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EXECUTIVE SUMMARY

In a letter dated July 28, 1995, delivered to the Federal Emergency Management Agency (FEMA),
the City of Scottsdale reque§ted a Conditional Letter of Map Revision (CLOMR). This request for
a CLOMR was based on data provided for proposed flood control measures along Reata Pass
Wash (Basins 2a and 2b), South Beardsley Wash (Basin 1a), and Nort_h Beardsley Wash
(Basin 1b), which are all a part of the Desert Greenbelt Project. In a response letter dated
October 6, 1995, FEMA acknowledged that all required data had been submitted for review and
provided comments on the submitted HEC-2 and HEC-6 models and the design of the proposed
flood control measures. Upon receipt of this FEMA response letter, the City of Scottsdale requested
that Greiner, Inc. develop an outline of proposed tasks to address these comments. This outline
was submitted to the City of Scottsdale and forwarded to FEMA along with a letter dated
November 7, 1995. In a second response letter dated December 4, 1995, FEMA provided
comments and offered suggestions regarding this outline. In this letter, FEMA recommended that
two main questions be investigated prior to performing any of the other tasks identified on the
outline.

As a result of this correspondence and several telephone conversations relative to said
correspondence, Greiner was directed by the City of Scottsdale to prepare a Supplemental CLOMR
Report (referred to hereafter as the "report") that would address all of FEMA's questions and
comments, starting with the two main questions identified in the second response letter. The
following is a list of these-questions and comments, a brief description of the action undertaken to
answer or address them, the results thereof, and direction on where to find detailed information for
each in the body of the report. '

QUESTION #1

In an environment such as a wash on an alluvial fan, will supercritical flow be maintained or will the
energy in excess of minimum energy (critical flow) be used to erode the bed and banks and
transport the eroded material? A simplified example was suggested to approximate an upper limit
on the material being transported.

Response

The Desert Greenbelt system will be located on the alluvial but will be a contained riverine system
with variable flow regimes. Water surface elevation increases are less than the provided freeboard
for the "approximate upper limit."

Action Taken

The simplified example suggested by FEMA was investigated. It considered that the energy in
excess of minimum energy was used to transport sediment as a theoretical "worst cas~ scenario.

ICDREATAGRE
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Results and Conclusions

HEC-RAS and HEC-6 models show that most of the system has Froude numbers greater than one.
Freeboard in all cases is conservatively based from at least critical depth or from the subcritical
depth where appropriate. Even for the theoretical upper limit of sediment transport capacity, the
calculations show that the increases in water surface elevations (if all additional sediment is
suspended) are less than the freeboard provided for the proposed improvements.

Report Discussion

Sections 3.3 and 6.1.

QUESTION #2

Does Yang's sediment transport equation yield reasonable results under conditions such as those
that exist along the Reata Pass and Beardsley Washes (supercritical flow and large storm events)?

Response

Yes, Yang's equation does provide reasonable results for supercritical conditions; in fact,
comparisons to the other available equations show Yang's to be the most accurate equation for
supercritical flow.

Action Taken

Dr. Chih Ted Yang was contacted by telephone. Literature and laboratory data (referred to by
Dr. Yang) that compares available relationships for use in HEC-6 was investigated. Hand
calculations using Yang's relationship were performed and compared to the HEC-6 output using
Yang's relationship. HEC-6 output results using Yang's relationship were compared to the HEC-6
output results using the Ackers-White relationship (second best equation in the calibration /
verification procedure).

Results and Conclusions

Yang's relationship was shown to be the most accurate sediment transport relationship for
supercritical flow and second most accurate for subcritical flow in an August 1991 published paper.
The results from the Greenbelt team's hand calculations using Yang's equation substantiate the
results from the HEC~6 model using the same equation. Comparisons of the Yang's and Ackers­
White models show a close similarity in the calculated scour, deposition and sediment loads. The
HEC-6 model using Yang's relationship is the most suitable for the conditions that exist within the
Reata Pass and Beardsley washes based on the above investigation and on statistical analyses
developed for the project.

'Yang, C.T. and Schenggan, W., Journal of Hydraulic Engineering, "Comparisons of Selected Bed­
Material Load Forl1)ulas," Vol. -! 17, No.8, August 1991.
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Report Discussion

Sections 2.3.7, 3.1, 3.2 and 5.3.

COMMENT #3

The HEC-6 models were notprepared on tbe moslcurrent version of the program (Yersion_--4..1-,-,--­
August 1993).

Response

The models have now been run on the most current version.

Action Taken

Updated HEC-6 models were prepared on the most current version of the program (Version 4.1,
August 1993).

Results and Conclusions

It was found that either (1) an X3 card with an encroachment on only one side or (2) overbank
areas that convey much more flow than the channel would cause Version 4.1 to abort calculations.
Version 4.0 is able to run models with these conditions. This is why the original CLOMR HEC-6
models prepared on Version 4.0 would not complete calculations on Version 4.1. To solve the
problems associated with (1) above, encroachments were placed on each side for all X3 cards (if
an encroachment was unnecessary, it was placed at the appropriate end GR station). In response
to (2) above, in cross-sections which contain several braids, the channel was redefined to inclu~e

the extent of braiding, rather than only the main braid.

A copy of the final HEC-6 models on Version 4.1 are included with the report. The main Reata
model was revised to reflect the latest cross-section geometry developed for the 60-Percent
Phase I Construction Plans. A copy of these 60-Percent Plans is submitted along with the report.
South Beardsley retains all cross-sections from the CLOMR model but has been extended further'
upstream.

Report Discussion

Section 2.3.1.

COMMENT #4

The discharges representing the base flood hydrographs for the HEC-6 model of South Beardsley
Wash are too small.

Response

Adjusfments were made to the model to increase these discharges.

SCOTTSDALE DESERT GREENBELT
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Action Taken

Due to limitations of the HEC-6 hydrology input parameters (does not acknowledge attenuation
between control points), the HEC-1 hydrographs used for HEC-6 must be manipulated to ensure
that flows are valid throughout the model. In the CLOMR the peak flow at South Beardsley Wash
was decreased in order to retain the proper flow in the main Reata Wash. The time phase
adjustment on the HEC-1 output hydrographs were reworked for application in the HEC-6 model

- such that flows are now more accurate throughout the system. -

Results and Conclusions

The discharges representing the base flood hydrographs for the HEC-6 model of South Beardsley
Wash are now revised. The peak time step discharge used for the South Beardsley model and for
the main Reata model is now 4,477 cfs as opposed to 2,110 cfs. The new HEC-6 flows are within
5 percent of those of the HEC-1 model throughout the system.

Report Discussion

Section 2.3.2. -

COMMENT #5

(1) Identify the location of the upstream reaches and (2) provide details of the procedure used to
develop the inflowing sediment loads (sediment inflow rating curves) at the upstream end of the
washes. (3) The inflowing volume of sediment seems low.

Response

(1) Added sheets showing location.
(2) Procedure outline is provided.
(3) Inflowing sediment volume is representative and consistent with field soil sample gradations.

Action Taken

(1) Sheets showing the cross-section locations within the upstream reaches are provided in the
Appendix of the report. .

(2) Since measured sediment flow data are unavailable for any of the washes, balanced models
were developed for each sediment transport relationship and used to establish the initial sediment
inflow loading table. The balanced models were developed for well-defined, hydraulically stable
upstream reaches of the Reata Pass I Beardsley Wash. Using an iterative process, the sediment
inflow into the stable reach was balanced with the sediment outflow from the reach. An equilibrated
sediment inflow table was considered the best representation of existing field conditions for the
sediment transport relationship being considered.

(3) An overloaded HEC-6 model, using sediment inflow loads gOO-percent greater than the
balanced loads, was developed to identify the maximum carrying potential for the Reata Pass
Wash. The grain-size distribution of the total sediment flow from the overloaded model was

SCOTTSDALE DESERT GREENBELT

Supplemental CLOMR Report viii



Response

Action Taken

COMMENT #6

Report Discussion

Results and Conclusions

analyzed to determine the sediment composition that was required to achieve this maximum
sediment carrying potential of the wash.

Sections 2.2.3, 2.3 -and 4.1.
Appendix Sheets CRTA12, CRTA13, CNB1, CNB2 and CSB7.

(1) The submitted information did not demonstrate that all of the flow from the Beardsley washes
(Basin 1a) will be collected into the upstream ends of the measures proposed for South Beardsley
wash. (2) Similarly, it is not clear that southern bank elevations in the vicinity of North Beardsley
Wash stream Station 27+00 are higher than the base flood water surface profile for this stream.

(1) A new levee is proposed to contain the flow in South Beardsley Wash.
(2) Levee on North Beardsley extended to cover this area.

Results and Conclusions

(1) A new levee is proposed to contain the breakout so all flow remains in South Beardsley Wash.

(1) A re-investigation of the upstream hydrology of South Beardsley Wash confirmed that some
floodwaters may break out to the north.
(2) The topography and proposed design in the vicinity of Station 27+00 was investigated on North
Beardsley.

(2) On the CLOMR / 10-Percent Plans, a gap in the south bank levee is shown between
Station 25+40 and Station 27+70. The gap was shown too large and should have been depicted
only between Station 25+40 and Station 26+70. Continuous slope protection will be provided along
the entire south bank of the North Beardsley Wash improvements and levees will be constructed
in areas where the existing top of bank grade is not high enough to provide baseflood containment.

(3) The results from the overloaded model indicate the maximum potential volumetric sediment
carrying capacity for the Reata Pass Wash is approximately 10 percent. However, this maximum

- potential carrying capacity will never be achieved due to the limited availability of fine sediment
material. The results of the geotechnical investigations signify that this fine sediment is not available

. in the upper regions of the watershed and, therefore, the inflowing volume of sediment is lower (1
to 2 percent) than values anticipated by the reviewers.

I
I
I

(2) The equilibrated, balanced models consistently yielded volumetric sediment bed-load_I c~o_ncentrati~ns on the or.9.er of 1 to 2 percent.

I
I
I
I
I
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Report Discussion

Section 2.1,2.2.1 and 2.2.3.
Appendix Additional 10-Percent Plan Sheets SB7 and SB8.
Appendix Sheets CSB7 and CNB1.

COMMENT #7

Demonstrate that at certain critical locations, sediment deposition will not jeopardize the floodwater
conveyance. In particular, at the Apex levee (Station 260+00) show that changes in flow direction
(velocity) do not create large sediment deposition and, at Pinnacle Peak Road, show that the
culverts do not fill with sediment.

Response

The change in flow direction at the apex is only 35° over a long 1,OOO-foot reach and follows one
of the existing flow paths. The design of Pinnacle Peak Road culverts has been changed by others.

Action Taken

The 60-percent plans and the revised HEC-6 model results were reviewed for potential deposition
locations. New design at Pinnacle Peak was incorporated into the HEC-2 and HEC-6 models.

Results and Conclusions

At locations of changes in flow direction, the main conveyance portion of the channel has been
aligned by structural measures for a smooth transition of flow. Secondary flow areas in these ­
locations_ may have sediment deposition, but this will not adversely affect the overall channel.
Specifically at the apex, the flow is conveyed to the south through about a 35-degree angle over
1,000 feet of channel length. The proposed alignment follows the route of an existing braid wherein
a significant portion of the total stormwater flow now travels under current conditions. In addition,
a cut low flow channel begins here which will direct the flow along this route.

A new four-barrel (4-28'x10'x40') concrete structure, which was designed by others for the City,
is under construction at Pinnacle Peak Road and is included in the new HEC-2 and HEC-6 models.
The original CLOMR model used a preliminary three-barrel structure. Deposition does not occur
at the new Pinnacle Peak Road bridge in the HEC-6 model. HEC-6 results show that although the
slope decreases downstream from the drop structure at Pinnacle Peak Road, the narrower, less
vegetated channel will maintain sediment conveyance with adequate velocity. The HEC-RAS model
indicates a decrease in velocity immediately upstream from the culverts which may cause some
sediment deposition; however, flow will be structurally contained within the floodway even if this
deposition occurs.

Report Discussion

Sections_5.1, 5.2 and 6.1.

ICMEArA-GRE
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COMMENT #8

(1) Provide information on burial depths (toe-down depths) for the proposed channel slope
protection, levees, and floodwalls along with a (2) description of the calculations and procedures
used to determine these depths.

Response

(1) Tables are included showing toe-down depths.
(2) Procedures used are described and calculations are included.

Action Taken

The design scour elevation is equal to the total scour depth (HEC-6 general / lorig-term scour depth
plus all local scours depths multiplied by a safety factor of 1.3) subtracted from the channel
thalweg. The toe-down elevation of structures (levees, floodwalls, and channel side slope linings)
is set at least 3 feet below the calculated_ design scour elevation mentioned above.

Results and Conclusions

The method is described in detail and the results are tabulated.

Report Discussion

Sections 6.2, Figure 6.1 and Appendix Table A.1.

In addition to the comments and questions raised by FEMA, the Flood Control District of Maricopa
County (FCDMC) has also requested that certain items be investigated to answer some of their
concerns and questions. In a letter dated December 12, 1995 delivered to the City of Scottsdale,
FCDMC provided a list of information that was needed in order to further evaluate the design. Part
of this request included "Responses to all FEM. questions dated October 6 and December 4, 1995."
Since these questions have already been addressed in the first part of this executive summary,
they will not be repeated here. The following is a tabulation of FCDMC's list items that were not
covered in the FEM. portion of this executive summary.

COMMENT #1

There is a need for more bed material sampling for the Reata Pass Wash to provide a better
representation of bed material gradation across the proposed channel and should be used in the
HEC-6 models and the scour analysis.

Response

Performed additional sampling.

SCOTTSDALE DESERT GREENBELT
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Action Taken

AGRA Earth & Environmental, Inc., performed nine additional test pit excavations and laboratory
analyses. These nine test pit excavations were located at the same stations as previous test pits,
but in the overbank areas within the cross-section. Wherever possible, the test pits were also
located at the base of the proposed soil cement levees (four of nine).

Results anifConclusions

The additional test pit gradations were similar to the previous samples and were used to determine
the general soil characteristics for the wash. The refinements to the soil gradation input for the
HEC-6 modeling resulting from this additional sampling did not significantly change the results.

Report Discussion

Sections 2.3.4 through Section 2.3.7.

COMMENT #2

Explain any justifications for violation of FCDMC limits on Froude numbers.

Response

Have provided freeboard that considers possible jumps from supercritical to subcritical flow as well
as decreases from critical to subcritical flow.

Action Taken

Developed a table showing freeboard design parameters and Froude numbers.

Results and Conclusions

The freeboard is in excess of one-quarter of the specific energy head.

Report Discussion

Sections 6.1, Appendix Table A.1 ,B.

COMMENT #3

Long term scour for Reata should not be compared to Upper Indian Bend Wash (UIBW). Calculate
long term scour and low flow incisement, or provide examples with similar conditions.

Response

Long-term scour for Reata is not compared to UIBW. Have analyzed long-term scour.

SCOTTSDALE DESERT GREENBELT
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Action Taken

Several long-term models of varying time spans and storm frequencies were analyzed using the
HEC-6 program.

Results and Conclusions

The Upper Indian Bend Wash Report covers numerous washes in the watershed including Reata
Pass Wash. The report was initially referred to for a low-flow incisement design depth. The low­
flow incisement depth is 1.5 feet based on the recommendations of ADWR's "Design Manual for
Engineering Analysis of Fluvial Systems." A long-term scour depth should consider maintenance
intervals.

Report Discussion

Sections 6.2, Appendix Table A.1.A, and Appendix D.

-
COMMENT #4

The constant used for the ADWR anti-dune trough equation is incorrect. The consultant (Greiner)
used 0.0135, but in the manual it is 0.027. -

Response

The constant is not incorrect. The total dune height has a constant of 0.027, however, scour is only
one-half of this, or 0:0135.

Report Discussion

Sections 6.2, Appendix Table A.1.A, and Appendix D.

COMMENT #5

Use actual abutment scour that was calculated, not the 5 feet assumed historical scour depth.

Response

All bridges do not require abutment scour _as the containment structures are flush with the
abutments. Historic scour is completely different and is a safety measure to increase toe-down
depth where washes or major braids are cut-off by containment structures.

Report Discussion

Sections 6.2, Appendix Table A.1.A, and Appendix D.

SCOTTSDALE DESERT GREENBELT

Supplemental CLOMR Report xiii



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

COMMENT #6

Consultant should analyze and calculate scour due to channel contraction.

Response

Have added contraction scour analysis.

Report Discussion

Sections 6.2, Appendix Table A.1.A, and Appendix D.

COMMENT #7

The total toe-down depth shall be from the thalweg of the channel and should be the sum of all of
the applicable scour components mUltiplied by a safety factor of 1.5.

Response

. The toe-down depth is calculated from the channel thalweg. The design standard for scour safety
factors is 1.3. This is within FCDMC guidelines. Three feet of toe-down is provided in addition to
this factored scour depth.

Report Discussion

Sections 6.2, Appendix Table A.1.A, and Appendix D.
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Project Discussion

Existing Conditions
-~._._~-- - ~----

The headwaters of the Reata Pass Wash originate in the McDowell Mountains located in northeast
Scottsdale. The mountains are composed of Tertiary Cretaceous volcanic andesite, rhyolite and
granite rock formations. The headwaters from the mountains are first conveyed through washes
that are characterized by steep slopes and high flow velocities. During the formative process of the
system, the flow within these washes was heavily laden with sediment consisting of alluvial sand,
gravel and conglomerate material. Th-e sediment-laden flow was transported downstream, through
the steep washes, to the desert plain. Once reaching the doWnstream desert plain, the flow created
extensive alluvial fans, dissecting fan terraces, insect fans and the alluvial-braided washes that
promote flooding problems.

The Reata Pass Wash is a classical sedimentation problem. The flow emanating from the
mountains, and conveyed witnin the steeply sloped washes, is characterized by a supercritical flow
regime. As the flow is conveyed to the desert plain, the slope of the washes is gradually reduced
and the velocity of the flow is also reduced. The upstream, high velocity flow has a greater capacity
to transport sediment than the slower, downstream velocity. When the sediment transport rate
originating upstream exceeds the sediment-carrying capacity downstream, the excess sediment
will be deposited in the wash. The sediment deposit fills the wash and overflows the floodplain
creating the fan formation. Because the natural system is constantly striving to achieve equilibrium,
braids eventually form within the alluvial fan. The formation of the braids begins the equilibrium
process of balancing both hydraulic flow rates and sediment flow Iates.

The equilibrium process for the system described above is in constant flux. The conditions of this
system, either in part or as a whole, may be characterized by one of four flow conditions. These
flow conditions may be summarized as follows:

• Zone One - Supercritical flow in steep, mountainous areas capable of carrying abundant
sedim~nt in a confined wash;

• Zone Two - Critical flow at the apex of an alluvial fan where sediment deposition occurs
creating widespread flows;

• Zone Three - Unstable flow in the braided wash area downstream from the fan where the
flow regime fluctuates between critical, subcritical and supercritical depending on the
topography; and

• Zone Four - Confined flow through the braided area as a result of the geomorphic
process.

The Reata Pass Wash project area lies within Zones Two and Three.

I""EATAGRE
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Potential Solutions to the Flooding Problems

The objective of the Scottsdale Desert Greenbelt Project is to remove the project area from
Zones Two and Three and alleviate potential flooding problems. This can be accomplishedby three
unique and different approaches, including: (1) extending a Zone One type condition throughout
the project area; (2) converting the entire project area to a Zone Four condition; and
(3) constructing long transitions to balance the sediment carrying capacity of the flow using gradual
variations. -

The first solution entails the construction of steeply sloped channels throughout the project area
to maintain ~the sediment capacity of the flow from the headwaters to the downstream retention
basin. Considerable maintenance is required for this solution to ensure adequate slopes and the
flow regime are maintained to sustain the sediment carrying capacity of the flow. The maintenance
will prevent the formation of Zones Two and Three which are responsible for the flooding problems
through the project area.

The second solution requires the construction of a sedimentation basin at the upstream end of the
project area. The sedimentation~ basin would be provided to regulate the natural processes
described by Zones Two and Three. The basin would be used to trap the sediment in the flow from
the headwaters. The clear water discharged from the basin would begin a scour process used to
shape the downstream wash and complete the formation of a Zone Four flow condition.

The third solution requires the construction of long, gradually varied flow transitions. The solution
will use naturally occurring, confined geographic locations as control areas to bridge the small-scale
Zones Two and Three. flow conditions. This solution will require regular maintenance to remove
sediment deposition from the control areas that will occur within isolated pockets of the entire
project area. ~ .

Design Parameters

In general, there were three levels used to develop the design parameters for the proposed
improvements to the Reata Pass Wash. Levell consisted of a qualitative geomorphic analysis used
to determine the geomorphic tendencies and trends of the proposed channel. This analysis was
used to plan the proposed improvements. Level II consisted of a quantitative analysis using a
fundamental engineering and geomorphic analysis. Level II analyses are appropriate for small,
shQrt channel sections where the cost of construction and the risk of uncertainty are not significant
concerns. Stable, equilibrium slope design procedures are included as part of Level II analyses.
Level III consisted of a quantitative analysis using mathematical models to simulate the defined
hydrologic, hydraUlic, and sedimentation characteristics and conditions for the project area. Level III
analyses are appropriate where the cost of construction and the risks of uncertainty are significant
factors in the overall evaluation of proposed improvements. The design parameters for the Reata
Pass Wash proposed improvements were developed using a Level III analysis.

The design considerations used to provide safety and eliminate uncertainties pertaining to the
future performance ~f the proposed improvements were centered around two issues. One issue
was the ability of the proposed improvements to accommodate the flow conditions Tor the storm
event of the design return frequency. The second issue was the ability of the proposed
improvements to sustain structural integrity throughout the defined design life.. These two
considerations were addressed concurrently, and the design of the proposed improvements was
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based on the most severe condition that resulted from the assessment of either issue. In addition
to these two design considerations, the design heights for the proposed structural improvements
was based on a freeboard applied to the water surface elevation of the design storm event, and the
foundation depth of the proposed improvements was based on safety factors and additional
embedment depths applied to the general and local scour estimates.

Design Recommendations

The Scottsdale Desert Greenbelt - Reata Pass / Beardsley Wash alignment was proposed to meet
the geographic and geologic settings of the existing drainage system. The proposed alignment and
improvement schemes were selected and adopted by the City of Scottsdale after many years of
study and coordination with the citizens of the city through public meetings. The final improvement
schemes were approved by the city council to maintain the environment and natural settings ot the
existing area to the highest possible extent. The proposed alignment will require the complete
confinement of flow at the current apex where the flow under existing conditions-is split. The
concentrated flow will be conveyed through an existing overflow area that was once the historical
channel for the flow. The historical channel had been altered because of the naturally occurring
equilibrium flux previously described. The flow will follow the proposed alignment through existing,
confined washes and existing, unconfined watercourses. The unconfined watercourses will be
connected using floodwalls c:md levees to provide containment at locations lacking natural
confinement. These naturally occurring confined washes and unconfined drainage areas currently
convey about 7,000 cfs due to the existing conditions. The flow capacity through these areas, as
a result of the proposed improvements associated with the Scottsdale Desert Greenbelt project,
will be increase to approximately 15,000 cfs. However, the hydraulic characteristics of the existing
drainage system, such as the flow regimes and the flow velocities, will not be substantially impacted
because of the proposed il1}provements and the resulting increased flowrates.

The third solution described above was selected for the Reata Pass / Beardsley Wash system
because it best met the aemands to alleviate the flooding problems within the drainage system
while maintaining the environment and natural conditions of the wash. The proposed improvements
incorporate the naturally occurring existing washes within the system as much as possible.
Floodwalls and levees have been proposed to supplement the natural confinement of the system
and to ensure the integrity of the proposed alignment is maintained. One area within the project
area, from the closure -of the existing apex to Deer Valley Road, deviates significantly from the
naturally existing conditions. This area will consist of a steeply sloped, channelized section with
non-erodible banks. The bed of this channelized section was initially proposed to be non-erodible,
but considering the susceptibility for this section to scour, it may be more cost advantageous to
provide a non-erodible bed.

ICDREA TA.GRE
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-1.0 Introduction

1.1 Purpose

The purpos~ of this report is to provide technical background for the Scottsdale Desert Greenbelt­
Reata Pass / Beardsley Wash System. The report answers unresolved issues and questions raised
by the Federal Emergency Management Agency (FEMA). The additional analysis discussed in this
report was performed to verify the original methodologies and assumptions of the hydraulic and
sedimentation modeling. Information presented herein also seeks to provide a clear understanding
of the characteristics of the entire system, using a reach-by-reach- basis, from the initial collection
of inlet floodwaters near Pinnacle Peak Road to the outletting of flow into the Bureau of
Reclamation (USBOR) Reach l1 Dike 4 Retention Basin at Westworld. This report also updates
and documents design and analysis changes made since the original CLOMR submittal.

Improvements for the project will be designed and constructed in phases which are also presented
in the report. The assumptions, approximations and methodologies used in the hydraulic (HEC-2)
and sedimentation (HEC-6) analyses are described. A detailed discussion on the sediment
transport equations, supercritical flow and a HEC-6 sensitivity analysis is presented for a thorough
understanding of the effects and impacts of various input parameters on the sediment transport
model. Long-term and extreme flooding events were modeled-to examine the limits of the design
storm parameters and address critical areas within the project. The application of the results from
this work, used to design the flood containment structures of this project, is explained.

1.2 System Description

The northern portion of the McDowell Mountains form the headwaters of the Reata Pass Wash as
seen in Figures 1.1 and 1.2. The confluence of several washes of varying size, is located about
one-third mile upstream from Pinnacle Peak Road. This forms the main ReataPass Wash channel.
Just south of Pinnacle Peak Road, a short stretch of wash with well-defined banks splits into
mUltiple braids and flows in southern and southwestern directions. This split is the Reata Pass
Wash alluvial fan Apex. The Greenbelt containment (proposed roller compacted concrete levee and
concrete floodwall) will cutoff flow from the apex in the southwestern direction and direct all flow to
the south. An excavated channel, with concrete side slopes, will convey the flow from tFle apex to
a naturally incised wash located along the western toe of the mountain. This incised wash crosses
the Deer Valley Road Alignment. Containment, such as concrete floodwalls and soil cement
levees, will be necessary at certain locations along the western bank in this portion. The Deer
Valley Road Alignment marks the northern border of the proposed DC Ranch development.

Once departing from the toe of the mountain, the Reata Pass Wash (referred to hereafter as Reata)
flows through a one-mile stretch of natural containment before levees are introduced on each side
of the wash. The North Beardsley Wash flows from the east into this one-mile stretch of Reata. The
downstream portion of North Beardsley will be an excavated channel located so it will merge with
Reata, just upstream of the future Thompson Peak Parkway Bridge. The ultimate alignment for the
Thompson Peak Parkway Bridge has not been determined. This alignment will be established in
the future by the DC Ranch Development in conjunction with the City of Scottsdale.

SCOTTSDALE DESERT GREENBELT
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4) The South Beardsley Wash tributary was modeled as a local inflow. Local inflow source does
not consider the geometry ofthe source and this major tributary has to be modeled completely

2) It was stated that the calibration model was used to determine the inflowing sediment
distribution. It is not clear how this was done, given the fact that there is an infinite number
of sediment distributions for a given total tons per day of sediment load. A more direct
approach would be to generate the inflowing sediment using iterative procedures found in the
literature.

After reviewing the above submittal, the following are my observations that need to be addressed.
Generally, the reportlacks enough information on how the model was developed. More details are
required on the methods used to develop the input data and how the results were interpreted. This
is necessary in order to help assess a confidence level for the analyses which would be useful in
determining the safety factor for the design parameters. The following are the specifics on what is
expected.

6/12/96
Reata3

DATE:
FILE:

KAFROM:

3) It is not clear how the calibrated model was used to predict the bed material gradation. The
calibrated model is also an HEC-6 model, hence bed material gradation is an input of the
model (PF card). It is therefore not an output of HEC-6 which could be predicted.
Furthermore, the 2 year 6 hour storm was used as a basis for the calibration while the
discharge of interest is the 100 year event. How was it determined that at the 2 year 6 hour
discharge, there will be negligible channel bed change for the best sediment transport model.
Each sediment transport function may yield no scour or deposition at different flood

frequencies.

Interoffice Memorandum

1) The calibration and verification procedures are not clearly documented. Calibration of the
channels to given sediment transport functions requires the use of observed historical channel
changes. The model or function that best reproduces the observed historical bed changes is
taken as the best methodology. Ifhistorical records are not available for use, it is not possible
to calibrate and veritY the model. Results from such a model cannot be taken as flawless and
extensive sensitivity analyses should be performed. Other field surveys and physical features
of the riverine environment should be used to support the final design parameters.

SUBJECT: City of Scottsdale Greenbelt Project, Reata PasslBeardsley Wash
HEC-6 Report by The Greiner Team-

TO: John Rodrigues
VIA: Raju Shah
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as a tributary. This is the only way sediment routing through this location would be done
rea).istically. This was done because the full model would contain more cross sections than
that limited by HEC-6. Using longer reaches would make it possible to put together a
complete model.

5) The volume of inflow sediment used for the model appears to be too low. This observation
was also made by FEMA. In the absence of historical information, several methods should be
used to establish the possible levels of inflowing sediment. Typical methods include basin wide
sediment yield analysis, or using actual sediment volumes measured for the same types of flow
regimes.

6) Reach lengths should be increased so that computational time intervals increased to realistic
values (hydrographs were based on 5 minute time interval while the HEC-6 model is based
on fractions of a minute).

7) The true design parameters (for sizing the channel configuration etc.) may lie somewhere between
the low sediment inflow and the extreme event analyses. The design should be revised to consider
a extreme event solution to a reasonable extent.
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* generally 3 ft or more above the water surface

(without considering sediment deposition) except
for the lower reach below Station 13+00. Do we
want to confine and direct the flow to the )'<
retention basin? Overtopping flow may affect the
performance of the soil cement bank. Design and
analysis of the lower reach must also consider
the backwater effect under basin full condition.

11 SLA computed velocities for lesser flows (2- and \jd I"r-e-- .~
* lO-year floods); the results indicate that low

flow channel velocity may exceed 10 fps under 2- ~ It-J fr
year flood. It is anticipated that after flow Le .t U'L $~
confinemenc by the levee,

--........-....low flow channel w~ll
,.. ~)( t
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* earthen channel reaches is too high (.05 and

, 06 ) • Not.e that flow will be much confined after
the project improvement and high n will not be
realistic (refer to Comment No 5 and Attachment
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* the laO-year 'flow- of South Beardsley accor~ng to
~.~U~

I Iv--
the HEC-RAS results. Is the backwater from Reata
Pass and the cross sections near the confluence 5

•

properly modeled? Do we need to raise the levee? Qh7 -re
15 The flow regime in th~ So~th Beardsley lower and Vi v ~(i( .~
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Comments

North and South Beardsley improvement plans are
not available for review.
Existing drainage to the channel which would be
blocked by the wall/levee should be redirected to
other locations or conveyed by paved ditches
along the bank. Fill in the overbank area to
allow flow ·drop· at the bank is not allowed if
scour may be induced due to the lateral flow.
Revise the lateral inflow drainage design for
Reata Pass, North Beardsley and South Beardsley.
Existing low flow channels which would be blocked
by the proposed bank/levee/wall should be
regraded to avoid flow concentration toward__the
channel. -ora-cna:imer-or---lo-wIY:ing----areas--must be
filled with armor materials to reduce erosion at
the toe. Note that a new low flow channel which
is shallower than the existing channel would not
function to concentrate flows and prevent flows
from impinging the banks. Revise the grading
design for Reata Pass, North Beardsley and South
Beardsley.

CHANNEL DESIGN PLANS (General Issues)
As built grading for other construction projects
should be shown on the design plans so that
grading and top of wall/levee can be tied to
existing grading. It is difficult to check if
the design is compatible to the existing
facilities and grading without such information.
Locations required as built information include
Thompson Peak Channel and Levee; Bell Road
Bridge, Pinnacle Peak Bridge, channel, drop
structures and berms; and existing residential
grading and street grade near the channel.
Proposed grading a~d approach roads for Foothills
Drive Bridge should be also shown for reference.
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21 Soil cement will not withstand high velocity -) f°j... Ii ~..o::-... .Q

* flows with gravels and cobbles moving over its
surface. Maintenance costs should be considered C~\.. ';~h

I to the use of this bank protection Yftr; "zpr:tor -
materials. Concrete thickness should be designed
considering abrasion due to high velocities.

22 V Concerns over significant scour potential by the LvlfYJ v-... City, County and FEMA are acknowledged_ It is
confinned by SLA that the proposed levee and wall -- 6~'..Jbrtoedown would not be sufficient (see velocities
in Attachment 1) . The channel elevation must be .~ tc-

~,controlled at key locations and it may be more &.oz)practical to line both channel bed and banks in
the reaches wi~h extremely high velocities. v.p~

Extra protec~ion at bends and flow irnpingment
-~<

~loca~ions (such as South Beardsley confluence ~

with Reata Pass) will be required. Terminal
protection for levee and wall must be detailed in
the design.

23 proposed grading in the channel should avoid flow
* impingement at the bank or structures. Revise

grading near the South Beardsley and Reata Pass
confuence. Provide updated topographic maps or
show current grading elevations for matching the
proposed contour lines.

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

06/13/96 08:25 ~714 513 1278 SIMONS/H1~ROSRCH ~~~ TEMPE 14l 007



- - - - - - - - - - - - - - - - - -,-

Super Main Ch, Designed I 'n'=0.030 'n'=0.035 Proposed Material
Reach Station Discharge Fraude or Manning Velocity, Velocity Velocity Lett Channel Right

(ds) No. Sub 'n' (Itis) ; (ft/s) (ft/s) Bank Bottom Bank
5 4950 I 15265 ! 1.00 sub 0.043 10.17 14.58 12.49 ""Reach 4* G. Earth S.C. Levee
5 4800 15265 0.94 sub 0.035 9.911 11.56 "'"Reach 4* G.Earth S.C. Levee
5 4650 15265 : 1.01 super 0.035 10.54 : 12.30 *Reach 4 .... G.Earth S.C. Levee
5 4500; 15265 0.50 sub 0.035 7.73; 9.02 *Reach 4" N.Earth S.C. Levee
5 4400' 15265, 0,45 sub 0.035 7.30 8.52 ""Reach 4* N.Earth S.C. Levee
5 4378 i "'Brid!w'"
5 4356 152651 0.50 sub 0.035 7.87 9.18 S.C. Levee N.Earth S.C. Levee
5 4200 15265: 0.86 sub 0.035 9.59 11.19, S.C. Levee N.Earth S.C. Levee
51 4050 15265 i 0.83 sub 0.053 9.001 15.90 : 13.63 S.C. Levee N.Earth S.C. Levee
5~ 3900 15265 0.79 sub 0.053 8.59 I 15.18 13.01 S.C. levee N.Earth S.C. Levee
5 3750 15265 0.63 sub 0.053 7.60 13.43' 11.51 S.C. levee N.Earth S.C. Levee
5 3600 15265 0.65isub 0.0531 8.29 14.65i 12.55 S.C. levee N. Earth S.C. Levee
5 3450 15265 1.001 sub 0.053 11.09 19.59 16.79 •S.C. Levee N.Earth . S.C. Levee
5 3300 15265 0.84 sub 0.053 8.75 15.46 13.25 !S.C. Levee N.Earth S.C. Levee
5 3150 15265 0.71 sub 0.053 7.61 13.44 11.52 S.C. Levee :N.Earth S.C. Levee
5 3000 . 15265 0.80 sub 0.050 8.49 14.15 12.13 S.C. Levee N.Earth S.C. Levee
5 2850 15265 0.6B sub 0.050 7.83.1 13.05 11.19 S.C. Levee iN. Earth S.C. levee
5 2700 15265! 0.65 sub 0.052 7.84 13.59 11.65 S.C. Levee N.Earth S.C. levee
5 2550 152651 0.60 sub 0.052 7.95 13.78 11.81 S.C. Levee N.Earth S.C. Levee
5 2400 15265: 0.69 sub 0.052 9.00 15.60 13.37 S.C. Levee N.Earth S.C. Levee
5 2250 15265! 0.94 sub 0.036 13.28 15.94 13.66 S.C. Levee N.Earth S.C. Levee
5, 2100: 15265,. 1.37 super 0.030 18.18 S.C. Levee G.Earth S.C. Levee
5i 1950 15265 1.51 super 0.030 19.27

,
S.C. levee G.Earth S.C. Levee

5 1800 15265 1.64 super 0.030 19.93 , S.C. Levee G.Earth S.C. Levee
5 1650 15265 1.63 super 0.030 I 19.40 3:1 Earth G.Earth R.C.C, Levee
5 1500 15265 1.52 super 0.030 j 18.42

,
13:1 Earth G.Earth R.C.C. Levee

5 1350 15265 1.31 super: 0.030 17.09 3:1 Earth G.Earth R.C.C. Bank
5 1200 15265 1.92 su er 0.030 20.15, 3:1 Earth G.Earth S.C. Bank
5 1050 15265 0.51 sub 0.030 8,45 3:1 Earth G. Earth S.C. Bank
5 900j 15265 0.47 sub 0.030 7.98 3:1 Earth G.Earth S.C. Bank
5 750 15265! 0.45 sub 0.030 7.80 . 3:1 Earth G.Earth S.C. Bank
5 600 15265 0.43 sub 0.030 7.32 I 3:1 Earth G.Earth S.C. Bank
5 450 15265 0.42 sub 0.030 7.101 i 3: 1 Earth G.Earth S.C. Bank
5 300 15265 1.00.sub 0.030 15.19 3:1 Earth G.Earth S.C. Bank
5 150 15265 1.07' super I 0.030j 16.30 N.Earth N.Earth N.Earth
5 1 15265 1.52 super i 0.030 19.61. N.Earth N.Earth N.Earth

Nole: N. Earth - Natural Earth
Conc.Wall - Concrete Flood Wall
Cone. Srope - Concrete Side Slope

G. Earth - Graded Earth
S.C. Bank - Soil Cement Bank Stabilization

S.C. Levee - Soil Cement Levee
R.C.C. - Rolled Compacted Concrele
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Nole: N. Earth - Natural Earth

Cone.Wall - Concrete Flood Wall
Cone. Slope - Concrete Side Slope

G. Earth - Graded Earth
S.C. Bank - Soil Cement Bank Stabilization

S.C. Levee - Soil Cement Levee
RoC.C. - Rolled Compacted Concrete
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. Super MaioCh. Designed I 'n'=0.030 '0'=0.035 Proposed Material
Station. Discharge Froude or Manning Velocity I Velocity Velocity Left Channel Right

I I (efs) No. Sub •n' m/s) (ft/s) (ft/s) Bank Bottom Bank
4 519 3800 I 0.97 sub 0.050 10.09 16.82 14.41
4 518 3800 I 2.09 super 0.050 19.27 32.12 27.53
4 517 3800 i 1.08 super 0.050 11.64 19.40 16.63 '
4 516 3800 1.96 super 0.050 13.69 22.82 19.56 .1

4 515 3800 1.23 super 0.050 10.07 16.78 14.39
4 514 3800 1.68 super 0.050 12.58 20.97 17.97
4 513 3800 1.22 super ! 0.058. 10.10 19.53 16.74........-- .----f- .. , . ._----
4 512 3800 1.37 super 0.048 . 12.40 19.84 17.01
4 511 3800 1,46 super 0.053: 11.12 19.65 16.64
4 510 3800 1.46 super 0.037: 11.46 14.13 12.11
4 509 3800 1.48 super 0.057 10.35 19.67 16.86 i

4 508 3800 1.02 super 0.051 7.86 ! 13.36 11.45
4 507 3800 1.52 super 0.053 10.68· 18.87 16.17 !

4 506 3800 1.41 super 0.056 13.52 25.24 21.63
4 505 3800. 1.15 super .: 0.040 9.351 12.47 10.69
4 504 3800 1.94 super 0.052 16.69 28.93 24.80
4 503 3800 1.01 SUDer 0.053 7.32 12.93 11.0B .
4 502 3800 1.54 super 0.050 10.6S; 17.80 15.26
4 501 3800 1.28 super 0.048 9.89 15.82 13.56
4 75 3800 1.14. super 0,051 9,57 16.27 13.94
4 74 i 3800 1.32 super 0.047 9.45 14.81 12.69
4 73 3800. 1.65 super: 0.036; 14.15 16.98 14.55
4 72 3800 1.91 super 0.039 15.38 19.99 ' 17.14
4 71 3800 1.03 super 0.052 12.34 21.39 18.33 .
4 70 3800 . 1.26 super 0.057 15.80 30.02 25.73
4 69 3800 0.92 sub 0.058 11.75 22.72 19.47
4 68 3800 1.44 super 0.049 18.06 29.50 25.28
4 07 3800 1.49 super 0.051 17.31 29.43. 25.22
4 66 3800 1.06 super 0.058 12.98 1

, 25.09 21.51
4 65 3800 1.72, super 0.053 18.44 32.58 27.92
4 64 3800 1.15! SUDer 0.056 13.33 24.88 21.33
4 63 3800 1.14 super 0.055 12.26 22.48 19.27
4 62 3BOO 0.B5 sub 0.058 9.70 18.75 16.07
4 61 3800 1.84 super 0.050 16.08' 26.80 22.97
4 60 3800 1.14 super 0.050 13.13 21.88 18.76 :

4 S9t 3800 1.63 super 0.050 15.12 25.20 21.60 i
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Note: N. Earth - Natural Earth
Cone.Wall - Concrete Flood Wall
Cone. Slope - Concrete Side Slope

G. Earth - Graded Earth
S.C. Bank - Soli Cement Bank Stabilization

S.C. Levee - Soil Cement Levee
R.C.C. - Rolled Compacted Concrete
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Reaeh Station
Super! Main Ch. Designed 'n'=0.030 'n'=O.035

DISCharge11 Froude I or " Manning Velocity Velocity Velocity 1-----::L-e--=-tt-----=r-;:.===7=:..;.:.;.::,=.:..:.;::.:---=R":""ig-:-h-:-t---j
(ets) No. Sub ' n ' (ft/s) (ft!s) (ft/s) Bank Bank

~

41 581 380011 1.11 Isuper I . 0.053' 8.6611 15.301 13.11
41 571 3800 II 1.55 Isuper I 0.050 I 11.4311 19.051 16.33
41 561 3800 II 1.071 super I 0.048 i 8.6911 13.90 I 11.92
41 551 3800 II 1.751 super I 0.0501 12.44 'I 20.731 17.n
41 54 I 3800 II 0.96: sub I 0.050 I 9.52;1 15.87 i 13.60
41 53 : 3800 II 1.53 i super I 0.0561 13.3911 24.991 21.42

._.__._.._~.__ ~?_ 3_~g9.'I 1.08 ~uper I 0.051 8.75! 14.88 12.75
I 4 50 3800 1.64 super 0.040 14.15 18.87 16.17
• 4 . .. 49 3800 __.~ ~er__L_.. 0.040. _ L!-!~ ~_ _1_?:.6~ _..~_. __.__ .

4 48 3800 1.11 super r 0.047 B.301 13.00 11.15

~l' ......~r .. ..~Qgll· ~.'1_8·1:s~per II 0.047.1 9.45 11 14.81 1 12.69
4 46. 38001 0.83 sub 0.055 7.13 13.07 11.20·

tj-....
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4: 291 491511 1.20 Isuper 1 0.046 11.5011 17.63: 15.11

41 40 I 3800 II 3.70 Isuper I 0.050 I 25.8711 43.12 I 36.96 i

I 41 31 'I
4915 11 1.00Isub I 0.048 1 10.37 11 16.591 14.221 1 1---

4 30 4915 1.39 super 0.048 13.63 21.81 18.691

4/ 391 380011 0.931 sub I 0.0451 8.6911 13.041 11.17

il__ 38 I 3800 II 1.37 1super I o.053I-'~~.'I'"'' _.22,95 . 19.67
~ 37· 3800 1.01 Isuper 0.051 10.26i 17.441 14.95

J 11 36 1 49151! 1.21 Isuper I 0.053/ 11.6611 20.60 1 17.66
4 35 4915, 1.021 super 0.056 10.86 20.27 17.38
41 341 491511 1.271super I 0.0451 13.3611 20.071 17.20
41 331 491511 1.381super i 0.0421 13.961i 19.571 16.78
41 32 j 491511 1.311 super i 0.0501 12.6511 21.081 18.07

41 281 491511· 1.98\ super I 0.033· 17.2311 lB.9S!
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41 271 491511 O.91!sub I O.049i 10.6211 17.35:
41 261 4915 11 0.89isub I 0.0571 8.2511 15.68
41 251 4915; 1.01lsuper I 0.0421 10.0211 14.03
41 241 4915il 0.781 sub i 0.0531 7.7411 13.67
41 221 491511 0.90 Isub I 0.0551 10.3911 19.05
41 211 491511 1.03lsuper I 0.0391 9.5511 12.42
41 201 491S11 1.14lsuper I 0.0421 9.0211 12.63
41 191 491511 1.1Slsuper I 0.038i 8.nil 11.11
41 1B I 491S11 0.90 Isub I 0.0451 6.60il 9.90
41 17 I 49151: 1.05 rsuper I 0.040 I 7.8711 10,49
41 161 4915J 1.09lsuper I 0.0421 8.1911 11.47

14.87
13.44
12.02
11.72
16.33
10.64
10.62
9.S2
8,49
8.99
9.83
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Note: N. Earth - Natural Earth

Cone.Wall - Concrete Flood Wall
Cone. Slope - Concrete Side Slope

G. Earth - Graded Earth
S.C. Bank - Soil Cement Bank Stabilization

S.C. Levee - Soil Cement Levee
R.C.C. - Rolled Compacted Concrete
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Super Main Ch. Designed:1 'n'=0.0301 '0'=0.035 Proposed Malerial
Reach Stalion Discharge Froude or Manning Velocity' Velocity Velocity I Left Channel RighI

(cts) No. Sub ' n' (ft/s) I: (rtls) (tt/s) . Bank Bottom Bank
4 15 4915 1.00' sub 0.038 6.91 8.75 7.50
4 14 4915 0.76 sub i 0.041 6.15 8.41 7.20
4 13 4915 1.60 super 0.045 7.49 11.24.' 9.63
4 12 4915 1.26 super 0.028 8.50
4 9.5 4915. 0.65 sub 0.054. 5.75 10.35 8.87 :

4 9.4' 4915, 1.00 sub 0.053 7.43 13.13 11.25
4 9.3 4915 0.69 sub 0.052 6.13 {0.63 9.11
4 9.2 4915 0.94 sub 0.043 8.33 11.94 10.23
4 9.1 4915 1.01 super 0.043 9.75 13.98 11.98
4 9 4915 0.73' sub 0.047 7.67. 12.02 10.30
4 B 4915 0.98' sub ! 0.045 9.52 14.28 12.24
4 7 4915 0.80 sub 0.040 8.36 11.15 9.55
4 6 4915 0.85 sub 0.047 5.86' 9.18 7.87
4 5 4915 0.59 sub 0.049 4.81 7.86 6.73
4 4 4915 1.00 sub 0.053· 7.03 12.42' 10.65 ,

4 3 . 4915 0.27 sub 0.053 3.02 5.34 4.57 :

4 2 4915 0.12 sub 0.044 1.86i 2.731 2.34!
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Super Main Ch. Designed I '0'::;:;0.030 'n'::;:;0.035 Proposed Material
Reach Station Discharge Froude or Manning Velocity Velocity Velocky Lett Channel Right

(cfs) No. Sub 'n' (tt/s) (It/s) (lt/s) Bank BoUom Bank
3 17100 12814 1.11 super 0.048 10.50 16.80 14,40 *Reach 2'" N,Earth S.C. Levee
3 16950 12814 1.21 super 0.048 13.02 20.83 17.86 *Reach 2'" N.Earth S.C, Levee
3 1 16800 12814 1.28 super 0.048 14.28 22.85 19,58 *Reach 2* :N.Earth S.C. Levee
3 16650 12814 1.01' super 0.049 10.48 17.12 14.67 *Reach 21\ iN. Earth S.C. Levee
3 16500 12814 1.06 super 0.049 11.38 18.59 15.93 *Reach 21\ N.Earth S.C. Levee
3 16350 12814 1.02 super 0.049,: 10.79 17.62 15.11 *Reach 2"" N.Earth S.C. Levee
3 16200 12814 1.12 super I 0.0491 12.34 j 20.16 17.28 N.Earth N. Earth N.Earth
3 16050 12814 . 1.01 super : 0.049 10.98 17.93 15.37 N.Earth N.Earth N.Earth
3 15900 12814 1.16 super I 0.049 12.03 19.65 16.84 N.Earth N.Earth N.Earth
3 15750 " 128141 0.98 sub 0.049 9.17 14.98 12.84 N.Earth N.Earlh N.Earth
3 15600 12814 • 1.10 super 0.049 10.05 16.42" 14.07 N.Earth N.Earth N.Earth
3 15450 12814 0.98 sub 0.049 10.18 16.63 14.25 N.Earth N.Earth N.Earth
3 15300 12814 1.07 super 0.049 10.28 16.79 14.39 ' N. Earth N.Earth N.Earth
3 15150 12814 1.43 super 0.049 10.72". 17.51 15.01 N.Earth N.Earth N.Earth
3 15000 12814 0.93 sub 0.0491 7.701 12.58 10.78 N.Earth N.Earth N.Earth
3 14850 " 12814 0.98 sub I 0.045 B.80 13.20 11.31 N.Earth N.Earth N.Earth
3 14700 12814 ! 1.25 super 0.045 10.66 : 15.99 13.71 N.Earth "N.Earth N.Earth
3 14550 1 12814 1.03 super 0.045 8.98 13.47 11.55 N.Earth N. Earth S.C. Levee
3j 14400 12814 1.121 super 0.045 10.27 15.41 13.20 N.Earth N.Earth S.C. Levee
3 14250 12814 1.06 super 0.045 10.45 15.66 13.44 N.Earth N.Earth S.C. Levee
3 14100 12814 1.24 super 0.045 11.85 17,78 15.24 N.Earth N.Earth S.C. Levee
3 13950 12814 1.14 i super 0.048 11.001 17.60 15.09 N. Earth N.Earth S.C. levee
3 13800 12814 1.18 super 0.048 11.12 17.79 15.25 N,Earth N.Earth S.C. Levee
3 13650 12814 ii 0.80 sub 0.048 8.80i" 14.08' 12.07 N.Earth N. Earth S.C. Levee
3 13500 12814 0.80 sub 0.049 8.95 14.62 12.53 N.Earth N.Earth :S.C. Levee
3 13350 12814 0.94 sub 0.049 9.70 15.84 13.58 N.Earth N.Earth S.C. Levee
3 13200 12814 0.95 sub 0.049 9.75 15.931 13.65 .N. Earth N.Earth . S.C. Levee
3 13050 12814 0.93 sub 0.049 9.28 15.16 12.99 N.Earth N.Earth S.C. Levee
3 12900 12814 1.00 sub 0.049 9.71 15.86 13.59 N.Earth N.Eanh S.C. Levee
3 12750 12814 i 1.13 super 0.049 10.43 . 17.04 14.60 N.Earth IN. Earth S.C, Levee
3· 12600 12814 1.00 sub 0.049 9.44 " 15.42 13.22 N.Earth N. Earth S.C. Levee
3 12450 12814 1.09 super 0.049 9.94 16.24 13.92 N.Earth N.Earth S.C. Levee
3 12300 12814 0.99 sub 0.050 9.35 15.5B 13.36 N.Earth N.Earth S.C. Levee
3 12150 12814 1.06 super 0.050 I 9.82 16.37 14.03 N.Earth N.Earth S.C. Levee
3 12000 I 12814): 1.05 super 0.050" 9.81 16.35 14.01 N.Earth N.Earth S.C. Levee
3' 11850 . 1281411 1.06 super 0.050 9.91' 16.52 14.16 N.Earth N.Earth S.C. Levee

Note: N. Earth - Natural Earth
Conc'wall - Concrete Flood Wall
Conc. Slope - Concrete Side Slope

G. Earth - Graded Earth
S.C. Bank - Soli Cement Bank Stabilization

S.C. Levee - Soil Cement Levee
R.C.C. - Rolled Compacted Concrete
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Note: N. Earth - Natural Earth
Cone.Wali - Concrete Flood Wall
Cone. Slope - Concrete Side Slope

G. Earth - Graded Earth
S.C. Bank - Soil Cement Bank Stabilization

S.C. Levee - Soil Cement Levee
R.C.C. - Rolled Compacted Concrete
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Super Main Ch.1 Designed 'n'=0.030 ·n'=O.035 Proposed Material
Reach Slatton Discharge

l
Fraude or Manning Velocity. Velocity Velocity Left Channel Right

(cfs) I No. Sub . n' (ft!s) f (tt/s) (ft/s) Bank Bottom Bank
3 1t700 12814 1.15 super 0.052! 10.48 18.17 15.57 N.Earth N.Earth S.C. Levee
3 11550 12814 1 0.74 sub 0.052 7.84 i 13.59; 11.65 N.Earth N.Earth S.C. Levee
31 11400 12814 1.30 super 0.052 9.71 16.83' 14.43 N.Earth N.Earth S.C. Levee
3 11250 12814 1.13 super 0,035' 10.59 12.36 N.Earth N.Earth S.C. Levee
3 11100 12814 1.18 super 0,050 10.94 18.23 15.63 N.Earth N.Earth S.C. Levee
3 10950 12814 0.96 sub 0.050 9.601 16.00 13.71 N.Earth N.Earth I' S.C. Levee
3 10800 12814 0.80 sub 0.050 8.68l 14.47 12.40 N.Earth N.Earth . S.C. Levee
3 10650 12814 0.91 sub 0.053 9.65' 17.05 14.61 N.Earth N.Earth S.C. Levee
3 10500 12814 0.841sub 0.053 9.44 16.68 14.29 N.Earth N.Earth S.C. Levee
3 10350 12814; 0.97' sub 0.053 10.37 18.32 15.70 N.Earth N.Earth S.C. Levee
3 10200: 12814 1.001 sub 0.045 10.42 15.63 13.40 N.Earth N.Earth S.C. Levee
3 10050 12814 1.78 super 0.025 15.83 N.Earth N. Earth S.C. Levee
3 9900 12814 2.89 super 0.025 23.12; IN. Earth N. Earth S.C. Levee
3 9750! 12814 2.21 super 0.025 19.57 ; N.Earth N.Earth S.C. Levee
3 9600 12814 1.55 super 0.0251 15.13 : N.Earth :N.Earth i S.C. Levee
3 9450 . 12814 1.21 super 0.025 11.99 N. Earth N.Earth S.C. Levee
3 9300 12814 0.99 sub 0.047 9.89 15.49 13.28 N.Earth ; N. Earth S.C. Levee
3 9150 12814 1.06 super 0.049 10.33 16.87 14.46 N. Earth N.Earth S.C. Levee
3 9000 12814 ! 1.11 super 0.049 10,44 17.05 14.62 N. Earth N.Earth S.C. Levee
3 8850 12814\' 0.99 sub 0.049 9.74 15.91 13.64 N.Earth N.Earth S.C. Levee
3 8700 12814 : 0.97 sub 0.049 9.75 15.93 13.65 N.Earth N. Earth S.C. Levee
3 8550 12814 ' 0.86 sub 0.049 8.96 14.63 12.54 N.Earth N. Earth S.C. Levee
3 8400 12814 ' 0.B9,'sub 0.050 9.27" 15.45 . 13,24 N. Earth N. Earth S.C. Levee
3 8250 12814 0.73 sub 0.050 8.221i 13.701 11.74 I N. Earth N.Earth S.C. Levee
3! 8100 12814 1,10 super : 0.050.' 10.29ji 17.15 14.70 N. Earth N.Earth S.C. Levee
3; 7950 12814 0.8B sub 0.051 9.31 15.83 13.57 N.Earth N.Earth S.C. Levee
3; 7800 12814 1.06 super 0,051 9.94 16.90 14.48 N.Earth N.Earth S.C. Levee
3 7650 12814 0.82 sub 0,051 8.60 14.62 12.53 N.Earth N.Earth S.C. Levee
3 7500 12814 0.90 sub 0.051 9.22 15.67 13.43 N.Earth N.Earth S.C. Levee
3 7350 12814:1 0.90 sub 0.051 9.37 15.93 13.65 N.Earth N.Earth S.C. Levee
3 7200, 12814 0.73 sub 0.051 8.29 14.09 12.08 N.Earth N.Earth S.C. Levee
3 7050 12814 0.61 sub 0.051 : 7.42j 12.61 10.81 N.Earth N.Earth S.C. Levee
3 6900 12814 0.89 sub 0.051' 9.71 16.51 14.15 N.Earth N.Earth S.C. Levee
3 6750 12814 1.00 sub 0,046 10.48. 16.07 13.77 N.Earth N.Earth S.C. Levee
3 6600 12814 1.30 super 0.042 11.47 16.06 13.76 N.Earth N. Earth S.C. Levee
3 6450 12814j,i 1.02 super 0.042 9.31 13.03 11.17 N.Earth N.Earth S.C. Levee
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Reach I
; Super Main Ch. Designed 'n'=Q.03Q ·n·=0.035 Proposed Material

Slatlon DIscharge Froude or Manning Verocity Velocity Velocity Left Channel ! Right
i (cIs) No. Sub, •n' (his) (t1!s) lftls) Bank Bottom Bank

3 6300 12814 1.10 super 0.042 9.92 13.891 11.90 N.Earth N.Earth l S.C. Levee
3 6150 12814 1.24 super 0.042 10.87 15.22 13.04 N.Earth N.Earth S.C. Levee
3 6000 12814 1.12 super 0.042 10.36 . 14.50 12.43 N.Earth N.Earth S.C. Levee
3 5850 12814; 0.94 sub 0.042 9.28 12.99 11.14 N.Earth N.Earth S.C. Levee
3 5700 12814' 1.01 super 0.042 10.87 15.22 13.04 N.Earth N.Earth S.C. Levee
3. 5550 12814 1.01 super 0.042 10.88 15.23 13.06 N.Earlh N.Earth S.C. Levee
3 5400 12814 1.44 super 0.042 12.28 17.19 14.74 N.Earth N.Earth S.C. Levee
3 5250 12814 1.00 sub 0.042 10.36 14.50 12.43 N.Earth N.Eal1h S.C. Levee
3 5100 12814 0.73 sub 0.042 8.601 12.04 10.32 N.Earth N.Earth S.C. Levee

Nole: N. Earth - Natural Earth
Cone.Wall - Concrete Flood Wall
Cone. Slope - Concrete Side Slope

G. Earth - Graded Earth
S.C. Bank - Soil Cement Bank Stabilization

S.C. Levee - Soli Cement Levee
RoC.C. - Rolled Compacted Concrete
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I Super Main Ch. Designed '0'=0.030 'n'=0.035 Proposed Material
Reach Station Discharge' Fraude or Manning Velocity Velocity Velocity Lett , Channel Right

(cfs) No. Sub •n' (ft/s) (ft/s) (tt/s) Bank ~ ; BaHam Bank
2 15 34771 0.89 sub 0.050 6.55 10.92 9.36 . '
2 14 3477 1.01 super 0.057 7.56 14.36 12.31 ,

2 13 3477 1.06 super 0.048 9.01 14.42 12.36
2 12 3477 1.03 super 0.057 7.37 14.00 12.00
2 11 3477 1.03 super 0.051 8.98 15.27 13.09

10 super - ..2 3477. 2.29 0.016 20.04
2 9 3477 ' 3.54 super 0.015 27.32 I

2 6 3477 2.63 super 0.023 22.30 i

2 7 3477 2.30 super 0.017 20.38
2 6 3477 2.47 super 0.015 21.40
2 5 3477' 2.96 super 0.0151 24.18 i

2 4 3477' 3.03 super 0.018 : 24.59 I

2 31 3477. 2.96 super 0.015: 24.20 I ,
2 2 3477:1 0.25 sub 0.015 4.36:, • I

Note: N. Earth - Natural Earth
Cone.Wall - Concrete Flood Wall
Cone. Slope - Concrete Side Slope

G. Earth - Graded Earth
S.C. Bank - Soil Cemeot Bank Stabilization

S.C. Levee - Soil Cement Levee
A.C.C. - Rolled Compacted Concrete
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Note: N. Earth - Natural Earth
Cone.Wall:-' Concrete Flood Wall
Cone. Slope - Concrete Side Slope

G. Earth - Graded Earth
S.C. Bank - Soil Cemenl Bank Stabilization

S.C. Levee - Soil Cement Levee
R.C.C. - Rolled Compacted Concrete

Super Main Ch. Designed I ·n'=0.030 'n'=0.035 Proposed Malerial
Reach Station Discharge Froude or Manning Velocity Velocity Velocity Left Channel RighI

(efs) No. Sub 'n' (ft/s) (tt/s) (lt/s) Bank Bottom Bank
1 31650 5766 1

, 1.00 sub 0.035 7.60 8.07 N.Earth !N.Earth N.Earth
1 31350 5766 2.12 super 0.035 13.07 15.25 N. Earth ·N.Earth N.Earth
1 31050 5766 1.01 super 0.035 7.61 B.88 N.Earth 'N.Earth N.Earth .

1 30750 5766 1.91 super 0.035 12.15 14.18 N.Earth N.Earth N.Earth
1 30450 5766 1.24 super : 0.035 B.85 10.33 N.Earth N.Earth N.Earth
1 30150 5766 1.36 super I 0.035 11.56 13.49 N.Earth N.Earth N.Earth
1 29850 5766 1.42 super 0.035 11.20'" 13.16 N.Earth N.Earth N.Earth
1 29550 5766 1.37 su~ 0.035 10.38 12.11 N.Earth N.Earth N. Earth
1 29250 5766 1.31 ;super 0.035 10.66 12.44 N.Earth N.Earth N. Earth
1. 28950' 10796' 1.50, super 0.035 11.57 13.50 :N.Earlh ,N.Earth N.Earth
1 28800 10796 1.94 super 0.030 14.93' N.Earth N.Earth N.Earth
1 28650 10796 1.77 super 0.030 12.99 I N.Earth N.Earlh N.Earth
1 28415 10796!.' 1.33 super 0.035 10.51 12,26 N.Earth N.Earth N.Earth
1 28060 10796 1.05 super 0.035 11.12 12.97 N. Earth N.Earth ·N.Earth
1 2n45 10796 0.99 sub 0.055 12.40 22.73 19.49 N.Earth N.Earth . N. Earth
1. 27725 . 10796 2.02 super 0.055 21.83 ' 40.02 34.30 N.Earth N.Earth N.Earth
1 27570 10796 1.48 super 0.025 17.95 j N.Earth N.Earth N.Earth
1 27265 10796 2.57 super i 0.015 27.22 N.Earth N.Earlh N.Earlh
1 i 27245 :. ·Culvert*

~
27225' 10796 2.19 super 0.015 14.53 N.Earlh N.Earth N.Earth
27150' 10796 1.00 1 sub 0.025 13.83 N.Earth . N.Earth N.Earth
27000 10796 1.41 super 0.025 19.59, .Cone. Wall N.Earth N.Earth

1 26700 10796 2.72 super 0.029 20.31 i Cone. Wall N. Earth N. Earth'
1 26550 10796 1.18 super 0.0431 10.50 15.05 : 12.90 Cone. Wall N.Earth N.Earth
1 26400 10796' 1.22 super . 0.042 . 11.76 16.46 ' 14.11 N.Earth N.Earth N.Earth
1 ' 26250 10796 1.14 super 0.042 12.13 16.98 14.56 Conc, Slope G. Earth Cone. Slope
1 i 26100 10796 : 1.72 super 0.031 16.73 17.29 Cone. Slope G.Earth Cone. Slope
1 25950 10796 1.65' super , 0.021 20.55 Cone. Slope G.Earth Cone. Slope
1 25800 10796 2.03 super 0.021 : 24.67; Cone. Slope R.C.C. Cone. SlaDe
1 25650 . 10796 2.47 SUDer 0.021 28.35 Cone. Slope A.C.C. Cone. SlaDe
1 25500 10796 2.69 super 0.021 30.12

, Cone. Slope R.C.C. Cone. Slope
1 25350 10796 2.80 super 0.021 31.01 Cone. Slope 'A.C.C. Cone. Slope
1 25200 10796 2.87 super 0.021 31.48 ' Cone. Slope A.C.C. Cone. Slope
1 25050 10796, 2.90 super 0.021 31.74 Cone. Slope R.C.C. Cone. Slope
1 24900 1079611 2.93 super , 0.021 31.97 Cone. Slope A.C.C. Cone. Slope
1 24750 1079611 2.94 super 0.021 32.01 , Cone. Slops R.C.C. Cone. Slope
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I I Super Main Ch. Designed 'n'=0.030 'n'=0.035 Proposed Material
Reach Station I Discharge I Froude or Manning Velocity Velocity Velocity' Left Channel Right

(efs) , No. Sub 'n' (ft!s) (ft/s) (hIs) Bank Bottom Bank
1 24600 10796 2.94 super 0.021 32.09 I Cone. Slope R.C.C. Cone. Slope
1 24450 10796 2.95 super 0.021 32.17 i Cone. Slope 'R.C.C. Cone. Slope
1 24300 10796 3.20 super 0.021 32.24 I Cone. Slope R.C.C. Cone. Slope
1 24080 10796 2.58 super 0.021 _0'_. 27.81! Cone. Slope R.C.C. Cone. Slope_..
1 24035 10796 2.62 super 0.021 28.08 Cone. Slope R.C.C. Conc. Slope
1 24000 10796 2.67 super i 0.024 28.48 ! Cone. Slope R.C.C. Cone. Slope
1 23850 107961 2.04 super 0.038 23.731 29.66 ' 25.43 Cone. Slope R.C.C. Cone. Slope
1 23700 10796! 2.14 super 0.021, 24.51 ; Cone. Slope R.C.C. Cone. Slope
1 I 23550 10796: 2.47 super 0.021 i 27.02 Cone. Slope R.e.c. Cone. Slope
L 23400 11742 . 2.52 super 0.021 28.11 Cone. Slope ·R.C.C. Cone. Slope
1I 23250 117421 3.03 super 0.039 26.15 34.00 29.14 . ·Tributary'" G. Earth !Cone. Wall
1 23100 11742 i 1.52 super 0.032, 18.79 20.04 "'Tributarv· G. Earth Cone. Wall
1 22950 11742, 1.58 super 0.041 18.46 25.23 21.62 N.Earth N.Earth N.Earth
1 22800 11742 1.30 super 0.041 15.28 20.88 17.90 N.Earth N.Earth N.Earth
1 22650 11742 1.24 super 0.039 15.380 19.99 17.14 N.Earth N.Earth Cone. Wall
1 22500 11742 1.16 super 0.039 14.70 i 19.11 i 16.38 N.Earth N.Earth Cone. Wall
1 22350 11742 1.26 super I 0.039 16.30 21.19 18.16 N.Earth N.Earth Cone. Wall
1 22200 11742 1.39 . super i 0.033 18.13 19.94 N.Earth N.Earth Cone. Wall
1 22050 11742 1.611 super 0.038 19.18 24.29 20.82 N.Earth N.Earth 'Cone. Wall
1 21900 11742 1.55 super 0.031 , 19.07 19.71 N.Earth G.Earth Cone. Wall
1 21750 11742, 1.52 super 0.031 : 18.77 19.40 N.Earth G.Earth Cone. Wall
1 21600 11742 1.66 super 0.031 19.86! 20.52 N.Earth G.Earth Cone. Wall
1 21450 11742 1.50 super 0.043 17.68 25.34 21.72 N.Earth N.Earth S.C. Levee
1 21300 11742 1.38 super 0.043 14.88" 21.33 ! 18.28 N.Earth 'N.Earth S.C. Levee
1 21150 11742 1.21 super 0.047 12.63 ' 19.79: 16.96 N.Earth ·N.Earth S.C. Levee
1 21000 11742 1.31 ! super : 0.047 12.60 I 19.74 16.92: S.C. Levee ·N.Earth S.C. levee
1 20850 11742 1.21 super 0.047 12.49 19.57 16.77 S.C. Levee N.Earth S.C. Levee
1 20700 11742 : 1.47 super 0.045' 13.27 19.91 17.06 S.C. Levee N.Earth S.C. Levee
1 20550 11742 1.32 super 0.045 11.99 17.99 15.42 S.C. Levee N. Earth· S.C. Levee
1 20400 11742 1.00 sub 0.045 9.46: 14.19 12.16 S.C. Levee N.Earth S.C. Levee
1 20250 11742 1.61 super 0.045 20.12 30.18 25.87 S.C. Levee N.Earth S.C. Levee
1 20100 11742 2.10 super 0.045 21.61 32.421 27.78 S.C. Levee N.Earth IS.C. Levee
1 19950 11742 1.35 super 0.045 15.33 23.00 19.71 S.C. Levee N.Earth S.C. Levee
1 19800 11742 j',' 1.01 super O.047i 11.02 17.26 14.80 S.C. Levee N.Earth S.C. Levee
1 19650 1174211 2.14 super 0.047 19.50 30.55 26.19 S.C. levee N.Earth S.C. Levee
1 19500 1174211 1.10 super 0.047 11.13 17.44 14.95 N.Earth N.Earth S.C. Levee

Note: N. Earth - Natural Earth
Cone.Wall - Concrete Flood Wall
Cone. Slope - Concrete Side Slope

G. Earth - Graded Earth
S.C. Bank - Soil Cement Bank Stabilization

S.C. Levee - Soil Cement levee
R.C.C. - Rolled Compacted Concrete
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J Super MainCh. Designed 'n':;::0.030 'n':;::0.035 Proposed Material
Reach Station Discharge- Froude or Manning Velocity Velocity Velocity Lett ! Channel Right

(cis) No. Sub 'n' (tt/s) «(tIs) (ft/s) Bank Bottom Bank
1 19350 11742 1.23 super 0.047 13.18 20.65 17.70~N. Earth !N. Earth S.C. Levee
1 19200 11742 1.36 super 0.047 13.58 21.28 18.24 N.Earth N.Earth S.C. Levee
1 19050 11742 1.31 super 0.048 13.31 21.30 18.25 N.Earth N.Earth . S.C. Levee
1 18900 11742; 1.14 super 0,048 12.19 19.50 16.72 N.Earth N.Earth S.C. Levee
1 18750 11742 . 1.07 super i 0.048 11.97 19.15 16.42 N.Earth N.Earth S.C. Levee
1 18600 11742 1.37 super 0,048 13.83 22.13 18.97 N.Earth N.Earth S.C. Levee
1 18450 11742 0.88 sub 0.051 9.98 16.97 14.54 N.Earth N.Earth S.C. Levee
1 18300 11742 0.89 sub 0.051 11.69· 19.87 17.03 S.C. Levee N.Earth S.C. Levee
1 18150 t 1742 1.82 super 0.050 15.23 25.38 21.76 S.C. Levee N.Earth S.C. Levee
1 18000 11742. 0.93 sub 0.050 9.821 16.37 14.03 S.C. Levee N.Earth S.C. Levee
1 17850 11742 - 0.61 sub 0.050; 8.70 14.50 12.43 !S.C.levee N.Earth S.C. Levee
1 17700- 11742 0.99; sub 0.052 9.92 17.19~ 14.74 \S.C. Levee -N. Earth S.C. Levee
1 17550, 11742 0.72 sub 0.052 7.89: 13.68 11.72 S.C. levee N.Earth S.C. Levee
1 17400 11742 0.97 sub 0.052 10.65 18.46 15.82 S.C. levee N. Earth S.C. Levee
1 17250 11742 0.72 sub 0.048 9.11 • 14.58i 12.49 S.C. Levee N.Earth S.C. Levee

:
;

Note: N. Earth - Natural Earth
Conc.Wall - Concrete Flood Wall
Cone. Slope - Concrete Side Slope

G. Earth - Graded Earth
S.C. Bank - Soil Cement Bank Stabilization

S.C. Levee - Soil Cement Levee
R.C.C. - Rolled Compacted Concrete
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Proposed east and west side soil cement levees will contain the flow in Reata through the
DC Ranch development, from the natural containment section on the north to the future Union Hills
Drive Bridge alignment on the south. The final alignment of this bridge has yet to be determined,
but a drop structure and short downstream excavated channel were modeled to simulate
conveyance under the future bridge. The proposed design near the Union Hills Road Bridge has
significantly changed since the 1O-percent plans and CLOMR were originally submitted to FEMA
(refer to the 60-Percent Phase I Plans included with the report).

Soil cement levees will provide containment on each side of Reata between Union Hills Drive and
Bell Road. Existing, shallow washes will be connected with intermittent, excavated low-flow
channels within this section to provide a continuous thalweg and enhance the conveyance of
smaller flows that result from more frequent storm events.

The southern half of the bridge at Bell Road is in place; the future north half of the bridge will
expand the roadway to four lanes. The existing bridge has been sized for the 1DO-year flows
associated with the Greenbelt Project as will the future expansion to the north. The confluence of
South Beardsley Wash and Thompson Peak Wash with Reata Pass Wash is located immediately
upstream from the Bell Road bridge. The Thompson Peak Wash was realigned to connect with
Reata just north of the bridge as _part of the construction improvements to Bell Road. These
improvements to Thompson Peak Wash were not part of the Greenbelt project, but the flows
conveyed-into Reata from the wash have been accounted for. The proposed improvements to the
South Beardsley Wash are part of the Greenbelt project. These proposed improvements include
intermittent levee containment located primarily along the west side of the wash and north of Union
Hills Drive.

Soil c~ment levees on each side will provide full containment of Reata south of Bell Road.
Downstream, these soil cement levees transition into an excavated channel which in turn connects
into the existing Westworld channel. The Westworld channel presently routes flow into the USBOR
Retention Basin. As part of the Greenbelt project, the Westworld channel will be excavated and
widened to the northeast, and concrete slope protection will be constructed on the existing
southwest bank.

1.3 Geomorphic Discussion

1.3.1 Pre-Project Conditions

The washes that comprise the Reata / Beardsley System are typical of the basin and range geology
of the Southwest. Infrequent precipitation, and the subsequent sparse vegetative cover, encourage
the -development of alluvial fans as rainfall runoff exits steep desert mountains. Although the
McDowell Mountains are in the late stages of erosion, the associated fans are still active. The
upstream portions of the washes which contribute flow into the Reata / Beardsley System, are
incised within the coarse, alluvial deposits that are immediately adjacent to the McDowell
Mountains. However, shortly downstream, the washes begin to braid and lose their well-defined
banks. This is the alluvial fan apex. As the braids expand downstream from the apex, shallow flow
with slower velocities promotes deposition of the carried sediment. This deposition forms the
alluvial fan. Discernable braided flow dissipates further downstream and essentially becomes sheet .
flow.

SCOTTSDALE DESERT GREENBELT
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In north Scottsdale, major fans have been designated as flood zones by FEMA although the limits
of the flood zones may include portions of minor fans. As seen on Figure 1.1, FEMA Fans 1A and
1Band 2A and 2B are the Reata / Beardsley System.

Since alluvial fans are a dY~~E!~"!£"fQI!D~!i9[bJb~LI2~~~ti<3.I.(3xists forflow Pt3:!~~s,"!(){j~C::lr:D?tiC;:gIlYglter
durlngrlooas:"'Tne"enffreWtlow at the apex has the capabITity-tc)"'com"pl'efeTy'''alter paths and inundate
what had been a minor braid. For this reason, FEMA requires that development on the fan area
must accountlOr the entrretrowrrom the apex at any' potentia1-d<Ywnstreamiocatlon--:-- ---

1.3.2 Post-Project Conditions

The fans formed on the west side of the McDowell Mountains interact with each other. Braids
extending from one fan ~pex combine with channels of another fan. The proposed alignments of
the Reata / Beardsley improvements will utilize and enhance this natural Interaction. The
improvements in Upper Reata demonstrate enhancing this interaction where flows from the apex
are routed to the south into the incised wash at the edge of the fan and the toe of the mountain
which provides more natural conveyance capacity than that found downstream on the center of the
fan southwest of the apex. The Reata- alignment along the intersection of Fans 1 and 2 (from the
North Beardsley Wash Confluence to Union Hills Drive) also provides some natural containment.

The confinement of flow downstream from the apex, proposed by the Greenbelt project, will prevent
the decrease in the specific energy head that currently occurs on the fan. The proposed Greenbelt
improvements will not allow the flow to spreqd out, slow down and decrease in depth; but will
instead maintain a defined channel with deeper flow depths and higher velocities as found
upstream of the apex. The capacity of the flow to transport sediment through the system is directly
related to the specific energy head. Larger energy heads promote the transport of inflowing
sediment through the system. Some portions 9f the proposed system provide for a higher or lower
energy head than that found upstream of the apex; thus, some scour and deposition will occur.

Channel banks tend to erode to counteract an increased potential for sediment transport. However,
if the banks are stabilized, as in the Desert Greenbelt, the bed elevation will change instead.

Most portions of the proposed improvements will closely resemble the relatively stable reaches
upstream of the apexes. Widths range from 300 to 550 feet, slopes vary between 2 and 3 percent,
and the wash is composed of sand and gravel with scattered small;. to medium-sized desert shrubs.
Upper Reata Wash, the downstream section of North Beardsley Wash, ?nd the Westworld channel
will not resemble the natural wash.

In general, the proposed channel within Upper Reata, between the apex and the Deer Valley Road
Alignment, will tend to scour because of a substantial decrease in the channel width from about
500 feet upstream of Pinnacle Peak Road to 100 feet downstream of the apex. As the channel
adjusts to the new conditions, some sediment removal maintenance will be necessary downstream
from the excavated channel (Station 230+00 to Station 260+00). As discussed in later sections, the
toe-down depth of structural improvements for containment in Upper Reata is designed for the
tendency to scour. Likewise, the excavated channel at the downstream end of North Beardsley will
tend to scour, although a milder channel slope will reduce the scour potential that is present
upstream. As flows enter the Westworld channel at the downstream end of the project, some
deposition will occur because of the decrease in the existing channel slope from approximately 2
percent to 0.5 percent. The Westworld channel is located within USBOR Dike 4 though, and
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sediment deposition and periodic maintenance are expected. Most of the sediment will continue
to be conveyed into the low-flow basins within Dike 4. The Greenbelt project will not introduce any
flows that have not already been allowed for in the BOR basin. A more detailed, quantitative
discussion of scour and deposition within the reaches of the channel is found in later sections.

1.4 Reaches

ReachescWsimlfar hydraulic ar1dOesign cnaractenstlcs were established as part of the hydraulic
analysis to provide a simple representation of the different portions of the Reata / Beardsley
System. A plan view of the locations of reaches is s.hown on Figure 1.3. Figure 1.4 provides a
typical cross-section for each reach. Table 1.1 lists various hydraulic and design parameters for
each reach. The channel width, channel bed slope, roughness coefficient, side slope, bed sediment
gradation and peak flow rates were considered for the selection of the reaches. While the hydraulic
features are quite similar for each reach, some, design characteristics, such as structural
containment material, may slightly vary within the reach. Bridges have not been presented as
independent reaches. The reader is encouraged to refer to the Reata Pass / Beardsley Wash
Preliminary Study and 10-Percent Plans or the Reata Pass Wash Phase I 50-Percent Plans for
more detailed information on design characteristics.

1.5 Construction Phasing

The original Conditional Letter of Map Revision (CLOMR) was developed for the entire containment
identified in the Preliminary Study 10-Percent Plans. The design and construction of Phase I of the
Greenbelt project is targeted at removing the western portion of the FEMA "AO" Zone located
beyond the proposed Phase I improvement corridor. Figure 1.1 depicts the exisHng""AO'jjZone-and
the portion anticipated to be removed by the Phase I improvemenrs-.----~--_··-·..-'-"-,,·,,-··"'-~"-'"·,···,,-'''"-~'" ..,,....

Figure 1.2 presents the proposed construction phasing of the project. Future containment of
floodwaters to the east of the proposed Phase I project, including both the North Beardsley and
South Beardsley Wash improvements, will be designed and constructed as part of later phases.
The portions of the total improvements identified in the Preliminary Study that are included in
Phase I are: all improvements north of the Deer Valley Road Alignment; only the west levee
between the Deer Valley Road Alignment and Bell Road; and all improvements south of Bell Road.

Future construction will include the east levee north of Bell Road and south of the Beardsley Road
alignment. To ensur.e that the Phase I west levee betweeJ.Lltl~.§~,~r:dsley Road alignment and Bell
Road is notcompromTseddurmgThe consfruCfiO'i1oTIutUre improvements, the east levee north of
Bell Road must not be constructed until after the proposed improvements within South Beardsley
are complete (see Section 2.1). Constructin'g South Beardsley improvements first will ,confine
existing break-out flows that presently can migrate to both North Beardsley and Reata Pass
Washes. Elimination of this South Beardsley break-out flow and subsequent migration will prevent
the introduction of larger than design flows for the Reata System along the reach between Bell
Road and Thompson Peak Parkway. It will also prevent these break-out flows from migrating to the
backside (east side) of the proposed east levee. The two landowners, DC Ranch and the Arizona

;~~~~~~c~;t~i;~:~;FF~:..'~~Q~t~ae;~~D~,=:~~:~t~"·~~~~t~R~!'f~~j~*TFi~~~£BI:~
__---"."......,',•••"'.........."""''''''.... p_. •• . - • ,-~. ., ","""'..."'.,..,.".,'O,·...,·,,,...·~~,·.~~'""'""IJ,,:O'''~.''''I'.'''.,W."".'.>i>~ ........""'M.,..'iI...H".~;..,..'''''''''~~ .•~_W<W' ....,.f:V''"'.,',,..

ICOREA TA.GRE

SCOTTSDALE DESERT GREENBELT

Supplemental CLOMR Report 6



I
I
I

-t-
-I
-I
I
I
I
I
I
I
I
I
I
I
I
I

1.6 Design Revisions

Four primary design variations have been developed between the 10-Percent Preliminary Plans
and 50-Percent Phase I Plans including: (1) the expanded Westworld channel; (2) the estimated
location of the new drop structure and excavated channel at Union Hills Drive; (3) the location of
levees upstream of Union Hills Drive; and (4) the revised bridge design at Pinnacle Peak Road
completed by others.

The Westworld cha.nnel, Stations 0+00 to 10+00, has been enlarged to the northeast to
accommodate the Reata design flow rate. The- existing invert will be widened to approximately
70 feet.

~ Stations 98+50 to 112+00, previously referred to as the Ironwood channel on the 10-Percent
tPreliminary Plans, is no longer part of the Greenbelt project b~9,~.lJ.§~,gfJhtLdItficull¥"alJd"expanse,.

associated with ttrecorfsrrucflon~'Tfils·extstrrrg-cfia:rinerWnrnow be filled and compacted and an
exfension'ofTffe'Y.Tpsffeam'levee through this area to Union Hills Drive will contain flows.

As part of a later phase, a drop structure and downstream cut channel will be constructed to convey
flows under the future Union Hills Drive Bridge that has yet to be located.

The Phase I west levee and the east levee -proposed for future construction between
Stations 112+00 and 140+00 have been shifted approximately 200 feet to the east.

The four-barrel Pinnacle Peak Road Bridge, now under construction, is graphically represented in
the 50-Percent Plans. The 10-Percent Preliminary Plans reflected a three-barrel concept that had
been considered at the time.

SCOTTSDALE DESERT GREENBELT
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STA. 0+00-10+06
n= 0.030
S= 0.35%
V100 = 8

STI\. 10+06-12+50
n= 0.030
s= 0.187%
V100 = 19

LEVEE
1:1

3: 1 CONC. SLOPE
SLOPE

3:'1 CONC.
SLOPE

REACH 1

REACH 2

190'± LiFB

........,,3-\'l"'_

COBBLE/DESERT
SHRUB BED

COBBLE/SAND

COBBLE/SAND BED

Depth (Typical)
100 Year Design

~------ 190'± ------<-.j

LEVEE
1:1

-3:1-GRADED
SLOPE

3:1 GRADED
SLOPE
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I ~ STA. 12+50-21+50

n= 0.030

REACH 3 s= 1.87%

I ~'•••'-- ~:"""- -=-S;fu~V1~00j;=~1~9~~~;-1
• • Sections look downstream

•
R t P W h

. Levees may be covered with
ea a ass as fill and revegetated in areas.

I .F.B.= Freeboard

-~"" ~~ Typical Section Variations . TO = ToedowNot to Scale

I The Desert Greenbelt Reaches 1 thru.3 Greiner Figure 1.4



1:1
LEVEE

F.B. 3'-3.5'

1:1
LEVEE

STA. 21+50-25+00
n= 0.044
S= 1.87%
V100 = 14

STA. 25+00-45+85
n= 0.05
S= 1.77%
V'OO = 12

COBBLE/DESERT
SHRUB BED

SAND/DESERT
SHRUB BED T- TO

REACH 4

.REACH 5

6.5'

Depth (Typical)
100 Year Design

1----------- 550'± ----------1

1------------ 550±' ---------

~I' 3'-3.5'
1------------- 330'± -----------tE---

Q)

o
-0
..')
-0
u

Vl

<.:5
ci

1 8
0'
(s:J

o1 ~

1 ~
o
x

I ~-
;?
w

"
1 iu

/'

n.:

I
I
I
I
1
1 ~

1 -.J
«

1
I

NON-

.1 ~~~ft1 SAND/DESERT SHRUB BED

TTD
.; I ~ STA. 45+85-56+00

OJ n= 0.042
S= 1.77%

1 ..: REACH 6 v'oo= 12

. ~••••.-----------------------:-.SS;ec;t1ti~on;;;s~l~ooclk:--dcdo~w~ns;rlt~re~am:;-1

•
R t P W h

_. Levees may be covered with

l
ea a ass as - fill and revegetated in areas.

. • F.B.= Freeboard

~pP ~ Typical Section Variations . TO = ToedowNot to Scale

.·1 -TheDesertGreenbelt Reaches 4 thru 6 Greiner Figure 1.4



3'-3.5'

3'-3.5'

J'-3.5'

1: 1
LEVEE

1:1
LEVEE

STA. 68+00-93+81
n= 0.049
S= 1.96%
V100 = 12

STA. 56+00-68+00
n= 0.044
S= 1.96-%
V100 = 12

6'

5'

REACH 8

SANDY BED

REACH 7

SAND/DESERT
SHRUB BED

SAND/DESERT
SHRUB BED

Depth (Typical)
100 Year Design

--------- 350'-500'± ------

---------- 300' -400'± ---------

NON­
PHASE1
LEVEE

NON­
PHASE1
LEVEE
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PHASE1
LEVEE

:I:.\/v,J-..-------- 350'-450'± -----­
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STA. 93+81-98+50
n= 0.025
S= 0.94%

..: REACH. 9 V100 = 15

~,_.---~-...,.....------------:-~nsi'O"Ok~~~_ • Sections look downstream

•

• Levees may be covered with
Reata -Pass Wash fill and revegetated in areas.

• F.B.= Freeboard

~ --~I Typical Section Variations - . TO = Toedow Not to Scale8'" .. ,
tQ!~= Reaches 7 thru 9 Greiner Figure 1.4 I
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3'-3.5'

1:1
LEVEE

STA. 100+50-112+50
n= 0.050
S= 1.96%
V,oo= 11

STA. 98+50-100+50
n= 0.015
S'"'7.,~9%
V,oo= 32 .... ,.

T;f

6'

REACH 11

SANDY BED/
DESERT SHRUB

REACH 10

._/) • ," -tJ, 4. ~._ .·_._'_4.·~.~'" ..

R.C.C. DROP STRUCTURE
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STA. 112+50-124+04
n= 0.051
S= 2.66%

(; REACH 12' V100 = 12

::;;._..---------------:~~~~~• Sections look downstreom

•
R t P W h

. Levees may be covered withea a ass as fill arid revegetated in areas.
• F.B.= Freeboard

~ -~I Typical Section Variations . TO = Toedown
8'" _, Not to Scale

The Desert Greenbelt Reaches 10 thru 12 Greiner Figure 1.4
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Figure 1.4

STA. 124+04-138+00
n= 0.048
S= 2.28%
V'oo= 12

STA. 138+00-168+00
n= 0.048
S= 2.67%
V100 = 14

1:1 LEVEE

NATURAL
CONTAINMENT

~ NATURAL
CONTAINMENT

100 Year Design
Depth (Typical)

tSAND/DESERT SHRUB
BED

6'

REACH 13

REACH 14

6.5'

~~rsAND/DESERT SHRUB
BED

----------350'±--------j _-!:L---=--

---------- 550±' ------

NATURAL
CONTAINMENT

NATURALJ
CONTAINMENT

NON-PHASE1
LEVEE
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STA. 168+00-179+50
n= 0.050
S= 2.29%

~ REACH 15 V100 = 15

~._"-----'-------------:~;;:]SiQ(~~;-J• Sections look downstream

•
R t P W h

. Levees may be covered with
ea a ass as fill and revegetated in areas.

~ • F.B.= Freeboard

8 ~I Typical Section Variations . TD = Toedowni;j," ., Not to Scale

The Desert Greenbelt Reaches 13 thru 15 Greiner
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Figure 1.4

3'-3.5'

NATURAL
CONTAINMENT

STA. 179+50-186+ 71
n= 0.050
S= 2.29%
v100 = 15

STA. 186+71-199+50
n= 0.047
S= 4.19%
v100 = 18

1: 1 LEVEE

SAND/DESERT SHRUB
BED

REACH 16'

REACH 17

REACH 18

Depth (Typica.~1li----,

l----~cI-'4-D,L!)ESE=SHRUE> ~
BED NATURAL

CONTAINMENT

f-t------ 550'± -----

1'--"--- 350'±----I
100 Year Design

1-"-'~----- 210'± ------~

~-----~L-------'~~~~!r_:_._-===_C'~

NATURAL~
CONTAINMENT

NATURAL
CONTAINMENT

NATURAL
CONTAINMENT
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STA. 199+50-214+67
n= 0.044
S= 3.35%
V100 = 17

":::;;••••.-----------=-------~-------;.~S~edct~io~nssI(lo;oO~k(dj;o;wn;;Ss;t;tr:;.eaJrm~1

•

• Levees may be covered with
Reata Pass Wash fill and revegetated in areas.

• F.B.= Freeboard

8 --~I Typical Section Variations . TO = ToedownNot to Scale
gr' ••

The Desert Greenbelt Reaches 16 thru 18 Greiner
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STA. 214+67-229+08
n= 0.037
S= 2.45%
V100 = 19

STA. 229+08-232+50
n= 0.027
S= 1.76%
V100 = 19

3'-3.5'

BURRI ED
FLOODWALL

1: 1 CONCRETE
SIDE SLOPE

FLOODWALL W/

~G~B~ON MAITRESS

SANDY
BonOM

130'---iSY FB

REACH 20

REACH 19

8'

SANDY BonOM

SAND BonOM

1:1 CONCRETE
SIDE SLOPE

Ir---.. --140'±---1

NATURAL
SIDE SLOPE

NATURAL
SIDE SLOPE
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STA. 232+50-240+78
n= 0.022

REACH 21 ~~~)-
..: V'oo= 29

~""-'------------~~~~~I_ • Sections ook downstream

•
R t P W h

. Levees may be covered with
- e a a ass as fill and revegetated in areas.

• F.8.= Freeboard
8 -~I Typical Section Variations . TO = Toedowngj," •• Not to Scale

The Desert Greenbelt Reaches 19 thru 21 Greiner Figure _1.4
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STA. 244+00-260+00
n= 0.021
S= 3.37%
v100 = 32

CONCRETE SIDE SLOPE

FLOODWALL

2: 1 CONCRETE
SIDE SLOPE

SANDY BOnOM

SANDY
BOnOM

REACH 23

F.B. 3'-3.5'

1:1 CONCRETE
ROCK/SANDy1TO ~ c;J::.) SID E_r-.:::::.S.=:LO~P-=E=-- ----J

BOnOM ~. STA. 240+78-244+00
"{'" n= 0.021

REACH 22 ~ to:3j;

3'-3.5'
--'-------- 325'± --------1

F.B. 3'-3.5'

I--I-----'---~~-11 O'± ------

1: 1 CONCRETE
SIDE SLOPE

2: 1 CONCRETE
SIDE SLOPE

r--------- 200' - 400' --~-----I

CONCRETE SIDE SLOPE
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STA. 260+00-269+59
n= 0.039
S= 2.73%

REACH_ 24 V100 = 14

~,_r--------------~~~~I_ • Sections look downstream

•
R t P W h

. Levees may be covered withea_ a ass as fill and revegetated in areas.
• F.B.= Freeboard

8 --~I Typical Section Variations . TO = ToedowNot to Scaleg" .. ,
TheDesertGreenb~t Reaches 22 thru 24 Greiner Figure 1.4
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-
STA. 273+19-277+50
n= 0.00.03
S= 3.3%
V100 = 22

STA. 269+59-273+19
n= 0.025 ­
S= 2.47%
V100 = 19

1: 1 CONCRETE
SIDE SLOPE

1: 1 CONCRETE
SIDE SLOPE

F.B. 3'-3.5'

~ NATURAL SIDE SLOPES

545'± ---------l-.e....~-::;:s

REACH 26

REACH 25

1: 1 CONCRETE
SIDE SLOPE_

1:1 CONCRETE
SIDE SLOPE

NATURAL SIDE SLOPES / SANDY/DESERT SHRUB
BED

STA. 277+500 +
n= 0.035
S= 2.7%

~ REACH 27 V100 = 12
~..._.------------=----=secdons~dOWnStream-_ • Sections look downstream

•
R

. Levees may be covered with
eata Pass Wash fill and revegetated in areas.

• F.B.= Freeboard

~ _~I Typical Section Variations . TD = Toedown
~"... ., Not to Scale

The Desert Greenbelt Reach 25 through 27 Greiner Figure 1.4
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SOIL CEMENT
SIDESLOPE

STA. 18+00-35+88
n= 0.030
S= 2.72%
v, 00 = 19

NATURAL
SIDESLOPE

,..=.---=------1
STA. 35+88-54+93
n= 0.053 -
S= 3.01%
V100 = 8REACH 2

REACH 1

-COBBLE BED

4'

- GRAVEL BED

5'

r------- 300' ±-------1-1

NATURAL
SIDESLOPE

1: 1 SOl L CEM EN T ~;\r-~-~ .,------"V---_- ~.L--~---ww

SIDESLOPE

""01
01

OJ
o
u
2
o
u

Ul

<3
ci

<Xl
n
u
0-

W

<5

~"'_'-------------=--S;~~~~I_ • Sections look downstream

•
N th B d 1 W h . Levees may be covered withor . ear s ey as fill and revegetated in areas.

• F.B.= Freeboard

~ ~I Typical Section Variations . TO = Toedown<j.': _, Not to Scale

The Desert Greenbelt Reaches 1 and 2 Greiner Figure 1.4
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STA. 100+00-170+60
n= 0.045
S= 1.73%
V100 = 10

STA. 170+60-200+00
n= 0.049
S= 3.60%
V'oo= 12

3'-3.5'

1:1
LEVEE

F.B. 3'-3.5'

COBBLE BED

BED

REACH 1

REACH 2

COBBLE BED

1...._1-------- 170±' -----\---0-1

f----------- 290±' ------------1
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STA. 200+00-255+70
n= 0.050
S= 4.54%

..: REACH 3 V100 = 14 _

~~_.---------------:-s,~~~~~_ • Sections look downstream

•
S th B W h

. Levees may be covered with
au eardsley as fill and revegetated in areas.

• F.B.= Freeboard;: -~I Typical Section Variations . TO = ToedowNot to Scale
'3-rr ."

The Desert Greenbelt Reaches 1 thru 3 - Greiner Figure 1.4
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~"'_~------------:-S~~~~I_ • Sections look downstream

•
S th B d 1 W h

. Levees may be covered with
au ear s ey as fill and revegetated in areas.

• F.B.=· Freeboard

;;,.,~ Typical Section Variafions . TD = Toedown Not to Scale

The Desert Greenbelt Reach 4 Greiner Figure 1.4
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- - - - - - - - - - - - - - - - - - -

N/A

4

4

3

N/A

N/A

N/A

N/A

3

4

5

5

6

6

7

6

7

7

6

N/A

N/A

N/A

N/A

5

4

N/A

N/A

2

4

4

N/A

N/A

N/A

N/A

N/A

N/A

N/A

3:1

3:1

1:1

1:1

N/A

N/A

3:1

3:1

1:1

1:1

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

1:1

1:1

2:1

N/A

2:1

2:1

N/A

N/A

N/A I

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete (1)

Concrete (1)

Concrete dl
Concrete <1 l

N/A I
N/A

Earth

Earth

Concrete

Concrete

N/A

1:1 Levee

1:1 Levee

1:1 Levee

Vert. Wall

Vert. Wall'

N/A

Vert. Wall

Vert. Wall

Vert. Wall

N/A

N/A

N/A

1:1 Levee

N/A

N/A
I

1:1 Levee

1:1 Levee

1:1 Levee

1:1 Levee

1:1 Levee

1:1 Levee

1:1 Levee

1:1 Levee

1:1 Levee

1:1 Levee

,1:1 Levee

N/A

N/A

N/A

N/A

N/A

N/A

Soil Cement

Concrete

Concrete

Concrete

N/A

N/A

N/A

N/A

Soil Cement

Soil Cement

Soil Cement

Soil Cement

SoiiCement

SoiiCement

Soil Cement

SoitCement

Soil Cement

Soil Cement

Soil Cement

Concrete (3)

N/A

Concrete (4)

N/A

N/A

N/A

N/A

N/A

N/A

N/A

140
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N/A

N/A

15 (2)

15 (2)

280

280

NIA

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

100

100

75

N/A

90

110

N/A

280

160

100

250

140

140

140

360

445

495

545

445

395

280

445

545

545

430

330

330

190

285

110

150

100

100

320

280

260

110

525

6.35

6.40

6.40

6.40

0.88

0.88

0.88

0.59

1.03

1.03

1.03

2.00 '

1.90

1.90

1.90

2.40

2.30

2.30

1.20

0.70

0.70

1.00

1.00

1.00

1.00

1.90

1.90

11.00

11.00

12.00

12.00

6.88

6.88

6.84

6.84

8.20

3.25

3.25

3.25

12.56

12.56

12.56

8.82

10.80

10.80

10.80,
3.42

3.84

6.16

6.16

12.50

3.94

3.94

10.40

5.44

5.44

5.09

5.09

,12.69

12.69

2.92
I
2.92

0.0173

0.0360

0.0459

0.0454

0.0035

0.0187

0.0187

0.0187

0.0177

0.0177

0.0196

0.0196

0.0094

0.0789

0.0196

0.0266

0.0228

0.0267

0.0229

0.0229

0.0419

0.0335

0.0245

0.0176

0.0339

0.0370

0.0370

0.0273

0.0247

0.0330

0.0270

0.045

0.049

0.050

0.051

0.030

0.030

0.030

0.044

0.050

0.042

0.044

0.049

0.025

0.015

0.050

0.051

0.048

0.048

0.050

0.050

0.047

0.044

0.037

0.027

0.022

0.021

0.021

0.039

0.025

0.030

0.035

Table 1.1
Reach Hydraulic and Design Parameters

0.8

1.2

1.5

1.3

0.5

1.9

1.6

1.1

0.7

1.3

1.1

0.9

1.6

2.9

0.9

1.1

0.9

1.2

0.9

1.2

1.2

1.4

1.5

1.9

2.4

I 2.9

2.5

1.3

1.6

1.6

1.7

8

19

19

14

12

12

12

12

15

32

11

12

12

14

15

15

18

17

19

19

29

30

32

14

19

22

12

10

,12

14

11

5.0

4.0

4.5

4.0

10.0

7.0

7.0

7.0

6.5

7.0

6.0

6.0

5.0

4.0

6.0

6.0

6.5

6.0

6.0

6.0

6.5

6.0

8.0

8.0

7.0

7.0

8.0

6.0

6.5

6.5

5.0

4,915

3,800

3,800

3,800

15,265

15,265

15,265

15,265

15,265

12,814

12,814

12,814

12,814

12,814

12,814

12,814
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2.0 Hydrologic and Hydraulic Analysis Methodology

2.1 HEC-1 Hydrologic Modeling

The selection of the design model was revised from the CLOMR due to FEMA's concern regarding
the inflow of floodwaters into the upstream ends of North and South Beardsley Washes. The
CLOMR used Model REAT3 for the design flow- of North Beardsley and Reata Wash. - -

Two natural diversions occur within-the upper South Beardsley Wash. In existing conditions, one­
third of the flow from $ub-basin 2070 enters sub-basin 2065, while the remaining two-thirds
continue into sub-basin 2130 (see Figure 2.1). At the outlet of sub-basin 2130, currently a small
amount of flow diverts into sub-basin 2080B during larger flood events, while the main portion of
flow enters sub-basin 2135. Model REAT3 simulates both diversions and routes flows along the
proposed Greenbelt channels.

Model REAT3 presumes that flow which breaks out from South Beardsley Wash at sub-basin 2070
and travels into sub-'basin 2065 is all naturally conveyed into the upstream end of North Beardsley.
In reality, some of this break-out flow has the potential of heading to the west, thus never entering
North Beardsley Wash. In order to contain this break-out and eliminate potential flooding to the
west, a short levee is now proposed on the north side of the upstream end of South Beardsley
Wash (see addendum 10-Percent Plan Sheets SB7 and SB 8). Model REAT3A simulates the total
flow containment within South B~ardsley Wash resulting from this proposed levee.

-
The final model chosen fo[ design purposes on all channels is Model REATA~A. This model cuts
off both of the existing natural diversions with proposed levees and forces all flows into South
Beardsley Wash (sub-basin 2070 into 2130, and sub-basin 2130 into 2135). North Beardsley Wash
and Reata Wash below the confluence with North Beardsley use the results of Model REAT3A
under the condition that the diversion cut-off leyees are in place and that the east Reata levee is
not constructed prior to these cut-off levees being installed as discussed in Section 1.5. Table 2.1
provides peak flow information for Model REAT3A.

2.2 HEC-2 / HEC-RAS Hydraulic Modeling

2.2.1 Revisions to Models

The original hydraulic model for the CLOMR was developed using the HEC-2 program. HEC-2 has
still been used as the base model for cross-section assembly, however, HEC-RAS has now been
used to produce the final water surface profiles for the Reata Pass / Beardsley Wash system. The
cross-sections have been completely revised for the main Reata channel since the original CLOMR
submittal. The cross-sections for the North and South Beardsley Washes have not been changed
from the original model, however, South Beardsley has been extended further upstream to
incorporate the new levee mel}tioned in Section 2.1. On the main Reata channel, new cross­
sections were located perpendicular to the flowline at 150-foot spacing beginning at station 0+00,
located at the outlet in Westworld, and proceeding upstream to station 316+50, north of Pinnacle
Peak Road. These cross-sections are identified by station numbers as shown on the construction
plans, while North and South Beardsley have retained their original numbering system. The new
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cross-sections reflect the 60-Percent Phase I Plans including the four major design revisions
described in Section 1.6.

Table 2.1
100-Year Peak Flows

C42 North Reata Tributary (north of Pinnacle Peak 5,480
Road)

C47.1 Main Reata Tributary (northeast of Pinnacle Peak 5,776
Road)

C50 Upper Reata Downstream from Tributaries 11,236

C2000 Reata Downstream from Local Inflow 11,742

C2060.4 Reata Downstream from confluence with North 12,814
Beardsley

C2160A Reata Downstream from confluence with South 15,265
Beardsley

C2060.1 North Beardsley 3,477
-

C2140B South Be-ardsley Upstream of Thompson Peak 3,800
Parkway

C2160B South Beardsley Downstream of Thompson Peak 4,915
Parkway (Local Inflows)

* see Figure 2.2
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The updated HEC-2 cross-sections were used to establish the HEC-RAS and HEC-6 models.
Bridges were added into the HEC-RAS models at Pinnacle Peak Road, Foothills Drive and Bell
Road. Bridges for Union Hills Drive and Thompson Peak Parkway are not modeled since their
location and configuration have yet to be determined. Since Union Hills Drive does not have natural
containment, as Thompson Peak Parkway does, a future drop structure and downstream excavated
channel have been modeled for conveyance under the future bridge to determine their impact to
the design of the Phase I levees. Alternate cross-sections from the HEC-2 model were not used
in the HE-C-6 model because the -HEC-6program is limited to a maximum-of 15-0 cross-sections.
The HEC-6 cross-sections were modified at each modeled bridge section, using GR data to
simulated bridge piers and abutments.

2.2.2 Design Flows

The concentration points from the HEC-1 model REAT3A, at the locations listed in Table 2.1, have
been used as the design 1OO-year peak flow rates for the water surface profile models. Figure 2.2
depicts the design flow variation throughout the model. The design flows were developed at major
concentration points where large inflows occur.

2.2.3 Upstream Reaches

Cross-sections were located on each of the naturally contained washes located upstream of the
proposed improvements. Sheets CRTA12 and CRTA13, CNB1 and CNB2, and CSB7 (see
Appendix) display the flows modeled upstream of the proposed improvements on Reata Wash,
North Beardsley Wash and South Beardsley Wash, respectively. The cross-section locations,and
stations, within the proposed improvements are presented on the 60-Percent Phase I Plans. The
locations of the cross-sections within the North Beardsley and the South Beardsley improvements
are presented on the floodplain maps submitted as part of th~ original CLOMR package. The
location of the newly proposed upstream levee on South Beardsley is shown on the addendum
10-Percent Plan Sheet 8B7.

2.2.4 Modeling

Overbank stations were located at the outer edge of braided flow in wide sections. In narrow
sections, for incised or excavated channels, the overbank stations have been defined as the top
of bank. As described in the CLOMR Manning's Report and HEC-2 Report, the composite
Manning's n-values for the channel and each ov~rbank were determined from the weighted
average of the horizontally varying Manning's n-values across the cross-section.

HEC-RA8 models were run for subcritical, supercritical and mixed flow regimes. Water surface
elevations from the HEC-RAS subcritical model, generally the critical flow depth since the system
is primarily supercritical, and the maximum water surface elevations from the HEC-6 model were
used as the design water surface elevation upon which the freeboard was added. The freeboard
determination is discussed in detail in Section 6.2. The supercritical and mixed flow models were
used to determine the design velocities and to identify areas of instability, such as areas
susceptible to changing flow regimes and hydraulic jumps. The mixed flow model was also used
to investigate the energy head in relation to freeboard. Results from the HEC-RAS models for each
cross-section are shown in Appendix Table A.1 and the results for each reach are presented in
Table 1.1 and Figure 1.4.
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2.2.5 Existing Versus Future Conditions

Future conditions have been used to determine the design flow rates of the Reata/ Beardsley
system. The design flowrates were obtained from the HEC-1 model REAT3A as mentioned in
Section 2.1. Since growth is occurring so rapidly in North Scottsdale, the City feels it must design
for estimated future conditions.

While the resultant water surface elevations from the future conditions model are greaterTha-n the
resultant water surface elevations from the existing conditions model (REAT1), the differences
between the two are minimal. The maximum difference between the resultant water surface
elevations throughout the system is less than 1.0 feet, while the typical difference is generally less
than 0.5 feet. The minimal increase of the flow depth is mainly attributed to the typically large cross­
sectional widths associated with the Desert Greenbelt system.

2.3 HEC-6 Sedimentation Calibration and Modeling

2.3.1 Introduction and ModeNng Revisions

The original CLOMR package contained models using the US Army Corps of Engineers' HEC-6 ­
Scour and Deposition in Hivers and Reservoirs (Version 4.0, June 1991) to identify the sediment
transport characteristics of the Scottsdale Desert Greenbelt's Reata Pass and Beardsley Washes.
Updated HEC-6 models have been prepared on the most current version of the program
(Version 4.1, August 1993) and are included with the report. This section documents the
approaches, assumptions and methodology used to develop the HEC-6 model and describes the
varying effects of the many parameters associated with the models. Due to the limitations of the
HEC-6 program, Sout~ Beardsley Wash was modeled separately from the Reata Pass Wash and
was included_ in the Reata Pass Wash model as a local inflow concentration point.

Nine models were initially developed for the original CLOMR using the various sediment transport
relationships proVided by the HEC-6 program (Version 4.0, June 1991). A singular model was
developed for each of the nine following relationships:

Toffaleti (1966)
Madden's (1963) Modification of Laursen (1958)
Yang's (1973) Streampower for Sands
DuBoy's (Vanoni 1975)
Ackers-White (1973)
Toffaleti and Schoklitsch (1930) Combination
Meyer-Peter and MOiler (1948)
Toffaleti and Meyer-Peter and MOiler Combination
Madden's (1985, unpublished) Modification of Laursen (1958) Relationship

A statistical analysis was performed on the results of the nine models. The single best model of the
nine for the Reata / Beardsley Washes was selected from a statistical analysis in which the models
were compared to input testing criteria. Yang's Streampower Relationship for Sands best met
the testing criteria and was chosen for the final model. The testing criteria, assumptions and
approximations established by the Desert Green~elt design team for the statistical analysis are
discussed in detail in Section 2.3.7 of this report.
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As part of the current Phase I pesign, the initial HEC-6 model has been updated to incorporate
additional information and input parameters for the model. An extensive geotechnical testing
program was performed by AGRA Earth and Environmental, Inc., for the Desert Greenbelt Project
to supplement the original sediment analysis report included in the CLOMR submittal. Additional
gradation analyses were performed as part of the testing program at numerous locations along the
channel centerline and on the overbanks of the Reata Pass Wash which are included in the
updated model (see Appendix for gradation test results). Also, the new cross-sections for the Reata
Pass Wash, as mentioned in Section 2.2.1, were included in the revised ~EC-6 model. To
accommodate the limitations of the HEC-6 program, alternate cross-sections were deleted to meet
the maximum 150 cross-section count. To address the concerns of several reviewers, an equal
spacing of 300 feet between cross-sections was used wherever possible. The spacing -was
adjusted at unique locations, such as bridges and drop structures, to ensure the structures were
accounted for in the model.

Four new, unique HEC-6 models were developed to reflect the updated conditions based on the
60-Percent Phase I Plans. The South Beardsley Wash geometry has been extended further
upstream but is still modeled separately from the Reata Pass Wash model where it is included as

- a local inflow concentration point. Each model was- developed using HEC-6 (Version 4.1, August
_1993) for the following sediment transport relationships:

Yang's (1973) Streampower for Sands
Ackers-White (1973)
Madden's (1985, unpublished) Modification of Laursen (1958) Relationship
Copeland's (1990) Modification of Laursen's Relationship (Copeland and Thomas, 1989)

Based on the initial statistical analyses performed for the original CLOMR submittal, three of the
nine investigated methods were selected for the updated modeling. These three methods were als9
selected based on their comparability and on testing criteria to be described. In addition-to these
three, the Copeland model was also selected because it is a new method provided in the HEC-6
Version 4.1 program. Once again, the results from these four, updated condition models
demonstrate the Yang's Streampower Relationship for Sands was the best at meeting the testing
criteria established for the statistical analysis as discussed in detail in Section 2.3.7.

2.3.2 Hydrology

The input hydrographs used for the HEC-6 models of varying storm frequencies were_based on the
resultant hydrographs from the HEC-1 model for the Reata Pass I Beardsley Washes (HEC-1
Model REAT3A). However, because of the differences between the two programs in the way each
establishes and uses the storm hydrographs, the HEC-1 output hydrographs often required a time
phase adjustment for the HEC-6 application. The HEC-1 program establishes the hydrograph for
each tributary based on the beginning of the storm event and routes the hydrograph through the
main wash. The hydrograph used by the HEC-6 program is based on an instantaneous time step
and a combination of the contributing tributary hydrographs.

The following example is best used to describe the adjustment of the HEC-1 hydrographsfor
application in the HEC-6 model. The HEC-1 program may calculate the occurrence of the peak flow
_within an upstream tributary of the main wash at, say, the sixth hour of the storm event. Likewise,
the HEC-1 program may also establish the occurrence of the peak flow at the sixth hour of the
storm event for a tributary located further downstream along the main wash. The HEC-1 program

SCOTTSDALE DESERT GREENBELT

Supplemental CLOMR Report 28



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

routes the flow from the upstream tributary through the main channel to the confluence with the
downstream tributary. The resulting hydrograph for the main channel downstream from the
confluence will reflect the attenuation of the flow routing from the upstream tributary to the
downstream tributary. The peak flow for the main channel will generally be less than the sum of the
peak flows for the contributing tributaries, and the occurrence of the peak flow within the main
channel will generally be later in the storm event than the tributary peak flows.

The input hydrograph for-the HEC-6 program begins at the furthest downstream section of the main
channel, which also has the greatest flow rate, and proceeds upstream along the main channel.
The hydrographs from the contributing tributaries are subtracted from the main channel hydrograph
at the appropriate confluence points. Sin-ce the peak flow within the main channel will not occur
simultaneously with the peak flows of the tributar~es, the time phasing of the contributing
hydrographs must be synthetically adjusted for the HEC-6 program application. Adjusting the time
phasing of the contributing hydrographs will ensure that the overalLhydrograph for the main channel
is consistent with the hydrograph of the main channel resulting from the HEC-1 program.

Figures 2.3 and 2.4 are used to present the time phase adjustment. Figure 2.3 represents the real­
-time hydrographs resulting from the HEC-1 model. The local flow, North Beardsley, South
Beardsley and Upper Reata hydrographs represent the input hydrographs that were summed to
develop the downstream HEC-6 input hydrograph. The downstream HEC-1 output hydrograph is
from the same location as the HEC-6 input hydrograph. Ideally, these twohydrographs would be
the same, but as shown on Figure 2.3, the HEC-6 hydrograph is quite different from the HEC-1
hydrograph. Figure 2.4 displays the phase adjusted hydrographs. The HEC-6 input hydrograph
and the HEC-1 output hydrograph are quite similar. Some differences between the hydrographs
still remain, but the differences are well within toleration.
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2.3.3 Geom_etric Setup

The geometric configuration used in the HEC-6 model for the Reata Pass Wash was obtained from
the revised HEC-2 model cross-sections for the wash as described in Section 2.2. The HEC-2
geometry data were modified for compatibility with the HEC-6 program. The HEC-2 bridge and
culvert cards were replaced in the HEC-6 model with ground data cards used to mimic the piers of
bridges and box culverts.

---.- _.-

The depth of the movable bed limits used for all erodible cross-sections was set to the HEC-6
program default value of 10 feet. The movable bed limits depth for all non-erodible cross-sections
was O. The width of the active bed layer was permitted to fluctuate based on the flow depth. The
erodible channel area was confined between the established left and right banks for each cross­
section, or to the limits of scour protection for cr6ss-sections designed to have levees or floodwalls.

2.3.4 Bed Gradations

Bulk soil samples and boring soil samples collected throughout the Reata Pass Wash and
Beardsley Washes were used to Classify the soil and establish soil gradations at various locations
within the river system. Bulk soil samples were collected by hand at grade, as well as from spoils
obtained at varying depths using a backhoe. Soil samples from borings were also collected at
varying depths as reported in the soils report prepared by AGRA.

The soil sample gradations were established using standard ASTM methods and redistributed for
application into the HEC-6 program. The redistribution of the soil gradation was based on the
standard soil distribution used by the HEC-6 program provided in Appendix A (14 card, page A-32)
of the HEC-6 User's Manual. Since the finest material classified using the mechanical sieves is
0.075 mm ~the number 200 sieve), the material reported finer than 0.075 mm was included in the
Very Fine Sand classification for the HEC-6 models. -

The soil gradations were input into the HEC-6 model at the nearest cross-section station from which
the physical sample was collected. Multiple soil samples were collected at various depths across
the same cross-section. The samples were used to compare the consistency and uniformity of the
soil with depth and spatially across the wash.

The predominant soil classification throughout the wash consists of well-graded sand (SW) and silty
sand (SM) with some coarser, gravelly soils located intermittently throughout the wash. Generally,
the surficial soil layer within the thalweg of the washes tends to be slightly more coarse than the
underlying soil and the soil located in the overbanks of the wash. An average-soil gradation was
input into the HEC-6 models where multiple samples had been collected from the same c-ross­
section. Since the soil gradations included in the HEC-6 model were sampled from depths ranging
between 0 and 10 feet below the existing grade, consistent with the active layer bed depth provided
in the HEC-6 models, the averaging of the soil gradations would ensure the appropriate grain-size
distribution throughout the active bed layer had been accounted.

2.3.5 Calibration Model Development

Due to the lack of measured physical data for the wash system, it was necessary to synthetically
develop a unique inflow sediment loading table for each of the nine sediment transport relationships
considered for the project. These inflow sediment loading tables were established utilizing an
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iterative balancing process described in Section 2.3.6. In order to perform this iterative process,
nine calibration models were initially developed as part of the original CLOMR submittal using the
HEC-6 Version 4.0 program. Subsequehtly, four updated calibration models were developed using
the HEC-6 Version 4.1 program as part of this supplemental report.

The calibration models were developed for the Reata Pass Wash, the North Beardsley Wash and
the South Beardsley Wash. All of the calibration models were developed using 10 to 15 cross­

-sectionsTrom the upstream portion of each respectTve wash. These cross-sections were located,
upstream from the proposed improvements, within confined portions of the watercourse that were
considered to be hydraulically stable. -

The cross-section geometry and the appropriate bed material gradations were incorporated into
- each calibration model. The hydraulic rating curve for the calibration model was established from

the water surface elevation results of a HEC-2 model that was specifically developed for the
calibration model cross-sections. The flow rates for the rating curves varied from 0 to 16,000 cfs,
the upper limit representing the maximum flow rate used in the sediment loading table. The initial
inflow sediment loading table for the calibration models was evenly distributed over the ten grain­
size classifications used for the HEC-6 progra-m, and the initial sediment inflow load rate was
5 percent of the total flow rate, by volume.

The hydrograph and flow rates (O,T and X cards) used in the calibration models were based on the
flow rates used in the sediment loading table. A unique flow rate and time-step was included in the
hydrograph for-each flow rate provided in the sediment loading table. Since the flow rates of the
sediment loading table included 1,50,100,500,1,000,5,000 and 16,000 cfs for the main channel,
a unique time-step was included in the hydrograph for each of the seven flow rates.

The range of flow rates for the inflow sediment loading table was chosen based on the hydrograph
for the Reata Pass Wash. The flow rates ranged from the smallest possible flow rate within the
wash to a flow rate slightly greater than the peak flow rate estimated for a 1OO-year frequency storm
event. The distribution of the flow rates was more heavily weighted toward the lesser flow rates for
several reasons. The overall output results will be f!1ore sensitive to the change in flow rates within
the lower region of the scale because of the "log-log" distribution relationship of the sediment
capacity curve (sediment flow rate versus hydraulic flow rate). Also, the assumptions and
approximations that were established to determine the applicability of the overall model, as it
relates to the existing field conditions, were more heavily weighted to flow rates within the lower
range of the scal~. The assumptions and approximations used to assess the validity of the program
will be discussed in detail in the following section.

Each time step of the calibration models consisted of a 0.001-day (1.4-minute) time increment and
a 0.007-day (10-minute) time duration for the unique flow rate. The time increment was chosen
based on an average velocity (14 fps) and an average cross-sectional spacing (300 feet) for the
Reata Pass Wash. The resulting average time of travel between the cross-sections is 21 seconds
(0.00025 days). The time increment was increased to 0.001 days during the calibration phase for
purposes of efficiency. The effect of the time increment variation on the final calibrated sediment
inflow loading table was insignificant. The 0.007-day time duration was chosen based on the
averaging of flow rates resulting from the HEC-1 program hydrograpbs as discussed in­
Section 2.3.2. Since the HEC-1 output was based on 5-minute intervals, two consecutive flow rates
were averaged for the HEC-6, 0.007-day, time duration hydrograph.
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2.3.6 Iterative Process to Finalize Inflow Sediment for Simulation

An iterative process was performed on each of the nine calibration models developed for the
original CLOMR submittal and on each of the four calibration models developed as part of this
supplemental report. The purpose of the iterative process was to balance the sediment inflow with
the sediment outflow for the upper reach described in Section 2.3.5.

---.he iterative process developed by the design team is based on an assumption that the small,
upstream reach of the wash used for the calibration model is hydraulically stable, essentially in
equilibrium with the surrounding environment, and will not undergo a significant change for a single
storm event. This assumption seems reasonable given that the upper portion of the wash is mature,
well-defined and has been established for a long period of time. The design team feels this is the
most reasonable approach to establish the sediment inflow loading tables for the HEC-6 models
given the lack of physical sediment data for the wash and the lack of published material for
watercourses similar to the Reata Pass Wash.

The iterative process used to establish equilibrium between the sediment inflow and the sediment
outflow for the calibration models is described as follows. A conseNative, high-end inflow sediment
loading table was created for the initial HEC-6 program run. Upon completion of this initial run, the
program generated sediment loading table was compared to the input table. If the differences
between the input sediment loading- table and the output resultant sediment loading table are
significant, more than a 2 percent difference for any grain-size interval, the output resultant
sediment loading table of this first iteration is then used as the input sediment loading table for the
second iteration (see Appendix B).

The iterative process is continued until an approximate equilibrium state is achieved. A balanced,
equilibrium condition is considered to be achieved when the change is negligible between the input
sediment load table and the -resultant outflow sediment load table.

An assumption was made that the final sediment loading table from the iterative process would
accurately represent the sediment inflow into the main Reata Wash. Because of the lack of
volumetric sediment data for the Heata Pass Wash, as described above, this assumption was
required to establish the initial sediment loading data for the HEC-6 program used to model the
main wash. The sediment composition and volumetric sediment concentration associated with the
final resultant sediment loading table is used to simulate the entire upstream watershed for the
main wash.

To make this assumption valid, the upstream reach used for the calibration model would be
required to be sufficiently long enough, approximately one-half mile, to establish a sediment loading
table that would be representative of the upstream conditions. The sediment bed data for the
calibration models was obtained from field soil samples collected within the upstream reach. The
final sediment composition, gradation distribution, and volumetric sediment concentration resulting
from the iterative process was significantly influenced by available bed material and the input
sediment loading table used to seed the calibration model. Since the inflow sediment load table is
adjusted throughout the iterative process, it is also influenced by the available bed material in the
upstream wash. Providing a reach length su1ficiently long enough would ensure the calibration
model had processed the available bed material with the inflow sediment loading table enough
times to adequately affect the outflow sediment loading tables. rt the reach length was not long
enough, the sediment outflow loading table would be unduly influenced by the sediment inflow
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loading table, creating an undesirable effect since the inflow loading table was conservatively
developed without consideration to the field conditions. The use of a sufficiently long upstream
reach, in conjunction with the iterative process, provided the means to obtain representative
sediment loading data for the upper watershed.

The results of the iterative process were similar for all of the calibration models investigated. The
final, equilibrated volumetric sediment concentration (j t02 percent) was consistently lower than
the initial sediment concentration .(5 percent) used to begin fhelterafive process. This condition Was---­
exhibited for every transport re1allonsFiip model that was calibrated. The potential exists for the 1_-

_I_ upper wash to carry greater sediment concentrations, but since the field soil samples indicate that
-- the amount of the appropriate grain-size material is not available in the upper wash, this carrying

potential cannot be achieved. .

2.3.7 Verification and Model Assessment

The verification process is based on the assumption that, through the main channel, the sediment
bed gradation at a given cross-section resulting from the routing of a small, frequent storm event
will essentially be unchanged from the original bed gradation prior to the routing of the storm. This
condition assumes the wash has often been subjected to frequent storm events and the bed
material gradation relative to these frequent storms is mostly unaffected.

To verify the performance of the calibrated models, a 2-year frequency storm was routed through
the entire main channel for each calibrated model. The calibrated inflow sediment loading table
developed for the sediment transport relationship to be analyzed was input into a HEC-6 model
established for the entire wash system, including the main channel, the North Beardsley Wash
(tributary), the upper tributary, the South Beardsley Wash (local inflow) and the upstream local
inflow point. The resulting bed gradations output from the HEC-6 program ware compared to the
input field soil sample gradations for verification of the calibrated models.

An overall analysis of the bed change was also conducted during the verification process. The
verification models were analyzed for overall bed changes resulting from the routing of the 2-year
storm event. As the bed changes were generally consistent between the various analysis methods
being considered, none of the models were disregarded based on the bed changes.

To assess the overall performance of the verification models and choose the best sediment
transport relationship for the Reata Pass Wash, a statistical analysis was conducted on the input
bed sediment gradations and the resulting output sediment gradation at various cross-sections
along the wash. An r-correlation statistic was used to evaluate the "fit" of the model. The "best fit"
is an index value used for ease of comparing the r-correlations. The best fit index value is as
follows:

Best Fit = (100 - (100 * r-correlation)

The smallest index value resulting from this "best fit" equation indicates that the most appropriate
output data are being analyzed when compared to the original input data. A best fit value of zero

-would correspond to an r-correlation value of 1, which is defined as a perfect fit to the input data.

.The results of the best fit statistical analysis for Reata Pass Wash are presented below in Table 2.2.
The resulting bed gradations and input bed gradations were compared for each cross-section
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where a soil sample had been collected in the field. The statistical mean (IJ) and sample standard
deviations (0) presented in the table below are a result of the best fit data comparison for all the
cross-sections considered in the verification model.

Yang's Streampower Relationship for Sands, Method 4 of the HEC-6 program, produced the lowest
average best fit data, as well as the lowest standard deviation of the best fit data. From this
statistical analysjs, the design team selected the Yang's Relationship for modeling sediment
transport within the Reata Pass Wash and Beardsley Wash system. The following section further
explores the applicability of Yang's Relationship for conditions inherent to this project.

4.46

3.41

6.96

4.11

4.85

6.04

3.6-1

Table 2.2
Best Fit Statistical Analysis for Reata Pass Wash

Ackers-White (Method 7)

Copeland's Modified Laursen (Method 14)

Yang's (Method 4)

Madden's Modified Laursen (Method 13)
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3.0 Applicability of Yang's Relationship and
Supercritical Flow Analysis

--3-.-1---b.iteFature-and Cor-respondenee

As discussed in the previous section, Yang's Streampower Relationship was chosen for use in
HEC-6 modeling. The selection of Yang's relationship is based on the calibration and verification
methodology procedure _outlined in Section 2.3. Reviewers have raised questions on the
applicability of Yang's relationship to the conditions (supercritical) of Reata Pass / Beardsley Wash.
To address these concerns, Dr. Chih Ted Yang, currently with the USBOR in Denver and not
affiliated with the project, was conta.cted for his opinion on the use of his equation for Reata's
conditions. Dr. Yang stated that he feels his equation is the best available for use with supercritical
flows. He referred to an article (see Appendix) which he co-authored that compared eight different
transport equations for their accuracy of predicted results versus measured results. One-thousand
one-hundred nineteen (1,119) sets of laboratory data and 319 'sets of field data from numerous
independent sources were used for the comparisons. One parameter investigated was the
accuracy of the equations relative to several ranges of Froude numbers including supercritical flow.

The relationships compared in this article are Einstein (1950), Laursen (1958), Engelund and
Hansen (1967), Toffaleti (1968), Colby (1964), Ackers and White (1973},and Yang (1973). Table 4
and Figure 2 of the article relate the accuracy of the methods for Froude 'number. The article uses
an accuracy ratio of R::: Concentration predicted / Concentration measured. Yang's relationship
is the most accurate for supercritical flow with an average R of 0.98 for Froude numbers of 1.0 to
4.0. Yang's is the second best relationship for subcritical flow with average Rs of 1.02 and 1.27 for
Froude numbers of 0.5 to 1.0 and 0.18 to 0.50, respectively.

3.2 Result Comparisons for Yang's Streampower Equation

Sediment calculations were prepared manually for the Reata Pass Wash using Yang's
Streampower equation for sands. The results from the manual calculations w_ere used for

, comparison to the results from the HEC-6 program using Yang's Streampower equation. The
manual calculations were performed using the 100-year storm event, the proposed geometric and
physical data for each of the 27 reaches described in Section 1, and the sediment data collected
throughout the wash.

The manual calculations were performed using the hydraulic characteristics associated with normal
flow in each reach. Time steps similar to the application of the HEC-6 program were used to
simulate the hydrograph for the 100-year storm event. Yang's equation was used to solve the bed
material concentration for each reach using the hydraulic parameters for the normal flow with the
corresponding sediment data. The material concentrations were calculated at each reach for the
flow rates in the storm hydrograph.
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Figure 3.1 presents the resulting volumetric sediment concentrations from the HEC-6 model using
Yang's equation and from the manual calculations using Yang's equation for three specific reaches
of the Reata wash. The results from the manual calculations were consistently less than the results
from the HEC-6 program. While a number of reasons account for the discrepancy between the data
sets, the most significant reason for the difference is related to the method of calculation. The
HEC-6 program is a well-established finite difference program that accounts for continuity both
spatially between cross-sections and temporally between time steps of the hydrograph. The manual
calculation was established to provide spatial continuity only. - -----.~

The manual calculations performed basically substantiate the results of the HEC-6 program and
verify the volumetric sediment concentrations for the wash. As seen in Figure 3.1, the two resulting
data sets are quite similar given the differences in the calculation procedures discussed above. The
volumetric sediment concentration results from the HEC-6 program are greater than toe results
from the manual calculations and therefore represent the more conservative condition. The manual
calculations support the results from the HEC-6 program and indicate the volumetric sediment
concentration throughout the wash is less than 2 percent.

3.3 Theoretical Upper Limit of Sediment Concentration

In their letter of December 4, 1995, to the City of Scottsdale, FEMA proposed a simplified
calculation to determine'a theoretical upper limit of sediment concentration in supercritical flow
conditions. The thought behind the proposed equation is to use the energy grec;l~(m c[i!jgJ.l_.·
energy to transport sediment rather than conveying water.-Critical energy represents the minimum
energy-requtreCl fo"mE.':!~~~~~r. 'Ad~W~_~~e1!~£J2!inflQiiiriigIit:e:aIliIiiiS
SifffP'tmea=eaJet.1tati~T1'fe most obvious perhaps is that, as water moves from supercritical to
critical, velocity decreases. As velocity decreases, sediment transport decreases in all relationships.
However, the theory ·can be used to approximate an upper limit (or potential worst case) of
sediment transporra:s-~I'VtA-~h~a:S"~pt5intE'ct..'Out·if-·arr·aaclTnonarseaiment is considered to be
suspended, the effect on water surface elevation can be determined.

The simplified calculation equates the kinetic energies of supercritical flow and critical flow:

where mw and mm are the masses of water and material, respectively, and Vs and Vc are super­
critical and critical velocities, respectively. Since some sediment concentration is expected for
supercritical flow, in our analysis of this equation, we used Yang's relationship to determine
sediment concentrations at the supercritical condition. This changes the equation to:

Reata contains two basic types of reaches: wide, natural sections and narrow, excavated sections
(see the Appendix for the calculations and results). For the wide, natural sections, an 8 percent
increase in total flow volume due to the additional sediment translates to a 0.7-foot increase in
water surface elevation. For the narrow, excavated sections, a 26 percent increase in total flow
volume translates to a1.7-fooflncrease in water surface elevation. Bothof these theoretisg!JdPper
limits on water sUrfa~rewTffiTritfiefre-eboardProvrae-d·:·-"-·-··"~--·_·"·"-·-·"._.~... .
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Figure 3.1
Hand-Ca/cu/§ltion Comparisons for Reata Pass Wash
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4.1 Inflow Sediment Loading Table

4.0 Sensitivity Analysis of the HEC-6 Model

9.63

8,29

1.81

1.19

0.88

0.33

Measured

Measured

Storm Peak

End of Storm

A number of HEC~6 models~were generated to determine fhe sensitivity-of the existing model as
it relates to the inflow sediment loading table. The sediment loading table that had been developed
from the calibration and verification process described in Sections 2.3.4 through 2.3.7 and used in
the HEC-6 model revised per the 60-Percent Plans consisted of sediment concentrations ranging
between 1 and 2 percent of the flow rate, by volume. There- has been concern expressed by several
pro~~!_.L~viewers that this 1 to 2 percent seemed low. Typrcally~thElvofi.jmetrrc'·-searment
concentratTO·nTor·mC5s1·traf\'SVd'rnrrrarVS~Ts··'Orrlne·oraer of 10 perce·nr·-··7?;:f:>">'""·__····M.WW>."=.~ ....

HEC-6 models were generated with varying inflow sediment concentrations to assess the sensitivity
of the model to the initial inflow loading table. Two additional models were developed for varying
inflow sediment concentrations to compare the output results with the results from the revised
model (60~Percent Plans). One model, referred to as the "overflow" model, increased the revised
HEC-6 model inflow sediment concentrations by 900 percent. The volumetric sediment
concentrations for this overflow model were above 10 percent. Another model, referred to as the
"clean" flow model, was generated with no inflowing sediment. These two models were used to
investigate extreme conditions and to compare their output results with the output of the revised
model.

Table 4.1
Weighted Average Sediment Concentrations for Reata Pass Wash

Table 4.1 presents the results from the extreme model conditions for comparison with the revised
model results. The table indicates the Reata Pas.$ Wash is capable of maintaining, on average, a
volumetric sediment concentration of almost H)-percent for an overloaded, sediment laden inflow.
While the volumetric sediment concentration increases from approximately 1.5 percent to
10 percent for this condition, Figure 4.1 indicates that this occurs only when very fine sand grain­
size material is ten times more prevalent than other grain sizes in the oyerall sediment composition.
A substantial amount of,veryfine sand mustbea"a,ilable,in the upper,re~i,ons.()fthewat~rs~~d to
maln-~rii§Cy;qIy;.i!i~;~fl£;§~gIi!i~i1££Q8£:~~6Ji.@!j§·ii:Ql'~b6urTo'p'ercen't' throughoLifths··n;·aJil·wash:·TtiS·..··,
resufts''from'the geotechnical investigations slgnHy''Yf1afveYy'fi'ne'''saJlo''graIfFslzEHrare'not'a:vailaale
in these upper regions, and therefore the volumetric sediment concentrations are lower than the
values anticipated by the reviewers._
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Figure 4.1
Sediment Concentrations for

Various Grain-sizes for Reata Pass Wash
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4.2 Cross-Section Spacing

The reach lengths between cross-sections used in the updated HEC-6 models is typically 300 feet
except in the vicinity of unique structures, such as bridges and drop structures. The cross-sectional
spacing was adjusted near these structures to ensure their impacts to the hydraulics of the system
were included in the model.

A number of factors were considered for selecting the spacing bfThe cross~secffons. The governing
factor for the selection process regarded the limitation of the HEC-6 program. The program is
limited-to processing a maximum of 150 cross-sections. A 300-foot cross-sectional spacing was
chosen by the design team as the minimum spacing interval that would provide the most accurate
model results and facilitate modeling the wash in its entirety. The program's 150 cross-section limit
is nearly matched considering the main channel length is approximately 30~000feet (100 sections), _
several bridges and drop structures (approximately 12 cross-sections), and two local tributaries
(approximately 25 cross-sections).

The time-step interval of the hydrograph was another parameter that required consideration in
conjunction with the cross-section-spacing. As discussed in Seciton 2.3.5, the average velocity
within the wash is approximately 14 fps, resulting in a time interval slightly greater than 20 seconds
(0.00025 ~ays). The modeling for individual storm events, such as the 1OO-year frequency storm
and the2-year storm, was established using the 0.00025-day time interval. Also as discussed in
Section 2.3.5, the difference in the results of models using different time intervals is essentially
negligible for small values. However, as the time intervals increased in value to approxiamteJy
0.014 days, the difference of the resulting calculated volume of sediment transported and the
resulting bed changes for individual time steps was significant enough that the 0.014-day interval
was no! used in the modeling. The tendency to result in excessively high transport volumes and
bed changes for long time intervals is consistent with the calibration and application techniques
discussed by Thomas, Gee and MacArthur1.

The design team attempted to consistently maintain the cross-section spacing wherever possible,
with variations in the spacing occurring only to ensure that the hydraulic impacts of partiCUlar
structures within the system were adequately accounted for in the model. Understanding the
computational method performed by the HEC-6 program in using control volumes equidistant
between the upstream and downstream cross-sections, the design team felt the change in hydraulic
conditions required more consideration in the HEC-6 model than the maintenance of equidistant
cross-sections. Considering all other input parametes used bY the model including fine time
intervals and consistent, gradually-varying cross-section geometry, the results of the model are
affected more by the variation in flow characteristics than the spacing of the cross-sections.

1T~mas, Gee, and MacArther, US Army Corps of Engineers Training Document No. 13,
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5.0 Extreme Flooding Analysis

5.1 Consecutive Predominant Storm Events

An HEC-6 model was developed using multiple 1O-year frequency storm events. The model routed
ten 10-year storm events through the Reata Pass Wash. From design literature used locally 2,
predominant discharges are most responsible for channel characteristics. The cited dominant
discharge for ephemeral channels is the 5- to 10-year storm. Ten 10-percenl probability storms
were routed to simulate a 1OO-year design timespan. Due to the fact that a regular maintenance
program will be implemented as part of the Reata Pass Wash project, the conditions represented
by this extreme model are not expected to occur, and the results are used -to indicate the sediment
transport tendencies of the wash and identify potential impact areas.

The consecutive storm model indicates the potential for significantly large scour depths in
Reaches 22 through 24, as much as 16 feet in two areas and one to 10 feet in others. The variation
in the scour depth between this model and-the 100-year HEC-6 model is only significant in these
reaches. While scour differences occur in other downstream reaches, the differences range from
oto 3 feet, with predominantly less than one foot of additional scour. The consecutive storm model
indicates the potential for substantial sediment deposition in Reaches 15, 19 and 20, ranging from
4.5 to 10.5 feet. These depths are approximately 4 to 8 feet greater than the results from 100-year
HEC-6 model. The variation in the bed change elevations between the two models is generally less
than 2 feet in all other reaches.

The results from the consecutive storm model indicate the section immediately downstream from
the Pinnacle Peak Road improvements (Station 243+00 to Station 264+00) is most susceptible to
scour, and the next section, extending to Deer Valley Road (Station 228+00 to Station 237+00), is
most susceptible to increased deposition. As described above, the results from this model are used
to identify potential impact areas within the project.

5.2 Probable Cumulative Storm Events

Probable cumulative storm -events were developed from rain gauge data collected for the Upper
Indian Bend Wash (IBW) watershed. Using the statistical relationships for the rainfall probability of
the IBW, a probable hydrograph was developed to simulate a 1OO-year design timespan. As with
the consecutive storm model, the conditions for the cumulative storm event are -not expected to
occur because of the regular maintenance program. The results from this model are used -to
indicate the sediment transport tendencies of the wash, identify potential impact areas, and
compare the results with the results of the consecutive predominant storm model. The hydrograph
for the probable cumulative storm model was developed using a random selection process to
determine the sequence of storm frequency events over a 100-year timespan. To ensure the results
for this extreme modeling condition are consistent and did not fluctuate significantly regarding the
hydrograph and the distribution of the storm frequency events, three unique mo_dels were

2Arizona Department of Transportation Research Center, "Design Manual for Engineering Analysis of
Fluvial Systems," March 1985.
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developed using randomly generated hydrographs. The average of the results from these three
models was then used for analysis.

The results from the three cumulative storm event models show the same tendencies as the
consecutive predominant storm model. The potential for significant scour exists in Reaches 22
through 24, and the potential for significant sediment deposition occurs in Reaches 15, 19 and 20.
The cumulative storm models generally indicate more scour and deposition than the consecutive
storm model including as much as 22 feefscour in two areas, and 2 to 12 feet of scour in other
areas and a to 12 feet of sediment deposition in the respective reaches. The maximum variation
in the resulting bed elevation changes between the two models is approximately 25 percent. As with
the consecutive storm analysTs, the results from the cumulative storm models are used to identify
extreme potential impact areas within the- project.

5.3 Low Roughness / Non-Vegetation Model -

A low-roughness HEC-6 model, using reduced Manning n-values in the calibrated HEC-6 model
discussed in Section 2.3, was developed to simulate a condition where the existing vegetation
within the main wash and the overbanks was possibly removed due to previous extreme flooding
conditions. The results from this model are used to identify potential impact areas within the wash
where a change in normal roughness conditions may induce significant changes in the scour and
depositional values. The low-roughness model was developed using the 1OO-year frequency storm
event, and the results were compared to the 1OO-year frequency model using the normal roughness
values.

A resulting increase in the scour depth predominates throughout the wash for the low-roughness
model. While the change in scour depth is minimal for most areas of the wash, the reduced n-value
model indicates a maximum inyrease in the scour depth of 3 feet in Reach 18. Overall, - the
upstream reaches typicaHy exliibit a to 2 feet of additional scour and the downstream -reaches less
than one foot of additional scour for the 1OO-year storm event.

Since the tendency of the low-roughness model is tq scour, it counters the sediment deposition
process and reduces the depositional elevation. In many cases where sediment deposition is
indicated by each of the previous HEC-6 models discussed, the low-roughness model represents
an unconservative, lower bed elevation. This model is only used for the consideration of toe-down
elevations, not the design of water surface elevations.

5.4 SOD-Year Storm Frequency

An HEC-6 model was developed for the SaO-year storm event using the updated, calibratedYang's
Streampower model for the Reata Pass Wash, as discussed in Section 2.3. The results for this
model are used to identify potential impact areas within the project where the scour elevation,
depositional elevation, and the freeboard design provisions may be exceeded for an extreme storm
event.

The HEC-6 model was used to comp_are the resulting water surface elevations for the SaO-year
storm event with the resulting water surface elevations for the 1OO-year storm event. The elevations
were compared at each cross-section within the model. The model indicates that, at the peak flow
rate for the SaO-year storm, the water surface elevation increases above the 1DO-year peak flow
elevation up to 3.5 feet. The 3.5 feet occurs within Reach 19. On average, the water surface
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6.0 Application to Design

6.1 Water Surface Elevation - Freeboard

. The design water surface elevation is taken ate-ach HEC cross-section from tne highest of the
following:

1. HEC-RAS 100-Year Event Peak, Subcritical Wate(Surface Elevation
2. HEC-RAS 100-Year Event Peak, Critical Water Surface Elevation
3. _ HEC-6 100-Year Event,· Maximum Water Surface Elevation

Per FEMA requirements, a freeboard of at least 3 feet is provided above the design water surface
elevation throughout the system. The one exception is the southwest bank within Westworld
(Reaches 1 and 2) where freeboard is not required since this channel is within the 100-year
floodplain in USBOR DiKe #4 retention basin. For levees, an additional one-half foot of freeboard
is provided at the upstream end. This additional freeboard tapers to zero at the downstream end
of the levee. At least 4 -feet of freeboard is provided immediately upstream and downstream from
structures (bridges, drop structures).

The top elevation of containment structures is based on the required freeboard elevation (see
Figure 6.1). These structures include floodwalls, levees and lined side slopes of excavated
channels. To help in ease of construction, rather than setting the top of structure elevation at each
cross-section, long stretches of equal grades are used. Two points generally at least 500 feet apart
along the structure are connected by a straight grade to create the top 9f structure elevation. These
two points are set so that no point along the top of structure grade is·below the required freeboard
elevation at each cross-section. A result of this procedure is that additional freeboard is provided
at various cross-section locations along the structure.

-

As a result of using the HEC-RAS mixed flow regime model, some areas of hydraulic jumps were
identified. The previous supercritical model shows Froude numbers of 1.0 to 1.2 in these areas.
Critical depth had been used based on this previous modeling for consideration of the design water
surface elevation for these reaches. The mixed flow water surface elevations will now be used in
these reach areas.

Appendix Table A.1 provides information on the design water surface elevations at each cross­
section. As an additional check of the provided freeboard, a value of one-fifth of the specific energy
head, 0.2 (if/2g + y), at each cross-section was calculated based on actual hydraulic depths and
velocities from the HEC-RAS mixed flow regime model.
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6.2 Scour Depth - Toe-Down Calculations

The bottom elevation of containment structures (toe-down) is based on the following. As seen on
Figure 6.1, the first value identified is the thalweg elevation. The thalweg elevation is the minimum
(lowest) bed elevation across a section of the wash based on the 60-Percent Plans. The total scour
depth is calculated by adding the HEC-6 general/long-term scour depth to the sum of all local
scour depths and then multiplying by a safety factor of 1.3. The design scour elevation is then
determined by subtracting the total scour depth from the thalwag elevation. The resulting toe'::-d6wn
depth of the containment structure is then set at least 3 feet below the design scour elevation. The
constructed bottom of s-trudure is determined on the same straight grade approach as discussed
in Section 6.2. For ease in construction, the grades (longitudinal slope) along the top and bottom
of the structure are the same. This allows the use of lifts for soil cement or roller compacted
concrete. Again, a result of this construction procedure is that additional toe-down depth is provided
at various cross-section locations along the structure. Appendix Table A.1 provides design scour
depth and required toe-down elevations at each HEC cross-section.

The term "local scour," as considered in this report, incorporates all scours other than general /
long-term scour (HEC-6). These are bend, contraction, anti-dune trough, low-flow incisement,
abutment, pier, and historic scour. All equations for these are found in the Appendix. Bend and anti­
dune trough scour calculation procedures (note scour is one-half of the anti-dune height) are from
the Arizona Department of Water Resources "Design Manual for Engineering Analysis of Fluvial
Systems." Contraction, abutment and pier scour methods are from "Evaluating Scour at Bridges"
by the Federal Highway Administration. A value of one foot is used for low-flow incisement
(Engineering Design of Fluvial Systems - Simons, Li & Associates). At locations where major
braids or washes are being cut off by proposed containment, an historic scour value of 3 feet was
included for additional p_rotection.

6.3 Containment Structures and Materials

Three basic forms of structural containment are proposed as part of the 60-Percent Plans (see
Detail Sheets 6.1 to 6.3). Levees, floodwalls with gabion mattress and lined side slopes comprise
the structures used in containing the design water surface elevation and protecting against the
design scour depth. The levees are either constructed of soil cement or roller compacted concrete
placed and compaCted in lifts.- Soil cement is used for the levees south of the Deer Valley Road
alignment, where velocities are less than 17 feet per second. Roller compacted concrete is used
at the main apex in Upper Reata. In Upper Reata, due to higher velocities and limited right-of-way,
concrete floodwalls and channel side slope lining are used in containment of the flow. The
floodwalls have a one-foot thick gabion mattress attached just above the footing for protection
against scour. The mattresses are placed at least 3 feet below the proposed grade. The mattresses
are sized so that, during erosion of the channel, the toe of the mattress will decline to no steeper
than a 1:1 slope from the attachment at the floodwall. The mattress lengths were set to provide the
additional 3 feet of protection below the design scour elevation identified on Figure 6.1.
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Hydraulic and Structural Design Criteria
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Table A.1A
Scour and Toe-Down Analysis

~"t;~b:t::oo-~~~~~!;~~!"~;~~t:-~i~~~=rg:~~i,[:;~~S§:~~-;i~E~~J::;:::~~:':;';=R;;~~:f~:~~~
300 1.50 3.041 0.38. 4.92 4.92 6.40 6.40 1508.73 1502.33 1502.33 1499.33 1499.33
301 1.50 3.04 0.381 4.92 4.92 6.39 6.39'1508.73 1502.34 1502.34 1499.34 1499.34
600 1.50 3.041 0.00,' 4.54 4.54 5.90 5.90 1509.46 1503.56 1503.56 1500.56 1500.56
800 1.50 3.04 0.00 4.54 4.54 5.90 5.90 1510.39 1504.49 1504.49 1501.49 1501.49
801 0.76 1.50 3.04 0.00 5.30 4.54 6.89 5.90 1510.40 1503.51 1504.50 1500.51 1501.50
906 0.76 1.50 --3~04 - o.ooi 5.30 4.54 6.89, 5.9011510.86 1503.97 1504.96 1500.97 1501.96

1200 0.76 1.50 3.50 0.00 5.76 5.00 7.49 6.50 1514.60 1507.11 1508.10 1504.11 1505.10
1500 0.76 1.50 3.50 0.00 5.76 5.00 7.49, 6.5011520.20 1512.71 1513.70 1509.71 1510.70
1550 0.76 1.50 3.00 3.50 0.16 8.92 5.16 11.59' 6.70 1521.13 1509.54 1514.43 1506.54 1511.43
1800 0.76 1.50 3.50 0.94 6.70 5.94 8.71 7.72 1525.80 1517.09 1518.08 1514.09 1515.08
2100 0.76 1.50 3.50 1.55 7.31 6.55 9.50 8.52 1531.40 1521.90 1522.89 1518.90 1519.89
2200 0.76 1.50 3.50 1.05 6.81 6.05 886 I 7.87 1532.49 1523.63 1524.62 1520.63 1521.62
2201 2.65 1.05 3.70 3.70 4.81, 4.81 1532.50 1527.69 1527.69 1524.69 1524.69
2300 2.65 0.56 3.21 3.21 4.17 4.17 1533.57 1529.40 1529.40 1526.40 1526.40
2301 0.43 2.65 0.55 3.63 3.63 4.72 4.7211533.58 1528.86 1528.86 1525.86 1525.86
2400 0.43 2.65 0.06 3.14 3.14 4.08 4.0811534.661530.581530.58 1527.58 1527.58
2700 0.43 2.65 0.00 3.08 3.08 4.00 4.00 i 1539.00 1535.00 1535.00 1532.00 1532.00
3000 0.43 1.94 0.00 2.37 2.37 3.08 3.08, 1544.60 1541.52 1541.52 1538.52 1538.52
3200 0.43 1.94 0.00 2.37 2.37 3.08 3.08

1
'1547.92 1544.84 1544.84 1541.84 1541.84

3201 1.94 0.00 1.94 1.94 2.52 2.52 1547.94 1545.41 1545.41 1542.41 1542.41
3300 1.94 0.00 1.94 1.94 2.52 2.5211549.58 1547.06 1547.06 1544.06 1544.06
3600 1.94 0.00 1.94 1.94 2.52· 2.5211554.12 1551.60 1551.60 1548.60 1548.60
3900 1.94 0.00 1.94 1.94 2.52, 2.52 1558.66 1556.14 1556.14 1553.14 1553.14
4200 1.94 2.46 4.40 4.40 5.72 5.72 1565.99 1560.27 1560.27 1557.27 1557.27
4300 1.94 1.11 3.05 3.05 3.96

1
3.96\1567.001563.041563.04 1560.04 1560.04

4301 1.50 1.94 1.09 4.53 4.53 5.89 5.89 1567.01 1561.11 1561.11 1558.11 1558.11
4350 1.50 1.94 0.43 3.87 3.87 5.03 5.031567.50 1562.47 1562.47 1559.47 1559.47
4400 1.50 3.00 1.94 0.29 6.73 3.73 8.74 4.8411567.03 1558.29 1562.19 1555.29 1559.19
4401 0.94 1.50 3.00 1.94 0.28 7.66 4.66 9.96 6.06 1567.02 1557.06 1560.96 1554.06 1557.96
4500 0.94 1.50 3.00 1.94 0.00 7.38 4.38 9.59 5.69 1566.10 1556.51 1560.41 1553.51 1557.41
4800 0.94 1.50 3.00 1.94 0.00 7.38 4.38 9.59 5.69 1573.70 1564.11 1568.01 1561.11 1565.01
4801 0.94 3.00 1.94 o.oo! 5.88 2.88 7.64 3.74 1573.72 1566.07 1569.97 1563.07 1566.97
4900 0.94 3.00 1.94! 0.021 5.90 2.90 7.67 3.7711575.33 1567.66 1571.56 1564.66 1568.56
4950 0.94 1.94 0.04 2.92 2.92 3.79 3.7911576.15 1572.36 1572.36 1569.36 1569.36
5000 0.94 1.94 0.05 2.93 2.93 3.80 3.80 1576.97 1573.16 1573.16 1570.16 1570.16
5001 1.94 0.05 1.99 1.99 2.58 2.58 1576.98 1574.40 1574.40 1571.40 1571.40
5100 1.94 0.07 2.01 2.01 2.61 2.61' 1578.60 1575.99 1575.99 1572.99 1572.99
5400 1.94 0.03 1.97 1.97 2.56 2.56 1583.68 1581.12 1581.12 1578.12 1578.12
5700 1.94 0.04 1.98 1.98 2.57 2.57 1589.34 1586.77 1586.77 1583.77 1583.77
5850 1.94 0.04 1.98 1.98 2.57 I 2.57 1593.16 1590.59 1590.59 1587.59 1587.59
5900 3.00 1.94 0.03 4.97 1.97 6.47! 2.57 1594.43 1587.96 1591.86 1584.96 1588.86
6000 1.94 0.03 1.97 1.97 2.56 I 2.56 1596.97 1594.41 1594.41 1591.41 1591.41
6250 1.94 3.85 5.80 5.80 7.531 7.53 1602.95 1595.42 1595.42 1592.42 1592.42
6300 1.94 - 4.62 6.56 6.56 8.53: 8.53 1604.15 1595.62 1595.62 1592.62 1592.62
6350 3.00 1.94 3.96 8.90 5.90 11.561 7.66 1605.431593.871597.77 1590.87 1594.77
6400 1.94 3.29 5.23 5.23 6.80 6.80 1606.71 1599.91 1599.91 1596.91 1596.91
6600 1.94 0.631 2.57 2.57 3.34 , 3.34 1611.83 1608.49 1608.49 1605.49 1605.49
6900 1.94 0.03 1.97 1.97 2.56; 2.56 1617.20 1614.64 1614.64 1611.64 1611.64
6950 1.94 0.03 1.97 1.97 2.55, 2.55 1617.73 1615.18 1615.18 1612.18 1612.18
7000 3.00 1.94 0.02 4.96 1.96 6.45 2.55 1618.27 1611.82 1615.72 1608.82 1612.72
7050 1.94 0.02 1.96 1.96 2.54 2.54 1618.80 1616.26 1616.26 1613.26 1613.26
7200 1.94 0.00 1.94 1.94 2.52 2.52'11620.40 1617.88 1617.88 1614.88 1614.88
7500 1.94 0.02 1.96 1.96 2.55 2.55 1627.35 1624.80 1624.80 1621.80 1621.80
7800 1.94 0.05 1.99 1.99 2.59 2.59 1633.89 1631.30 1631.30 1628.30 1628.30
8100 1.94 0.01 1.95 1.95 2.54 2.54 1641.00 1638.47 1638.47 1635.47

1

1635.47
8200 1.94 0.01 1.95 1.95 2.53 2.53 1642.34 1639.81 1639.81 1636.81 1636.81
8250 3.00 1.94 0.01 4.95 1.95 6.43 2.53 1643.01 1636.58 1640.48 1633.58 1637.48
8300 1.941 0.00 1.94 1.94 2.53 2.53 1643.67 1641.15 1641.15 1638.1511638.15
8400 1.94 0.00 1.94 1.94 2.52 2.52 1645.01 1642.49 1642.49 1639.49 1639.49
8550 1.94 1 0.00 1.94 1.94 2.52 2.52 1647.83 1645.30 1645.30 1642.30 1642.30
8600 3.00 1.94 0.00 I 4.94 1.94 6.42 2.52 1648.76 1642.34 1646.24 1639.34 I 1643.24
8650 1.94 0.00 1.94 1.94 2.52 2.52 1649.70 1647.18 1647.18 1644.18, 1644.18
8700 1.94 0.00 1.94 1.94 2.52 2.5211650.64 1648.12 1648.12 1645.12[1645.12
9000 1.94 0.00 1.94 1.94 2.52 2.52 1658.46 1655.94 1655.94 1652.94 1652.94
9300 1.94 0.05 1.99 1.99 2.59 2.59 1666.00 1663.41 1663.41 1660.41 1660.411
9600 2.50 1.20, 3.70 3.70 4.81 4.81 1669.50 1664.69 1664.69 1661.69 1661.69
9850 2.50 0.00 I 2.50 2.50 3.25 3.25 1675.80 1672.55 1672.55 1669.55 1669.55

10050 2.00 0.001 2.00 2.00 2.60 2.60 1683.40 1680.80 1680.80 1677.80 1677.80
10200 2.00 1.361 3.36 3.36 4.37 4.37 1686.70 1682.33 1682.33 1679.33 1679.33
10500 2.00 0.00 I 2.00 2.00 2.60 2.6011693.88 1691.28 1691.28 1688.28 1688.28
10800 1.63 0.00 1.63 1.63 2.12 2.12:1698.701696.581696.58 1693.5811693.58,



Table A.1A
Scour and Toe-Down Analysis
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Elevation
West East

jl-f700.43 1700.43
7 1706.87 1706.87
6 1714.76 1714.76
1 1722.21 1722.21
9 1730.69 1730.69
3 1738.03 _1738.03
8 1743.28 1743.28
1 1742.01 1745.91
6 1748.66 1748.66
7 1754.17 1754.17
8 1759.58 1759.58
8 1760.58 1760.58
1 1757.01 1760.91
8 1761.58 1761.58
9 1764.19 1764.19
6 1762.06 1765.96
2 1767.72 1767.72
6 1771.26 1771.26
7 1780.07 1780.07
4 1786.64 1786.64
6 1794.56 1794.56
3 1805.23 1805.23
3 1812.33 1812.33
4 1818.94 1818.94
1 1826.01 1826.01
5 1833.75 1833.75
0 1839.80 1839.80
8 1846.58 1846.58
7 1846.61 1843.77
2 1855.75 1852.92
7 1862.70 1859.87
7 1868.50 1865.67
9 1875.92 1873.09
3 1879.06 1876.23
9 1879.09 1879.09
5 1885.35 1885.35
2 1893.22 1893.22
8 1903.78 1903.78
7 1914.07 1914.07
8 1923.68 1923.68
9 1934.39 1934.39
5 1953.15 1953.15
0 1967.60 1967.60
6 1978.26 1978.26
7 1983.97 1983.97
9 1981.49 1985.39
2 1986.82 1986.82
9 1989.29 1989.29
2 1986.62 1990.52
6 1990.46 1990.46
2 1992.92 1992.92
6 1999.16 1999.16
8 1997.87 1999.18
5 2004.33 2005.65
4 2012.72 2014.04
9 2017.78 2019.09
2 2019.12 2019.12
2 2021.62 2021.62
0 2028.70 2028.70
3 2032.13 2032.13
2 2030.22 2030.22
0 2031.90 2031.90
0 2032.58 2032.30
1 2037.70 2037.41

2047.87 2047.58
2047.90 2047.90
2058.06 2058.06
2061.30 2061.30
2066.34 2066.34
2064.65 2065.74

1 2067.12 2068.21
2072.66 2073.75

~t:~:i~~t~:~~:~:~~~~:~~%e::~~~:=:~=~~!~;!-:'::::i-SC::~t=';~~~;~;~~r:~';l'-:::::Eie~~:~
11100 -- ---- -- --- 1-:63 -0.00 -T.63 -~63 -2.12 2.12 1705.55 1703~43 1703:4
11400 1.94 0.00 1.94 1.94 2.52 2.52 1712.39 1709.87 1709.8
11700 1.94 0.00 1.94 1.94 2.52 2.52 1720.28 1717.76 1717.7
12000 1.94 0.00 1.94 1.94 2.52 2.52 1727.73 1725.21 1725.2
12300 1.94 0.02 1.96 1.96 2.55 2.55 1736.24 1733.69 1733.6
12600 1.94 0.04 1.98 1.98 2.57 2.57 1743.60 1741.03 1741.0
12800 1.94 0.04 1.98 1.98 2.57 2.57 1748.85 1746.28 1746.2
12900 3.00 1.94 0.04 4.98 1.98 6.47 2.57 1751.48 1745.01 1748.9
13000 1.94 0.03 1.97 1.97 2.56 2.56 1754.22 1751.66 1751.6
13200 1.94 0.01 1.95 1.95 2.541 2.54 1759.70 1757.17 1757.1
13500 1.94 0.00 1.94 1.94 2.52 2.52 1765.10 1762.58 1762.5
13650 1.94 0.00 1.94 1.94 2.52 2.5211766.10 1763.58 1763.5
13700 3.00 1.94 0.00 4.94 1.94 6.42 2.52 1766.43 1760.01 1763.9
13800 1.94 0.00 1.94 1.94 2.52 2.5211767.10 1764.58 1764.5
13900 2.65 0.00 2.65 2.65 3.45 3.45 1770.63 1767.19 1767.1
13950 3.00 2.65 0.00 5.65 2.65 7.35 3.45 1772.40 1765.06 1768.9
14000 2.65 0.00 2.65 2.65 3.45 3.45 1774.17 1770.72 1770.7
14100 2.65 0.00 2.65 2.65 3.45 3.45 1777.70 1774.26 1774.2
14400 2.65 0.07 2.72 2.72 3.54 3.54 1786.61 1783.07 1783.0
14700 2.65 0.01 2.66 2.66 3.46 3.46 1793.10 1789.64 1789.6
15000 2.65 0.00 2.65 2.65 3.45 3.45 1801.00 1797.56 1797.5
15300 2.65 0.02 2.67 2.67 3.47 3.47 1811.70 1808.23 1808.2
15600 2.65 0.00 2.65 2.65 3.45 3.45 1818.77 1815.33 1815.3
15900 2.65 0.00 2.65 2.65 3.45 3.45 1825.38 1821.94 1821.9
16200 2.65 0.00 2.65 2.65 3.45 3.45 1832.45 1829.01 1829.0
16500 2.65 0.00 2.65 2.65 3.45 3.45 1840.19 1836.75 1836.7
16800 3.00 0.00 3.00 3.00 3.90 3.90 1846.70 1842.80 1842.8
17100 3.00 0.04 3.04 3.04 3.95 3.95 1853.53 1849.58 1849.5
17101 2.18 3.00 0.04 3.04 5.22 3.95 6.79 1853.56 1849.61 1846.7
17400 2.18 3.00 0.00 3.00 5.18 3.90 6.73 1862.65 1858.75 1855.9
17700 2.18 3.00 0.00 3.00 5.18 3.90 6.73 1869.60 1865.70 1862.8
18000 2.18 3.00 0.00 3.00 5.18 3.90 6.73 1875.40 1871.50 1868.6
18300 2.18 3.00 0.00 3.00

1

5.18 3.90 6.73 1882.82 1878.92 1876.0
18400 2.18 3.00 0.00 3.00 5.18 3.90 6.73 1885.96 1882.06 1879.2
18401 3.00 0.00 3.00 3.00 3.90i 3.90 1885.99 1882.09 1882.0
18600 3.00 0.00 3.00 3.00 3.90 3.90 1892.25 1888.35 1888.3
18900 3.25 0.00 3.25 3.25 4.23; 4.23 1900.44 1896.22 1896.2
19200 3.25 0.00 3.25 3.25 4.231 4.23 1911.00 1906.78 1906.7
19500 3.25 0.00 3.25 3.25 4.23 4.23 1921.29 1917.07 1917.0
19800 3.25 0.00 3.25 3.25 4.23 4.23 1930.90 1926.68 1926.6
20100 3.00 0.00 3.00 3.00 3.90 3.90 1941.29 1937.39 1937.3
20400 3.00 0.04 3.04 3.04 3.95 3.95 1960.10 1956.15 1956.1
20700 3.00 0.33 3.33 3.33 4.33 4.33 1974.93 1970.60 1970.6
21000 3.00 0.00 3.00 3.00 3.90 3.90 1985.16 1981.26 1981.2
21200 3.00 0.00 3.00 3.00 3.90 3.90 1990.87 1986.97 1986.9
21250 3.00 3.00 0.00 6.00 I 3.00 7.80 3.90 1992.29 1984.49 1988.3
21300 3.00 0.00 3.00

1

3.00 3.90 3.90 1993.72 1989.82 1989.8
21400 3.00 0.01 3.01 3.01 3.91 3.91 1996.20 1992.29 1992.2
21450 3.00 3.00 0.01 6.01 3.01 7.81 3.91 1997.44 1989.62 1993.5
21500 4.00 0.01 4.01 4.01 5.22 5.22 1998.67 1993.46 1993.4
21600 4.00 0.02 4.02 4.02 5.23 5.23 2001.15 1995.92 1995.9
21900 4.00 0.341 4.34 4.34 5.64 5.64 2007.80 2002.16 2002.1
21901 1.01 4.00 0.34 5.35

'
4.34 6.96 5.64 2007.82 2000.87 2002.1

22200 1.01 4.00 0.58 5.59
'

4.58 7.27 5.95 2014.60 2007.33 2008.6
22500 1.01 4.00 0.05 5.061 4.05 6.58 5.27 2022.30 2015.72 2017.0
22700 1.01 4.00 0.02 5.03 4.02 6.53 5.22 2027.31 2020.78 2022.0
22701 4.00 0.02 4.02 4.02 5.22 5.22 2027.34 2022.12 2022.1
22800 4.00 0.00 4.00 4.00 5.20 5.20 2029.82 2024.62 2024.6
23100 4.00 0.00 4.00 4.00 5.20 5.20 2036.90 2031.70 2031.7
23200 4.00 0.00 4.00 4.00 5.20 5.20 2040.33 2035.13 2035.1
23201 1.50 4~00 0.00 5.50 5.50 I 7.15 7.15 2040.37 2033.22 2033.2
23250 1.50 4.00 0.00 5.50 5.50 7.15 7.1512042.05 2034.90 2034.9
23251 0.22 1.50 3.50 0.00 5.00 5.22 6.50 6.79 2042.08 2035.58 2035.3
23400 I 0.22 1.50 3.50 0.00 5.00 5.22 6.50 6.79 2047.20 2040.70 2040.4
23700 I 0.22 1.50 3.50 0.01 5.01 5.23 6.51 6.80 2057.38 2050.87 2050.58

2
2

4
3

0
7

0
0

0
1 11 .. 5500 33.'5500 ,: 0

0
.'0001 5.01 5.01 6.511 6.51 2057.41 2050.90 2050.90

5.00 5.00 6.50' 6.50 2067.56 2061.06 2061.06
24300 1.50 I 3.50 0.00 5.00 I 5.00 6.50 I 6.50 2070.80 2064.30 2064.30
24400 1.50 3.50 0.00 5.00 5.00 6.50' 6.50 2075.84 2069.34 2069.34
24401 0.84 1.50 I 4.00 0.00 6.34: 5.50 8.24 i 7.15 2075.89 2067.65 2068.74
24450 0.84 1.50 4.00 0.00 6.34: 5.50 8.24 i 7.15 2078.4 2070.12 2071.2
24600 0.84 1.50 4.00 0.00 6.341 5.50 8.241 7.15 2083.90 2075.66 2076.75
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Table A.1A
Scour and Toe-Down Analysis

... __ .- ~.~~-~~~·~=·=~~~_-r--~~'-~·~~[Scou.~·Q~~~Jh~'-·'-·~-: ..~~~=.= -R'EC:e"'--'''lot~[Scour .. '-Factored"----- ····j·nHrar-· ···SCOUi·-ElevatiOfi···· Requlred'Toe~
[ Low-Flow Anti-Dune Scour Total Scour Thalweg --- Elevation

StationContraction Bend Incisement Historic Troughs Depth West East West East West East West East
2460f-~· ---I--O~84 1.50 -~. 4-:00 - 0.00 5.50 6.34 715 - -8.24-2083.94 2076.79 2075.70-w379 2072.70
24750 0.84 1.50 4.00 0.00 5.50 6.34 7.15 8.24 2089.5 2082.32 2081.23 2079.32 2078.23
24900 0.84 1.50 4.00 0.81 6.31 7.15 8.20 9.30 2095.00 2086.80 2085.71 2083.80 2082.71
24901 1.50 4.00 0.82 6.32 6.32 8.21 I 8.21 2095.04 2086.83 2086.83 2083.83 2083.83
25050 1.50 4.00 1.62 7.12 7.12 9.261 9.26 2100.52091.242091.24 2088.24 2088.24
25350 1.50 4.00_ 0.02 5.52 .5.52 7.18 7.18 2111.67 2J04.49 2104.A9...2.tO.L!l9_21OJA9
25500 1.50 4.00 0.88 6.38 6.38 8.29 8.29 2117.20 2108.91 2108.91 2105.91 2105.91
25550 1.50 3.00 4.00 1.16 9.66 6.66 12.56 8.66 2119.06 2106.50 2110.40 2103.50 2107.40
25551 1.50 3.00 4.00 1.17 9.67 6.67 12.57 8.67 2119,09 2106.53 2110.43 2103.53 2107.43
25650 1.50 3.00 4.00 1.73 10.23 7.23 13.30 9.40 2122.8 2109.47 2113.37 2106.47 2110.37
25700 1.50 3.00 4.00 1.83 10.33 7.33 13.42 9.52 2124,61 2111.19 2115.09 2108.19 2112.09
25800 1.50 3.00 4.00 2.02 10.52 7.52 13.67 9.77 2128,30 2114.63 2118.53 2111.63 2115.53
25801 0.90 1.50 3.00 4.00 2.02 11.42 8.42 14.84 10.94 2128.34 2113.50 2117.40 2110.50 2114.40
25950 0.90 1.50 3.00 4.00 2.30 11.70 8.70 15.21 11.31 2133.9 2118.66 2122.56 2115.66 2119.56
26100 0.90 1.50 3.00 4.00 1.54 10.94 7.94 14.22, 10.32 2139.40 2125.18 2129.08 2122.18 2126.08
26150 0.90 1.50 2.65 1.29 6.34 6.34 8.24! 8.24 2141.13 2132.89 2132.89 2129.89 2129.89
26200 0.90 1.50 2.65 1.03 6.08 6.08 7.91l 7.91 2142.86 2134.95 2134.95 2131.95 2131.95
26201 1.50 2.65 1.03 5.18 5.18 6.73, 6.73 2142.89 2136.16 2136.16 2133.16 2133.16
26250 1.50 2.65 0.78 4.93 4.93 6.41 i 6.41 2144.6 2138.18 2138.18 2135.18 2135.18
26300 1.50 2.65 0.65 4.80 4.80 6.24 6.24 2146.12 2139.88 2139.88 2136.88 2136.88
26301 2.65 0.65 3.30 3.30 4.29 4.29 2146.15 2141.86 2141.86 2138.86 2138.86
26550 2.65 0.02 2.67 2.67 3.47 3.47 2153.77 2150.30 2150.30 2147.30 2147.30
26850 3.25 0.00 3.25 3.25 4.23 4.23 2162.00 2157.78 2157.78 2154.78 2154.78
27150 3.25 0.00 3.25 3.25 4.23, 4.23 2171.50 2167.28 2167.28 2164.28 2164.28
27225 3.25 0.00 3.25 3.25 4.231 4.23 2173.30 2169.08 2169.08 2166.08 2166.08
27265 3.25 0.00 3.25 3.25 4.23 4.23 2174.20 2169.98 2169.98 2166.98 2166.98



Table A.IB
Freeboard Analysis
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o
150
300
450
600
750
900

1050
1200
1350
1500
1650
1800
1950
2100
2250
2400
2550
2700
2850
3000
3150
3300
3450
3600
3750
3900
4050
4200
4356
4400
4500
4650
4800
4950
5100
5250
5400
5550
5700
5850
6000
6150
6300
6450
6600
6750
6900
7050
7200
7350
7500
7650
7800
7950
8100
8250
8400

Freeboard 3' to 4' above Desian ws·EL = ...- Check·ofo.25 xEner-lV Head\;s·.-·Freeboa-;.(jc. 0 ~

Station WSEL WSEL Design Initial I WSEL Mixed Mixed 0.25x I Within
HEC-6 HEC-RAS WSEL Thalweg IHEC-RAS Flow Flow Energy Freeboard?

SUB Elevatio.QJ Mixed Depth Velocity_ Head _1- 11

1512.96 1513.79 1513.79 1505.16 1512.03 6.87 19.61 3.21
1516.1 1516.1 1506.36 1515.77 9.41 16.3 3.38

1516.98 1517.48 1517.48 1508.73 1517.48 8.75 15.19 3.08
1520.91 -1520~91 -,509.0 1520.91 H:86 ---"7.05 3.16

1520.63 1521.04 1521.04 1509.461 1521.04 11.58 7.27 3.10
1521.15 1521.15 1510.111521.15 11.05 7.66 2.99

1520.81 1521.32 1521.32 1510.86 1521.32 10.46 7.89 2.86
1521.47 1521.47 1511.8 1521.47 9.67 8.42 2.69

1521.87 1521.43 1521.87 1514.6 1518.39 3.79 20.17 2.53
1524.38 1524.38 1517.4 1523.3 5.9 17.09 2.61

1526.53 1526.61 1526.61 1520.2 1525.11 4.91 18.42 254
1529.44 1529.44 1523 1527.71 4.71 19.4 2.64

1532.47 1532.92 1532.92 1525.8 1530.75 4.95 19.87 2.77
1536.25 1536.25 1528.6 1534.18 5.58 18.73 2.76

1538.86 1539.1 1539.1 1531.4 1537.58 6.18 15.08 2.43
1542.31 1542.31 1532.99 1542.31 9.32 9.87 2.71

1543.85 1544.89 1544.89 1534.66 1544.89 10.23 8.87 2.86
1546.58 1546.58 1536.2 1546.58 10.38 7.91 2.84

1548.49 1547.98 1548.49 1539 1547.98 8.98 7.82 2.48
1549.53 1549.53 1542.6 1549.53 6.93 7.81 1.97

1551.36 1551.32 1551.36 1544.61 1551.32 6.72 8.47 1.96
1553.72 1553.72 1547.3 1553.72 6.42 7.59 1.83

1556.15 1555.93 1556.15 1549.58 1555.93 6.35 8.72 1.88
1559.071559.07 1552.71559.07 6.37 11.13 2.07

1561.14 1562.38 1562.38 1554.12 1562.38 8.26 8.25 2.33
1564.1 1564.1 1556.5 1564.1 7.61 7.59 2.12

1566.55 1565.84 1566.55 1558.66 1565.84 7.18 8.55 2.08
1568.39 1568.39 1562.83 1568.39 5.56

1
8.96 1.70

1571.42 1571.89 1571.89 1565.99 1571.89 5.9 9.57 1.83
1572.69 1572.69 1564.6 1572.69 8.09 7.87 2.26
1573.26 1573.26 1564.6 1573.26 8.66 7.71 2.40

1576.93 1573.83 1576.93 1566.11 1573.83 7.72 10.47 2.36
1577.67 1577.67 1572.18 1577.67 5.49 9.88 1.75

1579.35 1579.57 1579.57 1573.7 1579.57 5.87 10.19 1.87
1582.23 1582.23 1575.8 1582.23 6.43 10.2 2.01

1586.41 1587.12 1587.12 1578.6 1587.12 8.52 8.54 2.41
1588.49 1588.49 1580.66

1

1588.49 7.83 10.33 2.37
1591.33 1591.3 1591.33 1583.68 1590.37 6.69 12.32 2.26

1594.68 1594.68 1585.911 1594.68 8.77 10.81 2.65
1597.34 1597.18 1597.34 1589.34 1 1597.18 7.84 10.88 2.42

1600.13 1600.13 1593.29 1 1600.13 6.84 9.25 2.04
1602.591602.531602.591596.971602.21 5.24 10.35 1.73

1606.41 1606.41 1600.3 1606.01 5.71 10.84 1.88
1610.5 1610.38 1610.5 1604.15 1610.21 6.06 9.9 1.90

1613.56 1613.56 1608.21 1613.55 5.34 9.29 1.67
1617.141616.991617.141611.831616.55 4.72 11.45 1.69

1620.71 1620.71 1615.42 1620.71 5.29 10.46 1.75
1623.91 1623.98 1623.98 1617.2 1623.98 6.78, 9.68 2.06

1626.47 1626.47 1616.85 1626.47 9.62 1 7.41 2.62
1628.57 1627.83 1628.57 1620.4 1627.83 7.43: 8.26 2.121

1629.96 1629.96 1623.78 1629.96 6.18 9.37 1.89

1

1633 1633.1 1633.1 1627.35 1633.1 5.751 9.21 1.77
1636.11 1636.11 1630.3 1636.11 5.81 8.58 1.74

1639.48 1639.06 1639.48 1633.89 1639.06 5.17 9.93 1.68
1642.63 1642.63 1637.35 1642.63 5.28 9.26 1.65

1646.05 1645.93 1646.05 1641 1645.93 4.93 10.28 1.64
1649.09 1649.09 1641.54 1649.09 7.55

1

8.18 2.15
1651.73 1651.12 1651.73 1645 1651.12 6.12 9.25 1.86

I
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I
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I
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Table A.IB
Freeboard Analysis

1775.35

rFreeboard 3'-to 4'- abov·e-Oes·iCHl WSEL;:" '=~--''=Check of"Cf."2S··x Ener"iv Head"vs". Free;bOard-===
Station WSEL WSEL Design Initial WSEL Mixed Mixed 0.25x Within

HEC-6 HEC-RAS WSEL Thalweg HEC-RAS Flow Flow Energy Freeboard?
SUB~lev~.!ie>.~_M.ixed__ DefJth Velocity ~~:..-.-. .

1653.96 1653.96 1647.88 1653.96 6.08 8.92 1.83 Yes
1656.86 1656.69 1656.86 1650.64 1656.69 6.05 9.74 1.88 Yes

1660.19 1660.19 1654.65 1660.19 5.54 9.71 1.75 Yes
-1663.82e-1663.67 1663.82 1658.46 1663.38 4.92 10.38 1.65 Yes

1667.21 1667.21 1662.6 1667.12 4.52 10.23 1.54 Yes
1670.88 1670.89 1670.89 1666 1670.89 4.89 9.92 1.60 Yes

1672.4 1672.4 1668 1671.94 3.94 11.99 1.54 Yes
1673.25 1673.5 1673.5 1669.5 1672.48 2.98 15.13 1.63 Yes

1675.18 1675.18 1671 1673.49 2.49 19.58 2.11 Yes
1679.87 1679.87 1675.8 1677.81 2.01 23.12 2.58 Yes

1689.86 1688.57 1689.86 1684 1687.42 3.42 15.74 1.82 Yes
1692.99 1692.81 1692.99 1686.7 1692.81 6.11 10.39 1.95 Yes

1696.15 1696.15 1689.05 1696.15 7.1 10.33 2.19 Yes
1699.71 1699.68 1699.71 1693.88 1699.68 5.8 9.39 1.79 Yes

1702.7 1702.7 1696.51 1702.7 6.19 9.61 1.91 Yes
1705.57 1705.74 1705.74 1698.7 1705.74 7.04 8.65 2.05 Yes

1708.26 1708.26 1702.7 1708.26 5.56 9.57 1.75 Yes
1711.81 1711.81 1706.64 1711.51 4.87 10.87 1.68 Yes
1715.39 1715.39 1709.76 1715.14 5.38 10.6 1.78 Yes

1718.94 1718.62 1718.94 1712.39 1718.62 6.23 9.62 1.92 Yes
1722.051722.05 1715.61722.05 6.45 7.86 1.85 Yes

1725.47 1725.08 1725.47 1720.28 1724.81 4.53 10.58 1.57 Yes
1729.1 1729.1 1724.3 1729 4.7 9.85 1.55 Yes

1733.58 1733.46 1733.58 1727.73 1733.37 5.64 9.85 1.79 Yes
1737.86 1737.86 1732.2 1737.79 5.59 9.73 1.77 Yes

1742.14 1742.03 1742.14 1736.24 1742.03 5.79 9.4 1.79 Yes
1745.91 1745.91 1740.54 1745.74 5.2 9.93 1.68 Yes

1750.15 1750.05 1750.15 1743.6 1750.05 6.45 9.42 1.96 Yes
1753.83 1753.83 1746.85 1753.59 6.74 10.52 2.11 Yes

1758.2 1758.12 1758.2 1751.48 1758.12 6.641 9.62 2.02 Yes
1761.6 1761.6 1755.9 1761.6 5.7 9.3 1.76 Yes

1764.71 1764.65 1764.71 1759.7 1764.65 4.95 9.68 1.60 Yes
1767.78 1767.78 1762.52 1767.78 5.26 9.7 1.68 Yes

1770.34 1770.56 1770.56 1765.1 1770.56 5.46 8.9 1.67 Yes
1772.7 1772.7 1767.1 1772.7 5.6 8.78 1.70 Yes

1775 1775.35 1767.1 1774.53 7.43 11.15 2.34 Yes
1779.72 1779.72 1773.35 1779.44 6.09 11 1.99 Yes

1783.47 1783.36 1783.47 1777.7 1782.9 5.2 11.85 1.85 Yes
1787.59 1787.59 1782.2 1787.47 5.27 10.46 1.74 Yes

1791.64 1791.53 1791.64 1786.61 1791.3 4.69 10.26 1.58 Yes
1795.58 1795.58 1790.9 1795.51 4.61 9 1.47 Yes

1799.83 1799.73 1799.83 1793.1 1799.34 6.24 10.63 2.00 Yes
1803.96 1803.96 1797.85 1803.96 6.11 8.77 1.83 Yes

1807.81 1807.66 1807.81 1801 1807.66 6.66 7.57 1.89 Ves
1811.23 1811.23 1804.6 1810.79 6.19 10.38 1.97 Yes

1817.07 1816.95 1817.07 1811.711816.74 5.04 10.53 1.69 Yes
1820.88 1820.88 1815.5 1820.84 5.34 9.5 1.69 Yes

1824.74 1824.63 1824.74 1818.77 1824.44 5.67 9.78 1.79 Yes
1828.74 1828.74 1821.93 1828.74 6.81 9.16 2.03 Yes

1831.87 1831.81 1831.87 1825.38 1831.48 6.1 11.73 2.06 Yes
1835.83 1835.83 1827.67 1835.73 8.06 11.26 2.51 Yes

1839.3 1839.21 1839.3 1832.45 1839.03 6.58
1

11.87 2.19 Yes
1843.46 1843.46 1836.02 1843.28 7.26 11.14 2.30 Yes

1847.231847.111847.231840.191847.11 6.92 10.9 2.19 Yes
1851.031851.031844.791850.75 5.96 10.46 1.91 Yes

1855.15 1854.87 1855.15 1846.7 1853.93 7.23 13.66 2.53 Yes
1860.08 1860.08 1850.47 1859.53 9.06 12.96 2.92 Yes

1863.42 186358 1863.58 1853.53 1863.58 10.05 10.38 2.93 Yes

85501-­

8700
8850
9000
9150
9300
9450
9600
9750
9900

10050
10200
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10500
10650
10800
10950
11100
11250
11400
11550
11700
11850
12000
12150
12300
12450
12600
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12900
13050
13200
13350
13500
13650
13800
13950
14100
14250
14400
14550
14700
14850
15000
15150
15300
15450
15600
15750
15900
16050
16200
16350
16500
16650
16800

1

16950
I 17100
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Table A.iB
Freeboard Analysis

[Freetioard3f""to 4' above-Desian WsEc c
=c'=C"tieck-orb:25- iEnerJv Head-vs. 'Freeboard

._.

Station WSEL WSEL Design Initial I WSEL Mixed Mixed 0.25x Within
HEC-6 HEC-RAS WSEL Thalweg HEC-RAS Flow Flow Energy Freeboard?

SUB Elevati~ Mixed Depth Velocit~ Head
17250 1866.95 1866.95 1857.51 1866.95 9.44 8.46 2.64 Yes
17400 1869.96 1869.48 1869.96 1862.65 1869.48 6.83 10.56 1.99 Yes
17550 1873.02 1873.02 1866.14 1873.02 6.88 6.98 2.15 Yes
17700 1875.99 1875.43 1875.99 1869.6 1875.43 5.83 9.43 - 1.65 '- Yes
17850 1878.8 1878.8 1872.2 1878.8 6.6 7.75 2.00 Yes
18000 1881.39 1881.13 1881.39 1875.41 1881.13 5.73 9.59 1.67 Yes
18150 1884.66 1884.66 1879.1 1883.51 4.41 14.57 1.46 Yes
18300 1890.18 1890.08 1890.18 1882.821 1890.08 7.26 12.02 2.64 Yes
18450 1893.7 1893.7 1887.85 1893.7 5.85 9.39 2.02 Yes
18600 1897.07 1897.01 1897.07 1892.25 1896.31 4.06 13.4 1.36 Yes
18750 1902 1902 1896.7 1901.86 5.16 11.03 1.99 Yes
18900 1906.13 1906.11 1906.13 1900.44 1905.68 5.24 12.14 1.78 Yes
19050 1911.28 1911.28 1905.01 1910.67 5.66 13.05 1.99 Yes
19200 1917.3 1917.28 1917.3 1911 1916.53 5.53 13.62 2.04 Yes
19350 1922.72 1922.72 1916.6 1922.24 5.64 13.01 2.13 Yes
19500 1927.6 1927.58 1927.6 1921.29 1927.36 6.07 10.89 2.17 Yes
19650 1932.72 1932.72 1925.5 1931.03 5.53 18.11 1.84 Yes
19800 1940.76 1940.74 1940.76 1930.9 1940.59 9.69 11.03 3.70 No
19950 1943.79 1943.79 1937.37 1943.15 5.78 13.61 1.92 Yes
20100 1948.99 1948.95 1948.99 1941.29 1947.62 6.33 16.56 2.30 Yes
20250 1956.96 1956.96 1949.55 1955.67 6.12 16.72 2.59 Yes
20400 1966.1 1966.13 1966.13 1960.1 1965.02 4.92 15.28 2.32 Yes
20550 1973.9 1973.9 1968.38 1973.45 5.07 11.47 2.17 Yes
20700 1980 1980.06 1980.06 1974.93 1979.08 4.15 13.99 1.55 Yes

208501 1986.18 1986.18 1980.15 1 1985.82 5.67 12.22 2.18 Yes
21000

1
1991.32 1991.32 1991.32 1985.16

1
1990.73 1 5.57 12.55 1.97 Yes

211501 1996.48 1996.48 1989.99j 1996.05 6.06 12.41 2.13 Yes

213001 2000.98 2000.99 2000.99 1993.72 2000.07 6.35 14.58 2.19 Yes
21450 2005.65 2005.65 1997 2004.29 7.29 17.01 2.65 Yes
21600 2009.13 2009.14 2009.14 2001.15 2007.36 6.21 19.47 2.68 Yes
21750 2012.84 2012.84 2004.4 2011.31 6.91 17.98 3.20 Yes
21900 2015.74 2015.74 2015.74 2007.8 2014.08 6.28 18.49 2.82 Yes
22050 2019.59 2019.59 2011.2 2017.87 6.67 19.18 2.99 Yes
22200 2023.48 2023.48 2023.48 2014.6 2022.1 7.5 18 3.30 Yes
22350 2027.01 2027.01 2018.16 2026 7.84 16.31 3.22 Yes
22500 2030.31 2030.23 2030.31 2022.3 2029.67 7.37 14.63 2.88 Yes
22650 2033 2033 2025.8 2032.21 6.41 15.38 2.43 Yes
22800 2036.6 2036.58 2036.6 2029.82 2035.7 5.88 15.28 2.39 Yes
22950 2040.39 2040.39 2032.5 2038.85 6.35 18.45 2.49 Yes
23100 2044.99 2044.93 2044.99 2036.9 2042.82 5.92 18.84 2.80 Yes
23250 2047.27 2047.27 2040.54 2044.68 4.14 26.26 2.41 Yes
23400 2053.86 2054.69 2054.69 2047.21 2051.24 4.04 28.02 3.69 Yes
23550 2059.24 2059.24 2052.29 1 2056.16 3.87 26.87 4.02 Yes
237001 2064.01 2064.32 2064.32 2057.38

1

2061.69 4.31 24.05 3.88 Yes
23850i 2069.42 2069.42 2062.47 2067.06 4.59 22.53 3.39 Yes

240001 2074.26 2074.51 2074.51 2067.56

1

2071.31 3.75 27.8 2.91 Yes
24150 2076.15 2076.15 2069.2 2073.01 3.81 27.32 3.95 Yes
24300 2077.75 2077.75 2070.8 ' 2074.66 3.86 26.93 3.86 Yes

24450; 2084.96 2085.33 2085.33 2078.361 2081.6
1

3.24 32.24 3.63 Yes
24600 2091.92 2091.92 2083.9' 2087.96 4.06 32.17 5.05 Yes

247501 2097. 12 1 2097.47 2097.47 2089.471 2093.52 1 4.05 32.09 1 5.03 Yes
24900

1
2103.01 2103.01 2095 2099.07 4.07 32.01 5.02 Yes

250501 2106.96 1 2108.86 2108.86 2100.5 2104.61 4.11 31.97 5.01 Yes
25200 2114.35 2114.35 2106.1 2110.21 4.11 31.74 5.00 Yes
25350 2119.49 2119.83 2119.83 2111.67 2115.79 4.12 31.48 4.94 Yes
25500 2125.26 2125.26 2117.2 2121.39 4.19 31.01 4.89 Yes
25650 2130.6 2131.02 2131.02 2122.77 2127.07 4.3 30.12 4.81 Yes
25800 2136.66 2136.66 2128.3 2132.85 4.55 28.36 4.66 Yes
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Table A.IB
Freeboard Analysis

-FreebOarcJ3ft~ovebes~EL ~=~---Check of 6.2·S-x·-Ene;:-lv"He,i"cf vs·.-·Freeboard=-==-=-

Station WSEL I WSEL· Design Initial I WSEL Mixed Mixed 0.25x Within
HEC-6 HEC-RAS WSEL Thalweg 'HEC-RAS Flow... Flow Energy Freeboard?

_. ~I__~UB 1<. ..•••. _. ~lev?ti0r1.__Mix~d_R~Rth Velocity._+J::I..~Cl._q_'I_-'--'-__1I

25950 2141.41 2142.31 2142.31 2133.87 2139.01 5.14 24.67 4.41 Yes
26100 2146.67 2146.67 2139.4 2144.67 5.27 17.78 3.68 Yes
26250 2149.92 2150.11 2150.11 2144.59 2148.82 4.23 16.5 2.28 Yes
26400 - 2155.06 -215S.06 2149.77 2154.74 - 4.97 ~12.l~i---2~30-~Y-es-

26550 2158.9 2158.96 2158.96 2153.77 2158.56 4.79 11.77 1.77 Yes
26700 2163.43 2163.43 2158 2163.13 5.13 10.49 1.82 Yes
26850 2167.78 2167.94 2167.94 2162 2166.27 4.27 20.16 1.49 Yes
27000 2177.19 2177.19 2167.9 2175.55 7.65 13.75 3.49 Yes
27150 2178.68 2178.93 2178.93 2171.5 2178.93 7.43 13.91 2.59 Yes
27225 2180.51 2179.82 2180.51 2173.3 2179.82 6.521 14.52 2.38 Yes
27265 2180.85 2184.8 2184.8 2174.2 2177.68 3.481 27.22 1.69 Yes
27570 2190.05 2190.57 2190.57 2183.9 2189.15 5.25, 17.95 4.19 Yes
27725 2194.63 2194.72 2194.72 2188.6 2192.5 3.91 21.83 2.23 Yes
27745 2199.93 2199.99 2199.99 2194.6 2199.99 5.39, 12.44 3.20 Yes
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255.21
237871
31842

290.361

359.76
253.62
298.57

317.95

313.25
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1071.15

1025.13
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11.421

10.56
11661

11.45

10.65
10.15

10.86

10.67
10.96
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0.02122

0.018045
0.018432

0.021855
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1929.18
1934.48
1942.47

1913.14
1919.11
1924.76

1907.88
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1911.28
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117421

11742
11742

11742

11742

20100,
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19650
19800

19500
19350

19050
19200

18900
,.

17

HEC-RAS Plan: Plan 04 Reach 1 472796
Subcritial flow

Keacn Klver ::ita. IQ Total IIMln Ch EI IIWS Elev I ntW.S. IE.G. Elev IIEG Slope 'iTef1 hnl It-lOW Area IIOpWldlt1 It-roud epttl

31650 0(66 2309.05 2313.271 231327 2314.15 0.014403 7.52 766.5 426.12 U.99 HI
31350 5766 2300.06 2303.47 2303.47 2304.431 0.014194 7.84 735.29 380.35 0.99 1.93
31050 5766 2291.89 2295.79 2295.79 2296.681 0.014795 7.57 761.42 428.02 1 178
30750 5766 2282.53 2286.82 2286.82 2287771 0.014893 7.82 737.26 397.58 1.011 1.85
30450 5766 2273.5 2276.52 227652 2277.4' 0014645 753 765.31 430.321 1 1.78
30150 5766 22629 2268.58 2268.58 2269.851 0013184 9.04 63803 250.21 1 2.55

27 29850 5766 225621 2260.41 2260.4 2261.211 0.012382 7.66 829.4 495.88 0.95 1.67
29550 5766 2247.35 2251991 2251.99 2252.9' 0.01139 7.76 782.26 453.091 2761 1.73
29250 1 5766 2237.9 2244121 2244.12 2245.241 0.013482 8521 67705 29691 0.99 2.28
28950 I 10796 2228.6 2235.14 2235.14 2236.311 0.013717 8.69 1242.78 536121 101 2.32
28800 I 10796 2224.24 2228.611 2228.61 2229.89. 0.009416 909 1187.81 454.42 099 2.61
286501 10796 2217.7 2223.37 222337 2224.471 0.009948 8.4 1285.21 578241 099 2.22
284151 10796 2210.8 2216.6 2216.6 2217781 0.013652 8.69 1242.87 533.11 1 2.33
280601 107961 2200.8 220654! 2206.511 220806 , 0.012882 11081 1195.01 374.591 0.891 3.19
277451 107961 2194.6 2199.991 2199.991 2202.38 i 0.026018 1244 870751 183.791 11 4.74

26 277251 10796 2188.6 2194721 2194.721 2197.491 0.025787 13.35 808.52 147.361 11 5.49
275701 10796 2183.9 2190.571 2190.57 2193.441 0.005571 13.61 793.1 138.571 11 5721
272651 10796 21742 218481 2180.73 218604; 0.000434 8941 1208.73 1161 2.19 1042
27245 1Culvert I I

25 27225 10796 2173.3 2179821 2179.82 2183.11 0.002037 14.52 743.28 114021 2.19 6.52
27150 10796 21715 2178931 2178.931 2181.931 0.005522 1391 776.33 12988 1 5.98
27000 I 107961 21679 2177191 2177.19 2179.49 1 0.004263 13.84 1230.261 288.951 0.751 4.26
26700 1 107961 2162 2167.94 2167.94 2169.44 : 0.007469 10021 1142.3 390.921 0.971 2.92
26550 I 107961 2158 2163.43 2163.431 2164.791 0.01919 9.361 1153.29 420.941 11 2.74
26400 I 10796 2153.77 2158.96 2158.96 2160.621 0.017769 10.341 1044.18 324.221 1021 3.22

24 262501 107961 2149.77 2155.06 2155.06 2156.98, 0.016956 11.11 1 971.36 257.251 1.01 378
261001 107961 2144.59 2150.11 2150.111 2152.14 1 0.008489 11.51 I 967.54 252.651 1 3.83
259501 107961 2139.4 2146.671 2146.671 2147.711 0.00167 10081 1827.671 8001 0.69 2.28
258001 10796 2133.87 2142.311 214231 2143.591 000153 10.44 2038141 8001 0.58 2.55
25650 10796 2128.3 2136.66 2136.66 2139.5, 0.002689 13.75 937.94 238.74 1.02 3.93
25500 10796 2122.77 2131.02 2131.02 213415i 0.003071 14.26 807.76 189321 1.14 4.27
25350 10796 2117.2 2125.261 2125261 2128.63 ' 0.003439 14.73 743.38 141.75 1.12 5.24

23 25200 107961 2111.67 2119831 211983 2123.04 0.00323 14.41 785.27 168.26 1.12 4.67
25050 I 10796 2106.1 2114.351 2114351 2117.4 0.003092 14.14 838.081 202.14 1.11 4.15
24900, 10796: 2100.5 2108861 210886 i 2111.74, 0.002961 13.81 901.78 214.24 1.03 4.21
247501 10796 2095 2103011 2103011 2106.43 0.003571 14.831 72806 107181 1 6791
246001 10796, 208947 2097.471 2097.47 i 2100.89 0.00357 14.83 727881 106.961 1 6.811
24450 I 10796 2083.9 2091.92 2091.92 2095.33 0.003561 1482 729.351 121.21 1061 6.021

22 24300 10796 2078.36 2085.331 2085.331 2088.59 0.00366 14.49 745221 11391 11 6.541
24080 10796 2070.8 2077751 2077751 2081.03' 0.003687 14521 743.451 113871 1 6531
24035' 10796' 2069.21 2076.151 2076.15 2079.43 0.003682 14.511 743791 113.891 11 6.53
24000 I 10796 2067.56 2074.511 2074.51 207779, 0.004828 14.531 743031 113.91 1 6.52
23850 I 10796 2062.47 2069.421 2069.42 207271 0.011832 14.55 741.961 113881 1 6.52

21 237001 10796 2057.38 2064321 2064.32 2067.61 i 0.003708 14.55 742181 11389 1 6.52
235501 10796 2052.29 2059.241 2059.24 2062.521 0.003689 14.52 743.341 113.9 1 6.53
234001 117421 2047.2 2054.691 2054.691 2057.991 0.003401 14.58 822.33 175.61 1.16 4.68
23250 1 117421 2040.54 2047.271 2047.27 2049.471 0.013856 11.911 985921 222.25 1 4.44

20 231001 117421 20369 2044931 2044.931 2047.42, 0.008927 12.671 92706 186.41 1 4.97
22950 11742' 2032.5 2040.39' 2040.39 2043.19 0.014365 13.421 87471 158.311 1.01 5.531
22800, 117421 2029.821 2036.581 2036.58 2039.06 0.014436 12.651 928211 185.341 1 5.01
226501 117421 2025.81 20331 2033 2035.69 0.013002 13161 892.461 167.151 1 5.34
225001 11742 2022.31 2030.23 2030.23 2032.92 0.012509 13.171 901.57 175.991 101 5121

I 22350· 11742' 2018.16 2027011 2027.01 2029.86 0.011997 13.551 874151 163.411 1.021 5.35
19 22200 I 11742, 2014.6 2023.48 2023.48 2026.62 0.008124 14.291 84602 142.441 11 5.941

220501 11742 2011.21 2019.591 2019.59 2022.47 0.011701 13.63 870.191 155.8 1.011 5591
219001 11742 2007.81 2015.741 2015.741 2018.67 0.007289 13.891 891.88 157.75 0981 5.651
21750 i 117421 2004.41 2012841 2012.841 2015.811 0.007467 14041 885.54 154.71 0.981 5.72
216001 117421 2001.151 2009.14 2009141 201215 0.00754 1403 871.94 154.44 1 5651
21450 11742 19971 2005.65' 2005.651 2008.23 0.014551 1321 933.47 183.31 0.981 509,
213001 117421 1993.721 2000.99 1 2000.99, 2003.06, 0.015873 11.67 1032.921 251.031 0.99 4.11
21150 I 11742 1989.991 1996.481 1996.48 ' 1998.37' 0.020742 11031 1071.271 289.81 1 3.7
21000 I 117421 1985.161 1991321 1991.321 1993 0.021167 10.461 1134091 338.951 1 3.35
20850 11742 1980.151 1986.18 1986.18' 198808 0.020907 11.11 1 1064461 289161 1.01 3.68

I 18 20700 ; 11742, 1974.93, 198006 1980.06 1981.52 0.021057 9711 1214.331 419721 1 2.89

I
20550· 11742 1968.38 19739 19739 1975.38 0.020978 9.76 1206.891 41371 1 2.92
20400 11742 1960.1 1966.13 1966.13 1967.78 0.0209 10.28 1142.97 361.281 1.021 3.16

I I 20250 11742 1949.55' 1956.96 1956.96 1959.18 0.018161 11.98 989 227.61 1 435!

I
I
I
I
I
I
I
I
I

I
I

I

I

I
I

I
I
I
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40112823 111 32 1132 04 I16758 1679871 167987 168186 00057831281499001

HeC-KAS Plan: Plan 04 Reach: 1 4/2196
Subcritial ftow

IKeaCh Klver sta luTotal IIM,n Lh el IvV.S. elev 11,Alt W.'::S. Ile.G elev Ile.G '::Slape iive, Chnl IIFlow Area lap width II"-roude # IIHYd. Depth

18750 117421 1896.7 1902 19021 1903791 0.02045 i 10.821 1109.261 309421 0.991 3.58
18600 11742 1892.25 1897.01 189701 1898.84 0.0218011 10.87 1086.34 306.68 1.01 3.54

16 18450 11742 1887.85 1893.7 189507 0015251 942 1249.94 301.15 0.81 4.15
18300 11742 1882.82 1890.08 1890.08 189242 00201491 12.37 976.63 217.91 1 448
18150 11742 1879.1 1884.66 1884.54 1885.95 0.021998' 9.16 1300.13 467.34 0.95 2.78
180001 11742 18754 1881131 1881131 1882.63 0.021942 i 9.92 122413 417.26 0.99 2.93
17850 11742 1872.2 1878.8 1879.74 0.0142761 7.78 1515.63 489.6 0.78 3.1
17700 11742 1869.6 1875.43 1875431 187682 0.0276511 9.45 1245.18 451.88 11 2.76
17550 11742 1866.14 1873.02 1873.79 0.0120561 7.03 1681.24 520.61 068 3.23

15 17400 11742 186265 1869.48 186948 1871.25 0.0245731 10.75 1112.36 322.6 1 3.45
17250 11742 1857.51 1866.95 1868 0.0103911 8.46 1467.68 405.28 0741 362
17100 12814 1853.53 1863.58 1863.58 1865.27 0.0218211 1044 1234.26 370.72 1.031 3.33
16950 12814 185047 1860.08 1860.08 1862.04 0.020038 ! 11.27 1150.88 305.44 1.011 3.77
16800 128141 1846.71 1854.87 1854.87 1856.521 0.0231971 10.311 1243.021 383.71 1.01 3.24
16650 12814 1844.791 1851031 1850.99 1852.421 0.023385 ' 9.44 1356.72 46545 0971 2.91
16500 12814 1840.19 1847.11 1847.111 1848.95 0.022649. 109 1175.4 316.731 1.081 3.71
16350 12814 1836.02 1843.46 184346 : 184519 , 0.02342 10.55 1214.72 35244 1.18 3.45
16200 12814 183245 1839.21 183921 1841.211 0.021985 ; 11.35 1129.35 280.02 1.03 4.03
16050 1 12814 1827.67 1835831 1835.83 1837.691 0.022931 10.94 1171.05 316.81 1 3.7
15900 12814 1825.38 1831.81 183179 I 1833591 002199 : 10.73 1200541 332.99 0.99 3.61
15750 12814 1821.93 1828.74 1828.74 1830051 o024986 ! 926 1398.79 54347 101 2.57
15600 12814 1818.77 1824.63 182463 1825.921 0.023834 1 9.23 1417.09 554.95 1 2.55
15450 12814 1815.5 1820.88 1820.88 1822.3 0.020065 ' 9.81 1370.47 50349 1 2.72

14 15300 12814 18117 1816.95 1816.95 1818.44 0.0242811 9.78 1309.66 437.27 2.64 3
151501 12814 1804.6 1811.23 1811181 1812.3 0.026305 ! 8.32 154162 704.91 0991 2.19
15000 12814 1801 1807.66 1807.56 1808.56 0.0236611 7.68 1692.84 854.31 0.95 1.98
14850 12814 1797.85 1803.96 1803.96 1805.16 0.021473 i 8.82 1461.1 608.72 1 24
14700 12814 1793.1 1799.73 1799.73 18011 0.022004 9.03 1418.29 561.81 1 2.52
14550 12814 17909 1795.58 1795.581 1796771 0.0223. 8.77 1461.68 613.91 1.19 2.38
14400 12814 1786,61 1791.53 1791.53 1792.91 0.0214181 9.42 13604 496.86 1.211 2.74
14250 12814 1782.2 1787.591 1787.591 1789.16 0.020588, 10.041 1276.811 410.67 1 3.11
14100 12814 1777.7 1783,36 1783.361 1784.97 0.020124, 10161 1261.44 392.69 1.14 3.21
13950 12814 1773.35 1779.72 1779.72 1781.28 0.022887 , 10.02 1278.87 406.09 1 3.15
13800 12814 1767.1 17751 1774.85 1776.4 0.020056 ; 9.53 1348341 41923 0.93 3.22
13650 I 12814 1767.1 1772.71 17739 0.014098 ' 8.811 1458691 393.37 08 371
13500 128141 1765.1 1770561 177179: 0.014005· 8.931 1439.371 367.8 0791 391

1 13350 12814, 1762.52 [ 1767.78 1767.62 1769.25 0.020886 973 1320731 399.25 0941 331
13200 12814 175971 1764651 176451 1766.111 0.020977 : 9.7 1324131 403.17 0941 3.28

13 13050 12814 17559 1761.6 1 176295 i 0.021085 , 9.33 1377.641 448.31 094 3.07
12900 12814 175148 1758.12 1758121 1759.561 0.024271 ; 9651 1331411 456.87 0.99 2.91
12750 12814 1746851 1753.83 1753.831 1755.27 0.02507 ! 9.63 1332751 469.33 1011 2.84
12600 12814 1743.61 1750.05 1750.051 1751.44 0.0251021 9.43 136027 498.82 1.011 2.73
12450 128141 1740541 1745.911 1745.911 1747.261 0.025077 : 9.35 1373.48 534.78 1.031 2.57
123001 12814 1736.24 1742031 1742031 1743.411 0.0262641 94 1363.87 51627 1.02 2.64
12150 12814 1732.2 1737.861 1737.861 1739.261 0026746 : 9.49 1350.41 518.94 1.04 2.6

12 12000 12814 1727.73 173346 1733461 1734.87 0.026362 9.541 1344.54 493.84 1.02 2.72
11850 1 12814 1724.3 1729.1 1729.11 1730.5 0.025513 : 9.5 1351.88 482.15 1 2.8
11700 12814 1720.28 1725.08 1725.081 1726.5 0.02807, 957 1342.15 489.24 1.25 2.74
11550 12814 1715.6 1722.05 I 172301 0.0145131 7.86 1631.16 489.8 076! 3.33
11400 12814 171239 1718621 1718621 1720.071 0.027621 9.65 133161 461.981 1.3 2.88
11250 I 128141 1709.76 1715.39 1715.391 1716.86 , 0.012455 ; 9.75 1318.37 453.79 1 2.91
11100 12814 1706.64 1711,811 1711.8 171331 0.025445' 9.81 131004 462.32 1.02 2.83
10950 12814 1702.7 1708.26 1708.16 1709.69 i 0.022785 9.6 1338.99 432.73 0.961 3.09
10800 128141 1698.7 1705741 ! 1706.911 0.015295 8.68 1482.15 413.02 08 1 3.59

11 10650 12814 169651 1702.71 1 1704141 0.022636 9.65 1333391 39447 0921 338
10500 12814 1693881 1699.681 I 1701.061 0.0186091 944 1364.29 35748 0.851 382
10350 12814 1689051 169615 1696.061 1697.821 0.025275' 10.37 123991 36792 0991 3.37
10200 12814 1686.71 1692.81 1692.811 1694.49 I 0.019598 . 10421 123295 38147 1.021 3.23
100501 12814 16841 1688.57 1688.57 i 1690.371 0.005964 10.8 1 119622 342.44 1.011 3.49

I 1
I 97501 128141 16711 1675.181 1675.181 1677.241 0.005842 11.531 1111.821 271841 11 4.09

9 9600 128141 1669.51 1673.5 1673.5 i 1675.461 0.005826 11.221 1141871 290.85 11 3.93
94501 128141 16681 1672.41 167241 1674.071 0006217, 10381 1234.881 385.59 1.041 3.2

1 93001 128141 1666 1 1670.891 1670.89 i 1672421 0.022451 ' 9951 1291671 428.33 [ 1.01, 3.02

I 91501 128141 1662.6 1667.21 1 1667.21 166875, 0.024343, 9.971 1288821 440.97 1.02 2.921
9000 12814 165846 ! 1663.671 1663.551 1665051 0,021724 941 i 1363.89 458.92 0.96 2.97

1 8850 12814 1654.65 i 1660191 1660.131 1661651 0.02361 9.73 , 1319.39 440.61 0.99 2.99
8700 12814 1650.64 1656691 1656.621 1658161 0.022954 , 9.76 : 1315.52 447.08 11 2. 94 ,
8550 128141 1647881 1653.961 165521 0.01707, 8.94 i 1436.7 43794 0.871 3.28
8400 12814 1645 1651.12 1652451 0.019563 9271 1385.75 427.64 091 3.24
8250 12814 1641541 1649.09 1648.33 1650131 0.012337 8.2: 1566.53 40401 ·073 388

8 I 8100 12814 1641 1645.93 1645.93 1647.581 0.024571, 10.321 124604 394.56 1.13 3.16

II
7950 12814 1637.35 1642.63 1643971 0.019415 ' 9.29: 1383.42 421.71 09 3.28
7800 12814 1633.89 163906! 1639.06 164059 I 0.026252 9.961 1290.26 424.22 1.06 3.04
7650 12814 1630.3 1636.11 163726[ 0.01717 861 1492.8 445.05 0831 3.35

1 75001 128141 162735 1633.1 1634421 0.020941 9.221 1391.63 431.12 091 3.23,
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0.691
0841

337.611
361691

8931 1720.761
1347/154738

1544.891 11546.12,0.01075
1542311 1542311 154437' 0009599

1534.661
153299115265

15265124001
225014

HcG-RAS Plan: Plan 04 Reach: 1 412196
Subcrilial flow

Reach River Sla. IIU lolal IMlnch t:1 IW.::i. t:Jev Il..-ritW.::i. It:.G. t:lev E.G. Slope vel Chnl IHow Area lopWldlh It-roude # IIHYd. Depth

7350 12814 1623.78 1629.96 1631.32 0.020524 9.37 136802 407.17 091 3.36
7200 12814 1620.4 1627.83 1628.9 0.012899 ' 8.29 1551.06 413.1 0751 375
7050 12814 1616.85 1626.47 1625.13 1627.32 0008608 ' 7.42 172909 387.2 0621 4.47
6900 12814 16172 162398 1623.67 1625.44 0.019472, 9.69 1323.94 388.9 0.921 3.4
6750 12814 1615.42 1620.71 1620.71 1622.42 0.020743 10.5 1225.16 37029 1.011 3.31
6600 12814 1611.83 1616.99 1616.99 1618.45 0.01844 9.69 1325.67 465.35 131 2.85
6450 12814 160821 1613.56 1613.56 161489 0.019101, 9.26 1385,51 54405 1151 2.55

7 6300 12814 1604.15 1610.381 1610.38 1611.72 0.018469 9.32 1378.28 523.19 1.011 2.63
6150 12814 1600.3 1606.41 1606.41 1607.73 0.019195' 9.24 1389.8 549.93 1.02\ 2.53
6000 12814 1596.97 1602.53 1602.42 1603.85 0.016351 9.22 1391.19 47825 0951 2.91
58501 12814 1593.29 1600.13 1601.45 0.015606, 9.26 1385.81 456.79 0.941 303
5700 12814 1589.34 1597181 1597151 159902 0016626 10.9 1177.98 32009 11 3.68
5550 12814 1585.91 1594.68 1594681 1596.51 0.016952 10.831 1185.05 329.511 11 3.6
5400 12814 1583.68 1591.3 1592.46 0.01368 8.62 1487.33 494.16 0.881 301
5250 12814 1580.661 1588.49 1588.49 1590 151 0.017116 10.33 1240.46 371.81 11 3.34

6 5100 12814 1578.6 1587.12 1586.28 1588261 0.008382 8.581 1500.02 361.96 074: 4.14
4950 15265 1575.8 158223 1582.23 1583.84 0.01832 10.2 1498.72 466.53 11 3.21
4800 15265 1573.7 1579.57 1579.38 1581.09 0.010518 9.92 1545.63 450.21 0941 3.43
4650 15265 1572.18 1577.67 1577.67 1579.39 0.012019 10.53 1457.92 433.1 1011 3.37
45001 15265 1566.11 1573.831 1574.76 00024191 7.751 1978.99 278.35 0.511 7.11
44001 15265 1564.6 1573.261 156973 157409 0.001849, 7.32 2084.33 254.39 0.451 819
43561 15265 1564.6 1572,69 1573,65 0,002322 7.87 1940.37 252.61 0.51 7.68
42001 15265 1565.99 1571.891 1573.32 0.008526, 9.591 1594.8 418591 0.861 3.81
4050 15265 1562.83 1568.39 1569.641 0.018447 9 1702.86 471.68 0.831 3.61
3900 15265 1558.66 1565.84 1566.98 0.016604 8.591 1785.73 508.48 081 3.51
3750 15265 1556.5 1564.1 1564991 0.010129 761 2012.19 453.02 0.631 4.44
3600 15265 1554.12 1562.38 1563.44 0.010307 : 8.26 1850.44 385.9 0.661 4.8

5 3450 15265 1552.71 155907 155907 1561 0.026704: 1116 1371.22 362.39 1.011 3.78
3300 15265 1549.581 1555.93 1557.11 0.019476 8.75 1750.59 527.661 0841 332
3150 15265 1547.3 1553.72 1554621 0.013369' 7.61 2010.2 562.92 0.711 3.57
3000 15265 1544.6 1551.32 1552.43 0.015631 8.49 1801.86 527.46 0.811 3.42
2850 15265 1542.6 1549.53 1550.48 0.010524 7.83 1954.58 480.33 0.681 407
27001 15265 1539 1547.98 1548931 0.010082 . 7.84 1953.2 435.34 0.651 4.49
2550 I 15265i 1536.2 1546.581 1547.56' 0.008325 7.951 1929.39 375.74 0.621 5.13,

I
I

I
I

I
I

I
I

I
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I
I
I

2100, 152651 1531.4 i 1539.11 1539.1 1541.13 i 0.004845 12.45 1589.241 383.361 0.831 4.15

I
1950 1 152651 1528.61 1536251 1536251 1538.471 0.004727 12.481 1476.511 379.081 0.921 39
1800 152651 1525.81 1532921 1532921 1535.311 0.005836 12.641 1326.17 308.991 0.981 4.29

3 16501 152651 15231 1529441 1529.441 1532.421 0.007499 13.851 1102.3 186771 11 5.9
1500 152651 1520.21 1526.611 1526.61 I 1529.561 0.007458 13.79 1107.08 187961 11 5.89
1350 I 152651 1517.41 1524.381 1524.381 1527.491 0.007305 14161 1078.22 173.791 11 6.2

I II
12001 15265: 1514.61 1521.431 1 1523.13' 0.004082 10.481 1456851 239781 0751 608

12 1050 152651 151181 1521.471 1 1522.571 0.001731 8451 1813.86 230.951 0.531 7.85

l
900 152651 1510.86, 1521.32 I 15223[ 0.00141 7.98 1935.1 236.72 0.491 8.17
750 152651 1510.1 I 1521.15 I 1522091 0.001265 78 1992.88 233.17 0.461 8.55
600 152651 1509461 1521.04 I 1521.871 0.001162 7.32 2098.57 238.63 0.431 8.79
450 152651 1509.051 1520.91 I 1521.69' 0.001126 7.1 2164.24 251.63 0.421 8.6
3001 152651 1508731 1517.48 1517.481 1521061 0.007051 15.19 1005.04 140.89 11 7.13
150 152651 1506.361 1516.1 1516,11 1519.87' 0.006955 15.591 979.1\ 130.36 11 7.51

1 152651 1505.161 1513.79 1513.79 1517.05' 0.007121 14.5' 1052.75 160.39 1 6.56

I
I
I
I
I
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Ht:C-KA~ I-'Ian: Plan 04 Reach: 1 472796
Mixed Reaime

"~o~ Iver ::ira. IIU lotal IMln Ch EI IIWS Elev Ilcnt WS IIEG Elev IIEG Slope iper~IFlow Area IITop Width IIFroude # IIHYd Depth I
31650 5766 2309.55 2313.27 2313.27 2314.15 0014403 ! 7.521 766.5 426.12 0.991 1.8
31350 5766 230006 2302.68 2303.47 2305.39 0.078694 . 13.23 435.94 372.16 2.15 1.17
31050 5766 2291.89 2295.79 2295.79 2296.68 0.0147951 7.57 761.42 428.02 1 178
30750 5766 2282.53 2286.13 2286.82 2288.48 0.063187, 12.31 468.36 376.21 1.94 1.24
30450 5766 2273.5 2276.28 2276.52 2277.46 0.022789 ' 8.71 662.31 417.72 1.22 1.59

- 3015D 5766 2262.9 2267.98 2268.58 2270.09 0025883 11.66 494.62 219.53 1.37 2.25
27 29850 5766 2256.21 2259.87 2260.4 2261.63 0.028699 11.2 577.78 420.52 1.5 1.37

29550 5766 2247.35 2251.46 2251.99 2253.14 0.028245 10.43 561.16 369.05 1.471 1.52
29250 5766 2237.9 2243.64 2244.12 2245.4 0.024101 i 10.63 542.2 263.44 1.311 2.06
28950 10796 2228.6 2234.55 2235.14 2236.63 0.032893, 11.57 933.23 504.91 151 1.85
28800 10796 2224.24 2227.53 2228.61 2230.99 0.0405331 14.93 723.3 392.98 1.94 1.84
28650 10796 2217.7 222254 2223.37 2225.16 0.034937 : 12.99 831.26 499.12 1.77 1.67
284151 10796 2210.8 2216.2 2216.6 2217.91 0.025584 ~ 10.51 1027.33 530.55 1.33 1.94
280601 10796 2200.8 2206.541 2206.51 2208061 0.012882 11.081 1195.011 374.591 0.89 3.19.
277451 10796 219461 2199.99 2199.99 2202381 0.026018 12.44, 870.751 183791 11 4.74'

26 27725 10796 2188.6 2192.5 2194721 2199.91 0.118936 21.831 494541 136.38 202 3.631
275701 107961 2183.9 2189.15 2190571 2194.15 0.013081 . 1795 601581 131.89 1.481 4.56 .
27265 10796 2174.2 2177.68 2180.731 2189.181 0.015494 27.22 ' 396.66 114 2.57 3.48
27245 10796

25 27225 10796 2173.3 2179.82 2179.82 2183.1 0.002037 14.52 743.28 114.02 2.19 6.52
27150 1 10796 2171.5 2178.93 2178.93 2181.93 0.005522 13.91 776.33 12988 1 5.98
27000 1 10796 2167.9 2175.551 2177.181 2180.58 0.011529 19.571 785.33 235.1 1.331 3.34
26700 1 10796 2162 2166.27 2167.94 2172.65 0.075495, 20.331 535.58 328.2 278 1.63
26550 1 10796 2158 2163.13 2163.43 2164.84 0.027724. 10.49 1028.82 416.96 1.18 2.47
26400 10796 2153.77 2158.56 2158961 2160.71 0027013, 11.77 917.38 321.3 1.23 2.86

24 26250 10796 2149.77 2154.74 2155.061 2157031 0.022364 , 12131 889981 254.47 1.14 3.5
26100 10796 2144.59 2148.82 2150.11 2153.14 0.029138 ' 16.731 654.111 239.11 1.76 2.74
25950 10796 2139.4 2144.67 2146.671 2150.54 0.010715· 20.561 607.091 217.35 1.881 2.79
258001 107961 2133.87 213901 2142.31 2148.46 0.0165371 24.671 437.551 100.631 2.09 4.35
25650 10796 2128.3 2132.85 2136.66 2145.34 0.025336 28.36 380.63 93.61 2.48 4.07
25500 10796 2122.77 2127.07 213102 2141.16 0.03053 ' 30.12 358.4 94.64 2.73 3.79
25350 10796 2117.2 2121.39 2125.26 2136.32 0.03334 31.01 348.17 91.66 2.8 3.8

23 25200 107961 2111.67 2115.79 2119.83 2131181 0.034983 31.48 . 342.91 91.5 2.87 3.75
25050 10796 2106.1 2110.21 2114.351 2125.85 0.035846, 31.741 340.13 91.321 2.9 3.72
24900 10796 2100.5 2104.61 2108.861 2120.49 0.03662 : 31971 337.651 91151 293 3.7

I
24750 10796 2095 2099.07 210301 2114.981 0.036863 32011 337.26 91.31 2.94 3.69
24600 107961 2089.47 2093.52 2097.471 2109.51 0.037088 32.09 i 336.411 91.15 2.94 3.69

~
244501 107961 2083.91 2087961 2091.92 2104031 0.037367 32171 335.62 91.13 2.95 3.68
24300 10796 2078.36 2081.6 2085.33 2097.741 0.046566 32.241 334.891 106.45 3.2 3.15
24080 I 10796 2070.8 2074.66 2077.75 2085921 0.02612 26.931 400.85 107.7 2.461 3.72
240351 10796 2069.2 207301 2076.15 2084.59 0.027335 27.321 395.21 107.6 2.511 3.67

[J 24000 I 10796 2067.56 2071.31 2074.511 2083.31 0.037801, 27.81 388.32 107.5 2.58 3.61
23850 10796 2062.47 2067.06 2069.42 2074.94 0.04706 . 22.531 479.22 109.16 1.89 4.39
23700 10796 2057.38 2061.69 2064.32 2070.67 0.018194 24.05 448.84 108.62 2.09 4.13
23550 10796 2052.291 2056.16 2059.24 2067.37 0.025929. 26.871 401.77 107.73 2.45 3.73
234001 11742 2047.2 2051.24 2054.69 2063.43 0.026796 28.02 419.08 108.05 2.51 3.88

I I
23250 11742 2040.541 2044.68 2047.271 2055.39 0.158673 26.261 447.14 194.21 3051 2.3

20 23100 11742, 2036.9 2042.82 2044.93 2048.33 0.021113 18841 623.36 131.84 1.53 4.73
22950. 11742 2032.51 2038.85 2040.39 2044.13. 0.038694 18.451 636.281 150.71 1.58 4.22
22800' 117421 2029.821 2035.7 2036.58 2039331 0.026101 15.28 I 768.31 180.381 1.31 4.26
22650 11742 2025.8 i 2032.21 20331 2035.88 0020366 . 15.38 763.49 158.531 1.231 4.82
225001 11742 2022.3 2029.67 2030.23 2033.02 0.017728 14.71 802.861 174.38 121 4.6
22350 11742 2018.16 2026 2027.01 2030.13 0.020926 16.31 720.091 139.37 1.26 5.17

19 22200 11742 2014.6 2022.1 2023.481 2027.21 0.017798 18.13 652.421 132.59 1431 4.92
220501 11742 2011.2 2017.871 2019.59 2023581 0.033964 19181 612.28 13907 1.611 4.4
219001 11742 2007.8 2014.081 2015.74 2019681 0.020575 19071 635.15 152.95 16 4.15
217501 11742 2004.41 2011.31 2012.84 2016.68 0.01935 18.771 652.92 149.72 1521 4.36
216001 11742 2001.15 2007.361 2009.14 2013.451 0.0237 19.871 603161 146.331 1.691 4.12
214501 117421 1997 2004.291 2005.651 2008.981 0.03746 17.691 690.381 174821 1511 3.951
21300: 117421 1993.72 200007 2000.991 2003.46, 0.035056 14.871 805.26 244.34 1.42 33
211501 117421 1989.99 1996051 1996.481 1998.451 0.03115 12.461 946.18 285.231 12 3.32
210001 117421 1985.16 199073 1991.32 i 199321 0.039718 12.641 93526 334 1.32 281
20850 I 11742 ! 1980.15 1985.821 1986.181 1988.151 0.028915 12.29 : 96114 278.81 1.16 3.45 i

18 20700 1 117421 1974.93 1979.081 1980061 1982131 0.058684 14.051 839.21 359.61 1.611 2.33
20550 I 117421 1968.38 1973.451 197391 1975.5, 0.034524 11.5 1 1023981 398641 1.26 2.57
20400 I 117421 1960.1 1965.021 1966.13' 1968.65 1 0.06213 15.28 768.46 301.38 1.69 2.55 :

,I
20250 1 117421 1949.55 1955.671 1956961 1960031 0.053064 16.78 . 702.43 215.21 1631 3.261

I 20100; 11742 1941.291 1947.621 1948.951 1951881 0.055638 16.56 709.1 227.55 1.651 3.12
199501 117421 1937.371 1943.15' 1943.79 1946.031 0.028008 13.621 86257 222.81 1.22 3.87
198001 117421 1930.9 1940.59 1940.74 1942.48 0.024047 . 11031 1064.59 312.89 1051 3.4
196501 117421 1925.5 1931.03 1932.72 1936.12 0.08826 18.111 648.53 241.12 1951 2.69
19500 I 11742 1921.29 1927.36 1927.58 1929.2 0.026928 10.891 1078.53 353341 1.11 3.05

17 19350, 11742 ' 1916.6 1922.24 1922721 1924.86 0.030677 13011 902.77 249.58 1.211 3.62
192001 11742 1911 1916.53 1917.281 1919.41 0.043586 1362T 862.21 28987 1.391 2.97
190501 11742 190501 1910.67 1911.28 1913.32 0.037819 13.051 899.6 280.83 1.291 3.2
189001 11742 1900.44 190568 1906.11 1907.97 0.033381 . 12.141 967.23 30693 1.21 I 3.15
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187501 11742/ 1896.71 1901.861 1902' 1903.791 0.023334 11.271 1064.711 308.611 1.051 345
18600 11742 1892.25 1896.31 1897011 1899.11 0.043137, 1343 876.25 294.55 1.371 297

16 18450 11742 1887.85 1893.7 1895.07 0.01525 942 1249.94 301.15 0.811 4.15
18300 11742 1882.82 189008 1890.08 189242 0.020149, 1237 976.63 217.91 11 448
18150 11742 1879.1 1883.511 1884.54 1886.811 0.089768 14.57 805.79 385.3 1.781 2.09
18000 11742 18754 1881.13 1881.13 1882.63 0.0219421 9.92 1224.13 417.26 0.99, 2.93
17850 11742 1872.2 1878.8 1879.74 0.014276, 7.78 1515.63 489.6 078/ 3.1
17700 11742 1869.6 1875431 187543 1876.82 0.0276511 945 1245.18 451881 11 2.76
17550 11742 1866.14 1873.02 1873.79 0012056 , 703 1681.24 520.61 0.68 1 3.23

15 17400 11742 1862.65 186948 186948 1871.25 0.024573. 10.75 1112.36 322.6 11 345
17250 11742 1857.51 1866.95 1868 0.0103911 846 1467.68 405.28 0.741 3.62
17100 12814 1853.53 1863.58 186358 186527 0.0218211 1044 123426 370.72 1.03 i 3.33
16950 12814 185047 1859.53 1860.08 1862.16 0.0322881 1303 988.96 286.79 1231 345
16800 12814 1846.7 1853.931 1854.871 1856.82 0.039044. 1366 938.35 280.111 1.311 3.35
16650 12814 1844.79 1850.75 1850.99 185245 0.031842 1046 1225.28 454.761 112, 2691
16500 12814 184019 1847.11 184711 1848.95 0022649 109 11754 316.73 1.081 3.71
16350 12814 1836.02 1843281 184346 1845.211 0.02786' 11.14 1149851 350 1081 3.29
16200 12814 183245 183903 1839.21 184122 0.0253511 1187 1079.59 27842 1.061 3.88
16050 12814 1827.67 1835.73 1835.83 1837.7 00251161 11.26 1137.78 315.62 1.051 3.6
15900 12814 182538 183148 1831.79 1833.63 0.0295551 11.78 1092.7 32804 1.13 ' 3.33
15750 12814 182193 1828741 1828.74 1830.051 00249861 9.26 1398.79 54347 1.011 257
15600 12814 1818.77 182444 1824.63 1825.94 0.030101 i 997 1310.53 539.96 1.111 243
15450 12814 1815.5 1820.84 1820.88 1822.3 0.0210021 9.95 1348.31 502.08 1.021 2.69

14 15300 12814 1811.7 1816.74 1816.95 181846 0.0306051 10.53 1216.63 432.68 1.111 2.81
15150 12814 1804.6 1810.79 1811.18 181246 0053716: 10.38 1234.72 685.34 1.36, 1.8
15000 12814 1801 1807.661 1807.561 1808561 0.0236611 7.68 1692.84 854.31 0.951 198
14850 12814 1797.85 1803.96 1803.961 1805.161 0.0214731 8.82 1461.1 608721 11 24
14700 I 12814 1793.1 1799.34 179973/ 1801.1 0.034997' 10631 1205.69 530031 1.241 2.27
14550 12814 1790.9 1795.51 1795581 1796.77 0.023999 ! 9 1423.52 607171 1.04 : 2.34
14400 12814 1786.61 1791.3 1791.531 1792.94 0.027271 10.261 1248.8 480.69 1.121 2.6
14250 12814 1782.2 178747 1787.59 I 1789.17 0.023184 1046 1225.04 404.81 1061 303
14100 12814 1777.7 1782.91 1783.361 1785.081 0.032147; 11.851 108146 37943 1.24, 2.85
13950 12814 1773.35 1779441 1779.721 1781.311 0.031124 11 1165.14 405131 1.141 2.88

I
13800 I 12814 1767.1 1774.53 i 177485 i 1776461 0.033967 . 11.17 1149.64 417841 1.18 2.75
13650 I 12814. 1767.1 1772.71 1 1773.9, 0.014098 8.811 1458.69 393.371 0.81 3.71
13500 I 128141 1765.11 1770.561 1 1771.791 0.014005 8.93 1439.37 367.81 0.79. 3.91
13350 1 12814 1762521 1767.781 1767.62. 1769.251 0.020886, 9.731 1320.73 399.251 0.94 3.31
13200 12814 1759.7 1764.651 1764.5 . 1766.111 0.020977' 971 1324.131 403171 0.94' 3.28

13 130501 12814 1755.9 176161 1762951 0.021085 ! 9.33 1377.64 448.31 094 307
12900 1 12814 175148 1758121 1758.121 1759.561 0.024271 i 965 133141 456.871 0991 2.91
12750 12814 1746.85 1753.59 I 1753.83 1755.311 0.033843 . 10.54/ 1217.651 468.84 1151 2.6
12600/ 12814 174361 1750051 1750.051 1751.441 0.025102 : 943; 1360271 498.821 101 [ 2.73
12450 I 12814 1740.54' 1745.74 1745.91 1747.28 0.03081 ; 994 129094/ 534421 1131 242
12300 12814 1736.24 1742.03 1742.03 174341 0026264, 94 1363.87 516.27 1.021 2.64
12150 I 12814 1732.2 1737.79 1737.861 1739.26 0.029058 ' 973 1317.16 518.81 1081 2.54

12 120001 12814 1727.73 1733.37 173346 1734.88 0.029413, 9.86 1300.94 493.66 1.071 2.64
118501 12814 1724.31 1729 1729.11 1730.511 0.0289611 987 1301.26 481.94 1.061 2.7
117001 12814 1720.281 1724.81 172508 1726.551 0039518 ; 10.61 1210.81 488.691 1.181 248
115501 12814 1715.6 172205 1 1723.01 0.014513 7.86 1631.16 489.81 0.761 3.33
114001 128141 1712.391 1718.62 1718.621 1720.07 0.02762 9.651 133161 461.981 1.31 2.88
11250 I 128141 1709.76 1715.141 1715.39 1716.91 0.016631, 10.64 1 1208411 453.31 1.14: 2.67
11100 1 128141 1706.64 1711.511 171181 1713.35 0.036092 10.89 1179.231 461721 12 2.55
10950 I 128141 1702.7 1708.26 1708.16 ! 1709.69 0.022785 ; 961 133899, 43273 0.96 3.09
108001 128141 16987 1705741 1 1706.91 0.015295 8.68 1482.151 41302 0.81 3.59

11 10650 ' 12814 1696.51 1702.7 I 1704. 14 , 0.022636 9651 1333.39 39447 0.92, 3.38
10500 128141 1693.881 1699.68 1 1701.06 0.018609 9.441 1364.291 35748 0.85 3.82
10350· 12814 1689.051 1696.15 1696.06; 1697.821 0.025275 10.37 1239.91 367.92 0.991 3.37
10200 I 12814 1686.71 1692.811 1692.811 1694491 0.019598 10421 1232.95 38147 1.021 323
100501 128141 1684 1687421 1688.57 1691.311 0.021356 15.84 813.89 340.281 1.79' 2.39,

I I
9750 . 12814/ 16711 1673491 1675.18· 167944 0.033335 19.58 65448, 268.111 2.21, 2441

9 96001 12814 1669.51 1672.48/ 167351 1676.041 0.015531 ' 15.131 846.89, 28808, 1.56 294

I
94501 12814 1 16681 1671.94 16724 I 1674.18 : 0.009295 121 1068.531 36368, 1.23 2.94 .

1 9300. 12814· 16661 1670.891 1670.89 1672421 0.022451 9.95 1 1291.671 428.33 101 302

I
I

9150 128141 1662.6· 1667. 12 1 1667.21 I 1668.75' 0.026781 10.26, 1252.271 440.791 107 2.84,
90001 12814 1658461 1663.381 1663.55 1665.061 0.030258 1041 1234.32 458.361 1.11, 2.69
88501 128141 1654.65 i 1660191 1660.13 1661.651 0.02361, 973 1319.39 440.611 099 2.99,
87001 128141 1650.64' 1656.69 I 1656.621 1658.16, 0.022954 9761 1315.52 447081 1 2.94
8550 I 1281 4 1 1647.88 1653.96 16552! 0.01707, 894 14367 43794 087' 328
84001 12814 1645 1651.12 1652451 0.019563 9271 1385.751 427.641 0.911 3.24
8250 I 12814 1641.54 164909 164833 i 1650.131 0.012337, 8.2 1566.53 40401 073! 3.88

8 8100/ 12814 1641 1645.93 1645.93 164758 : 0.024571, 10.32 1246.04 394.56 1.131 3.16
7950 I 12814 1637.35 1642.63 1643.971 0.019415 i 9.29 138342 421.71 0.9 3.28
7800 I 12814 1633.89 163906 1639.06 164059 I 0.026252 : 996 1290.26 424.22 106 3.04
76501 12814 1630.3 1636.11 1637.261 0017171 86 1492.81 445.05 0831 3.35
7500 1 12814 1627.35 1633.1 1634421 0.0209411 922 1391.63 431.12 091 3.23

I
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HcC-RAS Plan: Plan 04 Keach: 1 4/2196
Mixed Reaime

IKeach IKlver ~ta. IU lotal [Min L;n cl IIw.s. Elev IUltW.~. IcG clev JE~Slope Vel Chnl lit-lOW Area lopWldtn Irroude# ,Hyd Depth

7350 12814 1623781 1629.96 1631.32 0.uL0524 9.371 136802 407.17 0.9 3.36
7200 12814 1620.4 1627.83 1628.9 0.012899 8291 155106 413.1 0.75 1 3.75
7050 12814 1616.85 1626.47 1625.13 1627.32 0.008608' 7.421 1729.09 387.2 0.621 4.47
6900 12814 1617.2 1623.98 1623.67 1625.44 0.019472 9.691 1323.94 388.9 0.92 1 3.4
67501 12814 1615.42 1620.71 1620.71 1622.42 0.020743 10.51 1225.16 370.29 I 1011 3.31
6600 12814 1611.83 161655 1616.99 1618.591 0.032338 11471 1119.34 464.44 _ 1.-3 2.41
6450 12814 1608.21 1613.55 1613.56 1614891 0.019416 9.311 1378.7 54402 103 253

7 6300 12814 1604.15 1610.21 1610.38 1611.741 0.022729 9921 1294.76 522.87 1.11, 2.48
61501 12814 1600.3 1606.01 1606.41 1607.841 0.029696 10.861 1181.66 509.42 1.25, 232
60001 12814 1596.97 1602.21 1602.42 1603.881 0.023625 10.371 1237.8 470.56 1.12 263
5850 12814 1593.29 160013 1601.45 0015606 9.261 1385.81 456791 0.94 303
57001 12814 1589.34/ 1597.18 1597151 1599021 0.016626 10.91 1177.98 320091 l' 3.68
5550 12814 1585.91 1594.68 1594.68 159651 0.016952 10.83, 1185.05 329.511 1 3.6,
5400 12814 1583.68 1590.37 1591021 1592731 0.041576 12321 1040.4 465.271 1.451 2.24
5250 12814 1580.66 1588.49 1588.49 1590.151 0.017116 10331 1240.46 371.81 1; 3.34

6 5100 12814 1578.6 1587.12 1586.28 1588.261 0.008382 8.581 150002 361.96 0.74 4.14
4950 15265 1575.8 1582.23 1582.23 1583.841 0.01832 10.2 1 1498.72 466.531 1, 321
4800 15265 1573.7 1579.571 1579.38 1581.09 0.010518 9921 1545.63 450.21 0.94: 3.43
4650 15265 1572.18 1577.67 1577.67 1579.39 0.012019 10.531 1457.92 4331 1.01 ! 337
4500 15265 1566.111 1573831 157476/ 0.002419 7.751 1978.99 278.351 0.51 ' 7.11
4400 15265 1564.61 1573.26 1569.731 157409 0.001849 7.321 208433 254.39 0.45· 8.19
4356 15265 1564.61 1572691 1573.65 0.002322 7.871 1940.37 252.6 0.5 7.68
42001 15265 1565.99 157189 1573.321 0.008526 9.591 1594.8 418.59 0.86 3.81
4050 15265 1562.83 1568.39 1569.641 0.018447 9/ 1702.86 471.681 0.831 3.61
3900 15265 1558.66 1565.841 1566.981 0.016604 8.591 1785.73 508.481 0.8, 3.51
3750 15265 1556.5 1564.11 1564.99 0.010129 761 2012.19 453021 0.63, 4.44
3600 15265 1554.12 1562.38 1563.44 0.010307 8.261 1850.44 385.9 0.661 4.8

5 3450 15265 1552.7 1559.07 1559.07 15611 0.026704 11.161 1371.22 362.39 1.011 3.78
3300 15265 1549.58 1555.93 1557.11 0.019476 8.751 1750.59 527.66 0.84 332
3150 15265 1547.3 1553721 1554.62 0.013369 7.611 20102 562.92 0.711 3.57
3000 15265 1544.6 1551.32 1552.43 0.015631 8.491 1801.86 527.46 0.811 3.42
2850 15265 1542.6 1549.53 1550.48 0.010524 7.831 1954.58 480.33 068: 4.07
2700 152651 15391 1547.98 1548931 0.010082 : 7.841 1953.2 435.34 0.65 4.49
25501 152651 1536.2 1 1546.58 1547.56. 0.008325 7.951 192939 375.74 0.62; 5.13

II
24001 15265 1 1534.661 1544.89 1546.121 0.01075 8.93 ' 1720.761 337.61 1 0.69 5.1

4 2250, 15265 1 1532.991 1542.31 1542.31 1544.37, 0.009599 13.47' 1547.381 361.691 0.84' 4.28

U
21001 152651 1531.4 1537.581 1539.11 1542.37, 0.014216 18.13 1012.281 379.351 1.63 2.67
1950 152651 1528.6, 1534.18, 1536.25 1539.891 0.017766 19.25 815.11 206.081 1.66. 3.96
1800 1 152651 1525.8, 1530751 1532.92 1536.91 0.021626 19.931 768151 176.921 1.68 434!
1650 152651 1523 1527.711 1529.441 1533.561 0.021762 19.4 ! 786.81 179.58 1.63, 4.38
1500 1 152651 1520.2 1525.111 1526.611 1530371 0.018639 18.421 828.85 181.96 1.52 ! 4.56
13501 152651 1517.4 1523.31 1524.38 1527.83' 0.013068 17091 893091 168.18 1.311 5.31

II
12001 152651 151461 1518.391 1520.281 152471 0.032215 2017

1

756.82 1 220.35 1 192' 3.431
2 10501 15265 1511.8, 1521.471 1 1522.57 0.001731 8.45 1813.861 230.95 0.53, 7.851

900 I 15265 1510.86 1521.32 1522.3 i 0.00141 7981 1935.11 236721 0.49, 8.17
750 15265 1510.11 1521.15 1522.091 0.001265 781 1992.88 233.17 0.461 8.55
600 15265 1509.46 152104 1521.871 0.001162 7.321 2098.57 238.63 0.431 8.79

1 450 15265 1509.051 1520.91 152169' 0.001126 711 2164.24 251.63 0.42, 8.6
300 15265 1508.73 1517.48 1517.48 1521.06 1 0.007051 15191 100504 140.89 1, 7.13
150 152651 1506.36 1515.771 1516.1 1519.891 0.007935 16.31 936.31 128.81 1.07, 7.27

1 15265 1505.161 1512.031 1513.79 1517.99 1 0.017858 19.611 778541 150.86 1.52 5.16
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Appendix B

Iterative Calibration Model Spreadsheet



n~ATA MAIN ((·ISINl
HEeti
MB'I'IIOD <I - YANC'S

- - - - "I'"
ITERATION Ii I

- - - - - - - - - .­
I - - -

Current IIJ.;C·6 Output1'able Previous HEC-6 Output Table

I 50 100 500 1000 5000 ItiOOO
d, d, or, d, d, do cfli

qs H 1 J 1.96 1U6.17 1231 j563~ 86131 486559 171521'1

YFS 83.89 30!j2.~~ 1130.02 16176.31 32244.17 167'131.85 548199.17
Fs :UI4! 11W.11 592.7:.1 6069.17 2201-4.23 152593.36 509'77.~'
'IS 4.\13 11)9.54 462.12 3374.24 9163.46 57954.11 272210.77
'S 9.04 341A1 762.46 4778.37 11075.61 53870.93 197951.17

VCS itS'! 371.89 7%.71 4757.81 107<10.25 50899.05 176401.&7
V"'G 1.15 'Its.:.!! 75.46 169.20 300.50 1172.99 2960.0C
FC 0.00 1H.M 8:J.8!i 205.51 374.83 1540.38 1009.12
MG 0.00 J:.t.7d 27.25 79.83 153.67 683.05 1lS68.01
'C 0.00 0.56 4.51 23.20 51.09 262.90 '"'.6Svee 0.00 0.00 0.00 4.71 19.54 150.IH 549.3

FS 48.17 1266.92 858.22 ·1682.59 -3473.63 ·11166.95 -22984.73
FS -31.90 -16U5.79 -2979.07 -11789.73 -13703.67 -26995.41 -61506.94
hiS -30.79 ·1016.36 -3109.68 -14484.66 -26554.34 ·120034.69 -299273,43

S ·26.01:1 ·IH~A9 -:l809.34 -13080.5:1 -24642.J9 ·124717.81 -373533.03
ves ·27.ltl -1414.01 -2176.09 -13101.09 -2~917.55 ·127~9.75 ·395082.33
VFG -34.57 -1131.69 -3496.31 -17689.70 -35417.30 -117415.81 -568524.2
f'C -35.72 -1731.06 -3487.91 ·1765:D9 ·353·12.97 ·11704.8.42 -567475.0
MC -35.7'1. -1173.1'1. -3541.55 ·17779.U7 -35564..13 -117905.75 -569616.19
'C -35.72 -17tlfi.:J4 -3567.29 -17!i35.70 -35666.71 -178325.90 ·570097.51

Ivec -35.72 -178!i.90 -3571.~0 -17854.19 -35698.26 -178437.99 -570934.8

I 50 100 500 1000 5000 16000
d, or. d. d, or, d, d,

QS 357.11;: 17~59.OU 35711:1.00 178589.00 :157178.00 1785888.00 5711842.001

FS 35.72 17&5.90 3571.80 17858.90 35717.80 178588.80 571484.2

FS 35.72 1785.90 3571.80 1785li.90 35717.80 178588.80 571484.'1.(

'IS 35.72 1785.90 3571.80 l7B58.90 35717.80 178588.80 571484.2<

CS 35.72 1785.90 357Ul0 17858.90 35717.80 178588.1:10 571484.2tJ

Ives 35.72 1785.90 3511.80 17H58.90 35717.80 178588.80 571484.2
VFG 35.72 1785.90 3571.80 1785tl.90 35717.80 178588.80 571484.2C

FC 35.72 1785.90 3571.~ 17tl5l:l.9J 35717.80 178588.80 571484.21.:

MC 35.72 1785.90 3571.80 178M.90 35717.80 171:'588.80 571484.2<

ec 35.72 1785.90 3571.80 1785ts.90 35717.80 118588.80 571484.21.:

Ivec 35.72 1785.90 3571.80 17858.9u 35717.80 178588.80 5714.84.2

!QS

('iliM I -00" 0 0" .00" 0001 0.001 0021 ·0.0 II I I I I I I I I! I 0 101 5001 10.001 50001 100001 500.001 1'00.001

i

Vl-'S U.749 0.72'1. 0.612 0.154 0.37~ 0.341 0.32
F~ 0.034 0.U4:1 0.oli2 0.170 0.256 0.314 0.297
/\IS 0.0'11 0.040 0.064 0.095 0.106 0.119 0.159
-S O.Og(; O.O~I 0.105 0.1:J1 0.129 0.111 0.11 ~

ves O.O'lti O.Otsts 0.110 0.131 0.125 0.105 0.103
v~'c 0.010 O.UII O.OIU 0.005 O.OO:J 0.00'1. 0.00'
Fe 0000 O.UI'1. 0.012 0.006 O.Ot)4 O.OO:J 0.00'1.
MC 0.000 u.ooa 0.004 0.002 O.OU4! 0.001 0.001

Icc 0.000 0.000 U.ool 0.001 0.001 0.001 0.000
vec 0.000 0.000 0.000 0.000 0.000 0.000 0.000

rs 64.93% 62.24% 51.24'X. 35.39% 27.43% 24.41% 21.98"
rs -6.59% ·6.74% -1.81% 7.0:J';\> 15.56% 21.36% 19.73"
/\IS ·5.60'-A. -5.99% -3.61% -0.63% 0.64% 1.91% 5.87<.\

P -1.:19% ·1.94!% U.54'Al 3.'11% 2.86% 1.07% 1.64<.t
ves -2.37'.\ -UW'A> 1.00% 3.:J5'.\ 2.47% 0,46% 0.28"
Ivrc ·8.97% -8.tl6<,{, ·&.9ti% -9.5::1% -9.65% ·9.76% ·9.83"
~·C -10.00% -8.tWk -8.81% -9,42% -9.56% ·9.68% ·9.""
MC -10.00'.(. -9.70% -9.64!% -9.7~% -9.82% -9.86% -9.89"
'C -10.00% -9.99'A, -9.9'1% -9.93'A. -9.94% -9.95% ·9.95"

vec -10.00"" -10.00% -IO.UO% ·9.99% ·9.9~% -9.97% ·9.97'.l

,
fVFs 0.100 0.100 0.100 0.1"'l1 0.100 0.100 0.10<
rs 0.100 0.100 0.100 0.1"'l 0.100 0.100 0.10<
fo,tS 0.100 O.IOU O.IOU O.IOtf 0.100 0.100 0.1'"
es 0.100 0.100 0.100

~:;~
0.100 0.100 0.1'"

ves 0.100 0.100 0.100 0.100 0.100 0.1'"
VFC 0.100 0.100 0.100 O.IOJ 0.100 0.100 0.1'"
FC 0.100 0.100 0.100 01"'1 0.100 0.100 0.100
Me O.IOU O.IOU O.IOU 0.100 0.100 0.100 0.100
-C 0.100 0.100 0.100 01~1 0.100 0.100 0.1Ot.

vee 0.100 0.100 0.100 0.1 . O.lOU 0.100 0.100

! I 1.5"'1 II !!:II 101:11 09981 1.2061 1.3021 1.50 I! ill I 1 1 I! I 1.0U61 1.0001 1.0001 1.0001 1.0001 1.0001 1.0001

I
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- - _. - - - - - - - - - - - - .. - - -
fH':A'l'A MAIN {QSINI ITERATION' 2
II~C6

fo.1BTIIOD'I - YANO'S

CurnmlllEC-6 Output Tuble Pre"iou~ Hio:C-6 Output Table

os

V}O'S 8:um 3055.UI 4M21.:J~ 18289.50 32245.77 168491.17 549675.79
~'S :US<! H«>.1O 591.37 5nO.16 14487.76 1:J191<1.ti4 482774.44
!'ott; 4.93 j69.5<1 461.29 30100.21 9246.77 53717.31 200505.Bti
'S 9.61 34 l.<l 1 761.21 1803.44 11164.18 54953.16 203611.32
ves 8.54 371.M9 794.'42 4773.72 lO~3:J.46 51764.79 180777.64
VFC l.IS 48.21 75.33 169.07 30i.55 1189.75 3036.1
FG 0.00 4tl.M &:J.75 205.36 380.03 1562.99 4117.9 .

MO 0.00 12.18 27.20 79.76 155.83 693.30 1921.07
CO 0.00 0.5ti 4.51 23.17 51.80 266.90 H09.76
vee 0,00 0.00 0.00 4.71 19.76 153.11 565.7·,

VF'S 0.00 2.19 39t.30 2113.19 1.60 1059.32 1176.3

>'S 0.00 -0.01 -1.36 -349.01 ·7526.47 ·20678.52 ·27202.8
MS 0.00 0.00 -u.K3 25.97 83.31 ·4236.77 -71705.11

'S 0.00 0.00 -1.25 25.07 88.57 1082.23 5660.15

VOS 0.00 0.00 -1.29 15.91 93.21 865.74 4375.77

V1o'C 0.00 0.00 -0.13 ·0.13 4.05 16.76 76.19

FG 0.00 0.00 ·0.14 -0.15 5.20 22.61 loa.84
MO 0.00 0.00 -0.05 -{l.07 2.16 10.25 53.06

CG 0.00 0.00 0.00 -0.U3 0.71 '.00 23.07
VCO 0.00 0.00 0.00 0.00 0.22 2.30 16.36

FS 83.89 3052.82 4130.02 16176.31 32214.17 1l:i7431.K5 541H99.47

f'S 3.82 180.11 59'l.73 6069.17 22014.23 152593.36 509977.2 .

MS 4.93 169.54 462.12 3374.24 9163.46 57954.11 272210.77

S 9.61 341.41 762.46 4778.3i 11075.61 53870.93 197951.17

ves 8.54 371.89 795.71 4757.8~ 10740.25 50899.06 176401.87

VFO 1.15 48.21 75.46 169.2 300.50 1172.99 296M'
fC 0.00 48.8<1 83.89

2~;H
37....83 1540.38 4009.1

MO 0.00 12.78 27.25 153.67 683.05 1868.01

G 0.00 0.56 4.51 23.2 51.09 262.90 7116.6
veo 0.00 0.00 0.00 <.71 19.54 150.81 549.3

QS

~S\JM I ,0.011 ·00 tI 0021 .001! 0.021 .0011 O.OOI! I I I 1 1 I ! I I ! 0 101 5.001 10001 5000[ .100.001 500001 160000II

FS 0.749 O.7:l:! 0.63:1 0.488 0.409 0.363 0.33
10'8 0.0:J4 0.043 0.07li 0.153 0.184 0.2M 0.2!:!7

MS 0.04<1 0.0<10 0.061 0.091 0.117 0.116 0.12:.1
'S O.Ot56 O.Olil 0.100 0.128 0.142 0.118 0.1'"

ves 0.070 O.O~ 0.104 0.127 0.137 0.111 0.111
Vt'C 0.010 0.011 0.010 0.00[, 0.004 0.00:1 0.00'
f'O 0.000 O.Oll 0.011 0.005 0.005 0.003 0.003

/'oIC 0.000 0.00;1 O.lX)4 0.002 O.OO'L 0.001 0.001
·'0 0.000 0.000 0.001 0.001 0.001 0.001 0.00<
vee 0.000 0.000 0.000 0.000 0000 0.000 0.00<

f'S 0.01% 0.01% 2.03% 3.12% 3.44% 1.85% 1.79%

f'S O.l)Olk 0.00% -0.4;1% -1.76% -7.19% -2.98% -0.07%
MS 0.1)0% 0.00% ·0.33% -0.39% 1.08% -0.35% -3.55%

CS 0._ 0.00% ·0.55% ·0.59% 1.29% 0.75% 0.97,*

ves 0.00% 0.00',l -0.57% -0.61% 1.26% 0.68% 0.82€,{
V}<'C 0.00% 0.00'''' -0.05% ·O.O:.!% 0.04% 0.01% 0.01'.<
f'O 0.00% 0.00% -0.06% -0.03% 0.05% 0.02% 0.02<,(

MG 0.00% 0.00% ·O.iJ:.!<~ ·0.01% 0.02% O.UI% 0.01'k

'0 O.OO'N O.oo'N 0.00% 0.00",1, 0.01% 0.00% 0.00%

vec 0.00% 0.00'k 0._ O.oo'N 0.00% 0.00% O.OO'Jl

FS 0.749 0.722 0.612 0.454 0.374 0.344- 0.32

f'S 0.03'" 0.043 0.082 0.170 0.256 0.314 0.297

MS 0.0<11 0.040 0.06'" 0.095 0.106 0.119 0.159
'S 0.08ti 0.081 0.105 0.134 0.129 0.111 0.115

wes 0.076 0.088 0.110 0.134 0.125 0.105 O.IO:J

"FO O.OIU 0.011 0.010 0.005 0.003 O.OO:.! ll.OO·

f'O 0.000 0.012 0.01:.! 0.006 0.001 0.003 0.002

MO 0.000 0.003 0.00'" O.Wl 0.002 O.O(H 0.001

eo 0.000 0.000 0.001 0.001 0.001 0.001 0.00<
veo 0.000 0.000 0.000 0.000 0.000 0.000 0.00<

I I 1.5671 L1.,1 1.0671 1.0<9! 110,1 1.3011 1.42<1! ! I I I 1 I n I I 1.00.1 1.0001 1.0001 I.ooo! 1.0001 1.0001 1.0001

GREINER, INC. .,0060102 p:Ir.lItolhK:6'qsnl CAL_<lA..XLS Yang's . 2



- - - - - - - - - - - - - - - - - - -
nEATA to.1AIN «~SlNI

III-.:C6 1'I'l-:tlA'I'ION /13
/0.11-;'1'11001· YANC.:'S

Current J I.I-.:C-6 OUlput T8ble

I W 100 500 1000 5000 T16000or, or, or, ef. d, or, d,
k,s 11196 'l:lllS:J.l 76:1:.1 40127 78til6 ""5058 '59U'7i1 ~

p'S 8:J.tlY 3u55.ul <US33.U6 20Ull.26 32716.7:1 169IWS.:J:l 551572.40 0.00 0.00 11.7·1 2631.76 170.96 1311.16 1896.61FS 3.tI:l HW.IO 591.33 sna.tli 1:J750.&:t 10964'1.69 155037.89 0.00 0.00 -0.0'1 tI.65 -737.08 -22270.15 -27736.5:
MS 4.!I:J HHUi4 46U!7 34l0.ltl 9227.09 54236.45 184926.34 0.00 0.00 -O.Ol 9.95 -19.6t1 519.11 ·15579.3~

Ics 9.6-1 30\1.11 761.17 1tW9.:J6 11165.14 55:.16-1.07 2u5619.23 0.00 0.00 ·0.0,1 5.92 0.96 410.91 2007.91
ves H.S.. :J7UHl 79-t.3ti 477tW2 10842.77 5'i118.0:J 1827'7." 0.00 0.00 ·U.O-I :.1.30 9.:11 :J5~Ul4 1940.24
vn: 1.15 41U!1 76.3:) 168.& 304.99 119679 :J07l:1.H:\ 0.00 0.00 0.00 -0.19 0.44 7.0>1 42.61
FU 0.00 <llttl4 ~.75 205.12 :USO.61 15n.57 4..,5.7:.1 0.00 0.00 0.011 ·0.~4 0." 9." 67.77
MG 0.00 1~:lij 27.20 79.66 156.08 697.68 1945.W 0.00 0.00 0.00 -0.10 0.25 4.3tJ 26.91
CO 0.00 0.56 I 4.51 23.15 51.88 268.62 821.1'1 0.00 0.00 0.00 ·0.U2 O.OM 1.72 11.3;
'Vee 0.00 0.00 0.00 1.69 19.79 154.10 573.7< 0.00 0.00 O.Otl ·0.02 0.03 0.99 8.0

Previou.. 1I£C-6 OUlpUl Tuble

>'S ~U:l9 3055.01 oIt:121.32 lti2ti9.50 :12245.77 ItilH91.17 549075.1 l

f'S 3,82 ItW.1O 591.37 5720.16 1401M7.7ti 131914.84 41:12774.401

MS 1.93 169.51 0161.29 3100.21 9246.77 63717.34 200505.66
CS 9.64 3011.011 761.21 4t:103.41 11164.18 5'1953,16 20:)611.3'

ves 8.54 371,89 7901 ... 2 4773.7:.! 101:1:13.46 51764.79 11:10777.6'1
Vt-'C 1.15 16.21 75.33 169.U7 304.55 1189.75 3036.ll

"G 0.00 48.81 83.75 205,36 380.03 1562.99 ."7.9f
MG 0.00 12,78 27,20 79.76 155.83 693.30 1921.07

G 0.00 0.56 ot.SI 23.17 51.80 266.90 tS09.7 .

veG 0.00 0.00 0.00 4.71 19.76 153.11 565.74

IsLJ~1 I .0011 0.00] .ootl 0.001 0001 .o.oil 0.00I! I I I I I ! ! !SUM I .001! .o.oil 002! .00'1 0.021 .MiI 0001

d,

IS 11196 ~

lV"s 0.7<19 0.72:1 0.6:1:1 0.!i21 0.416 0.382 0.3<1 v,::s 0.01% 0._ 0.06% 3.33% 0.74% 1._ o.g},!

"S 0.0:11 0.U4:.1 0.077 0.143 0.175 0.246 0.28< rs O.OU'~ OJJO<k ·0.01% -0.99"-'> ·0.87% ·3.75% -l.05<;t1
MS 0.044 0.0'.0 O.OOU O.Otlfi 0.1'" 0.12~ O.llf 'IS O.OO<k O.OO'AI ·0.01% -0.5d% 0.02% 0.63% -0.69'!
.cs 0,086 O.~I 0.100 0.120 0.142 0.121 0.121 S 0.00% O.OO'AI -0.02% ·o.tlj% 0.05% 0,61% 0.42<,t
ves 0.076 O.OMH 0.101 0,119 0.138 0.117 0.115 es O.()()'h 0.00% -0.02% -0.84% 0.06% 0,57% 0.381l
vrc O.OIU 0.011 U.01O 0.004 O.llO4 0.00:1 0.00' vlo~C 0.00% 0.00% 0.00% ·0.03'k O.OO'AI 0.01% 0.01';(;1
FC 0.000 0.0 I:.! 0.011 0.005 0.005 0.00<1 o.ooa FC 0.00% U.OO'''' 0.00% ·0.0'1% 0.00% 0.02% 0.01%
MC 0.000 O.ooa 0.001 0.002 0.002 0.002 0.001 foolG V.W'N U.OO'.t O.VO% ·0.01';(, O.OO'k O.OI'N O.DO'<

I~~c
0.000 0.000 0.1101 0.001 0.001 O.lXH 0.001 CG O,oo'N 0,00% 0.00% 0.00% 0.00% O.OO'.l> OJ)()'.l,

0000 0.000 0.000 0.000 0,000 0.000 0."'" vec OJ)(J<,(, O.OU''\' U.OO'JL 0.00% O.OU% 0.00',(, O.OOe.t

i Ifl1)71 I llid 100MI I~~~L 1.101\ 1.2161 1.3921 I I I I I I I

GREINER. INC.

F'S 0.719 0.723 0.633 0.488 0"'09 0.363 0.33

FS 0.034 0.043 0.078 0.153 0,181 0.284 0.297

MS 0.04<1 0.0010 0.061 0,091 0.117 0.116 0.123

CS 0.086 0.081 0.100 0,128 0.142 0.118 0.12

ves 0.076 0.088 0.104 0.127 0.137 0.111 0.111

VfC 0.010 0.011 0.010 0.005 0.00<1 0.003 0.002
~'G 0.000 0.0 I:.! 0.011 0.005 0.005 0.003 0.003
MC 0.000 0.003 0.004 O.OO:.! O.OI>:l 0.001 0,001

·c 0.000 0.000 0.001 0.001 0.001 0.001 0.00<.
vec 0.000 0.000 0.000 0.000 0.000 0.000 0.00<.

I I 1.00_1 1.0001 1.0001 I 0001 1.0001 1.0001 I.UWI

.,0060102p,lItal..Ih-e61q,inl CAL_4A.XLS YWlg'• . :1



- - - - - - - - - - - - - - - - - - -
PrcviOU6 I-lEC-6 Output Table

I'S 0.719 0.723 0.633 0.521 OAI6 0.382 0.34

FS 0.03-l 0.04:1 0.077 0.143 0.175 0.246 0.28f

'IS 0.044 0.040 0.060 0.085 0.117 0.122 0.11 .

'S 0.086 0.081 0.100 0.120 0.142 0.124 0.12
ves 0.076 0.088 0.104 0.119 0.138 0.117 0.11
v,'c 0.010 0.011 0.010 0.004 O.OCH 0.00:1 0.00'
1"0 0.000 0.012 0.011 0.005 0.005 0.004 0.003
Me 0.000 0.003 0.004 0.002 0.002 0.002 0.001

C 0.000 0.000 0.001 0.001 0.001 0.001 0.001

CC 0.000 U.OOO 0.000 0.000 0.000 0.000 MO'

FS ~3.89 3U55.01 4833.06 2092l.26 32716.73 169~5.33 55157'lo4

FS 3.82 18U.10 591.33 572H.~1 13750.68 109644.69 455037.8

~S 4.93 169.54 461.27 3410.'6 9227.09 54236.45 184926.34

CS 9.64 341.41 761.17 4tW9.36 11165.14 55364.07 2051;)19.23

ves 8.54 371.89 794.3H 4776.02 10842.77 52118.03 182717.&

Vio'G 1.15 48.21 75.33 16l:i.88 304.99 1196.79 3078.83

FC 0.00 48.84 83.75 205.12 380.61 1572.57 4175.73

MO 0.00 12.78 27.20 79.66 156.08 697.68 1948.03

CC 0.00 0.56 4.51 23.15 51.88 288.62 821.14
vec 0.00 0.00 0.00 4.69 19.79 154.10 573.7 .

VFS 0.01% O.UU% 0.00% 0.95% 0.43% 0.82% O.75'!
FS 0.00% 0.00% 0.00% -0.28% -0.02% -2.63% -1.32.
'IS 0.00% 0.00% 0.00% -0.17% -0.13'''' 0.63% 0.02'.\
'S o.oo',c, u.OO\t 0.00% -0.21% -0.14% 0.61% 0.29'.(

YCS O.OO'.t 0.00% 0.00% -0.24% -0.1:1% 0.54% 0.25~

Vfe u.OO% 0.00% 0.00% ·0.01% 0.00% 0.01% O.OO',t
>'G O.OO'..t> 0.00',(, 0.00% ·O.OI'A> O.OO'N 0.01% O.ot'.t
MG 0.00% 0._ 0.00% 0.00% 0.00% 0.01% O.OO'!
'C 0.00'.t 0.00% O.OUt,(, O.OU'-.l. 0.00% O.OO''{ O.OU'.t
vee O.OU'-,t U.OO'N O.t)O'A, 0.(\0'.(. 0.00% O.OO'.{. O.OO'l

VFS 0.00 0.00 0.21 tlOO.27 647.62 1354.16 1317.0

"S u.OO u.OO 0.00 ·2.14 110.19 -13033.63 -29218.15
'IS 0.00 0.00 u.oo -2.37 -20.23 20;10.48 -3153.61
cs 0.00 0.00 U.OO -2.95 -3.73 1940.97 619.8J
YCS 0.00 u.oo U.W -2.93 0.'15 1665.71 448.2
VFC 0.00 u.OO u.W ·0.12 ·0.06 32.43 13.57
f'C 0.00 0.00 O.OU -0.15 ·0.06 39.28 19.5
MC 0.00 0.00 0.00 -0.05 -0.02 16046 9.56
ec 0.00 0.00 0.00 -0.0~ -0.01 6..~ 4.1'
vee u.OO 0.00 0.01l 0.00 ·0.01 4.5\ 2.92

('1)'1 I -0011 0001 -O.otl 0.001 0.011 0001 00011 II! I I I I I B !SUM ! -0.011 -O.otl 0021 -0011 0021 -u.oll 0001

HEATA f001AIN 1(~IN)

JIEC6 I'I'EftA'I'ION • 4.

METJl0I14· YANG'S

Current (-I Ee·6 OulpUl Table

1 500
of, or,

qs 111.96

vrs tl:I,89 :1Or,5.01 4a33.27 21721.53 33:164.:15 171159.'19
to's :J.tl2 1~.IO 5!:j1.:J3 5720.67 I:UStiO.87 96611.00
MS 4.93 109.5'1 4til.:17 3107.79 9206./Mi 5626ti.93
COS 9.61 :111.41 7tH.17 4&>6.41 11161.41 57:105.lH
ves 8.01 37US~ 794.:J1i 4773.09 10843.22 5371:13.80
vrG l.Jti 4ttl! 75.:.13 168.76 304.93 1229.22
f'C U.W 4tUi4 tlJ.75 204.97 380.55 1611.85
Me..: U.OO 12.71) 27.20 79.61 156.06 71-(,11
iCC 0.00 0.56 4.51 23.13 51.8'/ 275.04
vee O,ou u.W u.OO oUi9 19.78 If~.61

50 100
of, of, or,

<15 III Y6 '12:ll:i.:H 7632

'YFS 0.719 0.72:1 0.6:1:1 0.531 OA20 0.390 0.354
FS 0.03<1 0.013 0.077 0.140 0.175 0.220 0.273
MS 0.04,1 0.010 0.060 0.083 0.116 0.128 O.llt
CS 0.086 0.08\ 0.100 0.117 0.141 0.131 0.13.
ves 0.076 0.U88 0.104 0.117 0.137 0.122 0.117
VFC..: 0.010 0.011 0.010 0.001 0.001 0.003 O.OO:l1
FG MOO O.OJ:l 0.U11 0.005 0.005 o.oo~ 0.003
fo,W 0.000 0.00:1 0.004 0.002 0.002 0.002 0.001
CG 0000 O.OUO 0.001 0.001 0.001 0.001 0.001
vee 0.000 0.000 0.000 0.000 0.000 0.000 0.0001

I I 1.',671 IlK,1 1.068! 1.1461 1.1111 1.2291 1."6M u I I ! !! I! il 1.0061 1.0001 I.GOO! 1.0001 1.0001 I.ooo! 1.000ft

GJlEINEH.INC. .,0060102 P 1I"llr(lIl".,"6~U'\ CAL "' ... XLS YUIlP'S' '"
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CurrcnlllEC·6 Output Table

I 50 100
d, cfli d,

"IS 111.96 4:L:lH.:I'1

VFS 83.~9 3055.01 4833.27 23014.01 34615.26 172350.91 553210.91
n; :J.l:f:l 180.10 591.33 5713.19 1:.1616.69 88681.1:.1 3971Q6,H:J
MS 1.9:! 169.54 401.27 ~H03.94 9186.34 5637:J.25 181527.21
CS 9.64 :11IAI 761.17 4t«1l:J6 11163.80 574:.10.18 2l16574A4
Vc.;S 8.51 :171.1:19 7!H.:J8 4768.54 10850.62 53ti85.80 183HO.67
VFC I.lS 48.21 75.3:J 168.58 305.00 1231.37 :H04.51
FG 0.110 48.81 83.75 204.75 380.67 1614.80 4212.0:.!1
'10 0.110 1:.!.7t1 27.20 79.52 156.11 715.50 1965.41>
'0 0.110 0.66 4.51 23.11 51.89 275.58 828.5'1
eo 0.110 0.00 0.00 4.69 19.78 158.93 678.74

VFS 0.00 0.00 0.00 1292.18 1250.91 1191.12 321.1
>'S 0.00 0.110 0.110 -13.18 -244.18 -7929.93 -28552.31
hiS 0.110 0.110 0.00 -~tij5 -20.52 106.32 -215.49

S 0.110 0.110 0.110 -1.65 2.39 115.11 335.3
ves 0.00 0.110 0.00 -4.55 7.40 102.00 271.57
Vf'C 0.00 0.00 0.110 -0.18 0.07 2.15 12.11
,"'C 0.00 0.110 0.110 -0.22 0.12 2.95 16.77
'10 0.00 0.110 0.00 -0.09 0.05 1.36 7.87
eo 0.00 0.110 0.00 ·0.02 0.02 0.61 3.24
veo 0.00 0.110 0.110 0.00 0.00 0.32 2.06

Previou.ll HEC-6 Output Table

ITS 83.89 3055.01 oIij33.27 21721.53 33364.35 171159.49 552H89.4
.'S 3.82 180.10 591.33 5726.67 13860.87 96611.06 425819.14

MS ....93 169.5'1 ...61.27 3407.79 9206.86 56266.93 181772.73

es 9.64 3·11.41 761.17 ...806.11 11161.11 57305.01 206239.'"
ves 8.54 371.89 794.38 '1773.09 10843.22 53783.80 183166.1
VFC 1.15 48.21 75.33 168.76 304.93 1229.22 3092.4

"0 0.00 4B.84 83.75 20'.97 380.55 1611.85 4195.2

MO 0.00 12.78 27.20 79.61 156.06 714.14 1957.5

CO 0.00 0.56 4.51 23.\3 51.87 275.04 825.3
veo 0.00 0.00 0.00 4.69 19.78 158.61 576.6

,
.'S 0.719 0.723 0.633 0.531 0.420 0.39{) 0.354

FS 0.03... 0.043 0.077 0.140 0.175 0.220 O.27J
MS 0.014 0.040 0.060 o.oL 0.116 0.128 0.11 .

S 0.086 0.081 0.100 0.li 7 0.141 0.\31 0.13'

ves 0.076 O.Oij8 0.1001 0.~7 0.137 0.122 0.117

Vl<'C 0.010 0.011 O.OlD O.• 0.004 0.003 O.()O'

FG 0.1100 0.012 0.011 0.005 0.005 0.004 0.00:.1
MO 0.1100 0.00:.1 0.004 0.001 0.002 0.002 0.001
'0 0.1100 0.0110 0.001 0.001 0.001 0.001 0.001
vec 0.1100 0.1100 0.1100 0.1100 0.1100 0.0110 0.00<.

S 0.01~ O.OO'.l 0.00'~ 1.17% 1.04% 0.85% 0.66'!

"S 0.00% 0._ 0.00% -0.45% -0.52% -1.51% ·1.37'!.
MS 0.00% 0.00% 0.00% -0.16% -0.17% 0.21% 0.2W
CS 0.00% 0.00% 0.00% -0.36<'{' ·0.17% 0.22% 0.26',\
ves 0.00% O.OO',i, 0.""'" -0.36% -0.16% 0.20% 0.2J'.t
V"'G 0.00% 0.00',(, 0.00% -0.01% 0.00% 0.()0% o.oo'!.
Fe 0.00% 0.""'" 0.00% -0.02% -0.01% 0.01% O.OI'X
r-.w o.w;\. 0.1JO% 0.00% -0.01% o.uo·~ 0.00% 0.00'.'
'0 0.00% O.Uij';{. 0.00% O.UO"h 0.00% 0.00% 0.00'.l

vOO 0.00% 0.00% 0.00% 0.00% O.l)()'h 0.00% O.ooex

511 100
d, or, d,

'IS 111.96 ,1:.!28.:1'1

VFS 0.749 0.72:J 0.6:13 0.546 0.4:11 0.398 0.361
FS 0.03<1 0.043 0.077 0.135 0.169 0.20!i 0.259
MS 0.044 0.040 0.060 0.081 0.114 0.130 0.118
ICoS 0.086 U.Oijl 0.100 0.111 0.139 0.133 0.13!ij
ves 0.076 U.U&:I 0.101 0.113 0.135 0.125 0.12(
VfC 0.010 0.011 0.010 0.001 0.00<1 0.003 O.OO~

,"'0 O.U1JO 0.lH2 0.011 0.005 0.005 O.OIH 0.003
MG O.U1JO 0.003 O.lKH 0.002 0.002 0.001 0.001
co 0.000 V.OLlO 0.001 0.001 0.001 0.001 0.001
veo 0.000 o.U1JO 0.000 0.000 0.000 0.000 o.

H:;U,i-- I .O.OJ! 00<11 .0.011 .0.01! 0001 0001 0.001 i I I I 1 I I ! USUM I .0.011 ·0 OJ! 0.021 .(lOll 002! .001! 0001

I

i -r - 1,,671 11.'11 10681 1.181! 1.1251 1211! 1,"I! I ! I I I 1 I !! . ! 10061 n 10001 101101 101101 111001 101101 10001

OAEINER. INC. .,0060I02p:!,rll<llaVl«6\qUII C~4A_)(LSYang',,· 5
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CurrcnlllEC·6 Output Table Prcvioull JlEC6 Output Table

I 50 100 50<> 1000 5000 16000
d. d. dll d. d. d. c(1!

k/S 11190 o1'l'l~:H 76:12 429:18 82013 4'l86t19 1&08:1151

vrs d:UI!I 3055.01 1ij3:J.27 2:.1784.:16 36159.13 173:1'13.23 651176.4
FS :J.~'l I!:IO.IU 591.3:1 5707.06 13613.9:1 H3:J~.71 371292.75
MS 'Lila 169.54 'H)I.'l'1 :)101.56 9244.5:l 56476.96 181582.75
"S 9,64 :111.41 7til.1'1 179tt94 11:.!08,U5 67<167.99 206905.6-1
ves 8.51 :J71.!:I9 791.38 4765.80 IOtl76.J2 6j93!t,:J1 1~tms.5

VfG 1.15 "tI.'l1 -'6.33 lutI.4" 304.1'1 I~:J.I:J JIO~UI~

FG 0.00 4tUH, 83.75 204,62 379.67 1617.19 4219.8'
MG 0.00 1:l.7d 27.20 79.'47 155.70 716.59 1969.3

G 0.00 0.5ti 4.51 23,09 51.74 276.01 830.'"
VGG 0.00 0.00 0.00 4.69 19.72 159.18 580.01

'QS

"S 0.00 0.00 0.00 770.35 1513.87 992.32 965.53
FS 0.00 0.00 0.00 -6.1:1 -2.76 -6300.42 -25974.0

MS 0.00 0.00 0.00 ·2.:Jtl 68.18 1O~t71 55.51
"S 0.00 0.00 0.00 -'l.tl2 44.25 47.81 331.2

VCS 0.00 0.00 0.00 -2.74 25.70 52.64 237.8:.1
VfG 0.00 0.00 0.00 -0.11 -0.83 1.7ti 6.34
FC 0.00 0.00 0.00 ·0.13 -1.00 2.39 7.1l(
MG 0.00 0.00 0.00 -0.05 -0.41 1.09 3.8
CG 0.00 0.00 0.00 ·0.02 -0.15 0.43 1.73
VCG 0.00 0.00 0.00 0.00 -0.06 0.20 1.27

I 00 100
~l

1000 J;UU() 16000

d. d. d. ,f. ,f. d.

D<;S 111.96 4:l28.34 7632.20 42182.08 tW;J'IG.16 4:.12707.45 1532709.3911

VFS 83.89 3055.01 41t:.l:.l.27 2:.1014,01 34615.~6 172:150.91 553210.94

>'S 3.M2 180.10 591.3:.1 5713.19 13616.69 ijMtiijl.l3 39726ti.tk1

MS 4.93 il)9.54 '161.27 :.1403.9" 9180.3" 66373.25 181527.2"

CS 9.64 34 l.4 I 761.17 4M01.76 11163.80 57"20. 1M 206574.'14

VCS 8.54 371.tl9 794.3t1 4768.5<1 IOts50.62 53885.80 183"'10.67

VI'G 1.15 48.21 75.33 168.68 3U6,00 1231.37 3104.['iI

FC 0.00 4S.S" 83.75 204.75 380.67 1614.80 4212.0 c

MG 0.00 12.78 27.20 79.52 156.11 715.50 1965.'1

CG 0.00 0.56 ....51 23.11 51.89 275.58 828.54
VCG 0.00 0.00 0.00 4.69 19.78 158.93 578.74

I8UM I -o0t! u.ool .0.011 .o.0tl -0.011 0.001 0.011 I ! I ! I I I I I ISUM ! -0.011 -0.011 0.021 .0.011 0.02! -o.Of - --o~OOI

/S

FS 0.749 0.72:1 0.63:1 0.55<1 0.441 OAO" 0.30
FS O.Oj'l 0.001:1 0.077 0.133 0.106 0.195 0.201 .

MS 0.04-1 0.040 0.060 0.079 0.113 0.132 0.12
CS O.OHti O.Otll 0.100 0.112 0.137 0.13" 0.137
VGS 0.076 O.OtlM 0,104 0.111 0.1:.13 0.126 0.12
Vlo'G 0.010 O.UII U.I110 0.004 0.004 0.003 o.ooc
FG 0.000 0.0 I:.! 0.011 0.005 0.005 O.O(}'I 0.003
MG 0.000 0.00:1 0.004 0.002 0.002 0.002 0.001
"0 0.000 0.000 0.001 0.001 0.001 0.001 0.001

vec 0.000 0.000 O.OOU 0.000 0.000 0.000 0.00<

I'S 0.01% 0._ 0._ 0.8JIA. 1.01% 0.61% 0.65'.\

"S 0.00% 0.00% 0.00% -0.25% -0.35% -1.04% -1.30".(

MS 0.00% 0.00'''' 0.00% ·0.15% -0.16% 0.16% 0.19'1

S 0.00'.t 0.00% 0.00% -0.21% -0.23% 0.14% 0.24'1

CS 0.00% 0.00% 0.00% -0.21% -0.201% 0.13% 0.21'.\
Vlo'C: 0.00% 0.1)1)% 0.00'''' -0.01% ·0.01% 0.00% 0.00'1
FG 0.00'''' 0.00% 0.00% -0.01% -0.01% 0.00% O.<>O'.t
fit(: 0.00'''' O.OO''{' 0.00% 0.00% 0.00% 0.00% 0.00'.(
'G 0.00% 0.00% 0.00% O,OO'-A> 0.00% O.OO'h 0._

VCG 0.00% 0.00''(' 0.00''(' 0.00% 0.00'..t. 0._ o.oo'X

VFS 0.749 0.723 0.633 0.516 0.131 0.398 0.301

"S 0.034 0.0'1:.1 0.077 0.1:.15 0.169 0.205 0.209
MS O.OH 0.0"0 0.060 0.081 0.11" 0.130 0.118

ps 0.086 0.081 0.100 0.111 0.139 0.133 0.135
VCS 0.076 0.088 0.101 0.113 0.135 0.125 0.120
WG 0.010 0.011 0.010 0.004 0.004 0.00:.1 0.002

>'G 0.000 0.012 0.011 0.005 0.005 O.OtH 0.003

MG 0.000 0.003 0.004 0.002 0.002 0.002 0.001

CG 0.000 0.000 0.001 0.001 0.001 0.001 0.001

vec 0.000 0.000 0.000 0.000 0.000 0.000 O.OJ)(

[ - ! 10.71 I '''I IOG.I 12021 1".1 12001 13201 I 1 1 1 1 1 I I 1 10061 10001 10001 10001 10001 10001 IOWI

GREINER, INC. _.0060 '02 p.lr_olllVl.c6Iqfnl CAL_""'.XLS YWl~'f - 6
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4.24

4.6.3 Superelevation
There are many equati ons for determi ni ng superel evati on, but the di f-

ferences in computational results that are obtained by tising the different

equations are small. One equation that has proven to be applicable to a wide

range of conditions was first presented by Ippen and Drinker (1962). When

superelevation is defined as the water surface increase above the normal water

surface (see Figure 4.8a), this equation takes the form:

.,
-I
I
I
I
I
I
I
f
1
I
I
t

t

{

(4.25)
2

h = 0 14 2nY = 0.027 y2a . g

for h
a

< y; assume h = y when the cal cul ated val ue of h > y, si ncea 0 a 0

h
a

can never be greater than Yo·
Lower regi me flow al so produces bed forms whi ch shoul d be considered in

designing levee, channel, or bridge projects. Based on data collected from

flume experiments (Simons and Richardson, }_~6_0-L,_du~_e formations have been- -
observed at Froude numbers rangi ng fr~~...........to o. ~o:_/ The rati 0 of depth of

flow to dune height (d/h) ranged from 1 to 5.· . When this ratio is 1.0, the

dune troughs could be depressed below the natural channel bed a distance equal

to one-half the depth of floW. As a conservative guideline, this value
- --------_..:....---------

(one-half the de th of fl ow) may be used to account for dune trou hs ~

adjacent to a structure .

4.6.2 Antidune and Dune Height

For natural or man-made channel segments wi th sand beds, it is necessary

to estimate the hei ght of bed forms movi ng through the channel, parti cul arly

where freeboard or scour requirements are critical. This can be done by esti-
-- --

mating antidune or dune heignt.

,/ A!llliunes can form i n ~_~L~he__~~0_~i_~.i~~_.~on~._t~~-!!:/~-~I}-J:-~~·-~-!:3.illLupper

V ~ime} or upper flow regime (S_imQ..!li-i!nd Senturl.1...J977). Kennedy (1963) made

a detailed study of antidune flow. He suggested that the wave length is

generally given by 2ny 2/g (g is the gravitational acceleration) and two­

dimensional waves break when the ratio of wave height to wave length reaches a

value of approximately 0.14. This theory assumes that the depth of flow is

roughly equal to the maximum height of the antidune. Thus, the antidune

height h
a

from crest to trough (see Figure 4.7) can be estimated utilizing

the relation

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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Figure 4,7 Definition sketch for antidune height.
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The unit water discharge at the bridge site is

The flow depth at the bridge site after equilibrium is

1
y = ( 0.019 )-0.693-4.60

2 3.45x10-6 (114.6)4.60

= 12.1 ft

The amount of scour is then

~Z = 12.1 - 11.2 = 0.9 ft
9S

5.3.12 Bend Scour

Discussion

The bends associ ated wi th meanderi ng channel s wi 11 induce transverse or

II secondary" currents whi ch wi 11 scour sedi~ent from the ous i de of a -bend and

cause it to be deposited along the insi de of the bend. It is important to

note that this scouring mechanism is caused by the spiral pattern of secondary

flow, and is not due to a shift of the maxirnum longitudinal velocity filament

against the outer bank. Channei bends will cause a shift in this velocity

filament, but through the bend the maximum longitudinal velocity is normally

moved nearer to the i nsi de bank, whereas the shift to the outer bank occurs

downstream of the bend. It is at these downstream locations that the shift in

longitudinal velocity patterns \'I'ill most likely cause lateral erosion of a

channel bank.

The discussion presented in this manual will address the vertical scour

potential in a channel bend. A review of technical literature will reveal the

existance of several theoretical relationships that have been developed to

predict the amount of scour through a river bend. To date, there is no known

procedure whi ch consi stently yi el ds an accurate predi cti on of bend scour

through a wi de range of hydraul i c and geometri c condi ti ons. Based on the

assumption of constant stream power through the channel bend, Zell er (1981)

developed the following relationship for -estiinating the l:laximiJlIl scour COI:1­

ponent resul ti ng frol~ channel curvature in sand-bed channel s:

5.105
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(5.25)
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(5.26)

that, for a simpl e ci rcul ar curve, the

a and the ratio of radius of curvature

5,106

bend SCour component of total SCOur depth (feet)
mean ve1oc ity 0 f up s tre.am -fl-ow (fps)
maximum depth of upstream flow (feet)

hydraulic depth of upstream flow (feet)

upstream energy slope (bed slope for uniform flow conditions,
feet/feet)

angle formed by the projection of the channel centerline from

the point of curvature to a paint which meets a line tangent to
the outer bank of the channel (degrees, see Figure 5.25)

= radius of curvature to, centerl ine of channel (feet)
W= channel topwidth (feet)

where t:.Zbs =
V =
Y ==

Yh =
Se =

a =

Mathemati cally, it can be shown
following relationship eXists between
to channel topwidth.

I
I

Application '\

Equation 5.25 Can be appl ied to natural river bends to get an approxi-

I mati on of the SCour depth tha t can be expected in the bend duri ng a speci fi c

- water di Scharge. The impact tha t other simultaneously Occurri ng phenomena

such as sand waves, 1oca1 SCour, 1ong- term degrada ti on, etc., mi ght have on

Ibend SCOur is not known for certa i n- In order that the max i mum SCOU r ina
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Figure 5.25 Illustration of terminology for bEnd scour calculations.
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(16)

(17)

of·B~dMaterialTransport•

mostly suspended bed material discharge

mostly contact bed material discharge

some suspended bed material discharge

/

0.59

0.64

0.69

average depth in the upstream main channel, ft
average depth in the contracted section, ft
bottom width of the upstream main channel, ft
bottom width of the main channel in the contracted section, ft
flow in the upstream channel transporting sediment, cfs
flow in the contracted channel, cfs
exponent determined below

>2.0

<0.50

V. = (t Ip )1/2 = (gyl S1)112, shear velocity in the upstream section, ft/s
oW = fall velocity of bed material based on the Dso, ft/s (see Figure 3)
g = acceleration of gravity (32.2 ftls2) -- - . .

S1 = slope of energy grade line of main channel, ftlft
't = shear stress on the bed, Ib/ft2

p = density of water (1.94 slugs/ft3
)

0.50 to 2.0

Ys = Y2 - YI = (average scour depth)

the flow distribution going to and through the relief bridge. This information could
be obtained from WSPRO.[29]

where

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

Notes:

1. Q2 may be the total flow going through the bridge opening as in Cases 1a and lb. It
is not the total for Case 1c. °

2. Q1- is the flow in the main channel upstream of the bridge, not including overbank
flows.

"'0

YI =
" Y2 =

WI =
::'''} - W2 =
,0 Q1 =

Q2 =
k1 =

33
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Figure 3. Fall Velocity of Sand-Sized Particles.
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WI and W2 are not always .easily defined. In some cases, it is acceptable to use the
top width of the main channel to define these widths. Whether top width or bottom
width is used, it is important to be consistent So that Wl and W2 refer to either
bottom widths or top widths. "

l-

~.!H
The Manning's n ratio can be significant for a condition of dune bed in the main ~
channel and a corresponding plane bed, washed out dunes or antidunes in the ft
contracted channel. However, Laursen's equation does not correctly account for the ~

increase in transport that will occur as the result of the bed planing out (which ~

decreases resistance to flow, increases the velocity and the transport of bed material tt
at the-bridge). That-is,Laursen's equation-indicates. a_d~cLease in scour for this c_ase, ~

whereas in reality, there :vou1d be an. increase in scour depth. In ad~ition, at flOOdlJ.
flows, a plane bedform wIll usually eXist upstream and through the bndge waterway, ~

and the values of Manning's n will be equal. Consequently, the n value ratio is - ;
not recommended or presented in the recommended Equation 16. ;
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Note that for stratified bed material the depth of scour can be determined by using
Equations 18 or 20 sequentially with successive D m of the bed material layers.

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

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

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

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

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

The FHWA [32] compared many of the more common equations in 1983.
Comparison of these equations is given in Figures 4 and 5. An equation given by Melville
and Sutherland [17] to calculate scour depths for live-bed scour in sand-bed streams has
been added to the original figures. Some of the equations have velocity as a variable,
normally in the form of a Froude Number. However, some equations, such as Laursen's
[12] do not include velocity. A Froude Number of 0.3 was used in Figure 4 for purposes of
comparing commonly used scour equations. In Figure 5, the equations are compared with
some field data measurements. As can be seen from Figure 5, the Colorado State
University (CSU) equation envelopes all the points, but gives lower values of scour than Jain
and Fischer's [22], Laursen's [33], Melville and Sutherland's [17], and Neill's [21] equations.
The CSU equation [9] includes the velocity of the flow just upstream of the pier by including
the Froude Number in the equation. Chang [34] pointed out that Laursen's 1960 equation
is essentially a special case of the CSU equation with the Fr = 0.4 (See Figure 6).
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Figure 6. Values of y/a vs. y/a for CSU's Equation [34].

From the above discussion, the ratio of y/a can be as large as 3 at large Froude
Numbers.. Therefore, it is recommended that the maximum value of the ratio is taken as
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The equations illustrated in Figures 4, 5, and 6 do not take into account the
possibility that larger sizes in the bed material could armor the scour hole. That is, the
large sizes in the bed material may at some depth of scour limit the scour depth. Raudkivi
[15], Melville and Sutherland [17], and others [14, 16] developed equations based on
laboratory and limited field data which take into consideration large particles in the bed.
Most of the field scour depths were measured after the flood had occurred and the depths
were not representative of the flow conditions that caused them. The significance of
armoring' the scour hole over a long time frame and over many floods is not known.
Therefore, these equations are not recommended for use.

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

Chang [34] noted that in all the data he studied, there were no values of the ratio
of scour depth to pier width (yJa) larger than 2.3. From laboratory data, Melville and
Sutherland [17] reported 2.4 as an upper limit ratio for cylindrical piers. In these studies,
the Froude Number was less than 1.0. These upper limits were derived for circular piers
and were uncorrected for pier shape and for skew. Also, pressure flow or debris can
increase the ratio.
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(21)

(22)

1.1

1.1

1.i

1.3

1.1 to 1.2

N/A

N/A

H >30

10> H < 2

30> H >10

..;" - ;.;.;.;..::::<;:::.;.:.::::.:.:.:-::

i:: ..DDhgijJi~j{f:Hhi: •..··

/

Ys = scour depth, ft
Yl = flow depth directly upstream of the pier, ft
K1 = correction factor for pier nose shape from Figure 7 and Table 2
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,Computing Pier Scour. The CSU equation for pier scour is:

Medium Dunes

Clear-Water Scour

Plane bed and Antidune flow

Large Dunes

Small Dunes

Table 1. Increase in Equilibrium Pier Scour Depths (K ) for Bed Condition.

2.4 for Froude Numbers less than or equal to 0.8 and 3.0 for larger Froude Numbers. These
limiting ratio values apply only to round nose piers which are aligned with the flow.

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

In terms of yJa, Equation 21 is:

where



Note: The correction factor K I for pier nose shape shouldbe determined using Table 2 for
angles of attack up to 5 degrees. For greater angles, K2 dominates and KI should be
considered as 1.0. If L/a is larger than 12, use the values for L/a = 12 as a maximum.

K2 = correction factor for angle of attack of flow from Table 3
K3 = correction factor for bed condition from Table 1
a = pier width, ft
L = length of pier ft
Fr1 = Froude Number = V/(gyl)l/2
VI - Mean velocity of flow directly ~pstream of the pier, ft/s

2.5

5.0

4.3

3.5

LO
-(c) CYLINDER

L =(# of Piers)· (0)

to d
(e) GROUP OF CYLINDERS

(See Multiple Columns)

Angle = skew angle of flow
L = length of pier

Table 3. Correction Factor K2
for Angle of Attack
of the Flow.

L

0 ,, 1.0 1.0

15 1.5 2.0

30 2.0 2.75

45 2.3 3.3

90 2.5 3.9

1::iAii6-1p'{::Lj<1=4))."1_1 ~-. ~8/ .:E!~£i2,:-:-:

1.0

c~,---
(b) ROUND NOSE

(d) SHARP NOSE

L

~B
(0) SQUARE NOSE

Figure 7. Common Pier Shapes.
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Table 2. Correction Factor
K 1 for Pier Nose
Shape.

---::-:shit)~:-6f-fi~:f:iN6gg-:-:-: !::K?::t

(a) Square nose 1.1

(b) Round nose 1.0

(c) Circular cylinder 1.0

(d) Sharp nose 0.9

(e) Group of cylinders 1.0
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4.3.6 Step 6: Local Scour at Abutments

Figure 9. Comparison of Laboratory Flow Characteristics to Field Conditions.

Flow Distribution At Typical Bridges
Flow Distribution for Laboratory

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

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

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

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

material. In general, the deeper the scour hole, the smaller the bottom width. A topwidth
of 2.8 Ys is suggested for practical application.
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Abutment scour depends on the interaction of the flow obstructed by the abutment
_and roadway approach and the flow in the main channel at the abutment. The discharge

returned to the main channel at the abutment is not simply a function of the abutment and
roadway length in the field case. Richardson and Richardson [43] noted that abutment
scour depth depends on abutm-ent shape, sediment characteristics, cross-sectional shape of
the main channel at the abutment (especially the depth of flow in the main channel-and­
depth of the overbank flow at the abutment), alignment, etc. In addition, field conditions
may have tree lined or vegetated banks, low velocities, and shallow depths upstream of the
abutment. Research to date has failed to replicate these field conditions.

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

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

Abutment Site Conditions. Abutments can be set back from the natural streambank
, or project into the channel. They can have various shapes (vertical walls, spill~through

, slopes) and can be set at varying angles.to the flow. Scour at abutments can be live-bed or
clear-water' scour. Finally, there can be varying amounts of overbank flow intercepted by

-the approaches to the bridge and returned to the stream at the abutment. More severe
abutment scour will occur when the majority of overbank flow returns to the bridge opening
directly upstream of "the bridge crossing. Less severe abutment scour will occur when
overbank flows gradually return to the main channel upstream of the bridge crossing.

Abutment Shape. There are three general shapes for abutments: (1) spill-through
abutments, (2) vertical-wall abutments with wing walls (Figure 10), and (3) vertical walls
witho.ut wing walls. Depth of scour is approximately double for vertical-wall abutments as
compared with spill-through abutments.
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coefficient for abutment shape (see Table 4)
coefficient for angle of embankment to flow
(8/90)°·13 (see Figure 11 for definition of 8)
8 <90° if embankment points downstream
8> 90° if embankment points upstream

= the length of abutment projected normal to flow, ftat

~: "2.27 K, K2 (;J43 Fr0 6
! + 1

Figure 10. Abutment Shape.

~"~'
Elevation Elevation

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

/

measurements in laboratory flumes to obtain the following equation:

where

Design for Scour at Abutments. The potential for lateral channel migration, long
term degradation and contraction scour should be considered in setting abutment foundation
depths near the main channel. It is recommended that foundation depths for abutments be

'set at least 6 feet below the streambed, including long-term degradation, contraction scour,
and lateral stream migration. Normally, protection is provided using rock riprap with the
guidance from Chapter 7 and/or guide banks designed as given in HEC-20.[8] Engineeriryg
judgment is required in setting foundation depths for abutments.
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Table 4. Abutment Shape Coefficients.

(25)

scour depth, ft
depth of flow at the abutment, on the overbank or in the main channel, ft
the Froude Number based on the velocity and depth adjacent to and
upstream of the abutment

the flow area of the approach cross section obstructed by the embankment,
ft2
Froude Number of approach flow upstream of the abutment
V/(gya)1/2
Q/Ae, ft/s
the flow obstructeCioytfie aoutment and approacFi emoankment, cfs
average depth of flow on the floodplain, ft
scour depth, ft

Ys =
Yl =
Frl =

A e =

Fr =
=

Ve =
Qe =
Ya =
Ys =

4 F 0.33
= Tl '

Clear-Water Scour at an Abutment. Use Equations 24 or 25 for live-bed scour since
Froehlich's clear-water scour equation presented in Appendix B potentially decreases scour

To correct Equation 25 from HIRE [9] for abutments skewed to the stream use Figure 11.

where

The abutment scour depths determined from the HIRE equation (Equation 25) will
need to be corrected for abutment type if this equation is used for any abutment shape
other than spill-through shapes. This correction can be made by multiplying the abutment
scour depth from Equation 25 by the factor K/O.55, where K l is determined from Table 4.

·:1·1,,)':"::"'::':':::":" .::::.> ...:.'./ .........:..»:>.:.::.•.:.
..•.,..::.. :::".::::,,:·.1 .. 10tl\.)11 ..:.... .·::/·x/:.< ':»

/

Vertical-wall abutment 1.00
-

Vertical-wall abutment with wing walls 0.82

Spill-through abutment 0.55

An equation in HIRE [9] was developed from Corps of Engineers field data of scour
at the end of spurs in the Mississippi River. This field situation closely resembles the
laboratory experiments for abutment scour in that the discharge intercepted by the spurs was
a function of the spur length. The HIRE equation is applicable when the ratio of projected
a~utment l~ngth (a) to the flow depth (Yl) is greater than 25. This equation can be used to
estimate scour depth (Yl) at an abutment where conditions are similar to the field conditions
from which the equation was derived:
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13. TIE LEVEE INTO EXISTING NATURAL
CONTAINMENT.
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DRAWING NO.

SS8 of SS8
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~
MULTI-USE TRAIL

------ MAINTENANCE ACCESS
- • PATH
- - FLOODWALL
- - - - CHANNEL RIGHT OF WAY
- - - SOIL CEMENT LEVEE
~ NATURAL CONTAINMENT

I I II I II I I ACCESS LEVEE
k··.. '::,..· ·.1 CONCRETE SLOPE

~ BANK PROTECTION

1','2"'\:';;·;" REGRADE

Imgg~mml DROP STRUCTURE

.",:" ... ;.,.:;>, GRADE CUT

1" I"" CHANNEL CENTERLINE
"'T"" AND STATIONING

;; .~~: <".:::::: ..::.::::' 5' CONTOURS

2260

2240

2320

2200

310+00

AESTHETIC APPLICATIONS 0
305+00

MITIGATION

1. FLOODWALL/LEVEE DESIGNED TO MINIMIZE
IMPACT ON EXISTING VEGETATION.

2. FLOOD PROTECTION WALLS DESIGNED FOR
100 YR. EVENT STORM.

4. RETAIN EXISTING VEGETATION TO EXTENT
pRACTICABLE.

5. SALVAGE VEGETATION IMPACTED BY
CONSTRUCTION.

6. RI!VEGETATE DISTURBED AREAS WHERE
Pf:ACTICABLE.

NO

300+00295+00
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PATHS I TRAILS V LAND USE 0
2. INSTALL SIONAGE TO DIRECT TRAIL USERS.
3. LINKAGE OF MULTI-USE TRAIL INTO A

REGIONAL SYSTEM.
9. MULTI-USE TRAIL ALIGNMENT CURRENTLY

UNDER STUDY IN GENERAL PLAN AMENDMENT.
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Greiner, Inc.
7878 N. 16th Street, Suite #200
Phoenix, Arizona 85020-4449
(602) 371-1100
FAX: (602) 371-1615
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Greiner, Inc.
City of Scottsdale
Flood Control District of Maricopa County

AGENDA

Meeting Notice
Technical Review Committee

Thursday, May 23, 1996, 9:00 A.M., Greiner

CITY OF SCOTTSDALE
Desert Greenbelt Project - Phase One Design

Bruce Friedhoff
Collis Lovely
Ed Raleigh

Project No. E1 00601 00

ATTENDEES:

Supplemental CLOMR

Please bring appropriate staff personnel and supporting documentation that you feel is needed to
make this meeting productive. Call me if you have additional items.

AG052396.GRE

Greiner
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