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C.1

PROJECT DESCRIPTION

C.1.1

Overview

The Fargo-Moorhead Metro (FMM) area has historically been prone to spring snow-melt flooding from
the Red River of the North. Various analysis periods and methodologies have been used to estimate the
peak discharges for a range of extreme events. These methodologies include a previous FEMA study, a
Period-of-Record discharge analysis, and the method used in the feasibility study. A summary of
synthetic and historic discharges at the USGS gage at Fargo, ND and further definitions of the various
methodologies can be found in Table C- 1.
Table C- 1. Summary of Historic and Synthetic Discharges at Fargo, ND.

10% (10yr)
2% (50yr)
1% (100yr)
0.2% (500yr)
1997 Historic
2006 Historic
2009 Historic
2010 Historic
2011 Historic

Synthetic Discharges (cfs) at USGS Gage at Fargo, ND
FEMA (Effective)
USACE EOE (Wet)
10,300
17,000
22,300
29,300
29,300
34,700
50,000
61,700
Historic Discharges (cfs) at USGS Gage at Fargo, ND
28,000
19,900
29,500
21,200
27,200

USACE POR
13,865
26,000
33,000
66,000

Definitions:
EOE – Expert Opinion Elicitation. A panel of hydrology experts was convened to elicit opinions regarding historic
flooding trends on the Red River. The panel selected to use a representative wet hydrologic cycle from 1942-2009.
Details of the analysis can be found in Appendix A of the Final Feasibility Report and Environmental Impact
Statement for the Fargo-Moorhead Metropolitan Area Flood Risk Management Project, dated July 2011.
FEMA – Federal Emergency Management Agency
POR – Period of Record. For the analysis at the Fargo gage, the POR is 1902-2009.
RRN – Red River of the North
USGS – United States Geological Survey
USACE – United States Army Corps of Engineers

In order to help manage the risk of flooding in the area, the Fargo-Moorhead Metro Flood Risk
Management Project is currently in design. The project consists of two main hydraulic components:
DDR_FMM_R4_Appendix_C_HH.docx

C-1

Fargo Moorhead Metropolitan Area
Flood Risk Management Project

Design Documentation Report
Reach 4 Diversion Channel and Rush River Inlet/Drop Structure
Appendix C: Hydraulics and Hydrology

1. An upstream staging area and earthen embankment to temporarily detain the water during
large flood events on the Red and Wild Rice Rivers. Gated control structures will be included on
each of the two rivers to regulate the flow through the Fargo-Moorhead community.
2. A diversion channel to convey flood flows from the staging area, the Sheyenne, Maple, Rush and
Lower Rush Rivers, and various drains around the community. The diversion channel will
reconnect with the Red River downstream of Fargo-Moorhead in an area where the floodplain is
several miles wide.
The fourth design reach of the project which is referred to as “Reach 4” includes 17,100 feet of the
diversion channel. It extends from station 350+00 to station 521+00 and is divided into four parts. One
part of the design is the CR 32 bridge which is being designed by Moore Engineering, Inc. The other
three sections, which are being referred to as “Volumes”, are being designed by the Vicksburg District
and the St. Louis District. Vicksburg is responsible for Volumes 1 and 3 and St. Louis is responsible for
Volume 2. The downstream most section (Volume 1) extends from station 350+00 to station 403+47
and it includes diversion channel, Excavated Material Berms (EMBs), and associated local drainage
design. The next upstream section, the CR 32 Bridge section, extends from station 403+47 to station
413+47 and it includes the County Road 32 bridge design and sections of diversion channel upstream
and downstream of the bridge. The next upstream section, Volume 2, extends from station 413+47 to
station 456+00 and it includes the Rush River Inlet Structure design and sections of diversion channel
upstream and downstream of the structure. The upstream most section of Reach 4 is Volume 3 and it
extends from station 456+00 to station 521+00. It includes the Reach 4 Drainage Structure in addition
to the diversion channel, EMBs, and local drainage within the reach. This document will address the
design aspects for the diversion channel in general, and go into specific detail for the Reach 4
components. Specifics for the hydraulic design of aqueduct crossing structures, hydraulic control
structures, in-town measures, and upstream staging area embankments will not be addressed in this
document.
All elevations in this Appendix are in feet NAVD 88.

C.1.2

Diversion Channel Design Information

To reduce the project impacts to the natural river geomorphology, biological connectivity, and current
drainage of the basin and to mitigate for wetland lost as a result of the project, various features have
been included in the design of the diversion.
C.1.2.1

Design Event

The diversion is designed for the 1% annual chance exceedance flood (1% flood), but the amount of
excavation required to achieve the goals for the 1% flood design allows the diversion to function for
much larger flood events. Flood events larger than the 1% flood are being investigated during the
design effort to evaluate structure and levee resiliency. Design flows in the diversion were determined
from the unsteady HEC-RAS modeling effort, which routes the Red River of the North balanced
hydrographs and coincident tributary hydrographs described in Appendix A of the Final Feasibility
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Report and Environmental Impact Statement for the Fargo-Moorhead Metropolitan Area Flood Risk
Management Project, dated July 2011.
C.1.2.2

Channel Size and Profile

The diversion size and profile were developed to: 1) keep the median 1% flood profile generally below
existing ground for most of the diversion length to prevent making local flooding worse, 2) allow the
Sheyenne River and the Maple River to pass over the diversion via aqueducts , and 3) have a slope
similar to the natural streams in the area. To achieve these goals, the main diversion channel
downstream of the Maple River Aqueduct Structure has been set at a longitudinal slope of 0.00017 ft/ft
(0.9 ft/mile) with a 300 ft bottom width and 1V:7H diversion side slopes. To improve drainage, which
facilitates maintenance, the bottom of the main diversion channel will be constructed with a 2% crossslope toward a low-flow channel that will meander within the middle 200 feet of the diversion channel
bottom. These 2% portions above the low-flow channel will be referred to as the floodplain benches.
The low-flow channel size increases in the downstream direction as more drainage enters the diversion.
The top of the diversion channel will be set at a point that is close to the average existing ground
elevation. Beyond the top of the diversion channel, the EMBs will be offset 50 ft from the edge of the
channel excavation. This offset will be constructed at a 2% slope to drain local runoff toward the
channel. The interior slopes of the EMB’s will be constructed at a 1V:7H slope. A typical diversion crosssection is provided as Figure C-1.

Typical Diversion Cross-Section
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Elevation (ft NAVD 88)

890
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Figure C.1. Typical Reach 4 Diversion Cross-Section.

The amount of flow to be let in to the diversion at the inlet for the 1% flood, which is 20,000 cfs, was
determined by investigating downstream impacts and the amount of storage needed in the upstream
staging area to essentially eliminate downstream impacts. Sediment transport, geomorphic, and
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geotechnical considerations determined the shape of the diversion (size of low-flow channel, bottom
width, and side slopes). The 1% flood flows used to size the diversion and the higher flows investigated
when considering structure and levee resiliency are presented in the following table. The gated
diversion inlet structure will limit flow at the inlet to 20,000 cfs for floods up through the 0.2% flood.
Flow in the downstream direction increases due to inflows from the tributaries and drains.
Based on modeling efforts completed so far, it is expected that flood fighting efforts will continue well
beyond the 0.2% flood. While more work needs to be done regarding how the diversion inlet gates and
the overflow spillway adjacent to the diversion inlet will operate during events larger than the 0.2%
flood, the estimated maximum flood fight flow data provided in the table is an estimate of how much
flow would be in the diversion while flood fighting efforts exist in the flood risk reduction area.
Table C- 2. Diversion Flows

DESCRIPTION

1% FLOW (cfs)

0.2% FLOW (cfs)

EST. MAX.
FLOOD FIGHT
FLOW (cfs)

Diversion Inlet to Sheyenne River Aqueduct

20,000

20,000

26,000

Sheyenne River Aqueduct to Cass CR 14

20,500

22,000

38,000

Cass CR 14 to Ditch 21C

20,500

22,000

40,000

Ditch 21C to Ditch Upstream of I-94

21,000

22,500

41,000

Ditch Upstream of I-94 to Drain 14

21,500

23,500

41,000

Drain 14 to Maple River Aqueduct

25,000

28,000

41,000

Maple River Aqueduct to Lower Rush River

29,000

34,000

41,000

Lower Rush River to Rush River

30,000

36,000

45,000

Rush River to Diversion Outlet

32,000

38,000

45,000

A Manning’s n-value of 0.030 was selected for the entire diversion channel. This value was initially
selected to model the diversion with enough conservatism for uncertainty. Recent calibration efforts of
existing area diversions along the Sheyenne River indicate that the roughness values could be somewhat
lower, around 0.027. These values of 0.030 for design and 0.027 for performance are similar to values
considered for the Manitoba Floodway. For the Manitoba Floodway, an n-value of 0.028 was used for
design and a value of 0.026 was estimated for historic events (Red River Floodway Operation Review
Committee, 1999). Because of the complex nature of the Fargo-Moorhead diversion, with a meandering
low-flow channel and shallow flow along the excavated material berms above existing ground, the
conservative n-value of 0.030 is used for modeling purposes.
One additional concern for hydraulic roughness is the possibility of wetland vegetation and other
vegetation specified in the planting plan, growing to a tall enough height to impact the channel
roughness values. Through review of literature on the subject, there should be little to no impact from
DDR_FMM_R4_Appendix_C_HH.docx
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taller vegetation. Technical Report EL-9709 - Hydraulic Impacts of Riparian Vegetation (Fischenich 1997),
indicates when the water depth is two to three times the height of the vegetation (even substantial
woody vegetation), there is little to no required adjustment in the n-value. For major flood events, the
depth of water in the channel will be well above three times the height of even unmaintained
vegetation. Since the vegetation will be maintained regularly and the vegetation will tend to “lie down”
during flood events, no adjustment to the n-value of 0.030 will be considered. Diversion feature profile
and water surface profile information is provided in Figure C-2.
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Figure C.2. Diversion feature profile and water surface profile information
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Excavated Material Berms (EMBs) and Levee

The large volume of material that will be excavated to create the diversion channel will be placed along
both sides of the diversion channel in linear features called Excavated Material Berms (EMBs). Given the
size and profile of the diversion, the 1% floodplain would not increase over existing conditions even if
the diversion channel did not have EMBs. For this reason and because the left-bank (looking
downstream) EMB will have openings to accommodate tributary flow into the diversion, the left-bank
EMB will not contain a levee. The right-bank (looking downstream) EMB will contain a levee.
At a minimum, the right-bank EMB must contain a levee section which contains the 1% flood with 90%
assurance so that the levee is ultimately accredited by FEMA. If material was scarce, it would make
sense to optimize the size of the levee, but less than 5% of the total excavated material will be needed
to construct the levee. The excavated material is also good material for a levee. With good and
abundant levee material, the Project Delivery Team (PDT) has determined that the cost of constructing a
levee section within the right-bank EMB is relatively low. Given the relatively low levee cost and the
uncertainty associated with the 1% flood with 90% assurance profile, the top elevation of the levee
section located on the right bank of the diversion channel is being set at the expected water surface
profile for the estimated maximum flood fight flow in the diversion channel, plus an allowance for
settlement of the embankment. A levee profile established using that criteria will ultimately exceed the
elevation profile needed for FEMA accreditation.
This maximum flood fight flow condition has also been called the “diversion levee design event” in other
project documents. The use of the term “design” when referring to the estimated maximum flood fight
flow in the diversion is improper since the levee is not being designed for that flow condition. Setting
the levee at the expected profile just prior to giving up on flood fighting efforts (just prior to opening up
the Red and Wild Rice River control structures), plus an allowance for settlement, will assure that the
levee is ultimately high enough to be accredited by FEMA and gives the local sponsor greater confidence
that the right-bank EMB/levee will require minimal attention while flood fighting efforts are in effect.
Along the vast majority of its length, the levee will be embedded well within right-bank EMB in order to
reduce maintenance requirements, but near road crossings and the aqueducts the levee will be not be
fully embedded and therefore will require more maintenance.
C.1.2.4

Low-Flow Channel

A typical diversion low-flow channel is designed to convey local runoff and flow from small drainage
inlets in a more confined and efficient channel, as opposed to inundating the entire bottom of the
diversion channel. The low-flow channel for this project is different in that it will be serving multiple
purposes beyond conveying the local runoff. It will;
1) Convey local runoff in a confined channel as to not inundate the entire diversion bottom.
2) Completely re-route the Rush and Lower Rush Rivers to the Red River and maintain fish passage
during spawning.
3) Provide environmental benefit by being constructed with a meandering pattern to allow for
some environmental diversity.
4) Efficiently convey sediment from all drain inlets and tributary inlets, including the sedimentladen Sheyenne River.
DDR_FMM_R4_Appendix_C_HH.docx
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In designing and sizing a low-flow channel that serves all of these purposes, several constraints have
been realized:
1) Side slopes can be no steeper than 1V:4H.
2) A buffer of 50 ft must be constructed between the top of the low-flow channel and the toe of
the diversion channel.
3) Capacity for 80% of the 1.5 year peak diversion inflows (approximate channel forming
discharge).
As stated in the previous section, the low-flow channel size increases in the downstream direction as
more drainage enters the diversion. The geomorphology study conducted by WEST Consultants
(Attachment 01) estimated channel-forming discharges for streams in the project area. The recurrence
interval of these estimates ranged from 1.1 years to 1.7 years. Discharge-frequency information for the
streams and drains entering the diversion were estimated using drainage area ratios (Rush River) and
USGS regression equations (all other streams and drains). Given the uncertainty associated with both
the channel-forming discharge recurrence interval and the discharge-frequency estimates, choosing the
design discharges for the low-flow channel was not straightforward. Ultimately the estimated 1.5-yr
recurrence interval flows for each stream/drain entering the diversion were summed in the downstream
direction and those summed values were reduced by 20% to account for differences in timing to
estimate the 1.5-yr recurrence in the diversion. This flow information was then simplified to have a
reasonable number of design reaches. The design flows were used to initially size the low-flow channel.
HEC-RAS sediment transport modeling (Attachment 03) was performed to assess the performance of the
initial size. The reaches downstream of Drain 14 were found to perform well, but the reaches upstream
of Drain 14 indicated that erosion may be an issue. Table C-3 summarizes the low-flow channel design
reaches, design discharges, and geometry information. Figure C-3 explains the terminology used to
describe the geometry. Geometry information for the reaches upstream of Drain 14 is not provided
since additional work needs to be done to size the low-flow channel in these reaches.
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Table C- 3. Low-flow channel design information

Low-Flow Channel Reach
Inlet to Drain
21c

Drain 21c to
Drain 14

Drain 14 to
Rush River

Rush River to
Outlet

Design Flow

3 cfs

133 cfs

470 cfs

710 cfs

Centerline Depth

TBD

TBD

6 ft

6.5 ft

Side Depth

TBD

TBD

5.6 ft

6.0 ft

Bottom Width

TBD

TBD

46 ft

52 ft

Cross-slope

2%

2%

2%

2%

Top Width

TBD

TBD

90 ft

100 ft

Side Slopes

TBD

TBD

1V:4H

1V:4H

Area

TBD

TBD

386 sq ft

469 sq ft

*Capacity Given Size

TBD

TBD

546 cfs

710 cfs

*Design Capacity assumes side slopes “silt-in” from 1V:4H to 1V:2H side slopes

Centerline Depth

Side Depth

Low-Flow Top Width
"Silt-in" slopes
(1V:2H)

H

H

V

Low-Flow Side
Slopes
(1V:4H)

V Bottom
cross-slope

Low-Flow Bottom Width
Figure C.3. Schematic illustrating low-flow channel terminology

A large meandering channel will be constructed within the diversion channel to completely re-route all
flows from the Rush and Lower Rush Rivers. While the portions of these two rivers that are to be
DDR_FMM_R4_Appendix_C_HH.docx
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abandoned have been previously straightened as part of past water resources projects, the channel
within the diversion will be designed with a slightly sinuous pattern to better represent a natural
channel. This channel, while technically a Channel-Forming-Discharge Channel or Effective Discharge
Channel, will be referred to as the Low-Flow Channel in the report documents. Typically, a low-flow
channel is included in the design of a diversion project to convey runoff and ground water that occurs
within the diversion channel. They are typically small in size and not designed to convey sediment or
pass fish. It is important to note the distinction between the FMM diversion low-flow channel and
typical diversion low-flow channels. The ability of this channel to effectively convey sediment is crucial
for both fish passage and geotechnical stability. If the low-flow channel aggrades or degrades
extensively, the connectivity of the channel could become interrupted and fish passage could be
compromised. Similarly, significant channel aggradation, degradation, or lateral meandering could
compromise the geotechnical stability of the entire diversion channel. More details on the low-flow
channel meander belt analysis can be found in Attachment 02

C.1.2.5

Rock Ramp/Fish Passage Structures

Because the low-flow channel is required to pass fish from the Red River up to the Rush River during
spawning, the Diversion Outlet Structure and the Rush River Inlet Structure to the Diversion will both
incorporate fish passage elements. Structural fish ladders and other concrete fish passage elements
have not been considered for this project due to cost, maintenance, and selective passage concerns.
Rock ramp structures, whether full-channel-width or auxiliary channel structures, have been the
preferred fish passage design considered for the project. Ensuring that rock elements can withstand ice
and debris impacts will be crucial to limiting future O&M.

C.1.2.6

Inlet Structures

Agricultural ditches and legal drains that currently drain to Red River Basin streams and rivers will need
to be re-routed and terminated in the diversion channel as the diversion alignment intersects their
current paths. At each of the these inlets to the diversion, some type of culvert structure or drop
structure will need to be included in the design to convey local drainage down to the low-flow channel
of the diversion. The main hydraulic concerns with these structures include debris prevention at the
upstream end, backflow prevention at the downstream end, energy dissipation at the downstream end
to prevent scour, and proper water and sediment capacity of the drop structure for local drainage.

C.1.2.7

Bridges

The details of how the bridge hydraulic design criteria were developed are provided in Memorandum for
Record 005, General Bridge Re-Assessment for the Diversion from Inlet to Outlet (MFR-005). Again, the
1% event is the primary design event, but when considering the availability of material and desire to
avoid having to flood fight along the diversion while flood fighting efforts are occurring within the flood
risk reduction area, the 0.2% event and the estimated maximum flood fight flow were used in
developing the bridge hydraulic design criteria. A summary of the design criteria provided in MFR-005 is
provided here (the term “diversion levee design profile” used in MFR-005 has been replaced with
“estimated maximum flood fight profile”):
1. Low chord at least 1 ft above the 0.2 % event water surface.
DDR_FMM_R4_Appendix_C_HH.docx
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2. Top of road deck or bottom of railroad ballast at least 1 foot above the estimated maximum
flood fight profile at each abutment (assuring that the top of road deck or bottom of
railroad ballast is at least 1 foot above the estimated maximum flood fight profile at each
abutment means that flows within the diversion channel at or below the estimated
maximum flood fight flow should not exceed a level at which they can flow down a roadway
or railway and enter the interior of the project area).
3. Head-loss across a bridge or group of bridges is limited to less than 0.5 ft for events up to
the estimated maximum flood fight profile.
4. Ensure that the on-center span widths between the piers are no less than 70 ft for ice and
debris (the railroad bridge near I-29 will be allowed to have a minimum clear spacing of 50 ft
so that the piers are aligned with adjacent highway bridges).
5. Ensure that the width for the middle span that extends across the low-flow channel is
greater than the width of the low-flow channel for ice.

C.1.2.8

Aqueducts

The alignment of the project will require that the diversion cross underneath two existing river channels
in the Sheyenne and the Maple Rivers. In order to convey channel forming discharges over the diversion
to the natural river reaches within the project area, aqueduct crossing structures are included in the
design. These aqueducts encourage the interior river reaches to retain their natural geomorphology
through frequent channel forming processes. The structures allow for diversion flood flows to pass
underneath the elevated river crossings through large box culverts. Detailed hydraulic studies will be
conducted for both the Maple River and the Sheyenne River aqueducts. Flow splits, head loss and the
effects of ice, debris, and sediment will be investigated. Head loss across the Maple River aqueduct will
affect the hydraulic profiles upstream of the aqueduct; therefore the final height of the levee and
bridges upstream of the Maple River aqueduct will not be set prior to having solid knowledge of the
Maple River aqueduct design.

C.1.2.9

Vegetation

As part of environmental mitigation for wetland impacts, vegetation will be added across the full bottom
width of the diversion channel to gain credit for wetland creation. This full bottom width includes the
low-flow channel and the floodplain benches which are the portions of the diversion bottom on either
side above the low-flow channel.
The vegetation plan, from a hydraulics perspective, was developed to ensure that the selected species
could balance two sets of objectives:
1) The selected species should be able to thrive under extreme conditions including long periods of
inundation or long periods of drought.
2) The selected species should be able to establish quickly in order to prevent erosion of bare soil
but also be maintainable so that it does not impede the hydraulic conveyance.
This vegetation will provide an additional benefit to wetland creation in its ability to better resist
possible channel erosion during high flows. If the vegetation cannot survive moderate periods of
DDR_FMM_R4_Appendix_C_HH.docx
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inundation, it could leave bare soil exposed to high shear stress, possibly leading to erosion of the lowflow channel or main diversion channel. This vegetation will, however, require a detailed O&M plan to
ensure that the wetland quality is balanced with the hydraulic and sediment conveyance of the
diversion channel during flood events.

C.1.2.10

Sediment Concerns

To aid in the design of the low-flow channel size and diversion slope, as well as to assess the impacts for
O&M, a sediment transport analysis was performed for the diversion channel. The sediment parameters
for erosion and deposition were established through both the data collection of soil samples for
erodibility and gradation and by a calibration modeling effort of two existing diversions along the
Sheyenne River near West Fargo, ND. The findings from this analysis were that the designed size and
slope of the Reach 1 low-flow channel were adequate in effectively conveying sediment, showing little
signs of major erosion or deposition. It appears in other reaches, however, that under-sizing the lowflow channel could result in both erosion in the low-flow channel and deposition across the diversion
bottom. A more detailed description of the findings and conclusions can be found in Attachment 04.

C.1.2.11

Local Drainage Features

The orientation of the diversion inevitably causes the channel to intersect numerous ditches and drains.
Project features will need to be added to ensure the agricultural and private land will not be adversely
impacted as a result of the project. The local drainage plan, located in Appendix M, will need to
incorporate the design of additional drainage ditches along the EMB’s and along the re-routed
roadways. These ditches will span the length of the project and eventually terminate as numerous
culvert inlets at the bottom of the diversion channel. The responsibility for the design of the local
drainage features will be shared between the Corps of Engineers and the Local Sponsor.

C.2

REACH 4 DIVERSION CHANNEL HYDRAULIC DESIGN

C.2.1 Main Diversion Channel
C.2.1.1

Geometry

The main diversion channel in Reach 4 has been set at a longitudinal slope of 0.00017 ft/ft (0.9 ft/mile)
with a 300 ft bottom width and 1V:7H diversion side slopes. The bottom of the main diversion channel
will be constructed with a 2% cross-slope toward the low-flow channel which will meander within the
diversion channel bottom. These 2% portions above the low-flow channel will be referred to as the
floodplain benches.
Reach 4 of the diversion is located between stations 350 + 00 and station 521 + 00 with the exception of
two sections within that reach. The section between station 403 + 47 and 413 + 47 is the section within
which the County Road 32 Bridge will be constructed. The local Sponsor is responsible for that section.
The Rush River Inlet Structure lies between station 413 + 47 and 456 +00 and it is being designed by the
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St. Louis District. A map of Reach 4 with design features is included as Figure 4.

Figure C.4. Map of Reach 4 with Design Features.

The hydraulic design effort for Reach 4 involved the design of one drainage structure at approximately
station 492 + 20 and the design of a shallow riprap lined discharge channel to carry flow from the inflow
structure to the low flow channel. The design of any associated ditching and culverts will also be part of
the Reach 4 design effort. The needs of other disciplines, (e.g. environmental and geotechnical) are
being considered during the design process.
Based on the most recent hydraulics and hydrology for the project, the widths and slopes of the lowflow channel for Reach 4 will vary. Two low-flow channel cross sections will be used in Reach 4. One
will have a top width of 100 ft and the other will have a top width of 90 ft. The bottom widths of the two
DDR_FMM_R4_Appendix_C_HH.docx
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cross sections will be 52 feet and 46 feet respectively. The change between the two channel widths
occurs at the Rush River structure, approximately station 442+00. The 100 ft and 90 ft top width
channels will be designed to meander within a 200 ft meander belt with a variable meander wavelength
for an overall sinuosity of 1.125. While the main diversion channel will require a slightly steeper slope of
0.9 ft/mile, the sinuosity provides that the low-flow channel can slope at 0.8 ft/mile. This 0.8 ft/mile
slope replicates the average slope of the nearby Maple River. This mild slope and slight sinuosity should
allow for environmental variability and closer conditions to a natural river channel. It is important to
note that, while the low-flow channel has been sized, the size could change as more data collection and
analysis becomes available. Sediment transport modeling, soil erosion rate testing, and further
hydrologic analyses could all lead to changes in the size and meander of the low-flow channel. A
summary of the currently designed low-flow channel parameters can be found in the following tables.
Table C- 4: Low-flow Channel (100 foot top width)
350 + 00 to 442 + 00

Top Width
Bottom Width
Low-flow Depth
Side Slopes
Cross-Slope
Channel Slope
Area
Capacity
Sinuosity
Meander Belt Width

100 ft
52 ft
5.5 ft
1V:4H
2%
0.8 ft/mile (.00015 ft./ft.)
Approximately 440 sq. ft.
Approxmately 650 cfs
1.125
200 ft

Table C- 5: Low-flow Channel (90 foot top width)
442 + 00 to 521 + 00

Top Width
Bottom Width
Low-flow Depth
Side Slopes
Cross-Slope
Channel Slope
Area
Capacity
Sinuosity
Meander Belt Width

90 ft
46 ft
5.1 ft
1V:4H
2%
0.8 ft/mile
Approximately 384 sq. ft.
Approximately 582 cfs
1.125
200 ft

Near existing ground, the top of the diversion channel will be set at a point that is close to the average
existing ground elevation. Beyond the top of the diversion channel, the EMBs will be offset 50 ft from
the edge of the channel. This offset will be constructed at a 2% slope to drain local runoff toward the
channel. While the water surface profile will exceed the existing ground elevation during extreme events
and flow will be contained by the EMBs, the actual certified level of conveyance will be limited to the
height of an embedded levee on the interior side (or downstream-right side) of the channel. The EMBs
DDR_FMM_R4_Appendix_C_HH.docx
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will be constructed at a 1V:7H EMB slope up to a height above the embedded levee. The height of the
EMB will be greater than the height of the levee because there will be a surplus of excavated material
that will need to be efficiently displaced, where only a small portion of the material will need to be
constructed to levee standards. A summary of the main diversion channel can be seen below in Figure
C.5 and Table C- 6.

Typical Reach 4 Diversion Cross Section
900
895
Elevation (ft NAVD 88)

890
885
880

2%

875
870

Embedded
Levee

1V:7H

Diversion
Slope

865

1V:6H

1V:7H

EMB
Slope
Offset

Back
Slope

Floodplain
Bench 2%

Existing Ground

860
Low-Flow
Channel

855
850
-750 -650 -550 -450 -350 -250 -150

-50

50

150

250

350

450

550

650

750

300

ft

105/100

ft

Low-Flow Top Width

90/100

ft

Diversion Top Width

Varies

ft

Cross Section Station (ft)

Figure C.5. Typical Reach 4 Diversion Cross Section.

Table C- 6. Reach 4 Main Diversion Channel Dimensions

Bottom Width
Floodplain Bench Width

Offset Width

50

ft

Drainage Slopes (floodplain benches, offsets)

2

%

Geotechnical Slopes (diversion, EMB)

7

1V:_H

10

1V:_H

Agricultural Slopes (back slope)
Longitudinal Slope

0.00017

ft/ft

C.2.1.2 Hydraulics for Vegetation Plan
To assist the biologist’s efforts in developing a planting plan, Annual Exceedance Probability and
Duration Exceedance Probability plots were developed. These plots compare the exceedance
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probabilities, on both an annual basis and a duration basis. The curves were developed considering all
major inflows to the Diversion (Inlet, Sheyenne, Maple, Rush, and Lower Rush) and considering a normal
depth downstream boundary condition (no tailwater or drawdown assumed). Exceedance probability
curves were developed for the sections of Reach 4 upstream and downstream of the Rush River. See
Figure C.6. to Figure C.9. for these plots.

Figure C.6. Annual Peak Stage Exceedance Probability for the Reach 4 Diversion Channel Upstream of the Rush River.
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Figure C.7. Annual Stage Duration Exceedance Probability for the Reach 4 Diversion Channel Upstream of the Rush River.
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Figure C.8. Annual Peak Stage Exceedance Probability for the Reach 4 Diversion Channel Downstream of the Rush River.
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Figure C. 9. Annual Stage Duration Exceedance Probability for the Reach 4 Diversion Channel Downstream of the Rush River.

C.2.1.3 Required Capacity
A typical diversion low-flow channel is designed to convey local runoff and flow from small drainage
inlets in a more confined and efficient channel, as opposed to inundating the entire bottom of the
diversion channel. As mentioned earlier, the low-flow channel for this project is different in that it will
be serving multiple purposes beyond conveying the local runoff. It will;
5) Convey local runoff in a confined channel as to not inundate the entire diversion bottom.
6) Completely re-route the Rush and Lower Rush Rivers to the Red River and maintain fish passage
during spawning.
7) Provide environmental benefit by being constructed with a meandering pattern to allow for
some environmental diversity.
8) Efficiently convey sediment from all drain inlets and tributary inlets, including the sedimentladen Sheyenne River.
In designing and sizing a low-flow channel that serves all of these purposes, several constraints have
been realized:
4) Side slopes can be no steeper than 1V:4H.
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5) A buffer of 50 ft must be constructed between the top of the low-flow channel and the toe of
the diversion channel.
6) Capacity for 80% of the 1.5 year peak diversion inflows (approximate channel forming
discharge).

C.2.1.4

Geometry and Sinuosity

Table C- 7 gives the overall dimensions of the low-flow channel geometry:
Table C- 7. Reach 4 Low-Flow Channel Dimensions

Bottom Width

46/52

ft

Approximate Top Width

90/100

ft

Full Depth

5.1/5.5

ft

Drainage Slopes (low-flow bottom)

2

%

Geotechnical Slopes (low-flow side slopes)

4

1V:_H

Longitudinal Slope
Sinuosity

0.00015
1.125

ft/ft
-

Meander Belt Width

200

ft

Geotechnical Buffer

50

ft

Figure C.10. is a plan view of the meandering low-flow channel located within the 200 foot meander belt
of the diversion channel.

Figure C.10. Plan-view of meandering low-flow channel.
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CONCRETE HYDRAULIC STRUCTURES

C.3.1 Reach 4 Drainage Structure
A complete summary of the local drainage in the vicinity of Reach 4 can be found in the report
completed by Moore Engineering in February 2012. It can be found in Appendix M. A short summary of
the current hydraulic design parameters for the Reach 4 Drainage Structure can be seen in the following
table.
Table C- 8: Hydraulic Design Parameters for Reach 4 Drainage Structure

Event

Peak Discharge
(cfs)

Head Water
Elev.1 (ft)

Tailwater Elev.1
(ft)

Drop (ft)

10-yr2

70

887.7*

870.6

17.1

520

891.3

885

6.3

3

100-yr

Notes: 1. All elevations are in NAVD 1988
2. Small drain 10-yr could occur with only a few feet of water in the diversion low-flow
3. HEC-RAS 100 Year Rush River 10 Year Red River Unsteady Event
* From Local Drainage Plan

The Reach 4 Drainage Structure was sized to pass the computed 100 year peak discharge of 520 cfs from
the lateral drain located at approximately station 492+20 of the project. The Reach 4 Drainage Structure
was originally going to be a dual pipe structure. However, it was later determined by the HoustonMoore Group (HMG) that a dual pipe structure would have resulted in an increased water surface
elevation for the 1-percent Rush River event due to breakout flow from adjacent river systems. Based on
that, three other structure alternatives were considered, an open weir structure and two triple pipe
structure designs. The weir structure would have a 20 foot bottom width and a 1V:20H slope
downstream of the weir. It would be constructed of riprap. The pipe structures considered would each
have three 72 inch diameter reinforced concrete culverts with flap gates to prevent backflow. The EMB
on the west side of the diversion channel is not being designed to function as a levee and therefore a
positive closure (slide gate) at this structure is not warranted. One of the pipe structures considered
had precast flared inlet end sections and the other had a cast in place headwall. Preliminary plans,
representative of the three structure types, were used to develop cost estimates for each for
comparison. Based on the cost analysis, the open weir was determined to be less expensive than either
of the pipe structures; however, the final decision was made by the Corps of Engineers and Local
Sponsor to proceed with the cast in place headwall pipe structure design. This alternative allows for a
larger trash screen that will reduce the potential for flooding from blocked inlets. Additional design
efforts have occurred to reduce the headwall size at the inlet and therefore reduce the cost of the
structure.
An impact stilling basin at the outlet will provide energy dissipation to manage the higher velocities
associated with this type of structure. The basin dimensions are based on guidance provided by
DDR_FMM_R4_Appendix_C_HH.docx
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Hydraulic Design Chart 722-2. Energy dissipation is initiated by flow striking the vertical hanging baffle
and being deflected upstream by the horizontal portion of the baffle and by the floor, creating
horizontal eddies (See Figure C.11. and Figure C.12.).

Figure C.11. Impact Stilling Basin, Longitudinal Section
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Figure C.12. Impact Stilling Basin, Plan View

A shallow riprap lined discharge channel was designed to carry the discharge flow from the end sill of
the outlet structure to the low flow channel. It will be constructed with the same 2% slope as the
floodplain bench. The riprap size chosen was based on the computed velocity of the design flow over
the end sill. It was assumed that the flow over the end sill would be at critical depth to be conservative.
Based on that assumption, a velocity of approximately 7 ft. per sec. was computed and based on that
velocity R45 riprap (see Table C-9) was chosen. The thicknesses for each gradation are based on high
turbulence conditions (1.5 times the D100 (max) size) for rock being placed in the dry.
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Table C- 9 : Standard Riprap Gradations, Low or High Turbulence Zones

STANDARD RIPRAP GRADATIONS, LOW OR HIGH TURBULENCE ZONES
NCS ADDENDUM TO EM 1601, 01 OCT 93
Limits of Stone Weight (pounds), for Percent Lighter by Weight
Specific weight = 165 pcf

5

D100 (max)
ID

1

2

100

50

15

5

3

(inches)

MAX

MIN

MAX

MIN

MAX

MIN

MAX

MIN

R20

11.9

85

40

35

20

20

5

15

2

R30

14.1

140

60

60

30

30

10

25

5

R45

16.0

205

90

85

45

40

15

35

8

R80

20.0

400

160

170

80

80

25

65

15

R140

24.0

690

280

290

140

150

45

130

25

R270

30.0

1350

550

570

270

260

85

220

50

R470

36.0

2300

950

990

470

490

145

400

80

Notes:
1. The identifier (ID) designates Riprap gradation, and the approximate W50 (min) size in pounds.
2.

Relationship between diameter and weight is based on the shape of a sphere.

3.

Optional control of gradation.

4. Stone weight limit data from EM 1110-2-1601 (1 Jul 91), Appendix F, Table 6. Table 6 was developed by the Lower
Mississippi Valley Division (LMVD) and was unintentionally omitted from the Engineering Manual.
5.

Stone weight limit data developed by ED-GH branch for CENCS based on LMVD procedure.

A trapezoidal cross section was chosen for the discharge channel to allow the flow to spread and thus
minimize the tendency for rock movement due to concentrated flow. It was sized to carry the design
flow without spilling outside the channel cross-section to prevent erosion from occurring at the outer
limits of the riprap protection. The outlet structure and discharge channel design calculations are
included below.
Conduit Flow Calculations
Conduit Diameter, ft. =
Number of Conduits =
Inlet Invert Elevation, ft. =
Outlet Invert Elevation, ft. =
Conduit Length, ft. =
Conduit Slope, ft./ft. =
Total Structure Design Flow, cfs =
Flow per Conduit, cfs =
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Width of Stilling Basin Calculation
(From Hydraulic Design Chart 722-2)
According to the Equation:
W=D0 x [ 1.3 x (Q/D02.5)]
Where:
Conduit Diameter, (D0) ft. =
Design Flow (Q), cfs =
Basin Width (W), ft. =

6
173.33
15.3

Use

16

Discharge Channel Downstream of Stilling Basins
From Manning's Equation:
Q = V A = (C0 A R2/3 S01/2)/n
Solving for normal depth in a trapezoidal channel with:
Total Channel Width (Top Bank to Top Bank) =
85
Channel Depth, ft. =
1
Sideslopes = 1V:6H
Bottom Width, ft. =
73
Channel Slope, ft./ft. = 0.02 (2% Bottom Slope of Floodplain Bench)
Flow Velocity, ft./sec = 7.04
*Normal Depth, ft. = 0.89
*ponce.sdsu.edu/onlinechannel01.php

Critical Depth in a Rectangular Channel
Flow ( Q), cfs = 173.30
End Sill Width, ft = 16.00
Acceleration of Gravity, ft/sec/sec = 32.20
Critical Depth, ft. =
DDR_FMM_R4_Appendix_C_HH.docx
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*Resulting Velocity Over End Sill
Cross-sectional flow area, sq. ft. = 24.62
Average Velocity, ft./sec = 7.04
* Assuming critical depth over end sill

A = W x dc
Q/A

C.3.2 Grade Control
A sediment analysis conducted by Barr Engineering indicated that there would be no need for grade
control in the diversion channel. However, grade control will be included at one location in Reach 4,
adjacent to the outlet of the Reach 4 inlet structure, see Figures C.13. and C.14. The riprap lined
discharge channel from the inlet structure will function as grade control from the structure to the low
flow channel. The riprap will be extended from the left top bank of the low flow channel, continuing at
channel bottom grade through the low flow channel to the toe of the opposite bank of the diversion
channel. A key section will be constructed along the left downstream edge of the discharge channel
(downstream limit relative to the diversion channel flow) and the riprap extension to prevent further
migration of any head-cutting that might occur downstream of that point. The riprap will not extend up
the side slope of the diversion channel right bank.

Figure C.13. Inlet Structure Discharge Channel.
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Figure C.14. Grade Control Extension.
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EMBS – HYDRAULIC CONSIDERATIONS

C.4.1 Right Bank Design Levee Profile
Levees are to be embedded within the excavated material berms on the interior (right bank) side of the
diversion channel to assure that some level of flood risk management is maintained. The elevation
profile of these levees was established during early phases of design, when uncertainty in the hydraulic
information was high. Even in later phases of design, there is still some uncertainty in the design flows
as the diversion inlet structure has not been fully designed yet. For these reasons, the Diversion Levee
Design Profile is based on an extreme event with additional height added for uncertainty. The Diversion
Levee Design Event is specified as the event where the maximum pool level is held at the upstream
staging area and the releases through the Fargo-Moorhead community are above the typical maximum
level due to flood fighting efforts. At this extreme of an event, any additional increase to the upstream
pool level would require the Red and Wild Rice River control structures to be opened and for the
community to be flooded to avoid catastrophic failure of the upstream embankment. For this reason,
the levees along the diversion are to be designed to accommodate diversion flows up to the point where
the locals can no longer flood fight. An additional 1 ft for hydraulic uncertainty is added to establish the
Diversion Levee Design Profile. Additional height is added for Geotechnical uncertainty and the final
design elevations can be found in the plan set included with this submittal. See Section C.1.2.3 for the
discussion regarding level of assurance and FEMA accreditation.

C.5

RUSH INLET STRUCTURE

The Rush River Inlet Structure serves two main purposes:
1) Convey flood flows from the Rush River to the Diversion Channel.
2) Accommodate fish passage from the Rush River to the Diversion Channel
Various constraints need to be met to develop a design that can meet both purposes:
1) Span a 13.2 ft vertical drop from the Rush River invert to the diversion low-flow channel invert.
2) Provide adequate vegetation and rock protection to avoid having large areas of exposed bare
soil.
3) Provide adequate resting areas and swim speed velocities for fish and a maximum of 0.6 ft head
differential at any location.
4) Apply reasonable measures to maintain the 1% chance exceedance elevation in the Rush River
channel upstream of the structure to satisfy Executive Order 11988
A rock ramp concept was developed for the design of the Rush River Inlet structure. This concept allows
for a design that incorporates fish passage and flood flow conveyance together while minimizing cost by
avoiding a concrete hydraulic structure.

C.5.1 FEASIBILITY PHASE FOR THE RUSH RIVER INLET
Feasibility level design for the Rush River inlet included a combination of a vertical drop structure, with a
total width of 100 feet; and a fishway consisting of 40 feet wide riffle-pool sequences that would extend
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from the tributary channel down to the low flow pilot channel of the diversion channel. The tributary
would be diverted into the diversion channel during all flow conditions.

C.5.2 DESIGN PHASE FOR THE RUSH RIVER INLET
Following a Value Engineering Study for the entire project (more specifically, Proposal No. 17 to
completely divert the Lower Rush into the Rush and to construct only one drop structure with a
separate fish passage at the Rush), and a successful experience with the Value Based Design Charrette
for the Outlet, an alternative assessment was performed by Barr Engineering to re-examine the
feasibility proposal. This analysis determined that the best alternative was to construct rock ramp at
the Rush River. The rock ramp structure allows for fish passage and is able to accommodate the full
range of flows experienced on the Rush River.

C.5.2.1 Design Flow Rates and Stages
System wide modeling was performed by the Houston-Moore group to determine stages and flow rates
for each of the inlets to the diversion. Flow rates at select frequencies from the Rush River were taken
from the models at the inlet location and were provided to the design team. These values can be seen
in Table C- 9. This design added additional flows to represent a full range of possible inflows. The 1%
chance exceedance elevation of 891.0 feet in the Rush River was also provided for the design by the
Houston-Moore group. Tail water was assumed to be equal to normal depth in the diversion channel
with only the flow from the Rush River. This case was selected since construction of the full diversion
will take years to complete. After completion, there will be additional inflows upstream of the Rush
Inlet, so there will be higher tail water conditions representing a less critical design condition.

Table C- 8. Design Flow Rates

C.5.2.2

Event

Peak Discharge (cfs)

50%

492

10%

1992

1%

3230

0.2%

3490

Layout

Adequately achieving drops of 0.6 ft over the entire 13.2 ft vertical drop requires 21 weirs to be
constructed down the ramp. One additional weir upstream of the ramp and one additional weir
downstream were added to the design to better accommodate the 0.6 ft drops for low to moderate
flows. This gives a total of 23 weirs. Large natural stone boulders were selected to comprise each of the
outlet weirs. These boulder weirs are to be constructed perpendicularly across the low-flow channel
through the outlet, tying into the top of the low-flow channel at 30 degree angles to direct flow toward
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the center of the channel. A plan view and summary table of the outlet design can be seen in Figure C.15
and Table C- 10.
The realigned channel section has a 30 ft bottom width to match the existing Rush River channel.
Between the realigned channel and the rock ramp, the channel transitions from the 30 ft bottom width
to a 150 foot bottom width over a distance of approximately 700 feet. This 150 foot width continues
down the ramp to the junction with the diversion low flow channel.
Upstream of the ramp there are 11 rock structures that will be used to lower velocities and attempt to
match the existing 100 year water surface profiles in the transition from the Rush River to the diversion
channel.

Weirs

Rock Structures

Figure C.15. Plan-View of the Rush River Inlet Structure

C.5.2.3 Rock Ramp Structure
The slope of the ramp was determined to be 2% with 0.6 ft steps. These values were selected as they
are the state of the practice recommended values for rock ramp fish passages.
Using a drop of 0.6 ft per riffle of over the 13.2 ft vertical drop requires 23 riffles to be constructed down
the ramp. One additional riffle upstream of the ramp and one additional riffle downstream were added
to the design to better accommodate the 0.6 ft drops for low to moderate flows. This gives a total of 24
riffles. Large natural stone boulders were selected to comprise each of the outlet riffles. These boulder
riffles are to be constructed perpendicularly across the center third of the channel, tying into the bank
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slopes at 30 degree angles to direct flow toward the center of the channel. A summary table of the rock
ramp design can be seen in Table C- 10.

Table C- 9. Rush River Inlet Dimensions
Height of Inlet Drop

13.2

ft

Length of Inlet

2400

ft

Number of Boulder Weirs

23

-

Median Boulder Diameter

5

ft

Drop across each Boulder Weir

0.6

ft

Distance between each Boulder Weir

30

ft

C.5.2.4 Boulder Placement
Boulders with a median diameter of 5 ft will be placed adjacently along each boulder weir so that they
create a series of pools and riffles throughout the inlet structure. The construction and placement of
these boulder weirs will allow for some field fitting and minor adjustments to achieve the best
accommodation for flow variety and fish passage. Larger sized boulders, those greater in weight than
the median stone size, shall be placed toward the center of the channel to best withstand impacts from
ice and debris. Boulders along the fringes of the boulder weirs shall be those that are at or below the
median stone size as these areas should have less impact from ice and debris than the center of the
channel. Each boulder placed near the center of the channel shall be embedded with a minimum of 3 ft
of riprap to provide additional resistance to movement. This minimum 3 ft of riprap was determined by
analyzing the overturning of spherical boulders due to ice sheets, as shown in Figure C.16. At the
channel fringe, where rip rap placement around the boulders will represent a flat plane rather than the
sloped upstream and downstream faces, boulder embedment of 2 ft is acceptable.
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Figure C.16. Schematic of Ice Impacts to Mid Channel Embedded Boulders.

Additional riprap shall be placed on top of the base riprap up against each boulder weir at 1V:4H slopes.
The additional riprap shall taper off as the boulder weirs tie-in to the sides of the low-flow channel. The
tops of the boulders along the weir shall rise at a constant slope so that they tie in to the bank slope
approximately 1.0 ft higher than the top of the boulder at the center of the channel. Figure C.17 and
Figure C.18 show the plan and profile views for a typical boulder weir.
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Figure C.17. Plan-view of typical boulder weir.

Figure C.18. Boulder weir profile for typical boulder weir.

C.5.2.5 Upstream Rock Structures
Eleven rock structures will be located immediately upstream of the ramp from station 1450+00-2100+00
through the 700 ft transition from the 30 ft natural channel of the Rush River to the expanded 150 ft
wide rock ramp. The structures will be angled 15 degrees upstream from perpendicular to the direction
of flow and will be keyed in to the bank. These structures will be used to lower velocities to less than 9
ft/s in the transition from the Rush River to the diversion channel and attempt to maintain the existing
1% chance exceedance water surface profile upstream of the inlet structure. Without these rock
structures, water surface profiles upstream of the ramp would change from an M1 profile to an M2
profile. This would result in high shear and velocities with large amounts of scour.
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The current 1% water surface profile elevation at the upstream end of the inlet is 891.0 feet. With the
structures in place the water surface profile will be 887.4 feet. The elevations are 3.6 feet different. An
analysis of the resulting shear values in the channel upstream of the inlet structure indicated that there
would not be additional erosion or head cutting, but the area will require additional monitoring after
construction. Shear values computed for the 10% chance exceedance and 1% chance exceedance
events are presented in Figure C.19 and Figure C.20. For the with project condition, no erosion is
expected for the 10% event, while some erosion will be expected for the 1% event.
A summary table of the rock structures can be seen in Table C- 11. Figure C.21 shows the rock
structures as a green dashed line.

10yr - Existing Condition vs. Project Condition Shear Stress - Rush River
10yr - VE13A - Shear

10yr - Ex Cond - Shear

0.4
0.35

Shear Threshold for Clay with Grass (USDOT)

Shear Stress (lb/ft^2)

0.3
0.25
0.2

Shear Threshold for Bare Clay (Chow)

Shear Threshold for Bare Clay (Manitoba Diversion)

0.15
0.1
0.05
0
3/30

3/31

4/1

4/2

4/3

4/4

4/5

4/6

Model Date (month/day)
Figure C.19. With and without project shear upstream of the Rush River Inlet for the 10% annual exceedance event.
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100yr - Existing Condition vs. Project Condition Shear Stress - Rush River
100yr - VE13A - Shear

100yr - Ex Cond - Shear

0.4
0.35

Shear Threshold for Clay with Grass (USDOT)

Shear Stress (lb/ft^2)

0.3
0.25
0.2

Shear Threshold for Bare Clay (Chow)

Shear Threshold for Bare Clay (Manitoba Diversion)

0.15
0.1
0.05
0
3/30

3/31

4/1

4/2

4/3

4/4

4/5

4/6

Model Date (month/day)
Figure C.20. With and without project shear upstream of the Rush River Inlet for the 1% annual exceedance event.

Table C- 10. Rock Structure Dimensions

Inlet Structure
Centerline Station (ft)

Height (ft)

Structure
Opening (ft)

Step 1

1488

2.1

50

Step 2

1531

2.7

50

Step 3

1579

2.8

40

Step 4

1631

3.5

30

Step 5

1687

4.3

30

Step 6

1747

5.0

30

Step 7

1812

5.6

20

Step 8

1879

6.3

20

Step 9

1947

7.0

20

Step 10

2020

7.7

20

Step 11

2097

8.4

20
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Alternatives to rock structures were considered, but none were thought to be as low cost, durable, or
fish passage friendly. Consideration was given to sheet pile cells or raising the stream bed. Sheet pile
cells would not be able to produce a diverse velocity field near the structure to aid in fish passage. They
would also be cost prohibitive. The slope of the existing Rush River at the structure location is 0.082%
(4.3 ft/mile), so small bed elevation changes would result in the inability of the stream to drain during
low flows. Using rock structures will also provide areas of low velocity for fish to rest as they work
upstream.

Figure C.21. Profile view of rock structures.

C.5.2.6 Riprap Sizing
Due to the complexity of the geometry of the outlet structure, judgment needs to be considered in
addition to the Engineering Manual methodology for sizing riprap. Peak velocities and shear stresses
were estimated throughout the inlet structure through the development of a one-dimensional HEC-RAS
model. Based on results of this effort, rip rap was designed for three segments of the inlet; upstream of
the ramp, the ramp itself, and the junction area within the diversion channel.
Seven steady flow profiles are plotted below for velocity and water surface elevation, in looking at these
seven events, it becomes apparent that the rock structures upstream of the ramp experience the
highest peak velocities at a discharge of approximately 3,490 ft3/s (cfs). For discharges less than 3,490
cfs, the peak velocities are slightly lower.
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Figure C.22. Water Surface Profiles for Rush River Inlet Structure.

The inlet was designed for a condition with no upstream flow in the diversion to model the worst case.
Even with these conditions, the velocity does not exceed 9 ft/s. For the fully constructed diversion
condition, the structure becomes highly affected by the downstream tail water condition for rare events
and peak velocities are reduced greatly.
Based on the velocity and shear values, the rip rap and layer thicknesses vary on ramp the upstream and
downstream areas of the inlet structure. The riprap sizing for the inlet structure was based on the shear
based equations for riprap sizing EM-1110-2-1601 (1970), equation 33 and EM-1110-2-1601 (1994),
Equation 3-5. Using the Shear equations a sizing gradation of R30 at an 18” layer thickness was used for
areas upstream and downstream of the ramp. The banks on the upstream of the ramp use a gradation
of R30 at a 15” layer thickness. The riprap sizing for the ramp is a gradation of R30 at a 27” layer
thickness. The thicknesses for each gradation are based on high turbulence conditions for rock being
placed in the dry. A 25% rock diameter increase was added to allow for the use of rounded stone. This
increased the required gradation from R20 to R30. The additional riprap used to embed the boulders at
each boulder weir gives total riprap thicknesses of 5 ft or greater. Mid-pool riprap thicknesses will be a
minimum of 27” where velocities are lowest.
Thicknesses for each gradation are based on high turbulence conditions for rounded rock being placed
in the dry. Thickness on the ramp also included a factor for impact and ice loading. All riprap will be
placed on a 6 inch layer of bedding stone. A plan view of the riprap sizes can be seen in Figure C.23.
Note that all riprap gradations identified in this report refer to St. Paul District gradation identifiers
designated as R followed by W50min.
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Rip rap extents were set 2 feet above the 0.2% profile with normal depth tail water on the realigned
channel and the rock ramp. Rip rap will extend 50 feet upstream of the most upstream rock structure in
the channel. In the diversion channel, riprap will be placed from the toe of the left slope, through the
low flow channel, to 5 feet up the right slope. Upstream rip rap extents will be where the Rush Inlet
right top of bank meets the low flow channel left top of bank. It will extend 118 feet downstream of the
junction of the Rush Inlet and the diversion channel. To reduce the amount of riprap needed, the rip rap
upstream of the junction and right of the low flow channel will stop at an angle matching the inlet
structure angle. To prevent erosion of the upstream separation berm, riprap was added 40 feet on the
main channel side and 80 feet on the Rush River side of the berm. This riprap extended to the top of the
channel bench, which results in rip rap protection to the 1% level in the diversion channel.

Figure C.23. Plan view of Riprap sizes of the inlet structure.

C.5.2.7

Fish Passage

The one-dimensional HEC-RAS model was also used to model the outlet structure for fish passage
velocities. Each boulder in each boulder weir was included in the model to best determine the peak
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velocities at the weirs and the pools and along the fringes and at the center of the channel. A summary
of peak velocities at each of those locations can be found in Figure C.24. Note that this design is based
on Aadland (2010), which presents guidelines for rock ramp fish passage design along with many
examples of successful structures similar to this design.

Figure C.24. Summary of Velocities for Fish Passage at the Inlet Structure.

While the peak velocities for events such as the 3490 cfs event fall on the high end of fish passage
velocities, it should be noted that these velocities assume a conservative scenario where there is no
contribution on the diversion channel for the tail water condition. Typically, if the Rush River is
conveying flows of this magnitude, the tail water on the diversion channel would be high enough to
reduce velocities through the inlet structure. In addition, these peak velocities only occur at isolated
locations and would only occur for a short duration on the flood hydrograph. For these reasons, the
design of the boulder weir rock ramp provides substantial opportunity for fish passage for almost all
flow conditions.
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LOCAL DRAINAGE PLAN

Detailed plans and calculations for the local drainage plan consisting of parallel exterior ditches, box
culverts and road crossings, and temporary and permanent re-routing of drains can be found in the
AWD-005 Local Drainage Report, located in Appendix M, developed by the Houston-Moore Group for
the Local Sponsor in 2012.

C.7

FURTHER DESIGN GUIDELINES

Further guidance for the design of this reach and other reaches can be found in Appendix M: Memos for
Record and Guidance Memos.
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