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University of Washington

Abstract

Applying Mobile Boundary Water Surface Profile Models
To Coarse-Bedded Bridge Crossings

Mark Clayton Browning

Chairperson of the Supervisory Committee:
Research Scientist, Affiliate Assistant Professor
Catherine M. Petroff
Department of Civil and Environmental Engineering

This thesis presents general processes for applying mobile boundary models at
coarse-bedded bridge crossings. To develop these processes, the research uses a series of
case studies involving highway bridges that span coarse-bedded rivers (gravel, cobble beds).
From the case studies, the thesis presents seven tables and charts describing the overall
processes and criteria for applying mobile boundary models at coarse-bedded bridge
crossings. These include the preferred physical attributes for using a mobile boundary model
at a bridge site, the required fixed boundary analysis, an evaluation of the dominating
morphological feature at the crossing (e.g., bridge opening), a mobile boundary model cost
analysis, and the requirements for performing a mobile boundary analysis. The presented
mobile boundary analysis also includes recommended values for various operational
parameters. These parameters include time step, active layer thickness, sediment transport
equation, and stream bed gradation.

The research shows that mobile boundary models will produce lower bridge
backwater elevations (water surface profiles) than those that fixed boundary models produce.
This occurs when the bridge opening dominates the hydraulics at the crossing. To test for
bridge dominance, the Froude value, F,, upstream of the bridge site should not exceed the



Froude value, F,, at the bridge site.

The research also shows that values of hydraulic parameters (e.g., bridge scour) from
fixed boundary models are useful in obtaining a broad estimate of the reduction in backwater
that a mobile boundary model might produce. The statistical relationship between fixed
boundary hydraulic values and mobile boundary backwater elevations, however, is weak.
This relationship, nevertheless, is qualitatively strong enough to indicate when to use a
mobile boundary model.

Finally, the research uses additional selected case studies to evaluate the water surface
profile accuracy of mobile boundary models versus fixed boundary models. These case
studies show that the mobile boundary model will produce a more accurate water surface
profile than a fixed boundary model. However, in some instances the added accuracy of a
mobile model may not produce backwater curves with more practical use than a fixed model
in the hydraulic design of a bridge.
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CHAPTER 1: INTRODUCTION

1.1 Background

Engineers use water surface profiles to set bridge elevations and lengths, determine
roadway profiles, evaluate regulatory limits (i.e., ordinary high water, increases in flood
elevations), and predict environmental impacts related to human activities (USACE, 1986;
AASHTO, 1999). They also use the water surface profile information to compute bridge
scour, road bank stability, and develop stream rehabilitation measures (FHWA, 1995).
Water surface profile analysis provides the expected water surface elevations, depths,
velocities, and other hydraulic parameters used in hydraulic engineering design.

Hydraulic engineers often use fixed boundary models for computing water surface
profiles. These models compute the profile of a flood wave as it passes adjacent to a road
or through a bridge opening. The model assumes that no changes occur to the boundaries
(i.e., stream bed, side slopes) (AASHTO, 1999).

An alternate model is a mobile boundary model (Molinas, 1994). This type of model
allows for adjustments to flow boundaries as the flood wave passes through the study area.
The model simulates the scour and deposition processes that occur during a flood event.
Because this model type generally requires more input data and a higher level of analytical
skills, hydraulic engineers have not commonly used it for analyzing river systems. In certain
instances, the mobile model may compute significantly different water surface elevations
compared to the fixed model (Molinas, 1998).

1.2 Research Objectives

This thesis starts with the underlying assumption that mobile boundary models will
provide a more accurate water surface profile than a fixed or rigid boundary model. Another
assumption associates a more accurate profile with a more efficient and cost-effective
hydraulic design. To test these assumptions, the following research focuses on the hydraulic
design of highway bridges that span coarse-bedded streams (gravel, cobble beds).
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Given the above, the following research has four primary objectives. First, the
research tests the idea that mobile boundary models will produce lower water surface
elevations upstream from a bridge (bridge backwater elevations) as compared to the fixed
boundary model if the bridge dominates the local hydraulic and morphologic characteristics.
Itis assumed that amobile model that produces lower bridge backwater elevations compared
to a fixed model will allow for a more cost-effective bridge design.

Second, the research tests the assumption that certain fixed boundary, hydraulic
parameters can be used to estimate the mobile bridge backwater elevations. The engineer
could possibly predict the reduction in bridge backwater elevations for the mobile boundary
conditions without having to use the mobile boundary model. This approach is similar to
using fixed boundary hydraulic parameters to predict scour at bridge crossings. Assuming
a reasonable accuracy in the predicted backwater reductions, the engineer could produce
more cost-effective bridge designs while minimizing hydraulic modeling time and costs.

Third, the thesis presents a cost-based method for when and how to use a mobile
model at coarse-bedded bridge crossings. Although mobile models may produce more
accurate profiles, it may not always be cost-effective to employ these models in the hydraulic
design of bridges. Furthermore, how the engineer uses these models could affect the bridge
backwater elevations and, thus, the hydraulic bridge design.

Fourth, the research evaluates the assumption that mobile boundary models will
produce more accurate water surface profiles than fixed boundary models. While the mobile
model may consistently produce lower bridge backwater elevations compared to the fixed
boundary model, this does not necessarily translate into a more accurate water surface
profile. The presented research, thus, closes with a comparison of the computed fixed and
mobile boundary water surface profiles to field-verified water surface profiles.

Collectively, the presented thesis based upon the above research objectives should
lead to more cost-effective highway bridge designs.

1.3 Research Scope
To meet the defined objectives, the research uses a series of case studies. Including



3

this introductory chapter, this research thesis consists of seven chapters that discuss and
apply the findings from the studied cases. The following briefly summarizes the content of
each thesis chapter.

Chapter 1 discusses the research background, objectives, and scope. It also presents
the research methods, limits of the proposed research methods, and compares the proposed
research with past research as it relates to mobile boundary models. Overall, Chapter 1
provides a summary of the objectives, methods, and limits of the proposed research and its
potential findings.

Chapter 2 provides the research information applied in the thesis development. This
information includes the general selection criteria and attributes for the case studies. Italso
includes data requirements, computer model descriptions and differences, stream types, and
hydraulic/sediment variables.

Chapter 3 presents the five case studies used in the research. The case studies cover
four stream systems located in California, Washington and Wyoming. For each case, the
chapter presents the hydraulic, sediment, and bridge design information unique to each study
location and stream system. This chapter contains the core information for testing and
meeting the defined research objectives.

Chapter 4 provides a sensitivity analysis of the input variables used in the Chapter
3 case studies. The sensitivity analysis tests both physical and operational variables. This
chapter also tests for statistical relationships between various hydraulic/sediment variables
and bridge backwater values. This section primarily focuses on the assumption that a certain
combination of fixed boundary hydraulic values will provide a reasonable estimate of actual
mobile-bed, bridge backwater values.

Chapter 5 provides a method for applying mobile boundary models at bridge
crossings. Using the case studies from Chapter 3, this chapter discusses when and how to
apply mobile models. The chapter presents a cost-based approach to applying these models.
Using information from the literature and the sensitivity analysis from Chapter 4, it also
provides guidance for selecting the physical and operational parameters used in mobile
models.
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Chapter 6 presents two test cases for the findings presented in the previous chapters.
Using the Cispus River in Washington and the Snake River in Idaho, this chapter compares
the modeled results of the fixed and mobile models to actual 100-year flood elevations at a
coarse-bedded bridge crossing. For the given research constraints and assumptions, it
provides a test of the underlying assumption that mobile models will provide more accurate
bridge backwater elevations than fixed boundary models. It also quantifies the extent of
those differences.

Chapter 7 summarizes the research findings from the previous chapters. It also
discusses research goals not met and further data needs for improving the results. The
chapter furthermore discusses the limitations of this type of research.

1.4 Research Methods

Using the collected data and computer models discussed in Chapter 2, Chapter 3
presents five cases that consist of developing water surface profiles for a variety of bridge
lengths. The bridge length represents the allowed stream width of the bridge opening. Each
case typically analyzes the water surface profiles for six to seven bridge lengths. The
research for each study area contains the following two steps:

First, the analysis consists of developing fixed boundary water surface profiles for
each bridge length. The study uses the Federal Highway Administration's (FHWA) computer
model BRI-STARS (Molinas, 1994). For this part, the model needs stream cross-sections,
flood peak data (i.e., 100-year event), and boundary roughness values. Asacomparison, the
research also uses US Army Corps of Engineers' (USACE) computer models HEC-2
(USACE, 1990) and HEC-RAS (USACE, 1998) to develop fixed boundary profiles.

Second, each case consists of developing a mobile boundary water surface profile for
each bridge length. Again, each case uses the computer model BRI-STARS. For this part,
the model uses the data from the fixed boundary model plus the complete flood hydrograph
and sediment data. The sediment data uses a field-collected particle size distribution and an
assumed active layer thickness.

For the bridge hydraulics, each case uses the methods presented in FHWA's
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"Hydraulics of Bridge Waterways" (Bradley, 1978). The BRI-STARS model accommodates
the bridge losses computed from the methods presented in this publication. The expected
bridge losses mainly derive from the constriction that the bridge opening imposes upon the
natural stream geometry.

After completing the mobile/fixed profiles for all five cases, the research includes a
sensitivity analysis for selected physical and operational parameters. The physical
parameters include active layer thickness and sediment size distribution. The operational
factors include the selection of sediment transport equations and time-step intervals. Active
layer thickness, sediment size distribution, sediment transport equations, and time-step
intervals represent parameters that only apply to the mobile models.

The sensitivity analysis measures the relative change in the mobile backwater value
relative to the change of each individual variable. For example, increasing the active layer
thickness by 100% could result in a decrease of the mobile backwater value of 25%. For the
active layer thickness, the relative response becomes 0.25 (relative change in mobile
backwater times the inverse of the relative change in the isolated variable). This approach
assumes that all other variables remain constant (Bierman, Bonini, and Hausman, 1986).

The research also includes a statistical analysis (i.e., statistical regression) between
various hydraulic/sediment variables (independent) and bridge backwater values (dependent).
For each case, the analysis consists of selecting the hydraulic properties and related groups
(dimensionless groups) for comparison to the mobile/fixed backwater values (Fischer, List,
Koh, Imberger, and Brooks, 1979). As stated in Section 2.3, the research assumes that the
fluid and sediment traits remain fairly constant within the study area. This leaves the
hydraulic properties and related dimensionless groups as the main variables for analyzing the
differences in the mobile/fixed backwater profiles. Most sediment transport methods use
some combination of flow depth, velocity, hydraulic radius, energy slope and/or discharge
to compute the rate of sediment transport (i.e., volume per unit time). Typical groups include
such values as unit stream power (velocity times slope), shear stress (specific weight times
hydraulic radius times slope), and stream power (shear stress times velocity).

Each selected bridge length exerts some influence on the hydraulic traits as the flood
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wave passes through the study reach. For example, a selected bridge length may cause
slower velocities and increased flow depths upstream of the bridge site compared to higher
velocities and shallower depths through the bridge opening itself. The relative changes in
hydraulic properties will ultimately cause changes in the stream bed boundary of the study
reach. This should then lead to differences in the computed backwater values for mobile
versus fixed boundary models.

The analysis for each study site should expose those hydraulic variables and groups
having the strongest correlation and the most sensitivity relative to the mobile/fixed
backwater values. While this approach may not lead to an exhaustive evaluation of all
possible hydraulic properties, it should render an analysis of those properties and groups
most commonly used in the development of bridge water surface profiles.

Using the sensitivity analysis and statistical relationships discussed in Chapter 4,
Chapter 5 presents a comprehensive method for selecting when and how to use the mobile
boundary model at coarse-bedded bridge crossings. This approach includes a cost analysis
to determine the economic viability of employing a mobile boundary model at a bridge site.

For example, the mobile model generally requires more time and information to
compute the bridge backwater curve than that required for the fixed boundary model. For
the additional time and information, the mobile model should produce a more accurate
profile than the typical fixed boundary profile. This in turn should produce a more cost
effective design (i.e., shorter bridge length). The mobile model should produce an expected
savings in bridge costs exceeding the additional model costs. If'this is the case, then the user
employs the mobile model in the hydraulic analysis of the bridge crossing. The savings in
bridge costs normally includes the initial capital costs (i.e., bridge construction) and the
associated economic risks (i.e., bridge maintenance).

Chapter 6 presents two test cases to compare the accuracy of the mobile model profile
to the fixed model profile. The procedure is similar to that used for the first five cases. In
addition to the usual field-collected data, each case also uses surveyed, high water marks
from a 1996 flood. The test cases compare the high water marks to the computed profiles
using BRI-STARS (fixed and mobile), HEC-RAS (fixed), HEC-6 (fixed and mobile)



(USACE, 1993), and FESWMS (2-D fixed) (FHWA, 1989).

1.5 Limits of Proposed Research Methods

The research presented in the following chapters does have limits related to the above
research objectives. These limits come mainly in the form of water surface profile accuracy
and verification (see section 2.6) and using a case approach to test some of the proposed

research assumptions. The following discusses each of those research limitations.

1.5.1 Water Surface Profile Accuracy and Verification

Water surface profile accuracy derives from technique applicability and
computational and data estimation errors (USACE, 1986). Each aspect of developing a water
surface profile (i.e., data collection, parameter estimation, calibration of results) normally lies
in the subjective experience of the modeler. There is generally limited field data for
calibrating the accuracy of these models.

For example, there are rarely accurate field-based, high water marks in the desired
profile location that the modeler can calibrate to a given design flood (AASHTO, 1999).
Instead, the collected field data is typically the very same data that the model uses to produce
a profile (i.e., topographic data, sediment samples). The engineer “calibrates” the selected
model through dimensional adjustments of simplified geometric elements and empirical
hydraulic coefficients so that modeled flow events approximate those occurring in nature
(Cunge, Holly, and Verwey, 1980). Actual comparisons between the computed profile and
those occurring in nature are normally based upon visual observations. These observations
rely heavily upon such physical features as limited and approximate high water marks,
changes in stream side vegetation, stream bed deposits, and variations in the stream
morphology.

For the above reasons, much of the presented research in this thesis focuses on the
modeling differences and profile results between mobile and fixed boundary models.
Despite the subjectiveness of the model analysis, the modeler does have numerous
references to supplement his or her past engineering experience. The FHWA, the US Army



Corps of Engineers (USACE), the US Geological Survey (USGS), and many state and local
government agencies provide considerable literature on computer modeling of water surface
profiles (i.e., AASHTO, 1999; USACE, 1998; FHWA, 1995; Molinas, 1996). Assuming
proper use of the referenced materials, a modeler should be able to produce a modeled water
surface profile resembling that found in nature at a bridge crossing.

1.5.2 The Case Approach

As discussed above, the proposed research relies heavily on a few selected case
studies. The research, thus, uses carefully selected cases that collectively provide a broad
range of hydraulic, hydrologic, morphologic, and sediment-based stream conditions. Section
2.2 presents the case attributes and a brief justification for the importance of each attribute
in the selected cases. Chapters 3 and 6 also present the general reasons for selecting the
specific cases and their associated bridge lengths.

Although the research employs great care in selecting the cases, the limited number
of cases does potentially constrain the findings from the studies. There are numerous classes
of streams that bridges may cross (Rosgen, 1996). Limiting the case studies to coarse beds
(gravel, cobble) with the attributes described in Chapter 2 eliminates several stream types.
The small number of cases analyzed in this thesis, also, limits the data for testing the selected
research objectives (i.e., estimating mobile backwater values from fixed boundary
parameters). Similar to the water surface profile analysis, there is, furthermore, a certain
amount of subjectiveness to the case selection and the use of the cases in the proposed
research objectives.

The coarse bed limitation and the proposed research attributes used in selecting the
specific cases are, nevertheless, not so restrictive as to trivialize the findings and conclusions
presented in this thesis. Coarse bed streams generally exist in steep terrain throughout the
United States and the world (Jarrett, 1990; Habibi, 1994; Haschenburger, 1994). The
hydraulic, hydrologic, morphologic, and sediment traits found in Chapter 2 represent a broad
range of stream conditions (Rosgen, 1996). The presented stream conditions have attributes
typical in the application of both fixed and mobile boundary computer models. Similar to
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the water surface profile applications, the research relies heavily on the referenced materials
to reduce the subjectiveness of the case approach (i.e., Molinas, 2000; USACE, 1998;
USACE, 1993).

1.6 Past Research Versus the Proposed Research

Historically, engineers have used mobile or sediment-based models for such
applications as assessing sedimentation of reservoir systems, the impacts of gravel operations
on natural river systems, and dredging plans for navigational purposes (Molinas, 2000;
USACE, 1993). There is documentation on the potential influences of sedimentation
processes at bridge crossings (FHWA, 1995; Mansfield, 1988; FHWA 1990). There is,
however, very little in the literature assessing these processes or on applying mobile/sediment
models at such crossings.

1.6.1 Past Studies

Most studies have focused on water surface profile errors for fixed boundary model
systems. Forexample, the USACE (1986) evaluated model input errors and their effect upon
the modeled water surface profile generated with the computer program HEC-2. The input
parameters included such items as survey data and methods, Manning’s roughness, and
computational steps. In a different study, the USACE (1998) compared water profile
differences between HEC-2 and the more recent computer program HEC-RAS as it relates
to their computational style for hydraulic conveyance. Conclusions from these studies are
summarized in Sections 2.6.1 and 2.6.2.

Other similar studies have used a combination of field measurements and
computational values to compare bridge backwater values among various computer models
or methods. For example, Kaatz and James (1997) used field measured water surface
profiles and computed natural profiles to determine a “measured” backwater. Kaatz and
James (1997) then compared this value to the computed backwater values for HEC-2,
WSPRO, and the modified Bradley method. FHWA (1986) has also documented similar
studies using HEC-2, WSPRO, and E431 to compare the modeled water surface profiles to
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field observed water surface profiles. Conclusions from these studies are summarized in
Section 2.6.1.

For mobile or sediment transport models, the research has focused primarily on
comparing various differences in the sediment transport equations versus actual measured
rates of transport (Gomez and Church, 1989; Nakato, 1990). This is a logical approach since
errors in sediment transport rates will lead to errors in the computed boundary or bed of the
model. This ultimately may lead to errors in the computed water surface profile.
Conclusions from these studies are summarized in Section 2.6.3.

Other mobile model studies have relied upon changes in the stream morphology to
evaluate the accuracy of the model computations. For example, Chang (1994) used
measured changes in stream morphology to compare the accuracy of various sediment
transport formulas. He evaluated such sediment transport formulas as Meyer-Peter and
Milller, Yang, Parker, and Engelund-Hanson. Based upon field measurements, the Yang and
Parker formulas replicated the changes in stream morphology more accurately than the
Meyer-Peter and Milller and Engelund-Hanson formulas in that particular study.

1.6.2 Comparison of Past Research to the Proposed

It is quite clear that the proposed research differs from past research because it
focuses on a subject - applying mobile models at bridge crossings - with little research
history. However, there are similarities between the research methods employed in this
dissertation and those used for researching fixed boundary models. For example, the
proposed research relies heavily upon model-computed water surface profiles and their
relative differences to meet most of the research objectives (i.e., fixed model profile versus
mobile model profile).

Similar to past field-related case studies, this thesis also uses limited high water
marks and field observations to evaluate the accuracy of the model results. The proposed
research, furthermore, uses sensitivity analysis to evaluate the impact of various physical and
operational parameters on the computed water surface profile. Finally, this thesis uses the
case approach that several past studies have commonly employed in evaluating water surface
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profile computations (i.e., FHWA, 1986; Kaatz and James, 1997).

Besides the focus on the mobile boundary analysis at bridge crossings, there is one
other unique aspect of the proposed research. It generally takes a holistic approach in the
presented case studies. In most hydraulic and sedimentation studies, the research focuses
on particular parameters (Manning’s roughness, sediment transport equation, etc.). The
water surface profile, in particular for a mobile boundary situation, is the product of many
physical and computational parameters. Many of these parameters are inter-related. For
example, the stream hydraulics (depth, velocity, etc.) is a product of the stream boundary
(morphology, sediment size, etc.) and the boundary is a product of the stream hydraulics.
Depending upon the time scale, hydraulic and sedimentation parameters can be either a cause
or an effect (Chang, 1998). Thus, it is neither easy to predict the results (the profile) for the
given parameters nor to evaluate completely their particular influence on the computed
results.

Despite the potential complexities, the presented research in this thesis should
enhance the understanding of mobile boundary models. As stated in the research objectives,
it should lead to more cost effective hydraulic bridge designs. Collectively, the following
chapters present case studies and implementation processes (“when to0”, “how to™) that do
not exist in the current literature. The presented thesis, thus, should greatly improve the
future application and study of mobile boundary models at bridge crossings.
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CHAPTER 2: CASE CRITERIA, ATTRIBUTES, DATA,
AND MODELS

2.1 Overview

In five sections, this chapter describes the case criteria, attributes, data, and models
used for developing the thesis. Section 2.2 presents the case selection criteria and process.
Section 2.3 describes the attributes of the case studies contained in Chapters 3 and 6.
Section 2.4 describes the collected data for the research methods used in Chapters 3,4, 5, and
6. Section 2.5 presents the analytical tools employed in the selected computer models. The
final section, Section 2.6, discusses computer model accuracy and differences.

2.2 Case Selection Criteria and Process
Chapters 3 and 6 present cases selected using the following criteria:

. Case Attributes - These attributes represent the original physical criteria for selecting
the presented case studies. They fall into four basic categories: stream hydraulics,
hydrology and morphology, sediment traits, and bridge hydraulics. Section 2.3
provides a detailed discussion of each category.

. Collected data- The required data needed for each case study include stream cross-
sections, stream gage flows, sedimentation properties, and boundary roughness
values. Section 2.4 presents more detailed information on each data collection item.

. Bridge lengths - For the Chapter 3 cases, each case had to have the potential to
generate at least six discernible bridge lengths or openings. This criterion insures at
least 30 data “points” for the statistical analysis presented in Chapter 4. Each bridge
length must have a Froude number < 1 and a bridge opening ratio > 0.50 (see Section
4.2). This insures that excessive contraction or choking does not occur at the selected
bridge site. It also insures general compliance with the bridge hydraulics constraints
of Section 2.3 (i.e., subcritical to critical flow).

. High water marks and major flood events - For the Chapter 6 cases, each case
requires high water marks for a major flood event. This criterion insures a field-
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verified water surface profile. The research compares the modeled (rigid, mobile)
profile to the field-verified profile. The comparison should determine which model
type produces the more accurate water surface profile during a major flood event
such as a 100-year flood.
As stated in Section 1.5.2, the research uses selected cases that collectively provide a broad
range of hydraulic, hydrologic, morphologic, and sediment-based stream conditions. The
selected cases derive from a review of the literature and discussions with various Federal,
State, and local highway officials. The literature reviews and discussions focus on finding
bridge sites meeting the above criteria.

2.3 Case Attributes

The case studies presented in Chapters 3 and 6 possess certain general attributes in
common. These attributes fall into four basic categories: stream hydraulics, stream hydrology
and morphology, sediment traits, and bridge hydraulics. The following is a brief summary
of the characteristics for each category. The first three categories apply only to the natural
stream properties (no bridge influences). Table 2.1 presents a summary of the following
case attributes.

For the stream hydraulics, the natural stream flow primarily consists of gradually
varied, subcritical flow conditions. The flow mainly occurs in a one-dimensional manner
(i.e., along the stream thalweg). These conditions are typicaily analyzed using HEC-2
(USACE, 1990), WSPRO (Shearman, 1990), HEC-RAS (USACE, 1998), BRI-STARS
(Molinas, 1994), and other commonly used water surface profile models. These models can
analyze some supercritical flow conditions, however, subcritical flow conditions, generally
lead to more predictable water surface profiles (Morris and Wiggert, 1972). Most streams,
furthermore, typically function in subcritical flow when energy slopes do not exceed about
3% (Jarrett, 1984).

The stream hydrology is characterized by the 100-year flood event. Most engineers
use the 100-year or comparable flood to comply with government flood plain regulations and
bridge design methods (AASHTO, 1999). For the selected case studies, the expected peak
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of the 100-year flood wave ranges from 2500 cubic feet per second (cfs) to 75,000 cfs.
Generally, a crossing with a 100-year flood wave of 2500 cfs typically requires a bridge to
pass the flood peak without significant damage(i.e., a hydraulic-caused structural failure).
For this thesis, a bridge is defined as any structure with a minimum span and minimum
vertical clearance of 20 feet and 10 feet, respectively. The 75,000 cfs represents a somewhat
arbitrary upper 100-year flood limit. Streams that have 100-year flood peaks larger than this
value present difficulties in collecting accurate data on sediment traits, stream geometry, and
flow data (i.e., flood hydrographs).

The stream morphology consists of a main channel with flood plains. The main
channel and flood plains generally have uniform widths and slopes. Most methods for
computing bridge water surface profiles derive from the superposition of a bridge upon a
fairly uniform channel and overbank geometry. The more uniform the geometry, the more
likely that the selected computer model will accurately predict the 100-year water surface
profile (Morris and Wiggert, 1972).

The stream slopes in the case studies range from 0.1% to 3%. Streams with this
range of slopes generally have gravel beds with subcritical flow conditions (Jarrett, 1984;
Rosgen, 1996). As stated above, these traits represent favorable conditions for the conducted
research. The selected channel and flood plains mostly have distinct boundaries (i.e.,
changes in vegetation, sediment). This allows for more easily defined values within the
stream geometry such as roughness, sediment sizes, and flow distribution. The selected
streams sites, furthermore, tend toward long-term stability (i.e., neither aggrading or
degrading). This also should insure that the proposed bridges exert the primary influence on
the local stream morphology.

Using Rosgen's (1996) stream classification system, the research focuses on B3, C4,
D4, DA4, E4, and F4 stream types. These streams typically have gravel beds with some silt,
sand, and cobbles. These streams also have low to moderately, sinuous flow patterns with
slightly to moderately entrenched channels.

For the sediment properties, the stream bed sediment sizes range from very fine
gravels (2 mm) to large cobbles (256 mm). For gravel beds, the individual particle size
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normally dominates the boundary roughness values. Bed form (i.e., dunes, ripples), thus,
should not significantly influence the boundary roughness. Similarly, the stream beds
consist of fairly uniform or armored beds with a predominant sediment size. This improves
prediction of roughness values and also possibly improves prediction of sediment transport
rates.

The sediment inflow and outflow normally have comparable values for the given
study areas. This insures that excessive deposition or scour will not occur in the study area.
Excessive deposition or scour may cause a significant change in bed elevation. This could
alter the water surface elevation without any influence from the bridge crossing.

For a typical bridge site, the study reach length is less than one-half mile. For the
selected study areas, the research assumes that the fluid and sediment properties remain fairly
constant. These properties include viscosity, specific weights, particle sizes and distribution,
and temperature.

For the 100-year flood, the stream bed shear stresses typically exceed the critical
shear stresses of the boundary or bed particles. This simply means that sediment movement
will occur during the given flood events. For 100-year flood events, this is a reasonable
assumption.

In terms of the bridge hydraulics, the bridge opening, piers, skew, and eccentricity
represent the main factors affecting the bridge water surface profile. For most cases, the
bridge opening is the most influential profile factor. To insure the dominance of the opening
on the water surface profile, the selected bridge crossings normally have good alignment with
the natural stream flow (i.e., negligible skew and eccentricity). Some of the selected sites
have piers within the opening. The piers, however, have little influence on the computed
water surface profiles.

The flow through the bridge opening consists of critical to subcritical flow. This
insures that energy-based methods will properly predict the profile through the bridge
opening. The research avoids hydraulic jumps and other abrupt hydraulic features that may
require momentum-based methods for solving the water surface profile (USACE, 1998) at
the bridge.
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The selected sites have bridge lengths where the bridge opening should dominate the
water surface profile at the stream crossing. The bridge opening, thus, should cause enough
scour at the crossing to reduce the mobile boundary upstream backwater compared to the
fixed boundary model.

2.4 Collected Data

Chapter 3 presents five case studies. The cases include the Nisqually River and
Skagit River in Washington, two locations in the Stony Creek stream system in California,
and the Gibbon River in Wyoming. Chapter 6 presents the Cispus River in Washington and
the Snake River in Idaho as test case studies to verify the conclusions from Chapter 3 and to
evaluate fixed and mobile bed model accuracy.

For each case study, the collected data includes stream cross-sections, stream gage
flows, sediment properties, and boundary roughness values. The stream cross-sections either
consist of numerous sections taken upstream and downstream of the bridge or a
representative cross-section taken near the bridge site. The cross-sections come from
collected field data of the main channel and the adjacent flood plains.

For stream gage flows, all the data derive from US Geological Survey (USGS) gaging
stations. Most bridge sites have nearby stations. For most cases, the 100-year flood
hydrograph comes from USGS gage data and USGS regression equations.

The sediment data primarily consists of field-collected, stream bed gradations and
physical observations. Each study relies upon pebble counts for the bed gradations. Using
field observations, aerial photographs, and USGS topographic maps, the cases consist of
bridge sites lying in areas of sediment transport equilibrium (sediment inflow equals
sediment outflow).

Similarly, boundary roughness values for each case come from field and aerial
observations. Generally, the main channel has one roughness value (i.e., Manning's n) based
upon the collected stream bed gradations. The flood plains have another value based upon
the vegetation types (i.e., grasses, trees).
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2.5 Computer Models and Analysis

As stated earlier, the case studies primarily use BRI-STARS (Bridge Stream Tube
Model for Alluvial River Simulation Model) (Molinas, 1994) and HEC-2 (USACE, 1990)
or HEC-RAS (USACE, 1998) for the water surface profile computations. Dr. Albert
Molinas, Hydrau-Tech Inc., developed BRI-STARS under the National Cooperative
Highway Research Program (NCHRP) for FHWA and the American Association of State
Highway and Transportation Officials (AASHTO). The USACE's Hydrologic Engineering
Center developed the HEC programs. The following briefly discusses the similarities in the
BRI-STARS and HEC models. Chapter 6 briefly discusses the HEC-6 and FESWMS
models used in the Cispus and Snake cases.

2.5.1 Fixed Boundary Approach

BRI-STARS and HEC-2 or HEC-RAS will compute water surface elevations for a
fixed boundary condition. For this condition, both model types assume that the channel
geometry does not change with time. Both models use the standard step method to compute
a water surface profile for a given discharge. The standard step method is a well-known
approach for solving a one-dimensional energy equation (Chow, 1959; Morris and Wiggert,
1972) in the case of gradually varied flow.

Assuming subcritical flow, the models begin with a given water surface elevation at
the most downstream cross-section. Using the energy, continuity, and Manning's equations,
the models solve for the water surface elevation at the next upstream cross-section. The
friction slope and expansion/contraction head losses represent the differences in the two
water surface elevations (Figure 2.1). The following presents the basic standard step
equations. The information below is taken from the HEC-2 user manual (USACE, 1990)
and the HEC-RAS hydraulic reference manual (USACE, 1998). Here the subscript 1 refers
to downstream conditions and the subscript 2 refers to upstream conditions (Figure 2.1).
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Where: Y|, Y, = depth of water at downstream (1) and upstream (2) cross-sections,
feet (ft)
Z,, Z, = elevation of the main channel invert, fi.
V., V, = average flow velocities, feet per second, fps
a,,a, = weighted coefficients for nonuniform cross-section, velocity
distribution(kinetic energy coefficient)
= acceleration of gravity, ft/s®
= energy head losses, ft
= discharge weighted reach length, ft
= average friction slope between sections, f/ft

SIS I -

, = expansion or contraction loss coefficient

The discharge weighted reach length, L, and average friction slope, §/, are defined

as follows.

[- L10sQios * L@ * LsQrosy @2-3)
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Where: Ly, Ly, L = reach lengths for flow in the left flood plain, main channel,
and right flood plain, respectively, ft

Oy @0 0,,, = arithmetic average of flows at the ends of the reach
for the left flood plain, main channel, and right flood
plain, respectively, cubic feet per second (cfs)

2

Ql"’Qz
K, +K,

K=Y k 2-5)

i=1

24




19

2
k = 1986 4 R (in English units) 2-6)
Where: k; = conveyance for subdivision, cfs
n = Manning's "n" for subdivision
A, = flow area for subdivision, ft’
R, = hydraulic radius for subdivision(area (A;) divided by wetted
perimeter(P)), ft

Figure 2.2 presents the typical incremental areas, k;, for computing the total
conveyance, K, for a given stream cross-section.

The model works well for flow that is gradually varied, steady, and one-dimensional.
The flow should also have energy slopes less than 10% (USACE, 1990). For flood peaks,
the modeler assumes that an observer follows the peak of the flood wave as it passes through
the given stream cross-sections. This becomes the water surface profile for the given flood
peak. The stream cross-sections also should have limited variability in elevation and width.
Finally, subcritical flow conditions with flood waves of small amplitude should provide the
most predictable energy losses for this approach. If the modeled situation meets these
conditions, both the BRI-STARS and HEC models should provide accurate water surface
profiles for fixed boundary flood peaks.

The HEC programs use a discharge-weighted reach length (Eq. 2-3) to compute
friction losses. The modeler subdivides each stream cross-section into a main channel and
two adjacent flood plains. The modeler also enters the distance between each upstream and
downstream channel and flood plain section (3 distances). The HEC programs compute an
effective length using the weighted average of the given channel/flood plain distances and
their respective section discharges.

BRI-STARS permits only one distance between stream cross-sections. To allow for
unequal distances between flood plains and channels (i.e., for meandering streams), the
modeler should enter estimated loss coefficients. The modeler should also artificially
increase or decrease the flood plain roughness values to compensate for unequal lengths.

BRI-STARS permits the modeler to select the Manning's, Chezy, or Darcy -Weisbach
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equation for computing friction losses between the channel cross-sections. The HEC
programs limit the modeler to the Manning's equation. It does, however, permit an
equivalent roughness, k_, conversion to a Manning's n, roughness value. In this sense, HEC
programs permit changes in friction factor with water surface elevation similar to the Chezy
equation. The following is the Chezy equation and the k, conversion to Manning's n.

C =326 logw[ 122 %] @7
Where: C = Chezy roughness coefficient
R = hydraulic radius, ft
k, = equivalent roughness, ft
16
n= 1.486R 2-8)
32,6 log,{ 122 f)

2.5.2 Mobile Boundary Approach

The HEC-2/HEC-RAS models limit themselves to fixed boundary water surface
profiles. BRI-STARS has the following mobile boundary features. The mobile model
primarily consists of four analytical steps.

For step one, BRI-STARS, as previously discussed, will compute the water surface
profile for a given discharge, channel geometry, boundary roughness, and respective energy
losses. The modeler specifies a certain number of stream tubes for the selected study reach.
BRI-STARS uses the number of tubes to subdivide the channel cross-sections. BRI-STARS
then computes the hydraulic traits (depth, velocity) for each tube of each channel section.
The modeler may specify a certain percentage of the discharge for each tube. The modeler
also may distribute the flow uniformly among the selected stream tubes. Typically, the
modeler will select three to five tubes for the study area (Figure 2.3).

Under step two, the modeler will generally enter a series of discrete discharges at a
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specified interval (Figure 2.4). BRI-STARS will compute the sediment discharge for each
tube of each channel section. The sediment discharge is a function of the computed
hydraulic traits, the selected sediment transport formula (i.e., Yang, Meyer-Miiller), and the
specified sediment distribution.

For the third step, BRI-STARS computes the total sediment load for each tube of
each channel section. If the incoming sediment load exceeds the outgoing sediment load,
then deposition will occur within the tube at the specified channel section. Conversely, scour
will occur when the outgoing sediment load exceeds the incoming sediment load. BRI-
STARS uses the following sediment continuity equation for this analysis (Molinas, 1994).

aQ,“l aA,*aA,,
ox ‘ot ot

-¢,=0 (2:9)

Where: n, = volume of sediment in a unit bed layer volume = 0.6
A, = volume of sediment deposition per unit length, ft'/ft
A,, = volume of sediment in suspension at the cross-section per unit length,
f'/ft
Q, = volumetric sediment discharge, cfs
q, = lateral sediment inflow, cfs/ft

Assuming steady state conditions during each time step, the change in velocity is
zero. Similarly, none of the parameters in the sediment transport function are allowed to
change during the time step. The change in the average suspended sediment volume, A,
is thus zero since it is a function of location and velocity. Assuming q, = 0,

aQ 0Q0. dQ
2 =0 1= = 2-10
a " & & @10
The sediment continuity equation is then as follows.
A, d
Mg, 20, _,, (2-11)

oo dx
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In discrete form, the terms below can be substituted into equation 2-11.

04 2P +P, . JAZ.
n d_ n.l( i + ivl + l'l) i (2.12)
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== 2-13
e Ax;+Ax 1)
2

Where: P = wetted perimeter, ft
Z = bed elevation above a certain datum, ft
i = cross-section index
Finally, in the fourth step, BRI-STARS uniformly spreads the scour and deposition
over the tube length and width. From this approach, it computes the vertical change in the
tube/section elevation (i.e., decrease in elevation for scour). Before proceeding to the next
discharge, BRI-STARS adjusts the elevations for each tube/section throughout the study area.
Combining equations 2-11, 2-12, and 2-13, equation 2-14 represents the change in bed
elevation (Figure 2.5).

- 8Ar (Q"» - Q:t-l)
" n(Ax; +Ax_ 2P, +P_ +P,)

(2-14)

For a given stream tube, equation 2-15 presents the total change in bed elevation at station
i during a time step, At.

NSIZE
AZ,= Y AZ, (2-15)

k=1

Where: NSIZE = the number of size fractions of sediment.

BRI-STARS repeats steps one through four for each specified discharge. The model
uses a sequential or uncoupled approach to solve the mobile version of the water surface
profile of the study area. Figure 2.6 presents the general approach for this iterative process.

BRI-STARS also will adjust the channel section width. It uses a minimum stream
power approach to decide whether to adjust the vertical or lateral part of the selected stream
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tube. For the case studies, the analysis did not include this minimizing features (i.e., channel

widening). Instead the analysis assumed that all section changes occurred in the vertical
direction.

2.5.3 Bridge Waterways Analysis

Both HEC-2/HEC-RAS and BRI-STARS present different options for computing
water surface profiles at bridge crossings. For most situations, HEC-2 (USACE, 1990) uses
the following approach.

Typically, the user can adjust the expansion and contraction coefficients at a bridge
crossing. For example, since the abutments generally constrict the stream channel, the
increased coefficients should reflect the increased energy losses attributable to the bridge
abutments.

For bridges with piers, HEC-2 computes the momentum relationships through the
bridge opening. Using these relationships, the model determines the class of non-pressure
flow through the opening (subcritical, critical, or supercritical). For subcritical flow, HEC-2
uses Yarnell's equation to compute the energy losses from the downstream bridge section to
the upstream bridge section. Yamell's equation is as follows.

VZ
Hy =2K, (K, + 100, - 0.6) (a, + 15a)) 2—’ (2-16)
g

Where: H; = drop in water surface elevation from upstream to downstream sides of
the bridge, ft
K, = pier shape coefficient
o, =ratio of velocity head to depth downstream from the bridge
a, = obstructed area/total unobstructed area
V, = velocity downstream from the bridge, fps

For pressure flow and flow over the bridge, the model uses orifice and weir
equations. These equations provide the water surface elevations through the bridge using the
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increased loss coefficients with the standard step method (Eq. 2-1). When piers exist, the
model will use Yarnell's equation for subcritical flow through the bridge opening (Eq. 2-16).

HEC-RAS (USACE, 1998) uses similar bridge waterways methods to those described
for HEC-2. HEC-RAS does allow additional computational options. For example, HEC-
RAS also has FHWA's WSPRO as an option for analyzing bridge waterways under low flow
conditions. WSPRO uses an empirical discharge coefficient for the bridge based upon the
contracted opening method (USGS, 1953; USGS, 1968). The case studies (Chapter 6),
however, that employed HEC-RAS and HEC-2 use only the energy equation. To compensate
for the bridge, these models simply increase the expansion and contraction coefficients used
in equations 2-1 and 2-2.

BRI-STARS allows the user to select different approaches for solving water surface
computations through the bridge crossing. For the selected case studies, the model uses a
single loss coefficient applied at the bridge cross-section to reflect all the losses through the
opening. The single loss coefficient derives from the "Hydraulics of Bridge Waterways",
HDS No. 1, by FHWA, dated March 1978 (Bradley, 1978).

BRI-STARS sums the losses between the bridge and the next upstream cross-section.
These losses include friction, constriction, and the above bridge opening losses. The model
adds these head losses to the water surface elevation at the bridge opening to get the water
surface elevation upstream from the bridge crossing.

Figure 2.7 presents the plan, section, and profile views for a typical bridge water
surface profile. Figure 2.8 presents the possible types of flow through a bridge opening. For
the case studies, Type [ and IIA flows generally occur in the models. Figure 2.9 presents the
base curves for computing the opening loss coefficient.

The loss or backwater coefficient consists of an opening, pier, eccentricity, and skew
coefficient (Eg. 2-17). The user sums the value of each bridge-related coefficient to derive
the complete backwater coefficient for the bridge. The bridge backwater loss is then the
product of the backwater coefficient and the bridge section velocity head.

e Vi
hl =K %Tg- (2'17)
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Where: h, = Total backwater or rise above normal stage at section 1(Figures 2.7
and 2.8), ft
K* = Total backwater coefficient for subcritical flow
= Opening + pier + eccentricity + skew loss coefficients
a, = Velocity head coefficient for the constriction (for nonuniform cross-
section, velocity distribution)
V,,= Average velocity in the constriction, fps

The opening loss coefficient is a function of the abutment type (i.e., spill-through,
vertical) and opening ratio. The opening ratio is the ratio of the flow in the portion of the
upstream channel within the projected bridge length to the total flow through the opening.
The smaller the opening ratio the greater the loss coefficient for the selected bridge opening
(Figure 2.9).

The pier coefficient is primarily a function of the pier type and width. For example,
circular piers will typically have lower loss coefficients than square-nosed piers. The
opening ratio also will influence the pier loss coefficient. The pier loss coefficient decreases
as the opening ratio decreases.

The eccentricity coefficient is a function of the flow in the over banks and the
opening ratio. If the approaching flow to the bridge is extremely asymmetrical, then this
coefTicient will increase the computed backwater. Forexample, if one approaching overbank
transports less than 20% of the flow relative to the other over bank, then the eccentricity
coefficient could cause a measurable increase in the total backwater coefficient.

The skew coefficient is a function of the alignment of the bridge to the approaching
flow. The opening ratio also influences the skew coefficient. For a given opening ratio, the
skew coefficient increases as the skew angle increases. The skew angle is the angle between
the center line of the flow and a line perpendicular to the bridge opening.

HDS No.1 (Bradley, 1978) presents the figures for computing the pier, eccentricity,
and skew coefficients. For the case studies, the open ratio represented the primary value for
computing the bridge backwater coefficient, K'. In general, bridges that have well-aligned
approaches and do not significantly constrict the flow should produce very little backwater.
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Well-aligned approaches are symmetrical to the flow and should also have small skew angles
to the approaching flow.

2.5.4 Sediment Transport Analysis

BRI-STARS allows the user to select from several sediment transport equations. For
example, the user may select sediment discharge equations developed by Yang (1973, 1984),
Meyer-Peter and Milller (1948), Ackers and White (1973), and Engelund and Hanson (1967).
It also allows the user to enter a regression equation for the sediment discharge.

According to the literature, there is no one universal sediment transport equation
(Gomezand Church, 1989; Nakato, 1990). Yang's (1984) research has shown that his gravel
transport equation may provide a more accurate estimate of the sediment discharges for
natural gravel rivers than other methods. The case studies use his sediment transport
equation for gravel.

Yang's (1984) equation computes the total gravel concentration as a function of unit
stream power (velocity times slope). Yang (1984) starts with the following basic unit stream
power eguation.

—=——=8V=Vs (2-18)

Where: V = average water velocity, fps
S = energy slope, ft/ft
Y = elevation above datum, ft
X = distance along the stream channel, ft
t =time, s
Since Y also represents potential energy, the above equation defines the unit stream
power as the time rate of potential energy expenditure per unit weight of water. Using his
studies of stream morphology, Yang (1973) concluded that the following log-linear equation
effectively defined the relationship between unit stream power and total sediment
concentration, C. C, is the total sediment concentration of stream bed material transported
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as bed load and suspended load. C, is in parts per million by weight.

logC, =4, + B, log(Vs - V,,5) (2-19)

V.S represents the critical unit stream power to set the sediment in motion. A, and
B, represent log-linear, statistical regression parameters. Yang (1973) expresses V. in the
dimensionless form shown in equation 2-20.

Vo[ 3750080/ - 1] , 1) A 220
B’ V2tV

wis the particle fall velocity. B'is a roughness function. v, y,, and vy, are
coefficients for particle drag, lift, and friction, respectively. Using theoretical concepts on
boundary layers, surface roughness, and numerous sets of independently collected data, Yang
(1973) presented the following equations for smooth (Eq. 2-21) and rough (Eq. 2-22)
boundary flow conditions, respectively.

Vo = 2.5 +0.66, 0<(U,dIv)<70 @-21)
log(U.d/v) -0.06
V. /o= 205, 705 (U, dIv) 2-22)

Here, U. is the shear velocity, d is the particle diameter, and v is the kinematic
viscosity of the water.

Yang uses dimensionless relationships to present a general form of equation 2-19.
He defines total sediment concentration as a function of three dimensionless ratios. The first
ratio is unit stream power to particle fall velocity or dimensionless unit stream power. With
this ratio, he further includes a dimensionless minimum unit stream power ratio. This ratio
is the critical unit stream power as defined above divided by the particle fall velocity. The
difference in the dimensionless unit stream power and the minimum unit stream power ratio
is the effective dimensionless unit stream power. This is the portion of the unit stream power
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responsible for transporting the sediment concentration.

The second of the three ratios is shear velocity to fall velocity. The third and last
ratio is the Reynold's number based upon particle fall velocity and diameter. The following
shows Yang's (1973) use of these dimensionless ratios to develop his sediment concentration
equations.

V.S U
c,=¢(ﬁ-_a ,_-,“’_d) (2-23)
(0] (0] (0] v

Based upon more than 1000 sets of laboratory and field data, Yang (1973) presented
equation 2-19 in the following dimensionless form.

V.S
logC,=1+J log( -E‘S - %] (2-29)
Where:
od (U
I=a,-+ ayzlog( T) va, log\ - (2-25)
(
wd U,
J=b,+ byzlog( T) + byjlogk - (2-26)

a, and b, are log-linear, statistical regression coefficients.
For gravel beds, Yang (1984) used multiple regression analysis on numerous data sets
of gravel concentrations to solve the coefficients in equations 2-25 and 2-26. From this

statistical analysis, Yang (1984) presented the following transport equation for gravel stream
beds.

| _ od U,
ogC,, =6.681 - 0.633 logT - 4.816103;

U V.S

+| 2.784 - 0305105 29 - 0.28210g -:] Iog{ ¥s_ L) @27
v ® o o

C, is the total sediment concentration of gravel bed material transported as bed load

and suspended load. C,, is in parts per million by weight. Equation 2-27 represents the core
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sediment concentration equation for determining the changes in the channel boundary of the
stream sections.

For the sensitivity analysis, Chapter 4 uses the Parker (1990) (Parker, Klingeman, and
McLeon, 1982) and Meyer-Peter and Miller (1948) methods for computing sediment loads.
This chapter discusses their effect on the case results and also briefly presents the application
requirements for the Parker (1990) and Meyer-Peter and Milller (1948) methods.

2.6 Model Accuracy and Differences

This section discusses the expected accuracy for modeling water surface profiles. It
also discusses potential computational differences between the various models that the
research uses in the case studies. Finally, this section discusses the accuracy of sediment
transport equations typically used in mobile boundary studies.

2.6.1 Model Accuracy - Fixed Boundary Models

The USACE (1986) and USACE (1994) present minimum standard deviations for
one dimensional subcritical, gradually-varied flow, and rigid boundary conveyance of the
one-percent chance discharge (100-year flood). The standard deviations derive from the
study and analysis of 98 natural stream data sets. They represent the expected difference in
the computed water surface profile and the actual profile of a natural stream. These
differences are, thus, the elevation differences in the two profiles.

For stream cross-sections based upon field surveys, the USACE presents minimum
standard deviations ranging from 0.3 feet to 1.3 feet. The lower 0.3 foot value applies for
good, reliable Manning’s n or roughness values. The higher 1.3 foot value applies to poor
reliability in estimating the natural stream Manning’s roughness. A middle value of 0.7 feet
would apply for a fair estimation of Manning’s roughness. If the computer profile has a
Manning’s value based upon highly reliable field calibration data (i.e., stream gage
validation, high water marks, other field observations), then the lower standard deviation
values apply. Conversely, poor or limited field calibration data leads to larger standard
deviations in the computed water surface profile. Also, the standard deviations may increase
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with an increase in the stream complexity or analysis.

FHWA (1986) presented six study sites with water surface comparisons between the
computed profile (i.e., HEC-2, WSPRO) and the observed profile elevations. The FHWA
study generated elevation difference between the computed and observed profiles ranging
from zero feet to more than two feet for a given stream section. All study sites had bridges
with flows ranging from 1,500 cfs to 16,000 cfs. The study sites were on streams in
Alabama, Louisiana, and Mississippi.

2.6.2 Model Differences - Fixed Boundary Models

Besides differences between the computed and observed profile elevation differences,
relatively minor differences in computational methods may lead to measurable differences
in the computed profiles of different models. For example, the USACE (1998) compared
HEC-2 and HEC-RAS conveyance computation methods and their effect on the computed
water surface profile. They used the 100-year flood (1% chance event) and 2048 cross-
section locations for the comparisons. For the two conveyance methods, 47.5% of the cross-
sections had computed water surface elevations within 0.10 feet of each other. Similarly,
71% of the cross-sections had computed elevation differences within 0.20 feet, 94.4% were
within 0.40 feet, and 99.4% were within 1.0 feet. The HEC-RAS approach generally
produced a lower water surface profile. There is no field data, however, to support one
approach as more accurate than the other approach (USACE 1998). Thus, there is a need for
field-observed water surface profiles for comparing the accuracy of computed water surface
profiles.

2.6.3 Sediment Transport Accuracy

Gomez and Church (1989) evaluated 12 bed load transport equations for gravel bed
streams. They used both river and flume data in their analysis. No one formula performed
consistently well. They did recommend stream power-based equations because these
equations lend themselves to easier scale corrections (i.e., flume vs. natural channel
conditions). They evaluated the various sediment equations by comparing the calculated
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sediment transport rate to the observed rate (C/O). The results varied widely. For example,
nearly every equation had mean C/O ratios greater than 2 for at least one or more of the base
data sets.

Similarly, Nakato (1990) found the computed sediment transport values differed
greatly from measured values using several commonly used sediment transport equations
(i.e., Meyer-Peter and Milller, Yang, Ackers-White). The study focused on the Sacramento
River in California. The stream bed materials consisted of fine sands to coarse gravels.
Generally, the computed sediment transport values (i.e., tons/day) differed from the measured
values by more than a factor of 2. Sometimes the computed values were much greater than
the measured values, sometimes they were much less.

2.6.4 Summary on Computer Model Accuracy

As stated in Section 1.6, there is minimal research on applying mobile boundary
models at bridge crossings. There is, thus, little information on their accuracy or on the
effect of modeling differences (i.e., conveyance approaches) in applying these models.
Furthermore, the “engine” of the mobile models, the sediment transport formula, may
generate large errors relative to the actual sediment transported in natural streams.

The studies discussed in this section, however, should alert the user to the potential
elevation differences on the order of a foot or more between the computed and observed
water surface profiles. Although Sections 2.6.1 and 2.6.2 focus on rigid boundary models,
the user should expect similar or even possibly greater errors for mobile models. This is
evident from the increased complexity of a mobile model and the potentially large
inaccuracies of the associated sediment transport formula.



Figure 2.1 Representative energy equation terms (USACE, 1998)

Figure 2.2 Incremental flow areas (USACE, 1990)
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(Molinas, 1994)

Figure 2.5 Reach variables
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Figure 2.6 BRI-STARS flow chart (Molinas, 1994)
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Table 2.1 Case attributes
Category Sub Category Atribute
Stream Hydraulics Flow Type Gradually-varied flow,
subcritical, one-dimensional
Stream Hydrology and  Flow Rate 2500 to 75,000 cfs
Morphology
Flow Duration Approximately two days
Channel Configuration  Single channel with over banks
Rosgen Classification B3, C4, D4, DA4, E4, F4
Stream Slopes 0.1% to 3%
Sediment Traits Particle Size 2 mm to 256 mm
Sediment Flux Inflow = outflows
Sediment Properties Viscosity, specific weight,
particle sizes and distribution,
and temperature are constant
Particle Motion Bed shear > critical shear
Bridge Hydraulics Geometry Minimal skew or eccentricity,
bridge well-aligned with flow
Piers With and without piers; piers
have negligible influence on
stream flow
Flow in Opening Subcritical to critical
Bridge Lengths Selected so that fixed back
water curve is generally 2>
mobile back water curve (i.e.,
bridge opening dominates the

back water curve).
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CHAPTER 3: CASE STUDIES

3.1 Overview

This chapter presents the five case studies for the three primary research objectives
discussed in Chapter 1. In particular, this chapter tests the hypothesis that mobile models
will produce lower water surface elevations upstream from a bridge as compared to the fixed
boundary model if the bridge dominates the local hydraulic and morphologic characteristics.
For testing this hypothesis, Sections 3.2, 3.3, 3.4, 3.5, and 3.6 present the Nisqually, the
Skagit, the Stony Creek #1, the Stony Creek #2, and Gibbon case studies, respectively.
Section 3.7 discusses the conclusions from the case studies.

The Chapter 3 case studies also provide the hydraulic information for testing the
assumption that a certain combination of fixed boundary hydraulic values will provide a
reasonable estimate of actual mobile-bed, bridge backwater values (Chapter 4). Chapter 3,
furthermore, provides the hydraulic and morphologic characteristics that a bridge crossing
should have when applying the mobile boundary models according to the processes described
in Chapter 5.

To aid the reader, Tables 3.1 and 3.2 present morphological traits and hydraulic
values of the selected case studies. These tables present the natural characteristics (without
bridge influences) that each stream system exhibits for a given set of hydrologic conditions
(i.e., the 100-year flood). The tables show that the following case studies represent a wide
range of hydraulic and morphological conditions for coarse bed rivers.

Unless otherwise stated, the author of this thesis implemented the computer models
used in the following case studies.

3.2 Nisqually River

The Nisqually River is the subject of the first case study. As described below, the
USGS has performed various data collection and analytical activities on the Nisqually. Those
activities include studies and data collection of the hydrology, hydraulics, and sedimentation
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properties near or within the study area (Nelson, 1987; Walder and Driedger, 1994; Walder
and Driedger, 1995; Scott and Vallance, 1995; Scott, Vallance, and Pringle, 1995). The
Nisqually, thus, has most of the necessary information for comparing fixed and mobile water
surface profile models.

3.2.1 Study Location

The Nisqually River originates from the southwest slopes of Mt. Rainier National
Park, Washington (Figure 3.1) (Nelson, 1987). The study area starts at the southwest
boundary of Mt. Rainier and proceeds due west for about 5 miles. For most of its length,
the Nisqually flows parallel to Washington State Route (SR) 706. The centerline of the
Nisqually River is also the county line between Lewis and Pierce counties.

The river has broad floodplains with a meandering, braided stream pattern. There is
very little development along the Nisqually. About 4 miles downstream from the Park
boundary, a bridge crosses the Nisqually. This bridge provides access from Skate Creek
Road to SR 706. The bridge slightly constricts the flood plain of the Nisqually. Topographic
maps and aerial photographs show that manmade developments have very little influence on
the hydrology and hydraulics of this portion of the river.

Upstream from the bridge site to the park boundary, the Federal Emergency
Management Administration (FEMA) and Pierce County have designated a regulated
floodway. The designated floodway encompasses the Pierce County portion of the 100-year
flood plain. The FEMA-based regulations prevent development or encroachments in the
regulated floodway. Preventing developments, thus, assures that manmade activities will not
cause a rise in the 100-year flood elevations.

The FEMA regulations, however, only apply to the portion of the river lying in Pierce
County. Lewis County chose not to have FEMA-based regulations that limit development
in Nisqually River floodplains. Lewis County, thus, permits developments that may increase
the 100-year flood elevations.

The above creates an unusual regulatory situation. Obviously, flood plain
developments in Lewis County would affect the 100-year flood elevations of the Nisqually
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in both counties. Such developments could, thus, cause unwanted increases in the flood
elevations on the Pierce County portion of the Nisqually.

The Pierce and Lewis County situation requires accurate and reliable water surface
profiles. Future development will depend upon the computed flood profiles for this area.
Thus, this location provides an opportunity to compare different flood modeling techniques.
It should also show the influence that each model type can have on the selection of manmade
features such as bridges.

3.2.2 Hydrology

This report uses flood hydrographs developed from US Geological Survey (USGS)
data and methods (Cummans, Collings, and Nassar, 1975; Nelson, 1987). Near National,
Washington, the USGS operates a gaging station (#12082500) a few miles downstream from
the study area. At the gaging station, the Nisqually has a drainage area of 133 square miles.
The study area has a drainage basin of about 75 square miles.

For the study area, FEMA had the USGS determine the flood boundaries in the late
1970's. Figure 3.2 presents a partial topographic map of the USGS study limits. Figure 3.2
also shows the general outline of the Nisqually River and its floodplains.

For their study, the USGS determined the peak values for the 10-year, 50-year, 100-
year, and 500-year flood events. For rigid boundary models, the peak of the flood
hydrograph is the only hydrologic concern for computing the related water surface profile.
The USGS used the computer program, E431, to compute the FEMA flood elevations and
boundaries. Assuming arigid boundary, E431 uses a step backwater method to perform the
flood analysis.

A mobile boundary model requires the complete flood hydrograph. This report uses
the 25-year flood hydrograph from the USGS gage site as the base hydrograph. The
hydrologic analysis consists of using simple flood peak ratios between the study area and the
gage site. Using these ratios, the analysis adjusts the 25-year hydrograph at the gage station
to match the flood peaks at the study area.

Figure 3.3 presents the hydrograph for the 25-year flood at the USGS gaging station.
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It also shows the expected 10-(Q,,), 50-(Qs), 100-(Q,00), and 500-year (Qs,,) hydrographs
for the selected study area. The hydrographs use a 12-minute interval for each flood wave.
The study assumes that the site hydrograph has the same shape and duration as the
hydrograph for the 25-year flood at the gaging station.

3.2.3 Sedimentation

At the study site, the Nisqually River has three primary sediment sources. They are
the Tahoma Creek, Kautz Creek, and upper Nisqually River basins. All three sources
originate in Mt. Rainier National Park (Figure 3.1) (Nelson, 1987). The selected study area
begins just downstream from these sediment sources.

According to USGS studies, each of these basins experience large glacial outbursts
that bring large loads of sediment to the main stem of the Nisqually (Scott, Vallance, and
Pringle, 1995). The three basins have steep gradients compared to the main Nisqually basin
(more than 10% versus 2% or less). Much of the deposition, thus, occurs at the confluences
of these basins with the main stem of the Nisqually.

The glacial outbursts typically occur during late summer to early fall (Nelson, 1987;
Scott, Vallance, and Pringle, 1995). These glacial outbursts have some effect on the flow
rate of the main Nisqually stem. However, they do not occur at the same time as the main
stem flood peaks. The main stem flood peaks normally occur from late spring to early
summer.

The Nisqually mobile model assumes that the incoming sediment to the study reach
is negligible during the flood wave. This assumption derives from the premise that the
glacial outbursts have already deposited and shaped the upper reaches of the study site. The
Nisqually River flood waves occur at a latter time (Nelson, 1987). These flood waves re-
distribute through scour and deposition the previously deposited glacial sediments.

The mobile model uses sediment gradations obtained from pebble counts taken at the
upstream and downstream end of the study site. The upstream sample site is near the
confluence of Tahoma Creek with the Nisqually. The downstream site is just upstream from
the Nisqually River bridge.
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The study also assumes that the stream bed gradation initially changes in a uniform
manner proceeding upstream to downstream (coarser to finer bed material). The model also
assumes no variation in gradation across the stream cross-section. Based upon limited
pebble counts and visual observations, this is a reasonable assumption. Figure 3.4 contains

the gradation curves for the pebble counts. Overall, the Nisqually River has a gravelly
cobble, stream bed.

3.2.4 Case Scenario Overview

For the Nisqually study, the case analysis included five case scenarios. The first
scenario compared the water surface profiles of HEC-2 and BRI-STARS for a rigid boundary
condition. The analysis included the 10-, 50-, 100-, and 500-year flood events. It did not
include any bridges. Table 3.3 presents the results for the 100-year flood peak.

The second scenario compared the 10- and 100-year water surface profiles for the
fixed and mobile boundary conditions. For this scenario, the study only used the BRI-
STARS model. Table 3.4 presents the results for the 100-year water surface profiles. It also
shows the relative changes in the stream bed at 0, 13, and 34 hours. These times represent
the beginning, peak, and end of the flood hydrograph.

Using a third scenario, the study analyzed different bridge lengths at STA 3670. This
analysis included both fixed and mobile boundary conditions. Using various bridge lengths,
Table 3.5 presents the 100-year water surface elevations for the rigid and mobile boundary
situations.

The fourth and fifth scenarios are similar to the third except the bridge isat STA 3120
and STA 5605. For these scenarios, Tables 3.6 and 3.7, respectively, present the results for
the 100-year water surface elevations for the different bridge lengths.

3.2.5 Scenario 1.

This scenario routes the flood peaks for the 10-, 50-, 100-, and 500-year flood events
through the selected study area. The channel boundaries do not change with time (rigid
boundary condition). Both the HEC-2 and BRI-STARS models use the original FEMA flood
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study data. This data includes stream cross-sections (29 sections), Manning's roughness
values (channels, floodplains), and planimetric distances between each cross-section. Both
models also use contraction and expansion coefficients of 0.1 and 0.3, respectively.
Furthermore, both models compute the water surface elevations for a steady state condition.
The flow is subcritical and assumed to vary gradually between cross-sections.

As stated above, both models use the standard step approach to solve the water
surface profile for each flood peak. Conceptually, both models use the same methods in their
analysis. For the 100-year event, maximum flow depths vary from about 5'to 10'. Referring
to Table 3.3, the “NET DIFF” column represents the “HEC-2" computed value subtracted
from the “BRI-STARS" computed value. Table 3.3 shows that most of the computed
elevation differences are within 5% of the computed flow depth (water surface elevation
minus the minimum bed elevation).

Both the HEC-2 and BRI-STARS model use iterative procedures to solve equations
2-1 and 2-2. Both models use a maximum of 26 iterations to solve for the water surface
elevation for each cross-section. BRI-STARS uses a convergence value of 0.001 feet
compared to 0.01 feet for the HEC-2 model.

The fifth column of Table 3.3 shows the net water surface elevation difference
between the two models (BRI-STARS value minus the HEC-2 value). A few of the cross-
sections had elevation differences ranging from 5% to just under 15% of the computed flow
depth. These cross-sections had significant changes in conveyance from the previous
downstream cross-section. These changes were generally due to geometric changes (i.e.,
channel width, slope). Typically, the ratio of the current cross-section conveyance to the
previous section conveyance exceeded 1.5. HEC-2 uses a conveyance based energy slope
method (Eq. 2-4). BRI-STARS uses an average friction slope equation. This difference in
energy slope equations probably causes most of the difference in the computed water surface
elevations.

Using the same convergence value and energy slope equation should reduce the
differences in the computed water surface elevations. The significant change in conveyance,
however, does show that gradually varied flow may not exist between the current section and
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the next downstream cross-section. The modeler should, thus, add more cross-sections
between the two sections. The two models usually compare well in their computed water
surface elevations for the 100-year flood event.

3.2.6 Scenario 2.

This scenario compared the water surface profiles for the mobile and fixed boundary
conditions. Given the small computational differences in HEC-2 and BRI-STARS, the
comparisons included only the BRI-STARS models for the rigid and mobile boundary
conditions.

Table 3.4 presents the results for the 100-year water surface profiles. This table
shows that the flow depth for the mobile boundary model may differ by more than 30% from
the fixed boundary value. For the two model types, this results in water surface elevation
differences that exceed one foot at several cross-sections.

Before proceeding with an explanation for the computed differences, recall the
assumptions and conditions for the mobile boundary model:

The model assumes that no sediment enters at the upstream location of the study area.
It also assumes that the particle gradation changes uniformly from a gravelly, cobble bed to
a cobbly, gravel bed. The uniform change occurs in the downstream direction. Pebble
counts taken at upstream and downstream locations of the study area provide the basis for
the BRI-STARS sediment gradations. Finally, the initial gradations do not vary across the
stream cross-section.

At the downstream end, the model uses a rating curve to calculate the starting water
surface elevation for each given discharge. The model does not adjust the rating curve for
geometric changes in the downstream cross-section. Nor does the model have a downstream
transmissive boundary. Such a feature would allow the sediment reaching the downstream
boundary to pass without changing the cross-section geometry.

The study uses five stream tubes to distribute the flow across the stream cross-
section. The model uniformly distributes the given discharge across the five stream tubes.
The computed water surface elevation remains constant across the stream cross-section. The
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model, thus, uses equal conveyance to define the lateral location for each stream tube. The
stream tube width will vary from cross-section to cross-section (Figure 2.3). The discharge
per stream tube, however, does not vary from section to section.

The analysis uses Yang's (1984) gravel equation to compute the sediment loads from
cross-section to cross-section. The model assumes that the active layer thickness is no more
than eight inches. The model, thus, limits the sediment loads and the changes in the
geometric boundary for each time step.

The mobile model uses a 12-minute time step between discharges. The cross-
sections have an average spacing of about 900'. Average cross-section velocities range from
about 4 feet per second (fps) to more than 9 fps. The selected time step should reflect both
the speed of the flood wave and the speed that sediment moves along the stream.

The model uses six separate gradation sizes ranging from fine gravel (5 mm) to large
cobbles (180 mm). Figure 3.4 presents the gradation curves for the selected sample sites.
The assumed water temperature is 40 degrees Fahrenheit.

The mobile analysis does not widen the cross-section boundary. All boundary
changes occur in the vertical direction.

Certain assumptions apply to both the rigid and mobile boundary models. These
assumptions are similar to those for Scenario 1. For example, the expansion and contraction
coefficients are 0.3 and 0.1, respectively. There are no loss adjustments for meanders.

From cross-section to cross-section, the left over-bank, right over-bank, and main
channel flow distances are all equal. The analysis does not adjust roughness values for
unequal flow lengths. The analysis uses the Manning's equation to solve for the water
surface elevation for each time step. For the main channel, the roughness value ranges from
0.050 to 0.065. For the floodplains the values range from 0.080 to 0.18. These high values
reflect the shallow flow over a very coarse stream bed and heavily vegetated flood plain.

For the standard step method, the assumed upstream water surface elevation should
converge within 0.001' of the computed water surface elevation. The analysis limits the
number of standard step iterations to 20.

For both models, the flow is gradually varied, subcritical, and one-dimensional. For
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the rigid model, the flow is steady state. For the mobile model, the flow is quasi-steady or
steady state during each time step.

Except for the convergence value, the above assumptions are consistent with the
HEC-2 and FEMA flood plain models.

Collectively, the above assumptions will influence the computed water surface
elevations. For example, with no incoming sediment, the upstream cross-sections may
exhibit excessive scour. This does not occur for the Nisqually case. Table 3.4 shows some
minor degradation at STA 23285 (0.18 feet at the flood peak). At the upstream sections, the
water surface elevations for the rigid and mobile models differ only a couple of tenths of a
foot. This supports the original assumption that the incoming sediment to the Nisqually
study area is negligible.

The coarse cobble bed at the upstream section limits the material that the Nisqually
flood wave will transport from this region. The gradual change from a coarse cobble bed to
a coarse gravel bed also reduces the chance for significant scour at anyone section. This
approach allows for some incoming sediment to the downstream sections. As the bed
material size decreases in the downstream direction, the incoming sediment reduces the
potential for increased section scour.

At the downstream end, stations 0 through 1660 exhibit excessive scour and
deposition. Compared to the rigid model, this causes differences in the stream bed and water
surface elevations of several feet. As stated earlier, the model does not adjust the given water
surface elevation at STA 0 for geometric changes to the stream section. It also does not pass
the incoming sediment through STA 0. The model, thus, does not provide the proper
adjustments to prevent the resultant oscillations between scour and deposition. Without
proper hydraulics at STA 0, the excessive scour and deposition pattern extends upstream to
STA 1660. The water surface elevations for this reach, therefore, do not represent reliable
values (see Table 3.4).

The five stream tubes should adequately represent the subsection flow properties
across the given cross-sections. The stream tube boundaries should lie at distinct breaks in
the channel cross-section (main channel versus over-bank flow), or they should lie in
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homogenous subsections (three tubes falling within the main channel section). If a tube lies
partially in the over-bank and partially in the main channel, the velocity and depth properties
for the two distinct subsections will average out over the tube width. BRI-STARS may, thus,
overstate the transport properties in the over-bank and understate these properties in the main
channel. For the Nisqually case, this does not occur in enough instances to alter the results
significantly.

The BRI-STARS model permits the option of using the Meyer-Peter and Milller
(1948) or Yang (1984) equation for computing the gravel/cobble sediment transport
quantities. The modeler also may enter a generic sediment rating curve. There was no
available sediment rating curve for the Nisqually River.

Originally, the model was run using the Meyer-Peter and Milller (1948) method.
Because of the coarse bed material and the relatively shallow flood flows, this appeared to
be the most proper equation for the case study. The Meyer-Peter and Milller equation,
however, predicts large quantities of sediment movement for each time step in this case.
This appears inconsistent with field observations. Similarly to the downstream problems
discussed above, the model computes excessive scour and deposition patterns for the given
cross-sections.

Using the Yang (1984) equation, the BRI-STARS model computes smaller volumes
of material transport. For each time step, this reduces the scour and deposition between the
sections. The active layer thickness of eight inches, also, limits the scour and deposition for
each time step. The combination of the Yang equation and the limited active layer creates
a stable situation for the mobile boundary model.

As stated above, the mobile model used a 12-minute time step. The analysis was also
carried out using other time steps (i.e., 6 minutes). The resuits did not change significantly.
Each different time step requires re-computed discharges for the flood hydrograph. BRI-
STARS also limits the number of time step iterations to 1000. The smallest possible time
step is, thus, about 2 minutes for a 34 hour hydrograph. The analysis, therefore, did not
emphasize the variation of time steps upon the computed water surface profiles for the
mobile boundary situation.
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The input data for the stream bed gradations and water temperatures should not have
caused significant errors in the computed water surface elevations. These values come from
field data.

The model includes the wide heavily, vegetated flood plains of the Nisqually River.
Although the Nisqually will scour and deposit at different locations within each stream
section, the overall width should not measurably change. The analysis should, thus, not need
the BRI-STARS widening feature to improve the water surface profile computations.

Since the other above assumptions (i.e., expansion, contraction losses) apply to both
the rigid and mobile models, these assumptions should not markedly influence the relative
differences in the water surface profiles.

Disregarding the downstream sections from STA 0 to STA 1660, only seven of the
25 cross-sections have water surface elevation differences of more than 0.5' between the two
model types. Referring to Table 3.4, the “NET WSEL” column represents the “RIGID
WSEL” computed value subtracted from the “MOBILE WSEL” computed value. Using the
maximum section flow depth, this represents at least a 5 to 10% difference. The following
explains the differences in the two models.

From STA 13795 to STA 17245, the flow width varies from under 500' to over
1000'. This causes wide variation in the energy slopes (0.5 to 2%) and stream velocities (5
to 9 fps)from section to section. STA 16085, a narrow section, thus, experiences scour,
while STA 13795, a wide section, experiences deposition. The rigid and mobile boundary
models, therefore, have water surface elevation differences of -0.8' and 2.1' at STA 16085
and at STA 13795, respectively.

At STA 8535, this section has a more constricted flow width than the next upstream
section at STA 9335 (325' versus 625"). This increases the local energy slope and velocity
to nearly 2% and 11 fps, respectively. The mobile model responds with significant scour at
STA 8535. The bed at STA 9335 remains stable. The slope, thus, increases between the two
sections. This further causes an increase in the local velocity at STA 9335. The increase in
velocity finally causes a decrease in the flow depth at STA 9335. In essence, potential
energy (depth) converts to kinetic energy (velocity). The water surface elevation at STA
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9335 drops about 1'.

At STA 7905, the section widens. This results in a decrease in the local energy slope
and velocity. The scoured material from STA 8535 partially deposits at STA 7905. The
increased bed elevation and flatter energy slope between STA 7905 (deposition) and STA
8535 (scour) causes a rise in the water surface elevation of 3.2' and 0.4', respectively. In this
case, kinetic energy (velocity) converts to potential energy (depth).

At STA 71485, the scoured material from STA 8535 continues to deposit. The initial
bed slope between STA 7145 and STA 7905 is less than 0.4%. With deposition, the bed
slope between these two stations further decreases. Overall, the increased bed elevation and
decreasing energy slope cause an increase in the water surface elevation of 1.8' at STA 7145.

The summary above demonstrates the inter-relationships between section geometry,
hydraulic traits, and scour and deposition. These relationships clearly cause significant
differences between water surface elevations for mobile and fixed boundary models. The
summary represents only a simplified version of these processes. For example, STA 8535
eventually experiences deposition near the end of the flood hydrograph. The flatter energy
slopes in this reach eventually causes deposition as the flood peak recedes. Afier scouring
about 0.4' near the flood peak, the final thalweg elevation is about 0.7' higher than the flood
peak value. This verifies the dynamic changes that mobile beds will experience as the
section geometry, hydraulic traits, and sediment transport properties change over time.

3.2.7 Scenario 3.

Scenario 3 is Scenario 2 with a bridge at STA 3670 (see Figure 3.2). Except for the
bridge, all assumptions for Scenario 2 apply to Scenario 3.

Figures 3.5, 3.6, 3.7, and 3.8 present the stream bed and water surface profiles fora
bridge at STA 3670. These profiles represent the results of the 100-year flood event (10,400
cfs ). The models used three different bridge lengths: 200', 250", and 315'.

Figure 3.9 presents a cross-section for the 200’ bridge alternative. The selected
cross-section lies at the bridge site (STA 3670). The section shows the change in the stream
bed (SB) at the beginning (0 hours), peak (13 hours), and end of the flood hydrograph (34
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hours). The figure also shows the water surface elevations at the flood peak for the rigid
(WSR) and the mobile (WSM) models.

For the bridge analysis, the case study assumes that each bridge has spill-through
abutments with two (horizontal) to one (vertical) side slopes. Each bridge also has a single
5' wide bridge pier with a rounded nose. Each bridge furthermore has well aligned and
symmetrical abutments with the approaching flood waters. Figure 3-10 presents a typical
bridge layout.

The bridge waterways analysis uses Figure 2.9 to compute a backwater loss
coefficient. Because of the good alignment with the approaching flow, the analysis ignores
losses related to skew and eccentricity. Although the analysis includes energy losses related
to the bridge pier, the constricted opening represents most of the losses occurring at the
bridge. AtSTA 3670, the model uses loss coefficients, K’, 0f 0.3, 0.5, and 0.7 for the 315',
250", and 200" bridges, respectively.

BRI-STARS uses equation 2-17 and the above loss coefficients to compute the bridge
backwater. The analysis applies equation 2-17 at STA 3670. The resultant backwater occurs
at STA 4035.

Table 3.5 presents a comparison of the rigid and mobile boundary water surface
elevations for each bridge alterative. The analysis included only BRI-STARS models for the
rigid and mobile condition. The analysis did not include any HEC-2 bridge models.

The following summarizes the results of the analysis for the different bridge lengths.
The mobile bed model produces measurably different water surface elevations compared to
the fixed bed model. The differences become more apparent as the bridge length shortens.
Using a 250’ bridge (Figure 3.7), at STA 4035 the 100-year water surface elevation is about
1 foot less for the mobile situation compared to the fixed or rigid bed condition. Fora 200'
long bridge, the mobile model produces about 1.4’ less backwater at STA 4035 than the fixed
bed model. Figure 3.8 presents the bed and water surface profiles for the 200’ bridge.

As the bridge shortens, the bridge section (STA 3670) experiences increased scour.
The bridge section for the mobile model has a greater flow area than the non-scoured section
for the fixed model (Figure 3.9). The mobile model, thus, has a lower velocity. The lower
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velocity generates smaller hydraulic losses through the bridge area. These local losses
include the bridge losses, expansion/contraction losses, and slope friction losses. The
reduction in these hydraulic or energy losses reduces the computed backwater depth at STA
4035.

The mobile bed model may allow an engineer to justify a shorter bridge. Using the
fixed model, the 250’ bridge causes about 2' of backwater (100-year) at STA 4035 compared
to the no bridge situation (natural condition). This amount of backwater would violate many
flood plain regulations (i.e., FEMA, FHWA) (AASHTO, 1999). The designing engineer
would probably select a much longer bridge.

Using the mobile model, the 250’ bridge produces a backwater increase of 1'. In
many instances this would satisfy flood plain regulations. A 250' bridge at this site would
cost about $ 750,000 to construct. The fixed bed model would require a much longer bridge
to meet the typical backwater regulations (i.e., 300"). This could result in nearly a one-third
increase in bridge construction costs (about $ 1,000,000 for a 300' bridge). Actual selection
of the optimum bridge length would depend, however, on an assessment of the complete life-
cycle costs.

The analysis shows measurable differences in the depositional pattern for STA 3120.
For the 200’ bridge, the stream bed cross-section at the end of the hydrograph is similar to
that at the beginning of the hydrograph. For a 315' bridge, the stream cross-section
experiences significant aggradation over the duration of the hydrograph (1' to 2). The mobile
model may, thus, show possible changes to local environments due to manmade structures
(i.e., downstream destruction/construction of spawning beds).

The literature contains examples of channel behavior similar to those described above
(i.e., expansion of the bridge section during large flood events) (Bradley, 1978; Linsley,
Kohler, and Paulhus, 1982). Unfortunately, the typical engineer has had difficulty
quantifying these processes into useable design information. BRI-STARS, however,
produces quantified results that may have practical engineering and environmental value.
These values include structure selection processes and their related impacts to the local
environment.
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3.2.8 Scenario 4.

This situation is the same as Scenario 3. except the bridge lies at STA 3120. The
bridge layout at STA 3120 is also the same as the layout for STA 3670 (symmetry, abutment
types, single pier). The bridge lengths do, however, differ from those at STA 3670. The rigid
and mobile models used 480', 510', and 540" for the bridge lengths at STA 3120.

The bridge waterways analysis is also the same for STA 3120 as that for STA 3670.
The loss coefficients, K', are 0.6, 0.75, and 0.9, for the bridge lengths of 540", 510', and 480',
respectively. As with STA 3670, most of the bridge losses derive from constricting the
natural stream channel and flood plains.

Table 3.6 presents a comparison of the rigid and mobile boundary water surface
elevations for each bridge alternative. The analysis only includes BRI-STARS models for
the rigid and mobile condition. The analysis does not include any HEC-2 bridge models.

The following summarizes the results of the analysis for the different bridge lengths.
For the fixed bed model, the velocity head increases as the bridge length decreases at STA
3120. This results in backwater values of about 1' and 1.8' at STA 3670 for the 540' and 480'
bridges, respectively.

The bridge at STA 3120 lies in a wide area. This section has a main channel width
of about 700". The upstream section at STA 3670 has a much narrower channel width (350).
For the mobile model, deposition occurs at STA 3120. This reduces the energy slope
between STA 3120 and STA 3670. The reduced energy slope reduces energy losses due to
friction. It also reduces the velocity head at STA 3120. This further reduces the energy
losses due to the bridge constriction (see Eq. 2-17). For the 540' bridge, the backwater is
only 0.2' at STA 3670.

The 480’ bridge produces less deposition at STA 3120. This produces a slightly
greater energy slope and velocity head at STA 3670. This results in an increasing backwater
depth with decreasing bridge length. Although the backwater at STA 3670 is only 0.6, it is
significantly greater than the backwater values generated for bridges of comparable length
(i.e., 510 and 540").
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In Scenario 3, the approaching channel section (STA 4035) has a natural width
comparable to the natural width at the bridge location (STA 3670). In that case, the bridge
length dominates the hydraulic and sedimentation processes at STA 3670. For example, the
shorter bridge length increases the channel scour. This causes a smaller backwater elevation
for the mobile model compared to the rigid model.

For Scenario 4, the above illustrates the influence of the natural stream morphology
on bridge waterways. In this case, the model must use a much shorter bridge length before
significant backwater occurs with the mobile condition. The morphology changes from a
naturally narrower section (STA 3670) to a naturally wider section (STA 3120) that
dominates the hydraulic and sedimentation processes at the bridge location. For longer
lengths, the bridge section either aggrades or experiences no scour. This leads to a reduced
energy slope and a lower velocity head through the bridge opening. The bridge losses and
related backwater are, thus, much less for the mobile model.

Figure 3.11 shows the bed and water surface profiles for the 480’ bridge. Figure 3.12
presents the water surface and channel cross-section for the 480’ bridge section at STA 3120.

3.2.9 Scenario S.

This situation is the same as Scenario 3 except the bridge is at STA 5605. The layout
at STA 5605 is the same as the layout for STA 3670. The bridge lengths do differ. The rigid
and mobile models used 288', 420", and 675’ for the bridge lengths at STA 5605.

The bridge waterways analysis is also the same for STA 5605 as that for STA 3670.
The loss coefficients, K, are 1.2, 0.6, and 0.2 for the 288', 420", and 675" bridge lengths,
respectively. Most of the bridge losses derive from constricting the natural stream channel
and flood plains.

Table 3.7 presents a comparison of the rigid and mobile boundary water surface
elevations for each bridge alternative. The analysis only includes BRI-STARS models for
the rigid and mobile condition. The analysis does not include any HEC-2 bridge models.

The following summarizes the results of the analysis for the different bridge lengths.
Similar to Scenario 4, the bridge at STA 5605 lies in a wide area. This section has a main
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channel width of about 900'. The upstream section at STA 6165 has a much narrower
channel width (550"). For the mobile model, deposition occurs at STA 5605 similarly to
Scenario 4. Deposition also occurs, however, at STA 6165. With no bridge, this deposition
provides a 100-year water surface elevation 0.30' higher than for the fixed boundary
condition at STA 6165.

The 420’ and 675' bridges also experience deposition at STA 5605 and STA 6165.
With these bridge lengths, the mobile model produces a water surface elevation about 0.4'
higher than the fixed model at STA 6165.

The 288' bridge finally constricts the natural section enough to cause some scour at
the bridge site. This results in a lower water surface elevation for the mobile model
compared to the fixed model at STA 6165. Figures 3.13 and 3.14 show profiles and the
bridge section for the 288' alternative. Like Scenario 4, the natural stream morphology
dominates the backwater conditions at the bridge site. Unlike Scenario 4, the complete river
reach between the bridge site and the next upstream section lies in a deposition zone. This
causes a higher water surface elevation at the upstream backwater location for the mobile
model. In this case, the model must use a much shorter bridge length before the bridge
begins to dominate the natural stream morphology (i.e., scour occurs at the bridge instead of
deposition).

3.2.10 Summary of Nisqually Findings

The above scenarios show that mobile models may produce significantly different
water surface profiles than fixed or rigid boundary models. These differences could affect
river engineering designs in natural stream systems. Bridges in particular may require longer
or possibly shorter lengths for such design constraints as economic costs or regulatory
requirements (i.c., limits in backwater increases) (AASHTO, 1999). For mobile models, the
direction of water surface changes are not easily predictable ahead of time but depend upon
such factors as the natural morphology, manmade influences (bridges, etc.), hydrology, and
systematic hydraulic/sediment transport characteristics.

Table 3.16 presents the summary backwater results for each Nisqually bridge site and
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length. h* represents the backwater value for the mobile condition. h,;* represents the
backwater value for the rigid condition. h,;* is the same as h,* defined in Figure 2.8.
h;m*/hz* represents the ratio between the mobile and rigid boundary backwater values.

The above results also support the use of mobile models for many river engineering
applications. They clearly provide more insight on the interaction of sediment and hydraulic
processes than rigid river models. Unfortunately, mobile models require much more
hydrologic and sediment data than rigid models. They may also require more assumptions
and more analytical engineering skills.

3.3 Skagit River

This study focuses on the Skagit River Bridge near Newhalem, Washington. Using
various bridge lengths, the Skagit study compares the bridge backwater for the fixed
boundary condition to the mobile boundary condition. The method of analysis is quite
similar to that presented in the Nisqually study.

3.3.1 Study Location, Hydrology, and Morphology

Starting about 3 miles upstream, a series of dams and reservoirs regulates most of the
flow to the Skagit River bridge. Before the dams, this site experienced an estimated historic
peak of about 115,000 cfs in 1815. Since 1924 (the inception of the dams), the maximum
flood of record is 45,000 cfs (1932). From 1908 to 1924, the site experienced at least three
floods exceeding 45,000 cfs. This data derives from USGS gaging station # 12178000. The
gaging station lies almost one mile upstream of the bridge site (Figure 3.15).

The USACE has developed a hydrograph for the 100-year flood (Figure 3.16). They
have included the influence of dams in the hydrograph. The bridge has an estimated 100-
year flood peak of about 73460 cfs. For the mobile boundary portion, the study uses a flood
duration of about 40 hours.

The Skagit bridge site has a cobble bed with boulder deposits (dy, of 75 to 80 mm -
Figure 3.17). It has a fairly straight channel with high flood plains. The flood plains consist
of large evergreens. Using Rosgen's (1996) classification system, the site is a B3 stream.
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Currently, FHWA proposes a 350' bridge at this site. The proposed bridge would
have 2 concrete piers, each having a width of about 3' to 5' (Figure 3.18). This particular
bridge layout causes very little constriction of the main channel.

Overall, the Skagit sites meets most of the research constraints for performing a
comparison between a mobile and a fixed boundary water surface profile (see Nisqually
study for constraints).

3.3.2 Model Approach

The modeling approach is quite similar to that presented in the Nisqually study. The
following presents some of the input factors.

Given the upstream dam, the mobile boundary model assumes no incoming sediment
upstream. To insure a near equilibrium condition at the bridge site, the model uses
extrapolated FHWA topographic data for about 1 mile upstream and Y2 mile downstream of
the bridge site (stations 0, 197, 517 (bridge), 869, and 1083, represent actual field surveyed
cross sections).

The inclusion of the extra cross-sections insures that any excessive scour occurs
sufficiently upstream of the bridge. The estimated 100-year flood of 73460 cfs is nearly
double that of any recorded flood peak since the inception of the upstream dams. Thus, any
excessive scour should occur immediately downstream from the dams. As for the additional
downstream cross-sections, they act to prevent any artificial influences at the bridge site due
to unadjusted downstream boundary conditions (i.e., lack of transmissive boundary).

The mobile model uses a time step of 0.00833 days (12 minutes), 200 time steps, an
active layer thickness of about 180 mm, and Yang's (1984) method for estimating sediment
loads. The stream cross-sections generally have a spacing of no more than 500'. Based upon
a series of trial runs, the study found that these conditions produce the most stable results for
a wide range of bridge lengths (i.e., model does not exhibit excessive oscillations between
scour and deposition).

Assuming no bridges, the study tests the mobile condition for various situations. For
example, the model does not work properly for the Parker (1982, 1990) or Meyer-Peter and
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Miiller (1948) sediment transport relations (excessive oscillation). Using various
combinations of active layer thicknesses, time steps and gradations (well graded to uniformly
graded), these sediment transport methods could not complete all the scour and deposition
calculations for the full length of the hydrograph. Since most of the stream bed material is
smaller than 100 mm, the Yang method seemed an acceptable sediment transport method for
the study.

Using Yang's method and again no bridges, the study analyzed several combinations
of time steps (2.4 to 12 minutes) and active layer thicknesses (180 mm to 9000 mm).
Overall, the water surface profiles differed very little from one situation to the next (less than
1% difference in maximum flow depths). Borrowing from the Nisqually analysis, the Skagit
study selected the combination of 12 minutes as the time step and an active layer thickness
equal to the largest gradation group (180 mm). The 200 time steps resulted from operational
limits. However, this allows for the study to use most of the Skagit flood hydrograph (40-
hour duration).

Assuming no bridges, the Skagit study compared the fixed boundary profiles for
HEC-2 and BRI-STARS. The two models had maximum flow depths differences of less
than 2% for each of the FHWA surveyed cross sections.

Given the findings above, the Skagit study then compared 7 alternative bridge layouts
for the fixed and mobile condition. For both conditions, the study used only the BRI-STARS
model.

3.3.3 Model Results

Tables 3.8 and 3.9 show the profile results for each of the 7 bridge alternatives. The
7 bridge altemnatives include a 235', 250', 265', 285', 300', 315', and a no bridge condition.
The tables compare the resulting profiles for both the fixed and mobile boundary conditions.
Table 3.8 and 3.9 separate the results into the water surface (WSEL) and bed elevation
profiles, respectively. The water surface profile data represents the 100-year flood peak at
15 hours. The bed elevation data compares the results at 0 hours (fixed bed condition) to the
mobile condition at 15 hours.
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As Table 3.8 shows, the mobile condition consistently produces a lower water surface
profile upstream of the bridge (STA 517) as compared to the fixed or rigid condition. As
Table 3.16 illustrates, this is true for all bridge lengths. Figures 3.19, 3.21, and 3.23 present,
as examples, the differences in the profiles for the no bridge, 300,' and the 265’ bridge
situations, respectively. Figures 3.22, and 3.24 illustrate the scour that occurs for the 300'
and 265’ bridges, respectively.

Figures 3.19 and 3.20 show some minor deposition for the no bridge condition. The
natural cross-section at the bridge site is slightly wider than the upstream cross-sections.
This results in relatively lower velocities. Thus, some deposition occurs at the site.

According to the mobile model output, the deposition for the no bridge alternative
creates a more uniform flow condition through out the study reach. This results in a lower,
but more uniform upstream water surface profile. For the no bridge situation, the lower
profile for the mobile model, however, does fall within an expected computation difference
of less than 1% when compared to the rigid model. When the models include the shorter
bridge lengths and, thus, smaller openings, the local deposition converts to locally caused,
bridge scour. For the mobile model, this local scour causes lower upstream water surface
profiles compared to the rigid models for all selected bridge lengths. For the shorter bridge
lengths, the water surface differences exceed those expected from simple computational
differences (see Section 2.6).

3.3.4 Summary of Skagit Findings
For comparison, the study computed backwater at STA 869. This is about 350’

upstream of the proposed bridge site. Referring to Table 3.16, the Skagit study shows that
the mobile model would produce about 50 to 60% of the fixed model backwater for the same
bridge layout . Using backwater design criteria, the mobile model would allow for a shorter
bridge length compared to the fixed boundary model.

The Nisqually study also showed that mobile models could reduce the bridge length
when compared to the backwater resuits produced with a fixed model . In this sense, both
studies, thus, produce comparable results.
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3.4 Stony Creek #1

This study focuses on a Stony Creek bridge near Hamilton City, Ca. Using various
bridge lengths, the Stony Creek study compares the bridge backwater for the fixed boundary
condition to the mobile boundary condition. The method of analysis is quite similar to that
presented in the Nisqually and Skagit River studies.

3.4.1 Study Location, Hydrology, and Morphology

In 1992, the California Department of Transportation (CDOT) completed a
hydrologic study of Stony Creek (Chang, Swanson, and Kondolf, 1992; Swanson and
Kondolf, 1991). The study began at Black Butte Dam and proceeded downstream to the
creek's confluence with the Sacramento River (Figure 3.25). The study covered about 25
miles of river length.

CDOT used the study to evaluate the influence of in-stream gravel mining operations
on bridges crossing Stony Creek. In particular, they focused on the degradation and local
scour of bridge foundations. To perform the study, they hired consultants (Michael Swanson
& Associates, Howard Chang of San Diego University) to evaluate the area. In the process,
they collected information on the hydrology, hydraulics, and sediment transport properties
of Stony Creek.

Based upon the CDOT study (Chang, Swanson, and Kondolf, 1992; Swanson and
Kondolf, 1991), the Black Butte dam significantly reduced the flood peaks into the Stony
Creek system. Completed in 1963, the dam has reduced the 50-year flood peak from 80,000
cfs to about 20,000 cfs. Stony Creek has a stream bed consisting primarily of very fine to
coarse size gravels with some sands. Since their inception, the Black Butte dam and ongoing
gravel operations have influenced the channel patterns (braided to sinuous) and bed profiles
(degrading to stable) of Stony Creek. Some reaches of the creek, however, have changed
little since the start of human activities. Using the Rosgen stream classification system, the
study area encompasses stream types C4, D4, and F4.

With some simplifications, the Stony Creek system does have a few potential
locations that meet the research constraints for comparing fixed and mobile backwater values
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at bridge sites. In particular, the Highway 45 bridge near Hamilton City represents a fairly
straight and stable reach within Stony Creek. There are also other potential sites for future
case studies. This research project , thus, refers to the Highway 45 Bridge site study as
"Stony Creek #1".

3.4.2 Model Approach

The modeling approach is quite similar to that presented in past studies. The model
approach and results below present the author’s own original model analysis for the selected
study site. The following presents some of the input factors and assumptions.

The bridge lies at STA 17075. The study has a beginning upstream station of 27600
and an ending downstream station of 11600. Assuming no incoming sediment, the mobile
model reaches a sediment equilibrium at the bridge site (incoming sediment equals outgoing
sediment).

This equilibrium is due to the scoured material at the upstream end of the study area
passing through the relatively uniform cross-sections at the middle and downstream reaches.
The flow-generated sediment capacity of each middle to downstream cross-section (sediment
demand) equals the incoming sediment load (supply). With no actual bridge at STA 17075,
both the fixed and mobile model, thus, produce identical water surface profiles at the bridge
site (zero bridge backwater) (see Figure 3.29). Again, this is due to the relative similarity in
cross-section form through the bridge site. To accomplish this result, the Stony Creek #1
study uses the following additional assumptions.

The model uses a representative channel cross-section placed on a 0.1% slope. At
STA 17075, Highway 45 crosses over a 620-foot long bridge. Based upon a HEC-RAS
analysis, the energy slopes vary from 0.1% to 0.2%. The 620’ bridge slightly constricts the
natural channel and flood plain width of about 770'. To achieve a natural flow condition, the
study model eliminates the 620 bridge section and repeats the 770' wide natural section
throughout the study reach. The 0.1% slope derives from the morphological information
contained in the CDOT report The Stony Creek #1 study, thus, starts with a uniform flow
condition throughout the stream reach (see Figure 3.26).
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The mobile model uses gravel gradations from the CDOT report. Figure 3.27 shows
ad,, of 16 mm for Stony Creek #1. The overall gradation ranges from a very fine gravel to
a very coarse gravel. Nearly 60% of the material, however, falls in the medium to coarse
gravel size.

For Stony Creek #1, the study uses a modified hydrograph of the 1986 outflow
hydrograph at Black Butte dam (see Figure 3.28). The BRI-STARS computer model limits
the total number of time steps to 200 for an increment of 12 minutes. The study, thus, does
not include the flatter portions of the outflow hydrograph.

The model uses the Yang method for estimating sediment loads. The CDOT report
stated that the Yang method predicted morphological changes consistent with field collected
stream channel survey. The mobile model also uses an active layer thickness of about 45
mm. This is consistent with past studies (active layer thickness equal to one times the
geometric mean of the maximum size classification). For cross-section locations, the model
uses a spacing of about 1000". This is comparable to past studies.

Assuming no bridges, the Stony Creek #1 study compared the fixed boundary profiles
for HEC-RAS and BRI-STARS. The HEC-RAS profiles used the HEC-2 conveyance
approach. Using the representative natural cross-section on a repeated 0.1% slope, HEC-
RAS and BRI-STARS had maximum flow depth differences of 1%.

Given the above findings, the Stony Creek #1 study compared 7 alternative bridge
layouts for the fixed and mobile condition. For both conditions, the research used only the
BRI-STARS model.

3.4.3 Model Resulits

Tables 3.10 and 3.11 show the profile resuits for each of the 7 bridge alternatives.
The 7 bridge altemnatives include a 175', 200, 225, 245', 290', 350', and a no bridge
condition. The tables compare the resulting profiles for both the fixed and mobile boundary
conditions. Tables 3.10 and 3.11 separate the results into the water surface (WSEL) and bed
elevation profiles, respectively. The water surface profile data represents the 100-year flood
peak at 23 hours. The bed elevation data compares the resuits at 0 hours (fixed bed
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condition) to the mobile condition at 23 hours.

As Table 3.10 shows, the mobile condition consistently produces a lower water
surface profile upstream of the bridge (STA 17075) as compared to the fixed or rigid
condition. As Table 3.16 illustrates, this is true for all bridge lengths. Figures 3.29, 3.31,
and 3.33 present, as examples, the differences in the profiles for the no bridge, 290,’ and the
175" bridge situations, respectively. Figures 3.30, 3.32, and 3.34, illustrate the scour that
occurs for each respective bridge situation. The lower water surface profiles for the mobile
models derive from this local bridge-related scour.

3.4.4 Summary of Stony Creek #1 Findings

For comparison, the study measured backwater at STA 17750. This is about 675’
upstream of the proposed bridge site. Referring to Table 3.16, the Stony Creek #1 study
shows that the mobile bed model would produce about 80 to 90% of the fixed model
backwater for the same bridge layout . Table 3.16 also shows the mobile model would
produce a smaller percentage of the fixed model backwater as the bridge length becomes
shorter. This is due to an increase in local bridge scour relative to the smaller bridge
opening.

Using typical backwater design criteria, the mobile model would probably allow for
a slightly shorter bridge length compared to the fixed boundary model. The Nisqually and
Skagit studies also showed that mobile models would allow for a shorter bridge length than
a fixed model based upon backwater typical backwater design criteria(i.e., h,* < one foot).
In this sense, the completed studies produce comparable results.

3.5 Stony Creek #2

This study focuses on a Stony Creek bridge near Hamilton City, California. Using
various bridge lengths, the Stony Creek study compares the bridge backwater for the fixed
boundary condition to the mobile boundary condition. The method of analysis is quite similar
to that presented in the Nisqually and Skagit River studies.



3.5.1 Study Location, Hydrology, and Morphology

Stony Creek #2 derives from the CDOT hydrologic study discussed in the Stony
Creek #1study, Section 3.4 (Chang, Swanson, and Kondolf, 1992; Swanson and Kondolf,
1991). Stony Creek #2 also has the same stream hydrology and morphology as Stony Creek
#1. The "P" bridge near Orland represents a fairly straight and stable reach within Stony
Creek. Thus, it was selected as the location for Stony Creek #2 (Figure 3.35).

3.5.2 Model Approach

The modeling approach is quite similar to that presented in past studies. Similar to
Stony Creek #1, the model approach and results represent the author’s own original model
analysis for the selected study site. The following presents some of the input factors and
assumptions.

The bridge lies at STA 65400. The study has a beginning upstream station of 76100
and an ending downstream station of 59400. Assuming no incoming sediment, the mobile
model reaches a sediment equilibrium at the bridge site (incoming sediment equals outgoing
sediment).

This equilibrium is due to the scoured material at the upstream end of the study area
passing through the relatively uniform cross-sections at the middle and downstream reaches.
The flow-generated sediment capacity of each middle to downstream cross-section (sediment
demand) equals the incoming sediment load (supply). With no actual bridge at STA 65400,
both the fixed and mobile model, thus, produce identical water surface profiles throughout
the relatively uniform bridge site (zero bridge backwater). To accomplish this result, the
Stony Creek #2 study uses the following additional assumptions.

The models assume a representative channel cross-section placed on a 0.2% slope.
STA 65400 has a natural channel and flood plain width of about 1200'. To achieve a natural
flow condition, the study repeats the 1200’ wide natural section throughout the study reach.
The 0.2% slope derives from the morphological information contained in the CDOT report
(Swanson and Kondolf, 1991). The Stony Creek #2 study, thus, starts with a uniform flow
condition throughout the stream reach (Figures 3.36).
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The mobile model uses gravel gradations from the CDOT report. Figure 3.37 shows
a dy, of 8 mm for Stony Creek #2. The overall gradation ranges from a very fine gravel to a
coarse gravel. Nearly 60% of the material, however, falls in the fine to medium gravel size.

For Stony Creek #2, the study uses a modified hydrograph of the 1986 outflow
hydrograph at Black Butte Dam. It is the same modified hydrograph used for Stony Creek
#1 (Figure 3.28). The computer model limits the total number of time steps to 200 for an
increment of 0.00833 days (12 minutes). The study does not include the flat outflow
hydrograph.

The model uses the Yang method for estimating sediment loads. The CDOT
report stated that the Yang method predicted morphological changes consistent with field
collected stream channel survey. The mobile model also uses an active layer thickness of
about 22 mm. This is consistent with past studies (active layer thickness equal to one times
the geometric mean of the maximum size classification). For cross-section locations, the
model uses a spacing of about 1000'. This is comparable to past studies.

Assuming no bridges, the Stony Creek #2 study compared the fixed boundary profiles
for HEC-RAS and BRI-STARS. The HEC-RAS profiles used the HEC-2 conveyance
approach. Using the representative natural cross-section on a repeated 0.2% slope, HEC-
RAS and BRI-STARS had maximum flow depth differences of 1%.

Given the above, the Stony #2 study compared 7 alternative bridge layouts for the
fixed and mobile condition. For both conditions, the research used only the BRI-STARS
model.

3.5.3 Model Results

Tables 3.12 and 3.13 show the profile results for each of the 7 bridge alternatives.
The 7 bridge alternatives include a 185', 225', 245', 265', 345", 510', and a no bridge
condition. The tables compare the resulting profiles for both the fixed and mobile boundary
conditions. Tables 3.12 and 3.13 separate the results into the water surface (WSEL) and bed
elevation profiles, respectively. The water surface profile data represents the 100-year flood
peak at 23 hours. The bed elevation data compares the results at 0 hours (fixed bed
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condition) to the mobile condition at 23 hours.

As Table 3.12 shows, the mobile condition consistently produces a lower water
surface profile upstream of the bridge (STA 65400) as compared to the fixed or rigid
condition. As Table 3.16 illustrates, this is true for all bridge lengths. Figures 3.38, 3.40,
and 3.42 present, as examples, in the profiles for the no bridge, 345', and the 245’ bridge
situations, respectively. Figures 3.39, 3.41, 3.43, illustrate the scour that occurs for each
respective bridge situation. The lower water surface profiles for the mobile models occur
because of this local bridge-related scour.

3.5.4 Summary of Stony Creek #2 Findings

For comparison, the study measured backwater at STA 66100. This is about 700'
upstream of the proposed bridge site. Referring to Table 3.16, the Stony Creek #2 study
shows that the mobile model would produce about 70 to 90% of the fixed model backwater
for the same bridge layout. Similar to Stony Creek #1, Table 3.16 shows the mobile model
would produce a smaller percentage of the fixed model backwater as the bridge length
becomes shorter. This is due to an increase in local bridge scour relative to the smaller
bridge opening.

Using typical backwater design criteria, the mobile model would probably allow for
a shorter bridge length compared to the fixed boundary model. The Nisqually, Skagit, and
Stony Creek #1 studies also showed that mobile models could reduce the bridge length when
compared to the backwater results produced with a fixed model. In this sense, the completed
studies, produce comparable results.

3.6 Gibbon River Bridge

This study focuses on a Gibbon River bridge near Madison Junction, Yellowstone
National Park, WY. Using various bridge lengths, the Gibbon River study compares the
bridge backwater for the fixed boundary condition to the mobile boundary condition. The
method of analysis is quite similar to that presented in the Nisqually, Skagit River, and Stony
Creek studies.
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3.6.1 Study Location, Hydrology, and Morphology

At the proposed bridge site (Figure 3.44), the Gibbon River flows in a westerly
direction through woody, mountainous terrain . The proposed bridge site lies in a relatively
straight section of the river corridor (Figure 3.45).

Figure 3.45 shows a typical channel and flood plain section for the study site. The
main channel ofthe Gibbon consists of a coarse gravel stream bed with some cobbles (Figure
3.46). Based upon a comparison of original bridge cross-sections taken in the 1930's to
current stream cross-sections, the Gibbon has a fairly stable stream bed system (little
aggradation or degradation). Similarly, the bushy, grassed flood plains appear fairly stable
(well-vegetated with little or no braiding). The Gibbon has an approximate Rosgen stream
classification of C4 to E4.

At the proposed bridge site, the Gibbon River has a drainage area of about 125 square
miles. There are no manmade influences (i.e., dams, irrigation systems) up-stream of the
proposed bridge site. Using a nearby USGS gaging station (# 06037000) and USGS
regression equations for Montana (Omang, 1992) and Wyoming (Lowham, 1988), Figure
3.47 presents the 100-year flood hydrograph developed for the study. The attached
hydrograph shows an estimated 100-year flood peak of about 2500 cubic feet per second.

Overall, the Gibbon River site meets the research constraints for comparing fixed and
mobile backwater values at bridge sites.

3.6.2 Model Approach

The modeling approach is quite similar to that presented in past studies. The
following presents some of the input factors and assumptions. The bridge lies at STA 9000.
The study has a beginning upstream station of 20000 and an ending downstream station of
4000. Assuming no incoming sediment, the mobile model reaches a sediment equilibrium
at the bridge site (incoming sediment equals outgoing sediment) for similar reasons discussed
in Stony Creek #1 and Stony Creek #2 under Sections 3.4.2 and 3.5.2, respectively. Thus,
with no actual bridge at STA 9000, both the fixed and mobile model produce identical water
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surface profiles at the bridge site (zero bridge backwater). To accomplish this result, the
Gibbon River study uses the following additional assumptions:
The model assumes a representative channel cross-section placed on a 0.5% slope.
STA 9000 has a natural channel and flood plain width of about 200'. To achieve a natural
flow condition, the study repeats the 200’ wide natural section throughout the study reach.
The 0.5% slope is derived from typical stream cross-sections taken at the site and river slope
computations from USGS quadrangle maps. Thus, the Gibbon River study starts with a
uniform flow condition throughout the stream reach (Figure 3.45).

The mobile model uses only gravel and cobble gradations which come from on-site
pebble counts. The stream bed does have small amounts of sand (probably less than 10% by
volume) but this material is disregarded in the model. Figure 3.46 shows a d,, of 32 mm for
the Gibbon River site. The overall gradation ranges from a fine gravel to a cobble size
material. Nearly 75% of the material, however, falls in the coarse to very coarse gravel size.

Figure 3.47 shows a 40-hour duration for the 100-year flood hydrograph. Similarly
to previous studies, the computer model limits the total number of time steps to 200 for an
increment of 12 minutes. The study, thus, has a limited range of flows (1600 to 2500 cubic
feet per second).

The model uses the Yang (1984) method for estimating sediment loads. The mobile
model also uses an active layer thickness of about 90 mm. This is consistent with past studies
(active layer thickness equal to one times the geometric mean of the maximum size
classification). For cross-section locations, the model uses a spacing of about 1000'. This is
comparable to past studies.

Assuming no bridges, the study compared the fixed boundary profiles for HEC-RAS
and BRI-STARS. The HEC-RAS profiles used the HEC-2 conveyance approach. Using the
representative natural cross-section on a repeated 0.5% slope, HEC-RAS and BRI-STARS
had maximum flow depth differences of 1%.

Given the above findings, the Gibbon River study compared 7 alternative bridge
layouts for the fixed and mobile condition. For both conditions, the study used only the BRI-
STARS model.
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3.6.3 Model Results

Tables 3.14 and 3.15 show the profile results for each of the 7 bridge alternatives.
The 7 bridge alternatives include a 80", 85', 90', 95', 125', 165', and a no bridge condition. The
tables compare the resulting profiles for both the fixed and mobile boundary conditions.
Tables 3.14 and 3.15 separate the results into the water surface (WSEL) and bed elevation
profiles, respectively. The water surface profile data represents the 100-year flood peak at
23 hours. The bed elevation data compares the results at 0 hours (fixed bed condition) to the
mobile condition at 23 hours.

As Table 3.14 shows, the mobile condition consistently produces a lower water
surface profile upstream of the bridge (STA 65400) as compared to the fixed or rigid
condition. As Table 3.16 illustrates, this is true for all bridge lengths. Figures 3.48, 3.50,
and 3.52 present, as examples, the differences in the profiles for the no bridge, 95', and the
85" bridge situations, respectively. Figures 3.49, 3.51, 3.53, illustrate the scour that occurs
for each respective bridge situation. The lower water surface profiles for the mobile models
derive from this local bridge-related scour.

3.6.4 Summary of Gibbon River Findings

For comparison, the study measured backwater at STA 9250. This is about 250'
upstream of the proposed bridge site. Referring to Table 3.16, the Gibbon study shows that
the mobile model would produce about 60 to 70% of the fixed model backwater for the same
bridge layout. Unlike Stony Creek #1 and Stony Creek #2, Table 3.16 does not show the
mobile model producing an ever smaller percentage (h,,,*/h z*) of the fixed model backwater
as the bridge length becomes shorter. This is due to a smaller available supply of sediment
in the stream bed for local scour as the bridge opening becomes smaller. For example, as the
bridge opening reduces in size, the stream bed width at the bridge also becomes smaller.
Thus, the smaller bridge opening has a smaller supply of bed material available for scour.

Using typical backwater design criteria, the mobile model would probably allow for
a shorter bridge length compared to the fixed boundary model. The Nisqually, Skagit, and
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Stony Creek studies also showed that mobile models could reduce the bridge length when

compared to the backwater results produced with a fixed model. In this sense, the completed
studies produce comparable results.

3.7 Conclusions

Table 3.16 presents the backwater comparisons for each of the selected studies. For
a h;*/h;z* < 1, the effect of using a mobile boundary model at a bridge is to reduce the
upstream water surface elevations. This table illustrates that the above case studies generally
produced lower water surface elevations for the mobile condition as compared to the fixed
or rigid boundary condition when constructing an element such as a bridge. The Nisqually
case at STA 5605 does produce a couple of notable exceptions.

The 420’ and 675' bridges at STA 5605 produced a higher backwater elevation for
the mobile versus rigid condition. As previously discussed, this occurs due to the natural
elevation of the stream bed from local sediment deposition. Decreasing the bridge to a
length of 288' increases the velocity through the opening and causes local scour of the
opening. Once the bridge length begins to dominate the local morphological influences, the
mobile model produces a lower backwater value than the rigid model.

If the selected bridge length represents the dominant influence on the local hydraulic
and morphological characteristics, the above case studies demonstrates the hypothesis that
the mobile model will produce a lower bridge backwater compared to the rigid model. For
example, you cannot always expect the fixed boundary water surface profile to be greater
than the mobile boundary profile unless you have established that the natural morphology is
not a controlling or dominating influence at the bridge site.
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Figure 3.2 Nisqually study site
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Figure 3.44 Gibbon study site
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STATION

0
500
1090
1660
2540
3120
3670
4035
5005
5605
6165
7145
7905
8535
9335
10495
11735
12695
13795
14965
16085
17245
18245
19285
20485
21345
22315

23285
24345

Table 3.3 Nisqually HEC-2/BRI-STARS comparisons

MINIMUM BED HEC-2 BRI-STARS
ELEVATION.f.  WSEL.R WSEL. ft
1714.00 1722.68 1722.68
1720.40 1727.46 1727.44
1729.00 1734.49 1734.33
1734.30 1740.37 1740.38
1740.00 1747.39 1748.20
1746.50 175.77 175191
1750.50 1757.97 1757.51
1754.00 1760.90 1760.90
1766.30 1771.44 1771.28
1770.30 1776.68 1776.66
1776.10 1781.56 1781.51
1787.70 1793.84 1793.64
1790.30 1800.02 1800.00
1799.40 1805.20 1805.42
1804.50 1813.14 1813.66
1815.20 1820.66 1820.67
1829.20 1834.98 1835.65
1840.00 1847.71 1846.71
1847.10 1854.69 1854.73
1861.70 1867.76 1868.06
1877.00 1885.80 1885.33
1893.50 1900.21 1900.22
1906.00 1912.23 1912.08
1918.50 1925.18 1925.26
1940.10 1945.45 1945.23
1951.80 1958.35 1958.31
1963.90 1970.34 1970.20
1979.90 1984.63 1984.70
1993.50 1999.49 1999.68

NET DIFE..ft

0.00
-0.02
-0.16
0.01

0.8}

0.14
-0.46
0.00

0.16
-0.02
-0.05
-0.20
-0.02
0.22

0.52
0.01

0.67

-1.00
0.04
0.30
-0.47
0.01

0.15
0.08
<0.22
-0.04
-0.14

0.07
0.19

129



130

2o WZZLL 09TTLUL HO')- 98ZLLL 00'VLLL 0S50 98TILL OPELLL P60 orciilt 00'vLLL
100 SPSCLL LTl 6C9 8L9ZLL OP'OTLL 05O 6LOTLL eTiTiL &89 i oot
w0 SO'0pPLL CCHELL £TO- LL'8TLL O0'6TLL YOO LTy 19t 8L 19'9tiL ooezLl
13> »SePLL  OCOFLL 1OV 11°6ELL  OCYELL OF') T L'eELL  s9'lELL S€C solCLl OEvELs
890 Werik oTerik 800 90'0¥LL 00°0VLL 900 00'0v2L YOOVLIL 900 »00PL4 0OOPLL
»Z0 SITSLL 10°0SLL 080 . OV'iMIL OS'OVLL O¥O ov'iviL YSOMLL WO »oorLl 090VLL
»0'0- LVISLY \SISLL  ¥L'h- oc'erLL 05'0SL4 99'0 oCerLL Y0084 90 $0°'0SL4 08°08LL
»00- 99°00LL 06'00LL 90 'tSLt 00¥SL8 €E'0 W'tslt 6LtSLE ITO0 eL'eSLL  00'VSLL
"o Pl eTIUY o SH'S8Ll 0C00LL OF'0- 9'sol1 96884 ¥C0- 90'9044 OC'00LL
st0 0LLLL 90'8LLL $ST »TLLY OCOLLL 1O'L T CTIUL c80 €Tl oc'olLl
oco 194841 1S'18L8 %90 PLOLLY OVOLLL LZO pLOLLY  LYOLLY IO voLLL OV'eLL
oLt cresil wWesLs €0 406844 OL2043 TLO 1068L) S68'98LL ST} S6'00LL OL'i8it
6t 61°'C008 00'000) 900 911648 0C'08LF 90 911844 T90048 L0 Z9'08L8 OC'08L0
1o €O'S08 Tr'soel 620 80'68.4 OVGBLL €10 99°'C8LI S808LL SKO- se'esLl ovesis
$6°0- LL'TU0L 90'CI0L 900 95000 05'%00L 200 95'0004 59001 $0'0 »9'0001  08'0004
«®o 680201 49'0T84 ZLO 99101 OTSIeL 61’0 99101 ¢cCEI8L €10 cC'sigl 0TSOl
o 1S'SE8L SO'SEOt  ITO- 68'8Z8l ozTezet L0 686284 oOl'6Zet 010 oL'6Z0L oOT'6Tel
0 8L LL'OMEL 2eO0- 80°'6C0L 00'0¥8L 0OC'O- 99'6cal 9a'0cRl Z00- 00°0C0L 000V8)
40T .. 089581 €180 919 9TCsel OL'iveL co'y eTCS01 SCeveL ST SCevel 01’2088
$9°0 120000 00008 S0 SO'IeL  0L'1904 €00 S9'Isel ZO'loes Z4'0 Ze'1008 01’1001
180~ 76’0004 €C'Se8L 9680 90'0401 00'LL01 08'0- 909401 98'9LOL %00 95'0400 00'LL04
oo 290088 ZT'008L SO0 SVee8l 08€C68L Z00- SVCegl  v'Eset €00 4v'eoel 09'co0l
wo 00’4161 ©90'TI6L ©¥O €»'0081 000084 #Z'0 €»'0084 010084 610 610081 00008}
et'o Weesl oT'eZsl 810 iC'0l8L 0S'0l8L oOLO icelel 19’018 600 Ir'oiol  08'8i61
"o 60'S¥8l C€T'SK8L 600 8L'0b0L OL'0V8L 00 61°'0V8L ZL'0VBL 200 TL'0M8L OL'0veL
oz'o 199564 (C'9S6L €10 €8'iS6t 00'1S8L 600 €e'1s8. 191581 00 1584 00'1S61
"o 900461 OZO0l684 2¢O TTYe6L 08ce8t IO WTrest G0l 010 90'v981 06'Co8)
€0'0 €Lv00L OL'v883 ¥O- er'ei8l 08661 €ZO ér'aL8L TLel8L OLC tl'al8k  os'aLel
o ¥h'e88L 09'686%L 000 09'€684 05'C864 000 0s’cesl 0s'test 000 05Co6) 0s'cess

'] ¥ ¥ '] '] ¥ v ¥ '] '] '] ¥
NG 'AS3 12°00V0L P °00MDL MIQASID SI3POA 3P MIQ'ANI SIAPOR SAPOA  NIQ ANI SIPSG o3 peg
TISMPN 13SM  13SM PREISN ST SN0 PRGIN SNPE  SN'CL PRGN SN‘E) | s ‘D

JUGON a1 9 '9ZcC 89 ‘1162 £ ‘gZeC 1 °00V01 2 '00008 9 2262

Q0014 HVIA-00L ‘WIAN ATIVNOSIN

suosuredutod pi8uysjiqow SYV.LS-TIE AlfenbsiN p°€ dqelL



131

oo Wil 9T 1TO- Tl WL 9TO- wul el o Wil Tl
€09 LrSELL wLTIL 108 ISSELL W LTLL €00 vsell L 109 Sr'etlt LTl
$9'0 080pLL ECYELL 199 YOOPLL CCVELL %9 W'orLL tEYEL T sa'orLs €CIELL J
et STrLL SSOMll PIE TSErlL ocorls 61 E 1ScrLs scorll 9lt Scrlt  SE'OVL) b
oo BOrLL OTOPLL 590 So'obLL OTePiL €LO el OZovilt €90 e'srLl oTOrLL
£eo PZCLL 16'1SL 220 - 8LTSLL  M6'ISLL €Y0 ¥ZSLL  181ISL P20 SITSLL 181SL RIS
o 65°/SLL L0%SL) SEC- as'iSLL YISl W0 TOUSLL ¥OISLL »00 risty 1S'iSly 0leC
vy TicoLl €Svoll €80 88'loLl 9879l 0¥0O- LLIOLL  1S'I9L  ¥0'0- 90'08L 06°'00L4 ﬁ
<098

sTo g0l 9Lk Lo yo'0LLL SO'LLLL 900 0'8LLL THILLL VO Ll STILL

y0 WiLL Seelll €0 oc'LLLL oL €10 00°2LLL €80LLL SEO 10'LLLs  000LLL

r$o o0'i8Ll 6VI8LL €0 90'1041  6¥'I9LL 0O 6L'10L1 &¥iSLL 0OF0 0'ieLL 191840 SOID
"wi i€'s6LL  Loc8Ll 29 0c'S8lL 696l Wit (T4~ TUSNN 1 T1S T4 cr'sell vo'coll ShiL
4] »TC06L 00'CBLL 6Z€ €T'C08L 868l €ZC gsl'coes seealt 6IC 61'c08t 000001 SO8L
o €O'S001 ZV'S08L  1¥'0 €9'5081 Tr'S00L 6£0 19'600} TH'S00L L¥'0 £0'S08) TY'o00l StSe
680 g97I0L SOCISL 680 80ZI8L SOCieL 160 99Ci0t S9CI8L SO0 12208 99°CIOL  SECO
€0 880201 L90Z8t 0OC0 160781 19°0Z8l 0OE0 160288 L90T8L ZE'0 08'0Z81 1970204 SO6YOL
90 8r'scol S9Stel 910 or'scoL  So'cERl 91°0- ar'seel S9'SEOL vi0- to'geel 90'060) SCLMS
8’0 0081 1101 920 160081 LLOMBL STO 980Vl 129081 OT0 es'orel LL'9v0L SOOTL
0T LL050L, €Lv581 SO'T 0L'05088 €LvS0L SOT 8L'9580 €L'vS04 20T 00'9584 €L'v58L 968iCt
€90 690961 908981 ¥90 0L'898) 90896F €90 69'080) 90'998) SO0 100901 ©0'000) SO0V
€90 059881 €€'S891 €80 05v881 €E'SE8L €00 0S'pe8L cc'sast 190 cS're0L CE'Se8l  Se0s!
8c0 09'008) TZ008L €£0 09'008) ez'006) 8EO 09'0084 ZZ'008L O¥O0 200084 ZzT'008L SYTLL
"o »'il8L 00TI6L $Z0- »'LI6L 00TI6E HZO- »iieL eoziel zzo- 90'ii64 00Ti6L SYZOL
8i'0 Ty'szel ozsiel 910 Zy'STelL 9TSszeL 9L'0 Zy'sTelL 9T'SZeL 610 vr'z8) OT'SZOL SOTOL
S0 90'SY8L €2SK8L  S10- 80'SY8) €ZTSHOL SO 80'GK8L €2'S¥8L KLO- 60'sy8l €TSH8L SEHOT
8’0 ér'eséi 1c€essl 610 6r'es6l icessl o610 6r'es6l 1€'6S8L OZ0 IS'eS8l 1€0S8L SKELT
no €0'0L64 OZOW6l L0 €0'0261 oOZ064 L0 €0'0L61 OZ0L6L WO 900161 0Z0L61 SIETT
200 TL'vO8L OLv08L 200 TL'v08) OLv08) 200 ZL'vesl OL've8L €00 €L'v08) OLP08L SOTCT
%o Tr'esss Q9'6est 920 Zv'easL @9'6ssL 9TC Zy'cess ©9'688L $Z0- r'essl 096681 SYENT

L] ¥ ¥ ¥ ¥ ¥ ) ¥ ¥ ¥ ¥ ¥ v'vis
M0 ‘A3 S 00¥01 $1000¥08  MNQ A3 $10 00POL $1900¥08  INQ ‘ASH3 82 00904 S0 00¥01 G ‘AS13 $10 00Y0L 2 00401
TISMBN TISM 13ISM 1ISMBN TISM 1ISM TISMIN 13SM 13SM 1T3SMIN T3SM 13SM

oo By onqony  piby onqopy Py onqon P
oBppg 002 obpya 052 obpyg SiE oBpyg oN
oL9t vis ® 300140

QOO0 HVIA-008 ‘UYIAI ATIVNOSIN

a3puq 0L9¢ V.LS 10j suosuedwod AjjenbsiN ¢°¢ 2jqe,



132

960 oL'1ZLL 89ZZLL 960 012l 89T2ZLL 860 oLizLL 89TTLL ¥TO- weziL 89Tl O
18] SS'SELL WYLIZLL I¥E GO'SELL WFLIZLL WL oL'SELL w¥LIZLL 108 SySEll wvizZlL  00S
A] SSOPLL €EYELL 99 6L0VlLL €EYELL 66 ZEoPLL CEVELL 299 G8'0rLL EEYELL 060
w7 coZriL BEOFPLL ST €9ZrLL BEOFLL 10T ecZriL BeOoVLL 9L'E ySEXLL  8COPLL 0891
S6'0 GL'6rLL OZ8rll 901 gzZ'eyLl 0ZeviL 990 98'8yLL 0ZeriL €90 ge'erLL OTOviL OysZ
290 00'€SLL €€'25.) 980 LE'ESLL SPZSLL O¥O €6°'ZSLL €S2Z5LL #20 GL'ZSLL 16ISLL 021E
o OL'LSLL L¥ESLL T)- 69'ISLL 988SLL 0Z't- 20'8SLL 1Z6SLL %00 LVISLL \S'ISLL OL9C
600 €9'09Lb ¥L'0920 200 18°0920 6L09LL 800 19°09L4 69'09LL ¥00- 99°09L1 08'09L4 SEOV
1o SL'LLLL OE'LLLL 6L SL'LLL YELLLL wLO- SL'LUL 6ZLLL WLVO- pLLlLL BZLLLL  SO00S
wo LO'LLLY 1S9V OFO 00'LLL8 099LLL SE0 LO'LLLL  S9'9LLL SEO LO'LLLL  99'9LLL  SO9S
820 181848 €518 OE0 Z8'18L) 2S'18LL 820 6L'18LL 1S'18LL 0E0 181821 1S'18LL S99
£9'L GZ'SBLL 29°€6LL 6L} ZyYsBlL €OE6LL SVl 60'S8LL ¥9€6LL 6LL EV'S6LL VOEBLL SPIL
18 06208, €0008L SL'€ LL'E08L 20008L 99T ¥9°'208L 000084 6L€ 616084 000001 SO06L
€0 TLS08L  L¥'S08L  L¥O 20084 L¥'S08L 0Z0 Z9's08L 2Zy'so8k L¥0 €8'S08L Z¥'S08L SESE
680 LLT8L 99CI8L 960 2LZI8L 99°€i8L ¥80- ze'Zi8L 99€L8L S60- 1LZI8L 99°ELBL SEE8
6z0 96'028L 190281 2€0 66°028F 19028 920 €6'028L 19028 €0 66'0201 19'0Z8L S6Y0l
€Lo Zo'sc8l S9'SE8L  ¥I'0- 1S'SE8L S9'SE8L L1 O- pS'SEBL  SOSEBL  ¥LO- IG'SE8L S9'SEBl SELil
9z'0 169981 1.9l SZTO e8'0y8L LL9¥8L ¥Z0 ce'oM8l 129v8L 620 66'0M8L LLOv8L 58921
202 00958 €8I 902 61,9581 €198l 802 189581 €2'v68L 20T 09'958L €.v581 S6LEL
190 198981, 908884 990 Z.898L 90898L 90 898961 908984 90 128981 906981 S96¥
080 €Sve8L €£G88L 080 €598 €£688L 180 ZSvesl £csest  19°0- 5681 €C'S88l 59004
oro Z9006L 2ZZ008L OFO Z9008L ZZ008L OVO 290081 ZZ008L OFO 200081 ZZ006L S¥PZLL
xZo 98'LI6L 80°ZI6L ZZO- 98’116k 90ZI6L ZTO- 98’1161 90216l ZZTO- 98°'LI6L B80°ZI6L S¥ZOL
810 Yr'SZeL 92'SZ6L B8L0 Y5261 9ZSZ6L 810 »GZ6L 9ZSZ6L 8LO Yr'SZ8L 9Z'SZ6L S8Z6L
Lo 60'SY8L €ZS¥8L ¥LO- 60'SY8L €ZSY6L L0 60'SY8l €ZS¥8L ¥ 0 60'SYEL EZSKEL SBYOT
0zo 16868 1€8S6L 0ZO 1S'8S6L 1LE8S6L 0Z0 1S'856L LE'BSEL 0Z0 1S'8s6L LE'BS6L SKELT
St o G0'0/6L 02068 GLO G0'026L 0Z0L8L ¥LO- 80061 0206 ¥10- 90061 OTO0L6L GIETT
€00 €L'v88L OLY¥86L €00 €Lv968L OL¥96L €00 €L'v968L OLY86L €00 €Lv861 OL¥86L SBZET
2o ¥¥686L ©9°688L $ZO- »»'686L 96966861 ¥ZO0- ¥»'666L 096661 ¥ZO- »v'666L 89666L SYEYZ

"} ¥ ¥ ¥ "} ¥ "} v ¥ ¥ ¥ v y'vis
10 'AS13 810 00¥0L S0 00P0L MO ‘ASI3 850 00POL 830 00¥0L MO ‘ASi3 80 00¥0L O 00Y0L MG "A9I3 80 00Y0L 82 00YOL
13SMIN 13SM 13SM T3SMIBN 13SM 13SM T3ISMBN 13SM TISM TESMBEN 13SM 13SM

oiqon Py ooy Py opqonN  pibiy gﬂ (Y]
obpua .0vS obpug 015 obpug 08y ON
oziE vis ® 390188

QOO0T4 ¥VIA-00L ‘¥3IAN ATIVNOSIN

a8puq 0Z1€ VLS 10j suostredwiod AjenbsiN 9¢ 3|qeL



133

"o WZTLL 0OTILL ¥TO "WwTLL 99TTLL YO oL wTWwE wor wTtLL 9Tt 0

10'e SY'SELL  WLTLL 109 SHSELL il 089 wotLl izl 100 SHSEil  wLZLL 009
99 S60PL)L -CEVELL . 2900 S8'0bl) CCYELL €29 99°'0CLL €EYELL 290 s8'ovll €CHELL 0004
-1 SEPLL GEOFLL OL'C »SCrLL GE'OPLL 1ST ee'TrLL ecorii oL'c ro'crLl GC0VLL 0901
990 9SPLL OTEebiL €90 SO'SbLL OTOPLL T 'ériL OTSYLL 090 80'0rilt OTOVLE OVST
»Z0 SITSLL 18°1SLL ¥20 SLTZSiL 16'1SLE €E0 8Z'TSLL 16'1SLL $TO S1Z941 161844 0TS
»00- YISl SISl %00 WISy ISISLL L0 YLSLL 1SISLL Y00 WisLy 19181y OIS
»00- 990844 0809L% #0°0- 9009LL 08°09LF €00 10004} 0809LL #00- 90°0941 0800LL SCOF
ri'o- PiLLLL QT'LLLL OLO- o1°iLLL €Tl 000 TILLL OTILLL YO PLLLL STLLLL 9009
oC’0 00°2LL) TLOLLL BVO LVLLLL 680LLL MTO OC'LLLL \S'LLLL SE0 10°2448 990LLL 9008
8c0 98°10L4 @S'I8L) 6C°0 8CT0L1 68'18L) SEO- €C'teLl @9'tell 0OC0 18°6044 1971821 9010
< 2 L€°G8L0 SSEOLL 8L - QOV'S6LL TTEBLL o¥'L woSlL e8'Zell 6L cr'esit vo'CBLL ShiL
1[4 1r'coal €1°0004 982 *L'€088 060001 SO') Sy'C08L 101081 6L°C 61°608 000004 9081
1S’0 T6'S08L Lr'SO0L 090 S0'008L SP'S00L €£0 98'S08L ©9'608) 190 €O'9001 TV'e08l 9CS6
oo'L- SOTIBE L9€CI6L 10')- 49181 @SCtIOL SO0 »OTI0L 6ZClal 980 1LTI9 90Clal SCc8
€0 10°iZ8L 19'0Z8% e6£0 001284 LO0Z8L OCO 10°1284 12°0Z08 Z€'O 68'0Z8L LOOZEL 98Y0)
S1'0- 0S'SE8L S9'SE8l 91’0 8r'seol S9'6E8 €10 05'SE0L €0'6E0L L0 19°6E81 99'0e8) SCiLL
0co 102080 L2'0008 ZC'O €O'L00L LLOM8L $T0 G'oraL Slovel 920 6s'orel L0001 906TI
90'Z 6L'958L €L¥S8L S0'T 09508 €CLv888 21T 00501 OLvS8L 20T 00'9581 CL'0501 S6.IC)
09'0 TLe00) 90'G96L 190 €L'800F 00’9984 890 v2800) 90'0068F $£0'0 120801 ©0'086) 906K
190 ZS'Pe81 €L'Se8l 190 259801 €C'Se8I 9.0 P01 2TCCE0L 190 8v001 €001 96000
oro Z9°008F TT'006L OFVOC TO008L ZT'008L OFO €9'0064 €Z0084 OVO Z0'0084 ZTZT'O0BL SHYZLL
wTo 90°11681 €0'TI6 Zr'O- 00'ti6L ©Q0ZI6L €TO- SO'LI6t ©QOTIGL TTO 00°4164 ©0TIGL SHZEL
810 »'SZ6L 9Z'ST6L 010 szl eT'eZ8L 610 SHh'sZeL oz'9z8L 610 vr'azal OT'STOL 90261
143 60'SY8l €TSK8l YO 60'Sr8L EZT'SP8L €10 o1'S¥8L €TSKBL PLO- 60'SreL €T'SIEL 9GPOT
0zo $S'8881 I€0@S6L 0CZ0 1S9S68 1€958L 00 15'9S84 1c'es6L OZ0 199561 (1€GS8L SICIT
o 90'0.61 0Z'0l6% ¥i°0- 900464 0Z'0L6) ¥1O- S0'0/6F 610261 910 90'0460 0T0/6f SicTT
€00 €L9081 OL'v064 €00 €L9061 OLP86L €00 €Lv861 O0Lv084 €00 SL'v08L OL'v08L 90Z€Z
o »»'6661 €69'686L ¥Z'O- »r668L ©9'688L €Z'0- rr'és8L L9'686L HZ'O- rr'e88L 096861 SHENT

30 ‘AS13 8} 00¥0L &2 00F0L  NIG "ASIT 832 00VOL S0 00V0L  HIQ ‘ASI3 815 00FOL 9 00V0L NI ‘ASIT 839 00VOL 10 00H0)

TISMIN  13SM

oHqon

JISM 1ESMIeN  13SM

P8

eBpug 520

oHqon
oBpug ozy

QOO0Td ¥V3A-00) "HIAINY ATIVNODSIN

TISM  TASMIN ._ww;

mbns

TISM TISMIEN T138M

P

8!5.8«

S09s vis O 30aina

33puq 5095 VLS 10j suostredwod AjjenbsiN .L°¢ d1qeL

410N
oBpug oN

TESM
P8y

v'vis



134

000 L0 €L 000 L0 SLier on'o Lo il [ reed
100 Iccsr oty 100 ICCOr  OC'COP 00'0 os'cw e 0088
€00 40080 VO 200 L diidD A d 100 | o Aeid L odid 0008
100 cr'eer 'SP 900 L2 i id <00 o' | A id oo
@00 48200 SELOP L00 wWiey ovi0P 200 os'Lev WL o
o 0oy e 010 sy 00 o 49'00V ' 164
ok'e- 008> Treery L00 020y W'iW eL'0 00 4oL 418
u» 1040y SRTOB @0 Lol ed 18'000 ”we [ Lined 25000 [ ed
oL’y 00'L00 SOZ08 OV 95900  €0'008 e T cor 05 900 €808
[ Al or'esr OB YV oTeer 96008 [ 23 ITrer [ 3 d ol
T oS08y SiICO8 OLC 8’00 $4°008 s 18y [ d ed cooe
| A "wr »weis e oL4er ZTL08 o«’l T Lol iud o
we OL'008 ®L2C08 »OC %G'e8r 09108 [ Lo X .4 rid 4 el
T008 [ 4 4 49’00 cone
10'408 49008 2L d | ed
40’200 09'009 el il
Ty'eos 19208 00208 €808
00’08 T'cos »L°'T08 <o
Y » ¥ L] ¥ [ | ] . | ] V'vis

218 vi8 © 200196
QOO0 YVIA-00L ‘HWIAN LIOWVNE

sajyoud aoepms 1a1em N3eNS §°€ lqeL

TIEMIBN TIEM TR IS IBN  TIBM TS TIRMEN IR TIEM
L ) [ ) opqon [ ] oNqoN ]
olpig ez oloug 082 oBpu@ o8

000 '8y €Li9» 000 L0 L8y 000 cLiey Lo 000 Lo (TN 000C-
000 oCCer OSSP 000 oCEer OLCer 000 oc'cer oc'cw o0'0 oc'cw oc e oot~
10'0 e eV 100 SEPEY OYEP 000 e ey ro'r00 000 oo o er 000t~
100 IC00F S 100 iC98» TP 000 [ 3 °”® 100 [ 1.4 T oY oos-
0'0- LOLOY oL 100 LUL0 [ 71 4 €0°'0- o040V [ X1 4 000 L g1 d [yl 4 o
eL'o- OO0 @O0y IO WO Ny 90 o0y o'oY eL'0- 0% o0V 14 e
-] wesr ey €0 1608y SO 900 (1Y 4 TR "o 19'000 90000 408
se's Wiy 6TCer slo Iy SLTHF YO 1e08P Lo o oz v o e
T orZer TP N0 000 T KO a4 Loy 1 [} 4 L9000 00’000 €904
"wo ocer LYYy €50 0Cer SICEr 820 oL 20 0 200 X d o0 - x cose
auo 19000 SC9P O0VO- wrer WrNr 610 10000 05 o0 Vo ov'esr (7% 4 [~
190 WuWeer ISP 180 LSy Ly Mo oo o'W 00 20'v0F 90'000 -4
wo "N I¥iev 2ZO L9800 COOSP OL'O- co'eer o' 00 Yy 4 3 4 €008

oL oo o'L00 oL °w'L0v cone

iy 4 czonv Zi'onv 4 [~ 4

T9'008 19'008 TY'o08 €C'008 oy

08'108 19'008 »2°'008 0'108 €009

0°208 19208 ov'208 c'200 (-

. » . U} » ("} '} ] "] » » ) ¥'vis
MO A WO OBNEL SOONNEL MO AN NOONIEL SPOIVEL NQO'ANI SPONEL NOO0MNEL MO A3 SO OIINEL %O 0NEL
TISM N TIBM B VIBMIEN T8 BEM  TISMIIN  TESM MASM TIBMEN  TIB TISM
apqon iy opgoN o *Nqoy (] oNeoN (]
ofppg 9oz olpu@ O0C oBpug SI¢ oBppg oN



135

20'0 sTeSF OTeS» €00 <o o'oY 100 Lz'o8y oz sy oooe-

400 68y OLG» €00 cL'e0r  OL'08Y 100~ [ id oL’ oo8b-

200 T OTir 900 oWiIer OT I 00 TP oz Loy 0008~

[ 3. ovTer OLT 180 T OLTHW 420 ST oL’V 008~

- L0T00 OTYY 884 e0'Cer  OTrer $L°0- Ve [ A e o

20'¢- w'ior 00ber 63T e  00'ver 1e'e- [ oA d [ Ll 48

°0'r eL'eBy STECOHP Ot'>- Sie8r STCW [ A T’ Lo T 409

0’0 oy OoZver €10 ooy O VOP oo o« oT'rer [ ed

e0'0 eaver 088y S1'0 009> 08'VOV 440 20'900 [ ed €808

00 eTe8r OZeOr ¢€i'0 o8y  OoT'o Lo L% ed oT'eer « coss

180 19400 0BLOF P10 "ir OB'LOV 60 L0490 on'Ler e

€0 e Oy €10 -l oA ed 00 [ od [ Ll cose

€3'0 CZ0Ly Ob'OLY o isoLy  ot'osy 900 ol'oLy oL'oLy C80E

8°0 18840 OFPiLP 900 Wiy  OviLy 200 L 1Al 4 [ dlid <ot

900 WMTLY OL'TLY 000 oLeLY OL'TLY 900 "wTLY oL'eLy e aed

wo MELY OCOPLF OLO os'cLy 00'vLY | TH'ELY o0'vLY <o

©0'z- ZCy OC'SLy XD 0Ly OC'SLYy «eT 0°2LY os'sLy €808

000 oLy OFNP 000 os'sLy oe'eLy 00’0 oLy oLy oS

L] L) ¥ » » » 1 4 L] L] »'vis
MOASD ®3P0Q SI3PSE MO 'ANJ SRR &1 PoR 0 AN3 93 peg o3 pog
pogwN Ny ‘gl = ‘0 pe@ N Y ‘94 o ‘0 PO@WN W9 Wy ‘0
0 ‘0INEL O ‘PPIST N0 ‘00PEL SO ‘OVIeT oo ‘0MCL SO ‘evie
oBpva ez ofpua 05T olppa seC
00'0 oT'eew OoTesY 10'0- e’y oo 00 o1°'090 oz'osy 900~ oL'e0y o8y 000T-
900~ 00 oLesr 00 "oy oL 800 L i oL'eny 90 oo L' o008~
o Wi OoTiwr €10 W0 oTIiw 810 o't oz sor €0 [ o ded oe Lo 000
T TP OL'TF 2O LrT OL'T LTO- [ fied oL'Ter Lo [ Xiud oL'TOv 009
9’0 e O 20 Wweor OZve» oo os'cor oT'rey o080 oL'eor oe'vey (]
400" CLCOP OOPOP €O 44000 OOVEP B0 TTvev o'y [ 4 2 14°000 [ A ed 108
o8°s- oLTer STCM 180~ ”’eer  STOW 180~ 1 X 4 ST E 8’0 [ [ ged e 409
8’0 ®weer O S0 SC'Yer OTYW 1o 1C'000 oT ver 00 T vV o ey [ ad
€0 SO 08P @00 eaver 08ve» 00 | e did o8'rev 00 ey [ 3 ed €808
e0'0 or O 900 TS O 00 T oz €0'0- L4000 [ ed e dd
400 48200 0840V %00 L0 08l OO 284200 on'Lev 20'0- o'L00 ov'Lev coot
200 U 00w €00 O ONeNY 100 10000 on'esr 200~ oL 'S0 [ oA ed ied
€00 ci'ody oL’y 10’0 oLy OL'0d» 000 0s'0LY [ 1 X714 €0'0" 40'0Ly oL'oLy €80¢
000 ov'iLy OF'iLy 00 'Ly OV'iLy 00 o’ 8Ly or'iLy 900 oC's Ly oLy cose
0’0~ 0TLY OL'TLY 0 MTUY OLUUY »O ow'zLY OL'TLY ‘o oLy OL'TLY i
90 0CLy O0OvLY ®90 ToOCLr OO'vLY 10°8- o'TLY o0'vLY ©0's 4024V o0'vLY [ cid
[ X LOTLY OR'SLY e WNTLyY OCSULP ©Cve- e os'eLYy sve- SO'TLY os'sLy i
o000 oy OOy 000 ooy OWY» 000 oLy oLy 000 [ 1 14 oLy <o
» L) L] ] L) L4 » » » ¥ L] L] v'vis
MOASI3 SE3P0g SZPEE N0 AN Sia PSR  oF Peg 80 AmE %3 peg o3 pog 0 ASiR o3 P8 o0 pog
PO@ NN SAf'SL oA} ‘0 PO@WN SA‘Sh M ‘0 PO N AN ‘S o ‘0 POR N SN ‘S N 0
0 '000CL %O ‘'OVIeZ S0 ‘00VEL PO ‘SPIeT 0 ‘00EL %O ‘OPI6Z 90 ‘OBVEL WP ‘WIS
oBpug 982 ofpue 00C olpua 9i1t ofpa oN

218 vis © ID0NNG
QOO0T4 WV3IA-00) ‘U LIOVIS

sajyoud poq ureans u3exs 6'¢ 3jqeL



136

€o'vt 000 o edd SO'tvl 00’0 o Addd L A3dd 0004
iyt 000 Ll | i d 00'0 Lo Addd W' el d
o8'Zre 00'0 L X4l L Xadd 000 L X d3 X idd 000¢s
co'crs 00'0 c8crt  CBCHi 00'0 A 3dd L 3dd et d
- Aadd o0'0 - 2 4dd o8 00'0 o'l - Addd o008t
ox'ovs 10’0 or'ave oc'ave 400 or'ore os'avt 94008
"w'ors €00 ww Ll d €00 "oyt worl 94044
sT'ees Lo €zoss 98088 o oc'ors To'orL o844l
oc'sss 90'0- 95088 1Z°ise ®'0- aL'ovs 43°'088 L ade
09€sSst 680 08084 48488 Lo Lol dd 90'088 L edd
o8'csSs 080 08°'1Sh 00'zes L d 10’084 sT'isk 080T
Si'SL oo oL'TSe TOTH o 10488 0'iS 000
TO'v8L se'o- oL'TOE LL'ESS S°0- w'Te 0o'zes oosee
088 <T'o- co'eod eL'CS) °0- oT'esi ec'eot 00T
9'oB 610~ "’os €888 90°0- o198 LA ld 00T
90'088 L oT'9s "°$'oss 900~ 90'988 c1'908 000sST
oL'98L 01’0~ 04988 oT'9st »0°0- 10088 90’008 0008t
1849 900 20°'4LS8 os'488 90'0- 90'08) 00’480 oosLe
¥ L ¥ » 4 ¥ ¥ ¥'vis

TIGM TISM N  TISM TSN TISMIN 1IN TISM
ouqon B onqory o oNqowy PO
oBpyg S24 ofpyg 002 oBppg ST
000 SO'sPL  €O'4PL 000 coO'sPL (- yT 00'0 <o'Pb €0'svb
000 e8'ivlt  08'4¥. 000 e8'svl 8104 000 98'L¥s W'l
000 e8ZYE 96TYL 000 °6'TrL 0°TYL 000 X4 o0TrL
000 e8Erk ©8TPL 000 cs'evs cacrs 000 - 1.4 L 1.4%
000 TBYPL  TOBWFL 000 'L 289 000 ze'ovh 28'vwi
00'0 ecSrL ecsyk 000 ec'srs oy 000 ac'sovs X
100 ZrevL Ly'owL 000 T swors 00’0 oc'ors 3 . 4
oo ZoePL ZTievk 200 sYive v 000 20°4v8 0LV
20'0- eyt 2wk 100 aL'evh oz e 000 0s8'ivs 08'4vs
90°0- ZverL SvoPlk 100 os'8rs Lo 000 as'ers L 2.4
00~ eT08L OCOBL 10O ©0'088 »0'081 00’0 as'ors an'ori 00802
€0'0- S48k B8k 100 00004 68084 00'0 ag'08s 60'08s
20'0- 4028 6029 100 90°198 98188 on'o a'igt or'iss o082
10'0- 10c8L 20088 000 = x- 1) s8'z8l 00'0 ooz ae'zei 008ez
100~ 48'C8L ©8€SL 000 28'c9 o8'cst 00'0 ov'css on'csl ooore
10'0- 898 98968 000 1888 10088 00'0 a9'vDt o0've) 00082
10'0- 20084 ©€0'98L 100 ae'99l 08'984 100 99'90) o0'00! 00082
€0'0- 9B 2899 €00 19980 08'081 €0'0- 0008k o'onl o0eLe
] ¥ ) ) ') ) v ¥ » ¥ 'vis
MTEEM TISMIN 1SN TESM  TASMIN  1TESM MTFEM  TISMN TIOMN V2ASM
*NGOWN piBny onqoye [ Y] oNqoN (]
oBpug 002 ofpyg 0oC obpug oN
9204 vis © 300G

QOO 14 MVIA-00L ‘1@ NIFUD ANOLS
sa[iyoud doBpns I31em [# Yo AUOIS O1°€ qEL



137

00'0 og'dZs 084 000 08424 09228 000 08224 09428 oooL b

00'0 oSeSt 09l 000 0882t 09'8Zs 00'0 09'8Ss 0B'ets o008

000 os'6Zk 08'6Zs 000 08'6Zk 09'6T 00'0 o9'6Zt on'ets oouts

000 09'0Et 09088 - 000 09'06F 00°0Ck o000 09'0C1 08'0CL ooers

400 49168 09488 900 »8°168 09'ISH €00 [~ 1Y 08'i1Se Qoo

208 TOCEL 28068 OB 120C88 L46°LE 420 vL'ZEb 18488 94000

eo's- SZ'iSs 10260 T4~ oL'3€8 L0°TS 16'0- 90°ZCs 4064 84045

000  90¢CCh 9OCEL $0'0 S0CEL gUcth 20'0 10'€Ss 90'CEL osLLs

000 0898l 09961 100 1SPEL  09'vCS 200 29'vEL 0s'vEL 0008t

100 19'9CL 09'0CH 10'0 1996k 09'9Ce 200 To'9C 09'9¢s 00084

00 199CL O89Es 200 2996t 09'0CH 200 28'088 05'0Ct 00002

10’0 19°264 O09'4€k 20O Z9'4Ct 0820 Z0'0 294 09’484 oo e

200 Zeeck 086k 200 29'0Ck O0D'eCh 100 T % os'ets 008TT

200 2006 0966 300 196Ck oOvecs 100 -y % 09'ecs 009Ez

00 SOV 08°008 00 (8- 43 os'ors 000 os'ore 080 [ A

000 08'ivE O8IV 0'0- or'ivE 0LV 100 av'ive 08'Ivs 0009T

oL'o or'ZrE 082v €CLO E2vL 0STYL 1 1Y 28T [y g) 00082

000 OB'EPS OBE»S 000 oB'crsE 09¢cYve 000 og'crl os'srs o00LZ

L) ] '] ¥ '] ] ¥ ¥ L] ¥ '‘vaS
MOA3 SIZPOG DPE MO ASE S PeE o3 Peg QA3 3P %3 Pe@
POQ N e ‘CZ ey ‘0 pog N SN ‘e N ‘0 POQ N 8N ‘€T e ‘0
WO ‘00CEE WO OZTOL W9 ‘00CCZ WO ‘OTTOL %O ‘00CET PO ‘'OTrot
sBppa 948 oBppg 002 obpug oZT
000 09’228 0822, 000 08224 0822 000 0942 08424 000 09'4zs 09'4Zh 0008
000 0992k O9eZs 000 08'0Zs 0892k 000 09'eZt 09'sZs 00'0 0e'ets og'eZt 008
00'0 0og'6Zt 0862k 000 o862 0862k 000 086zt 0s'ezs 00'0 o'zt os'eZt 000CH
00’0 o806k 08068 000 08'0Ck O08S0Et 000 08'068 08'0Cs 000 08'0C4 08'0C) 00OV
20'0 29068  084C) 0'0 19568 OB'ICt 000 08'iss 09'ses 00’0 09's€4 o8'ich 00084
»9'0 $8°ZCL L0'4Ck ©Z0 SZTEL 40184 900 90°2¢s 40°'0€8 00'0 40°'0€1 46°'0€8 94008
090'0- IETEL 4L6TCL MO €9'TCL 402cH o °0'zEs 20°TCh 00'0 40'T¢L 20'284 L0480
20'0 406k 9QOTCL 200 40CCk 90'CE 10'0 o0'ces 90'¢Ch 00’0 20'cCs °0'¢cel osLLs
200 2906k 086l 200 Z0'0CL  08'0C) 10'0 19968 08'vEs 000 09'sth 08'oes 0008
200 Z29'0Ck 09'9CL 100 1998 089'0C 100 19°9E8 00'9Cs 00'0 09'9C) 0og'9tt ooess
200 ZO0CL 000Ck 00 1S9CL O08'9Ct 000 0g'0cs 09'0Cs 00'0 os'ott 0D'9te 0000
100 19260 08268 $0'0 $9°4C4 08268 000 09°'2€s 09°'2L¢h 00'0 08'4€t 08'4ce 0oL
00 18’96k O09'0Ct 000 0og'eCs O0Oseck 000 00'ets 08'0cs 00'0 os'ett 09'0C4 oo8TT
100 tg6ct 086k 00O 08'6Cs O96ck 000 og'ecs og'ecs 00’0 0g'ecs o9'ect 008
00'0 og'OFL 0S°0FF 000 o90VE O0S0VL 000 09'0ovl os'ors 00’0 on'orl 0o9'ovs 000ve
100~ or'ivs 08'iPL 100~ ar'ive 08°ivL 10'0- owv'LPL os'ivi 200~ ov'ivl og'os [ 4
»4°0- osTYe [ X1 4] L0 oeTrL os'Trl »L°0- | 1143 [ x143 »4°0- [ x-41% [ x1 /3 [
00'0 og'syPL O09'CFL 000 og'Eys O08CyE 000 og'sYs os'crh 00'0 os'erl oD'cYs ooNZ
¥ L ¥ ] » ) ] L ) L L} ¥ v 'vis
PR N Wy ‘€2 N ‘0 pe@ N 8Ny ‘2 an ‘0 POQION SN ‘§2 N ‘0 [ ] any ‘c2 -y ‘0
%O ‘00CEE %O ‘0ZTOS oo ‘00CEZ %O ‘'0TTOL %0 ‘00CCZ WO ‘0ZTSI o0 ‘008ST WO ‘OTTCL
oBpug SHZ oBpug 082 oBpug .09¢C oBpug oN

S404 V48 © 3I0ONNG
QOO 14 MVAA-00) ‘1# ¥IFJWID ANOLAS

sajyoid paq ureans [ ¥331) Auols [1°¢ dqel



138

00'0 WMz vz 00’0 W'z Lo dded o0res
100 SOMMZ ToNE 100 €99z - Aied 00r0e
00’0 98I 19912 00’0 9oL 1S9 oovie
00’0 90T 90T 000 19082 19'ozz aore
100 e s 00 - X iz 00ree
o CONEZ - 19922 oL'0 o'ole 19'v22 000

0 L'eTZ oeeT 0o cL'eET dood

oo's- 68'I€Z O5'CET oeTh- ' TTET 00190
o'l WTEZ SIEET 0’8~ 0wz T 0049
0b'4- 40°C8T LTVET 490 coTCT os'esz 0oL80
»0- oresZ »O'9ET <0 85062 L3 [l od
"o S0'SEC 0O 00 1898 0’962 ooloL
00~ 90'4SZ 00T 100~ - Xiod o8'482 oossL
10'0- 0'6CT co'oeT 000 e'6se e'ecT ooleL
00’0 10°40T  LO'LT 00’0 10098 18T ooieL
$0'0- o8CE 18I 0o os'crt 1’ ooLvL
80'0- OWET 16T 80’0~ oot 10902 00s8L
o1°'0- [ Tyl ST Y a0 oL'Lve 16°20C ooleL

¥ ¥ | ¥ ¥ ¥ ¥ 'vis

oNqom By oNqoMe B
obppg STT olppg ¥
eS'vMZ 9'MIZ 000 [ 134 Wi 000 W e '
SSOZ ZeOIT 100 SO 29'0I1T 100 o' 29'0LT
ISOLZ 19812 000 19012 19012 000 1902 Ty %4
19022 19022 000 19'022 19’0z 000 i9'ozT 19'ozt
s 19 000 ez szz 000 19T o'cee
"MET 192 100 20T 'S'oZT 000 1922 $9'9ZT
I0OZZ SOZ 200 °9'02T w'T 000 Ty 19'02T
088z I1c6ZZ 000 19022 °0'0ZZ 000 10'422 e'L28
IS0EZ  MOEZ 100 60’02 €008 00’0 1o'ezz ie'eze
COTETZ  »OTEZ 100 98'06T 9062 00'0 10'i82 10882
0CEZ ¢C8'CEZ 000 28'e62 20'ceT 00'0 18'ccz 10'C62
2006 169EZ 000 18'0CZ 1e'0c2 00'0 10'962 19'082
046 18268 000 10°LET 18'4€2T 00’0 10°262 19'L82
1006 (188 000 10'062 10'06T 00’0 180'08T 10'08Z
IS 181C 000 e 18'49T 00’0 10'09T (T
08I 18I 100 00 Ere ) 10'0- os'ere 19T
20'T (VY 4 00'0- b 2 1 10T 00’0~ 'MWt ' T
OLLYT 18T SO oL v Ty, 4 g0 oL LT 10°L92
) L] ) ") ) ¥ ] ]

TGN TISM TGN 138 IO VEASMIN 138 TIGM

oHQoN Mo onqoM () o*NqoN [ Y]

eBppg OYC oBppa 019 oBpug on

000 VAS .. 3008

sayoud adepms 191eM T# N1 AUOIS C '€ 2198l



139

Q0’0 00'20Z O09TOZ 000 08'Z0Z 09'Z02 00’0 08'202 09'202 0oves

00'0 00'00Z O09'90C 000 08'90C O09'P0T 00'0 09'P0T 0R's0e 00r00

00'0 O0'S0Z O09'S0Z 000 09'90C 09'90% 00'0 0980T 08'80C oorLe

00'0 oS80 O0Se0Z 000 0990 OB'80T 00’0 09'802 oD'e0e Coree

00'0 080IZ OO 000 08’0 O0R0IE 00'0 oposT o9'ose 0oree

oco OL'TIZ O09TIZ S0 99ZIZ O09CTIZ ci'0 s X134 on'zie 0orye

”e- CCIZ O0BPIZ 64 ICCIZ 08P i ZoeIT 09'vZ 00ree

00'0 O089IZ O08'9IZ 00 eEIZ  O89IT e0'0 sz o8'SIZ 0090

00’0 08'LZ 08412 200 4002 082 20'0 9044 08’482 0049

€0'0 €SeIZ O09eIZT 000 08'SIZT 08I 00’0 08’6z os'ers c0Le0

200 48'ITZ O8IZZ 000 os'IZZ 08'IZE 000 0822 os'\Zz coLe8

00’0 08CZZ O8CZZ 000 08sZZ OecEZ 000 oe'sZZ os'see 00402

00’0 osSZE 0sSZZ 000 08'SZZ 08'sZT 00'0 08'9Ze 09'STE oossL

000 08'LZZ O8ifZ 000 08’222 084z 00’0 o822 os'222 ooeL

00'0 o88ZZ O8SZZ 000 os'ezZZ 0Oo'eZT 00'0 os'ezz os'eze 00ssL

00'0 08°ICZ O08'IEZ 000 08'ISZ 08'ISE o0'0 os'ics 08'ie2 ooL¥L

100 69CEZ O8ESZ (100 G9'CEE O8'SeE 100 ee'ttE 08'cee 00194

00'0 08'9€Z 08'9CZ 000 089CZ O08'9se 00'0 08'9¢CZ os'9se 00s8L

» ") L) ¥ '} ¥ » ") ) v'vig
POGIISN SA'CZ N0 PG IN N ‘€2 any ‘0 PO@IWN SN ‘T2 LK)
o ‘006SZ WO ‘'0ZTVL %0 ‘006EZ WO ‘0TTSL 0 ‘00CSZ 9O ‘OZZVL
oBpua 901 eBpug SZT oBpug Oz
000 09'20Z OBZOZ 000 00'20Z 0920 000 08'20Z 09'208 00’0 09'208 0s'Z0e ooves
Q00 0S'%0C O0990Z 000 09'%0Z 0990 000 08'v0T 09'v02 00'0 09'008 08'90C 00r0e
00’0 00902 O08'90Z 000 0880t 0890 000 09'902 09'002 000 09'002 os'e0e oovLe
00'0 O8'00C O08'S0Z 000 0990Z O08'90Z 000 09'008 09'008 00’0 09'808 08'e0s 0oree
00'0 09'0IZ 0002 000 09'0IZ 080IZ 000 00'0sE 09'0LT 00’0 09'082 os'oLT 00rEe
‘o I19ZIZ 09212 €00 90'ZIZ O00'ZIZ 400 49TV 09'2IZ 000 osTe os'TIT e
49°0~ [~ 3% 4 o8'vLe o0 L A (Y4 os'rLe &0 [ % (%] OB e 00’0 0o0've e o'l 0008l
84’0 90'9IZ O08'SIZ 000 08'SIZ O08'SIZ 000 o8'9LZ 08'SIZ 000 os'SsT os'eLE 0000
000 08’20 0841 000 08'24Z 0841 000 ae'Lsz 08'242 00'0 o882 o082 00449
00'0 08'6IZ O©O88iZ 000 0861z O086IZ 000 os'ess os'eIT 00’0 08'8AT os'eLs 0008
00'0 O8'IZZ O8I 000 O8'IZZ O8'iZZ 000 os'ITe o8z 00’0 os'szT oe'sT2 00Le0
000 O8CZE O08CZZ 000 O8CZZ O8CZZ 000 o8'cZ2 os'eze 00'0 oe'ezz os'czE 0008
000 08'SEZZ 088 000 09'9SZ O08SZZ 000 os'sZe 0e'SZT 00'0 os'9zz 09’9 1Y)
000 08'4ZZ oO8iZZ 000 os'4ZE o08iZZ 000 os'sze ow'LZE 00’0 08’422 os'222 oosTL
00’0 osezZz OoseZzz 000 os'eZZ Os6X 000 os'ezZ os'eze 00'0 08’6zt os'ezZ 0oL
oc0'0 O8'ISE OSISZ 000 08'4€Z O8'ISZ 000 08°'se2 00'is2 00'0 08'1¢T 08'sS2 ooLvL
100~ GECEZ O08CEZ 100 @9SSZ O8CEZ 100 es'ces 08'CSE 100 ou'ce os'css o08L
000 089Sz O08'9ST 000 089S O9SEZ 000 08'9cs o8'9sZ 00’0 08'9ST 08'9sT 0oL
L] ¥ L) » » » » ) ") ) ¥ L) ¥ '‘vie
POEION WM'SZ WO PO@ION WN'CZ W 'O PeQISN WM ‘ST -y ‘0 POmION N ‘ST .y ‘0
%2 '00CEZ %O ‘0TTOL 90 ‘Q0EEZ WO ‘OZTS %0 ‘00CEZ O ‘0229t %40 ‘00CEZ WO ‘'0OTTIL
epya 90T oBpua 9rc oBpug 019 oBpue oN
00r99 VA8 © 3008

QOO MVIA-00L ‘T8 NIFNAD ANOLS
sajyoud paq ureans gy 3D AuU0IS €1°¢ IlqeL



140

000 LL'PiSO LL'PiS9 000 LLPLIO9 1L'PIGO 000 LLPI09  LLPIG9 000V
000 SO'6IG0 S96I99 000 GO'6LEe0 S96L89 000 SO6LE0 SO6IEe9 000§
200 19'v2089 69'PYZe9 200 97289 699289 200 LOV209 699209 0009
200 996260 906299 200 89'6209 996289 100 196269 996289 000
sZ0 €6'PCO0 QOPEE9 0Z0 QUPECO QOPEED OL'0 QL'vEGD QOVES9 0009
ovo- rLOVGO ZO0ME9 OV O- 00'0vV89 OPOFE9 SZ°0- €9'6669 Q0089 0008
oz'h 9S'CYe9 Z0ME9 160 PLTYCY LLEVED §SO- oL'ZVe9 ©92Z¥99  0ST6
50 SO'SYE0 1L9SMD 2120 SLYVE9 ZOSYeD SO0 19vPE9 909989 00001
200 L1S6re0 vr'ered 110 €o6Ye0 2Ser99 10O 106909 0O6YE9 000L1
»L°0- CLYGED L0'VE80 OL'0- 6OPSEO 6L9589 200 80'YSE9 LOPSE0 00021
900 S9'6S99 156589 SO0 09'6C09 196589 200 SO'6S89 196599  000EL
200~ 290809 PLYORD 00 L9'9989 129969 100 eOP989 L9V909 000PL
»0'0 196989 €£€96969 200 996969 9969689 10O 996969 (96999  O000G!
»0°0- 0PL09 OL'PL89 200 LOPI8O 69989 000 L9'Vi89 L9PI09 0009L
200 19'6.99 S96.L89 000 99'6.99 996.99 100~ 996.89 196,09 O000LL
200- 99'v880 99988 200 999889 69'vEee 100~ o0'Pe89 L9689 00091
810 056889 996889 LI O- 09699 [96989 L10- 056889 L[9°6E99  0006L
oL'0- lS'v689 L(9v88D OL O L9'VER9 LOYEGD OL'O- LSP689 L9899  0000Z
'] "] ) ] "] v v v (") ¥ ‘vis
NG 'A®I3 O 00SZ MO 00ST  NIQ ‘A®I3 %3 00SZ O 00SZ M0 A®I3 SO 00SZ %O 00SZ
MSMION I1FSM TESM TISMIBN  13SM IISM 1ISMISN 13SM 13ISM
ofiqon L] oqon P18y sHaoyy P18y
aBpug 09 oBpug SO o8pug 08
000 LL'PI89 LL'PISD 000 LLPISD LLPI89 000 LLPI00 LL'Pi89 000 LLPI89  LL'PLEO 000V
000 SP'6Ie9 $S96Ie9 000 $9'6i60 S96i189 000 S96LEY $96IE9 000 SO6IE0 SP6Le9  000S
zZo'o- 19'v289 699289 Z00- 19VZ89 6O'VPZRO Z00- 19'9209 699209 ZOO- 100289 69'PZE89 0009
100 19'6209 99'62890 10O LO6Ze9 996289 100 196289 996209 OO 196299 00'6Z€9 000L
600 LL'VE89 SOPERS 900 PLYESS SOPERD 00 ZLYEE9 8OVER9 L00- LOPERD  QO'PEE0 0009
2o 09'6E80 ZOO¥VE9 LZ0- 606CE9 086LE9 €10 S9'6EE0 ©9L6€89 000 19'6C09 L9'6C89 0008
0s'0- 69'IPE0 6EZre9 SEO- er'ive0 ¥9'1¥80 L1 O- OL'ivE9 SCI¥EO 000 T60V90 ZOOVED  0SZ6
000 6S'YPED 6S YIS 000 OS'PYE0 ZS'Y¥eD 600 COPIE0 PSPFEO 000 190980 LO'VPEO 00004
<00 S06YE0 £L6Y99 LLO- 906V89 6L6V60 0L O L96V09 LL6¥9D 000 L96y89 (O6YEO 00044
»0'0 9S8O SO'PSE9 900 L9'P589 199699 SO0 L9V589 0PS99 000 L9'vS09 L9PS89  000Z%
»0'0- S9'6589 696599 900- 996580 <TL 0509 SO0 906589 126589 000 196589 (96589  000F¢
00 e0'v009 909089 00 89'Y080 »9P9E9 200 197089 SOPO09 000 107089 LOPO89  000PL
200 90'6900 ©9'6809 €0°0- 996000 696989 €00- 996909 696989 000 106989 [O69E9  000Si
000 L0'PL99 LO'PI89 10O L9'Pi89 99'PI89 100 LOPI89 99PLI89 000 L9Pi80 LO¥PL89 0009)
10'0- 99'6L09 L9669 Z00O- 996,00 ©96.89 Z200- 99'6.89 $96.89 100- 9962890 L0'6L09 000L)
t0'0- 009860 LOPEE9 100- 99'VE60 LOPEEO 100- 99'v889 LOVEE9 LOO- o0Pee0 LOPEEO 0009}
L1°0- 056860 LO'6RE9 LI 'O- 0S'6989 L96880 LLO- 056089 196999 LLO- 09'6080 /06889 00081
oL'o- LS'v889 LO'PE8O OL'0- 1S'P600 L9689 OL0- LS'P089 LOVE99 OL'0- LS'v889 LO9¥600 00002
) (7] "} N "} N ") ] v v "] "] ¥ 'vis
NIO 'A®I3 00062 WO 00SZ MO A%3 ®O Q08T SO 00SZ NG A3 O 00SZ 8O 00SZ H'Q A®3 %2 00SZ %O 00SZ
IISMISN T3ISM 13SM  1E3SMISN  13SMA IISM  1ESMISN 13SM 1ISM  13SMIN  13SM 13ASM
anqon (ST Y] slqon P161y sHqon LY aHaon (LY
ofBpug 6 oBpug SZ1 oBpug S94 oBpug oN

sajyoid aoepms Jajem UoqqlD ¢1°€ 2IqeL

0008 viS O 39Q148
a0O014 ¥V3IA-00L 'MIAIN NOBEID



Elov. DIff
ft

85' Bridge
16, fws  Net Bad
Bed Ele
'

1811, cfs 28500, cfs

0, hrs

16, hrs Net Bed
Bed Ele Eilev. DifY

125' Bridge
1811, cfs 2500, cfs
ft

0, hrs
”

Bed Ele

Net Bed

BRIDGE @ STA 9000
Elev. Diff

18, hrs

GIBBON RIVER, 100-YEAR FLOOD
ft
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Table 3.16 Summary of case backwater values

Case BrdgeLenghh  Bu'  be  budhe
ft ft ft
Nisqually(3670) None -0.04 0.00 N/A
315 0.21 0.61 0.34
250 1.09 2.08 0.52
200 2.22 3.63 0.61
Nisqually(560S) None 0.30 0.00 N/A
675 0.45 0.07 6.43
420 0.87 0.48 1.81
288 1.82 2.20 0.83
Nisqually(3120) None -0.04 0.00 N/A
540 0.19 0.96 0.20
510 0.14 1.35 0.10
480 0.56 1.76 0.32
Skagit(517) None -0.22 0.00 N/A
315 0.49 0.90 0.54
300 0.96 1.74 0.55
285 1.54 2.87 0.54
265 247 4.93 0.50
250 490 9.49 0.52
235 7.39 12.43 0.59

h," is defined in Figure 2.8 as h,". h,,, is similarly defined. However, it represents the
difference in the upstream(no bridge) rigid boundary elevation and the upstream(with
bridge) mobile boundary elevation.



Table 3.16 Summary of case backwater values(continued)

Stony #1(17075) None
350
290
245
225
200
175

Stony #2(65400) None
510
345
265
245
225
185

Gibbon(9000) None
165
125
95
90
85
80

b

f
0.00

0.40
0.97
.77
2.34
3.18
4.88

0.00
0.56
1.07
2.32
3.06
4.08
127

0.00
0.26
0.57
0.97
1.18
1.82
2.64

B

i
0.00

0.42
1.07
2.04
2.77
3.90
6.20

0.00
0.64
1.40
3.28
4.34
5.68
9.93

0.00
0.43
0.92
1.47
1.76
2.79
3.90
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binclhie

N/A
0.95
091
0.87
0.84
0.82
0.79

N/A
0.88
0.76
0.71
0.71
0.72
0.73

N/A
0.60
0.62
0.66
0.67
0.65
0.68

For each of the above cases, the bridge station location is shown in parentheses.
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CHAPTER 4: STATISTICAL RELATIONSHIPS AND
SENSITIVITY ANALYSIS

4.1 Overview

This chapter evaluates the assumption that there are certain fixed boundary, hydraulic
parameters for estimating mobile boundary, bridge backwater elevations from fixed boundary
water surface elevations. It also provides recommended values for certain physical and
operational parameters in applying mobile models. To accomplish these goals, the chapter
presents the relationships and sensitivity between bridge backwater and key
hydraulic/sediment parameters.

Section 4.2 evaluates the relationship between fixed boundary hydraulic variables and
the relative differences in the backwater values for a rigid boundary model versus a mobile
boundary model. If there is a positive correlation between the fixed hydraulic variables and
the relative differences in the rigid/mobile backwater values, then these fixed hydraulic
variables may be used to estimate the mobile bridge, backwater values. Section 4.3 assesses
a backwater correction factor for bridge scour. This scoured-based correction factor may
provide an estimate of the potential reduction in backwater for a mobile model versus a fixed
boundary model.

Section 4.4 focuses on the sensitivity of the mobile boundary backwater values to
various physical and operational model parameters. From the sensitivity analysis, the thesis
develops recommended values for certain mobile boundary model parameters. Section 4.5
summarizes the results of the statistical analysis from Section 4.2, the use of the backwater
correction factor of Section 4.3, and the sensitivity results of Section 4.4. Overall, this
chapter lays a foundation for applying mobile boundary models at bridge crossings.

4.2 Bridge Backwater Relationships
This section evaluates the relationship between fixed boundary hydraulic variables
and the relative differences in the backwater values for the rigid boundary model versus the
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mobile boundary model. If there is a positive correlation between the fixed hydraulic
variables and the ratio of the rigid/mobile backwater values, then these fixed hydraulic
variables may possibly predict the mobile bridge, backwater values. Section 2.5 presented
an analytical overview of the variables that determine the computed backwater values for the
rigid and mobile models.

In particular, equation 2-17 presented a simplified functional relationship between
backwater, h,’, and the bridge- related losses, K’, and the bridge cross-section velocity, V.
For reference, equation 2-17 is re-stated below.

2

hy =K‘a23"gi @-17)
For the selected case studies, K’ and V primarily represent functions of the total volume of
flow per unit time, Q, the upstream flow within the projected bridge length, Q,, and the total
flow area at the bridge crossing, A. The computed backwater becomes a function of the ratio
of Q,t0 Qand Qto A.

For the rigid and mobile models, Q and Q, are the same. Due to scour and
deposition, A will differ for the rigid and mobile boundary models. The search for a
relationship between the fixed or rigid boundary model and mobile model, thus, focuses on
flow area, A, and the parameters that influence A at the bridge section.

Using the results from the case studies developed in Chapter 3, Table 4.1 summarizes
those variables associated with the bridge cross-section area, A,

where: Q, = flow in portion of channel within projected length of bridge at

upstream backwater section, cubic feet per second (cfs)
Q,00 = total discharge for 100-year flood, cfs
h,, = backwater for the mobile model, feet (ft)
h,z" = backwater for the rigid model, ft
A, = area of scour at bridge section for mobile boundary condition, square
feet, (sq ft)
A =area of flow at bridge section, sq ft
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F, =Froude number for upstream backwater section
F, =Froude number for bridge section
SP, = unit stream power (Eq. 2-18, velocity times energy slope) for
downstream reach, feet per second (fps)
SP, = unit stream power for upstream reach, fps
T, = shear stress for bridge section, pounds per square foot (Ibs/ft?)
T, = critical shear stress for bridge section, 1bs/ft>

Unless otherwise stated, all the above values represent fixed boundary conditions.
From Table 4.1, the following observations stand out:

As the opening ratio, Q,/Q,, decreases, the computed backwater for both model
types increases. This is an expected result since the bridge loss coefficient, K', and thus the
backwater, increases with a decrease in the bridge opening ratio (decrease in bridge length).

Similarly, each bridge site produces a decrease in flow area, A, and generally an
increase in scour, Agy, with a decrease in bridge length. As stated above, the computed
backwater is inversely related to the flow area. Also, as the flow area decreases, the bridge
cross-section velocity increases (Q remains constant as A decreases), and thus, the local
scour area increases (see section 2.5.4 for sediment transport analysis).

With an increase in upstream backwater and a decrease in bridge flow area, the
Froude value upstream, F,, decreases and at the bridge, F, increases. This occurs with a
decrease in bridge length for each case. The Froude value is a ratio of velocity to the square
root of flow depth. With a decrease in bridge length, the upstream depth increases and the
velocity decreases. At the bridge cross-section, the opposite occurs.

For unit stream power, SP, represents the average of the velocities at the bridge and
the upstream backwater section times the energy slope between the bridge and backwater
sections. Likewise, SP; represents the average of the velocities at the bridge and the
downstream section near full flow expansion times the energy slope between the bridge and
downstream section. In this study, SP, and SP, generally increase with a decrease in bridge
length.
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For shear stress, T, represents the energy slope times a depth length scale (the
hydraulic radius) times the unit weight of water (assumed at 62.4 Ibs/ft’) at the bridge. For
the critical shear stress, T, represents the critical shields value (approximately 0.06 for
gravel) times the submerged specific weight of the bed particle (103 1bs/ft’) times the mean
grain size, dg,, of the stream bed (see Table 3.1 for values). In this study, T/t generally
increases with a decrease in bridge length.

Using the dimesionless ratio of h,y, to h,z" as the dependent variable and Q, / Q4
Ag/ A, F,/F,, SP,/SP, and T/, as independent variables, a regression analysis (linear,
multiple) shows little or no correlation among the variables (i.e., P of about 0 for all
combination of variables; 0 = no correlation, 1 = a perfect correlation). The presented
hydraulic parameters for fixed boundaries cannot, thus, be used to predict bridge backwater
elevations deriving from mobile boundary models.

For the regression analysis, the data includes only those backwater values in which
the bridge represents a dominating influence. Ifthe selected bridge length had a Froude 1atio
(F,/Fy) of less than one, then the research accepted the bridge as the dominating hydraulic
influence at the study site. With this criterion, the regression analysis included 31 of the 33
bridge lengths from the five case studies.

4.3 Backwater Correction Factor For Bridge Scour

With limited research and a lack of correlation between backwater values and the
influencing variables shown in Table 4.1, the research focuses on the correction factor for
backwater with scour presented in HDS No. 1 (Bradley, 1978). Figure 4.1 reproduces the
correction factor curve. The curve was derived mainly from flume data using a sand bed and
scaled bridge abutments to produce contraction scour.

Using the rigid boundary hydraulic values in the contraction scour equations from
HEC-18, “Evaluating Scour at Bridges”, (FHWA, 1995), Table 4.2 presents the predicted
area of bridge scour, Ag;. The table also presents the predicted ratio of mobile boundary
backwater to rigid boundary backwater (predicted h,,, / h,;") from Figure 4.1 for each Ag
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/ A. In Table 4.2, the model h,,, /h,;” values represent the values from the BRI-STARS
models (mobile and rigid) of Chapter 3. These are the same values presented in Table 4.1
for each case study. Figure 4.2 shows the plot of the modeled h,,,’ / h,;" (Table 4.1 values)
versus the predicted h,,,” / h,;’ (Figure 4.1 values).

Figure 4.2 shows at least three outlier data points. These three points represent the
three bridge lengths at Sta 3120 in the Nisqually case. As stated in Chapter 3, the Sta 3120
bridge site lies in a natural deposition zone. Thus, the natural morphology dominates the
backwater characteristics for the selected bridge lengths. The bridge dominance criterion of
F,/Fy < 1 did not hold for this situation. Nonetheless, this criterion did predict the hydraulic
dominance of 28 bridge lengths out of 31 (over 90%) for the selected case studies.

Disregarding the three outliers, the ratio of predicted to modeled h,,," / h;;" ratios
(R,m) has a mean of about 1.03 and a standard deviation of about 0.34. The ¢ correlation
value between the predicted and modeled h,,,” / hg" is less than 0.2. Assuming a normally
distributed population, however, the sample/model data has a 90% chance that there is a
relationship with the prediction curve of Figure 4.1 (at-statistic value of 1.71 for 26 degrees
of freedom with a 0.10 level of significance) (Miller and Freund, 1977).

Figure 4.3 presents the data in Figure 4.2 with the best fitting line and related
confidence limits. As an example, assuming a predicted h,,,’ / h,’ value of 0.7 from Figure
4.1 for an Ag/A value of 0.25, the corresponding modeled h,,,’ / h,;" would have a value of
about 0.69 from Figure 4.3. For a rigid model backwater value of 1', the mobile boundary
value would equate to about 0.69'.

Forarigid backwater value, h,;* of 1', the user would expect the actual mobile model
backwater value, h,,*, to range on average from 0.65' to 0.74' in 90% of the population
cases. For an individual or single case, the user would expect the mobile model to produce
a backwater value, h,,*, ranging from 0.45' to 0.93'. Equation 4-1 presents the linear
relationship(best fit) between the predicted h,,, / h,;" and the modeled h,,,” / h,;’ values of
Figure 4.3.

Yy =0.46145 + 0.323218X, 4-1)

Where: Y,,=Modeled h,, /h,’



149
X, = Predicted h,," /h,’

4.4 Sensitivity Analysis

The sensitivity analysis focuses on active layer thickness, time steps, sediment
gradations, and sediment transport equations. These parameters are the primary physical and
operational variables of the mobile boundary model. From the sensitivity analysis, the thesis
recommends values for these mobile boundary model parameters. The case studies
(Nisqually, Skagit, Stony #1, Stony #2, and Gibbon) use the following parameter values:

Active layer thickness = One times the geometric mean of the maximum gradation
size (D(NF)). See Table 4.3 for the active layer thicknesses for each case.

Time step(dt) = 12 minutes.

Sediment gradations = See Table 4.3 for gradations for each case study.

Sediment transport equation = Yang's (1984) method for gravel beds.

For sensitivity purposes, the analysis alters only one of the above parameters while
leaving all the other parameters the same. The following summarizes the sensitivity results.

4.4.1 Active Layer Thickness

Based upon the results presented in Chapter 3, the mobile models with the largest
mean grain sizes generally produce the largest backwater differences compared to the rigid
boundary models. The sensitivity analysis, thus, starts with increasing the active layer
thickness for Stony Creek #1, Stony Creek #2, and Gibbon River cases to equal the thickness
of the Nisqually and Skagit case studies. Table 4.4 and the following discussion present the
results of altering the active layer thickness:

Gibbon River - The original case study uses an active layer thickness of 91 mm.
Doubling the active layer thickness to 181 mm matches the thicknesses of the Nisqually and
Skagit studies. Table 4.4 shows that doubling the thickness does not alter the backwater
results for any of the bridge lengths for this case. This result indicates that an active layer
thickness of one does not limit the supply of sediment available for transport (demand-
limited model).
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For confirmation, the analysis includes various active layer thicknesses less than one
times the geometric mean of the largest gradation size (less than 91 mm). For the 80' and 95'
bridges, no changes in backwater occur for the mobile model until the active layer thickness
becomes less than 0.1 of D (NF). In essence, the mobile model does not become supply-
limited until the active layer thickness nearly equals 0.1 of the D (NF). As the active layer
thickness continues to decline, the mobile backwater values increase until they match the
rigid boundary model values.

Stony Creek #1 - The original case study uses an active layer thickness of about 45
mm. Similar to Gibbon, the analysis starts with increasing the active layer thickness to
match the Nisqually and Skagit studies. This requires an active layer thickness of four times
the D(NF). Like Gibbon, increasing the active layer thickness does not alter the mobile
backwater values (demand-limited). Conversely, decreasing the active layer thickness to
0.05 of D (NF) does not alter the results for the 245' bridge. The model, thus, does not
become supply-limited until the active layer thickness becomes less than 0.05 of D (NF).
Similar to Gibbon, the mobile backwater values approach the fixed model values as the
active layer thickness continues to decline.

Stony Creek #2 - The original case study uses an active layer thickness of 23 mm.
The analysis started with increasing the active layer thickness to match the Nisqually and
Skagit studies (8 D(NF)). Similar to Gibbon and Stony #1, increasing the active layer
thickness does not alter the mobile backwater values for any of the bridge lengths (demand-
limited).

For further confirmation, the analysis reduces the active layer thickness to 0.1 of D
(NF) before the mobile backwater value for the 265' bridge begins to increase toward the
fixed boundary value. The model, therefore, becomes supply-limited as the active layer
thickness reduces to less than 0.6 of D (NF). Similar to Gibbon and Stony Creek #1, the
mobile backwater values approach the fixed model values as the active layer thickness
continues to decline.

Skagit River - For this case, the analysis looks at a wide range of active layer
thicknesses (0.1 to 20 D(NF)) for the 285° bridge. Increasing the active layer thickness in this
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case does reduce the mobile backwater (supply-limited). For example, an active layer
thickness of 5.0 D (NF) causes the mobile backwater to decline from 1.54' (LOD(NF)) o
1.29'. Conversely, reducing the active layer thickness to 0.1 D (NF) increases the backwater
value to 2.43'. The fixed boundary value is 2.87' for the 285’ bridge.

The above results justify using a minimum active layer thickness equal to one times
the geometric mean of the largest gradation size (D (NF)). This insures an adequate supply
of bed material for transport during a given time step. In demand-limited cases, increasing
the active layer thickness to greater than D (NF) will not alter the results. In supply-limited
cases (Skagit), increasing the active layer thickness 100% resulted in decreasing the
computed backwater by 10%. In the same situation, increasing the active layer thickness by
400% causes a decrease in backwater of only 16%. Overall, an active layer thickness equal
to D(NF) provides a reasonable starting value for a mobile boundary model (Hsu, 1991).

4.4.2 Time Step

Table 4.5 presents the results for analyzing different time steps at selected locations
and bridge lengths. For each of the case studies, changing the time step does not alter the
results to any measurable degree (less than a 2% change in the backwater depth). The
following justifies the selected time steps:

2.4 minutes - This value represents the approximate time for the flood wave to travel
from section to section. It is basically the distance between cross- sections (500'to 1000’ feet)
divided by the average channel velocity (5 to 10 feet per second). This yields a value of about
one to two minutes. For convenience of computation, the analysis used 2.4 minutes or 1000
time steps (maximum limit) for a 40 hour hydrograph.

12 minutes and 60 minutes - The model also must simulate the movement of
sediment near the bed (Lynn and Goodwin, 1997). Assuming a logarithmic velocity profile,
the flood wave will exhibit a much slower velocity near the bed as compared to the overall
average velocity. Using 0.1 of the average flood velocity (approximately the shear velocity),
the time step increases to 20 to 30 minutes. Furthermore, flood values, sediment movements
(saltation, suspension), and sediment sizes in motion will vary for each time step. To cover
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variation in the values, the sensitivity analysis uses 12 and 60 minutes for the water/sediment
time steps.

Molinas (1994) presents model data that shows very little differences in stream bed
elevations for time steps ranging from nearly zero to three days (base = one day). Table 4.5
results support his findings.

For the selected times, the mobile boundary model prorates the distribution of
sediment for each step. For example, the 60-minute time step will have about 5 times the
total sediment load as the 12-minute time step. The 60-minute version of the model,
however, has only one-fifth the total time steps as the 12-minute version of the model (40
steps versus 200 steps). The two model versions, therefore, produce comparable water
surface profiles. Similarly, the 2.4-minute time step produces a profile comparable to the 12-
minute time step. Using a 2.4-minute time step has less material in transport per step but has
more time steps than if 12-minutes were used (1000 steps versus 200 steps). The two
versions of the model produce nearly identical bridge backwater values.

The selected time step should vary with active layer thickness. As discussed above,
however, three of the five cases represent demand-limited situations. Thus, increasing such
supply limiting factors as active layer thickness and the time step does not alter the computed
backwater results. Decreasing the active layer thickness to less than 1 D (NF) and the time
step to less than a couple of minutes seems unreasonable (starts to approximate a fixed
boundary model). As stated above, the model should allow for an adequate supply of
material for transport during each time step. Similarly for the selected time step, the
sediment particles should not travel faster than the water particles due to their larger mass.
Overall, a time step of 12 minutes with an active layer thickness equal to one D (NF) should
provide reasonable supply parameters for a mobile model (Molinas, 1997) with flood
velocities on the order of S to 15 feet per second.

4.4.3 Gradation Variations
Table 4.5 presents the results for analyzing different gradation variations for Gibbon
and Skagit River bridges. For Gibbon River, the 80’ bridge produces only slight differences
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in bridge backwater results (less than a 5% variation). Shifting the original stream bed
gradation downward by one size group produces no change at all. For example, the analysis
tested Gibbon gradation ranges from 2 mm to 64 mm, instead of the actual 4 mm to 128 mm
range. The 2 to 64 mm groups also have the same proportional distribution as the original
4 to 128 mm size groups.

Although using a smaller gradation shows an increase in transported material, the
stream bed changes at the bridge site occur so as not to alter the computed backwater. Some
bridge sections experience greater deposition and others greater scour. The flow depths,
thus, differ from the original case but so do the bed elevations and some other hydraulic
properties (i.e., changes in hydraulic bridge losses due to an expanded cross-section). The
differences in flow depths and bed elevations, however, are less than 0.1' compared to the
original model.

For a uniform size of 32 mm (original d,;), the model results show slightly more
material in transport than with the full gradation. It, thus, produces a little less backwater.
For the larger uniform size of 64 mm (original d,,), the model shows slightly less material
in transport. It, therefore, produces a little more backwater compared to the original model
run using a full gradation.

In the Skagit model, the 285' bridge has larger reductions in backwater than the
Gibbon model due to variation in grain size. The elevations measure in tenths of a foot
compared to the few hundredths of a foot for Gibbon. Shifting the stream bed gradation
downward without altering the proportion of each size group produces a reduction in mobile
backwater of 20%. The smaller gradation produces only 42% of the rigid model backwater
values versus 54% of the rigid model backwater values for the original gradation. Similarly,
a uniform gradation of 75 mm (original d;), produces a comparable backwater reduction to
the smaller gradation distribution.

In both of the above Skagit gradation cases (reduced gradation and uniform size), the
model has more material available for transport than in the original case study. In both the
reduced and uniform gradations, all six groups are available for transport. For the original
case, the model will not transport about 10% of the particles using the Yang (1984) equation
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(128 to 256 mm range). The model comparisons for the Skagit, thus, may over state the
actual differences in computed backwater.

The modeler should use great care in sampling for stream bed gradations at a given
bridge site (Molinas and Wu, 1998). Generally, the sensitivity results show a decrease in
backwater for smaller graded materials (i.e., increased scour at the bridge site). The Gibbon,
and for the most part the Skagit, produce only slightly different backwater results (a few
hundredths of a foot) for the above differences in gradation sizes and distributions.

4.4.4 Sediment Transport Equations

This portion of the analysis compared the Meyer-Peter and Milller (1948) and Parker
(1982, 1990) sediment transport equations to the Yang (1984) equation. Both comparisons
start with a time step equal to 12 minutes and an active layer thickness equal to one times the
representative grain size. The representative grain size for Meyer-Peter and Milller (1948)
normally range from the dy, to dg of the original gradation. For Parker (1982, 1990), the
analysis uses the d,,. Table 4.5 presents a partial summary of the following results.

For the Meyer-Peter and Miller (MPM) (1948) method, the Nisqually, Skagit, and
Gibbon cases generally produce S to 10 times the transported tonnage per 12-minute time
step compared to the Yang (1984) equation. Given the large volume of sediment transported,
these cases generally produce unstable oscillations. The model, thus, fails to complete the
sediment/backwater calculations for the full hydrograph or the model produces unreliable
backwater results (i.e., negative value for Gibbon). The cross-sections near and at the bridge
also experience several feet more of scour or deposition compared to the Yang (1984) results.

The oscillations derive from large deposits or scour at each time step. This causes
large changes in bed and water surface slopes. As the slopes, in particular the energy slope,
increase, ever greater increases occur in the sediment transported (scour or deposition at each
time step), continuing to increase the absolute value of the slopes to greater values. The
model begins to oscillate back and forth like a wave between large values of deposition and
scour, and large differences in positive and negative slopes, from time step to time step. The
differences or oscillations begin to produce model results that do not match physical
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observations. In extreme cases, the oscillations become so great that they exceed numerical
limitations of the model and the model ceases computations (Molinas, 1997).

To stabilize the model using the MPM (1948) method, the analysis reduces the active
layer thickness for the Gibbon River case (80 bridge) to 0.05 of the representative sediment
size (d,, = 37 mm, one size only) for the 12-minute time step. This produces a backwater
value of 3.42'. This compares to 2.65' for the Yang method and 3.90' for the rigid model.
The MPM model, however, still produces several times the tonnage per time step as the Yang
model.

As a final MPM (1948) comparison, the analysis uses the 245’ bridge of Stony Creek
#1. Stony Creek #1 has a representative grain size, d,,, of 19 mm (again one size only). For
an active layer thickness of one times the d,,, the MPM (1948) model produces a backwater
value of about 0.97". This compares to a Yang (1984) value of 1.77' and a rigid model value
of 2.04'. For an active layer thickness of 0.05 d,, (d,, = D(NF) in this case), the MPM (1948)
produces a comparable backwater value of 1.80". The bed elevations near and at the bridge
also compare well with the Yang (1984) results. The MPM (1948), however, still produces
much larger volumes of transported materials.

Of the above cases used for the above MPM (1948) comparisons, Stony Creek #1 has
the smallest active layer thicknesses. The smaller thicknesses help stabilize the model and
produce results more comparable to the Yang (1984) results. Given the consistently larger
volumes of sediment loads computed with MPM (1948) compared to the Yang (1984)
method, the MPM (1948) models may require a smaller active layer thickness than for Yang
(1984) to produce stable and reliable resuits.

Using the Parker (1982, 1990) method, the analysis evaluates the Skagit, Gibbon, and
Stony Creek #1 cases. For an active layer thickness of 1.0 D (NF) and a time step of 12
minutes, the Parker (1982, 1990) method produces similar results to the MPM (1948) results
for the selected bridge sites. For example, the Parker (1982, 1990) method generally
produces 5 to 10 times the bed load of the Yang method for each time step. Also, the bridge
sections generally experience several more vertical feet of scour.

For the 80' bridge on the Gibbon, active layer thicknesses of 1.0 and 0.05 D (NF)
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produce backwater values of 0.33' and 3.49', respectively. These compare to 2.65' for the
Yang (1984) method and 3.90' for the rigid model. For Gibbon, the D (NF) equals a d., of
32 mm. The 1.0 D (NF) produces very large loads and unstable channel and flood plain
sections. The 0.05 D (NF) produces more stable results (smaller sediment loads).

For the 245’ bridge on Stony Creek #1, active layer thicknesses of 1.0 and 0.1 D (NF)
produce backwater values of 0.68' and 1.74', respectively. These compare to 1.77 with Yang
(1984) and 2.04' with the rigid model. Similar to Gibbon, the smaller active layer thickness
produces smaller load and more stable channel changes.

The Parker (1982, 1990) method like the MPM (1948) method requires much smaller
active layer thicknesses than Yang's (1984) method to produce stable results. The unstable
results (oscillations, abrupt deposition or scour) occur from large computed volumes of
sediment loads for each time step. While an active layer thickness of 1.0 D (NF) works well
with Yang (1984), the MPM (1948) and Parker (1982, 1990) methods need more analysis
to determine a desirable D (NF) factor.

The above results, however, indicate that an active layer thickness less than one times
the representative or d., grain size probably provides the most stable and reliable results for
the MPM (1948) and Parker (1982, 1990) methods. Physically, however, one would expect
the active layer thickness to be at least as large as the particle sizes in transport (i.e., dsg, d,,)-
Therefore, a method that requires an active layer thickness less than the representative or d,,
grain size to produce mathematically stable results may not truly produce physically
representative backwater values.

For operational purposes, the analysis primarily uses a 12-minute time step for the
MPM (1948) and Parker (1982, 1990) methods. For the Yang (1984) method, the time step
sensitivity analysis does not produce differing results for a 2.4-minute versus a 12-minute
time step. On the Skagit, a 2.4-minute time step does not alter the results for the MPM
(1948) or Parker (1982, 1990) methods. Reducing the time step further also creates potential
operational problems (limited number of time steps) and increases the computation time.

4.4.5 Summary of Sensitivity Results
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The following summarizes the above results:

Active layer thickness - Using Yang (1984), an active layer thickness of 1.0 D (NF)
provides a reasonable operational value for the mobile model. Values greater than 1.0 D
(NF) generally lead to an additional supply of sediment that the model does not
mathematically transport (sediment supply exceeds demand). The computed mobile
backwater value, therefore, does not appreciably change from the 1.0 D(NF) value.
Conversely, decreasing the active layer thickness until sediment demand exceeds supply
leads to backwater values approaching the rigid model values.

Time step - For reasons previously discussed, the analysis uses time steps ranging
from 2.4 minutes to 60 minutes. Altering the time step does not measurably alter the
computed backwater values (less than 2% variation in values). The original 12-minute time
step, thus, provides a reasonable operational value for the mobile model.

Stream bed gradations - Varying the stream bed gradation (uniform versus well-
graded, downsizing gradation distribution) generally does not change the backwater results.
Using smaller particles, however, does cause some reduction in backwater values. Smaller
particles lead to an increase in transported sediment loads and, thus, greater bridge scour.
Increased bridge scour normally reduces the bridge backwater. Assuming the engineer or
researcher uses care in collecting sediment data, minor variations in sediment distribution
should not affect the backwater results.

Sediment transport equations - The MPM (1948) and Parker (1982, 1990) methods
require much smaller active layer thicknesses than the Yang (1984) method to produce a
stable mobile model. Both methods computed much larger sediment loads than the Yang
(1984) method. As stated above, the MPM (1948) and Parker (1982, 1990) methods require
more analysis to determine a desirable D (NF) factor. Until then, the Yang (1984) method
produces a more orderly and stable model for the given parameters (i.e., active layer
thickness, time step, cross-section spacing).

4.5 Summary
The following summarizes the discussion and results from this chapter:
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Bridge backwater relationships - Fixed boundary, hydraulic parameters such
as shear stress, Froude values, area of scour, unit stream power, and opening
ratio cannot be used to predict bridge backwater elevations deriving from
mobile boundary models. This conclusion comes from a statistical analysis
of the data presented in Table 4.1. A regression analysis showed little or no
correlation between the hydraulic parameters of fixed boundary models and
the computed bridge backwater of mobile models. The data derives from the
case studies presented in Chapter 3.

Backwater correction factor - Figure 4.3 and Equation 4-1 present a
relationship between a modeled backwater ratio (mobile/rigid) and a
predicted backwater ratio. The modeled h,,," / h,;" values derive from the
modeled results of Chapter 3. The predicted h,,,’ / h,;" values derive from
Figure 4.1 (Bradley, 1978). Although the relationship between these two
variables is statistically weak, it does provide a strong enough relationship for
assessing the potential reduction in backwater if a mobile model is used in the
bridge waterways analysis instead of a rigid boundary model.

Bridge dominance - A Froude ratio (upstream value to bridge value) of less
than one proved a reliable indicator of whether the bridge is the dominating
morphologic feature at a given site. If a bridge is the dominating feature, then
itis the primary influence on the local sedimentation processes. In this case,
the bridge site has the potential to scour. The potential scour produces a
potential reduction in bridge backwater that a mobile model will possibly
predict but a rigid boundary model can not predict.

Sensitivity analysis - Using BRI-STARS, the sensitivity analysis generated
recommended values for active layer thickness, time step, stream bed
gradations, and sediment transport equations. The analysis supports an active
layer thickness of 1.0 D(NF) (geometric mean of the maximum stream bed
gradation size). For time step, the analysis recommends 12 minutes as a
reasonable value. For stream bed gradations, the research recommends only
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careful collection of representative stream bed sediment gradations. As for
sediment transport equations, the presented research recommends the Yang
(1984) method for coarse-bedded streams.

Collectively, the above results suggest guidelines for applying mobile boundary models at
bridge crossings.
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Figure 4.1 Correction factor for backwater with scour (Bradley, 1978)
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CHAPTER $: APPLYING MOBILE MODELS AT BRIDGE CROSSINGS

5.1 Overview

This chapter introduces a method for applying mobile boundary models to coarse-
bedded bridge crossings. Before presenting this process, Section 5.1.1 briefly discusses the
hydraulic design of bridges. This subsection is presented to place Sections 5.2 through 5.8
in their proper context.

Section 5.1.2 presents a summary of the general processes for applying mobile
boundary models at bridge crossings. Table 5.1 presents the overall process for applying
these models. This subsection also briefly discusses the content contained in Sections 5.2
through 5.8.

5.1.1 Hydraulic Design of Bridges

There is no single approach for the hydraulic design of bridges crossing stream
systems. Instead, engineers commonly use an accumulation of hydraulic design criteria and
design methods for bridge crossings. These criteria and methods are summarized in such
publications as AASHTO’s Model Drainage Manual (1999), AASHTO’s Highway Drainage
Guidelines (1999), and FHWA's Federal Lands Highway Project Development and Design
Manual (1996-2000).

In the most basic terms, the hydraulic design of a bridge includes determining its
length, depth, and height. Sometimes these parameters are intertwined and the computed
water surface profile plays a major role in the design of each parameter. In some instances,
the profile may directly affect only one bridge design parameter such as length, for example.

The following steps summarize the general design criteria and approach employed
in the hydraulic design of bridges:

1. Determine the quantitative and qualitative design criteria - To hydraulically design
the selected bridge site, the engineer must determine the required design criteria. The design
criteria may include such items as reguiated limits on bridge backwater increases (e.g., one
foot for 100-year flood); potential damage to adjacent property; hazard to life; government
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regulations on fish, wildlife, wetlands, water quality, and flood plains; and life cycle costing
(i.e., initial bridge costs, maintenance). Collectively, these items will often set many limits
on the possible bridge alternatives.

2. Select the design flood(s) - To meet the design criteria under Step 1, the engineer
will evaluate a bridge crossing for a wide range of floods and for the conditions associated
with each flood. For example, FEMA, FHWA, and various other agencies use the 100-year
flood as the base or design flood for determining bridge backwater elevations. For
determining foundation depth and types, FHWA (1995) recommends a “super” flood such
asa 500-year flood. For environmental reasons (i.e., fish passage, water quality), regulatory
agencies (i.e., USACE, USFWS) may require hydraulic evaluations for flood peaks of amore
common occurrence, such as a 2-year frequency. In general, the hydraulic engineer will
evaluate the a bridge crossing for a wide range of floods and conditions associated with each
flood.

3. Perform physical site evaluation - To evaluate each design flood, the engineer
performs a physical site evaluation. This requires such information as data collection (e.g.,
field survey, high water marks), morphologic evaluations (e.g., Rosgen stream type, sediment
yields), hydrology (e.g., 100-year flood determination), and sedimentation assessment (¢.g.,
bed gradations, aggrading or degrading bed).

4. Determine existing water surface profile - Before analyzing the potential bridge
alternatives, the engineer evaluates the existing hydraulic conditions at the site. This
typically requires a hydraulic computer model such as HEC-RAS or BRI-STARS or
FESWMS-2D. The engineer selects the model that contains the computational methods that
best describes the design flood conditions (one dimensional or two dimensional, fixed or
mobile, etc.).

5. Select the design bridge length(s) - Using the information from Steps 1 through 4,
the engineer will select the potential bridge length(s) for computing the associated water
surface profiles. This assumes that the bridge location, alignment, and basic design are set
(piers, etc.). The upstream profile or bridge backwater is normally a function of the selected
bridge length (the longer the bridge length, the less the relative bridge backwater). The
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selected bridge length typically determines the bridge opening and the bridge backwater is
primarily a function of the bridge opening.

6. Compute the proposed water surface profile(s) - This is done for the selected
bridge length(s) using the same methods and considerations as those used for the existing
water surface profile.

7. Evaluate the proposed bridge length(s) relative to the computed profile(s)-
Generally, the engineer evaluates each alternative bridge length in terms of the given design
criteria (Step 1). Using an assessment or analysis of the capital costs and associated risks,
the engineer will typically recommend the bridge length that has the lowest life-cycle costs.
This assumes the recommended bridge length meets the other SEE constraints (social,
economic, and environmental) (OFR, 1999). The computed water surface profile represents
the hydraulic evaluation of how well the selected bridge length(s) meet the SEE constraints.

8. Select the minimum bridge clearance - Once the engineer or modeler has
determined the design bridge length, he or she will determine the minimum bridge clearance.
This is usually the vertical clearance between the low chord elevation of the bridge and the
computed water surface profile for the given design flood. Generally, the engineer will
determine a minimum vertical clearance or freeboard based upon an evaluation of data
collection errors, model errors, and on the passage of debris and ice.

9. Determine the bridge foundation depths - This step typically depends upon a
hydraulic scour evaluation (e.g., for 500-year flood), geotechnical evaluation (e.g., bedrock,
alluvial deposits), and structural design criteria (e.g., load capability and load distributions
for various bridge layouts). Collectively, the selected foundation depths, types, and layout
are a function of costs, construction, and regulatory constraints.

The above steps represent one typical process for the hydraulic design of bridges.
Clearly, many variations are possible. For example, highway design constraints may limit
the height of the bridge. Thus, the engineer would possibly have to select a longer and more
expensive bridge rather than a shorter, higher bridge or possibly reduce the desirable vertical
clearance.

Regardless of the particular design approach, the above outline illustrates the role of



179

the mobile model analysis in the hydraulic design of bridges. In particular, the mobile model
analysis will play a significant role in Steps 4, 5, and 6. Assuming a more accurate water
surface profile and scour depths from the mobile analysis, the following approach may also
lead to a more accurate determination of the minimum bridge clearance and foundation
depths.

5.1.2 Summary of Applying Mobile Models at Bridge Crossings

Table 5.1 presents the overall process for applying mobile models at bridge crossings.
In this process, the modeler or user first determines the applicability of the models to the
given bridge site. The initial process includes a fixed boundary analysis of the site and an
assessment of the site’s morphological characteristics (e.g., aggrading, degrading, sediment
transport traits, bridge influence on sedimentation processes). If the natural morphology
dominates the resulting backwater curves or water surface profiles at the site, then the mobile
model becomes the model of choice for the site. Ifthe bridge layout represents the dominant
morphological feature at the site, then the modeler can use a cost-based approach to
determine whether or not to use a mobile model. If the user selects the mobile model, then
the backwater results are compared to those of the fixed boundary model. Ultimately, the
user applies this process to select the optimum bridge layout for the given design criteria (i.e.,
bridge backwater limits versus bridge length).

Section 5.2 lists the preferred physical attributes for identifying bridge sites
applicable to the process presented in Table 5.1. Section 5.3 summarizes the requirements
for performing a fixed boundary analysis at a given bridge site. Section 5.4 presents an
approach for determining the relationship or dominance of the bridge layout relative to the
natural morphology. Section 5.5 provides an approach for comparing the cost of using a
mobile vs. fixed boundary model and the potential economic benefits (e.g., reduced bridge
costs). Section 5.6 presents an approach for using the mobile model (i.e., physical and
operational parameters). Section 5.7 discusses the mobility of the bridge approaches or
banks and their influence on the bridge backwater values and in selecting an optimum bridge
length. Section 5.8 summarizes the information presented in Sections 5.1 through 5.7.
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S.2 Identifying Potential Cases/Sites

Preferably, the potential bridge site should have the general attributes presented in
Section 2.3 for the previously discussed case studies of Chapter 3. These attributes consist
of the stream hydraulics, stream hydrology and morphology, sediment traits, and bridge
hydraulics. The following summarizes those preferred attributes from Section 2.3 and
presented in Table 5.2.

[deally, the flow at the bridge site is one-dimensional with subcritical and gradually
varied flow. These conditions should prevail throughout the study reach. Since the case
studies have a peak flood range of 2500 to 75000 cfs, the research also recommends a similar
range of flows for the process shown in Table 5.1. The main portion of the flood hydrograph
should have a duration of one to two days.

For the morphology, the site should have a main channel and floodplains with long-
term stability and definition (vegetated flood plains, gravel channel beds, etc.). The reach
geometry should have fairly uniform widths and slopes. The stream slopes should range
from 0.1% to 3%. Overall, the stream system should have moderate sinuosity, moderate
entrenchment, and moderate bank width to depth ratios (10 to 40) as defined in Rosgen
(1996).

For the sediment traits, the main channel bed should consist of gravel to cobble beds.
The bed should have a dominating bed size (i.e., armored or uniform gradation). Sediment
inflow should approximately equal sediment outflow. The stream shear stresses should
exceed the critical shear stresses of the main channel bed or boundary (sediment in transport
during the given flood event).

The bridge opening should represent the dominant hydraulic feature of the bridge
layout. The selected site should have minimal skew or eccentricity. Also the piers should
have little influence on the water surface profile. Energy-based methods should be able to
compute a reasonably, accurate bridge water surface profile of the site (i.e., preferably no
hydraulic jumps).

Again, the above represents preferred attributes. However, Tables 3.1 and 3.2 show
a wide range of morphological and hydraulic traits for the actual case studies in Chapter 3.
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Thus, the user may still apply the Table 5.1 process to bridge sites that in some instances lack
some of the preferred physical attributes.

5.3 Fixed Boundary Analysis

After identifying the potential bridge site, the modeler should perform a fixed
boundary analysis. Typical bridge design guidelines and government regulations will
generally require such an analysis for a given flood event(s) (AASHTO, 1999). As stated
earlier, this type of analysis consists of determining the water surface profile at the bridge site
for a given flood event (i.e., bridge backwater analysis for 100-year flood). From a bridge
design and regulatory perspective, the fixed boundary water surface profile analysis
represents the minimum hydraulic analysis for a given bridge site (AASHTO, 1999).

For this analysis, the modeler must collect various data, develop the overall stream
water surface profile, and address the bridge hydraulics. Sections 2.4, 2.5.1, and 2.5.3,
respectively, discuss each of these topics in detail. The following summarizes the
discussions from those sections.

The required data includes stream cross-sections, design peak floods, stream bed
gradations, and boundary roughness values. Assuming flow conditions as discussed Section
5.2 (subcritical, gradually varied, one-dimensional), the fixed boundary analysis uses the
standard step method to compute the general stream water surface profile (i.e., no bridge).
For the model, the user could use HEC-2 (USACE, 1990) or BRI-STARS (Molinas, 1994
and Molinas, 1998) or HECRAS (USACE, 1998).

If the user anticipates the possibility of performing a mobile boundary analysis, then
BRI-STARS is a reasonable model for using the process outlined in Table 5.1. To represent
the bridge, the user simply adjusts the cross-section at the bridge site to match the proposed
bridge layout. For the bridge section, the user must also apply the bridge backwater
coefficient, K’, defined in equation 2-17. The BRI-STARS model uses this additional data
to compute the water surface profile for the given bridge layout. Otherwise, many other
available mobile boundary models have the option to be operated in a fixed boundary mode
(e.g., HEC-6).
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For a given location along the upstream water surface profile, the user computes the
difference in the water surface elevations for the no bridge and selected bridge alternative(s).
This difference represents the fixed boundary backwater value(s), h,". Table 5.3 presents
the process for the fixed boundary analysis that leads to the computed backwater values.

5.4 Bridge Domination Analysis

After completing the fixed boundary analysis, the user should assess whether or not
the bridge is the dominating morphological feature at the proposed site. This assessment
consists of two steps. First, the user evaluates the natural morphology (e.g., sedimentation
processes, Rosgen (1996) classification). Second, the user evaluates the upstream versus the
bridge section Froude value criterion (i.e., F,/ F, s 1). Collectively, these two assessments
should provide the user with the necessary physical information for choosing between a
mobile and fixed boundary model.

The user should assess the natural morphology with the main objective of
determining whether or not the given bridge site is in sedimentation equilibrium. This
assessment is performed with the assumption of no bridge at the proposed site. For example,
with no bridge, does the sediment inflow at the bridge site approximately equal the sediment
outflow? If yes, then the proposed bridge layout becomes the potential dominating
morphological feature.

Unfortunately, an assessment of the natural morphology in terms of its dominance
versus a proposed bridge structure is very subjective. For example, as Table 3.1 shows, the
case studies include a large range of morphological types. Using the Rosgen (1996) channel
classification scheme, the case studies included types B, C, D, E, and F. The research only
ignored highly entrenched (and generally hydraulically steep) channel types such A and G.
For Rosgen (1996) classified stream types B through F, each type had bridge layouts that
dominated or influenced the water surface profile more than the natural morphology (no
bridge, mobile boundary scenario).

As stated under Section 5.2, the user should generally select bridge sites with fairly
uniform channel widths and slopes. For the Nisqually case studies at STA 3120 and STA
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5605, these sites produced data outliers because each site had a natural stream width much
greater than the approaching upstream channel section. In one case (STA 3120), this greater
width produced a mobile boundary backwater curve much lower than the rigid boundary
curve. For different reasons, the second case (STA 5605) produced a mobile boundary curve
higher than the fixed boundary curve. Sections 3.2.8 and 3.2.9 give detail explanations for
these outlying results.

While the user should consider the morphological features of the study area
(entrenchment, sinuosity, width/depth ratio, slope, channel material, etc.), simply assessing
or classifying the general stream morphology (i.e., applying a Rosgen (1996) type
classification) appears insufficient in determining whether or not to apply a mobile versus
fixed boundary model. Instead, evaluating local changes in stream width, stream slopes, and
other local morphological features from section to section may provide insight to the overall
local sedimentation processes.

As stated in Sections 4.2 and 4.3, a selected bridge length that had a Froude ratio (F,
/ Fy) of less than unity correlated in over 90% of the case bridge lengths with the bridge
exerting the dominating influence on the backwater curve. Along with the preferred physical
attributes described in Section 5.2, the user should use this Froude ratio as a principle
determining factor for whether or not the bridge is the dominating morphological influence
at the proposed site. Table 5.4 presents the bridge domination process.

To summarize the above and Table 5.4, the user should first perform an overall
morphological assessment of the site (i.e., perform Rosgen (1996) stream classification
criteria and assessment). Second, the user should decide whether or not the site has
comparable morphology and sediment attributes to those presented in Table 5.2. Ifnot, then
the site may require a mobile analysis to assess the associated bridge backwater. If the site
does have physical attributes comparable to those presented in Table 5.2, then the user
should compute the Froude ratio for the rigid or fixed boundary condition. If the value is
greater than one, then the mobile boundary model may provide a superior backwater result
to the fixed boundary model. If the Froude ratio is less than or equal to one, then the user
should proceed to Section 5.5 for a cost analysis to determine the cost effectiveness of
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applying a mobile model to the proposed bridge site.

5.5 Cost Analysis

At this stage, the user has concluded that the proposed bridge layout dominates the
morphological processes (i.e., scour, deposition) at the site. This section presents a process
for selecting between a fixed and a mobile model for predicting the bridge backwater. Table

5.5 summarizes this process.

5.5.1 General Approach

For the fixed boundary analysis, the user has computed the bridge backwater value,
h,’ (usually taken one bridge length upstream of the bridge crossing). As part of the overall
bridge scour analysis, the user should have also computed the contraction scour, Ag,, and
the total flow area, A, at the proposed bridge crossing (see Section 4.3). Using the computed
Az / A ratio and Figure 4.1, the user selects an estimated h,,,’ / h,g" value (predicted), X;.

Assuming the bridge site has the physical attributes described in Section 5.2, the user
computes a new h,)," / h\z" (modeled) value, Y,,, using equation 4-1 and X,. The estimated
value h," for the selected bridge site becomes the product of Y,  and h,;" . With the h,,,’
value, the user estimates any potential savings in bridge costs, (SBC).

The SBC value consists of the present value difference in the life-cycle costs for the
different bridge alternatives. For example, the fixed boundary model may produce backwater
results requiring a certain bridge layout with specific life-cycle costs and SEE constraints.
Based upon the estimated h,,,* value, the mobile model may allow for a bridge layout that
still meets the SEE constraints but with a lower life-cycle cost. The difference in the present
value of the two bridge layouts (fixed-based model vs. mobile-based model) is the SBC
value.

In many instances, the SBC value will primarily consist of the difference in initial
bridge construction costs between a fixed-based model layout versus a mobile-based model
iayout. As long as the bridge layout meets the backwater requirements for a given design
flood, the user normally does not have to consider the economic or risk-based costs of the
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layout (i.e., life-cycle maintenance, property damage). For example, there is typically no
economic advantage for exceeding the backwater criterion (FHWA, 1996-2000).

The user then estimates the additional engineering costs, (EC), for implementing a
mobile model for the selected bridge site. For estimating EC, Section 5.6 presents the
additional engineering items needed to use the mobile model. The user then compares the
extra engineering costs, EC, to the potential savings in bridge costs, SBC, of applying the
mobile model. If the SBC value exceeds the EC value, the user employs the mobile
boundary model at the bridge crossing.

5.5.2 Case Example

The following example illustrates the process outlined in Table 5.5 (see Table 5.6 for
a summary of the calculations). All the below costs are computed in present dollars (i.e.,
SBC, EC).

Using the Skagit River case study, we compare the h,;" values of 1.74' and 0.90' for
the 300’ and 315" long bridges, respectively (see Table 4.1). Using a maximum allowable
backwater value of one foot, the fixed boundary analysis would require us to use the 315'
bridge instead of the 300' option. Assuming a minimum bridge width of 32' and an
approximate bridge construction cost of $ 200 per square foot, the 315' bridge would cost
about $ 96,000 more than the 300’ long bridge ($200/ft* x 32 ft x (315 ft - 300 ft)).

The 300' and 315' bridges have substantially the same layout. The pier locations and
sizes, and the abutment locations and sizes are essentially the same for both bridges as shown
in Figure 3.18. Although the bridges have differences in their computed backwater values,
the overall hydraulic performance is about the same for each alternative.

Given the comparable bridge layouts and hydraulic performances, it is important to
note that the case example assumes negligible differences in the life-cycle costs other than
the initial construction costs. While life-cycle costing methods are beyond the scope of this
thesis, FHWA (1981) presents one approach for assessing and analyzing the capital costs and
associated risks for the hydraulic design of bridge crossings. The potential life-cycle costs
include such items as property damage, traffic interruptions, structural and roadway damage,
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environmental disturbances, and hazards to human life. Also, it is assumed that both layouts

will meet the same socio-economic and environmental requirements (SEE). The major
design and cost difference between the 300 and 315' bridge is the bridge length. The SBC
value for this example becomes $ 96,000, the initial construction cost difference in the two
bridge lengths.

From Table 4.2, the 300’ bridge section has a computed fixed boundary scour, Ag,,
of 1049 fi*, and fixed boundary flow area, A, of 4854 fi*. The computed ratio, A, / A, is
about 0.22. From Figure 4.1, this ratio yields a predicted h,,," / h," value, X, of about 0.7.
Using equation 4-1, this yields a Y, or expected model value of 0.69 for the h,,,’ / ;" ratio.
Multiplying this value times the h,;’ value of 1.74' yields a h,,,” of 1.20". On average, the
user would expect the 300’ bridge using a mobile boundary for the computed backwater to
still exceed the backwater limit of one foot. Using Figure 4.3, the lower average and
individual confidence limits (90%) yields Y,, values of 0.65 and 0.45, respectively. These
values yield respective h,,,” values of 1.13 and 0.78 feet. Thus, there is some possibility that
the mobile model could yield a backwater value equal to or less than one foot for the cheaper
300’ bridge.

Still undecided about using a mobile boundary model, the user decides to estimate
the additional time and money for implementing the model. Assuming a couple of extra days
to gather additional data, develop the model input values, and perform the simulation runs
as outlined in Section 5.6, the user estimates a total additional engineering cost of about
$2000 ($ 100 per hour (billable rate) x 20 hours).

The user compares the potential savings in bridge costs (SBC) of $ 96,000 to an
additional engineering cost (EC) of $ 2000 for implementing the mobile model. Since the
SBC value exceeds the EC value, applying the mobile model appears a worthwhile
investment. As Table 4.1 shows, the 300’ bridge has an actual h,,," value of 0.96'. If the user
does consider the mobility of the stream in the modeling process, the 300’ bridge would,
thus, meet the one foot maximum backwater design criterion.

5.5.3 Other Design Considerations
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The above example focuses on the design relationship between bridge length and the
associated backwater. As stated under Section 5.1.1, the engineer must also consider bridge
height or vertical clearance. The user must, furthermore, evaluate the foundation depths for
such design factors as scour.

From the above example, the 300’ bridge with the one foot of backwater (mobile
boundary model) would most likely have the same modeled vertical clearance for such items
as floating debris and ice as the 315' bridge with about one foot of backwater for the fixed
boundary model. As for data and model errors, the mobile model should have comparable
errors to the fixed boundary model. The mobile model analyzes physical processes (sediment
transport, morphologic changes) that the fixed boundary model does not analyze for a bridge
site, and could thus possibly be more accurate.

Similarly for foundation depths (i.e., piers, abutments) the mobile model should
provide more accurate depth and velocity estimates than the fixed model within the vicinity
of the bridge. Again, this is due to its greater capacity to analyze the physical processes at
a bridge crossing than a fixed model. This increased level of analysis should lead to a more
accurate scour analysis for foundation purposes.

For the mobile 300’ bridge condition, it is assumed that the foundation scour potential
is no greater than the scour potential for the fixed 315' bridge. This is indirectly reflected in
the comparable backwater values of about 1’ for both conditions. A comparable backwater
depth indicates a comparable bridge opening. Although the 300' bridge has less opening
width, it has greater flow depth in the mobile condition than the fixed condition. This creates
the potential for a lower bridge opening velocity and, thus, less foundation scour.

To re-state, the above cost analysis determines whether to accept the results of the
fixed boundary water surface profile or proceed with a mobile boundary analysis. It is not
a substitute for actually performing a mobile boundary analysis. Ifthe cost analysis indicates
that the user or engineer should perform a mobile boundary analysis, then the engineer
should use the mobile boundary model to evaluate all bridge design aspects (length, depth,
and height) for the given design floods and related criteria.
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5.6 Mobile Boundary Analysis

Table 5.7 presents a flow chart for completing the mobile boundary analysis.
Sections 2.5.2 and 2.5.4 present the theory and assumptions related to this analysis. Similar
to the fixed boundary model, Section 2.4 presents the data required for the mobile model.

At this point, the user should have developed a fixed boundary model (FBM) per
Section 5.3. Developing the mobile boundary model (MBM) consists of adding certain
hydrology and sediment data and setting various operational parameters. The following
summarizes this process as outlined in Table 5.7.

First, the user should develop a complete flood hydrograph for the site. USGS gage
station data or a deterministic hydrology method (e.g., SCS method) should provide the
source for developing a site specific hydrograph. As stated earlier, the hydrograph should
have a minimum duration of one to two days.

With the flood or water hydrograph, the MBM needs an associated sediment inflow
hydrograph. This hydrograph typically derives from field collected data or from a developed
sediment rating curve (sediment discharge versus water discharge) using a sediment transport
equation (i.e., Yang (1984), Parker (1982, 1990)). If the sediment inflow hydrograph does
not exist for the site, then the user could add about five “dummy” stream cross-sections
upstream of the study site at an approximate spacing of 1000'. The five dummy sections
should replicate the last upstream cross-section of the selected study area with a constant
stream slope (uniform sections and slope). In this case, the model will start with clear water
scour at the dummy cross-section located farthest upstream and should eventually develop
into a sedimentation equilibrium (sediment in equals sediment out) by the time the model
computations reach the actual study area. This situation generally applies to only bed load
motion type streams.

In addition to the upstream dummy sections, the user should add enough sections to
the farthest downstream section of the study site to insure that the downstream boundary
conditions will not adversely affect the study area. This also compensates for models like
BRI-STARS that do not incorporate a transmissive boundary at the downstream end of the
model and permits sediment to mathematically “flow-out” of the modeled reach.
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The user also needs to input the sediment distribution (gradation curve) and water
temperature data to the model. The MBM uses this data with physical and operational data
to complete the sedimentation computations. These computations are the primary
component for determining the stream section boundary.

Afier inputting the physical data for the FBM, the water and sediment hydrographs,
and the sediment gradation and water temperature data, the user must input the required
operational values. For BRI-STARS, these include hydrograph time steps, active layer
thickness, sediment transport equation, stream tubes, time iterations, and roughness equation.
The following recommended operation values derive from Section 4.4.

The user should select a time step anywhere from 2 to 60 minutes. From the case
studies in Chapter 3, a 12-minute step should provide satisfactory results. Corresponding to
the 12-minute time step, an active layer thickness of one times the geometric mean of the
largest gradation size(one D (NF)) should work well for the MBM. The selected transport
equation also interrelates to time step and active layer thickness in the sedimentation
computations. From the literature, the user should select the transport equation most
applicable to the study area. If doubt exists as to the proper equation for the site, the research
used for this paper recommends the Yang equation for gravel beds.

For the case studies in Chapter 3, the number of stream tubes equaled five. This is
generally enough to break the stream channel into three main sections. The remaining two
tubes represent the left and right flood plains.

The number of suggested time iterations is simply the duration of the flood
hydrograph (i.e., 40 hours = 1.67 days) divided to the time step duration (i.e., 12 minutes =
0.00833 days, which yields about 200 time steps). Finally, the case studies used Manning’s
equation for the hydraulic roughness equation.

After inputting all the above information into the MBM, the user then performs the
first simulation run. The model should execute all the computational steps with out severe
oscillations (i.e., excessive scour or deposition). If the model does experience severe
oscillations, then the user should re-evaluate the operational parameters. In particular for
BRI-STARS, active layer thickness in combination with the sediment transport equation will
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generally exert the most influence on the MBM’s overall behavior.

Once completing a stable simulation for the MBM, then the user should evaluate the
results for their reasonableness when compared to the actual physical evidence of the study
site. Of course, this is a very subjective process (see Section 1.5). Such an evaluation may
include comparisons to high water marks, comparing, if available, changes in stream cross-
sections and aerial photographs over time, and comparing the model results (i.e., amount of
scour, deposition) to the expected outcomes for the type of morphological system for the
selected study site. If the MBM results do not appear satisfactory, then the user should
reassess the operational parameters. The user should consider the full range of parameters
(i.e., cross-section spacing, flood hydrograph, upstream and downstream boundary
conditions) in adjusting the accuracy of the model.

5.7 Mobility of the Bridge Approaches

Previous chapters have presented the influence of the bridge layout (i.e., length) on
backwater values and how they differ between the types of models (fixed vs. mobile). This
chapter has shown the influence of backwater on selecting a potential bridge layout and the
influence of the boundary model type on the selected bridge layout (i.e., Section 5.5
example). This section briefly discusses the mobility of the bridge approaches or bank and
the selection of the optimum bridge.

So far, the research has emphasized the mobility of the stream bed in the mobile
boundary model. The selected models lend themselves to analyzing the influence of the
stream hydraulics on the stream bed. However, bridge approaches generally consist of
materials (i.e., large boulders in the form of riprap) that may have the structural resistence
to withstand major flood events such as a 100-year flood. Furthermore, high flood resistant
materials such as riprap do not conform to the application of most sediment transport
formulas or methods. All the case studies, thus, only permitted scour and deposition at the
stream bed level.

The user does have a few choices in addressing the mobility of the bridge section
banks or approaches. First, compute the resistance of the bridge approach to stream erosion
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for the design flood (i.e., 100-year flood). For example, “Design of Riprap Revetment, HEC-
11" (FHWA, 1989) provides a method for determining the factor of safety for a given riprap
design for a given set of flow conditions. The user should perform this analysis using the
fixed boundary values and before starting the mobile boundary analysis. Federal, state, or
local regulations may require the riprap design to withstand the proposed design flood. This
case would resemble the case studies used in this paper. Thus, only the stream bed
experiences scour and deposition, not the stream bank. This is the design approach that this
paper highly recommends.

The other approach is more speculative. Assuming that the design criteria and
regulations permit for an approach failure, the user has HEC-11 (FHWA, 1989) or similar
methods to predict under which hydraulic and hydrologic conditions that the failure may
occur. The user could adjust the fixed and possibly the mobile model at the point of failure
to reflect the modified bridge section with the failed banks.

Unfortunately, the methods for estimating the conditions for riprap failure (i.e.,
incipient motion) generally do not present methods for estimating the quantity of failed
material. Thus, the user would know when the approach failed but not the configuration of
the failure. Furthermore, applying an adjusted bridge cross-section in the middle of a series
of reiterative hydraulic/sediment computations in a mobile model does not consider the time-
related changes that occur from the initial starting conditions till the point of approach
failure. Based upon the case studies, it is these time and related spatial changes that occur
in the mobile model computational process that does not allow the user to simply substitute
the nonscoured fixed boundary cross-section with a contraction scour-based cross-section
to estimate the mobile boundary profile. Finally, the time and spatial changes that occur over
the duration of the flood hydrograph also at least partially explain the weak correlation
between fixed boundary scour values (i.e., contraction scour) and the predicted backwater
ratios (mobile/fixed) provided from equation 4-1.

5.8 Summary
This chapter has presented a detailed approach for applying mobile boundary models
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at bridge crossings. For background, Section 5.1.1 presents a brief and general discussion
on the hydraulic design of bridges (Section 5.1.1). Section 5.1.2 and Table 5.1 summarize
the overall processes for applying mobile boundary models at bridges sites.

Section 5.2 and Table 5.2 list the preferred physical attributes for identifying bridge
sites applicable to the process presented in Table S.1. These preferred physical attributes are
based upon those attributes discussed in Section 2.3 and the case studies of Chapter 3. The
physical attributes consist of the stream hydraulics, stream hydrology and morphology,
sediment traits, and bridge hydraulics.

Section 5.3 and Table 5.3 summarize the requirements for performing a fixed
boundary analysis at a given bridge site. The modeler must collect various field and
hydrologic data, develop the natural water surface profile, and determine the bridge
hydraulics. From this information, the modeler determines the bridge backwater value for
the fixed boundary model, h,g".

Section 5.4 and Table 5.4 present an approach for determining the relationship or
dominance of the bridge layout relative to the natural morphology. If the natural morphology
is the predominate influence on the water surface profile at the bridge site, then the mobile
boundary model is the preferred model. If the bridge is the dominating morphological
feature at the crossing, then the user should proceed with the cost analysis described in
Section 5.5.

Section 5.5 and Table 5.5 provide an approach for comparing the cost of using a
mobile vs. fixed boundary model and the potential economic benefits (e.g., reduced bridge
costs). Without developing the mobile boundary model, the user estimates the mobile
boundary backwater, h,,,’, from equation 4-1 for the given bridge layouts. If the estimated
h,,, allows for a less expensive bridge layout than the computed h,;’, then the user compares
the difference or savings in bridge costs, SBC, to the estimated engineering costs, EC, of
developing a mobile boundary model. If SBC exceeds EC, then the user implements the
mobile boundary model for computing the actual h,,;. Table 5.6 presents a case example.

Section 5.6 and Table 5.7 present an approach for using the mobile boundary model
(i.e., physical and operational parameters). This approach consists of collecting certain
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hydrology and sediment data and setting various operational data. The hydrologic data
consists of the complete flood hydrograph, the sediment data includes stream bed gradations,
and the operational parameters consist of active layer thickness, sediment transport equation,
time step, and stream tubes.

Section 5.7 discusses the mobility of the bridge approaches or banks and their
influence on the bridge backwater values and in selecting an optimum bridge length. This
section emphasizes the speculative nature of estimating the mobility of bridge approaches.
In particular, there currently are no accurate methods for estimating the erosion processes of
riprap bridge approaches (e.g., estimating quantity of eroded materials such as riprap bank
protection).



TABLE 5.1 Flow chart for applying mobile models at bridge crossings
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TABLE 5.3 Flow chart for fixed boundary analysis
(=)

Collect
Data

:

Compute Water
Surface Profile -
No Bridge

I* 2
Select Bridge Layout

Adjust Bridge Section
for Selected Bridge
Layout

:

Select Bridge
Backwater
Coefficient, K*

:

Compute Water
Surface Profile for
Selected Bridge

:

Compute Bridge
BackWater, h*

Yes »




TABLE 5.4 Bridge domination process

(Rosgen Stream Classification,
etc.)

Bridge Dominates
Rigid Boundary Hydraulics
(F/F, less than/equal
to1)

Yes

Proceed to Cost Analysis
(Section 5.5)

)




CS';")

Determine Ag/A
from Fixed Boundary
Analysis

:

Select h,'Mh",
X,, from Figure 4.1

:

Compute h,‘h.",
Y,,, from Equation 4 1

:

Determine h,,* from
Yy and h.*

:

Estimate Potential
Savings in Bridge
Costs, SBC,
associated with h,,*

:

Determine additional
Engineering Costs
(EC) for Mobile
Boundary Analysis

SBC2>EC

TABLE 5.5 Cost analysis

Yes

Perform Mobile
Boundary Analysis

198
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TABLE 5.6 Example cost analysis for Skagit River

From Table 4.1
For hyp,)

From Table 4.2
From Figure 4.1

From Equation
4-1

h,z" = 1.74 ft and 0.90 feet for bridge lengths of 300 ft. and 315
ft., respectively.

= 1 ft., maximum allowable backwater, rigid model requires
315 ft. bridge length

Agz = 1049 fi.2 and A = 4854 f.2 for 300 ft. bridge length

hir* Asr 1049
=X,=0.7for — = -2 =022
b e 07 for == = 2gsa ~ 02
Yy =0.46145 +0.323218 X, = expected model value
_ hwr*
him*

Yu =0.46145 +0.323218 (0.7) = 0.69

Thus, expected average h,,, = Y, h;z" =(0.69)1.74 f. = 1.20 ft. for 300 ft. bridge

From Figure 4.3,

For 300 foot
bridge

Buse > hymes Still need 315 foot bridge

Y = 0.65 and 0.45 for lower 90% confidence limits of average
and individual expected model values, respectively

h,y =(0.65)1.74) = 1.13 f, average lower limit

h,, = (0.45)1.74) = 0.78 R, individual lower limit

Based upon the above, possibly hy, < hy(pey

Let

w  =bridge width = 32 feet

AL = difference in bridge length = 315' - 300’ = 15 feet
CC =$ per unit bridge area = $ 200 per ft.2

SBC = potential bridge cost savings = W x AL x CC
$200

SBC =32'x15' x—— =$ 96,000
ft
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TABLE 5.6 Example cost analysis for Skagit River (continued)

Except for the differences in initial bridge construction costs, it is assumed that the
two bridge lengths have negligible differences in life-cycle costs.

Estimate EC, additional engineering costs, for mobile model,
EC =B x CE, B =Billable engineering hours = 20 hours
CE =cost of engineering per hour = $ 100 per hour
EC =(20)X100) = $2,000

Since, SBC 2 EC, then the engineer or modeler should consider using a mobile
model to justify the shorter bridge length of 300 feet.

All the above costs - SBC and EC - are in present dollars



(o )
Deveiope Fixed Boundary
Model
(FBM) (Table 5.3)

:

Develope Water Inflow
Hydrograph and add 10 FBM

Inflow

Yes

Develop Sediment inflow
Hydrograph and add to FBM

TABLE 5.7 Flow chart for mobile boundary analysis

201

soctions to FBM

Deveiop and Add Stream
bed gradation distribution
and water temperature data
to FBM

Simuiation ?

Yes

§—»

Time Step: 2 10 60 minutes

Stream tubes: 305

Active Layer Thickness : 1 D(NF)
Sediment Transport. Equation : i.e., Yang

Add Operational Parameters: (BRI-STARS)

Time iterations: Hydrograph duration/time step
Roughness Equation: i.e., Manning's

|

Activate Sediment Transport
Analysis 10 compiete Mobile
Boundary Model (MBM)

MBM simulates flood
hydrauiics and

—No—»
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CHAPTER 6: CISPUS AND SNAKE RIVER CASE COMPARISONS

6.1 Overview
This chapter presents two cases for testing the assumption that mobile models will
provide more accurate bridge backwater elevations than fixed boundary models. The first

case uses the Cispus River in Washington State. The second case uses the Snake River in
Idaho.

6.2 Cispus River

This case study compares the water surface profiles generated with various computer
models against surveyed high waters for the Tom Music bridge site. Assuming the high
water marks represent an accurate estimate of the selected flood wave or profile, this case
assesses how closely each computer model matches an actual flood wave. The models used
for the comparisons are HEC-RAS (USACE, 1998), BRI-STARS (Molinas, 1994),
FESWMS (FHWA, 1989), and HEC-6 (USACE, 1993).

The Tom Music bridge crosses the Cispus River in Gifford Pinchot National Forest,
WA, the bridge lies about 8 miles south of Randle, WA., on Forest Development Road 29
(see Figure 6.1). On February 8, 1996, the bridge experienced a scour failure. The USGS
estimates that this flood had a return frequency of about 100 years.

The following discusses the hydrology, hydraulics, sedimentation/ geomorphology,
computer model traits, and resulting comparisons of the various models against the surveyed
high water marks.

6.2.1 Hydrology

The Tom Music bridge lies just upstream of the confluence of Yellowjacket Creek
with the Cispus River (see Figure 6.2). USGS gage station #14232500 lies just downstream
from the confluence. Unfortunately, the February flood destroyed this Cispus gage. The
USGS used high water marks to compute slope-area flood discharges at a Huffakre Bridge.
The Huffakre bridge lies 9 miles downstream from gage #14232500.
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The Huffakre bridge has a drainage area of 390 sq. mi. Gage #14232500 has a
drainage area of 321 sq. mi. The USGS estimated a flood peak of 38400 cfs at Huffakre.
Using a straight area ratio between the two sites, the USGS estimated a flood peak of 31,600
cfs for gage #14232500. This represents the flood of record for this gage (water years 1930
to 1996) with a return interval exceeding 100 years.

For the following computer models, the case study used 32,500 cfs below the Tom
Music bridge and 25,500 cfs above the bridge. The 32,500 cfs derives from an area ratio of
321/390 raised to a suggested power contained in USGS report "Magnitude and Frequency
of Floods in Washington", WRI 97-4277 (Sumioka, Kresch, and Kasnick, 1998). The 25,500
cfs derives from an area ratio of 249/390 raised to the suggested power. The difference in
drainage areas/flood peaks below and above the bridge represents the exclusion of the
Yellowjacket drainage area (about 72 sq. mi.) which flows into the Cispus just below the
bridge.

For the rigid boundary models (i.e., HEC-RAS, FESWMS), the above flood peaks
suffice for computing the estimated water-surface profiles. For the mobile models, however,
the analysis requires at least part of the estimated flood hydrograph. The USGS estimated
average daily floods through February 8 at gage #14232500. Using a ratio between the
USGS estimated flood peak and average daily value for February 8, the mobile model starts
with an estimated flood discharge based upon the February 8 ratio and the estimated February
7 average daily flow.

Assuming a 40-hour hydrograph, the mobile models assume the flood peak occurs
at 20 hours. The models also assume that the flood discharges change uniformly at 12-
minute intervals. Using the above flood peak to average daily flow ratios, February 7 had
a starting peak discharge at 0 hours of about 16,000 cfs above the Tom Music bridge. This
uniformly changed until it reached the flood peak of 25,500 cfs at 20 hours. Assuming a
symmetrical flood wave, the peak discharges decline from 25,500 cfs to about 16,000 cfs
during the next 20 hours. Figure 6.3 displays the compiete hydrograph for the Cispus located
above the Tom Music bridge.
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6.2.2 Hydraulics

After the February 8,1996, flood, Gifford Pinchot National Forest elected to replace
the Tom Music bridge instead of repairing it. As part of their preliminary engineering
process, they requested the Federal Highway Administration to perform a hydraulic and scour
analysis of the site. To do this work, FHWA hired WEST Consultants, Seattle, WA (WEST,
1997).

WEST used FESWMS and HEC-RAS to analyze the site. Except at the bridge site,
their analysis showed that generally the Cispus flowed under subcritical conditions. At or
near the bridge site, the flood peaks passed through critical flow. This is due to the natural
constriction at the bridge site. For their analysis, WEST used flood peaks of 8110, 16300,
21200, 25500, 30000, and 42300 cfs. WEST used the same flood peaks upstream and
downstream of the bridge location.

Since the design flood peaks (50-year, 100-year) pass through critical depth at the
bridge site, the upstream bridge backwater curve is independent from the water surface
profile downstream from the bridge. Within the vicinity of the bridge site, the water surface
profiles ultimately reach super-critical flow conditions and then return to subcritical just
downstream of the bridge. Thus, a hydraulic jump occurs near or at the bridge site.

6.2.3 Sedimentation/Geomorphology

The Cispus consists of a cobbly, gravel bed. Using pebble counts, the bed material
has a dy, of about 30 to 35 mm. Figure 6.4 presents the sediment gradation for the bridge
site.

Based upon aerial photographs from 1959 to 1993, the Cispus appears fairly stable
since the original bridge construction in the 1950's. Some lateral migration has occurred over
the years to the northern bank upstream of the bridge site. A spur dike constructed along the
southern upstream bank in the 1970's may have contributed to this migration. However, the
approaching valley to the bridge does have a general northerly direction. During higher
flows, the natural constriction of the bridge site, furthermore, may cause some upstream
deposition that contributes to the northerly migration of the Cispus. During the 1996 flood,



205

the Cispus experienced further migration to the north of its main channel.

As previously mentioned, Yellowjacket Creek enters from the south into the Cispus
Jjust downstream of the bridge site. The Yellowjacket system enters the Cispus as a multiple
channel/alluvial fan system. While some instability appears in the system, generally, it has
heavily-wooded, flood plains interspersed with distinct gravel/cobble stream beds. Figure
6.2 shows the confluence of the Yellowjacket with the Cispus. Using the Rosgen
classification system, the Cispus is generally a C4 stream type.

Despite some lateral instability and the potential for sediment influxes from such
systems as the Yellowjacket, the Cispus site appears stable enough to use the computer
models described below. The following will discuss some simplifying assumptions related
to sedimentation processes at the site. The sedimentation assumptions primarily apply to the
mobile models.

6.2.4 Computer Models

The case study used HEC-RAS, FESWMS, BRI-STARS (fixed and mobile), and
HEC-6 (fixed and mobile). The study did not include FHWA's WSPRO (Shearman, 1990).
Although HEC-RAS includes a WSPRO bridge analysis option, the USACE (1998)
recommends the WSPRO option for only subcritical flows. Asdescribed above, mixed flow
conditions (subcritical, critical, super critical) occur through the study reach.

Figures 6.5, 6.6, and 6.7 show the water surface and bed profiles for the following
models. Table 6.1 at the end of this report presents the water surface and bed elevations for
each profile relative to the river stationing.

HEC-RAS - This USACE model is a rigid boundary, one-dimensional, steady-state
model. WEST consultants used the standard step/energy equation to compute the water
surface profile through the bridge site. Their profile started about 800’ feet downstream from
the bridge site. The profile ended about 2300’ upstream from the bridge for a total profile
distance of about 3100".

Both the original bridge and the proposed bridge have a length of about 170". Both
lie in nearly the same location. The original bridge, however, had a center pier that settled
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due to scour during the February 1996 flood. The proposed bridge will have no center pier.

The case study used the WEST HEC-RAS analysis with two modifications. First,
the study increased the contraction and expansion coefficients from 0.3 and 0.5, respectively,
to 0.6 and 0.8. Since the bridge lies in a location that severely restricts the flow, the study
recommends the higher values rather than the standard values.

Second, the study used 32,500 cfs downstream of the bridge and 25,500 cfs through
and upstream of the bridge. Since the flood peak passes through critical depth, however, the
bridge backwater curve for 25,500 cfs is nearly identical for both the 25,500 cfs and 32,500
cfs downstream flow conditions.

Figures 6.5 and 6.6 present the WEST-based profile with the adjustments as
described above.

FESWMS - This FHWA model provides a two-dimensional, rigid boundary profile.
It uses a planimetric grid system (nodal system). It solves for the local water surface
elevation and depth-averaged velocity using a finite element scheme. Figures 6.5 and 6.6
present the WEST-based profile without modification. FESWMS actually shows variation
in the water surface elevations across each stream cross-section. The plotted profile,
therefore, presents the best estimate of the water surface profile for 25,500 cfs along the
thalweg of the stream (same peak discharge upstream and downstream of the bridge).

BRI-STARS (Rigid) - This FHWA model functions similar to the HEC-RAS model
(one-dimensional, rigid boundary, steady state). To simulate the February 1996 flood, the
rigid model uses a constant 25,500 cfs for the study reach. For the energy equation approach,
the model uses a bridge loss coefficient, K, of 0.6. This value mainly represents the
constriction of the flow at the bridge site. The loss coefficient derives from procedures
outlined in FHWA's "Hydraulics of Bridge Waterways" (Bradley, 1978). Figures 6.5 and 6.6
show the profile results for this model.

BRI-STARS (Mobile) - This FHW A model uses the rigid boundary information plus
the hydrograph and sediment data presented in figures 6.3 and 6.4, respectively. The analysis
assumes that the study area is in a state of sediment equilibrium (sediment inflow equals
sediment outflow). To insure this, the analysis extends the study area 6000 feet upstream and
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downstream by repeating the original boundary cross-sections. There is no incoming
sediment at the start of the repeated cross-sections.

By the time the flow reaches the actual upstream boundary cross-section, the model
has reached a sediment equilibrium condition. At the downstream end, the repeated cross-
sections insure that artificial boundary conditions due not influence the actual study area (i.e,
excessive deposition at the downstream end due to a non-transmissive boundary).

The mobile model uses a time step of 12 minutes and an active layer thickness of 362
mm. The Yang equation for gravel sizes computes the sediment loads for each time step and
river reach. The model uses 5 stream tubes equally spaced by conveyance to distribute the
sediment loads for each stream cross-section.

Figures 6.5 and 6.7 show the bed and water surface profiles resulting from the above
analysis. Figures 6.8, 6.9, and 6.10 show the mobile cross-section at locations upstream of
the bridge (STA 973), at the bridge (STA 848), and downstream of the bridge (STA 756),
respectively.

Figures 6.8, 6.9 and 6.10 illustrate the computer-generated scour and deposition of
the stream cross-sections within the vicinity of the bridge site. They show the time and
spatial changes that occur during the 40-hour flood wave (i.e., beginning - 0 hours, peak - 20
hours, and at the end - 40 hours). In particular, these figures illustrate the influence of the
mobile boundary on the computed water surface profile. For example, these mobile
boundary figures show that the local bridge scour leads to a lower bridge backwater profils
(Figures 6.5 and 6.7) compared to the rigid boundary results.

HEC-6 (Rigid) - This USACE model operates similarly to the one-dimensional,
steady state BRI-STARS rigid water surface profile model. To simulate the February 1996
flood, the model uses a constant 25,500 cfs for the study reach. At the bridge site, the model
uses contraction and expansion loss coefficients of 0.6 and 0.8, respectively. This value
mainly represents the constriction of the flow at the site. These loss coefficients match those
used for HEC-RAS. Figures 6.5 and 6.6 show the profile results for this model.

HEC-6 (Mobile) - This model operates similarly to the BRI-STARS mobile model.
It uses the same 12-minute step hydrograph, bed gradation, and Yang (1984) sediment
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transport equation. It also assumes no incoming sediment at the upstream boundary (STA
9100).

Analytically, however, it uniformly distributes the sediment loads (scour, deposition)
over the entire stream cross-section. BRI-STARS nonuniformly distributes these loads over
the 5 user-selected, stream tubes. BRI-STARS also uses a user-selected, active layer
thickness to limit scour for each time step (i.e., 362 mm for Cispus).

HEC-6, furthermore, computes an equilibrium scour depth for each time step (depth
of scour at which transport ceases). HEC-6 also uses a pre-selected scour depth limitation
(for the Cispus, a total depth of 10%). Figures 6.5 and 6.7 show the bed and water surface
profiles for the HEC-6 mobile analysis.

To compare the above computed water surface and bed profiles, the study used
surveyed high water marks. West and Exeltech (Olympia, WA.) consultants surveyed the

high water marks after the February 1996 floods. Figures 6.5, 6.6, and 6.7 show the high
water marks.

6.2.5 Summary of Results

Figures 6.5, 6.6, and Table 6.1 show that HEC-RAS, FESWMS, and BRI-STARS
(Rigid) have backwater profiles within a few tenths of a foot of one another (using maximum
depth, less than a 5% variance between models). Unfortunately, they are two to three feet
higher than the surveyed high water marks. HEC-6 (Rigid) produces a slightly lower profile.
Nevertheless, it also produces a profile about one and one-half to two feet higher than the
high water marks.

For the bridge back water, BRI-STARS (Mobile) and HEC-6 (Mobile) match the high
water marks within a couple of tenths of a foot. This is because the mobile boundary model
accounts for the scour that occurred at and downstream of the bridge area during the
February 1996 flood.

Downstream of the bridge, the profiles show more variability. This is probably due
to the differences of the models in their approaches for computing super-critical flow
conditions with hydraulic jumps. The analysis, thus, considers the downstream profiles of
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all the models to represent less reliable results. All the mobile boundary profiles, however,
eventually begin to approach the surveyed high water marks at the beginning of the study
area (as the flow returns to subcritical conditions).

Since the bridge backwater curve is the focus of this study, then the BRI-STARS
(Mobile) and HEC-6 (Mobile) models appear to yield the most accurate results compared
to the high water marks. As for scour at the bridge site, BRI-STARS develops a much lower
bed profile for the flood peak than HEC-6 (see Figure 6.7). This is due to HEC-6 uniformly
distributing the scour over the cross section compared to BRI-STARS non-uniform
distribution system. For example, some stream tubes may actually experience deposition
while others experience severe scour within the same cross-section for the same time step.

For comparison, the study used FHWA's HEC-18 to estimate the contraction scour
at the bridge site. Using HEC-RAS hydraulic values for the flood peak, HEC-18 estimates
a clear water contraction value of about 10 feet. At STA 848, BRI-STARS has a maximum
scour depth of about 10 feet at the flood peak (25,500 cfs, see Figure 6.9). The average scour
depth appears to be closer to six to seven feet.

For HEC-6, the scour depth averages about two to three feet at the bridge site. The
HEC-6 model, however, does not experience deposition within the same cross-section. The
average net cross-section scour of the two models, thus, is closer than the thalweg profiles
indicate in Table 6.1 and Figures 6.5 and 6.7.

Overall, HEC-6 (Mobile) appears to most closely match the high water marks both
upstream and downstream of the bridge. The model more uniformly distributes the scour at
the bridge area, and, thus, produces a more stable bed and water surface profile. This is
especially helpful just downstream of the bridge where super-critical flow and hydraulic
jumps occur.

As for BRI-STARS, the greater scour for some tubes may cause instability of the
model just downstream of bridge in hydraulic jump and super critical locations. During the
computer analysis, the location of the hydraulic jump varied greatly from time step to time
step. Nonetheless, BRI-STARS does provide a good match with the high marks upstream
of the bridge and downstream from hydraulic jump and super-critical areas.
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6.3 Snake River

This case study compares the water surface profiles generated with various computer
models against surveyed high water marks for the Snake River near Blackfoot, Idaho.
Assuming the high water marks represent an accurate estimate of the selected flood wave or
profile, this case assesses how closely each computer model matches an actual flood wave.
The models used for the comparisons include HEC-RAS and BRI-STARS. The HEC-RAS
models derive from a consultant's hydraulic study of the Snake River. The consultant,
CH2MHILL (1998), Boise, Idaho, performed the study for the Idaho Department of
Transportation (IDOT) in 1998.

The case study focuses on three bridges (US 26, Railroad, Old County Road) that
cross the Snake River (see Figure 6.11). During June 1997, the area experienced record
flooding. The US Geological Survey (USGS) recorded a peak of about 43,200 cubic feet per
second (cfs) on June 17. According to the CH2ZMHILL hydrologic analysis, this represented
anearly 100-year flood event. The combination of extreme flooding and bridge backwater
influences resulted in the inundation of adjacent properties of the Blackfoot area.

The following sections discuss the hydrology, hydraulics, sedimentation/
geomorphology, computer model traits, and the resulting comparisons of the various models
against the surveyed high water marks.

6.3.1 Hydrology

The USGS recorded the flood peak of 43,200 cfs at gage station #13062500 (USGS,
1997). This station lies just upstream from the Old County road bridge (sometimes referred
to as the old Riverside Highway bridge) and just downstream from the Railroad and US 26
bridge crossings. The gage site represents a drainage area of about 9,950 square miles.

Several lakes and reservoirs regulate the flow to the site. These lakes and reservoirs
include Jackson Lake, Palisades Reservoir, Henry's Lake, Island Park Reservoir, and Grassy
Lake. Also, there are numerous upstream diversion channels for irrigation purposes.

For the water surface profile comparisons, the case study used 43,200 cfs for the
flood peak. For therigid boundary models (i.e., HEC-RAS, BRI-STARS (fixed- no sediment
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transport)), this flood peak suffices for computing the estimated water-surface profiles. For
the BRI-STARS mobile model (sediment transport model), however, the analysis requires
at least part of the estimated flood hydrograph.

Figure 6.12 presents the flood hydrograph for the USGS gage that occurred from June
10, to June 29, 1997. Assuming a 20-day or 480-hour hydrograph, the mobile model
assumes the flood peak occurs at 192 hours or after 8 days from the beginning of the flood
wave. The model also assumes that the flood discharges change at one hour intervals.

6.3.2 Hydraulics

As shown in Figure 6.11, the study area covers about 2 miles of a fairly straight
section of the Snake River. The straightness of this area derives from levees constructed on
both the east and west sides of the river. For the 43,200 cfs flood, the CH2ZMHILL/HEC-
RAS analysis produces average channel velocities of 4 to 8 fps and maximum flow depths
of 15 to 25 feet. Flow is subcritical with energy slopes ranging from 0.05% to 0.15%.

The Old County Road, Railroad, and US 26 bridges lie within 1500 linear feet of one
another. Starting at the Old County bridge, these bridges collectively influence the Snake
River water profile for an upstream distance of nearly one mile. Atabout 1000 feet upstream
of the US 26 bridge, the HEC-RAS and BRI-STARS (fixed) models produce about 1.5 feet
of elevated backwater attributable to the bridges.

6.3.3 Sedimentation/Geomorphology

The Snake consists of a sandy, gravel bed. Using pebble counts and IDOT gradation
tests near the US 26 bridge, the bed material has a d,, of about 30 to 40 mm. Figure 6.13
presents the sediment gradation for the study area.

The Snake study area has fairly well-defined flood plains (i.e., grasslands with some
heavy brush and trees) and generally stable banks. Within the main channel, gravel bar
formations occur throughout the study reach. The main channel has flow widths up to 500
feet with the flood plain widths exceeding one-half of a mile.

As stated above, manmade levees and bridges clearly influence the hydraulics and,
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thus, the morphology of the Snake. Even in non-levee and non-bridged areas, the dams and
diversion systems influence the hydrology and sedimentation processes. The non-levee areas
normally exhibit a semi-braided, sinuous stream system. Using the Rosgen classification
system, the Snake is generally a DA4 stream type.

6.3.4 Computer Models

As previously mentioned, the case study used HEC-RAS and BRI-STARS (fixed and
mobile). Figure 6.14 presents the water surface and bed profiles for these models. Table 6.2
summarizes the water surface and bed elevations for each profile relative to the river
stationing. The following discusses the assumptions and methods used for both models.

HEC-RAS - This US Corps of Engineers (USACE) model is a rigid boundary, one-
dimensional, steady-state model. This model relies on the standard step/energy equation to
compute the water surface profile through the study site. For this case, the profile starts
about 400 feet downstream from the Old County Road bridge. The profile ends about 9500
feet upstream from the US 26 bridge for a total profile distance of about 11000 feet.

The Old County, Railroad, and US 26 bridges lie at stations 424, 705, and 1764,
respectively. The bridges have an average length of about 475' with piers in the main
channel. The HEC-RAS model adjusts for the influence of the bridges primarily by
increasing the contraction and expansion coefficients from 0.1 and 0.3 to 0.5 and 0.8,
respectively, with additional adjustments for the piers. The model uses Yamell's,
momentum, or an energy-based method to solve the water profile through the bridge site.
In this case, the model selects the method yielding the highest profile. Due to the backwater
from the Old County and Railroad bridges, the HEC-RAS model produces a profile under
pressure flow at the US 26 bridge. At this site, the model uses the orifice equation to develop
the bridge profile.

BRI-STARS (Rigid) - This FHWA model functions similar to the HEC-RAS model
(one-dimensional, rigid boundary, steady state). To simulate the June 1997 flood, the rigid
model uses a constant 43,200 cfs for the study reach. For the energy equation approach, the
model uses loss coefficients, K", of 1.09, 0.50, and 1.00 for the Old County, Railroad, and



213

US 26 bridges, respectively. The model multiplies the loss coefficient by the respective
velocity head to reflect the influence of each bridge upon the water surface profile. The loss
coefficients derive from trial adjustments to approximate the HEC-RAS profile for the
43,200 cfs flood.

BRI-STARS (Mobile) - This FHWA model uses the rigid boundary information plus
the hydrograph and sediment data presented in Figures 6.13 and 6.14, respectively. The
analysis assumes that the study area is in a state of sediment equilibrium (sediment inflow
equals sediment outflow). To insure this, the analysis extends the study area 5000 feet
upstream (STA 12086 through STA 16086) and downstream (STA 1000 through STA 5000)
by repeating the original boundary cross-sections (STA 11086 and STA 0). There is no
incoming sediment at the start of the repeated cross-sections.

By the time the flow reaches the actual upstream boundary cross-section, the model
has reached a sediment equilibrium condition. At the downstream end, the repeated cross-
sections insure that artificial boundary conditions due not influence the actual study area(i.e.,
excessive deposition at the downstream due to a non-transmissive boundary).

The mobile model uses a time step of one hour and an active layer thickness of 90
mm. The Yang (1984) equation for gravel sizes computes the sediment loads for each time
step and river reach. The model uses S stream tubes equally spaced by conveyance to
distribute the sediment loads for each stream cross-section.

Figure 6.14 shows the bed and water surface profiles resulting from the above
analysis. Figures 6.15, 6.16, and 6.17 show the stream cross-sections at the US 26 (STA
1764), Railroad (STA 705), and Old County (STA 424) bridges, respectively, for the mobile
and fixed boundary analysis.

Figures 6.14 through 6.17 illustrate the computer-generated scour and deposition of
the stream cross-sections throughout the study area. They show the time and spatial changes
that occur during the 40-hour flood wave (i.e., beginning - 0 hours, peak - 192 hours, and at
the end - 480 hours). In particular, these figures illustrate the influence of the mobile
boundary on the computed water surface profile.

For example, Figures 6.14 through 6.17 show that the relatively large change in
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channel width and elevation from stream section to section results in several feet of
respective scour and deposition. These figures show the channel deposition resulting from
the bridge backwater curves of the Old County, Railroad, and US 26 bridge at STA 1764
(Figure 6.15). Finally, Figures 6.14 through 6.17 show the complex scour and deposition
patterns of the stream cross-sections that generate the backwater curve from STA 424 to STA
5274.

6.3.5 Summary of Results

Table 6.2 and Figure 6.14 show that HEC-RAS and BRI-STARS (Rigid) have
backwater profiles within a few tenths of a foot of one another. Using an average maximum
depth of 20", the flow depths are within 3% of one another. The differences primarily derive
from computational approaches (i.e., energy slopes based upon simple arithmetic versus
conveyance-based averages) and cross-section modifications (BRI-STARS uses a maximum
of 27 geometry points per cross-section).

The BRI-STARS (Mobile) model produces a consistently lower profile than the
HEC-RAS and BRI-STARS (Rigid) model. The lower water surface profile derives from
scour at the downstream cross-sections (i.e., STA 705 (Figure 6.16)) and scour in the deeper
portions of the channel cross-section at higher velocity locations. Although much deposition
occurs in several locations and some deposition and scour occurs within the same section
(i.e., deposition on existing bars with scour in the deeper channel section), these locations
do not control the overall water profile elevations. Including the bridge sections shown in
Figures 6.15 (STA 1764), 6.16 (STA 705), and 6.17 (STA 424), the downstream sections
determine the profile elevations proceeding upstream to about STA 5274. This is the bridge
backwater curve from STA 424 to STA 5274. The mobile model, thus, produces a lower
profile due to the scouring of these controlling downstream stations.

Table 6.2 and Figure 6.14 show water surface depths for the mobile model (WSM
192 HR) about 0.1' to 1.5’ lower than for the rigid models. Using STA 2839 as a reference,
this backwater location is only 0.5' or 2% less in depth than for the rigid condition. Using
limited high water mark information, the data suggests an actual June 1997 flood elevation
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of about 4487.0 for this location. This elevation falls within the range of the flood elevations
for the rigid models. From a qualitative perspective, the mobile model probably provides a
more detailed and perhaps more accurate water surface profile for the area. Quantitatively,
however, the results suggest no measurable or practical differences in the models. The
results, thus, fall within the computational accuracies of the models.

6.4 Case Conclusions

The case studies generally support the assumption that mobile models will produce
a more accurate bridge backwater profile when compared to rigid models. For the Cispus
study, the water surface elevation differences between the two model types are clearly
measurable differences (one and one-half to two feet). They also exceed the typical
computational differences between models (greater than 10% difference in computed
maximum depths between the mobile versus rigid model). Based upon the surveyed high
water marks, the mobile model definitely produced a more accurate backwater profile
because of its ability to consider scour and deposition processes within the bridge site.

For the Snake study, the mobile model does produce a more accurate profile than the
rigid model. This is due to its ability to account for the complex scour and deposition
processes within the vicinity of the multiple bridge crossings. However, the differences in
the bridge backwater elevations for the two model types are within 2% of one another. For
practical design applications, the mobile model is probably not significantly better than the
rigid model in this case.
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Figure 6.1 Cispus River location map
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SNAKE R. 100-YEAR FLOOD

Table 6.2 Snake River, 100-year flood, all profiles

US 26 BRIDGE @ STA 1764

160668
15088
14008
13006
12006
11066
10191
9206
8228
7257
6366
5274
4344
2839
1764
1500
1040
705
567
424

0
-1000
-2000
-3000
-4000
-5000

SBOHR
S8 192 HR

HEC-RAS

SBOHR
4482.10
4480.60
4479.10
4477.60
4476.10
4474.60
4473.70
4476.10
4471.00
4472.00

SB192HR WSM 182 HR WSR 192 HR HEC-RAS

4482.10
4471.50
4477.890
4477.04
4475.99
4474.69
4472.68
4476.38
4467.00
447523
4462.60
4471.18
4468.48
4463.30
4466.49
4467.67
4467.38
4459.54
4462.75
4463.60
4461.91
4462.29
4461.63
446049
4450.07
4457.72

4500.30
4400.55
4408.49
4497.30
4498.05
4494.80
4493.70
4492.61
44901.11
4490.17
4488.72
4487.70
4487.35
4486.48
4484.30
4484.04
4483.65
4482.55
4482.44
4481.12
448048
4479.18
4477.98
4478.65
4475.37
447413

= Mobile and rigid bed profile at 0 hours.

Also, rigid bed profile at 192 hours.
= BRI-STARS(Mobile) bed profile.
WSM 192 HR = BRI-STARS(Mabile) water profile.
WSR 162HR = BRI-STARS(Rigid) water profile.
= HEC-RAS water profile.

Uniess otherwise stated, the above profiles are for
the fload peak, 43200 cfs, at 192 hours.

4484 .45
4403.64
4492.89
4490.77
4490.30
4488.78
4487.98
4487.77
4487.12

4485.16
4484.96
4483.23
4483.34

4481.65
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For the June 1997 flood, the approximate high water mark elevations of 4485.0, 4486.7, and
4487.0 are just downstream of STA 1764, between STA 1764 and STA 2839, and near STA
2839, respectively. See Figure 6.14 for approximate location of high water marks.
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CHAPTER 7: CONCLUSIONS AND FUTURE RESEARCH

7.1 Overview

This chapter presents the research constraints, conclusions, practical implications, and
future research needs related to mobile boundary models. Specifically, Section 7.2
summarizes the research constraints for the conclusions discussed in this chapter. Section
7.3 discusses the conclusions from the research objectives as outlined under Section 1.2.
Section 7.4 presents the practical implications of the presented research. Section 7.5
discusses some of the research deficiencies. Using these deficiencies, Section 7.5 also
defines possible areas for future research.

7.2 Research Constraints
The following physical constraints apply to the conclusions below. They derive from

Table 5.2:

. The stream hydraulics consist of one-dimensional, subcritical, and gradually varied
flow conditions.

. The stream morphology consists of well-defined, relatively stable, and fairly uniform
slopes and widths. Streams slopes range from 0.1% to 3%. The stream pattern and
form have moderate sinuosity, moderate entrenchment, and moderate bank width to
depth ratios as defined in Rosgen (1996).

. The sediment traits consist of gravel to cobble beds with uniform to armored beds.
Sediment inflow (Q,;,) approximates the sediment outflow (Q,,,). The flood-related
shear stress exceeds the sediment-laden boundary shear stress.

. The bridge hydraulics consist of the bridge opening or length as the dominating
hydraulic bridge feature. The bridge piers, skew, and eccentricity have minimal
influence on the bridge hydraulics. The bridge hydraulics are consistent with energy-
based solution methods (i.e., preferably no hydraulic jumps).

7.3 Conclusions
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Section 1.2 presents four main objectives or areas for analysis and development.
First, the research tests the assumption that a mobile boundary model will produce lower
water surface profiles upstream from a given bridge (backwater elevations) when compared
to a fixed or rigid boundary model. Second, the research tests the assumption that a certain
combination of fixed boundary hydraulic values will lead to an estimated value of the mobile
bridge backwater elevations. Third, the thesis presents a cost-based approach for when and
how to use a mobile model at coarse-bedded bridge crossings. Fourth, the research evaluates
the assumption that mobile boundary models will produce more accurate water surface
profiles than fixed boundary models.

7.3.1 Do Mobile Models Produce Lower Backwater Elevations Than Fixed Models?

When the hydraulics is dominated by the bridge opening, this first assumption proves
to be true. Chapter 3 presents five case studies that support the assumption that the mobile
model would produce lower bridge backwater elevations than fixed boundary models in
locations of natural sediment equilibrium (Q,;, = Q,,)- As previously stated, there are a
couple of exceptions to this premise. These exceptions occur when the natural morphology
(i.e., naturally aggrading location) dominates the hydraulics of the site instead of the
proposed bridge layout (Q,, * Q,..0)-

7.3.2 Can Fixed Boundary Parameters Predict Mobile Bridge Backwater Elevations?

The research produces no strong correlations between the fixed boundary hydraulic
values and the mobile boundary bridge backwater elevations. Using the data from the
Chapter 3 case studies, Section 4.2 evaluates various combinations of stream flow, bridge
scour, Froude number, unit stream power, and shear stress as they correlate to the ratio of
fixed backwater to mobile backwater, (h,, /hz"). No correlations are observed between
these fixed boundary parameters and h,,"/h,g".

Given the results presented in Section 4.2, the research incorporates the bridge
backwater correction curve from HDS No.1 (Bradley, 1978) (Figure 4.1) with the computed
bridge flow area, A, and scour area, Ay, , from the fixed boundary case studies of Chapter
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3. This yields a weakly correlated but statistically significant relationship between the
predicted h,, /h,s" ratios using the rigid boundary ratio of A /A from Figure 4.1 and the
modeled h,\, /h,;" values from Chapter 3. From this correlation, Section 4.3 presents a
relationship between the predicted h,, /h,;" and the modeled h,,,’ /h,;" as shown in Figure
4.3 and equation 4-1. Although the research does not yield a strong quantitative relationship
between fixed boundary hydraulic values and mobile boundary backwater elevations, the
relationship is qualitatively strong enough for developing an approach for deciding when to
consider a mobile model at coarse-bedded bridge crossings.

7.3.3 Applying Mobile Boundary Models at Bridge Sites
Based upon the presented research, the engineer should apply mobile models at

bridge crossings under the following circumstances:

. The natural morphology dominates the bridge backwater conditions (Q,, * Q,.)-
In this case, severe aggrading or degrading of the natural stream bed will produce
measurably different backwater values for mobile models versus fixed boundary
models. For example, Nisqually River bridges at Sta 3120 and Sta 5605 produce
large differences in water surface elevations (0.4' to 1.2") between the two model
types when the natural morphology is the dominating feature at the bridge site.

. The bridge is the dominating morphologic feature at the site and the additional
mobile model costs are less than the potential assessed savings in life cycle costs.
For example, for every additional dollar expended in using a mobile model versus a
rigid model, the user should have a minimum assessed, life-cycle cost savings of at
least $ 1 for the proposed bridge design. To test for bridge dominance, the Froude
value, F,, upstream of the bridge site should not exceed the Froude value, F,, at the
bridge site. The natural (without bridge) stream should also have a sediment
equilibrium condition (Q,, = Q,.)-

To aid the reader, Chapter 5 presents seven tables and flow charts for applying mobile
boundary models at bridge crossings. Tables 5.1 through 5.7 present the overall process for
applying mobile models, the preferred physical attributes for the potential bridge sites, the
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required fixed boundary analysis, a bridge domination evaluation process, a mobile model
cost analysis, an example for applying a mobile model cost analysis, and a flow chart for
performing a mobile boundary analysis, respectively.

The presented mobile boundary analysis also includes recommended values for
operational parameters discussed in Section 4.4. These parameters included time step, active
layer thickness, sediment transport equations (Yang, 1984), and stream bed gradation (pebble
counts, gradation tests). The recommended values derive from the Section 4.4 sensitivity
analysis. Section 5.6 explains how to apply these parameters and other variables (sediment
inflow conditions, hydrograph duration, boundary conditions, stream tubes, etc.) in using a
mobile boundary model.

7.3.4 Do Mobile Models Produce More Accurate Water Profiles Than Fixed Models?

Consistent with the findings of Chapter 3, Chapter 6 presents the Cispus River bridge
in which the mobile model produces not only a lower bridge backwater curve than the rigid
models but also a profile more closely matching the high water marks for the modeled flood
event. Also, from Chapter 6, the Snake River case study also produces a lower water surface
profile for the mobile versus the rigid model. Given the accuracy of both models and the
limited high water mark data in the Snake River case, it is difficult to argue that the mobile
model necessarily produces a more accurate bridge backwater curve than the rigid model in
terms of practical engineering design applications.

7.4 Practical Implications
The presented research has the following practical implications:

. Selection of more cost-effective bridge designs - The more accurate the computed
bridge backwater profile, then the greater is the potential that the engineer will select
amore efficient bridge layout (i.e., length) for the given hydraulic design constraints.
Through the proper use of mobile models, the thesis provides methods that should
aid the engineer in producing a more accurate backwater profile for coarse-bedded,
bridge crossings. Chapter 5 presents the processes for developing the required bridge
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backwater profiles.

Improvement of scour and bridge embankment protection measures - Most scour and
embankment protection measures rely upon computed depth and velocities within the
vicinity of the bridge crossing. When applicable, mobile boundary models should
produce more accurate depths and velocities than those produced with a fixed
boundary model. This is reflected in computing a more accurate bridge backwater
profile with a model that incorporates the changes in the stream boundary. More
accurate bridge depths and velocities should, thus, lead to better scour and
embankment protection designs for the given bridge site.

Improvement of the hydraulic design decision-making processes - This thesis
provides a simple cost-based, decision-making process for deciding whether or not
to use a mobile boundary model at a bridge crossing. The presented cost approach
can be applied to most design situations. For example, the number of potential
design activities frequently exceeds the engineering organization’s resources for
performing these potential activities. Using the presented cost approach, the engineer
can select those design activities that have a minimum payback ratio of one
compared to the potential assessed savings in life cycle costs (i.e., $ 1 additional
savings in life cycle costs for every $ 1 in additional design engineering costs).
Expansion of the current base of knowledge on the computer analysis of bridge
backwater profiles - As compared to fixed boundary models, there is very little in the
literature on the use of mobile models at bridge sites. This thesis presents seven case
studies on the subject. These case studies include nine different bridge sites having
up to 35 potential bridge lengths. Overall, the selected case studies represent a
comprehensive base for performing future studies and analysis of mobile boundary
models at bridge crossings.

Improvement of the general understanding and application of the mobile boundary
models to natural stream systems - The research shows that these models produce
realistic results.  Although the thesis uses simple assumptions such as natural
sediment equilibrium and zero incoming sediment at upstream boundaries, this does
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not deter the models from producing realistic water surface profiles at the given
bridge sites. Through the many figures and tables contained in this thesis, the
selected case studies also demonstrate the potential morphologic changes that could

occur for various combinations of bridge layouts and stream types.

7.5 Future Research

There are numerous areas needing more research and information. This section
discusses a few of them.

The sensitivity analysis of Section 4.4 shows that the sediment transport method, the
active layer thickness, and their relationship to one another represent important areas for
further research. In particular, different sediment transport equations generally produce
widely different quantities of transported sediment for a given set of hydraulic and sediment
conditions. These transport differences result in large differences in the computed bridge
backwaters for the mobile models (see Sections 4.4.4 and 4.4.5 and Table 4.5). To stabilize
the mobile models (i.e., prevent oscillations), the sensitivity analysis often requires the
adjustment of the active layer thickness along with a change in the selected transport
equation. While mobile models clearly need more accurate sediment transport equations,
there is a need for more information on applying the selected transport equation with a
correlated active layer thickness (i.e., supply of sediment available for transport).

In terms of field data, sediment transport data is very limited. None of the USGS
gage stations used in the case studies have any sediment data (i.e., bed transported,
suspended). Nationwide, there are very few sites with enough data to develop sediment
rating curves (i.e., water flow versus sediment flow). This lack of data partly explains the
previously discussed limited accuracy of sediment transport equations. While the sediment
transport equations used in the case studies and sensitivity analysis have a theoretical basis,
ultimately the final form(s) (i.e., empirical coefficients) derive from the actual field and lab
sedimentation data.

Similarly, such figures as Figure 4.1 (bridge backwater versus scour area) derive
from lab data. Again, more field data as it relates to scour and deposition in streams would
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prove most helpful in applying mobile models. This is especially true at bridge crossings.

As for computer model verification, large floods often occur at bridges without any
accurate methods for determining the water surface profile elevations. Often the engineer
and other professionals with interest in the bridge hydraulics are left with high water marks
that may or may not represent the desired peak flood elevations. In some instances, various
personnel (Federal agencies, private consultants, etc.) will collect hydraulic data such as
velocity and depths at a bridge site but little information upstream or downstream from the
bridge. As shown in the case studies, upstream and downstream changes during major flood
events could alter the scour/deposition at the bridge site and, thus, the computed bridge
backwater.

Finally, the engineer frequently selects the optimum bridge design based upon life-
cycle costs. These costs include such items as property damage, traffic interruptions,
structural and roadway damage, environmental disturbances, and hazards to human life. For
agiven flood event (i.e., Q,4), the engineer typically assigns a cost to that event. Accurately
assigning an associated set of costs to a wide range of flood events is very subjective. For
example, the dollar value of a human life may vary greatly between public and private
entities. Furthermore, it is normally difficult to estimate the modes of failure for property
and human life and the resulting costs associated with a major flood event. Thus, there is a
need for additional research into assigning life-cycle costs to flood risks (Wacker, 1993).

The above briefly discusses just a few of the areas requiring improved equations
and/or more data to improve model results. The previously discussed areas needing
additional research also help explain the low to nonexistent correlation between the fixed
boundary analysis and the computed mobile boundary results. The user can derive much
hydraulic information from the fixed boundary model (i.e., velocities, depths, energy slopes).
Combining this information with collected physical data (i.e., sediment gradation size) to
produce methods for predicting sedimentation-derived results such as mobile boundary water
profiles, however, may prove elusive. The engineer or scientist involved with the
sedimentation process of rivers would greatly benefit from further research in the above
areas.
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