 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 15. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the backwater effect extends about
400 feet upstream of the structure.
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The flow depths are smaller in comparison to the 0.5- and 1.0- percent slope cases
for otherwise the same conditions. The smaller depths are anticipated as the greater
topographic slope increases the gravitational force component on the flow and reduces
the pressure force (depth in open channel flow) requirement to sustain a particular
discharge value. Furthermore, the reduced depth corresponds to greater water speeds,
that in turn reduces the backwater distance effect of the hydraulic structures.

4.5.3. Narrow Curved Channel – No Skew

This subsection presents the results for the three slopes for a narrow, straight channel
with the hydraulic structures rotated 15o relative to the channel centerline.

Longitudinal Slope 0.5 percent

Figure 16 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 16. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.
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The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the backwater effect extends nearly
1000 feet upstream of the structure, a doubling as compared the the aligned structure
case for the same channel.

Longitudinal Slope 1.0 percent

Figure 17 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 17. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the backwater effect extends about
500 feet upstream of the structure; about double of the aligned structure case for the
same channel.

The flow depths are smaller in comparison to the 0.5 percent slope case for otherwise
the same conditions. The smaller depths are anticipated as the greater topographic
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slope increases the gravitational force component on the flow and reduces the pres-
sure force (depth in open channel flow) requirement to sustain a particular discharge
value. Furthermore, the reduced depth corresponds to greater water speeds, that in
turn reduces the backwater distance effect of the hydraulic structures.

Longitudinal Slope 2.0 percent

Figure 18 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 18. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the backwater effect extends about
200 feet upstream of the structure.

The flow depths are smaller in comparison to the 0.5- and 1.0- percent slope cases
for otherwise the same conditions. The smaller depths are anticipated as the greater
topographic slope increases the gravitational force component on the flow and reduces
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the pressure force (depth in open channel flow) requirement to sustain a particular
discharge value. Furthermore, the reduced depth corresponds to greater water speeds,
that in turn reduces the backwater distance effect of the hydraulic structures.

4.5.4. Narrow Curved Channel – 15o Skew

This subsection presents the results for the three slopes for a narrow, straight channel
with the hydraulic structures rotated 15o relative to the channel centerline.

Longitudinal Slope 0.5 percent

Figure 19 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 19. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the backwater effect extends nearly
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1000 feet upstream of the structure, a doubling as compared the the aligned structure
case for the same channel.

Longitudinal Slope 1.0 percent

Figure 20 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 20. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the backwater effect extends about
600 feet upstream of the structure; about double of the aligned structure case for the
same channel.

The flow depths are smaller in comparison to the 0.5 percent slope case for otherwise
the same conditions. The smaller depths are anticipated as the greater topographic
slope increases the gravitational force component on the flow and reduces the pres-
sure force (depth in open channel flow) requirement to sustain a particular discharge
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value. Furthermore, the reduced depth corresponds to greater water speeds, that in
turn reduces the backwater distance effect of the hydraulic structures.

Longitudinal Slope 2.0 percent

Figure 21 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 21. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the backwater effect extends about
300 feet upstream of the structure.

The flow depths are smaller in comparison to the 0.5- and 1.0- percent slope cases
for otherwise the same conditions. The smaller depths are anticipated as the greater
topographic slope increases the gravitational force component on the flow and reduces
the pressure force (depth in open channel flow) requirement to sustain a particular
discharge value. Furthermore, the reduced depth corresponds to greater water speeds,
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that in turn reduces the backwater distance effect of the hydraulic structures.

4.5.5. Wide Straight Channel – No Skew

This subsection presents the results for the three slopes for a narrow, straight channel
with the hydraulic structures aligned with the channel centerline.

Longitudinal Slope 0.5 percent

Figure 22 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 22. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the backwater effect extends about
1000 feet upstream of the structure.
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Longitudinal Slope 1.0 percent

Figure 23 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 23. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the backwater effect extends about
500 feet upstream of the structure.

The flow depths are smaller in comparison to the 0.5 percent slope case for otherwise
the same conditions. The smaller depths are anticipated as the greater topographic
slope increases the gravitational force component on the flow and reduces the pressure
force (depth in open channel flow) requirement to sustain a particular discharge value.
Furthermore, the reduced depth corresponds to greater water speeds, that in turn
reduces the backwater distance effect of the hydraulic structures.
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Longitudinal Slope 2.0 percent

Figure 24 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 24. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the frontwater effect extends about
400 feet downstream of the structure. For these conditions the flow is supercriti-
cal – an unanticipated result when the simulations were created, but nevertheless
useful.

The flow depths are smaller in comparison to the 0.5- and 1.0- percent slope cases
for otherwise the same conditions. The smaller depths are anticipated as the greater
topographic slope increases the gravitational force component on the flow and reduces
the pressure force (depth in open channel flow) requirement to sustain a particular
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discharge value. Furthermore, the reduced depth corresponds to greater water speeds,
that in turn reduces the backwater distance effect of the hydraulic structures.

4.5.6. Wide Straight Channel – 15o Skew

This subsection presents the results for the three slopes for a narrow, straight channel
with the hydraulic structures rotated 15o relative to the channel centerline.

Longitudinal Slope 0.5 percent

Figure 25 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 25. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the backwater effect extends nearly
1000 feet upstream of the structure, a doubling as compared the the aligned case.
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Longitudinal Slope 1.0 percent

Figure 26 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 26. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the backwater effect extends about
500 feet upstream of the structure; about double of the aligned structure case for the
same channel.

The flow depths are smaller in comparison to the 0.5 percent slope case for otherwise
the same conditions. The smaller depths are anticipated as the greater topographic
slope increases the gravitational force component on the flow and reduces the pressure
force (depth in open channel flow) requirement to sustain a particular discharge value.
Furthermore, the reduced depth corresponds to greater water speeds, that in turn
reduces the backwater distance effect of the hydraulic structures.
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Longitudinal Slope 2.0 percent

Figure 27 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 27. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines represent
the configuration without a structure.

The plots illustrate an increasing magnitude of flow depth disturbance and the in-
creasing influence distance of the structure with increasing discharge.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the frontwater effect extends about
200 feet downstream of the structure. For these conditions the flow is supercritical,
an unanticipated result.

The flow depths are smaller in comparison to the 0.5- and 1.0- percent slope cases
for otherwise the same conditions. The smaller depths are anticipated as the greater
topographic slope increases the gravitational force component on the flow and reduces
the pressure force requirement to sustain a particular discharge value. Furthermore,
the reduced depth corresponds to greater water speeds, that in turn reduces the
backwater distance effect of the hydraulic structures.
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4.5.7. Wide Curved Channel – No Skew

This subsection presents the results for the three slopes for a narrow, straight channel
with the hydraulic structures rotated 15o relative to the channel centerline.

Longitudinal Slope 0.5 percent

Figure 28 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 28. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the backwater effect extends nearly
1000 feet upstream of the structure, a doubling as compared the the aligned structure
case for the same channel.
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Longitudinal Slope 1.0 percent

Figure 29 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 29. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the backwater effect extends about
500 feet upstream of the structure; about double of the aligned structure case for the
same channel.

The flow depths are smaller in comparison to the 0.5 percent slope case for otherwise
the same conditions. The smaller depths are anticipated as the greater topographic
slope increases the gravitational force component on the flow and reduces the pres-
sure force (depth in open channel flow) requirement to sustain a particular discharge
value. Furthermore, the reduced depth corresponds to greater water speeds, that in
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turn reduces the backwater distance effect of the hydraulic structures.

Longitudinal Slope 2.0 percent

Figure 30 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 30. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the frontwater effect extends about
200 feet downstream of the structure.

The flow depths are smaller in comparison to the 0.5- and 1.0- percent slope cases
for otherwise the same conditions. The smaller depths are anticipated as the greater
topographic slope increases the gravitational force component on the flow and reduces
the pressure force (depth in open channel flow) requirement to sustain a particular
discharge value. Furthermore, the reduced depth corresponds to greater water speeds,
that in turn reduces the backwater distance effect of the hydraulic structures.
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4.5.8. Wide Curved Channel – 15o Skew

This subsection presents the results for the three slopes for a narrow, straight channel
with the hydraulic structures rotated 15o relative to the channel centerline.

Longitudinal Slope 0.5 percent

Figure 31 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 31. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the backwater effect extends nearly
1000 feet upstream of the structure, a doubling as compared the the aligned structure
case for the same channel.
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Longitudinal Slope 1.0 percent

Figure 32 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 32. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the backwater effect extends about
500 feet upstream of the structure; about double of the aligned structure case for the
same channel.

The flow depths are smaller in comparison to the 0.5 percent slope case for otherwise
the same conditions. The smaller depths are anticipated as the greater topographic
slope increases the gravitational force component on the flow and reduces the pres-
sure force (depth in open channel flow) requirement to sustain a particular discharge
value. Furthermore, the reduced depth corresponds to greater water speeds, that in
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turn reduces the backwater distance effect of the hydraulic structures.

Longitudinal Slope 2.0 percent

Figure 33 is a plot pair of the flow depth in the channel (relative to the channel
bottom) for the bridge piers and the culvert pair, respectively. The left panel il-
lustrates the effect of the bridge piers; the right panel illustrates the effect of the
culverts.

(a) Flow Depth with Bridge Piers (b) Flow Depth with Twin Culverts
Figure 33. Flow Depths for Bridge Piers and Culvert

The plots show the different plow depth profiles increasing from 15 CFS to 1500 CFS.
The structure is located in the middle of the plots (at x = 0). Both plots show the
structure-induced behavior with comparatively thick lines. The thin lines (of the
same color as each thick line) represent the configuration without a structure.

Both plots illustrate the increasing magnitude of flow depth disturbance with increas-
ing discharge – an anticipated result. The distance upstream of the structure (region
of effect) also increases with discharge, also an anticipated impact.

The culvert system has a greater impact in both magnitude and upstream backwater
propagation. At the highest flow rate simulated, the frontwater effect extends about
200 feet downstream of the structure. For the conditions of this configuration the
flow is supercritical.

The flow depths are smaller in comparison to the 0.5- and 1.0- percent slope cases
for otherwise the same conditions. The smaller depths are anticipated as the greater
topographic slope increases the gravitational force component on the flow and reduces
the pressure force (depth in open channel flow) requirement to sustain a particular
discharge value. Furthermore, the reduced depth corresponds to greater water speeds,
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that in turn reduces the backwater distance effect of the hydraulic structures.

4.6. Interpretation and Summary

The simulations produced the following generalities:

• As longitudinal slope increases, flow depths decrease – an anticipated and intu-
itively reasonable result.

• The decreased depths will require increased velocities to convey a particular
discharge.

• As longitudinal slope increases, the magnitude of disturbance (depth at the
structure) increases.

• As longitudinal slope increases, the distance upstream/downstream3 to the
structure that the disturbance propagates decreases (based on visual inspec-
tion of the plots and a judgement of where the disturbance departs from the no
structure case to a meaningful extent).

• Structures that are skew to the channel centerline always produced greater
magnitude disturbance than the equivalent aligned cases.

• Curvature in the channel produced increased magnitudes of disturbance but
had little effect on the distance the disturbance propagated. The researchers
speculate that the curved channels have greater “storage” because the inside and
outside of the curve have different lengths and the increased storage mitigated
the distance effect observed in the straight channel cases.

Table 1 summarizes the disturbance distances for the culvert cases for the maximum
discharge (1500 CFS) for the different channel types and aligned versus skew orien-
tation. These culvert cases represent the most adverse conditions of the simulation
series.

The list of generalities as well as Table 1 and similar observations for other discharges
will be useful in developing a protocol for developing guidance that describes how
far up/downstream a hydraulic model needs to extend to be useful for rapid model
construction to assess changes in anticipated discharge.

The results fall closely with the guidelines recommended in Nebraska Department
of Roads (2015), and further suggest that a reasonably prescriptive guidance can be
created. Furthermore, the interpretation of Samuels (1989) guidance to use 20 channel
widths as spacing, seems to be also an unintentional, but reasonable disturbance
distance criterion.

3HEC-RAS applied to the wide channel configuration at largest slope predicts that the flow will
be supercritical, and the disturbance propagates downstream.
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Table 1. Disturbance (increased flow depths at structures) distance at largest flow for culvert (most
adverse) cases. Bridge piers exhibit similar behavior, but magnitude of disturbance and propagation
distance is smaller than for equivalent culvert cases.

Type: Narrow Straight Channel

Slope Aligned Skew Remarks
0.5% ≈1000 ft. ≈1500 ft. Skew increases distance about 60-200%
1.0% ≈ 600 ft. ≈1000 ft. ”
2.0% ≈ 200 ft. ≈ 400 ft. ”

Type: Narrow Curve Channel

Slope Aligned Skew Remarks
0.5% ≈1000 ft. ≈1000 ft. Curvature increases magnitude of disturbance
1.0% ≈ 500 ft. ≈ 500 ft. Upstream propagation is reduced slightly
2.0% ≈ 200 ft. ≈ 200 ft. Skew increases magnitude, but not distance

Type: Wide Straight Channel

Slope Aligned Skew Remarks
0.5% ≈1000 ft. ≈1200 ft. Skew increases propagation distance slightly
1.0% ≈ 500 ft. ≈ 600 ft. Transitional sub- to supercritcal flow
2.0% ≈ 400 ft. ≈ 400 ft. Supercritical flow – propagation downstream

Type: Wide Curved Channel

Slope Aligned Skew Remarks
0.5% ≈1000 ft. ≈1000 ft. No visible skew effect in plots
1.0% ≈ 500 ft. ≈ 500 ft. Transitional sub- to supercritcal flow
2.0% ≈ 200 ft. ≈ 200 ft. Supercritical flow – propagation downstream

5. Estimation Tool Development

An estimation tool in the form of a spreadsheet that helps hydraulic designers decide
how far upstream or downstream a hydraulic model should extend in order to capture
the effects of the water surface elevations was built. The tool uses dimensionless
representation of common hydraulic parameters to estimate the distances upstream
and downstream of the point of interest that a model should extend to capture changes
in water surface elevations from either a geometric change or a discharge change. The
modeling study generated water profiles for cases with structures (bridge piers and
culverts) that could be compared to identical channels without structures. After
considerable exploratory analysis of the results an approach was adopted to express
the estimated distance as an equation based on ratios of hydraulic variables deemed
to be obtainable in a typical situation.

The structure opening area is characterized as the total available flow area through
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the structure at some prescribed depth. In this study we selected the depth when the
culvert would submerge and based the ratios on this depth. This area is compared
to the far field flow area (a substantial distance away from the structure. The ratio
of available flow area to far field area is herein called the area ratio, and is computed
using Equation 1.

Aratio =
Aopening
Afarfield

(1)

A discharge ratio was defined in the same fashion – arbitrarily the value of 500 CFS
was used as a reference discharge in this work. A discharge ratio is defined as the
ratio of the discharge of interest to the reference discharge. The reference discharge
should be a value that is anticipated to pass through the structure relatively easily.4

The discharge ratio is computed using Equation 2.

Qratio =
Qinterest

Qreference

(2)

The longitudinal slope of the channel was expressed as the dimensionless slope (rather
than percent slope).

The structure skew relative to the channel centerline was considered a binary variable
(could take on a value of 0 or 1). Likewise whether the channel was curved or straight
was also taken as a categorical variable.

These variables were used in a regression study to find a correlation that satisfies

DIST = f(Qratio, Aratio, S0, SKEW,CRV ) (3)

The HEC-RAS results were tabulated and are displayed in Table 2.5

The tabular columns are the dimensionless slope, S0, the discharge ratio, QRATIO,
the area ratio, ARATIO, the SKEW binary variable, the curvature binary variable,
CRV , and the propagation distance in feet, DIST . The distance was selected as the
first model cross section where the structure induced depth increase reduced to less
that one inch of difference (0.08 feet). The disturbances actually propagate further,
but the researchers deemed 1 inch as a meaningful stopping change in depth.

5.1. Correlation Model Determination

The correlation models were determined by loading the tabular information in Table
2 into the R (R Core Team, 2015) analysis package and various model structures were
investigated.

4Using a discharge that is known to overtop a structure is not useful.
5The table appears at the end of the document to make the narrative contiguous.
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The provisional model is displayed in Equation 4.

LOG10(DIST ) = β0 + β1LOG10(S0) + β2LOG10(QRATIO)

+β3LOG10(ARATIO) + β4SKEW + β5CRV
(4)

Figure 34 is a screen capture of the R analysis package applied to the tabular data
in Table 2.

Figure 34. Regression results for model structure of Equation 4.

Figure 35 is a screen capture of the requisite calculations to generate the plot in
Figure 36. The model is first evaluated and produces an estimate of the logarithm of
distance; the logarithm is then evaluated to produce the estimate of distance.

Figure 36 is a plot of the estimate (horizontal axis) and the HEC-RAS values that
were used to generate the distance estimates. An equal value line is also displayed
on the figure. The provisional estimation tool underestimates when the predicted
distance is about 400 feet. The point cloud suggests curvature (the plot almost looks
like a parabola).
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Figure 35. Regression results for model structure of Equation 4.

Figure 36. Provisional rule-of-thumb estimator model using Equation 4 structure. The horizontal
axis is the model (after fitting) prediction. The vertical axis is the HEC-RAS simulation results that
were tabulated and used to build the estimator tool. The provision model displays substantial curvature
at a distance of about 400 feet.
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A quadratic adjustment to the provisional model was suggested to reduce curvature.
The structure of that correlation is given in Equation 5.

DIST = α0 + α1DISTestimate + α2(DISTestimate)
2 (5)

DISTestimate is the result of Equation 4. This second fit is arguably overfitting the
model, but produces a rule-of-thumb that does not exhibit curvature.

Figure 37 is a screen capture of this second fitting process.

Figure 37. Regression results for model structure of Equation 5, using results from Equation 4 as
predictor variables.

Figure 38 is a screen capture of the instructions to generate the plot in Figure 39.
The model is first evaluated and produces an estimate of the logarithm of distance;
the logarithm is then evaluated to produce the estimate of distance.

Figure 38. Regression results for model structure of Equation 5.
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The resulting estimate of distance from Equation 5 is herein referred to as Method
A.

Figure 39. Rule-of-thumb estimator model using Equation 5 structure (polynomial adjustment to
Equation 4). The horizontal axis is the model (after fitting) prediction. The vertical axis is the HEC-
RAS simulation results that were tabulated and used to build the estimator tool.

Several other methods were included in the estimation tool (next section) based on
the literature review.

Method B is based on Wildland Hydrology Inc. (2013). This method a guideline
of 20 to 30 bankfull channel widths. The topwidth at the structure could serve as a
reasonable surrogate for the baneful with when estimating a distance to set the model
boundary.

Method C is based on Nebraska Department of Roads (2015), and is a prescription
without regard to geometry – 100 to 500 feet approaching (upstream) and 300 to
1,500 feet departing (downstream). As a simplification, the tool uses a minimum
distance of 300 feet (upstream or downstream) and a maximum distance of 1,500 feet
(upstream or downstream) in its estimation.

Method D is based on Samuels (1989) and uses a characteristic length as L = 0.2 D
S0

apart, where D is the bankful depth, and S0 is the channel slope. A rule-of-thumb
for physical models that approximately 40 characteristic lengths are required to fully
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develop flow for an experimental model, thus the minimum distance is taken as 40×L
and the maximum distance is 1

3
of a log-cycle larger. As with Method B, the topwidth

at the structure could serve as a reasonable surrogate for the baneful with when
estimating a distance to set the model boundary.

5.2. Spreadsheet Implementation of Rule-of-Thumb Estimator

Figure 40 is the interface for BoundaryDistanceRuleOfThumb-2015.xlsm; a tool that
implements the rule-of-thumb estimate from Equation 5, as well as estimates based
on the other methods adapted from Wildland Hydrology Inc. (2013), Nebraska De-
partment of Roads (2015), Samuels (1989), and Castellarin et.al. (2009).

Figure 40. Rule-of-thumb estimator model implemented in Excel spreadsheet. The tool estimates
the distance away from a structure that the structure will influence the water surface elevation. The
distance may be either upstream (backwater), or downstream (frontwater) depending on whether flow
is sub- or super-critical.

The designer specifies a reference discharge and a test discharge that represents the
change in discharge that will approach the structure. These values are entered as
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QTEST and QREF . The spreadsheet computes the flow ratio QTEST

QREF
, and reports the

value in the intermediate results portion of the interface.

The designer would next supply the open area of flow at the structure (e.g. the
culvert open area when the water is at the soffit elevation) and the far-field flow
area based on channel geometry for the same depth away from the structure. These
values are entered as AOPENING and AFAR−FIELD. The spreadsheet computes the
area ratio AOPENING

AFAR−FIELD
, and reports the value in the intermediate results portion of

the interface.

The designer then supplies the dimensionless slope in the vicinity of the structure.
This value is entered as SLOPE. The structure skew is a categorical variable and is
selected in a pull-down-list in the spreadsheet. The channel curvature is also treated
as categorical and is selected in a pull-down list.

Once these selections are completed, the spreadsheet implements Equations 4 and
5 using a VBA MACRO function depicted in Figure41. The MACRO function was
used because the tool will be easier to understand and maintain.6

Figure 41. Source Code for MACRO function in BoundaryDistanceRuleOfThumb-2015.xlsm.

6. Conclusions and Recommendations

The estimation tool provides a mechanism to estimate the distance from a structure
that the impact from a change in flow attenuates. If there is a flow change contribution

6The code clearly implements the two equations in the memorandum, and is easier to understand
than the equivalent computations imbedded into a worksheet.
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within that distance, then hydraulic modeling would be suggested to approximate the
change in water surface elevation near the structure. If the flow change contribution
or multiple structures falls outside this distance, and the designer is confident the
structure will pass the changed discharge, then the slope-area method would be a
reasonable substitute (at or beyond the boundary distance) to estimate the water
surface elevation changes induced by the change in flow. Similarly, if other structures
exist within the estimated disturbance distance, then they too need to be included
in a hydraulic model – the tool would then be re-applied at the adjacent structure to
determine its influence distance(s). When a distance is found without any structures,
then the modeler would have a location for applying boundary conditions thereby
limiting the spatial extend of the model.

The rule-of-thumb would follow the following guidelines:

1. Estimate the approach flow far-field depth and far-field flow area of a reference
discharge; enter these values into the tool.

2. Estimate the approach flow structure depth and flow area (that is the flow depth
and area through the hydraulic structure); enter these values into the tool.

3. Estimate the approach flow far-field width (or bankfull width); enter this value
into the tool.

4. Estimate the approach flow structure width; enter this value into the tool.

5. Estimate the channel slope; enter this value into the tool.

6. The tool will return four distance estimates:

(a) An estimate based on the modeling study in this document (Method A);

(b) An estimate based on Wildland Hydrology Inc. (2013) (Method B);

(c) An estimate based on Nebraska Department of Roads (2015) (Method C);
and

(d) An estimate based on Samuels (1989), Castellarin et.al. (2009), and a rule-
of-thumb for physical models that approximately 40 characteristic lengths
are required to fully develop flow for an experimental model (Method D).

7. If the flow addition or change occurs within the smallest distances supplied by
the estimation tool, then a hydraulic model of the structure and surrounding
stream is indicated.

8. If the flow addition or change occurs beyond the largest distances supplied
by the estimation tool, then simplified hydraulics, if otherwise applicable, is
sufficient.
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6.1. Suggested Additional Work

The research herein supports the literature guidelines – the range of influence is similar
to that which the literature suggests. An estimation tool was built, but the estimation
tool is based on only a few hundred simulations. A more extensive study would be
beneficial in the future that should consider a broader range of flow ratios and area
ratios. Furthermore, more skew angles should be examined as a way to extend that
variable from a categorical variable to an actual metric; that same reasoning applies
to channel curvature.
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Table 2. HEC-RAS inferred values from modeling study

S0 QRATIO ARATIO SKEW CRV DIST
0.005 0.03 0.95 0 0 50.00
0.005 0.2 0.95 0 0 90.00
0.005 0.3 0.95 0 0 90.00
0.005 1 0.95 0 0 190.00
0.005 2 0.95 0 0 290.00
0.005 3 0.95 0 0 290.00
0.01 0.03 0.95 0 0 140.00
0.01 0.2 0.95 0 0 140.00
0.01 0.3 0.95 0 0 50.00
0.01 1 0.95 0 0 140.00
0.01 2 0.95 0 0 190.00
0.01 3 0.95 0 0 240.00
0.02 0.03 0.95 0 0 140.00
0.02 0.2 0.95 0 0 140.00
0.02 0.3 0.95 0 0 340.00
0.02 1 0.95 0 0 90.00
0.02 2 0.95 0 0 140.00
0.02 3 0.95 0 0 140.00
0.005 0.03 0.7 0 0 90.00
0.005 0.2 0.7 0 0 190.00
0.005 0.3 0.7 0 0 190.00
0.005 1 0.7 0 0 390.00
0.005 2 0.7 0 0 690.00
0.005 3 0.7 0 0 90.00
0.01 0.03 0.7 0 0 140.00
0.01 0.2 0.7 0 0 140.00
0.01 0.3 0.7 0 0 190.00
0.01 1 0.7 0 0 240.00
0.01 2 0.7 0 0 340.00
0.01 3 0.7 0 0 490.00
0.02 0.03 0.7 0 0 190.00
0.02 0.2 0.7 0 0 240.00
0.02 0.3 0.7 0 0 440.00
0.02 1 0.7 0 0 140.00
0.02 2 0.7 0 0 190.00
0.02 3 0.7 0 0 190.00
0.005 0.03 0.95 1 0 140.00
0.005 0.2 0.95 1 0 190.00
0.005 0.3 0.95 1 0 240.00
0.005 1 0.95 1 0 440.00
Continued on next page
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Table 2. HEC-RAS inferred values from modeling study — Continued

S0 QRATIO ARATIO SKEW CRV DIST
0.005 2 0.95 1 0 790.00
0.005 3 0.95 1 0 840.00
0.01 0.03 0.95 1 0 140.00
0.01 0.2 0.95 1 0 190.00
0.01 0.3 0.95 1 0 190.00
0.01 1 0.95 1 0 240.00
0.01 2 0.95 1 0 340.00
0.01 3 0.95 1 0 390.00
0.02 0.03 0.95 1 0 140.00
0.02 0.2 0.95 1 0 140.00
0.02 0.3 0.95 1 0 140.00
0.02 1 0.95 1 0 140.00
0.02 2 0.95 1 0 190.00
0.02 3 0.95 1 0 190.00
0.005 0.03 0.7 1 0 140.00
0.005 0.2 0.7 1 0 190.00
0.005 0.3 0.7 1 0 240.00
0.005 1 0.7 1 0 540.00
0.005 2 0.7 1 0 1040.00
0.005 3 0.7 1 0 1090.00
0.01 0.03 0.7 1 0 140.00
0.01 0.2 0.7 1 0 190.00
0.01 0.3 0.7 1 0 240.00
0.01 1 0.7 1 0 290.00
0.01 2 0.7 1 0 440.00
0.01 3 0.7 1 0 590.00
0.02 0.03 0.7 1 0 140.00
0.02 0.2 0.7 1 0 140.00
0.02 0.3 0.7 1 0 140.00
0.02 1 0.7 1 0 190.00
0.02 2 0.7 1 0 240.00
0.02 3 0.7 1 0 290.00
0.005 0.03 0.95 0 1 59.28
0.005 0.2 0.95 0 1 110.38
0.005 0.3 0.95 0 1 110.38
0.005 1 0.95 0 1 161.47
0.005 2 0.95 0 1 263.67
0.005 3 0.95 0 1 263.67
0.01 0.03 0.95 0 1 161.47
0.01 0.2 0.95 0 1 161.47
0.01 0.3 0.95 0 1 161.47
Continued on next page
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Table 2. HEC-RAS inferred values from modeling study — Continued

S0 QRATIO ARATIO SKEW CRV DIST
0.01 1 0.95 0 1 161.47
0.01 2 0.95 0 1 212.57
0.01 3 0.95 0 1 263.67
0.02 0.03 0.95 0 1 110.38
0.02 0.2 0.95 0 1 161.47
0.02 0.3 0.95 0 1 161.47
0.02 1 0.95 0 1 110.38
0.02 2 0.95 0 1 110.38
0.02 3 0.95 0 1 110.38
0.005 0.03 0.7 0 1 50.00
0.005 0.2 0.7 0 1 110.38
0.005 0.3 0.7 0 1 161.47
0.005 1 0.7 0 1 373.61
0.005 2 0.7 0 1 682.03
0.005 3 0.7 0 1 731.44
0.01 0.03 0.7 0 1 59.28
0.01 0.2 0.7 0 1 161.47
0.01 0.3 0.7 0 1 110.38
0.01 1 0.7 0 1 212.57
0.01 2 0.7 0 1 323.22
0.01 3 0.7 0 1 424.00
0.02 0.03 0.7 0 1 110.38
0.02 0.2 0.7 0 1 161.47
0.02 0.3 0.7 0 1 161.47
0.02 1 0.7 0 1 161.47
0.02 2 0.7 0 1 161.47
0.02 3 0.7 0 1 212.57
0.005 0.03 0.95 1 1 59.28
0.005 0.2 0.95 1 1 161.47
0.005 0.3 0.95 1 1 161.47
0.005 1 0.95 1 1 373.61
0.005 2 0.95 1 1 632.61
0.005 3 0.95 1 1 583.19
0.01 0.03 0.95 1 1 59.28
0.01 0.2 0.95 1 1 161.47
0.01 0.3 0.95 1 1 110.38
0.01 1 0.95 1 1 212.57
0.01 2 0.95 1 1 323.22
0.01 3 0.95 1 1 373.61
0.02 0.03 0.95 1 1 110.38
0.02 0.2 0.95 1 1 161.47
Continued on next page
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Table 2. HEC-RAS inferred values from modeling study — Continued

S0 QRATIO ARATIO SKEW CRV DIST
0.02 0.3 0.95 1 1 161.47
0.02 1 0.95 1 1 161.47
0.02 2 0.95 1 1 161.47
0.02 3 0.95 1 1 161.47
0.005 0.03 0.7 1 1 161.47
0.005 0.2 0.7 1 1 161.47
0.005 0.3 0.7 1 1 212.57
0.005 1 0.7 1 1 474.40
0.005 2 0.7 1 1 885.51
0.005 3 0.7 1 1 981.45
0.01 0.03 0.7 1 1 59.28
0.01 0.2 0.7 1 1 110.38
0.01 0.3 0.7 1 1 212.57
0.01 1 0.7 1 1 263.67
0.01 2 0.7 1 1 424.00
0.01 3 0.7 1 1 533.77
0.02 0.03 0.7 1 1 110.38
0.02 0.2 0.7 1 1 161.47
0.02 0.3 0.7 1 1 161.47
0.02 1 0.7 1 1 161.47
0.02 2 0.7 1 1 212.57
0.02 3 0.7 1 1 263.67
0.005 0.03 0.98 0 0 89.93
0.005 0.2 0.98 0 0 139.93
0.005 0.3 0.98 0 0 189.93
0.005 1 0.98 0 0 339.93
0.005 2 0.98 0 0 489.94
0.005 3 0.98 0 0 589.94
0.01 0.03 0.98 0 0 140.00
0.01 0.2 0.98 0 0 190.00
0.01 0.3 0.98 0 0 190.00
0.01 1 0.98 0 0 240.00
0.01 2 0.98 0 0 240.00
0.01 3 0.98 0 0 290.00
0.02 0.03 0.98 0 0 100.00
0.02 0.2 0.98 0 0 200.00
0.02 0.3 0.98 0 0 250.00
0.02 1 0.98 0 0 300.00
0.02 2 0.98 0 0 350.00
0.02 3 0.98 0 0 400.00
0.005 0.03 0.23 0 0 100.01
Continued on next page
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Table 2. HEC-RAS inferred values from modeling study — Continued

S0 QRATIO ARATIO SKEW CRV DIST
0.005 0.2 0.23 0 0 189.93
0.005 0.3 0.23 0 0 239.93
0.005 1 0.23 0 0 439.94
0.005 2 0.23 0 0 739.94
0.005 3 0.23 0 0 939.95
0.01 0.03 0.23 0 0 140.00
0.01 0.2 0.23 0 0 190.00
0.01 0.3 0.23 0 0 190.00
0.01 1 0.23 0 0 240.00
0.01 2 0.23 0 0 390.00
0.01 3 0.23 0 0 490.00
0.02 0.03 0.23 0 0 150.00
0.02 0.2 0.23 0 0 200.00
0.02 0.3 0.23 0 0 250.00
0.02 1 0.23 0 0 300.00
0.02 2 0.23 0 0 350.00
0.02 3 0.23 0 0 400.00
0.005 0.03 0.98 1 0 50.00
0.005 0.2 0.98 1 0 100.01
0.005 0.3 0.98 1 0 189.00
0.005 1 0.98 1 0 439.94
0.005 2 0.98 1 0 639.94
0.005 3 0.98 1 0 789.94
0.01 0.03 0.98 1 0 140.00
0.01 0.2 0.98 1 0 190.00
0.01 0.3 0.98 1 0 190.00
0.01 1 0.98 1 0 240.00
0.01 2 0.98 1 0 340.00
0.01 3 0.98 1 0 390.00
0.02 0.03 0.98 1 0 100.00
0.02 0.2 0.98 1 0 200.00
0.02 0.3 0.98 1 0 250.00
0.02 1 0.98 1 0 300.00
0.02 2 0.98 1 0 350.00
0.02 3 0.98 1 0 400.00
0.005 0.03 0.23 1 0 50.00
0.005 0.2 0.23 1 0 100.01
0.005 0.3 0.23 1 0 289.00
0.005 1 0.23 1 0 607.94
0.005 2 0.23 1 0 889.95
0.005 3 0.23 1 0 1039.95
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Table 2. HEC-RAS inferred values from modeling study — Continued

S0 QRATIO ARATIO SKEW CRV DIST
0.01 0.03 0.23 1 0 140.00
0.01 0.2 0.23 1 0 190.00
0.01 0.3 0.23 1 0 240.00
0.01 1 0.23 1 0 290.00
0.01 2 0.23 1 0 440.00
0.01 3 0.23 1 0 540.00
0.02 0.03 0.23 1 0 150.00
0.02 0.2 0.23 1 0 200.00
0.02 0.3 0.23 1 0 250.00
0.02 1 0.23 1 0 300.00
0.02 2 0.23 1 0 350.00
0.02 3 0.23 1 0 400.00
0.005 0.03 0.98 0 1 100.00
0.005 0.2 0.98 0 1 160.00
0.005 0.3 0.98 0 1 212.22
0.005 1 0.98 0 1 323.22
0.005 2 0.98 0 1 474.40
0.005 3 0.98 0 1 583.19
0.01 0.03 0.98 0 1 100.00
0.01 0.2 0.98 0 1 109.35
0.01 0.3 0.98 0 1 212.22
0.01 1 0.98 0 1 263.67
0.01 2 0.98 0 1 263.67
0.01 3 0.98 0 1 323.22
0.02 0.03 0.98 0 1 100.00
0.02 0.2 0.98 0 1 152.00
0.02 0.3 0.98 0 1 100.00
0.02 1 0.98 0 1 160.79
0.02 2 0.98 0 1 160.79
0.02 3 0.98 0 1 212.22
0.005 0.03 0.23 0 1 109.35
0.005 0.2 0.23 0 1 160.79
0.005 0.3 0.23 0 1 212.22
0.005 1 0.23 0 1 424.00
0.005 2 0.23 0 1 682.03
0.005 3 0.23 0 1 885.51
0.01 0.03 0.23 0 1 100.00
0.01 0.2 0.23 0 1 109.35
0.01 0.3 0.23 0 1 160.79
0.01 1 0.23 0 1 263.67
0.01 2 0.23 0 1 373.61
Continued on next page
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Table 2. HEC-RAS inferred values from modeling study — Continued

S0 QRATIO ARATIO SKEW CRV DIST
0.01 3 0.23 0 1 474.40
0.02 0.03 0.23 0 1 100.00
0.02 0.2 0.23 0 1 109.00
0.02 0.3 0.23 0 1 100.00
0.02 1 0.23 0 1 160.79
0.02 2 0.23 0 1 212.22
0.02 3 0.23 0 1 263.67
0.005 0.03 0.98 1 1 100.00
0.005 0.2 0.98 1 1 160.79
0.005 0.3 0.98 1 1 212.22
0.005 1 0.98 1 1 424.00
0.005 2 0.98 1 1 632.61
0.005 3 0.98 1 1 731.44
0.01 0.03 0.98 1 1 100.00
0.01 0.2 0.98 1 1 109.35
0.01 0.3 0.98 1 1 160.79
0.01 1 0.98 1 1 263.67
0.01 2 0.98 1 1 323.22
0.01 3 0.98 1 1 424.00
0.02 0.03 0.98 1 1 100.00
0.02 0.2 0.98 1 1 100.00
0.02 0.3 0.98 1 1 100.00
0.02 1 0.98 1 1 160.00
0.02 2 0.98 1 1 212.22
0.02 3 0.98 1 1 212.22
0.005 0.03 0.23 1 1 100.00
0.005 0.2 0.23 1 1 212.22
0.005 0.3 0.23 1 1 263.67
0.005 1 0.23 1 1 583.19
0.005 2 0.23 1 1 885.51
0.005 3 0.23 1 1 1029.42
0.01 0.03 0.23 1 1 100.00
0.01 0.2 0.23 1 1 160.79
0.01 0.3 0.23 1 1 160.79
0.01 1 0.23 1 1 323.22
0.01 2 0.23 1 1 474.40
0.01 3 0.23 1 1 524.79
0.02 0.03 0.23 1 1 100.00
0.02 0.2 0.23 1 1 100.00
0.02 0.3 0.23 1 1 109.35
0.02 1 0.23 1 1 212.22
Continued on next page
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Table 2. HEC-RAS inferred values from modeling study — Continued

S0 QRATIO ARATIO SKEW CRV DIST
0.02 2 0.23 1 1 263.67
0.02 3 0.23 1 1 323.22
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