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Appendix C: Hydraulics and Hydrology
C.1

PROJECT DESCRIPTION

C.1.1 Overview
Three structures are to be designed and constructed along the Southern Embankment (the dam) of the
Fargo-Moorhead Metropolitan Area (FMM) Flood Risk Management Project (Project). These structures
will temporarily store flood waters exceeding the 5% annual chance exceedance (ACE) event. These three
control structures have been identified as the Diversion Inlet Structure (DIS), Wild Rice River Structure
(WRRS), and Red River Structure (RRS). Design was completed for the DIS in 2016. Following its
completion, design of the WRRS began in June 2016, with design of the RRS targeted to begin in 2019.
The WRRS will be located approximately 3 miles NW of the town of Oxbow, North Dakota, approximately
0.3 river miles upstream of where the Wild Rice River passes under the south-bound lane of Interstate 29,
as seen in Attachment C- 1. The proposed alignment shows the structure and corresponding approach
and outlet channel bypassing the last natural meander just upstream of Interstate 29, as seen in Figure C1.
The proposed FMM with-project plan, developed based on recommendations by the Governors’ Task
Force and informed by additional analysis by the Technical Advisory Group, will be referred to as “Plan B”
throughout this appendix. Plan B involves using Period of Record (POR) hydrology vs. Expert Opinion
Elicitation (EOE) hydrology, and operating with a 37-foot stage through town instead of the previously
proposed 35-foot stage through town.
All elevations included in this report reference the North American Vertical Datum of 1988 (NAVD 88),
unless otherwise mentioned.

C.2

WILD RICE RIVER STRUCTURE DESIGN

C.2.1 Operation Plan
Use of Enloe and Abercrombie Gages
During times of normal river flow (i.e., no flooding) and for all flood events where the stage
through town would not exceed 37.0 feet (produced during a flow of 21,000 cfs): 1) the RRS and
WRRS will remain completely open, and 2) the gates at the DIS will be essentially closed (local
drainage ditch runoff will be allowed through the structure prior to the event).
To determine if the stage would exceed 37.0 feet (flow of 21,000 cfs), the sum of the flows at
USGS Gage 0505152130 (Red River of the North at Enloe, ND) and USGS Gage 05053000 (Wild
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Rice River near Abercrombie, ND) will be evaluated. An analysis of historical floods indicates
close to a 1:1 relationship between the sum of the Enloe gage and Abercrombie gage flows and
the future flow at USGS Gage 05054000 (Red River at Fargo, ND), indicating that the combined
flow at these two gages is a good predictor for the flows at the Fargo gage. Therefore, operation
of the RRS and WRRS will only begin when the combined flow at Enloe/Abercrombie reaches
21,000 cfs. It is noted that a flow of 21,000 cfs is approximately a 5% ACE event (20-year flood)
at the Fargo gage, meaning that only flow events less frequent than the 5% ACE will require
operations.
Flood stages through the FMM urban area and upstream of the control structures would
depend on the shape and size of the incoming Red River and Wild Rice River flood hydrographs.
On the rising limb of a typical flood hydrograph, when the total flow at the Enloe/Abercrombie
gages is 21,000 cfs, the total flow passing through town at the same point in time will likely be
between 10,000 cfs and 15,000 cfs, depending on how quickly the flows at Enloe/Abercrombie
are rising and how much flow is contributed by Wolverton Creek. Historically, the travel time
for peak flows from Enloe/Abercrombie to Fargo is approximately two days. Beginning gate
operations before the flows into the benefitted area exceed 21,000 cfs is necessary to store
water during the rising limb of the hydrograph in order to minimize downstream stage impacts.

Beginning of Gate Operation
Gate operations begin by partially closing all gates at both the RRS and WRRS to restrict flow
entering the benefitted area. Flows into the benefitted area are gradually reduced during this
initial time period to meet the downstream stage impacts, resulting in storage of water
upstream of the dam. Flows into the benefitted area will not be reduced by more than 2,000
cfs per day to ensure the rate of stage fall in the benefitted area does not exceed the natural
fall rate, as a quick stage fall may impact bank stability.
Gate flow releases are based on an algorithm that considers the flows of six watercourses (Red
River, Wild Rice River, Sheyenne River, Maple River, Rush River, and Wolverton Creek) and the
physical storage characteristics of the areas inundated upstream of the Southern Embankment.
This algorithm considers the flows on each of the six watercourses and operational limits in
order to determine the appropriate flow releases through the three gated structures necessary
to meet the stage impact requirements of the Project. The portion of the algorithm that
accounts for the flows and timing of the six watercourses is based on a power law function in
the form of Q=aVb, where Q is the gate flow release, V is the storage volume, and a and b are
user-defined coefficients. The user-defined coefficients are determined by simulating
numerous synthetic and historic simulations and fitting the operated hydrographs to the
existing condition hydrographs at a location downstream of the diversion outlet.
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A general outline of the operational targets based on Enloe/Abercrombie flows is summarized
in the bullet points below. In general, pool elevations are referenced to the gage that will be
added upstream of the RRS. However a gage along the Western Tieback will be used for
extreme flood events where the maximum pool elevation might be achieved.

Operation Details
Enloe/Abercrombie flow > 21,000 cfs but ≤ 39,000 cfs
o Follow the gate flow release algorithm
 Fargo gage: Expected stage of 37.0 feet
 Approximately 21,000 cfs total flow into benefitted area (RRS + WRRS +
Wolverton) produces an expected stage of 37.0 feet at the Fargo gage
 Due to concerns with FEMA accreditation after construction is complete, 39,000
cfs was selected as an upper end estimate of the 1% ACE flow to ensure a stage
of 37.0 feet is not exceeded for events up through the 1% ACE event. A
preliminary investigation into the hydrology indicated that an increase of
approximately 10% in the 1% ACE flow could occur as a result of incorporating
the large 2010 and 2011 floods into the analysis that occurred after the original
hydrology was developed. A final hydrologic investigation will be conducted to
determine the 1% ACE flow after the Project is constructed in support of the
FEMA accreditation process. Methodology for determining the 1% ACE flow will
be determined based on the best hydrologic methods and the U.S. Army Corps
of Engineers (USACE) guidance effective at that time.
 DIS: Maximum flow of 20,000 cfs. DIS gates will be operated to limit flow increase
to 2,000 cfs per hour until a sufficient flow depth in the diversion channel is realized.
This will minimize the potential for erosion in the diversion channel.
 Pool Elevation: Maximum water surface elevation of 921.0 feet
- Enloe/Abercrombie flow > 39,000 cfs but ≤ 66,000 cfs
o Follow the gate flow release algorithm
 Fargo gage: Expected stage between 37.0 feet and 40.0 feet
 37.0 feet is the target benefitted-area stage for 39,000 cfs Enloe/Abercrombie
flow and 40.0 feet is the target benefitted-area stage for 66,000 cfs
Enloe/Abercrombie flow; linearly interpolate for Enloe/Abercrombie flow
between 39,000 cfs and 66,000 cfs
o Approximately 21,000 cfs total flow into benefitted area (RRS + WRRS +
Wolverton) produces an expected stage of 37.0 feet at the Fargo gage
o Approximately 27,000 cfs total flow into benefitted area (RRS + WRRS +
Wolverton) produces an expected stage of 40.0 feet at the Fargo gage
 Pool Elevation: Maximum water surface elevation of 922.5 feet
 DIS: Maximum flow between 20,000 cfs and 25,000 cfs. DIS gates will be operated
FTR_Wild_Rice_Structure_Appendix_C_Hydraulics-14JAN19.docx
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to limit flow increase to 2,000 cfs per hour until a sufficient flow depth in the
diversion channel is realized. This will minimize the potential for channel erosion.
 20,000 cfs is the expected maximum for 39,000 cfs Enloe/Abercrombie flow and
25,000 cfs is the expected maximum for 66,000 cfs Enloe/Abercrombie flow;
linearly interpolate for Enloe/Abercrombie flow between 39,000 cfs and 66,000
cfs
 An unusually high-volume flood could require a DIS flow greater than 25,000 cfs
to maintain a stage of 40.0 feet at the Fargo gage and prevent the pool from
rising above 922.5 feet
- Enloe/Abercrombie flow > 66,000 cfs
o Gate flow release algorithm no longer applies
 Fargo gage: Maximum stage of 40.0 feet until pool reaches the maximum pool
elevation
 DIS: Maximum flow of 25,000 cfs until pool exceeds 922.5 feet; increase opening of
gates until gates are fully open to keep pool level at or below the maximum pool
elevation and Fargo gage ≤ 40.0 feet as long as possible
 Using the 0.2% ACE balanced hydrograph and the probable maximum flood
(PMF) hydrograph as guides for estimating hydrographs for intermediate
events, an event with a peak flow of between 90,000 cfs and 100,000 cfs with a
15-day volume of approximately 1,600,000 acre-feet would generate the
maximum pool elevation without requiring a stage of > 40.0 feet at the Fargo
gage
 RRS and WRRS gates will be opened as needed to maintain the maximum pool
elevation; the Fargo gage is allowed to exceed 40.0 feet
 The PMF hydrograph, having a peak flow of 204,000 cfs and a 15-day volume of
approximately 3,876,000 acre-feet, would generate the maximum pool
elevation

Maximum Pool Elevation
An evacuation order will be issued for the Fargo-Moorhead urban area as the pool approaches
the maximum pool elevation, 924.0 feet, in order to maintain the structural integrity of the
embankment. To prevent the pool elevation from exceeding an elevation of 924.0 feet, the RRS
and WRRS gates would be opened to maintain the maximum pool elevation and stages would
rise above 40.0 feet at the Fargo gage resulting in flooding of the Fargo-Moorhead urban area.
There is sufficient flow capacity at the gated structures and Eastern Tieback to maintain the
maximum pool level up through the PMF event.
It should be noted that updated HEC-RAS modeling suggests that the maximum pool elevation
may be lowered to 923.5 feet, and all future modeling efforts will strive to ensure a maximum
pool elevation of 923.5 feet is adequate for the Project; however, since this is not known at the
FTR_Wild_Rice_Structure_Appendix_C_Hydraulics-14JAN19.docx
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time this report is published, the maximum pool elevation for the remainder of the appendix
will refer to an elevation of 924.0 feet.

Pool Drawdown
After the flood peak has passed and the pool begins to be drawn down, RRS and WRRS gate
opening changes will be limited to ensure the rate of stage fall is in line with the natural rate of
stage fall, which reduces the potential for bank instability and fish stranding. The operation plan
limits the reduction in pool stage to no more than 2 feet per day, which is the historicallyobserved rate at USGS gage 05051522 – Red River of the North at Hickson, ND.

C.2.2 Top of Structure Elevation
Previous H&H analysis during the design of the DIS determined the top of structure to be 931.0 feet. This
consisted of a top of dam wall elevation of approximately 929.3 feet, an approximately 2 inch gap between
the top of dam wall and low chord of the bridge deck (to account for deflection), and a bridge deck height
of 1.33 feet. This design was deemed unsuitable since there wasn’t a continuous level of protection up
to elevation 930.0. Therefore, the dam walls have been raised to provide a continuous level of protection
up to elevation 930.0. Taking into account the 2 inch gap for deflection, the bridge deck height of 1.33
feet, and the 2% cross slope of the road, the top of structure will be 931.75 feet. See Section C.2.4 for
more information on the 2 inch gap.

C.2.3 Top of Embankment Elevation
Previous H&H analysis during the design of the DIS determined that a top of embankment elevation of
930.0 feet would satisfy all hydraulics criteria. This was based on a maximum pool elevation of 925.0.
Since then, updated modeling has shown that a maximum pool elevation of 924.0 can be achieved. To
maintain 5 feet of freeboard, the top of embankment elevation will be 929.0; however, to account for
overbuild and long-term settlement, the top of the embankment will be constructed to 930.65 feet. A
gradual transition will take place between the top of structure elevation of 931.75 feet and the
constructed top of embankment elevation of 930.65 feet.

C.2.4 Dam Wall/Vehicle Service Bridge Interface
There will be a 2 inch gap along the length of both the east and west dam walls between the top of the
dam wall and the low chord of the vehicle service bridge. This two inch gap allows for the bridge deck to
be designed as a simply-supported beam and deflect under live loading conditions. The vehicle service
bridge will sit on top of bridge piers perpendicular to the dam wall. The top of the dam wall will be
designed to an elevation of 930.0 feet, which is consistent with the design height for the top of the
embankments. The low chord of the vehicle service bridge would begin at elevation 930.17 feet with the
crown of the deck at 931.75 feet.
This 2 inch gap is considered acceptable for the following reasons:
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(1) Maximum pool elevation for the PMF scenario is 924.0 feet. USACE guidance (ER 1110-8-2 (FR))
requires a minimum of 5 feet of freeboard on top of the maximum pool, which is satisfied.
(2) Wave heights were determined to be no more than 5 feet in height on top of the still water level
for the maximum pool, which is still one foot below the top of the dam. For more information of
the wind and wave analysis, please refer to the ‘Fargo-Moorhead Metro Flood Risk Management
Project Tieback Embankments Wind-Wave Analysis’ report.
(3) When designing levees or floodwalls, ‘Resiliency and Structural Superiority Requirement for
Hydraulic Structures Within or Adjacent to Levees and Floodwalls’ (DIVR 1110-1-16) offers
guidance to prevent damage or failure from overtopping. These measures may consist of
structural superiority, armoring, hardening, or other provisions. Since the WRRS is a dam and is
not designed to be overtopped, this guidance does not directly apply. The WRRS includes
sufficient freeboard to prevent overtopping during extreme events up to and including the PMF.
Additionally, a portion of the western tieback will pass water if a significant gate failure occurs
during an extreme event thereby limiting the loss of freeboard.
(4) ‘Hurricane and Storm Damage Risk Reduction System Design Guidelines’ (HSDRRS) is a
comprehensive collection of best practices for professionals engaged in the design of hurricane
protection system components (i.e.: system of levees, floodwalls, and other infrastructure which
is designed to provide protection from hurricanes). As a result, it is designed to provide protection
to a specific level or storm severity with the understanding that the system will overtop if the
design level of protection is exceeded. For the reasons stated above under application of DIVR
1110-1-16, the structural superiority recommendations included in the HSDRRS Guidelines do not
apply to a dam.

C.2.5 Channel Bathymetry
Figure C- 1 shows the currently available bathymetric data in the vicinity of the WRRS. In 2011, one
bathymetric cross-section was acquired downstream of the proposed structure location. This crosssection is represented by the large, teal circles on Figure C- 1. In 2014, a more comprehensive bathymetric
survey of the existing channel was performed from the Interstate 29 bridge to the 173 rd Ave bridge. These
survey data points are represented by the yellow circles. Four bathymetric cross-sections were surveyed
in June of 2016 to validate both the 2011 and 2014 datasets. These 2016 cross-sections are represented
by the red arrowed lines. The blue lines represent the hydraulic model centerline, while the dashed
orange line identifies the location of the WRRS.
Bathymetric profiles were taken at the nearest upstream and downstream cross-section to the proposed
structure location. The channel shape and invert elevations from the 2016 survey correlate well with the
2014 data for both the upstream and downstream cross sections. Since the 2014 survey dataset is more
complete and shows similar channel inverts as the 2016 data (within a few tenths of a foot), the 2014
survey dataset was used as the master dataset from which to begin the geometric design of the control
structure.
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WRRS Location

Figure C- 1: Bathymetric Data Availability at the WRRS
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C.2.6 Control Structure Invert Elevation
Existing bathymetry immediately upstream and downstream of the proposed WRRS reveals channel invert
elevations between 887.0 feet and 888.8 feet. Placing the control structure’s sill elevation at 886.6 feet
would preserve the river’s natural slope (0.02%) through that reach (Attachment C- 3), while also ensuring
the structure produces depths which are slightly deeper than the natural condition during low flow
conditions.
The longitudinal profile of the proposed WRRS alignment is represented by the solid black line in
Attachment C- 3. The purple line in the figure represents the existing terrain for the location of the newly
aligned channel, which was pulled directly from the existing 1-meter LiDAR data. The lower elevations
represent terrain which was extracted from the channel thalweg upstream and downstream of the
proposed structure, while the higher elevations (between stations 550 – 2150) represent the existing
upland topography where the structure will be constructed. The approximate location of the proposed
WRRS is at station 1176, and is identified by the vertical grey line. The grey asterisks and dashed line
denote the cross-section inverts in the existing HEC-RAS model. The proposed gate sill elevation of 886.6
feet is shown by the red triangle while the yellow and blue circles identify the 2014 and 2016 bathymetric
survey data, respectively.
The recommended gate sill elevation of 886.6 feet and the invert slope of the approach channel, outlet
channel, and structure do maintain the natural channel’s slope of 0.02% even though Attachment C- 3
shows short distances where the proposed invert slope will be at a lower elevation than the existing
channel. It is important to note that the blue and yellow circles are representative channel invert
elevations. Low channel inverts could represent pools within the channel, while higher channel inverts
could represent depositional areas within the channel. The purpose of these data points is to provide an
approximation of the existing channel bathymetry rather than identify an exact channel invert elevation
at a particular station.

C.2.7 Channel Design
Material will be excavated from the existing upland terrain to form the trapezoidal approach and outlet
channels. The approach channel will connect the existing channel thalweg to the control structure, while
the outlet channel will pass flow from the control structure back to the existing channel. The invert of the
approach channel will tie in with the existing channel invert (887.73 feet), and slope down at a 0.02%
grade to the inlet of the control structure at 886.6 feet. The channel slope will then change from 0.02%
to 0.0% through the 100-foot length of the structure itself, before returning to a 0.02% slope in the stilling
basin and outlet channel. The invert elevation at which the outlet channel will transition back to the
natural channel will be 886.35 feet. This elevation is slightly lower than the existing localized channel
invert; however, this discrepancy in invert elevation will be smoothed out during construction and the
channel will re-stabilize over time with the flows that are typically seen on the river.
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C.2.8 Site Hydrology
To date, no hydrologic relationship (flow-frequency curve) has been performed at the structure’s location;
however, a flow-frequency curve has been developed on the Wild Rice River at Abercrombie, North
Dakota, which is approximately 30 miles upstream of the WRRS. There is a minimal increase in drainage
area between the Wild Rice River at Abercrombie and the proposed structure’s location (2080 mi 2 at
Abercrombie; 2220 mi2 at the WRRS’s location). As a result, the flow-frequency curve at Abercrombie is
a very good approximation of the flow-ACE relationship at the Project location. Table C- 1 and Figure C2 show the flow-frequency curve for the Wild Rice River at Abercrombie, ND in both graphical and tabular
form.
Table C- 1: Flow-Frequency Curve for the Wild Rice River at Abercrombie, ND
Discharge
(cfs)
27,863
21,743
17,538
13,716
9,282
6,415
3,983
1,459
830
471
248
142
46

Annual Chance
Exceedance (ACE)
0.002
0.005
0.01
0.02
0.05
0.1
0.2
0.5
0.667
0.8
0.9
0.95
0.99
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Figure C- 2: Flow-Frequency Curve for the Wild Rice River at Abercrombie, ND
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C.2.9 Passage of Low Flows
Portions of this section rely upon conclusions drawn from OpenFOAM (3D model). As on 14 JAN 19, a DQC
review of the OpenFOAM model is not complete. This section will become available for ATR review once
the DQC review of the OpenFOAM model is complete.
The Minnesota Department of Natural Resources (MnDNR) requested that the WRRS contain design
features which prevent the gates from completely closing. This feature would ensure continuous passage
of flow as well as prevent against mis-operation of the structure. As a result, multiple preventative
measures were analyzed and a limit switch was determined to be the best alternative to prevent the gates
from completely closing during normal operations. This limit switch allows both gates to close to within
approximately 3 inches (0.25 feet) of the structure’s invert, which is the minimum modeled gate opening
required to control water surface elevations through Fargo up through a PMF event 1. When the gates are
to be inspected, the limit switch will be turned off so one gate at a time can be fully closed to dewater the
bay. It should be noted that both gates are to remain completely out of the water until it becomes known
that a stage of 37.0 feet would be exceeded at the Fargo gage, which is when the Project would begin to
operate.
Daily and field-measured flow records from USGS gage 464243096495100 were acquired for the Wild Rice
River at the I-29 bridge. This gage is located approximately 0.5 miles downstream of the project location,
and has a period of record of March 2009 to November 2012. Figure C- 3 shows a plot of the gage data
(blue circles), field measured data (orange triangles), rating curve for the area in the pre-project condition
(red line), structure’s invert elevation (purple dashed line), the minimum height of the dentated end sill
(black dot-dashed line), and the top elevation of the dentated end sill (orange dashed line). Due to the
extremely mild slope that is native to this reach of river and the fact that the structure’s gates will remain
out of the water until its known that a stage of 37.0 will be exceeded at the Fargo gage, it is reasonable to
assume that the gage measurements recorded during periods of low flow between 2009 and 2012 will
also apply post-project. Therefore, Figure C- 3 suggests that at least 3.0 feet of water above the invert of
the stilling basin will be available for fish to pass through the structure during low flow conditions, which
satisfies internal USACE fish passage criteria.
The WRRS stilling basin is designed to have a dentated end sill (see Section C.5.2 for additional
information). The top of the dentated end sill will extend 5 feet above the stilling basin, while the
minimum height of the end sill will extend 2.63 feet above the end sill. Results from Figure C- 3, as well
as the monthly elevation-duration curves found in Attachment C- 26 and Attachment C- 27 for the USGS
gage on the Wild Rice River at Abercrombie, ND (Gage number: 05053000; Recorded elevation POR: 20002017) suggest that an elevation of at least 890.0 feet is highly likely to occur for every month of the year.

Based on HEC-RAS modeling performed by the Houston-Moore Group (HMG). Modeling results show all
other ACE events (1%, 0.2% & PMF) require gate openings greater than 0.25 feet. See Section C.2.10 for
additional information on the unsteady HEC-RAS modeling effort.
1
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Since the minimum height of the end sill will be built to an elevation of 889.2 feet, it’s highly unlikely that
the dentated end sill will prevent hydraulic connectivity of the river during non-drought conditions.

USGS 464243096495100- Wild Rice River at I-29 (No Project
Conditions)
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Figure C- 3: Rating Curve for “No Project Conditions” at the USGS Gage 464243096495100

C.2.10 Unsteady HEC-RAS Modeling
HMG ran an unsteady HEC-RAS model for five different Red River vs. Wild Rice River flow scenarios for
the 1% ACE event, five different Red River vs. Wild Rice River flow scenarios for the 0.2% ACE event, and
two operating scenarios for the PMF event to see how the structure would perform under a variety of
different flow and loading conditions. Initial model simulations were run in May 2016 using HEC-RAS,
version 5.0.1, and are referred to as the Phase 8 model throughout the remainder of the appendix. Results
from the Phase 8 model runs were reviewed by three groups: (1) an independent review team hired by
the local sponsor, (2) the St. Paul District, and (3) USACE’s Agency Technical Review (ATR) team. Since
that time, an updated Project alignment (Plan B) has been developed. The incremental changes under
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the Plan B alignment have been incorporated into the latest version of the unsteady HEC-RAS model
developed by HMG (version 5.0.5). Many alternatives were developed during the development of Plan B.
The extent of modeling and external review of the results indicates the Plan B simulations produce
reasonable results and therefore do not require additional external review.
The Plan B model extends up to the USGS gage at Abercrombie, ND on the Wild Rice River and the USGS
gage at Enloe, ND on the Red River of the North. Balanced hydrographs for both gages were used as
inflows to the model and breakouts that naturally occur between the Red River of the North and the Wild
Rice River are captured in the model. The balanced hydrograph-based analysis has approximately 35% of
flows passing through the WRRS and approximately 65% of flows passing through the RRS to maintain the
appropriate stage at the Fargo gage.
As mentioned in the previous paragraph, a sensitivity analysis of flow distributions between the Wild Rice
River and Red River was performed for the 1% ACE and 0.2% ACE events to ensure project performance
under different inflow conditions. These five different flow distributions runs represent a range of
flooding scenarios where the maximum peak discharge upstream of the Project could occur on either the
Red River of the North or the Wild Rice River. These scenarios range from 20% of flow passing through
the WRRS and 80% of flow passing through the RRS, to 70% flow passing through the WRRS and 30% flow
passing through the RRS. Project performance was acceptable for all of the flow scenarios modeled.
Results from these twelve Plan B modeled scenarios form the basis for the Hydraulics & Hydrologic design
of the WRRS, unless otherwise specified.
The USGS gage at the I-29 bridge (USGS gage: 464243096495100) was also used to develop a late
summer/fall rating curve to better understand what the typical flows would be during this time (see Figure
C- 3). Since the I-29 gage has only 3 years of flow records, its data were compared to the long-term record
at the Abercrombie gage (period of record: 1932 to present). When comparing this rating curve to the
modeled results, the USGS rating curve at the I-29 bridge indicates there should be lower tail water
elevations than the modeled tail water for flows less than ~4500 cfs (~14.3% ACE; 7 year event). For flows
in excess of 4500 cfs, the modeled results and tail water rating curve converge up to the point when the
rating curve ends. In some instances the modeled tail water elevation is in fact lower than the rating
curve, which would produce slightly higher velocities through the structure and increase the length of the
stilling basin. Since the lower portion of the curve is considered “run of the river” up to the 10-yr event,
the wider width of the approach and outlet channel will help to reduce velocities through the structure.
As a result, modeling performance was deemed acceptable for the full range of flows modeled.
Flows from the thirteen scenarios modeled by HMG were validated using the spillway design equations
from EM 1110-2-1605. Although the proposed spillway at the WRRS has some minor geometric
differences from a traditional spillway (see Section C.5 for more details), the calculated flow through the
structure using these design equations was reasonably close to the results generated by the model. The
model also does a better job at taking into account the complexity of this flood risk management project
than the design equations from EM 1110-2-1605. The WRRS and the RRS will be operating in tandem to
control the amount of water passing through town. As a result, the HEC-RAS model does a better job at
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describing the hydraulic conditions which are specific to each structure’s location than the design
equations. Therefore, the modeled results were preferred to the stilling basin guidance in EM 1110-21605 and were used as the primary data source in the spillway design.

C.2.11 Minimum Gate Openings
The minimum gate opening of approximately 0.25 feet was based on HMG’s series of unsteady HEC-RAS
simulations. This minimum gate opening occurred during one of the 1% ACE simulations, but not at the
time of maximum loading on the gate.
Limit switches will prevent both gates from completely closing during normal project operation. The
Programmable Logic Controller (PLC) on the tainter gate operating machinery shall be programmed with
two lower limit switch set points. The first lower limit set point shall stop the gate during closing
operations between 3" and 6" from full closure. This range accounts for the uncertainty associated with
the precision of the machinery. This lower limit set point is for normal operations and shall be the
maximum gate closure possible without entering a supervisory password. The second lower limit set point
shall stop the gate during closing operations in the fully closed and sealed position. This lower limit switch
set point is for special operations (i.e. operation and maintenance activities) and shall require the operator
to enter a supervisory password.

C.2.12 Gate Widths
The feasibility level design of the WRRS called for the structure’s gates to be operated on average every
3.6 years, and construction of gated fish passage structure adjacent to the control structure. After
feasibility, the project development team (PDT) determined that the fish passage structures could be
eliminated if the threshold of project operation was reduced to the 10% ACE flow and existing-condition
velocities were maintained up through the 10% ACE flow. This resulted in changing the gate width from
30 feet to 40 feet so that the total gate width of the structure is 80 feet. Modifications to the Southern
Embankment alignment as part of Plan B, along with the decision to send more flow through town up
through the 0.2% ACE event have led to the Project beginning to operate once the sum of flows at the
Enloe and Abercrombie gages reaches 21,000 cfs (~5% ACE). Two 40-foot wide gates, instead of one 80foot wide gate, provides redundancy in the event of a gate malfunction while also allowing flow to pass
through the structure when one of the bays is dewatered for maintenance. USACE Cold Regions Research
and Engineering Lab (CRREL) also recommended a minimum gate width of 40 feet at both the RRS and
WRRS to limit the risk of damaging the structures when passing ice. For more information on the ice
analysis, please refer to ‘Ice Analysis for Red River of the North Diversion Project at Fargo ND, Moorhead,
MN.’

C.2.13 Gate Heights
The height of both gates is also based on the loading conditions pulled from the unsteady HEC-RAS model
run by HMG. The maximum gate loading experienced on each gate is driven by the PMF. During this
scenario, the gates are opened as much as necessary to maintain a staging area elevation of 924.0 feet.
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The minimum gate opening for each of the 1%, 0.2% ACE, and PMF varies, and can be quite small. A
conservative estimate for the minimum gate opening was taken from the 1% ACE event, which estimates
that the gates will be open at least 0.25 feet. Using the 1% ACE headwater elevation of 922.5 feet in
combination with a minimum gate opening of 0.25 feet and structure invert of 886.6 feet, the maximum
head experienced on the gate under the most critical loading condition would be approximately 35.5 feet.
Taking into account wind/wave setup, the recommended gate height is therefore determined to be 40
feet. For more information on the wind-wave analysis, please refer to ‘Fargo-Moorhead Metro Flood Risk
Management Project Tieback Embankments Wind-Wave Analysis.’

C.2.14 Gate Modeling in HEC-RAS
Both gates at the WRRS were modeled using the unsteady RAS model discussed in Section C.2.10. Table
C- 2 highlights the gate parameters used to model each of the 10%, 1%, 0.2% ACE, and PMF scenarios.
Table C- 2: Modeled Gate Coefficients for the WRRS
Gate Flow Parameter
Radial Discharge Coefficient
Trunnion Exponent
Opening Exponent
Head Exponent
Trunnion Height
Orifice Coefficient for Submerged Orifice Flow
Weir Coefficient (when gates are out of the water)

Value
0.7
0.0
1.0
0.5
32.4
0.8
3.0

Gate rating curves based on one foot increments in the tail water elevation between elevation 900.0 and
920.0 are included in Attachment C- 4 to Attachment C- 24 . For each figure, the x-axis represents the
total discharge through the structure, while the y-axis represents the upstream water surface elevation
beyond the drawdown area. Each of the figures includes a family of curves representing one foot
increments in gate opening height. It should be noted that both gates operate simultaneously, so that
the gate opening selected should be applied uniformly to both gates. For example, if the pool elevation
was measured to be 920.0, the tail water elevation was measured to be 900.0, and the desired flow
through the structure was 26,000 cfs, both gates should be set to an opening of 10.0 feet.

C.2.15 Dewatering System Requirements
A dewatering system will be used when routine maintenance on the structure is required. Barriers to flow
will be placed both upstream and downstream of each bay to allow for maintenance on the structure. It
is important to note that only one bay will be dewatered at a time to ensure continuous passage of flow
through the structure at all times.
The WRRS will be equipped with a maintenance-level dewatering system, which consists of a panel and
girder system. These panels will be 9.8 feet wide and 25.9 feet tall, and will slide vertically together to
form a tight seal. A number of panels will then be placed in series to form the damming surface at each
location. There’s a desire to share the vertical panels between the WRRS and RRS, so dewatering at each
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location will have to take place during separate months of the year, or on different years. The RRS will
constantly see higher flows and stages than the WRRS; therefore, the height of the dewatering panels is
governed by the criteria that satisfies an appropriate panel height at the location of the RRS.
To date, there is no governing USACE Engineering Manual (EM) or Engineering Regulation (ER) that defines
what the appropriate height of these dewatering panels should be. As a result, elevation-duration curves
were used to estimate what the PDT feels is an appropriate height for the dewatering panels based on
the time of the year in which they would be used.

Dewatering Panel Height
Operation and Maintenance (O&M) activities at both the WRRS and RRS would take place during
periods of low flow, typically between July and November. For the WRRS, the USGS gage at the
I-29 bridge (USGS gage: 464243096495100) was used to develop a series of late summer/fall
monthly flow and elevation duration curves to better understand what the typical flows and water
surface elevations would be during this time. Since the I-29 gage has only 3 years of flow records,
its data were compared to the long-term record at the Abercrombie gage (period of record: 1932
to present). This comparison yielded very similar flows between the two gages. Monthly flow
and elevation duration curves for the RRS were also developed based on the USGS gage at Hickson
(USGS gage: 05051522). This USGS gage contains 41 years of record and is located approximately
5 miles upstream of the proposed RRS location. Data from this gage was compared to the shortterm USGS gage 464243096470000 at the location of the RRS. This short-term gage contains 6
field measurements between June 2014 and August 2015, in which only 3 out of the 6
measurements were acquired between July and November. All 6 field measurements were taken
during periods of lower discharge on the Red River of the North (max discharge = 6500 cfs; ~ 20%
ACE). These field measurements show slightly lower stages than the rating curve generated for
the RRS location based on unsteady RAS model results by HMG. Since the USGS data at Hickson
has significantly more data and produces slightly more conservative water surface elevations, this
was the preferred dataset to represent the RRS.
All of the elevation duration curves for both the WRRS and RRS have been translated from the
long-term gaging site location (i.e.: Abercrombie or Hickson) to the structure’s location, and can
be located from Attachment C- 26 to Attachment C- 34. These translations occurred by either
comparing USGS rating curves (WRRS), or through unsteady RAS model runs (RRS).
Three different dewatering panel heights were considered when determining the appropriate
panel height at the RRS: 20 feet, 25 feet, and 30 feet. The top elevation of these three alternatives
are seen below.
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Table C- 3: Top of Dewatering Panel Elevation
Top of Dewatering Panel Elevation (NAVD 88)
Bulkhead
Height (ft)
20
25
30

WRRS

RRS

(Sill Elevation = 886.6)

(Sill Elevation2 = 873.0)

906.6
911.6
916.6

893.0
898.0
903.0

Table C- 4 to Table C- 6 contain information on the percent of time a particular stage is equaled
or exceeded for each of the three dewatering panel height alternatives. This data comes directly
from the elevation-duration curves for both structures’ locations. For information on the
frequency with which monthly flows would equal or exceed the top of panel height, monthly flow
duration curves can be found in Attachment C- 28 and Attachment C- 29 for the WRRS and
Attachment C- 33 and Attachment C- 34 for the RRS, respectively.
Table C- 4: Monthly Stage Percent Exceedance for a Dewatering Panel Height of 20 feet
Month
June
July
August
September
October
November

Percent of Time Stage will Equal or Exceed Top of Bulkhead
WRRS

RRS

1%
0%
0%
0%
0%
0%

33 %
17 %
6%
1%
2%
3%

Table C- 5: Monthly Stage Percent Exceedance for a Dewatering Panel Height of 25 feet
Month
June
July
August
September
October
November

Percent of Time Stage will Equal or Exceed Top of Bulkhead
WRRS

RRS

0%
0%
0%
0%
0%
0%

12 %
2%
1%
0%
1%
1%

A bathymetric analysis in the vicinity of the RRS’s location was conducted to identify a preliminary sill
elevation for the RRS. This analysis relied upon the same methodology used to determine the sill elevation
at the Wild Rice River Structure, but instead relied upon two bathymetric datasets acquired in 2010 from
USACE and HMG. The invert elevation at the RRS should be considered preliminary until design of the
RRS begins in 2019.
2
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Table C- 6: Monthly Stage Percent Exceedance for a Dewatering Panel Height of 30 feet
Percent of Time Stage will Equal or Exceed Top of Bulkhead

Month
June
July
August
September
October
November

WRRS

RRS

0%
0%
0%
0%
0%
0%

2%
0%
0%
0%
0%
0%

Based on this analysis, maintenance dewatering panels will be built to a height of at least 25.0
feet based on the time of the year when they will be used (July – November) and the very low
probability (< 2%) that any of these stages will equal or exceed the top of the panel. After taking
into account the recess in the bottom of the structure’s invert where the dewatering system
panels will be placed, the dewatering panels have been designed to a height of 25.9 feet, and will
be 9.8 feet wide.

Consequence Analysis
An evaluation was performed to describe how completely losing one gate at the WRRS could
affect water surface elevations in the benefitted area. In this scenario, one gate would be unable
to prevent flow from uncontrollably passing through the structure (i.e.: gate is stuck in the fully
opened position) when the pool is at its maximum elevation of 924.0 feet. In the event that one
gate is unable to prevent flow from uncontrollably passing through the structure, the operation
of the Project would deviate from the operating plan. Under these conditions, the remaining gate
at the WRRS, as well as all of the gates at the RRS would be lowered and/or closed to actively
manage the amount of flow entering the benefitted area without exceeding the maximum pool
elevation of 924.0 feet.
Uncontrolled discharge through one gate for the maximum pool elevation can be estimated using
the weir equation:
𝑄 = 𝐶𝐿𝐻

where,

Q = Discharge (ft3/s)
C = Discharge coefficient
L = Effective length of crest (feet)
H = Depth of flow above elevation of crest (feet)
Using a discharge coefficient of 3.0, an effective crest length of 40 feet (assumes one gate is fully
open, the other is completely shut, and all gates at the RRS are fully closed), and a maximum pool
elevation of 924.0 feet, the maximum discharge through the WRRS is approximately 27,450 cfs.
This discharge is approximately 5% larger than the discharge that would be passing through town
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for floods with an annual chance exceedance of 0.2% (26,200 cfs). As a result, having uncontrolled
flow passing through one gate at the WRRS combined with minimal flow through the RRS has the
potential to increase the loading on the levees next to the Fargo gage about 1.5 feet above the
loading experienced during the 0.2% ACE event, resulting in a stage of 41.5 feet at the Fargo gage
location. However, in general, all in-town levees are built to the water surface profile correlating
with a stage of 44 feet (906.88 feet at the USGS gage at Fargo, NAVD 88). The top elevation of
the lowest section of the in-town levees is a stage of 42.5 feet, located near 32nd Avenue South.
It should be noted that some of the in-town levee systems tie into ground that’s at a stage of
approximately 39.5 feet. In these areas, emergency measures would need to be constructed in
order to prevent flooding in the benefitted area. Any flooding resulting from tie-in areas would
not be catastrophic.
In general, overland flooding due to a gate failure at the WRRS will progress slowly from the
structure to the city center. This is due, in part, to the very mild gradient of the floodplain and the
fact that many of the east-west roads between both structures and the in-town levees are
constructed a few feet higher than the surrounding topography. As a result, these barriers
prevent this uncontrolled flow from progressing downstream more quickly. An image of the intown levee system can be seen in Attachment C- 2. Based on the results of this analysis, no
emergency closure during operation of the WRRS is required, and was therefore not provided.

C.3

FLOOD LOADINGS

HMG ran a number of different flow scenarios through the Plan B FMM HEC-RAS model for the 1%, 0.2%
ACE, and PMF flooding events to identify flood loadings and stages at various locations throughout the
project and impacted areas (see Section C.2.10 for additional background information). Output from
these simulations were used to estimate structural flood loadings for the 1%, 0.2% ACE, and PMF
conditions and the results are located in Table C- 7. Complete model results from this analysis can be
found in Attachment C- 37.
Three different features from the model were examined to determine the maximum headwater
elevations listed in Table C- 7: (1) the computed water surface elevation immediately upstream of the
structure, (2) energy grade line elevation approximately 650 feet upstream of the structure, and (3) the
computed water surface in an adjacent storage area immediately upstream of the structure. Since
conditions (1) and (2) never produced the highest upstream elevation, the water surface elevation from
the adjacent storage area (condition #3) was used as the upstream water surface elevation for all flood
loading cases. Tail water elevations listed in Table C- 7 represent the computed water surface elevation
immediately downstream of the structure.
HMG also ran two different PMF simulations which examined two different operating scenarios. The first
scenario (column 4 in Table C- 7) modeled the PMF assuming the DIS gates would be completely open and
the WRRS and RRS would both be operated to maintain a stage of 40.0 feet in Fargo until the pool reached
an elevation of 924.0 feet. At this point, both the WRRS and RRS gates would be opened as much as
necessary to maintain the maximum pool elevation of 924.0 feet. This represents the scenario where the
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structure is operated according to the operating plan and flood fighting efforts are discontinued by
allowing the Red River to rise.
The second scenario (column 5 in Table C- 7) modeled the PMF by holding a stage of 40.0 feet through
Fargo. This extremely unlikely scenario represents one of two situations: (1) operation of the structure
deviates from the operation plan and USACE does not exercise its legal authority to step in to protect the
dam, or (2) multiple gate blockages leads to a headwater surcharge above 924.0. The gate blockage
scenario has much less of an impact than deviating from the operating plan. Therefore, the results in
column 5 of Table C- 7 are based on a deviation from the operation plan. Full results for the structural
flood loading analysis can be found in Attachment C- 37. In order to account for uncertainty in the HECRAS model results and establish a conservative estimate of flood loadings, headwater elevations from the
HEC-RAS simulations were rounded up to the nearest 0.5 feet and tail water elevations from the HEC-RAS
simulations were rounded down to the nearest 0.5 feet.
Table C- 7: Flood Loading Water Surface Elevations
(1)

(2)

(3)

(4)

1% ACE

0.2% ACE

PMF

(5)
PMF Resiliency
Check

Headwater Elevation

922.5

922.5

924.0

928.5

Tail water Elevation

909.5

912.0

915.03

913.5

Minimum Gate
Opening at Time of
Maximum Loading
(feet)

1.0

1.5

Gates out
of water

2.5

It is worth reiterating that although the maximum headwater elevation for the PMF is 924.0 feet, a
maximum headwater elevation of 926.0 feet was only used for structural design purposes in order to be
consistent with the DIS analysis. Additionally, the headwater elevation for the 0.2% ACE is identified in
Table C- 7 as 922.5 feet. At the time the DIS was being designed, there was some uncertainty related to
this elevation. To be consistent with the DIS design and to take this uncertainty into account, a headwater
elevation of 923.0 feet is used only for structural design purposes (hydraulic design of the stilling basin for
the 0.2% ACE used the critical headwater, tail water, and gate opening settings which generated the
longest required stilling basin length for each of the five sensitivity simulations). Plan B model runs have
since concluded that the headwater for the 0.2% ACE is a few tenths of a foot higher than 922.5 feet;
however, by using the more conservative headwater elevation of 923.0, the structural design of the WRRS

The PMF tail water used for structural design was 915.0, based on initial Phase 8 modeling; however,
subsequent Plan B modeling shows the PMF tail water elevation to be approximately 918.0. Since the
updated Plan B tail water elevation is higher (more conservative) than the Phase 8 tail water elevation,
flood loadings for structural design used the Phase 8 tail water elevation, while the hydraulic loadings of
the structure used a tail water elevation closer to 918.0 for the design of the stilling basin.
3
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is still valid and the results of the stilling basin analysis do not appreciably change or warrant a longer
stilling basin.
Figure C- 4 through Figure C- 7 are annotated illustrations of the structural flood loadings for the 1% ACE,
0.2% ACE, PMF, and PMF resiliency loading conditions. The vertical dark/light gray line in each figure
represents the WRRS, while the vertical black dashed line estimates the end of the 125 foot stilling basin.
Additionally, all four figures show a flat tail water elevation.
It should be noted that the structural flood loadings identified here in Section C.3 differ from the time
series data selected from each model run when determining the stilling basin length. This is because the
structural flood loading parameters correspond to the maximum headwater and minimum tail water
loading conditions at the gate for each of the modeled scenarios, while the stilling basin analysis identified
the most critical hydraulic conditions (i.e.: headwater, tail water, and flow) which would result in a
maximum stilling basin length. In some instances, the parameters identified as the most critical structural
flood loadings were also the parameters that maximized the stilling basin length; however, in most
instances, this was not the case.

Figure C- 4: 1% ACE Water Surface Profile through the WRRS
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Figure C- 5: 0.2% ACE Water Surface Profile through the WRRS

Figure C- 6: PMF Water Surface Profile Through the WRRS
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Figure C- 7: PMF Resiliency Water Surface Profile Through the WRRS

C.3.1 Plan B Unsteady HEC-RAS Model Sensitivity Analysis
As Attachment C-35 and Attachment C- 36 suggest, the maximum flood loading profile for the 1% ACE
event under the Plan B alignment is approximately 921.0 feet for the pool, and approximately 909.9 feet
for the tail water (measured at the time of maximum pool). Since the Plan B profile results in a lower
maximum pool and higher minimum tail water than the Phase 8 water surface elevations, the more
conservative Phase 8 water surface elevations are used as the final 1% ACE flood loadings through the
structure. Similarly for the 0.2% ACE event, the peak Plan B pool water surface elevation is 922.5 feet and
peak tail water elevation is 911.9 feet (measured at the time of maximum pool). These elevations align
well with the Phase 8 peak pool and tail water elevations of 922.5 and 912.0 feet, respectively. The
simulation data that was used to validate the Phase 8 water surface elevations came from the
80%RRN/20%WRR model. Although the Plan B peak tail water elevation is 0.1 feet below 912.0, this
discrepancy is not a concern for two reasons: (1) 0.1 feet is within the error of the HEC-RAS model, and
(2) a more typical flow distribution for peak flows between the Red River of the North and Wild Rice River
would be 65%RRN/35%WRR. Under these modeled flow conditions for the Plan B model, the peak tail
water elevation is 912.4 feet.
Attachment C-35 and Attachment C-36 illustrate how both the pool and tail water elevations change over
the course of the five Phase 8 and Plan B simulations. Both figures plot pool water surface elevations
from three locations upstream of the structure (cross section 62874 (XS 62874), storage area WRSA311
(SA WRSA311), and the modeled headwater at the structure (HW)), as well as the modeled tail water
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elevation at the structure (TW). An aerial image of where these cross sections are located in relation to
the structure is inset into the upper left-hand side of each figure.
Both figures have the same color schematic: all blue line styles represent data from the 80% RRN/20%
WRR scenario, all purple line styles represent data from the 70% RRN/30% WRR scenario, all green line
styles represent data from the 50% RRN/50% WRR scenario, all black line styles represent data from the
40% RRN/60% WRR scenario, and all orange line styles represent data from the 30% RRN/70% WRR
scenario. When analyzing all the time series data for each of the five flow distribution simulations, the
most conservative run was selected as the governing profile, and was therefore the only one plotted on
each figure. In this case, the governing profile represents the scenario that generates the lowest peak tail
water elevation because all the Plan B peak pool water surface elevations for both the 1% and 0.2% ACE
events are within a few tenths of a foot of each other.

C.3.2 Plan B Unsteady HEC-RAS Hydrology
EOE hydrology was used to design the WRRS. Although the design relied upon the Plan B model runs
which used POR hydrology, it’s important to note that once the Project begins to operate at approximately
the 5% ACE event, tail water elevations and discharge through the WRRS will be essentially identical under
both the EOE and POR hydrologic conditions. The only difference across the full range of modeled results
between the POR and EOE hydrology was that the EOE simulation for the 1% ACE event produced a pool
water surface elevation that was a few tenths of a foot higher than under the POR hydrologic condition.
This slight increase in pool water surface elevation was taken into account by selecting a conservative 1%
ACE pool water surface elevation, generated from the initial Phase 8 model results.

C.3.3 Risk to Deviation from the Operating Plan
A deviation of the operating plan could cause the headwater to raise as high as elevation 928.5 with a
corresponding tail water of 913.5. After the embankment settles to elevation 929.0, this loading condition
corresponds to only 0.5 feet of freeboard with a 15.0 foot head differential across the embankment.
These conditions are very hazardous to the structure and embankment and could lead to adverse impacts.
The Corps of engineers does not endorse any operating plan deviation; however, the analysis was
undertaken to understand the potential consequences of the deviation.
Additionally, a deviation from the operating plan would likely be a conscious decision made by multiple
stakeholders with an acceptance of adverse impacts. It is also thought that a plan of raising the standalone
levees would be undertaken. Adverse impacts of operation deviations that result in a pool elevation of
928.5 include:


Increased potential for wave overtopping/overwash erosion leading to failure of the earthen
embankment.



A headwater increase from 924.0 to 925.0 would inundate additional acres of real estate to the
South. This may result in the towns of Oxbow, Hickson, Bakke, and Comstock being flooded. The
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amount of additional real estate inundated would increase as the pool rises beyond elevation
925.0.

C.4

HYDROLOGIC ADEQUACY

Resiliency of the structure and performance during a malfunction are addressed in ER 1110-2-1156,
“Safety of Dams – Policy and Procedures” and ER 1110-8-2 (FR), “Inflow Design Floods for Dams and
Reservoirs.” As a result, a resiliency check for the PMF was performed. The resiliency check for the PMF
condition was performed to determine the maximum pool elevation in the event that operation of the
structure deviates from the operating plan. In addition to this resiliency check, a separate analysis was
performed to ensure that the WRRS had the capacity to pass PMF flows in the event that one gate on
either of the RRS, WRRS, or DIS is blocked or malfunctions.

C.4.1 Resiliency Check
Column 5 of Table C- 7 represents a resiliency check on the PMF scenario. Modeling results indicate the
maximum headwater and tail water elevations for the PMF are 924.0 feet and 915.0 feet, respectively.
Previous documentation during the design of the DIS identified the maximum headwater elevation for the
PMF scenario to be 926.0 feet. Since that time, the North Dakota State Water Commission (NDSWC)
notified the local sponsor that if the maximum pool for the PMF is 926.0 feet, they would be responsible
for all damages associated with a pool elevation of 926.0 feet. Since this would be quite costly and
updated modeling by HMG supported a maximum pool of 924.0 feet, the local sponsor agreed to abandon
flood fighting efforts slightly earlier so they are not liable for damages related to a pool of 926.0 feet. As
a result, the maximum pool elevation for the PMF scenario is 924.0 feet, but a resiliency check on the
structure’s design will use a headwater elevation of 928.5 feet which corresponds to the local sponsor
continuing their flood fighting efforts beyond the recommended maximum pool elevation. It should be
noted that there is only 0.5 feet of freeboard from a pool elevation of 928.5 to the top of the earthen
embankment (929.0 feet). Allowing the pool to rise to this elevation by deviating from the operation plan
would put the dam at a greater risk for failure.
Additional information on the development of the PMF condition (i.e.: probable maximum precipitation
(PMP), probable maximum runoff (PMR), probable maximum flood (PMF), etc.) can be found in HMG’s
technical memorandum, titled: “Technical Memorandum Probable Maximum Flood Report.”

C.4.2 Gate Blockage
Three different gate blockage scenarios were run using the Plan B unsteady HEC-RAS model for the PMF
scenario. Out of the three scenarios analyzed (

Table C- 8), the maximum pool elevation increases approximately 1.3 feet in the event that one gate is
completely blocked at both the RRS and WRRS.
FTR_Wild_Rice_Structure_Appendix_C_Hydraulics-14JAN19.docx

Page C-25 of 66

Fargo-Moorhead Metropolitan Area
Flood Risk Management Project

Final Technical Report
Wild Rice River Structure
Appendix C: Hydraulics and Hydrology

Table C- 8: Maximum Pool Elevation If Gates are Inoperable during a PMF Event
Maximum Flow (cfs)

PMF Maximum
Pool Elevation
Increase (ft,
NAVD 88)

DIS

WRRS

RRS

DIS + WRRS + RRS

One gate blocked at the
RRS

49,000

53,000

90,000

190,000

0.5

One gate blocked at the
RRS, and one gate
blocked at the WRRS

50,000

28,000

95,000

172,000

1.3

One gate blocked at the
RRS, and one gate
blocked at the DIS

37,000

54,000

92,000

182,000

0.9

C.5

STILLING BASIN DESIGN

Portions of this section rely upon conclusions drawn from OpenFOAM (3D model). As on 14 JAN 19, a
DQC review of the OpenFOAM model is not complete. This section will become available for ATR review
once the DQC review of the OpenFOAM model is complete.
Energy from flow passing through the WRRS will be dissipated using two features: a concrete U.S. Bureau
of Reclamation (USBR) Type II stilling basin containing a dentated end sill, and a riprap-lined pre-formed
scour hole immediately downstream of the Type II stilling basin. Due to the high tail water conditions at
this site, three stilling basin configurations were analyzed: USBR Type I, USBR Type II, and USBR Type III.
The USBR recommends Type I stilling basins for flow conditions resulting in incoming Froude numbers
between 1.7 and 2.5, while Type II stilling basins are recommended for incoming Froude numbers
between 2.5 and 4.5. Type III stilling basins are recommended for incoming Froude numbers greater than
4.5 where incoming velocities are less than 60 feet/second. Each of these stilling basin types will be
discussed in detail in the following sections.
The same set of Plan B HEC-RAS model results that HMG generated for the flood loadings were used for
the numerical analysis of the structure (five- 1% & 0.2% ACE, and two PMF runs). For each individual
simulation, all output time series were analyzed to identify the critical hydraulic condition which resulted
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in the longest required stilling basin length. Sometimes this coincided with the highest pool elevation, but
often times it did not. Results of this analysis can be found in Attachment C- 38 to Attachment C- 40.

C.5.1 USBR Type I Stilling Basin Analysis
Portions of this section rely upon conclusions drawn from OpenFOAM (3D model). As on 14 JAN 19, a
DQC review of the OpenFOAM model is not complete. This section will become available for ATR review
once the DQC review of the OpenFOAM model is complete.

Figure C- 8: USBR Type I Stilling Basin
Preliminary analysis and 3D modeling of the structure using the ANSYS Fluent software indicated that the
Type I stilling basin’s geometry would be appropriate in size and shape to contain the 1% and 0.2% ACE
events; however, technical difficulties with the 3D modeling software and a poorly converged solution for
the PMF simulation lead to a change in the modeling software used for the Type I stilling basin analysis.
To overcome these challenges, OpenFOAM was selected to model the Type I stilling basin over the full
range of different flow conditions (see Section C.5.5 for additional details related to the 3D model). Based
on the headwater and tailwater conditions produced by the Project’s HEC-RAS model, an at-grade USBR
Type I stilling basin having a length of 125 feet was originally selected, but updated 3D modeling results
indicate a persistent jet extending downstream of the stilling basin for the 1% and 0.2% ACE events and a
weak hydraulic jump extending beyond the stilling basin for PMF event. Figure C- 9 to Figure C- 11 show
the OpenFOAM results for the 1%, 0.2% ACE, and PMF simulations for the USBR Type I stilling basin. In
these figures, the warmer colors (i.e., pink, red, orange, yellow) represent higher velocities while the
cooler colors (i.e., blue, green) represent lower velocities.
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Figure C- 9: Plan View of Longitudinal Velocities for USBR Type I Stilling Basin at Elevation 889.1- 1% ACE
Event (OpenFOAM)

Figure C- 10: Longitudinal Velocity Profile of USBR Type I Stilling Basin- 0.2% ACE Event (OpenFOAM)
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Figure C- 11: Longitudinal Velocity Profile of USBR Type I Stilling Basin- PMF Event (OpenFOAM)
These results, therefore, triggered the need to explore additional defensive measures to address these
dam safety concerns by preventing velocities from eroding the outlet channel for larger events (i.e.: 1%
ACE, 0.2% ACE, etc.) and from undermining the structure for extreme events (i.e.: PMF). USBR Type III
and Type IV stilling basins, which had been investigated early on in the design effort, were reconsidered
after getting the updated 3D modeling results, but the addition of a 5-foot high USBR Type II dentated
end sill at the end of the concrete stilling basin and a 20-foot deep pre-formed scour hole downstream of
the concrete stilling basin were identified as features most likely to address both the strong jet extending
downstream of the gates for the 1% and 0.2% ACE events and the weak hydraulic jump and high velocities
downstream of the concrete stilling basin for the PMF event. Since the dentated end sill was the least
intrusive option to the ecologic and biologic systems, this Type II stilling basin configuration was the
preferred alternative. The OpenFOAM mofel was updated to reflect the geometry of the dentated end
sill and the pre-formed scour hole, which produced acceptable results up through the PMF event. As
detailed in Section C.5.2, a 125-foot long concrete stilling basin with dentated end sill and a pre-formed
scour hole with appropriate riprap protection downstream of the concrete stilling basin is recommended
to address erosion concerns downstream of the structure’s gates.

C.5.2 USBR Type II Stilling Basin Analysis
Portions of this section rely upon conclusions drawn from OpenFOAM (3D model). As on 14 JAN 19, a
DQC review of the OpenFOAM model is not complete. This section will become available for ATR review
once the DQC review of the OpenFOAM model is complete.
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Figure C- 12: USBR Type II Stilling Basin
The USBR Type II stilling basin is the preferred design for this structure. The Type II stilling basin is a simple
horizontal concrete slab that will be 125 feet in length. The left-hand side of Figure C- 12 shows a sloped
transition of the structure onto the horizontal slab, accompanied by chute blocks. The WRRS will not have
this sloped approach slab nor chute blocks as flow enters the horizontal slab; rather, the entire concrete
portion of the channel downstream of each gate is flat. Additionally, the downstream stilling basin walls
decrease in height to allow flow to more quickly expand, unlike what’s shown in Figure C- 12.
A dentated end sill will be placed at the downstream end of the stilling basin. The maximum height of the
end sill will be 5 feet (variable h2 in Figure C- 12), while the width of the blocks and dentations will be 3.75
feet (variables W2 and S2 in Figure C- 12). These distances are based on the fully-formed conjugate depth
(y2). Since this system experiences a strong backwater effect from the Red River of the North, especially
during high flow events, the fully-formed conjugate depth is artificially increased. The velocity profile for
the 1% ACE simulation in OpenFOAM noted that the velocities are mainly concentrated in the bottom 5075% of the flow profile. To add a degree of conservatism to the design, the full PMF conjugate depth (32
feet) was reduced by 25% to account for the backwater conditions, leading to a conjugate depth of
approximately 25 feet. Applying this depth to the dentated end sill design equations yields an end sill
height of 5 feet. Because the structure’s design varies so much from the standard USBR Type II design,
3D model results from OpenFOAM were used to validate the design.
A numerical analysis of the structure, using hydraulic design equations found in Engineering Monograph
25 (EM25), can be found in Attachment C- 39. Results from this analysis show that the maximum Type II
stilling basin length for all 1% and 0.2% ACE simulations is approximately 50 feet, with the exception of
FTR_Wild_Rice_Structure_Appendix_C_Hydraulics-14JAN19.docx

Page C-30 of 66

Fargo-Moorhead Metropolitan Area
Flood Risk Management Project

Final Technical Report
Wild Rice River Structure
Appendix C: Hydraulics and Hydrology

the PMF event which has a required stilling basin length of approximately 60 feet. During this modeled
PMF scenario, the gates would start to close to store water upstream of the structure, but, as the pool
approaches 924.0 feet and the outflows through the WRRS and RRS cannot keep up with the inflows into
the storage area, the gates are raised in order to maintain a maximum pool of 924.0 feet. This would
most-likely result in uncontrolled flow through the structure.
Upon investigation of Attachment C- 39, it is apparent that the uncontrolled flow downstream of the
structure is turbulent. To be conservative, the critical headwater elevation in the table was selected to
be the highest water surface elevation amongst the immediate cross-sections upstream of the structure
and the adjacent storage area, while the tail water elevation represents the water surface downstream of
the structure. For all events, the tail water elevation listed in Attachment C- 39 corresponds to the
modeled conjugate depth downstream of the structure. For each of these events, this modeled tail water
elevation is larger than the computed conjugate depth (D2 depth), which does not result in a hydraulic
jump.
It should also be noted that the PMF model represents a conservative approach to how the gates will be
operated when flood fighting is abandoned and the town is flooded. In the model, as the pool approaches
924.0 feet and the outflows through the WRRS and RRS cannot keep up with the inflows into the storage
area, the gates are raised to maintain a maximum pool of 924.0 feet. In reality, the gates at both
structures will only be lifted as high as necessary to maintain a pool of 924.0 feet. It is likely that the gates
will still be partially in the water during this scenario, which will only serve to reduce the flow acceleration
through the structure.
OpenFOAM 3D modeling results for the USBR Type II stilling basin and riprap-lined pre-formed scour hole
configuration show that the most extreme localized velocities along the descending slope of the scour
hole range between 3 feet per second and 9 feet per second (area that’s closest to the structure). These
velocities are anticipated between the 0.05% ACE and PMF event. Velocities in the same area for events
more frequent than the 0.05% ACE are estimated to be 3 feet per second or less. As a result, the dentated
end sill and pre-formed scour hole alternative are tolerable for moderately sized riprap to placed
downstream of the stilling basin (see Section C.6 for more information on the riprap design). OpenFOAM
results illustrating longitudinal velocity profiles for each the 1%, 0.5% ACE, and PMF events can be seen in
Figure C- 13 to Figure C- 15.
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Figure C- 13: Longitudinal Velocity Profile of USBR Type II Stilling Basin- 1% ACE Event (OpenFOAM)

Figure C- 14: Longitudinal Velocity Profile of USBR Type II Stilling Basin- 0.2% ACE Event (OpenFOAM)
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Figure C- 15: Longitudinal Velocity Profile of USBR Type II Stilling Basin- PMF Event (OpenFOAM)
Although the stilling basin analysis using EM25 design equations suggests that the maximum required
stilling basin length should be 60 feet, OpenFOAM results for the USBR Type II stilling basin and preformed scour hole suggest the stilling basin should be longer in order to adequately handle the higher
velocities that would be exiting the stilling basin for the PMF event. Since the USBR Type I stilling basin
length was calculated to be 125.0 feet and the OpenFOAM results validated a 125.0 foot Type II stilling
basin configuration with a downstream pre-formed scour hole for all loading cases, this configuration is
our recommended design.

C.5.3 20-Foot Deep, Riprap-Covered, Pre-formed Scour Hole
Portions of this section rely upon conclusions drawn from OpenFOAM (3D model). As on 14 JAN 19, a
DQC review of the OpenFOAM model is not complete. This section will become available for ATR review
once the DQC review of the OpenFOAM model is complete.
A 20-foot deep, riprap covered, pre-formed scour hole will be placed immediately downstream of the
stilling basin. This scour hole (in combination with the dentated end sill) allows the high velocity flow
exiting the stilling basin to safely expand, reducing the velocity of the jet of water traveling on the bottom
of the water column as it enters the scour hole. The scour hole will be lined with two different types of
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riprap: R470, and R270 (see Section C.6 for additional details on scour protection). As illustrated in

Figure C- 16, the top of the riprap adjacent to the stilling basin will begin 5 feet below the top elevation
of the stilling basin. The scour hole will then depart downstream of the stilling basin on a 1:5 slope for a
horizontal distance of 75 feet. At that point, the elevation of the scour hole will be 20 feet below the top
elevation of the stilling basin. The scour hole will then extend 200 feet downstream on a 0% slope (i.e.:
the base of the scour hole will remain 20 feet below the top elevation of the stilling basin), until it begins
to increase on a 1:5 slope over a horizontal distance of 100 feet. At this point, the scour hole will tie into
the outlet channel.

Figure C- 16: Longitudinal Transect of the Riprap-Covered, Pre-formed Scour Hole
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Figure C- 17: Plan View of the Riprap-Covered, Pre-formed Scour Hole
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Figure C- 17 illustrates, the 90 foot bottom width of the pre-formed scour hole is consistent with the
bottom
width
of
the
structure
and
outlet
channel.

Figure C- 17 also shows that the cross-sectional width through the center of the pre-formed scour hole is
longer than the cross-sectional width of the outlet channel. This was done to: (1) facilitate energy
dissipation during high discharge events, and (2) ensure the base of the scour hole could be excavated to
an elevation of 20 feet below the top of the stilling basin, while also maintaining stable side slopes of 1:7
(to the east and west of the scour hole). It should be noted that the scour hole ties into the outlet channel
approximately 650 feet upstream of where the outlet channel will tie into the natural river.
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Preliminary OpenFOAM results using a Type I stilling basin (without an end sill or scour hole) showed
velocities in excess of 18 feet per second extending approximately 650 feet downstream of the stilling
basin during the PMF. A longitudinal velocity profile from this simulation are illustrated in Figure C- 18.

Figure C- 18: Longitudinal Velocity Profile of USBR Type II Stilling Basin- No end sill; no scour hole- PMF
Event (OpenFOAM)
These results suggested that a more effective method should be investigated to reduce velocities and
dissipate energy downstream of the structure. As a result, a pre-formed scour hole downstream of the
stilling basin was investigated. By constructing a pre-formed scour hole, velocities exiting the stilling basin
would be more aggressively dissipated as they enter a deeper water column. Therefore, a subsequent
OpenFOAM simulation was run for the PMF with a uniform 50-foot scour hole extending approximately
650 feet downstream of the stilling basin. This 50-foot depth represents the maximum amount of scour
that could occur downstream of the structure prior to reaching the till subsurface. A longitudinal velocity
profile from this analysis can be found in Figure C- 19.

Figure C- 19: Longitudinal Velocity Profile of USBR Type II Stilling Basin- No end sill; 50-foot scour holePMF Event (OpenFOAM)
As seen in Figure C- 19, the curved solid red line describes the depth and distance downstream with which
velocities drop below 6 feet per second, which approximately corresponds to the velocity which initiates
scour for the in-situ clays. The upstream end of the scour hole begins 5 feet below the end of the stilling
basin. This allows the for a stable 1:5 descending slope into the scour hole, and ensures the bottom

FTR_Wild_Rice_Structure_Appendix_C_Hydraulics-14JAN19.docx

Page C-38 of 66

Fargo-Moorhead Metropolitan Area
Flood Risk Management Project

Final Technical Report
Wild Rice River Structure
Appendix C: Hydraulics and Hydrology

elevation of the scour hole remains at a lower elevation than the 6 feet per second velocity envelope as
the scour hole approaches its full depth.
Figure C- 13 to Figure C- 15 show the OpenFOAM output for the longitudinal velocity profiles over the
dentated end sill and throughout the scour hole. Results from these simulations show that energy is
adequately dissipated for all simulations, and velocities along the soil/water interface throughout the
entire pre-formed scour hole for the 1% and 0.2% ACE events do not exceed 6 feet per second. Although
velocities near the soil/water interface for the PMF simulation can reach as high as 9 feet per second
(Figure C- 15) along the descending slope into the base of the scour hole, the riprap that’s placed in that
location will prevent scour from undermining the structure during an extreme event.

Stilling Basin Analysis Using a Contraction Coefficient
The 1D HEC-RAS model results used in this analysis do not capture how a jet at the bottom of the
water column in the stilling basin would progress downstream during extreme loading conditions.
As a result, additional analysis was performed that used a jet contraction coefficient to determine
an appropriate stilling basin length for all flow scenarios (1% ACE – PMF resiliency). This analysis
relied upon the geometry of the gate seal, gate radius, and trunnion pin height to calculate a
contraction coefficient for the structure. Using these inputs, a contraction coefficient of 0.76 was
computed for the WRRS which, based on USACE and USBR stilling basin design equations,
corresponds to a maximum stilling basin length for all flow scenarios of approximately 63.0 feet.
A sensitivity analysis was also performed on the stilling basin to quantify how much variation there
was in the required stilling basin length over a range contraction coefficients. The computed
contraction coefficient relies upon the gate lip angle, which is defined as the angle between the
invert of the control structure and bottom of the tainter gate. The WRRS has a computed gate lip
angle of approximately 36°, but a sensitivity analysis varied the gate lip angle between 48.6° and
28.3° to correspond with contraction coefficient increments of 0.01. Varying the gate lip angle
between 48.6° and 28.3° allowed the contraction coefficient to vary neatly between 0.7 and 0.8.
As a result, the required stilling basin length was computed for each flow scenario over the range
of contraction coefficients identified in the previous sentence, and results of this analysis can be
seen in Table C- 9. It should be noted that the third column of the table represents the maximum
required stilling basin length from all flow scenarios analyzed (1%, 0.2% ACE, PMF, and PMF
resiliency).
Table C- 9: Stilling Basin Length Analysis Based on Contraction Coefficient
Gate Lip Angle
(degrees)
48.6
46.2
43.9
41.7
39.5
37.5

Contraction
Coefficient
0.70
0.71
0.72
0.73
0.74
0.75
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0.76
0.77
0.78
0.79
0.80

62.7
61.9
61.1
60.3
59.5

As seen in Table C- 9, the required stilling basin length for all contraction coefficients between 0.7
and 0.8 supports a stilling basin length 125 feet.
It should be noted that these results only apply to the free flow condition, not the submerged
flow condition. In the event that the actual tail water elevation is greater than the required tail
water elevation (due to the backwater effect from the Red River of the North), the hydraulic jump
immediately downstream of the structure would become submerged, which would reduce the
required stilling basin length. The free flow condition was used in order to select a conservative
stilling basin length; however, the previous analysis and 1D and 3D modeling results suggest that
submerged flow conditions would be the predominant hydraulic condition at each of the flow
scenarios analyzed.

C.5.4 USBR Type III Stilling Basin Analysis
Portions of this section rely upon conclusions drawn from OpenFOAM (3D model). As on 14 JAN 19, a DQC
review of the OpenFOAM model is not complete. This section will become available for ATR review once the DQC
review of the OpenFOAM model is complete.

Figure C- 20: USBR Type III Stilling Basin
The third stilling basin alternative that was analyzed was the USBR Type III stilling basin. Results from this
analysis can be found in Attachment C- 40. This design features a horizontal slab that would range
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between 50 and 75 feet in length, but it would contain one row of baffle blocks as well as an end sill (these
could be as tall as 16 feet). The left-hand side of Figure C- 20 shows a steep ramp that would flow into
the stilling basin. Similar to the Type I stilling basin, the Type III stilling basin would not have this approach
ramp; rather, the entire channel downstream of the gate would be flat.
In addition to the added difficulty of constructing this complex geometry, the row of baffle blocks in the
center of the stilling basin are much more intrusive to recreational users of the river and don’t add much
value in reducing the required length of the stilling basin. Sedimentation in and around the baffle blocks
and end sill in this stilling basin configuration would also require more frequent maintenance than the
other two stilling basin designs. Although the required footprint of this design is shorter than the Type II
stilling basin, the added construction and maintenance efforts for this design make it a less desirable
option.

C.5.5 OpenFOAM 3D Model Results
Portions of this section rely upon conclusions drawn from OpenFOAM (3D model). As on 14 JAN 19, a
DQC review of the OpenFOAM model is not complete. This section will become available for ATR review
once the DQC review of the OpenFOAM model is complete.
The 3-dimensional hydraulic modeling effort for the WRRS involved the use of a number of open source
software products. The modeling process is summarized in Table C- 10.
Table C- 10: Software Used in 3D Model Development
Modeling Step
Geometry
Development
Development of
Computational Mesh

Software Used
ANSYS SpaceClaim
ANSYS Meshing,
Version 17.1

Numerical Simulation

ANSYS Fluent,
Version 17.1

Analysis of Results

ANSYS CFD-Post,
Version 17.1

Notes
Imported USACE-produced CAD files. Used
SpaceClaim to prepare geometry for Meshing.
Developed computational mesh with appropriate
resolution.
Set up boundary conditions, computational methods,
and model parameters. Performed numerical
simulation on Department of Defense (DoD) High
Performance Computing (HPC) network computers.
Software used to view Fluent output files.

The domain of the model spanned from approximately 500 feet upstream of the approach walls to
approximately 600 feet downstream of the stilling basin. Each of the Fluent models consisted of
approximately 1.8 million computational cells. Fluent’s Volume of Fluid (VOF) model using the Open
Channel Flow VOF sub-model was used. Turbulence was modeled using a realizable k-epison turbulence
model with a standard wall function since velocity, not shear stress, was considered sufficient for sizing
the riprap downstream of the stilling basin. The models were first run using the steady-state solver, the
SIMPLE pressure-velocity coupling scheme, and low under-relaxation factors to get a fairly stable, but not
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yet converged, solution. A converged solution was obtained by then using the transient solver, the PISO
pressure-velocity coupling scheme, and under-relaxation factors of 0.4 to 0.6.
As mentioned previously, the contribution of the Wild Rice River (WRR) vs. the Red River of the North
(RRN) towards the balanced hydrographs at Fargo is about 35% WRR vs. 65% RRN. Historically, the 35%
WRR / 65% RRN split is typical, but there have been events near a 50% WRR / 50% RRN split. The 50%
WRR / 50% RRN scenario for the 1% ACE and 0.2% ACE events, as documented in Attachment C- 38, were
modeled to investigate the jet under the gates and the potential for erosion downstream of the stilling
basin. The open gate PMF scenario was also modeled, but a stable solution could not be achieved and
the results that were obtained were not reasonable. Ultimately a decision was made to use 2D HEC-RAS
to model the open gate PMF scenario. The 2D HEC-RAS results are presented later in this document.
Velocity results for the 1% ACE are shown in Table X through Table X. Velocity results for the 0.2% ACE
are shown in Table X through Table X. Maximum velocities occur about 2.4 feet above the bed elevation
of the stilling basin and the channel immediately downstream of the stilling basin.
The vertical vector plots, Table X and Table X confirm that strong vertical mixing is complete by the
downstream end of the proposed 125 feet long stilling basin. EM 1110-2-1601 recommends using
Hydraulic Design Criteria (HDC) 712-1 for sizing riprap immediately downstream of stilling basins. HDC
712-1 indicates that the average end sill velocity should be used with the high turbulence curves to
determine the minimum W50 stone weight. Assuming only the width of the gates, the average velocity
at the downstream end of the stilling basin is 4.5 feet/second (feet per second) for the 1% ACE and 6.0
feet per second for the 0.2% event. Use of these velocities would result in a minimal riprap gradation
downstream of the stilling basin. The relatively-high velocities near the bed predicted by the 3D model
certainly suggest that more than minimal riprap is required.
While conservative, the maximum velocities downstream of the stilling basin using the 3D model results
were also investigated. During the 3D modeling effort, it was decided that a 20 feet long concrete apron
would be placed downstream of the stilling basin for extreme flood event conditions, described in Section
XX. According to the 3D model results, the maximum velocities exist near the side walls. The maximum
velocity at the downstream end of the concrete apron is approximately 9.5 feet per second for the 1%
ACE and 10.5 fps for the 0.2% ACE. The 165 lb/ft3 R270 riprap proposed just downstream of the concrete
apron is sufficient, even if the localized maximum flow velocities are used with stone stability charts of
HDC 712-1.
The average end sill velocity is still under 8 feet per second for both the 1% ACE and the 0.2% ACE, which
again suggests a minimal riprap gradation according to the HDC 712-1 charts. However the maximum
velocity just downstream of the concrete apron is about 11.0 feet per second for the 1% ACE and 12.5
feet per second for the 0.2% ACE, which is greater than the 10.7 feet per second velocity for 165 lb/ft 3
R270 riprap in a high turbulence zone that is obtained from the HDC 712-1 charts. Another consideration
is that the vector results suggest that the highly turbulent zone has dissipated by the end of the stilling
basin and the allowable velocity for 165 lb/ft3 R270 riprap in a low turbulence zone is 15.0 feet per second.
If R270 riprap does move, it is not expected that the entire 45 inch layer would be lost. Also, the entire
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perimeter of the stilling basin is being designed with sheet pile. The risk of structural failure due to this
very unlikely 70% WRR / 30% RRN loading scenario is considered very low.

C.5.6 Approach Wall Geometry
Portions of this section rely upon conclusions drawn from OpenFOAM (3D model). As on 14 JAN 19, a
DQC review of the OpenFOAM model is not complete. This section will become available for ATR review
once the DQC review of the OpenFOAM model is complete.
Approach walls will be located on both the upstream east and west sides of the structure. An image of
this can be seen in Figure C- 21. Both approach walls will be 124 feet in length, and will increase in height
from 904.0 feet at the upstream end to 917.0 feet at the structure. The selected approach wall elevations
represent a uniform wall height that’s 3 feet higher than the earthen embankment it holds back. The
slope of the approach wall also matches the slope of the earthen embankment. Tapering the height of the
approach walls reduces the cost of these features while also allowing flow to more easily enter the
structure during periods when the Project is operating and the pool is high.

Figure C- 21: WRRS Approach Wall and Stilling Basin Wall Schematic
Very little published guidance from the USACE or USBR was available to determine the optimized
approach wall angle. After coordinating with the Risk Management Center (RMC) and reviewing two case
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studies and one research paper4 on the topic, it was concluded that for this type of structure, all approach
wall orientations between 30˚ and 60˚ performed equally well at minimizing flow separation. Since an
angle of 45˚ does a better job than walls orientated at 30˚ or 60˚ degrees at reducing the length of the
approach walls and allows for seamless tying into the earthen embankment, both approach walls will flare
out at 45˚ from the structure.
OpenFOAM 3D model simulations at the WRRS for each of the 10%, 5%, 1%, 0.2% ACE, and PMF were
used to determine the adequacy of the approach walls. The PMF condition corresponds to the most
critical flow and velocity conditions upstream of the structure. Figure C- 22 shows the location of two
upstream cross sections extracted from the 3D model, while Figure C- 23 and Figure C- 24 show velocity
heat maps for these two upstream cross sections for the PMF event, respectively. Like in previous figures,
the warmer colors (i.e., red, orange, yellow) represent higher velocities while the cooler colors (i.e., blue,
green) represent lower velocities. As Figure C- 23 and Figure C- 24 show, the velocities entering the WRRS
do not appear to exceed 12 feet per second over the concrete apron, or 9 feet per second over the channel
upstream of the concrete apron. Similarly, velocities in and around the approach walls appears to be ≤ 3
feet per second, suggesting that the tapered wall height and 45˚ approach wall orientation does not
adversely affect the way water enters the structure during the PMF.

U.S. Department of the Interior-- Bureau of Reclamation. Hydraulic Model Studies of Cachuma Dam
Spillway, Hydraulic Laboratory Report No. Hyd-354. Denver, CO; 6 January 1954.
4

U.S. Department of the Interior-- Bureau of Reclamation. Hydraulic Model Studies of Medicine Creek Dam
Spillway—Frenchman-Cambridge Unit—Missouri River Basin Project, Nebraska, Hydraulic Laboratory
Report No. Hyd-279. Denver, CO; 6 July 1950.
Petrov, N.A., and N.G. Zubkova. Stream-Directing Works of the Upper Pool of Overflow Spillways.
Translated from Gidrotekhnicheskoe Stroitel’stvo, No. 10, pp. 31-35; October 1988.
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Figure C- 22: OpenFOAM Upstream Cross Section Profile Schematic for the PMF Event

Figure C- 23: Velocity Heat Map at Cross Section -75; Through the Concrete Apron (OpenFOAM - PMF
Simulation)

FTR_Wild_Rice_Structure_Appendix_C_Hydraulics-14JAN19.docx

Page C-45 of 66

Fargo-Moorhead Metropolitan Area
Flood Risk Management Project

Final Technical Report
Wild Rice River Structure
Appendix C: Hydraulics and Hydrology

Figure C- 24: Velocity Heat Map at Cross Section -150; Upstream of the Concrete Apron (OpenFOAM PMF Simulation)

C.5.7 Stilling Basin Wall Geometry
Portions of this section rely upon conclusions drawn from OpenFOAM (3D model). As on 14 JAN 19, a
DQC review of the OpenFOAM model is not complete. This section will become available for ATR review
once the DQC review of the OpenFOAM model is complete.
Vertical concrete walls will span the entire length of the stilling basin. These walls will be 125 feet in
length, and will linearly decrease in height in the downstream direction. An image of this can be seen in
Figure C- 21. Instead of defining a uniform stilling basin wall height to completely contain all tail water
elevations up through the PMF, a tapered stilling basin wall height was selected. The walls on both sides
of the stilling basin will be constructed to an elevation of 914.0 feet at the abutment, and then linearly
decrease to an elevation of 907.0 feet at the dentated end sill. The elevations for the tapered stilling basin
wall height were selected to reduce cost and leverage the strong tail water presence at the structure by
encouraging flow to expand as it moves through the stilling basin.
OpenFOAM results were also applied to the stilling basin walls to identify areas where erosion protection
will be required, as well as to ensure velocities entering and exiting the stilling basin would be adequate
for the proposed geometry. Similar to the approach walls, the PMF was the controlling hydraulic condition
with which the stilling basin walls were designed. A generic velocity heat map for the stilling basin area
can be found in Figure C- 22 for the PMF, with the warmer colors of the heat map (i.e.: red, orange, yellow)
representing higher velocities, and the cooler colors (i.e.: blue, green) representing lower velocities. Two
zones were identified as key locations to analyze velocity profiles in order to determine the adequacy of
the stilling basin wall orientation and height: (1) along the top and exterior sides of both stilling basin
walls, and (2) downstream of the dentated end sill.
As Figure C- 22 illustrates, there are areas of re-circulation in both the left and right overbanks of the scour
hole and outlet channel. These areas are represented in the figure by the large, purple-shaded regions
on the downstream two cross sections. In this figure, this color represents velocities between 3 and 6
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feet per second. Although these recirculation zones do come into contact with the soil, their velocities are
small enough that riprap will be able to ensure the integrity of the slopes in those regions. It should also
be noted that the purple zones do not extend farther upstream than the location of the dentated end sill
on both exterior sides of the stilling basin. Velocities passing over both stilling basin walls are quite high,
but dissipate quickly as they enter backwater on the exterior side of the stilling basin. In fact, velocities
between 0 and 3 feet per second are anticipated in the zones on the exterior sides of both stilling basin
walls, which supports the effectiveness of the stilling basin wall geometry.
The other area of interest are the velocities downstream of the stilling basin. As Figure C- 15 shows, PMF
velocities exiting the stilling basin are high; however, the dentated end sill and tapered stilling basin walls
allow flow to expand more quickly and dissipate energy over a shorter distance than if the stilling basin
walls were higher and fully contained flow over the same distance.
During extreme flooding events, such as the PMF, the tailwater elevation will be at or near an elevation
of 918.0 feet. Minimum tail water depths during this type of event could result in a water depth of only
~4 feet on top of the stilling basin walls. As a result, concrete erosion protection pads will be placed on
the upstream exterior portion of each stilling basin wall to prevent any scour from undermining the
structure, as highlighted by the red polygons in Figure C- 25. More information on the downstream
erosion prevention is located in Section C.6.2.

C.5.8 Steel Sheet Pile
Portions of this section rely upon conclusions drawn from OpenFOAM (3D model). As on 14 JAN 19, a
DQC review of the OpenFOAM model is not complete. This section will become available for ATR review
once the DQC review of the OpenFOAM model is complete.
Structural measures have been put in place to prevent the WRRS from being undermined during an
extreme flood. Steel sheet pile will be placed around the entire perimeter of the structure, as well as
under both the east and west dam walls and under the gate sill, as identified by the solid green and dashed
black lines in Figure C- 25. All sheet pile identified in Figure C- 25 with a solid green line is buried to a
depth of 15 feet, while the sheet pile identified with a dashed black line will be buried to refusal. The
depth at which refusal is anticipated equates to the till layer, which is located at an approximate elevation
of 838.0 feet (top of stilling basin elevation is 886.6 feet). The sheet pile driven to refusal under the
downstream portions of both the east and west stilling basin walls will extend 30 feet upstream, and then
transition to a depth of 15 feet for the remainder of the stilling basin. A 10-foot deep concrete cutoff wall
will be placed under the downstream end of the stilling basin to provide additional erosion protection
against scour. The sheet pile along the downstream end of the stilling basin will be embedded 1 foot into
the cutoff wall; therefore, this portion of the extended sheet pile will be approximately 10 feet shorter
than the sheet pile driven to refusal underneath both stilling basin walls.
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Figure C- 25: Location of Steel Sheet Pile at the WRRS Stilling Basin
Even though a degree of erosion for extreme events is expected and can be tolerated downstream of the
structure for floods in excess of a 0.2% ACE event, the frequency of these events occurring and the
duration with which high flows will persist (4-5 days) does not suggest that the sheet pile driven to refusal
at the downstream portion of the stilling basin will be undermined. OpenFOAM results in Figure C- 19
show that if erosive velocities were to create a 50 foot scour hole adjacent to the sheet pile, velocities
along the sheet pile and at the base of that hole adjacent to the sheet pile would be ≤ 6 feet per second,
which is the minimum velocity required to erode the in situ soils.

C.5.9 Tail Water Rating Curve
Figure C- 26 uses the results from the 1%, 0.2% ACE, and PMF model simulations to form a tail water rating
curve for the WRRS. This rating curve, denoted by the red dashed line, describes tail water elevations
when the gates are in the water and the Project is operational (i.e.: flooding events larger than the 5%
ACE). The blue circles on the figure represent the range of tail water elevations from each of the 1%, 0.2%
ACE, and PMF model simulations. As Figure C- 26 illustrates, the tail water rating curve represents the
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lowest, or most conservative, tail water elevations based on the modeled results. The tail water rating
curve is also represented in tabular form in Table C- 11.
It should be reiterated that the Project begins to operate at the 5% ACE; therefore, this rating curve does
not apply to water surface elevations at the WRRS during times when the Project is not operational. Since
velocities through the structure will mimic natural conditions up to the 5% ACE event, the USGS rating
curve for the Wild Rice River at I-29 should be used (see Figure C- 3).

Wild Rice River Structure Tail water Rating Curve
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Figure C- 26: WRRS Tail Water Rating Curve during Project Operation
Table C- 11: WRRS Tail Water Rating Curve during Project Operation
Discharge Through Structure (cfs)
300
750
1,000
1,250

Tail water Elevation (ft, NAVD88)
894.2
897.7
899
900.3
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ARMORING

C.6.1 Upstream Armoring
The upstream portion of the WRRS will contain two forms of erosion prevention: a concrete apron and
R140 riprap, as seen in Figure C- 27.

Concrete Apron
Portions of this section rely upon conclusions drawn from OpenFOAM (3D model). As on 14 JAN
19, a DQC review of the OpenFOAM model is not complete. This section will become available
for ATR review once the DQC review of the OpenFOAM model is complete.
A concrete approach apron will be constructed upstream of the structure to prevent any scour
from migrating towards the inlet. The geometry of the apron is represented by the light green
trapezoid in Figure C- 27. This 85-foot long apron will extend to the upstream end of both
approach walls, which represents the point where the OpenFOAM results indicate a maximum
velocity for the most critical loading condition (PMF scenario) will be less than 9 feet per second
and maximum shear stress of XX. This location is identified by the red dashed line in Figure C- 27.

Figure C- 27: Erosion Prevention Schematic for the Upstream Portion of the WRRS
Figure C- 28 identifies five velocity profiles extracted from OpenFOAM for the PMF scenario. All
five cross sections are spaced and correspondingly labeled at the 25 foot increments beginning at
the upstream-most end of the approach walls and concrete apron. Figure C- 29 illustrates the
velocity profile at cross section 0, located at the upstream end of the apron. The purple color bin
in both figures represents velocities between 6 and 9 feet per second for the PMF. Upstream
velocities for all other events will be less than what’s shown in Figure C- 29. As Figure C- 27 shows,
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riprap will be placed further upstream of the concrete apron to ensure channel stability upstream
of the structure for all flooding events.

Figure C- 28: Velocity Profiles Upstream of Concrete Apron

Figure C- 29: Velocity Heat Map at Cross Section 0; Upstream End of the Concrete Apron (OpenFOAM PMF Simulation)

R140 Riprap
Portions of this section rely upon conclusions drawn from OpenFOAM (3D model). As on 14 JAN
19, a DQC review of the OpenFOAM model is not complete. This section will become available
for ATR review once the DQC review of the OpenFOAM model is complete.
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R140 riprap will extend upstream from the approach apron to the location where the maximum
calculated velocity drops to 6.0 feet per second for the PMF scenario, as indicated by the dashed
orange line in Figure C- 27. The darker green polygon in Figure C- 27 represents the footprint of
the R140 riprap upstream of the structure. The riprap will be uniformly carried across the entire
approach channel to a distance of 75 feet upstream of the apron. All R140 riprap placed upstream
of the structure will also have a minimum thickness of 36 inches and will be placed on top of 9
inches of B2 bedding. The top elevation of the riprap will match the finish grade of the
constructed approach channel. Because the approach walls allow flow to overtop them when the
Project is operational, the riprap placed along the exterior of these walls will ensure that any
eddies that may form as water passes over the approach walls do not induce erosion. The riprap
placed along the dam walls will prevent erosion of the earthen embankment due to wave action
as a result of a strong wind out of the southwest or southeast.
According to the Hydraulic Design Chart (HDC) 712-1, R140 riprap will be able to tolerate average
velocities up to 9.6 feet per second in high turbulence conditions and 13.5 feet per second in low
turbulence conditions. OpenFOAM results suggest that flow upstream of the structure will not
be turbulent for the PMF; however, it also is not able to account for the localized velocities in and
around the riprap itself, which have the potential to be more turbulent. Selecting R140 riprap for
this area gives the design a degree of flexibility and provides adequate channel protection
upstream of the structure even under turbulent and extreme loading conditions (i.e.: PMF).
R270 riprap will be placed near the transition from the embankment portion of the structure to
the concrete portion of the structure. Guidance indicates that larger riprap is necessary at these
transitions to prevent erosion and undermining of the structure. R270 riprap was selected for
these areas for two reasons: (1) the increased riprap gradation is larger than the R140 riprap that
will be placed upstream of the structure, so it will be able to more adequately tolerate localized
wave action, and (2) it simplifies the riprap placement for the site, as it’s consistent with the riprap
gradation being placed downstream of the structure. The R270 riprap will have a minimum
thickness of 45 inches and will be placed on top of 12 inches of B3 bedding.
Rebound upstream of the structure is anticipated to be 12 inches uniformly across the approach
channel invert, and less along the sloping sides of the approach channel. This rebound is expected
to be slow and occur over years or decades. Even though the top elevation of the riprap placed
immediately upstream of the structure will match the structure’s invert, riprap in this area will
gradually continue to increase in elevation over time and may need to be periodically replaced
during routine operation and maintenance of the structure. All riprap placed upstream of the
structure was sized for the high turbulence condition, which increases the layer thickness by 50%
over the low turbulence thickness. Since low turbulence conditions are expected upstream of the
structure, and due to the slow nature in which the rebound will reach its full height of 12 inches,
additional riprap thickness will not be placed either upstream or downstream of the structure.
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C.6.2 Downstream Armoring
Portions of this section rely upon conclusions drawn from OpenFOAM (3D model). As on 14 JAN 19, a
DQC review of the OpenFOAM model is not complete. This section will become available for ATR review
once the DQC review of the OpenFOAM model is complete.
The downstream portion of the WRRS will contain three different types of erosion prevention: concrete
erosion protection pads, R470 riprap, and R270 riprap. Each of these features can be seen in Figure C- 30.

Figure C- 30: Erosion Prevention Schematic for the Downstream Portion of the WRRS

Concrete Erosion Protection Pads
Portions of this section rely upon conclusions drawn from OpenFOAM (3D model). As on 14 JAN
19, a DQC review of the OpenFOAM model is not complete. This section will become available
for ATR review once the DQC review of the OpenFOAM model is complete.
Concrete erosion protection pads will be placed on the exterior of the upstream-most portion of
both the east and west stilling basin walls. These are identified by the red polygons in Figure C30. Previous two-dimensional modeling using HEC-RAS and Sediment and River Hydraulics (SRH)
suggested there could be high velocities on the exterior of the stilling basin walls, particularly for
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discharges between the 0.2% ACE (which is also the 0.05% ACE), and the PMF. More recent
OpenFOAM results do not show that this is a concern for either the 0.2% ACE or PMF events.
However, since the stilling basin walls and constructed outlet channel will both be decreasing in
elevation as they approach the end of the stilling basin, water that flows over the stilling basin
walls at the downstream end will be more effectively dissipated by a stronger tail water presence
than water that passes over the upstream portion of the stilling basin walls. Given the PMF
scenario with a corresponding tail water elevation of 918.0, the bottom of a jet of water that
passes over the upstream portion of the stilling basin will only be entering a minimum tail water
depth of approximately 5 feet, while the bottom of a jet of water that passes over the downstream
end of the stilling basin wall will enter a minimum tail water depth of approximately 30 feet. To
be conservative, concrete erosion protection pads will be placed on the exterior of both the east
and west stilling basin walls to prevent high velocity flow from moving any of the riprap which
would’ve been placed immediately next to the stilling basin walls. The erosion protection pads
will extend along the stilling basin walls downstream to where the constructed channel reaches
an elevation of 905.0 feet. At this location, the top of the stilling basin wall will be approximately
912.0 feet. For the most critical condition (i.e.: PMF scenario), the bottom portion of a jet passing
over the stilling basin wall will be entering a tail water depth of at least 7 feet, which is an
adequate depth to protect the underlying riprap.

R470 Riprap
Portions of this section rely upon conclusions drawn from OpenFOAM (3D model). As on 14 JAN
19, a DQC review of the OpenFOAM model is not complete. This section will become available
for ATR review once the DQC review of the OpenFOAM model is complete.
R470 riprap will surround the stilling basin and concrete apron and will extend 131 feet
downstream of the concrete apron. The extent of the R470 riprap is represented by the hashed
area in Figure C- 30.

Some movement of the R470 riprap is expected during extreme events. Shear stresses will cause
movement of top layer of R470 riprap during large events between a 0.05% ACE and PMF.
Self-launching riprap

As seen in XX, the maximum velocity at the downstream end of the concrete apron for the PMF
condition is estimated to be 20.0 feet per second. According to HDC 712-1, R270 riprap will be
able to tolerate average velocities up to 10.75 feet per second in high turbulence conditions and
15.0 feet per second in low turbulence conditions. Since this area is considered to be a high
turbulence zone, some erosion downstream of the structure is expected since an R270 riprap
gradation will not be able to adequately tolerate velocities from the most extreme loading
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conditions (i.e.: PMF). Steel sheet pile, driven to a depth of 30 feet, will be placed at the
downstream end of the stilling basin, as well as under the downstream-most 30 feet of both
stilling basin walls in order to prevent the structure from being undermined during extreme
flooding events. All R270 riprap placed downstream of the structure will have a minimum
thickness of 45 inches and will be placed on top of a minimum of 12 inches of B3 bedding. The
top elevation of the riprap will match the finish grade of the constructed outlet channel.
Similar to the approach channel, rebound downstream of the concrete apron is anticipated to be
14 inches uniformly across the invert, and less along the sloping sides of the approach channel.
This rebound is expected to be slow and occur over years or decades. Even though the top
elevation of the riprap placed immediately downstream of the structure will match the concrete
apron’s invert, riprap in this area will gradually continue to increase in elevation over time. As
such, an additional 14 inches of R270 riprap will be placed in the 50 feet immediately downstream
of the concrete apron, and then transition over a distance of 5 feet to its original thickness of 45
inches for the remainder of the section, as highlighted by the dashed grey box in FIG 34. The B3
bedding placed under the R270 riprap will follow the contour of the base of the riprap layer and
remain constant at 12 inches throughout the entire R270 area where riprap will be placed. Images
of the plan and profile view of this configuration can be seen in FIG 32 & 34. It should be noted
that neither the R80 riprap nor B2 bedding placed downstream of the structure will not have any
additional thickness added to it to account for rebound. For more information on the R80 riprap
downstream of the structure, please see Section C.6.2.3.
The footprint of the R270 riprap is based on the area that is anticipated to see high velocities
between the 0.2% ACE and the PMF scenario. Error! Reference source not found. through Error!
Reference source not found. are velocity heat maps which illustrate areas where high velocities
downstream of the structure are anticipated. Similar to the previous heat maps, the warmer
colors of the heat map (i.e.: red, orange, yellow) represent higher velocities, while the cooler
colors (i.e.: blue, green) represent lower velocities.
As the following five figures illustrate, high velocities are anticipated as flow exits the stilling basin
and, depending on the flooding event, can persist to approximately 350 feet downstream of the
concrete apron. In order to adequately protect the structure from all possible flows up through
the PMF, R270 riprap will be carried 350 feet downstream of the concrete apron.

R270 Riprap
Portions of this section rely upon conclusions drawn from OpenFOAM (3D model). As on 14 JAN
19, a DQC review of the OpenFOAM model is not complete. This section will become available
for ATR review once the DQC review of the OpenFOAM model is complete.
As represented by the dotted polygon in Figure C- 30, R270 riprap will be placed downstream of
the WRRS and throughout the entire non-R470 portion of the pre-formed scour hole. R270 will
be placed as far upstream as the concrete erosion protection pads and crane platforms on both
sides of the stilling basin, and extend as far downstream as the end of the pre-formed scour hole,
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375 feet downstream of the stilling basin. This gradation of riprap will also extend as far west,
south, and east to the locations where the scour hole intersects the natural ground. All R270
riprap placed downstream of the structure will have a minimum thickness of 45 inches and will
be placed on top of at least 12 inches of B3 bedding. The top elevation of the riprap will match
the finish grade of the constructed outlet channel.
The entire riprapped area downstream of the WRRS falls under the high turbulence classification.
In this zone, HDC 712-1 recommends using R270 riprap in areas where velocities are ≤ 10.75 feet
per second, and in low turbulence areas where velocities are ≤ 15.0 feet per second.
A degree of erosion

Embankment Erosion Protection
Portions of this section rely upon conclusions drawn from OpenFOAM (3D model). As on 14 JAN
19, a DQC review of the OpenFOAM model is not complete. This section will become available
for ATR review once the DQC review of the OpenFOAM model is complete.
A turf reinforcement mat (TRM) will be used to prevent erosion of the earthen embankment
between the Diversion Inlet and WRRS, and the WRRS and the RRS due to wind and wave action.
TRM will blanket the top two-thirds of the southern portion of each of these embankment
reaches.
Transitions between earthen embankments and concrete walls have historically been weak points
within a flood defense system, as seen during Hurricane Katrina in 2005. In order to discourage
erosion at these transitions at the WRRS, R270 riprap (with corresponding B3 bedding) will be
placed from the toe to the crest of the earthen embankment on the upstream side of both
embankments. The full thickness of R270 riprap (45 inches) and B3 bedding (12 inches) will extend
10 feet beyond the end of both the east and west concrete dam walls in order to provide adequate
protection due to wind and wave action. This riprap layer will then transition to the natural
earthen embankment over a distance of 3.75 feet for a total riprapped distance of 13.75 feet. A
schematic of this layout is illustrated in Figure C- 31. TRM on both the east and west
embankments will not be placed under the R270 riprap and bedding; rather, it will terminate at
the location where the riprap begins and will be keyed in underneath the full thickness of riprap
and bedding. For additional information on the TRM, please refer to the Southern Embankment
Report.
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Figure C- 31: Embankment Erosion Protection Schematic

C.7

MONITORING CAPABILITIES

Monitoring capabilities will be established at the WRRS, as well as at the RRS and DIS. Each structure will
have real-time monitoring capabilities to assist with operation of the structure and emergency response
actions. Data from the monitoring sites will be incorporated into the local sponsor’s Supervisory Control
and Data Acquisition (SCADA) system. The gaging schematic at the WRRS and RRS will be fairly similar in
layout and functionality; however, the gaging schematic at the DIS will be slightly different due to the
extent of the pool drawdown immediately surrounding the DIS during large flooding events. The
infrastructure and layout of the WRRS’s monitoring system was initially coordinated with members of the
USGS and Local Sponsor; however, due to the court-ordered injunction, the monitoring schematic
outlined in this section should only be considered conceptual as further coordination with both parties is
required before a final gaging schematic can be selected. It should be noted that the final gaging plan will
be developed and implemented as part of a separate contract.
Figure C- 32 describes a conceptual monitoring design for the WRRS. The structure will feature automated
pool and tail water gages which run to a centralized Data Collection Platform (DCP) in the control building.
Staff gages at both the upstream and downstream gage locations will provide validation for the automated
gage readings throughout the entire range of flows that will be experienced at the structure.
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Figure C- 32: WRRS Monitoring Schematic
A stilling well will be placed approximately 500 feet upstream of the structure to record water surface
elevations, and is identified by the teal push pin in Figure C- 32. This corresponds to the location where
the energy grade line at the gage is within 0.1 feet of the water surface profile at the structure when the
Project is operating. The stilling well will be placed just west of the channel invert and far enough
upstream so that the water surface elevation measurement will not be affected by any localized
drawdown. The dashed yellow line immediately east of the stilling well represents two pipes which will
connect the stilling well to the channel. These pipes will be used for bubbler lines, one for low flows and
the other for higher flows. These pipes will extend from the stilling well into the channel to capture the
full range of flows experienced at the structure. A catwalk is also proposed to extend between the vehicle
service bridge at the top of the western dam wall and the stilling well, and is denoted by the black dashed
line. This cat walk will allow individuals to safely record and validate upstream water surface elevations
during periods when the Project is and is not in operation. The top elevation of the cat walk will match
the top of the vehicle service bridge and will dramatically make validating the upstream gage much safer
and easier, especially during poor weather conditions and periods when the Project is in operation. A
staff gage placed on the stilling well will be used to validate the automated upstream stage gage.
The downstream gage will record water surface elevations approximately 500 feet downstream of the
structure. The location of the downstream gage is highlighted by the northern-most yellow push pin in
Figure C- 32. The downstream gage will be serviced by two bubbler lines running parallel to each other
from the DCP to the gage’s location. This alignment is shown by the thin dashed black line. In lieu of using
one large staff gage placed in the river, the downstream staff gage will be split into a series of three or
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four smaller staff gages spaced out over western slope of the approach channel, as seen in cutout image
of the in the upper left-hand side of Figure C- 32 of the staff gages on the Red River of the North at Fargo).
Each staff gage in the sequence is approximated by one of the red lines departing due west from the gage
location. These staff gages will validate the automated readings and measure stages in the event both
bubbler lines aren’t functioning.

FTR_Wild_Rice_Structure_Appendix_C_Hydraulics-14JAN19.docx

Page C-60 of 66

Fargo-Moorhead Metropolitan Area
Flood Risk Management Project

C.8

Final Technical Report
Wild Rice River Structure
Appendix C: Hydraulics and Hydrology

TECHNICAL GUIDELINES AND REFERENCES

1. Houston-Moore Group and Flood Diversion Authority, Technical Memorandum Probable
Maximum Flood Report. 6 May 2015.
2. Petrov, N.A., and N.G. Zubkova. Stream-Directing Works of the Upper Pool of Overflow Spillways.
Translated from Gidrotekhnicheskoe Stroitel’stvo, No. 10, pp. 31-35; October 1988.
3. Shayan, H. Khalili, J. Farhoudi, and R. Roshan. “Estimation of Flow Discharge Under the Sluice
and Radial Gates Based on Contraction Coefficient.” IJST, Transactions of Civil Engineering, vol.
38, no. C2, August 2014, pp 449-463.
4. U.S. Army Cold Regions Research and Engineering Laboratory. Ice Analysis for Red River of the
North Diversion Project at Fargo ND, Moorhead, MN. Hanover; 9 February 2012.
5. U.S. Army Corps of Engineers. Fargo-Moorhead Metro Flood Risk Management Project Tieback
Embankments Wind-Wave Analysis. (With Revisions through June 2012). New Orleans; 4 June
2012.
6. U.S. Army Corps of Engineers, Final Feasibility Report and Environmental Impact Statement,
Fargo-Moorhead Metropolitan Area Flood Risk Management. St. Paul District; July 2011 with
Errata dated November 2011.
7. U.S. Army Corps of Engineers. Hurricane and Storm Damage Risk Reduction System Design
Guidelines (With Revisions through June 2012). New Orleans; 4 June 2012.
8. U.S. Army Corps of Engineers. Hydraulic Design of Flood Control Channels, EM 1110-2-1601.
Washington D.C.; 30 June 1994.
9. U.S. Army Corps of Engineers. Hydraulic Design of Navigation Dams, EM 1110-2-1605.
Washington D.C.; 12 May 1987.
10. U.S. Army Corps of Engineers. Inflow Design Floods for Dams and Reservoirs, ER 1110-8-2 (FR).
Washington, D.C.; 1 March 1991.
11. U.S. Army Corps of Engineers. Safety of Dams- Policy and Procedures, ER 1110-2-1156.
Washington, D.C.; 31 March 2014.
12. U.S. Army Corps of Engineers. Resiliency and Structural Superiority Requirement for Hydraulic
Structures Within or Adjacent to Levees and Floodwalls, DIVR 1110-1-16. Vicksburg; 21
November 2008.
13. U.S. Army Engineer Waterway Experiment Station. Hydraulic Design Chart 712-1, Stone Stability
Velocity vs Stone Diameter. Vicksburg, Mississippi; September 1970.
14. U.S. Department of the Interior-- Bureau of Reclamation. (1960). Design of Small Dams.
Washington D.C.: U.S. Government Printing Office.
15. U.S. Department of the Interior-- Bureau of Reclamation. (1958). Hydraulic Design of Stilling
Basins and Energy Dissipaters (Engineering Monograph No. 25). Denver, CO.
16. U.S. Department of the Interior-- Bureau of Reclamation. Hydraulic Model Studies of Cachuma
Dam Spillway, Hydraulic Laboratory Report No. Hyd-354. Denver, CO; 6 January 1954.
17. U.S. Department of the Interior-- Bureau of Reclamation. Hydraulic Model Studies of Medicine
Creek Dam Spillway—Frenchman-Cambridge Unit—Missouri River Basin Project, Nebraska,
Hydraulic Laboratory Report No. Hyd-279. Denver, CO; 6 July 1950.
FTR_Wild_Rice_Structure_Appendix_C_Hydraulics-14JAN19.docx

Page C-61 of 66

Fargo-Moorhead Metropolitan Area
Flood Risk Management Project

Final Technical Report
Wild Rice River Structure
Appendix C: Hydraulics and Hydrology

18. U.S. Geological Survey Water-Resources Investigations Report 86-4128. Rock Riprap Design for
Protection of Stream Channels Near Highway Structures, Volume 2 – Evaluation of Riprap Design
Procedures. Sacramento, CA; 1986

FTR_Wild_Rice_Structure_Appendix_C_Hydraulics-14JAN19.docx

Page C-62 of 66

Fargo-Moorhead Metropolitan Area
Flood Risk Management Project

C.9

Final Technical Report
Wild Rice River Structure
Appendix C: Hydraulics and Hydrology

LIST OF FIGURES

Figure No.

Figure Title

Page

C-1

Bathymetric Data Availability at the WRRS ..................................................................... C-7

C-2

Flow-Frequency Curve for the Wild Rice River at Abercrombie, ND ............................. C-10

C-3

Rating Curve for “No Project Conditions” at the USGS Gage 464243096495100 ......... C-12

C-4

1% ACE Water Surface Profile through the WRRS ......................................................... C-21

C-5

0.2% ACE Water Surface Profile through the WRRS ...................................................... C-22

C-6

PMF Water Surface Profile through the WRRS .............................................................. C-22

C-7

PMF Resiliency Water Surface Profile through the WRRS ............................................. C-23

C-8

USBR Type I Stilling Basin ............................................................................................... C-27

C-9
Plan View of Longitudinal Velocities for USBR Type I Stilling Basin at Elevation 889.1- 1%
ACE Event (OpenFOAM) .................................................................................................................... C-28
C-10
Longitudinal Velocity Profile of USBR Type I Stilling Basin- 0.2% ACE Event
(OpenFOAM)...................................................................................................................................... C-28
C-11

Longitudinal Velocity Profile of USBR Type I Stilling Basin- PMF Event (OpenFOAM) .. C-29

C-12

USBR Type II Stilling Basin .............................................................................................. C-29

C-13
Longitudinal Velocity Profile of USBR Type II Stilling Basin- 1% ACE Event
(OpenFOAM) .................................................................................................................................. C-31
C-14
Longitudinal Velocity Profile of USBR Type II Stilling Basin- 0.2% ACE Event
(OpenFOAM)...................................................................................................................................... C-31
C-15

Longitudinal Velocity Profile of USBR Type II Stilling Basin- PMF Event (OpenFOAM) . C-32

C-16

Longitudinal Transect of the Riprap-Covered, Pre-formed Scour Hole ......................... C-33

C-17

Plan View of the Riprap-Covered, Pre-formed Scour Hole ............................................ C-34

C-18
Longitudinal Velocity Profile of USBR Type II Stilling Basin- No end sill; no scour holePMF Event (OpenFOAM) ................................................................................................................... C-35
C-19
Longitudinal Velocity Profile of USBR Type II Stilling Basin- No end sill; 50-foot scour
hole- PMF Event (OpenFOAM) .......................................................................................................... C-35
C-20

USBR Type III Stilling Basin ............................................................................................. C-37

C-21

WRRS Approach Wall and Stilling Basin Wall Schematic ............................................... C-40

C-22

OpenFOAM Upstream Cross Section Profile Schematic for the PMF Event .................. C-41

FTR_Wild_Rice_Structure_Appendix_C_Hydraulics-14JAN19.docx

Page C-63 of 66

Fargo-Moorhead Metropolitan Area
Flood Risk Management Project

Final Technical Report
Wild Rice River Structure
Appendix C: Hydraulics and Hydrology

C-23
Velocity Heat Map at Cross Section -75; Through the Concrete Apron (OpenFOAM - PMF
Simulation) ....................................................................................................................................... C-42
C-24
Velocity Heat Map at Cross Section -150; Upstream of the Concrete Apron (OpenFOAM PMF Simulation) ................................................................................................................................ C-42
C-25

Location of Steel Sheet Pile at the WRRS Stilling Basin ................................................. C-44

C-26

WRRS Tail Water Rating Curve during Project Operation ............................................. C-45

C-27

Erosion Prevention Schematic for the Upstream Portion of the WRRS ........................ C-47

C-28

Velocity Profiles Upstream of Concrete Apron .............................................................. C-48

C-29
Velocity Heat Map at Cross Section 0; Upstream End of the Concrete Apron (OpenFOAM
- PMF Simulation) .............................................................................................................................. C-48
C-30

Erosion Prevention Schematic for the Downstream Portion of the WRRS ................... C-50

C-31

Embankment Erosion Protection Schematic ................................................................. C-53

C-32

WRRS Monitoring Schematic ......................................................................................... C-54

FTR_Wild_Rice_Structure_Appendix_C_Hydraulics-14JAN19.docx

Page C-64 of 66

Fargo-Moorhead Metropolitan Area
Flood Risk Management Project

Final Technical Report
Wild Rice River Structure
Appendix C: Hydraulics and Hydrology

C.10 LIST OF TABLES
Table No.

Table Title

Page

C-1

Flow-Frequency Curve for the Wild Rice River at Abercrombie, ND ............................... C-9

C-2

Modeled Gate Coefficients for the WRRS...................................................................... C-15

C-3

Top of Dewatering Panel Elevation................................................................................ C-17

C-4

Monthly Stage Percent Exceedance for a Dewatering Panel Height of 20 feet ............ C-17

C-5

Monthly Stage Percent Exceedance for a Dewatering Panel Height of 25 feet ............ C-17

C-6

Monthly Stage Percent Exceedance for a Dewatering Panel Height of 30 feet ............ C-18

C-7

Flood Loading Water Surface Elevations ....................................................................... C-20

C-8

Maximum Pool Elevation If Gates are Inoperable during a PMF Event......................... C-26

C-9

Stilling Basin Length Analysis Based on Contraction Coefficient ................................... C-36

C-10

Software Used in 3D Model Development .................................................................... C-38

C-11

WRRS Tail Water Rating Curve during Project Operation ............................................. C-46

C.11 LIST OF ATTACHMENTS
Attachment No. Table Title

Page

C-1

Diversion Alignment and Associated Features ............................................ Attachment C-1

C-2

Fargo In-Town Levee System ....................................................................... Attachment C-2

C-3

Longitudinal Profile of Bathymetric Surveys at the WRRS ..........................Attachment C-3

C-4

WRRS Gate Opening Curves (Tail water Elev = 900.0) ................................. Attachment C-4

C-5

WRRS Gate Opening Curves (Tail water Elev = 901.0) ................................. Attachment C-5

C-6

WRRS Gate Opening Curves (Tail water Elev = 902.0) ................................. Attachment C-6

C-7

WRRS Gate Opening Curves (Tail water Elev = 903.0) ................................. Attachment C-7

C-8

WRRS Gate Opening Curves (Tail water Elev = 904.0) ................................. Attachment C-8

C-9

WRRS Gate Opening Curves (Tail water Elev = 905.0) ................................. Attachment C-9

C-10

WRRS Gate Opening Curves (Tail water Elev = 906.0) ...............................Attachment C-10

C-11

WRRS Gate Opening Curves (Tail water Elev = 907.0) ...............................Attachment C-11

C-12

WRRS Gate Opening Curves (Tail water Elev = 908.0) ...............................Attachment C-12

C-13

WRRS Gate Opening Curves (Tail water Elev = 909.0) ...............................Attachment C-13

FTR_Wild_Rice_Structure_Appendix_C_Hydraulics-14JAN19.docx

Page C-65 of 66

Fargo-Moorhead Metropolitan Area
Flood Risk Management Project

Final Technical Report
Wild Rice River Structure
Appendix C: Hydraulics and Hydrology

C-14

WRRS Gate Opening Curves (Tail water Elev = 910.0) ...............................Attachment C-14

C-15

WRRS Gate Opening Curves (Tail water Elev = 911.0) ...............................Attachment C-15

C-16

WRRS Gate Opening Curves (Tail water Elev = 912.0) ...............................Attachment C-16

C-17

WRRS Gate Opening Curves (Tail water Elev = 913.0) ...............................Attachment C-17

C-18

WRRS Gate Opening Curves (Tail water Elev = 914.0) ...............................Attachment C-18

C-19

WRRS Gate Opening Curves (Tail water Elev = 915.0) ...............................Attachment C-19

C-20

WRRS Gate Opening Curves (Tail water Elev = 916.0) ...............................Attachment C-20

C-21

WRRS Gate Opening Curves (Tail water Elev = 917.0) ...............................Attachment C-21

C-22

WRRS Gate Opening Curves (Tail water Elev = 918.0) ...............................Attachment C-22

C-23

WRRS Gate Opening Curves (Tail water Elev = 919.0) ...............................Attachment C-23

C-24

WRRS Gate Opening Curves (Tail water Elev = 920.0) ...............................Attachment C-24

C-25

USGS Gage Elevation Hydrographs at Abercrombie, ND ...........................Attachment C-25

C-26

WRRS Elevation Duration Curve (January – June) .....................................Attachment C-26

C-27

WRRS Elevation Duration Curve (July – December) ..................................Attachment C-27

C-28

WRRS Flow Duration Curve (January – June).............................................Attachment C-28

C-29

WRRS Flow Duration Curve (July – December)..........................................Attachment C-29

C-30

USGS Gage Elevation Hydrographs at Hickson, ND ...................................Attachment C-30

C-31

RRS Elevation Duration Curve (January – June) .........................................Attachment C-31

C-32

RRS Elevation Duration Curve (July – December) ......................................Attachment C-32

C-33

RRS Flow Duration Curve (January – June) ................................................Attachment C-33

C-34

RRS Flow Duration Curve (July – December) .............................................Attachment C-34

C-35

1% ACE Plan B Flow Distribution Pool and Tailwater WSE ........................Attachment C-35

C-36

0.2% ACE Plan B vs. Phase 8 WSE Sensitivity Analysis ...............................Attachment C-36

C-37

Plan B Model Results for Structural Flood Loading ...................................Attachment C-37

C-38

Plan B Results of USBR Type I Stilling Basin Analysis .................................Attachment C-37

C-39

Plan B Results of USBR Type II Stilling Basin Analysis ................................Attachment C-38

C-40

Plan B Results of USBR Type III Stilling Basin Analysis ...............................Attachment C-38

FTR_Wild_Rice_Structure_Appendix_C_Hydraulics-14JAN19.docx

Page C-66 of 66

Fargo-Moorhead Metropolitan Area
Flood Risk Management Project

Final Technical Report
Wild Rice River Structure
Appendix C: Hydraulics and Hydrology

Attachment C- 1: Diversion Alignment and Associated Features
FTR_Wild_Rice_Structure_Appendix_C_Hydraulics-14JAN19.docx

Attachment C-1 of 15

Fargo-Moorhead Metropolitan Area
Flood Risk Management Project

Final Technical Report
Wild Rice River Structure
Appendix C: Hydraulics and Hydrology

Attachment C- 2: Fargo In-Town Levee System
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Attachment C- 3: Longitudinal Profile of Bathymetric Surveys at the WRRS
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Attachment C- 4: WRRS Gate Opening Curves (Tail water Elevation = 900.0 ft)
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Attachment C- 5: WRRS Gate Opening Curves (Tail water Elevation = 901.0 ft)
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Attachment C- 6: WRRS Gate Opening Curves (Tail water Elevation = 902.0 ft)
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Attachment C- 7: WRRS Gate Opening Curves (Tail water Elevation = 903.0 ft)
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Attachment C- 8: WRRS Gate Opening Curves (Tail water Elevation = 904.0 ft)
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Attachment C- 9: WRRS Gate Opening Curves (Tail water Elevation = 905.0 ft)
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Attachment C- 10: WRRS Gate Opening Curves (Tail water Elevation = 906.0 ft)
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Attachment C- 11: WRRS Gate Opening Curves (Tail water Elevation = 907.0 ft)
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Attachment C- 12: WRRS Gate Opening Curves (Tail water Elevation = 908.0 ft)
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Attachment C- 13: WRRS Gate Opening Curves (Tail water Elevation = 909.0 ft)
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Attachment C- 14: WRRS Gate Opening Curves (Tail water Elevation = 910.0 ft)
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Attachment C- 15: WRRS Gate Opening Curves (Tail water Elevation = 911.0 ft)
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Attachment C- 16: WRRS Gate Opening Curves (Tail water Elevation = 912.0 ft)
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Attachment C- 17: WRRS Gate Opening Curves (Tail water Elevation = 913.0 ft)
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Attachment C- 18: WRRS Gate Opening Curves (Tail water Elevation = 914.0 ft)
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Attachment C- 19: WRRS Gate Opening Curves (Tail water Elevation = 915.0 ft)
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Attachment C- 20: WRRS Gate Opening Curves (Tail water Elevation = 916.0 ft)
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Attachment C- 21: WRRS Gate Opening Curves (Tail water Elevation = 917.0 ft)
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Attachment C- 22: WRRS Gate Opening Curves (Tail water Elevation = 918.0 ft)
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Attachment C- 23: WRRS Gate Opening Curves (Tail water Elevation = 919.0 ft)

FTR_Wild_Rice_Structure_Appendix_C_Hydraulics-14JAN19.docx

Attachment C-23 of 38

Fargo-Moorhead Metropolitan Area
Flood Risk Management Project

Final Technical Report
Wild Rice River Structure
Appendix C: Hydraulics and Hydrology

Attachment C- 24: WRRS Gate Opening Curves (Tail water Elevation = 920.0 ft)
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Attachment C- 25: USGS Gage Elevation Hydrographs at Abercrombie, ND
FTR_Wild_Rice_Structure_Appendix_C_Hydraulics-14JAN19.docx

Attachment C-25 of 38

Fargo-Moorhead Metropolitan Area
Flood Risk Management Project

Final Technical Report
Wild Rice River Structure
Appendix C: Hydraulics and Hydrology

Attachment C- 26: WRRS Elevation Duration Curve (January – June)
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Attachment C- 27: WRRS Elevation Duration Curve (July – December)
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Attachment C- 28: WRRS Flow Duration Curve (January – June)
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Attachment C- 29: WRRS Flow Duration Curve (July – December)
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Attachment C- 30: USGS Gage Elevation Hydrographs at Hickson, ND
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Attachment C- 31: RRS Elevation Duration Curve (January – June)
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Attachment C- 32: RRS Elevation Duration Curve (July – December)
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Attachment C- 33: RRS Flow Duration Curve (January – June)
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Attachment C- 34: RRS Flow Duration Curve (July – December)
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1% ACE Plan B Flow Distribution Pool and Tailwater Water Surface Elevations
923
922
921
920
919

Water Surface Elevation, ft (NAVD 88)

918
917
916
915
914
913
912
911
910
909
908
907
906
905
3/24/06 0:00

3/29/06 0:00

4/3/06 0:00

4/8/06 0:00

4/13/06 0:00

4/18/06 0:00

4/23/06 0:00

4/28/06 0:00

Simulation Date
20%WRR 80%RRN- XS 62874

20%WRR 80%RRN- SA WRSA311

20%WRR 80%RRN- HW

20%WRR 80%RRN- TW

30%WRR 70%RRN- XS 62874

30%WRR 70%RRN- SA WRSA311

30%WRR 70%RRN- HW

30%WRR 70%RRN- TW

50%WRR 50%RRN- XS 62874

50%WRR 50%RRN- SA WRSA311

50%WRR 50%RRN- HW

50%WRR 50%RRN- TW

60%WRR 40%RRN- XS 62874

60%WRR 40%RRN- SA WRSA311

60%WRR 40%RRN- HW

60%WRR 40%RRN- TW

70%WRR 30%RRN- XS 62874

70%WRR 30%RRN- SA WRSA311

70%WRR 30%RRN- HW

70%WRR 30%RRN- TW

Attachment C- 35: 1% ACE Plan B Flow Distribution Pool and Tailwater Water Surface Elevations
FTR_Wild_Rice_Structure_Appendix_C_Hydraulics-14JAN19.docx

Attachment C-35 of 38

Fargo-Moorhead Metropolitan Area
Flood Risk Management Project

Final Technical Report
Wild Rice River Structure
Appendix C: Hydraulics and Hydrology

923

923

922

922

921

921

920

920

919

919

918

918

917

917

916

916

915

915

914

914

913

913

912

912

911

911

910

910

909

909

908

908

907

907

906

906

905
3/24/06 0:00

Water Surface Elevation, ft (NAVD 88)

Water Surface Elevation, ft (NAVD 88)

0.2% ACE Plan B Flow Distribution Pool and Tailwater Water Surface Elevations

905
3/29/06 0:00

4/3/06 0:00

4/8/06 0:00

4/13/06 0:00

4/18/06 0:00

4/23/06 0:00

4/28/06 0:00

Simulation Date
20%WRR 80%RRN- XS 62874

20%WRR 80%RRN- SA WRSA311

20%WRR 80%RRN- HW

20%WRR 80%RRN- TW

30%WRR 70%RRN- XS 62874

30%WRR 70%RRN- SA WRSA311

30%WRR 70%RRN- HW

30%WRR 70%RRN- TW

50%WRR 50%RRN- XS 62874

50%WRR 50%RRN- SA WRSA311

50%WRR 50%RRN- HW

50%WRR 50%RRN- TW

60%WRR 40%RRN- XS 62874

60%WRR 40%RRN- SA WRSA311

60%WRR 40%RRN- HW

60%WRR 40%RRN- TW

70%WRR 30%RRN- XS 62874

70%WRR 30%RRN- SA WRSA311

70%WRR 30%RRN- HW

70%WRR 30%RRN- TW

Attachment C- 36: 0.2% ACE Plan B vs. Phase 8 Water Surface Elevation Sensitivity Analysis
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Attachment C- 37: Plan B Model Results for Structural Flood Loading

Parameter
Gate opening, Go
U/S water surface
D/S tail water

Units

20% WRR,
80% RRN
feet
1.3
feet (NAVD88)
920.77
feet (NAVD88)
909.88

1% ACE Event
30% WRR, 50% WRR, 60% WRR,
70% RRN
50% RRN
40% RRN
1.61
2.63
3.84
920.89
921.0
920.98
910.32
911.39
912.35

70% WRR,
30% RRN
5.76
920.87
913.44

20% WRR,
80% RRN
1.73
922.72
911.91

0.2% ACE Event
30% WRR, 50% WRR, 60% WRR,
70% RRN
50% RRN
40% RRN
1.93
2.37
2.7
922.62
922.48
922.49
912.04
912.27
912.5

70% WRR,
30% RRN
3.13
922.53
912.82

PMF
40
923.31
918.17

PMF
Resiliency
Check
2.45
928.35
914.74

Attachment C- 38: Plan B Results of USBR Type I Stilling Basin Analysis
Parameter
Gate opening, Go
U/S water surface
D/S tail water
Free uncontrolled flow (Go > HW-spwy crest)
Free controlled flow for Go<14' (Go < HW - spwy crest)
Submerged controlled flow for Go>14' (Go < HW spwy crest)
Free Flow Discharge, Q (controlled OR uncontrolled)
Unit discharge, q
Velocity entering jump, V1
Depth entering jump, D1
Froude # entering jump, Fr1
Depth at end of jump, D2 (assumes no flow spread)
Length of jump (calculated), L
Required TW level
TW OK for jump?

FTR_Wild_Rice_Structure_Appendix_C_Hydraulics-14JAN19.docx

Units

20% WRR,
80% RRN
feet
6.02
feet (NAVD88)
919.76
feet (NAVD88)
912.95
cfs
cfs
8,075

1% ACE Event
30% WRR, 50% WRR, 60% WRR,
70% RRN
50% RRN
40% RRN
5.86
23.87
31.2
919.9
917.21
917.24
913.0
915.3
915.5
15,434
8,076
-

70% WRR,
30% RRN
23.4
917.81
915.6
-

20% WRR,
80% RRN
11.64
918.42
914.4
11,023

0.2% ACE Event
30% WRR, 50% WRR, 60% WRR,
70% RRN
50% RRN
40% RRN
11.5
31.38
31.67
918.3
917.48
917.87
914.4
915.6
915.8
16,195
17,503
11,022
-

70% WRR,
30% RRN
23.93
918.44
915.8
-

40
923.31
918.2
47,610
-

PMF
Resiliency
Check
3.23
928.2
915.0
8725

PMF

cfs

-

-

14,345

-

15,778

-

-

-

-

17,418

-

-

cfs
cfs/ft
feet/s
feet

8,075
100.9
32.7
3.1
3.3
12.9
70.2
899.5
OK

8,076
101.0
32.7
3.1
3.3
12.9
70.4
899.5
OK

14,345
179.3
31.4
5.7
2.3
16.1
75.6
902.7
OK

15,434
192.9
31.4
6.1
2.2
16.6
76.6
903.2
OK

15,778
197.2
31.7
6.2
2.2
16.8
78.0
903.4
OK

11,023
137.8
32.0
4.3
2.7
14.5
73.7
901.1
OK

11,022
137.8
31.9
4.3
2.7
14.5
73.5
901.1
OK

16,195
202.4
31.5
6.4
2.2
17.0
77.7
903.6
OK

17,503
218.8
31.7
6.9
2.1
17.6
79.4
904.2
OK

17,418
217.7
32.0
6.8
2.2
17.7
80.5
904.3
OK

47,610
595.1
34.4
17.3
1.5
28.0
102.8
914.6
OK

8,725
109.1
36.6
3.0
3.7
14.3
81.7
900.9
OK

feet
feet
feet (NAVD88)

Attachment C-37 of 38

Fargo-Moorhead Metropolitan Area
Flood Risk Management Project

Final Technical Report
Wild Rice River Structure
Appendix C: Hydraulics and Hydrology
Attachment C- 39: Plan B Results of USBR Type II Stilling Basin Analysis

Parameter

Units

Gate opening, Go
U/S water surface
D/S tail water
Free uncontrolled flow (Go > HW-spillway crest)
Free controlled flow for Go<14' (Go < HW - spillway crest)
Free controlled flow for Go>14' (Go < HW - spillway crest)
Free Flow Discharge, Q (controlled OR uncontrolled)
Unit discharge, q
Velocity entering jump, V1
Depth entering jump, D1
Froude # entering jump, Fr1
Depth at end of jump, D2 (assumes no flow spread)
Length of jump (calculated), L
Required TW level
Required TW level for 0.8*D2
TW OK for jump?

feet
feet (NAVD88)
feet (NAVD88)
cfs

cfs
cfs/ft
feet/s
feet
feet
feet
feet (NAVD88)
feet (NAVD88)

20% WRR,
80% RRN
6.02
919.76
912.95
8,075
8,075
100.9
32.7
3.1
3.3
12.9
43.1
899.5
896.9
OK

1% ACE Event
30% WRR, 50% WRR, 60% WRR,
70% RRN
50% RRN
40% RRN
5.86
23.87
31.2
919.9
917.21
917.24
913.0
915.3
915.5
15,434
8,076
14,345
8,076
14,345
15,434
101.0
179.3
192.9
32.7
31.4
31.4
3.1
5.7
6.1
3.3
2.3
2.2
12.9
16.1
16.6
43.2
45.5
46.0
899.5
902.7
903.2
896.9
899.4
899.9
OK
OK
OK

70% WRR,
30% RRN
23.4
917.81
915.6
15,778
15,778
197.2
31.7
6.2
2.2
16.8
46.8
903.4
900.1
OK

20% WRR,
80% RRN
11.64
918.42
914.4
11,023
11,023
137.8
32.0
4.3
2.7
14.5
44.7
901.1
898.2
OK

30% WRR,
70% RRN
11.5
918.3
914.4
11,022
11,022
137.8
31.9
4.3
2.7
14.5
44.6
901.1
898.2
OK

0.2% ACE Event
50% WRR, 60% WRR,
50% RRN
40% RRN
31.38
31.67
917.48
917.87
915.6
915.8
16,195
17,503
16,195
17,503
202.4
218.8
31.5
31.7
6.4
6.9
2.2
2.1
17.0
17.6
46.6
47.6
903.6
904.2
900.2
900.7
OK
OK

70% WRR,
30% RRN
23.93
918.44
915.8
17,418
17,418
217.7
32.0
6.8
2.2
17.7
48.3
904.3
900.7
OK

PMF

PMF Resiliency
Check

40
923.31
918.2
47,610
47,610
595.1
34.4
17.3
1.5
28.0
60.1
914.6
909.0
OK

3.23
928.2
915.0
8725
8,725
109.1
36.6
3.0
3.7
14.3
50.6
900.9
898.1
OK

Attachment C- 40: Plan B Results of USBR Type III Stilling Basin Analysis
Parameter

Units

Gate opening, Go
U/S water surface
D/S tail water
Free uncontrolled flow (Go > HW-spillway crest)
Free controlled flow for Go<14' (Go < HW - spillway crest)
Free controlled flow for Go>14' (Go < HW - spillway crest)
Free Flow Discharge, Q (controlled OR uncontrolled)
Unit discharge, q
Velocity entering jump, V1
Depth entering jump, D1
Froude # entering jump, Fr1
Depth at end of jump, D2 (assumes no flow spread)
Length of jump (calculated), L
Required TW level
Required TW level for 0.8*D2
TW OK for jump?

feet
feet (NAVD88)
feet (NAVD88)
cfs
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cfs
cfs/ft
feet/s
feet
feet
feet
feet (NAVD88)
feet (NAVD88)

20% WRR,
80% RRN
6.02
919.76
912.95
8,075
8,075
100.9
32.7
3.1
3.3
12.9
25.6
899.5
896.9
OK

30% WRR,
70% RRN
5.86
919.9
913.0
8,076
8,076
101.0
32.7
3.1
3.3
12.9
25.6
899.5
896.9
OK

1% ACE Event
50% WRR, 60% WRR,
50% RRN
40% RRN
23.87
31.2
917.21
917.24
915.3
915.5
15,434
14,345
14,345
15,434
179.3
192.9
31.4
31.4
5.7
6.1
2.3
2.2
16.1
16.6
27.8
28.3
902.7
903.2
899.4
899.9
OK
OK

70% WRR,
30% RRN
23.4
917.81
915.6
15,778
15,778
197.2
31.7
6.2
2.2
16.8
28.8
903.4
900.1
OK

20% WRR,
80% RRN
11.64
918.42
914.4
11,023
11,023
137.8
32.0
4.3
2.7
14.5
26.8
901.1
898.2
OK

0.2% ACE Event
30% WRR, 50% WRR, 60% WRR,
70% RRN
50% RRN
40% RRN
11.5
31.38
31.67
918.3
917.48
917.87
914.4
915.6
915.8
16,195
17,503
11,022
11,022
16,195
17,503
137.8
202.4
218.8
31.9
31.5
31.7
4.3
6.4
6.9
2.7
2.2
2.1
14.5
17.0
17.6
26.8
28.7
29.5
901.1
903.6
904.2
898.2
900.2
900.7
OK
OK
OK

70% WRR,
30% RRN
23.93
918.44
915.8
17,418
17,418
217.7
32.0
6.8
2.2
17.7
29.8
904.3
900.7
OK

PMF
40
923.31
918.2
47,610
47,610
595.1
34.4
17.3
1.5
28.0
40.8
914.6
909.0
OK

PMF
Resiliency
Check
3.23
928.2
915.0
8725
8,725
109.1
36.6
3.0
3.7
14.3
30.0
900.9
898.1
OK
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