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Definitions
Definition

Term
Ambursen Dam

A patented buttress dam in which the upstream part is a relatively thin flat slab usually
made of reinforced concrete. The interior of the dam is hollow.

Bathymetric Soundings

A method of determining the depth of water.

Conjugate Depth

The water depth downstream of a hydraulic jump.

Cofferdam

An enclosure built within a body of water to allow the enclosed area to be pumped out

Datum

A reference elevation.

Floodplain

An area of land adjacent to a river that experiences flooding during periods of
high discharge, happening every 1 to 1.5 years on average for a healthy river

Frazil Ice

Loose, randomly oriented ice crystals that are formed in very cold (below freezing)
turbulent water.

Froude number

A dimensionless parameter related to the flow velocity and depth used to characterize and
quantify a flow regime.

Headwater

The reservoir or body of water located on the upstream side of the dam.

Hydraulic Jump

A relatively abrupt increase in the water surface elevation where flow transitions from
shallower water moving at a high velocity to deeper water moving at a lower velocity.

Inflow Design Flood

The flood flow above which the incremental increase in water surface elevation due to
failure of a dam is no longer considered to present an unacceptable threat to downstream
life and property.

Needle gates

A type of sluice gate having vertically oriented timbers within a framework

Powerhouse

The structure that houses generators and turbines at a hydropower facility

Physical Model

A miniature model of the facility constructed to scale in a lab that is instrumented with
sensors connected to data-recording devices. It is used to obtain specific flow properties
and loads for design of the structure. For example, the expected flow velocity and
elevation within the stilling basin would be obtained using a physical model.

Piezometer

A device that measures pressure in a liquid (such as water). They are used on dams to
measure the uplift due to water pressure present beneath the structure for the sake of
determining the structure’s stability.

Potential Failure Mode
Analysis (PFMA)

A potential failure model analysis (PFMA) is a study of the facility that done by a group of
people that are knowledgeable about the facility. The study is conducted in a collaborative
workshop format and is facilitated by a civil engineer with specific dam safety experience in
which the various ways the dam could fail are discussed in depth. Following the PFMA, a
list of potential failure modes (PFM’s) is developed, and each are assigned a category (I-IV)
based upon their significance. The resulting PFMA document is a living document that is
periodically updated.

Probable Maximum
Flood (PMF)

The probable maximum flood that is theoretically possible in this region.

Sluice tunnel

A tunnel below or through a dam, intended to allow sediment to pass downstream

Spillway

The portion of the dam located in the next to the powerhouse where water flows over the
dam. The spillway has gates on top that can be opened and closed to control the amount
of flow that is being released from the upstream reservoir.

vii

Stoplog

A set of wood, metal or concrete beams that fits into a slot between walls or piers that
serve to form a dam to prevent the flow of water through an opening in a dam, conduit or
channel.

Supercritical Depth

The water depth before the location of the hydraulic jump

Tailwater

The body of water located on the downstream side of the dam.

Tainter gate

A type of radial arm floodgate used in dams to control water flow

Training Wall

A wall that divides flow from two different sources. At this facility, it divides flow
downstream of the spillway from flow exiting the powerhouse.
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Executive Summary
Blue Earth County (BEC) is evaluating the long-term viability of the Rapidan Dam. Two studies—the
Rapidan Dam Feasibility Study – Dam Removal Option (1) and the Rapidan Dam Feasibility Study – Dam
Repair Option (2)—were prepared by Barr Engineering Co. (Barr) on behalf of the county approximately 20
years ago. BEC has chartered the current study to further develop the “repair option” due to:
•

Damages to the facility caused by high water events in 2020, 2019, and 2010.

•

Potential termination of the Eagle Creek Renewable Energy (ECRE) contract with BEC.

•

Changes in the regulatory community.

This study was developed in parallel with a dam-removal option feasibility study. It provides a preliminary
engineer’s opinion of cost to inform the BEC Board of Commissioners’ future actions for the Rapidan Dam.
Both studies are considered “planning-level.”
The following is a high-level summary of the work and Barr’s recommendations made to assist BEC in its
evaluation:
•

Barr conducted an engineering evaluation of the spillway and downstream hydraulics to
preliminarily size a downstream stilling basin. Based on available information, a United States
Bureau of Reclamation (USBR) type II stilling basin with chute blocks and an end sill could be
effective.

•

Tainter gate repairs will likely be needed before the spillway apron work to control flow during
the project. Also, the tainter gates may play a role in allowing the reservoir to ice over in the
winter months and reduce frazil ice production as had occurred in the 2020 ice event that flooded
the powerhouse.

•

A new intake gate system should be installed to provide a safer, more reliable, and faster means
of shutting off flow to the turbines.

•

Necessary repairs to the tailrace area include the replacement of the training wall lost during the
2019 flood.

•

An ice-minimization plan should be developed to reduce the recurrence probability of the 2020
ice event that flooded the powerhouse.

•

Repairs to the mechanical and electrical equipment is required to generate power.
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Costs associated with the recommended items are summarized in Table 0-1A.
Table 0-1A
Item
No:

Engineer’s opinion of cost— base dam repair
Item Description

Lump Sum Costs

1

Downstream Apron / Stilling Basin

$6,300,000

2

Tainter Gate Repair

$450,000

3

Upstream Stoplog Slot Repairs

$30,000

4

Intake Area Gate System

5

Tailrace Area (stoplog slot, training wall, etc.)

$400,000

6

Mechanical/Electrical Equipment (by others)

$3,460,000

$1,500,000

Construction Cost Subtotal

$12,140,000

Contingencies (~25%)

$3,040,000

TOTAL PROJECT COST

$15,180,000

BEC also requested that additional items beyond the base repair be reviewed along with their potential
costs. Costs associated with the additional dam repair items are summarized in 01-B.
Table 0-1B
Item
No:

Engineer’s opinion of cost—additional dam repairs
Item Description

Lump Sum Costs

1

Ice Barrier System (concrete wall and flood door)

2

Upstream Ice Boom

3

Obermeyer Spillway Gate System

$2,400,000
$450,000
$5,700,000

Cash flow inputs for a life-cycle cost comparison of the removal and repair options was conducted. The
expected cash flows based on current dollars associated with initial construction costs, inspection costs,
possible maintenance costs based on inspections, and annual revenues from power production for the
repair and removal options are shown in Table 0-2.
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Table 0-2
Item

Cash flow inputs for life-cycle cost analysis—50-year term
Repair Option

Removal Option

Initial
Investment

$15,180,000

$1,000,000 for design, permitting, & funding spread
equally through years 0-4 followed by $81,000,000 for
construction spread equally between year 5 and year 9

Revenue

$45,000 per year starting in year 16

N/A

Inspection
Cost
Assumptions

$50,000 every 5 years (this cost is typically a
responsibility of the hydropower operator or
licensee—not included as BEC cost)

N/A

Maintenance
Cost
Assumptions

$1,000,000 at 10 years, $2,000,000 at 20 years,
1,000,000 at 30 years, and 1,000,000 at 40 years.

N/A

Removal
Cost at End
of Term

$1,000,000 for design, permitting, and funding
spread equally from term year 0 through
term+4 followed by $81,000,000 for
construction spread equally from term+5
through term+9

N/A

Note: Assuming a 3% escalation rate, a $15 million repair project would escalate to $17.4 million in 5 years and $20.2 million in 10 years.
Likewise, a $82 million removal project would escalate to $95.1 million in 5 years and $110.2 million in 10 years.

In addition to cost, decisions regarding the Rapidan Dam may need to consider risk and funding as well as
social, environmental, and legal issues.
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1 Introduction and Objectives
Blue Earth County (BEC) is evaluating the long-term viability of the Rapidan Dam. The facility has
sustained significant damages following the second-largest flood of record (32,500 cubic feet per second
[CFS]), which peaked on March 21, 2019. This flood passed numerous trees that exceeded 30 inches in
diameter and approximately 90 feet in length and ice chunks up to 150 feet long at the head of the dam.
The flows, debris and ice caused significant damage to the downstream apron and training wall, the five
steel tainter gates, and the safety railing at the intake and bridge access decks.
Subsequent to that flood, from January through March 2020, ice jams formed in a narrow bend of the
river downstream of the dam (Figure 1-1). These jams continued to build—progressing back towards the
dam and powerhouse and caused powerhouse flooding as the tailwater rose. The powerhouse floodwater
levels varied over the first 3 months of 2020 and peaked at 14.7 feet above the operating floor. This
rendered the hydroelectric facility inoperable.
The facility will likely be (1) repaired to achieve dam safety and stability (but remain offline), (2) repaired
and brought back online, or (3) removed to mitigate future liability for the county. This feasibility study for
repair options and the feasibility study for removal options summarize available information to guide the
BEC Board of Commissioners to a decision on the future of the facility. The BEC will need to make
decisions with a clear and objective understanding of its needs and opinion of costs so that a financially
viable long-term solution is achieved. In addition to cost, decisions regarding the Rapidan Dam may need
to consider risk and funding as well as social, environmental, and legal issues.
The goal of this document is to analyze the existing facility conditions and describe the steps needed to
restore the facility to current dam safety standards and continued reliable operation. This document is
intended for a broad audience with and without detailed knowledge of this facility or hydropower
facilities in general. It should be noted that BEC staff contributed to the content of this report.

Figure 1-1

A January 2020 ice dam
The ice dam damaged the powerhouse facilities (photo from BEC)
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2 Background Information
Site History
The Rapidan Dam is on the Blue Earth River, approximately 12 miles upstream (south) of Mankato in Blue
Earth County, Minnesota. The dam was built in 1910 to provide hydroelectric power generation to the
region.
The dam served as an electric-power-generating facility for Northern States Power Company until it was
damaged by flooding in 1965. BEC obtained ownership of the structure in 1970. Under an agreement with
the county, Rapidan Redevelopment Ltd. redeveloped the dam for producing hydroelectric power in 1984.
In 2002, extensive undermining of the dam’s foundation was discovered, and emergency repairs were
required to prevent dam failure. Additional apron, foundation, and abutment repairs have been done
since 2002. Eagle Creek Renewable Energy (ECRE) currently has the rights to operates the hydroelectric
generation equipment at the dam under a lease agreement with BEC.
The hydroelectric facility was damaged by flooding in the winters of 2019 and 2020; it is not currently
functioning to provide electricity. Prior to its damage, the hydroelectric facility was capable of generating
a total of 5 megawatts MW.
•

In 2020, the average annual electricity consumption for a U.S. residential utility customer was
10,715 kilowatt-hours (kWh) (3)

•

In an average year, the Rapidan hydroelectric facility produced approximately 15,600,000 kWh (4)
which is equivalent to powering 1456 average residences.

•

An average wind turbine in the United States has a mean output of 1.67 MW and produces over
4,824,000 kWh per year (5) which is equivalent to 450 average residences.

•

Therefore, it would take 3.2 average wind turbines to provide the same annual power as the
Rapidan facility.

Dam Description
The Rapidan Dam is a hollow concrete Ambursen dam, founded on sandstone bedrock in a steep Ushaped valley. The overall length of the dam is approximately 475 feet, and the maximum height is 87
feet. The dam and powerhouse are founded on Jordan sandstone, which is an easily erodible bedrock
formation.
From left to right looking downstream, the project consists of:
•

A left abutment with a 115-foot-long core wall.

•

A 54-foot-long non-overflow section.

•

A 92-foot-long integral intake and powerhouse.
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•

A steel radial/tainter-gated 180-foot-long spillway section.

•

A 72-foot-long spillway section that formerly included timber needle-gates.

•

A 58-foot non-overflow section with an upstream wall extending about 18-feet into the right
abutment.

The Rapidan Dam is classified as having a “significant” downstream hazard potential. The hazard rating is
based on the environmental damage that would be caused by an uncontrolled release of the agriculturally
impacted sediments that fill the reservoir. The inundation areas downstream of the dam have no
permanent inhabited structures, but a park, which attracts hikers and fishermen, is just downstream of the
dam. The park has primitive camp sites and a canoe launch.
The reservoir upstream of the dam provides storage for power generation and recreation; however, it is
essentially full of sediment, making boat access difficult. Because the reservoir is full, sediment is now
essentially conveyed downstream of the dam.
The Rapidan Dam blocks fish passage between the Minnesota River and approximately 1,200 miles of
tributary streams above the dam.

2.2.1 Embankments
There are no embankments at the Rapidan Dam. The dam is keyed into bedrock with concrete walls at the
abutments.

2.2.2 Spillways
The spillway is a buttress-and-slab Ambursen dam, consisting of 15 buttresses and 14 bays. The
buttresses are spaced 18 feet on center. Gate piers are set every other buttress, creating seven 33-footwide gate bay openings. The dam is furnished with five 33-foot-wide by 10-foot-high tainter gates. The
72-foot-long spillway section that formerly included timber needle gates was closed off with permanent
concrete bulkheads in 2017.
There are four sluice tunnels under the spillway between buttresses 4 through 8; these were intended to
sluice sediment from the reservoir but have been non-functional for many years. The sluice tunnels have
5-foot-high by 7-foot-wide cast iron slide gates on the upstream side that were operated with a
mechanical hoist in the gallery of the dam. The tunnels were retired after gate operation problems, which
led to the eventual silting of the reservoir. The sluice gate tunnels were filled with concrete in 2017 to
improve dam stability.

2.2.3 Powerhouse
The powerhouse, a reinforced concrete structure that is integral with the spillway, is at the left end of the
dam. The powerhouse contains two identical 2.5 megawatts (MW) turbine units capable of generating a
total of 5 MW while passing 1,200 cubic feet per second (cfs). The powerhouse also has two unused bays.
Spring flooding in 2019 (the second-highest flood of record) resulted in significant damages, including
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the downstream apron, the tainter gates, and the powerhouse. As noted, power production stopped again
in 2020 when mechanical and electrical equipment was damaged by flooding of the powerhouse due to
ice jams downstream.

Significant Studies, Inspections, and Correspondences
Two studies—the Rapidan Dam Feasibility Study – Dam Removal Option (Barr, February 2000) and
Rapidan Dam Feasibility Study – Dam Repair Option (Barr, November 2002)—were prepared By Barr
Engineering Co. (Barr) on behalf of the county approximately twenty years ago. The following is a
summary of significant studies and inspections conducted since the referenced 2002 repair study.

2.3.1 U.S. Army Corps of Engineers Ecosystem Restoration Study—2009 (5)
This evaluation highlighted the dam’s high vulnerability to erosion, the lack of downstream energy
dissipation, and the need for a downstream stilling basin to reduce the risk of failure during a large flood.
The study also provided a life-cycle analysis of repairs to the facility.
A conceptual structural design of a possible stilling basin configuration was included in this study, which
determined that a 12.5-foot-thick concrete downstream apron would be required to resist uplift forces
beneath the apron. The uplift was based on 65% of full headwater pressure acting on the apron; the
rationale for using this uplift pressure was not provided.1 This study also provided a life-cycle analysis for
repairs of the facility.

2.3.2 Inflow Design Flood (IDF2) Evaluation—2013 (6)
This evaluation was conducted after the Federal Energy Regulatory Commission (FERC) directed the
exemptee3 to perform failure analyses in 2012 and to confirm the potential failure impacts.
It concluded: “Based on the dam failure analyses described above, the Inflow Design Flood at the Rapidan
project does not exceed the maximum spillway capacity of 41,900 cfs. Although there is some uncertainty
about the actual discharge capacity at overtopping, the simulated flow of 41,900 cfs is the lowest estimate. If
the project actually discharged a higher flow at overtopping, the incremental water level rise due to failure
would be less significant. Therefore, the existing spillway capacity is adequate under FERC guidelines.”

It is possible that the uplift pressure assumed in the study was based on the tailwater elevation not
exceeding the elevation of the soil being retained by the large T-shaped concrete retaining walls on the
left and right sides of the stilling basin that were also being considered as a part of the conceptual design.
2
The Inflow Design Flood (IDF) is the flood flow above which the incremental increase in water surface
elevation due to failure of a dam is no longer considered to present an unacceptable threat to
downstream life and property.
3
The Rapidan Dam obtained an exemption in 1982. The term “exemption” in this context is susceptible to
misunderstanding. It does not mean exempt from FERC jurisdiction or involvement. Rather, it is essentially
another type of FERC license that extends into perpetuity.
1
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The flow of 41,900 cfs was the U.S. Army Corps of Engineers’ (USACE) most conservative estimate of the
spillway capacity with the headwater elevation at the top of the dam (881.6 feet). However, the USACE
provides other estimates ranging up to 105,000 cfs.

2.3.3 Part 12 Inspection Report—2014, 2015 (7) (8)
This inspection and report, also known as the Consultant Safety Inspection Report (CSIR), is required by
the FERC every 5 years. In this report, emphasis was placed on the potential downstream scouring
problem and its impact on dam safety.
Additional discussion about the needle-gate bays emphasized the potential for right downstream
abutment scour if the needle-gate bays were used.
According to comment 17 in the 2015 Part 12 supplement, downstream apron-scour protection should be
designed for potentially higher flow than the flow accepted for the IDF (41,900 cfs). Although this flow is
considered conservative for IDF determination, based on a minimum estimate from the 2009 USACE study
(5), it is not likely conservative for downstream determination of scour potential.

2.3.4 Potential Failure Mode Analysis4 (PFMA) Report—2016 (9)
Two Category I findings were recorded in the 2014 PFMA update but were downgraded after the 2016
update. Both findings dealt with the needle-gate bay on the righthand side of the spillway along with the
flume and right abutment just downstream of the needle-gate bay. The needle-gate bay was permanently
closed off in 2017/2018 and sealed with concrete due to these findings. Category 1 findings are those
potential failure modes that are critical to dam safety and of greatest significance (FERC).
Two major ongoing risks identified by the PFMA team were scour of both the foundation and abutments.
Both the right and left abutments were overlayed with concrete in 2010 and 2019, respectively.
Foundation scour is the subject of much discussion throughout the balance of this report.

2.3.5 Disaster-Related Damaged Letter from Blue Earth Co. to FEMA—2020 (10)
This letter was a request to the Federal Emergency Management Agency (FEMA) for funding to conduct
repairs necessitated by the spring flooding of 2019. The flood caused significant damage to the facility
due to high flows, large pieces of ice, and several large, downed trees in the river. Substantial scouring (up
to 10 feet) occurred, as well as damage to the downstream spillway apron, the powerhouse, the tainter
gates, and the safety railings. The entire training wall downstream of the powerhouse was destroyed.

A potential failure model analysis (PFMA) is a study of the facility that done by a group of people that
are knowledgeable about the facility. The study is conducted in a collaborative workshop format and is
facilitated by a civil engineer with specific dam safety experience in which the various ways the dam could
fail are discussed in depth. Following the PFMA, a list of potential failure modes (PFM’s) is developed, and
each are assigned a category (I-IV) based upon their significance. The resulting PFMA document is a living
document that is periodically updated.
4
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The letter included descriptions of the scope of the facility’s ongoing routine inspection program,
significant recent repairs (before the 2019 flooding), and repairs required as a result of the 2019 damage.
Also included were a cost estimate for repairs and several appendices with plans and photographs of
recent repairs. Additional discussion of the repairs identified in this letter is provided in section 3.1.2.

2.3.6 Part 12 Inspection Report—2021
A Part 12 inspection was performed in the summer of 2021. The Consultant Safety Inspection Report was
not yet available for review.
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3 Downstream Apron Rehabilitation Evaluation and
Repairs
The downstream apron has been repaired several times following damage due to high flows. Future
repairs will require additional evaluation and robust reinforcement to deter similar damage. This section
includes a repair history, a review of conceptual designs previously completed, and a new preliminary
hydraulics evaluation based on available information.

Repair History and Previous Conceptual Designs
Funding from FEMA for repairs and mitigation of future damage has been secured based on conceptual
design work done by SEH Engineering. The 2009 USACE study (5) also included a conceptual design for
the retrofit of the downstream apron.
This section includes a summary of the downstream apron repair history followed by descriptions of both
conceptual designs.

3.1.1 Repair History
Dam construction was completed in 1910 - 1911. At that time, the downstream reinforced concrete apron
extended approximately 50 to 60 feet downstream of the spillway toe. A review of historical records
indicates the following repairs have been completed to the apron since its original construction.
•

1916 to 1920: The downstream apron was extended approximately 300 feet downstream of the
spillway toe. The work was necessary because a large scour hole was discovered in the apron
downstream of gate #4.

•

2002: Emergency repairs were completed that included concrete fill in an undermined void
discovered beneath several of the buttresses and a portion of the base slab at the toe of the
spillway.

•

2003: Repairs were necessary after bathymetric soundings revealed severe damage to the apron
and significant scour in the underlying sandstone. A new concrete apron was installed
approximately 55 feet downstream of the spillway toe, and a new grouted rock apron was
installed beyond the concrete apron another 60 feet downstream (115 total from the spillway
toe).

•

2007: BEC performed buttress and right abutment repairs. Buttresses 5, 6, 7, 8 and 9 were
undermined and repaired with formed concrete footings. A portion of the east abutment was
stabilized with concrete fill and rock riprap.

•

2010-2011: Repairs were necessary after the 2010 spring flood (23,000 cfs) damaged the rock
apron downstream of the dam and displaced rock riprap protecting the right abutment. The
middle portion of the apron (between roughly 60 and 175 feet downstream of the spillway toe)
was repaired.
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•

2016-2018: Repairs were necessary due to large scour holes in the downstream concrete slab. The
upstream portion of the apron (up to 80 feet downstream of the spillway toe) was repaired with a
reinforced concrete overlay. This was part of a larger dam stabilization project that was authorized
to address significant items from the 2016 PFMA study. Work began in late 2016 on the spillway
modifications (concrete fill of timber needle gates) and progressed into the gate repairs,
sluiceway fill, and apron repairs. Due to variable river flows and seasonal impacts the work
continued until early 2018.

Table 3-1

Repair cost summary5—since 2000

Year(s)

Repair Description

Cost

2002

Emergency repairs – concrete fill, base slab and apron

2003

Apron repairs

$659,000

2007

Buttress and right abutment repairs

$343,000

2010-2011
2017
2016-2017
2019

$1,034,000

Apron Repairs (includes $175,000 east abutment repairs)

$1,525,000

Apron Repairs

$1,175,000

Tainter Gate Rehabilitation, Sluiceway Fill, & Spillway Modifications

$815,000

Left (west) Abutment Repairs

$556,000

TOTAL REPAIR COSTS

$6,107,000

3.1.2 Conceptual Design Described in BEC FEMA Letter
In February 2020, BEC sent a letter to FEMA (10) explaining damages to the facility resulting from high
flows between March 19 and April 5, 2019. A peak flow of 32,500 cfs occurred during this period, the
second-highest flood of record. The letter included proposed repairs to return the dam components to
pre-disaster condition and mitigate the likelihood of subsequent damage.
Despite apron repairs completed in 2010 and 2016, the downstream apron was severely damaged. A
repair with an additional level of mitigation against future damage was described in which:
•

The scour holes would be filled in with riprap.

•

Fiber-reinforced concrete would be placed and integrated into the existing/remaining concrete.

•

A new concrete apron would be placed with post-tensioned rock anchors drilled and anchored
into the underlying bedrock.

5

Costs provided by BEC
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The letter indicates a suggested anchor depth of 30 to 40 feet and an anchor grid spacing of 10 to 12 feet,
for a total of 109 required anchors (determined in consultation with SEH Engineering). The anchor layout
associated with this design focuses the anchors around the areas that have previously been damaged.

3.1.3 Conceptual Design Described in USACE Study
The USACE prepared a conceptual design in which they determined the required apron thickness to have
enough weight to resist uplift (5) to be 12.5 feet. (Additional discussion is provided in 2.3.1.)
However, 1999 piezometer6 data included in the Part 12 inspection (7) shows that uplift is significantly less
than assumed in the USACE report and generally responds to and nearly matches tailwater. This suggests
that headwater is effectively being “cutoff” and does not significantly affect uplift. It also means that the
apron thickness required to resist uplift is likely less than assumed in the USACE conceptual design.

Preliminary Hydraulics Evaluation
A preliminary “desktop” hydraulic evaluation was performed to support preliminary repair options and
preparation of a concept-level engineer’s opinion of cost. The preliminary hydraulic study relied on readily
available data and existing studies to better understand the basic flow characteristics over the spillway
apron. Assumptions were made when data gaps occurred, or conflicting data were encountered.
A search of past physical model7 records from the St. Anthony Falls Laboratory (SAFL) was done to see if
flow over the spillway had been studied. Two records associated with Rapidan Dam studies from the
1980s were found; however, the two studies dealt with the intake area rather than the spillway and
downstream apron. If the repair course of action is selected, BEC could consider a physical model as part
of the final downstream apron design. Execution of a physical model would take approximately 1-2 years
and cost approximately $300,000. Costs for a physical model have been included in the Engineer’s
Opinion of Cost.
In the absence of existing studies, Barr conducted the preliminary hydraulic evaluation of the spillway
using hand calculations based on drawings of the spillway geometry and knowledge of the site’s flow
parameters. In future phases of any design, many of the parameters used in this preliminary analysis will
need to be re-examined, including the IDF, spillway capacity and headwater rating curve, spillway and
apron energy losses, tailwater rating curve, and existing apron dimensions and elevations.

A piezometer is a device that measures pressure in a liquid (such as water). They are used on dams to
measure the uplift due to water pressure present beneath the structure for the sake of determining the
structure’s stability.
7
A physical model is a miniature model of the facility constructed to scale in a lab that is instrumented
with sensors connected to data-recording devices. It is used to obtain specific flow properties and loads
for design of the structure. For example, the expected flow velocity and elevation within the stilling basin
would be obtained using a physical model.
6
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3.2.1.1 Vertical Datum
Elevations in this analysis are reported in either the NGVD29 or the NAVD88 vertical datum.
Kleinschmidt’s (11) (12) drawings show the dam elevations in NGVD29. The United States Geological
Survey (USGS, 2021) stage gage datum is NGVD29. Ayres (6) reported river stage and surveyed elevations
in NAVD88. The USACE (5) does not state what datum was used in their analysis. The conversion from
NGVD29 to NAVD88 is small (0.1 ft +/-) in the Mankato, Minnesota, region (13). Therefore, for this
conceptual analysis, no conversion was made between elevations in previous reports.

3.2.1.2 Velocity at Existing Spillway Apron
This section includes flow velocity calculation inputs and results at the existing spillway apron.

Flow conditions
Flow conditions considered for this analysis are summarized in Table 3-2.
Table 3-2

Range of flow conditions

Flow condition
Normal flow
2 year
10 year
50 year
100 year

Flow (cfs)

Reference (6) (5)

500

Ayres, 2013, Pg 2

7,000

Ayres, 2013, Pg 3

15,000

USACE, 2009. Hydrology, Pg 10

18,000

Ayres, 2013, Pg 3

25,000

USACE, 2009. Hydrology, Pg 10

27,000

Ayres, 2013, Pg 3

30,000

USACE, 2009. Hydrology, Pg 10

30,800

Ayres, 2013, Pg 2

IDF1

41,900

Ayres, 2013, Pg 9

2019 flood (3/21/2019)

32,500

USGS (14)

Flood of record (4/9/1965)

43,100

Ayres, 2013, Pg 2

45,000

USACE, 2009. Hydrology, Pg 10

39,000

Ayres, 2013, Pg 3

82,000

USACE, 2009, Pg. ES-4

164,000

USACE, 2009, Pg. ES-3

165,000

Ayres, 2013, Pg 3

500 year
½

PMF2

PMF
Note(s):
1.

2.

Inflow design flood (IDF) is the flow used in the review of spillways and design of gates and other
dam-related structures (see definition in footnote 2 on page 7). Ayres calculated the IDF by
showing that a dam breach with a water surface elevation at the top of the dam does not impact
any downstream structures. The spillway capacity associated with the water surface at the top of
the dam was considered the IDF. Ayres assumed the spillway capacity at the top of the dam was
41,900 cfs, using the low end of the range of 41,900 cfs to 105,000 cfs calculated by the USACE
(2009). An evaluation of the spillway capacity versus the accepted IDF may be required or
recommended if a repair option is selected by BEC.
PMF stands for the probable maximum flood that is theoretically possible in this region.
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This analysis was performed for two flow conditions: (1) a large flood event, the IDF of 41,900 cfs, and (2) a
more frequent 2-year event of 7,000 cfs.

Calculations and Results
Velocity calculations at the existing spillway apron follow the method of Peterka (1984) (15). Primary
assumptions made in the analysis include:
•

Spillway flow passes through five tainter gates. The two needle gates are blocked and not
operational (11) (12).

•

Spillway flow is assumed to be a free overflow flow regime meaning that the upper nappe does
not impinge on the gates or dam superstructure. Orifice flow may alter the trajectory of the
discharge and would affect stilling basin design.

•

Spillway flow is not impeded by trees, ice, or other debris.

•

Maximum velocities are estimated from the total fall height from the upstream headwater
(reservoir) to the low spot on the existing downstream apron.

•

Energy losses due to flow over the lip (or drop) at the toe of the spillway to the existing apron are
ignored.

•

Tailwater elevations are estimated from a rating curve developed from peak streamflow for USGS
gage #05320000 (14), located approximately 1,000 feet downstream of the spillway.

Calculations are shown in Appendix A—Hydraulic Calculations. Input parameters and results are shown in
Table 3-3.
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Table 3-3

Velocity input parameters and results
IDF

2-Year Event

41,900 cfs

7,000 cfs

178 ft

178 ft

235 cfs/ft

39 cfs/ft

Spillway crest

864.1 ft

864.1 ft

Head on crest, H

15.6 ft

4.7 ft

Upstream water surface elevation

879.7 ft

868.8 ft

Existing apron elevation

804.4 ft

804.4 ft

Supercritical velocity at apron, V1

62 ft/s

54 ft/s

Supercritical depth at apron, D1

3.8 ft

0.73 ft

5.6
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Subcritical (conjugate) depth, D2

28.3 ft

11.1 ft

Tailwater elevation

829 ft1

816 ft

Tailwater depth, TW

24.6 ft

11.6 ft

Velocity at tailwater depth

9.6 ft/s

3.4 ft/s

Flow Condition
Flow
Spillway width
Specific flow rate

Supercritical Froude Number at apron, F1

Note(s):
1.

Kleinschmidt (2018) drawing SP-3 shows IDF TWL EL. 827.0 ±, no explanation provided. We
assumed 829.0 ± based on USGS gage data.

Discussion
To prevent erosion of the downstream river channel, it is important that the hydraulic jump8 is located
over the concrete spillway apron and not farther downstream beyond the extents of the concrete apron.
The concrete apron can protect the highly erodible sandstone riverbed and mitigate the erosive forces
caused by high-velocity flow.
For the IDF condition, the tailwater depth is less than the conjugate depth9, which means the hydraulic
jump will not form at or above the toe of the spillway. The hydraulic jump will be swept farther
downstream until the frictional forces of flow over the apron and/or riverbed increase the supercritical
depth10 to a depth that produces a conjugate depth equal to the tailwater depth. It is possible that all or
some portion of the hydraulic jump will be swept downstream beyond the existing concrete apron. It is
also possible that sufficient energy loss will occur due to turbulence induced by flow over the lip/drop at
the end of the spillway to the apron, such that a hydraulic jump does form near the toe of the spillway.
This energy loss at the spillway lip/drop was ignored during calculations since it is difficult to quantify.

A hydraulic jump is a relatively abrupt increase in the water surface elevation where flow transitions from
shallower water moving at a high velocity to deeper water moving at a lower velocity.
9
The conjugate depth is the water depth downstream of a hydraulic jump.
10
Supercritical depth is the water depth before the location of the hydraulic jump.
8

15

Based on the flow conditions and estimates of the existing apron length, even if the jump does initiate
near the toe of the spillway, it is unclear where it will be relative to the existing end of the apron.
Additional analysis would be needed to determine the location of the hydraulic jump under IDF
conditions.
For the 2-year event, the tailwater depth is only slightly greater than the conjugate depth; therefore, it is
also unclear if the hydraulic jump will form at or above the toe of the spillway. However, due to the length
of the apron relative to the conjugate depth for the 2-year event, it appears likely that the entire hydraulic
jump will be located over the proposed apron, assuming any new apron has the same extent as the
existing apron.

3.2.1.3 USBR Style Stilling Basin
This section conceptually evaluates the feasibility of incorporating a standard USBR-style stilling basin.
This is one of several common stilling-basin types developed by the USBR that incorporate accessory
devices to help control the hydraulic jump. It is presented in their well-known references. The following is
a brief excerpt:
The installation of accessory devices such as blocks, baffles, or sills along the floor of the basin
produce a stabilizing effect on the [hydraulic] jump, which permits shortening the basin and
provides a safety factor against sweepout caused by inadequate tailwater depth. (16)
Both USBR Type II and Type III basins are appropriate11 for Froude numbers12 greater than 4.5. For this
application, Type III basins are not appropriate since velocities exceed the recommended upper limit of
50–60 ft/s, and discharges exceed the recommended upper limit of 200 cfs/ft. Therefore, no conceptual
design for a Type III basin was developed.
A conceptual design for a USBR Type II basin was developed following the method of Peterka (1984) (15)
and is shown in Table 3-4 and Figure 3-1. This method results in a conservative Type II stilling basin for
spillways up to 200 feet high and flows up to 500 cfs/ft. Calculations are shown in Appendix A—Hydraulic
Calculations.

Barr acknowledges the following statement found in the 2016 PFMA study (9): “an energy dissipation
evaluation confirm [sic] a low Froude number in the apron area and that energy dissipation modifications
would not be effective.” However, Barr’s preliminary calculations indicate a Froude number of 5.6 which is
above the minimum Froude number required for a USBR type II stilling basin. Final design is needed to
determine the most applicable stilling basin type.
12
The Froude number is a dimensionless parameter related to the flow velocity and depth used to
characterize and quantify a flow regime.
11
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Table 3-4

Conceptual design of a USBR type II stilling basin at IDF flow Of 41,900 cfs1
Value

Item
Velocity at entrance to basin, V1

62 ft/s (from above)

Depth at entrance to basin, D1

3.8 ft (from above)

Froude number at entrance to basin, F1

5.6 (from above)

Tailwater elevation

829 ft (from above) 2

Required tailwater depth, subcritical (conjugate) depth, D2

28.3 ft (from above)

Stilling basin elevation

< 800 ft

Stilling basin length

> 120 ft

Chute block height, h1

4.0 ft

Chute block width, w1

4.0 ft

Chute block spacing, s1

4.0 ft

Dentated sill height, h2

6.0 ft

Dentated sill width, w2

4.5 ft

Dentated sill spacing, s2

4.5 ft

Note(s):
1.

2.

As mentioned in the above section on velocity, Ayres (6) calculated the IDF using the low end of
USACE (5) top-of-dam spillway capacity, which ranged from 41,900 cfs to 105,000 cfs. We
recommend an updated IDF study be conducted.
Kleinschmidt (12) drawing SP-3 shows IDF TWL EL. 827.0 ±, no explanation provided. We
assumed 829.0 ± based on USGS gage data.
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Figure 3-1

Recommended proportions of USBR type II basin (15)

Recommended Spillway Apron
Barr recommends that a USBR type II stilling basin concept be advanced. This spillway type is illustrated in
Figure 3-1 and Table 3-4. Advancing this stilling basin concept would involve detailed engineering to reevaluate the IDF, the spillway capacity, the headwater rating curve, and the tailwater rating curve. Spillway
and apron energy losses would need to be determined with a detailed hydraulic analysis of the overflow
spillway using a computational or physical model. The purpose of the hydraulic analysis would be to
determine where the hydraulic jump occurs over the range of expected flow conditions. The analysis
would help determine the apron length so that the hydraulic jump can be located over the concrete apron
to mitigate erosion of the sandstone riverbed. Other items included would be a wall on the right side and
rock anchors to handle the expected uplift forces. Additional rock downstream of the apron may be
specified to further mitigate erosion.
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4 Dam and Gate Repairs
This section describes additional dam and gate repairs (in addition to the downstream apron) required to
rehabilitate the dam to restore power production and improve dam safety and operations.

Spillway Gates
Damage to the spillway (tainter) gates occurred during the 2019 flood when large ice chunks and whole
trees passed under the gates and over the spillway. The tainter gates consist of structural steel members
and a curved steel skin plate. The radially shaped gates rotate on pins to open and close. Water flows
underneath the gate when it is open. There are five tainter gates located between concrete piers on the
top of the spillway, as illustrated in Figure 4-1 and Figure 4-2

Figure 4-1

Spillway plan—tainter gate area clouded
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Figure 4-2

Spillway cross section—tainter gate

4.1.1 Tainter Gate Repairs
The following recommendations were made following a 2019 engineer’s inspection (17). The tainter gates
are numbered starting from the west side and moving towards the east as shown in Figure 4-1.
•

The left bottom trunnion arm members of tainter gates #2 and #5 have the greatest damage and
should not be returned to service before repair.

•

Left trunnion spacers on tainter gate #3 should be repaired.

•

The left bottom trunnion arm member of tainter gate #3 should be strengthened or replaced.

•

The left bottom trunnion arm member of tainter gate #4 should be strengthened or replaced.

•

The left bottom trunnion arm member of tainter gate #5 should be strengthened or replaced.

•

The bottom sealing surface on all gates should be repaired before winter to avoid ice buildup that
would prevent gate operation

A contractor proposal was obtained in 2019 to execute these repairs and forms the basis of the costs
included in the Engineer’s Opinion of Cost in Section 7. The proposal considered the 2019 inspection but
was not based on detailed engineering drawings. Repairs to the tainter gates will require design by an
engineer and may vary from the assumed repair details priced by the contractor.
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4.1.2 Alternative Spillway Gates
A different spillway gate system could replace the tainter gates. Evaluation of potential alternatives was
requested by BEC as a part of this report. One such system is an Obermeyer gate system, a patented
overflow-type gate controlled by an inflating bladder just downstream of a steel flap anchored with a
hinge system to the crest of the spillway. The water flows over the top of the gate rather than underneath
(as with the tainter gate). The bladder can be inflated or deflated to adjust the gate height. One
advantage of an overflow gate is that it is easier to regulate the pond elevation. This can help optimize
power production by continuously maintaining the maximum pond elevation. Figure 4-3 shows an
example of this system. The bay in the left of the image shows water flowing over the top of the gate
system. The bay at the right shows the gate in the closed position with the bladders inflated behind the
flap gate.

Figure 4-3

Obermeyer gate system (example photo for reference)

Upstream Stoplog Slots at Intake
This section addresses necessary repairs in the intake area of the powerhouse. This is where the water
enters the powerhouse on its way to the turbines. The location is shown in the plan view in Figure 4-4 and
section view in Figure 4-5.
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Figure 4-4

Dam plan—intake area clouded

Figure 4-5

Powerhouse cross section—intake area clouded

As shown in Figure 4-6, the steel angle-bearing surface within the right stoplog slot in the unit #1 intake
(right) has separated from the concrete and needs repair.
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Figure 4-6

Damaged upstream right stoplog slot

The downstream side of the stoplog slots appear to be intact (except the top 5 feet of the far-right slot
mentioned above), and excessive leakage is not occurring (See Figure 4-7).

Figure 4-7

Stoplogs installed in stoplog slots
Looking Upstream—Note Distorted Panoramic Phot
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When the powerhouse was reconfigured in the mid-1980s, the original headgates over the penstock
intakes (used to shut off flow to the turbines) were removed because the original penstocks were plugged
with concrete and abandoned. The original headgates are visible in the upper left corner of Figure 5-3.
New intakes were constructed through the bottom of the intake area. The current intake-control system
includes six stacked steel bulkheads (aka “stoplogs”) spanning horizontally within concrete slots cast into
the intake piers (aka “stoplog slots”) and situated upstream of the trash racks (Figure 4-7). In the original
configuration, these slots were backups to the primary headgate. Now the stoplog slots serve as the
primary means of shutting off flow to the units. Installation and sealing of the bulkheads require a crane
and divers to clear the intake area of debris and assist with sealing the joints between individual
bulkheads. Bottle jacks compress the gates downward and help seal the joints between the individual
bulkheads. This process usually takes multiple days. In addition, having the primary system located
upstream of the trash racks is not ideal because debris could migrate into the gate opening and prevent
gate operation or sealing.
This configuration (multiple stacked stoplogs within stoplog slots upstream of the trash racks) is not
typical for a primary intake control at a facility of this size. Barr recommends a simpler, more automated,
and safer system to close flow to the units (instead of a crane and divers). Therefore, a new primary
headgate system in the intake area has been included in the cost estimate. The new system would likely
be installed within the existing stoplog slots. Ideally, the existing trash racks would be upstream of the
intake gate to prevent items from flowing into the gate opening. However, since the intake is not
configured this way, the new gate system would be equipped with bar grating to reduce blockages that
would impede gate closure. The new intake gate system would replace the stoplog system. Maintenance
may still be necessary to clear sediment prior to closing and sealing new gates. An example photograph
of a similar system is provided in Figure 4-8.
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Figure 4-8

Self-contained intake gate system (example photo for reference)

Powerhouse Tailrace Area
The tailrace area of the powerhouse (the area just downstream of the powerhouse), as shown in Figure
4-9 and Figure 4-10, needs repairs that will require dewatering because tailwater normally submerges the
tailrace. The following repair items would all be completed while the tailrace is dewatered.
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Figure 4-9

Dam plan—tailrace area of powerhouse clouded

Figure 4-10

Powerhouse cross section—tailrace area clouded

4.3.1 Downstream Training Wall
The downstream reinforced concrete training wall was destroyed in the 2019 flood and must be replaced.
The former location of the training wall is shown in Figure 4-11 (left side of photograph). Replacement of
the training wall is necessary to properly operate the turbines.
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Figure 4-11

Damaged downstream stoplog slot and missing training wall

4.3.2 Downstream Stoplog Slots at Face of Dam
Although a confirmation dive inspection has not been done, the bottom of the far-right downstream
stoplog slot is believed to be damaged. This is based on the operator’s experiences lowering and
attempting to seal the concrete bulkhead. The process is arduous due to what is assumed to be rough
edges or missing concrete along the bottom edge of the opening. The referenced location is on the right
edge of the tailrace (left side of the photograph in Figure 4-11).

4.3.3 Tailrace Repairs Beneath Powerhouse Floor
The condition of the area under the powerhouse floor, between the turbine discharge points and the
downstream walkway, is not known. Based on the spalling, exposed reinforcing steel (see Figure 4-12),
and experience at similar facilities, additional repairs in this area are anticipated and included in the
opinion of cost. A detailed inspection will be necessary to assess repairs and costs after the area has been
dewatered.
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Figure 4-12

Uninspected tailrace area with suspected repair needs

Generation Equipment (By Others)
Powerhouse flooding in January of 2020 damaged the generation equipment and rendered it
nonoperational. According to an evaluation done by Alpine Pacific Utilities Hydro LLC (Alpine), repairs
associated with the generator, bearings, excitation, controls, balancing, and governor with hydraulic
power unit (HPU) will be required to restore the equipment. BEC has obtained preliminary scoping and
pricing from Alpine to restore and/or replace the equipment. Barr has not performed an independent
inspection or evaluation of the existing equipment to determine the extent of the damage and necessary
repairs.
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5 Powerhouse Flood Risk Mitigation
The following section summarizes the 2020 flood event and discusses future flood mitigation
possibilities—minimizing the likelihood of future flooding and damage to equipment if flooding does
occur.

2020 Powerhouse Flooding Event
The tainter gates were damaged in 2019 and have remained open because they were believed to be
structurally compromised and susceptible to additional damage. Necessary repairs are included in Section
4.1.1. With the gates fully opened during the 2020 winter, we understand, based on conversation with the
dam operator, that ice cover on the reservoir did not form (as it had in past years) despite cold midJanuary temperatures. This condition of cold, unfrozen water passing over the spillway appeared to
accelerate the formation of frazil ice13 downstream of the dam. Increased temperatures during February
resulted in higher flows from melting snow and greater accumulation of frazil ice downstream, eventually
forming an ice dam. The accumulated frazil ice blocked the downstream channel, creating an extremely
high tailwater elevation roughly 25 to 30 feet above normal. The tailwater backed up into the powerhouse
to an elevation 14.7 feet above the main floor. As the temperature increased, the downstream frazil ice
continually readjusted, partially breaking up and resolidifying. This caused the water elevation in the
powerhouse to rise and fall several times over 3 months. The receding tailwater deposited approximately
1 foot of mud within the powerhouse after the ice finally broke free. Significant damage resulted to the
powerhouse equipment, leaving the plant nonoperational.
The tainter gates remained open during the 2020 winter and may have contributed to the significantly
reduced ice formation over the surface of the upstream reservoir. According to operator observations, the
lack of ice cover may have contributed to the downstream formation of frazil ice and ice dam. This
scenario is not known to have occurred at this facility prior to 2020, which supports the theory that the
open gates prevented ice cover and were a contributing factor in downstream ice formation.

Figure 5-1

Downstream ice—January 19, 2020

Frazil ice is loose, randomly oriented ice crystals that are formed in very cold (below freezing) turbulent
water.
13
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Flood Minimization
The USACE prepared a 1996 report (18) evaluating various ice-jam mitigation methods. The use of an ice
boom was discussed:
Ice booms are the most widely used type of ice-control structure. They are relatively inexpensive and
can be placed seasonally, thus decreasing environmental impacts. Booms are most commonly used
to stabilize or retain an ice cover in areas where surface water velocities are 2.5 ft/s or less and
relatively steady. Ice-control booms are also used to promote ice-cover formation during freeze-up
as an ice-jam mitigation effort. They can be placed to direct ice pieces away from an intake or
navigation channel.
If the headwater velocity can be kept relatively low, an ice boom could potentially help retain ice cover
and raise the temperature of the water to prevent formation of downstream ice. An example photograph
of an ice boom is provided in Figure 5-2.

Figure 5-2

Ice boom
(Example photo for reference)

This would likely need to be done in conjunction with complete or partial closure of the tainter gates since
the reservoir velocity may be too high if the gates are not closed. According to a 2019 inspection report
(19), two gates (#2 and #5) require repair before returning to service.
The following discussion was also included in the 1996 study. (18)
Freeze-up ice-jam control usually targets the production and transport of the frazil ice which makes
up the jam. This may be accomplished by encouraging the growth of an ice cover, which insulates
the water beneath, decreasing the production of frazil ice. The ice cover can also incorporate frazil
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ice which is transported from upstream production areas, decreasing the supply available to jam or
deposit beneath a downstream ice cover.
Thermal control of ice jams uses an existing source of warm water to melt or thin a downstream ice
cover or ice jam. Water even a fraction of a degree above freezing can be quite effective in melting
ice over a period of days or weeks (Wuebben and Gagnon 1995). External heat sources include
cooling water effluent from thermal power plants, wastewater treatment plant effluent, and
groundwater. The thermal reserve provided by water in nearby lakes and large reservoirs may also
be a source of warm water for thermal control. Because water reaches its maximum density at
about 39° F, colder water in lakes tends to stratify above warmer water. An ice cover can form on
the water surface even though the water at depth is still well above freezing. Warm water can be
brought to the surface using air bubblers, pumps or flow enhancers, or a low-level outlet in a dam
may be used to release warm water.
Waiting to change facility operation until after frazil ice generation begins would likely be too late.
Operators would need to be prepared to change operations when certain environmental conditions are
present. Ice formation in January 2020 occurred rapidly (over a few days) and without warning. Minimizing
the likelihood of this this situation may require continuous monitoring of the temperature of the water
being released over the spillway and within the reservoir. Frazil ice production may be reduced by passing
warmer water from deeper within the reservoir rather than the water on the surface of the reservoir. At
this facility, the use of the turbines during winter months has likely mitigated downstream ice production
since they draw their water from the bottom of the upstream reservoir. During the winter of 2020, there
was inconsistent flow through only one of the turbines during the daylight hours, and nighttime clogging
prevented its continuous operation. A 36-inch-diameter low-flow outlet at the facility could be used if
reliable continuous flow through the turbines is not expected and frazil ice-generation conditions exist.
The low-flow outlet may help mitigate downstream ice formation by discharging warmer water than that
flowing over the spillway.

Damage Minimization
The centerline of the two horizontal turbine/generator units is at an elevation of approximately 810 feet.
The switch gear, controls, and hydraulic power units on the main powerhouse floor are about 17 feet
higher (approximately 827 feet). The 2020 powerhouse flood resulted in water approximately 14.7 feet
above the main powerhouse floor, close to an elevation of 842 feet.
In the 1980s, the original Pelton turbines with vertical draft tubes were removed, the intake and penstocks
feeding the turbines were reconfigured, and Kaplan horizontal turbines were installed. The generator floor
was removed to accommodate the Kaplan turbines, and a new floor was placed about 21 feet lower inside
the original tail pit area. The existing (green) and original (red) configurations are overlaid in Figure 5-3 to
help depict the difference between the old and new turbine configurations. The existing turbine pit walls
hold out the tailwater that is often well above the turbine and generator elevation.
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Figure 5-3

Existing powerhouse configuration (green) vs. original powerhouse configuration
(red)

If the tailwater were to freeze over and back up, as it did in 2020, then the existing walls of the
powerhouse would need to be strengthened to hold back the water. This could be accomplished by
plugging all openings and adding concrete thickness to the existing walls. Reinforcing steel would be
anchored into the existing wall, additional vertical and horizontal reinforcing bars would be placed, forms
would be installed, and concrete would be poured. A flood door would need to be installed over the
existing personnel access to the downstream side of the powerhouse because a standard door would not
be able to hold back water. Alternatively, the personnel door could be eliminated or moved above the
expected tailwater flood elevation. Additional buoyant forces could result if the powerhouse were kept dry
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and the surrounding tailwater rose, requiring an updated powerhouse stability analysis to confirm
stability. There are at least two holes on the downstream face of the powerhouse that would need to be
closed off. Access points between the powerhouse and spillway would also need to be addressed since
the tailwater could enter the powerhouse from inside the spillway. A pumping system within the
powerhouse would be needed to manage leaking water.
The cost/benefit analysis of this approach to minimizing flood risk would need to be evaluated since the
cost for the powerhouse wall reinforcement described above would be significant and may never be
tested.
A more in-depth flood and damage minimization evaluation should be conducted to determine an icemitigation plan before replacing or repairing existing generation equipment.
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6 Constructability Assessment
Downstream Spillway Apron
As described in section 3.1.1, significant work on the downstream apron has been completed four times
since 2002. The following section describes the constructability aspects associated with the downstream
spillway apron work.

6.1.1 Access and Water Control
A dewatering and access plan, like one implemented with previous projects, would be needed for a future
downstream apron repair project. The access plan would likely include a haul road consisting of rock and
earth-fill constructed across the tailrace area and along the right shoreline (facing downstream) during a
period of low flow. A series of pumps, culverts, and berms would divert or pass flow and manage the
water. Ideally, the tainter gates on the spillway apron would be repaired in advance of work to control
flow over the spillway. Flow would likely be diverted to one side of the spillway to carry out work on the
other side. Also, it may be helpful to have the turbines operational in advance of the apron work. With this
approach, some of the flow over the spillway could be redirected through the turbines to minimize flow
toward the downstream apron. Depending on the level of dewatering required, the contactor could
construct haul roads to access the work area or elect to work off of platforms in the scour hole areas to
perform drilling operations.

6.1.2 Construction
A type II USBR stilling basin includes chute blocks constructed above the downstream end of the spillway
(see left side of Figure 3-1). These chute blocks would be anchored to the existing spillway and may
require additional reinforcement inside the hollow Ambursen structure to achieve the required support
and structural integrity. Thus, the contractor may need to plan for operations outside as well as inside the
dam.
Rock fill and large-diameter riprap were previously used to fill scour holes. At some locations, the apron
repairs consisted of a 2-foot reinforced concrete apron placed directly over the rock fill. At other locations,
the apron consisted entirely of rockfill and riprap. Previous apron repairs were damaged during recent
flood events. A new apron would likely require a 4-foot-thick concrete apron and drilled rock anchors
embedded in the underlying sandstone. Because of the exposure to water/moisture through the rockfill,
post-tensioned rock anchors with a “Class 1” protective coating are recommended over traditional steel
dowels grouted into the sandstone bedrock (per the Post-Tensioning Institute). This is because posttensioned rock anchors can also be designed with higher capacity than traditional steel dowels, which
would allow for fewer anchors. For example, a 10-foot grid of post-tensioned rock anchors could be used
instead of a 5-foot grid of traditional steel dowels. This anchor spacing and quantity generally align with
the plan presented in the letter to FEMA (10) in which rock anchors were proposed; however, further
refinement of the anchorage design is expected if the design is advanced. Due to the existing rock fill
used to repair the scour holes, specialty drilling equipment capable of drilling through the loose rock fill
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and into the bedrock may be necessary. The drill rig could be staged on a barge or on a constructed haul
road.

Tainter Gates
The 2019 inspection report (17) and a contractor proposal based on the inspection report provide
information regarding selective repairs and/or reinforcements to the gates. The contractor proposal
indicated that the work would require a snooper truck to access the gates along with a crane for material
handling. The contractor also assumed that the headwater flowing over the spillway would be lowered to
3 inches or less, with the bulk of the water passing through the turbines. Since the turbines have been
damaged and are not currently operational, the contractor’s assumption will need to be modified; flow
may need to be routed through gates away from the gate where work is being done. The increased time,
effort, and coordination by the contractor has been accounted for in the opinion of cost.
If an Obermeyer system were selected to replace the existing tainter gates, significant analysis and
construction effort would be required. BEC would want to retain a contractor with experience installing
Obermeyer inflatable bladder gate systems. The water load transmitted into an Obermeyer system is
transmitted to the spillway through its hinges and the inflating bladder. This would result in a
considerably different load path than the existing system since all the load in a tainter gate system is
carried directly into the spillway piers through its trunnion arms. The top portion of the hollow Ambursen
spillway would require modification to transfer the gate load into the spillway piers.

Upstream Stoplog Slots and Intake Area
Damage to the top 5 feet (approximately) of the far-right stoplog slot is relatively minor and resides
above the water (at the time of the site visit). Repairs to this slot would require the removal of the top one
or two stoplogs and the steel grating. Traditional concrete repair methods would likely be effective in this
instance, provided the water elevation can be maintained below the normal level with one or two stoplogs
removed. The repairs to this stoplog slot should be completed within the next 2 years so that the steelangle separation and concrete cracking do not increase.
Barr recommends a new intake gate system. Installation of the new intake gate system would likely be
performed by divers “in the wet” since the system would likely be purchased as a single, self-contained
unit that could be lowered with a crane into the existing stoplog slots and grouted in place. The services
of a gate design and fabrication vendor would likely be enlisted to obtain a self-contained system that
could be operated electrically or hydraulically.

Tailrace Area Repairs
Replacing the training wall would likely require constructing a cofferdam and dewatering the powerhouse
tailrace area to construct a new concrete wall in the dry. Work on the downstream stoplog slot would be
performed while the tailrace area is dewatered.
A natural spring on both the right and left sides of the downstream apron is noted on 1916 record
drawings of the facility. The record drawing indicates erosion caused by the two springs. The spring on the
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left side of the spillway is near the training wall location. Additional pumping during construction may be
required to manage the spring water in the tailrace area.

Generation Equipment (By Others)
BEC hosted a conference call on January 25, 2021, with ECRE and Alpine including Commissioners
Stuehrenberg and Paap, Bob Meyer (County Administrator), and Ryan Thilges (County Engineer/Public
Work Director). The purpose of the call was to discuss the future of the facility. Alpine prepared a cost
estimate based on their review of the facility. The estimate included work on the generators, bearings,
excitation equipment, controls, balancing, and the governor/hydraulic power unit (HPU).
Alpine also presented the group with an acquisition option. The basic terms of this option are included in
section 9.2.
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7 Engineer’s Opinion of Cost
Table 7-1 includes costs for the items requiring repairs, and Table 7-3 includes other items addressed in
this report that can be considered for long-term operation of the facility. Both tables include a preliminary
order of magnitude cost14 based on Barr’s understanding of the work.
Table 7-1

Engineer’s opinion of cost— base dam repair

Item
Item Description
No:

Lump Sum Costs
$6,300,000

1

Downstream Apron / Stilling Basin

2

Tainter Gate Repair

$450,000

3

Upstream Stoplog Slot Repairs

$30,000

4

Intake Area Gate System

5

Tailrace Area (stoplog slot, training wall, etc.)

$400,000

6

Mechanical/Electrical Equipment (by others)

$3,460,000

$1,500,000

Construction Cost Subtotal

$12,140,000

Contingencies (~25%)

$3,040,000

TOTAL PROJECT COST

$15,180,000

Downstream Apron/Stilling Basin
The costs for this item include the following:
•

Cofferdam, site access, and control of water

•

Removal of existing apron

•

Excavation, drains, mass concrete, and subgrade preparation

•

Apron slab, chute blocks, and end sill

•

Apron rock anchors

This budget authorization-level (Class 4, 10% design completion per ASTM E 2516-11) cost estimate is
based on 10% completion-level designs, quantities, and unit prices. Costs will change with further design.
Time value-of-money escalation costs are not included. Contingency is an allowance for the net sum of
costs that will be in the Final Total Project Cost at the time of the completion of design, but are not
included at this level of project definition. The estimated accuracy range for the Total Project Cost as the
project is defined is -40% to +50%. The accuracy range is based on professional judgement considering
the level of design completed, the complexity of the project, and the uncertainties in the project as
scoped. The contingency and the accuracy range are not intended to include costs for future scope
changes that are not part of the project as currently scoped or costs for risk contingency. Operation and
Maintenance and Construction Administration costs are not included.
14
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•

Right wall construction

•

Engineering
o

Plans and specifications

o

Determination of IDF

o

FERC reporting requirements: Quality Control Inspection Program (QCIP), Temporary
Construction Emergency Action Plan (TCEAP)

o

Physical model study

Significant assumptions made in developing apron/stilling basin costs are included in Table 7-2

.

Estimated costs associated with the apron/stilling basin could vary significantly depending upon the
results of a detailed engineering evaluation.
Table 7-2

Apron design parameters used for cost estimate
Estimate
Assumption

Unit

Apron length

150

ft

Apron width

192

ft

4

ft

Apron concrete cost

400

$/CY

Chute and end-sill concrete cost

500

$/CY

Rock anchor quantity

109

ea

Cost per rock anchor

8500

$/ea

Item

Apron thickness

Tainter Gate Repair
In 2019, a proposal was received from a contractor based on an inspection of the gates. Costs in this line
item include costs indicated in the contractor’s proposal, with an increase to account for detailed
engineering and FERC reporting, inflation, final design differences, control of water, and additional repairs
to gate #5 that were not visible at the time of the proposal.

Upstream Stoplog Slots and Intake Gate System
Repairs required to the far-right upstream stoplog slot appear to be straightforward. However, upgrades
to the intake gate system should be considered. Costs from Whipps Inc. have been obtained for a selfcontained slide gate system, including gate delivery and installation. A similar project was completed in
Minnesota recently that was used to estimate installation costs.

Tailrace Area
Costs estimated for the repair of the tailrace area include concrete repair to the stoplog slot, replacement
of the training wall, and an allowance for expected but undefined work that may be exposed when the
area is dewatered. Costs for a cofferdam and water control are not included in this item based on the
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assumption that this task would be carried out concurrently with work on the downstream apron which
already includes water control.

Mechanical / Electrical Equipment
Costs for the repair of mechanical and electrical equipment damaged by the 2020 flood were provided by
Alpine and are included here. Barr has not evaluated their proposed scope or associated costs.

Additional Items
Additional review of specific items was requested as a part of this study, but they are not required nor
recommended at this time. These items are included in Table 7-3.
Table 7-3
Item No:

Engineer’s opinion of cost—additional dam repairs
Item Description

Lump Sum Costs

1

Ice Barrier System (concrete wall and flood door)

2

Upstream Ice Boom

3

Obermeyer Spillway Gate System

$2,400,000
$450,000
$5,700,000

The scope of this study includes review of current deficiencies. Other key items BEC should consider in its
overall decision process are briefly addressed in Section 8:
•

Overall life-cycle economic analysis

•

Short- and long-term maintenance costs

•

Routine, annual, and periodic Part 12 inspection costs

•

Future structural repairs of spillway and powerhouse (if needed)

•

General maintenance repairs of other aging features

•

Future retirement of the facility.
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8 Life-Cycle Comparison of Removal and Repair
Options
The removal and repair options considered for the Rapidan Dam are feasible. A comparison and
cost/revenue inputs are presented below for each alternative.

Removal Option
The engineer’s opinion of cost for the phased removal of Rapidan Dam is $82,215,000 million (20). Costs
for removal of the dam include replacing the County Road (C.R.) 9 bridge located immediately upstream
of the dam. An opinion of cost for replacing the bridge was provided by others and is approximately
$8,700,000 or 10.6% of the removal cost. The complete engineer’s opinion of cost for removal of the dam
is included in the 2021 Rapidan Removal report (20). Table 8-1 shows the cash flows associated with both
the removal and repair options.

Repair Option
The engineer’s opinion of cost for initial repairs of the dam is about $15,180,000. In addition to the initial
repair cost to bring the facility back online, costs associated with ongoing repairs and regular inspections
and future removal of the facility have been approximated. Table 8-1 shows the cash flows associated with
both the removal and repair options.
The initial repair cost is higher than the repair cost estimated in the 2002 report largely because of the
continued issues with the downstream apron, failure of the downstream training wall, and replacement of
the equipment for hydroelectric production. During the 2002 report, all hydroelectric production
equipment was generally operational, whereas a significant investment would be necessary to restore
equipment as part of the 2021 plan.
Based on Alpine’s September 20, 2021, Letter of Intent to BEC, the dam is projected to generate $468,000
to $608,400 per year on average (gross) in total power revenues. Not considering the proposed loan
agreement for the first 15 years of operation, BEC’s revenues from the dam are anticipated to be
approximately $45,000 starting at the 16th year of operation. Alpine’s proposed lease agreement was for
30 years. A collaborative Power Purchase Agreement was also offered and could be further investigated
by BEC as it may offer a higher return on investment opportunity.

Do-Nothing
A “do-nothing” alternative was not investigated separately. Doing nothing may be an appropriate shortterm course of action until BEC decides on a course of action and funding is authorized. However, the
integrity of the downstream apron is critical to protect the erodible sandstone foundation. Scour will most
likely continue to erode the sandstone beneath the dam until the apron is replaced. Doing nothing was
not considered a viable alternative in this study because doing nothing would probably result in the
structure deteriorating to a point that may result in the structure failing. Detailed evaluation of the legal
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and environmental impacts associated with the do-nothing alternative and failure of the dam was beyond
the scope of this study.

Cash Flow Inputs for Cost Analysis
Both the removal and replacement alternatives will have associated cash flows over time. A net-presentvalue (NPV) or other life-cycle analysis of the cash flows should be performed, including pertinent
variables to compare the two projects. The expected cash flows based on current dollars associated with
initial construction costs, inspection costs, possible maintenance costs based on inspections, and annual
revenues from power production for the repair and removal options are included in Table 8-1. A 50-year
period of analysis (term) is assumed. Although the dam is already 111 years old, 50 years is a typical time
period for a life-cycle analysis and was selected for consistency with the 2009 USACE study and its lifecycle analysis. It is unknown what future deficiencies may develop; however, if the initial and future repairs
are performed, a 50-year term appears appropriate. The 2002 study assumed a term of 85 years for
consistency with the 1997 study, although at the time, BEC’s lease with Rapidan Redevelopment, Ltd. had
78 years remaining. BEC could also choose a 30-year time period for consistency with the Alpine proposal
in its analysis.
The following assumptions have been made with respect to the information in Table 8-1.
•

The Alpine agreement is extended for the 50-year term (Alpine’s current proposal is for 30 years).

•

The FEMA grant is not incorporated in either option.

•

Removal costs are spread over 5-year period after an initial 5-year design, permitting, and
funding phase.

•

Alternative potential funding sources are not acknowledged in the table (for example, the state
may fund up to 100% of removal costs but only 50% of a repair as indicated in section 9.3)

•

All values are in 2021 dollars. Costs provided do not incorporate inflation or escalation that would
be expected if the work were delayed. See Table 8-1 note regarding the cost of inaction.

•

The powerhouse equipment is currently owned by ECRE. Therefore, salvage values for equipment
are not included in either option.

•

The repair option does not include the “additional items” that are shown in Table 7-3.

•

The removal option does not include periodic long-term maintenance that may be necessary
following significant flow events and maintenance during establishment of the new channel and
floodplain.
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Table 8-1
Item

Cash flow inputs for life-cycle cost analysis—50-year term
Repair Option

Removal Option

Initial
Investment

$15,180,000

$1,000,000 for design, permitting, & funding spread
equally through years 0-4 followed by $81,000,000 for
construction spread equally between year 5 and year 9

Revenue

$45,000 per year starting in year 16

N/A

Inspection
Cost
Assumptions

$50,000 every 5 years (this cost is typically a
responsibility of the hydropower operator or
licensee—not included as BEC cost)

N/A

Maintenance
Cost
Assumptions

$1,000,000 at 10 years, $2,000,000 at 20 years,
1,000,000 at 30 years, and 1,000,000 at 40 years.

N/A

Removal
Cost at End
of Term

$1,000,000 for design, permitting, & funding
spread equally from term year 0 through
term+4 followed by $81,000,000 for
construction spread equally from term+5
through term+9

N/A

Note: Assuming a 3% escalation rate, a $15 million repair project would escalate to $17.4 million in 5 years and $20.2 million in 10 years.
Likewise, a $82 million removal project would escalate to $95.1 million in 5 years and $110.2 million in 10 years.
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9 Funding Alternatives
FEMA Grant
FEMA awarded BEC $2.675M for the repairs and mitigation requested in response to BEC’s 2020 request
(10), as summarized in sections 2.3.5 and 3.1.2. About 25% of this has already been received. The county
has received an extension of the FEMA/HSEM completion deadline until June 12, 2023, due to the need
for the two feasibility reports for consideration by the County Board. If the County Board chooses the
“Repair Option,” the FEMA funds are anticipated to be available for the overall project cost.

Alpine Acquisition of Facility
Alpine has expressed interest in acquiring the existing lease agreement from ECRE and returning the
facility to power generation. This would be accomplished through a funding and revised lease agreement
with the county and require financial assistance from ECRE and the county to cover the cost of the repairs.
During the term of the county issued loan, Alpine is also requesting reduced property tax rates. Alpine
also offered the county an option with the ability to purchase some of the facility’s power via a virtual
purchase power agreement. Following repayment of the loan the county would receive property tax value
and a small share of the hydroelectric generation revenue. The Alpine proposal to the county is not
included as a part of this report but will be considered by the County Board in parallel with both feasibility
reports.
Items 2 (tainter gate repairs) and 6 (mechanical & electrical) are included in the estimate found in
Table 7-1 so care should be taken not to double-count them while evaluating Alpine’s proposal since
Alpine also included costs for these items in their estimate.

Other Options
•

Local property tax levy funds: BEC’s mission is “to deliver essential services to county residents
effectively and efficiently.” A significant portion BEC’s budget provides programs and services
mandated by the state or federal governments. The approved 2021 countywide budget was
$114,238,576, with priority areas including public safety, core human services, transportation, and
technology. The 2021 property tax levy was set at $39,557,458, or approximately 34.6% of the
overall budget. Pressures being placed on county budgets due to COVID-19, especially in human
services, will likely consume more local property tax levy to meet service demand. Any significant
use of local county property tax levy funds would require a significant increase in the local levy
(property taxes) or a drawdown of the county general fund. Large draws from general fund
reserves are generally reserved for planned capital projects and require considerable advanced
planning.

•

State dam-safety grant dollars (state bonding funds): Minnesota Statutes, Section 103G.511,
authorize a state dam-safety grant program. Grants to local units of government may be made for
dam repair, reconstruction, or removal. Funds used for these grants come from state bonding
appropriations through legislative action. In each odd-numbered year, the Minnesota Department
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of Natural Resources (DNR) submits a priority list of dams needing repair, reconstruction, or
removal to the legislature. Grants may be used to reimburse up to 50% of repair costs and up to
100% of removal costs.
o

Some older dams no longer provide sufficient benefits to compensate for public safety
hazards, environmental damages, or repair and maintenance costs. In these cases, the
state may provide grants funding up to 100% of removal costs. Among the initiatives of
the Ecological and Water Resources Division is stream restoration. Removal or
modification of dams and restoration of stream function and stability are designed to
eliminate safety hazards and improve property values, fish and wildlife habitat, water
quality, water availability, and recreational value.

o

Limitations on available dam safety improvement funds may prevent the state from
providing a large percentage of the Rapidan costs for these options.

o

The funds allocated to a specific project depend on several issues, including total dam
safety funds authorized by the legislature, support by elected officials, the threat to public
safety due to the existing dam condition, and recommendations by DNR staff.

o

Participation by DNR staff early in the rehabilitation/removal process will increase the
opportunity for state funding.

•

USACE Section 206 program: https://www.sas.usace.army.mil/Missions/CAP/Section-206-AquaticEcosystem-Restoration/

•

Transportation alternatives (federal) funds: may be available for a portion of the bridge
replacement cost since the existing dam bridge serves as a trail. These funds are distributed
statewide with a competitive application and award of MnDOT District 7 funds.
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10 Public Involvement
BEC will strive to obtain public feedback on this challenging issue. All County Board meetings and
materials are classified as public. County Board meetings and work session materials are always posted
and archived on the county’s website. In addition, the County Board meetings are live streamed on
YouTube and archived on the county’s website. The county anticipates this discussion topic will draw
much attention from local print, television, and radio media. County staff will develop a page on BEC’s
website dedicated to public outreach for the repair or removal alternatives. This webpage is expected to
contain both brief and full information regarding the feasibility reports and any concept drawings. The
webpage will also provide a link to a community survey that citizens can complete, with an option to
make additional comments. The public will be made aware of the webpage and survey availability through
a combination of social media (Facebook) postings, media releases, and the county website.
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Appendix A
Hydraulic Calculations

Rapidan Dam (23 07 1038.00)
Hydrualic analysis: Velocity on spillway apron and design of USBR Type II spillway
calcs by: David Hibbs 3-17-2021
checked by: Cory Anderson 4-9-2021

Vertical datum discussion
Reference plans and documents use both NGVD29 to NAVD88 vertical datum.
Conversion from NGVD29 to NAVD88 is minor (0.1 ft +/-) in the Mankato region (NOAA, 2021).
Therefore, for this study no conversion was made between elevations reported in either the NGVD29 or NAVD88 vertical datum.

Tainter gate spillway (5 bays)
width of each bay =
34
pier width =
2
Total width =
178
crest elevation =
864.1
top of dam =
881.6
slope of dam face = 7H:12V

ft
ft
ft
ft
ft

Needle gate spillway (2 bays)
assume permenantly closed/blocked

(ref: Kleinschmidt 2014, CSIR, App. G Update to PFMA, pdf pg 151/302)
(ref: Kleinschmidt 2014, CSIR, App. G Update to PFMA, pdf pg 151/302)
5 bays, 4 piers
(ref: Kleinschmidt 2018, Construction Report, pdf pg 44/44)
(ref: Kleinschmidt 2014, CSIR, App. G Update to PFMA, pdf pg 231/302)
(ref: Kleinschmidt 2014, CSIR, App. G Update to PFMA, pdf pg 230/302)

(ref: Kleinschmidt 2016, Construction Plans, pdf pg 6/9)

Apron (distances & elevations scaled off hard copies of record drawings)
elev. toe of spillway =
816.4 ft (estimated)
(ref: Kleinschmidt 2018, Construction Report, pdf pg 44/44)
elev. apron at toe of spillway =
812 ft (estimated)
(ref: Kleinschmidt 2018, Construction Report, pdf pg 44/44)
elev. apron =
804.4 ft (estimated)
(ref: Kleinschmidt 2018, Construction Report, pdf pg 44/44)
*
dist. End of apron from toe of spillway =
181 ft (estimated)
(ref: Kleinschmidt 2018, Construction Report, pdf pg 44/44)
* note: inconsistent measurement, sheet SP-3 (section) shows approx 181 ft, sheet SP-1 (shows) aprox. 144 ft

(ref: Kleinschmidt 2018, Construction Report, pdf pg 44/44)

Estimate velocity at spillway apron
consider two flow conditions:
Q (cfs)

IDF

2-yr

Comments/reference

41,900

7,000

(ref: Ayres, 2013. pdf pg 6/20)

specific flow rate, q (ft2/ft)

235
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let width = 5 bays plus piers, assume flow spreads out on spillway face

head on crest, H (ft)

15.6

4.7

approx. only. not a rating curve.
from weir equation, at right

(ref: Chow Eq. 14-16)

Q = discharge (cfs) = known
C = coefficient of discharge. Let C = 4.0 (approx. only) (ref: Chow Eq. 14-17)
L = length of spillway, ignore pier contractions since only looking for approx. value of H

Upstream water surface elev. (ft)

879.7

868.8

note: these values are higher than Ayres, 2013 and Kleinschmidt, 2018.
Likely that previous spillway capacity calcs included needle gate bays.
Not included since they were blocked off during 2016 construction.

height of US w.s. above apron, Z (ft)

75.3

64.4

= upstream (US) water surface elevation - apron elev.

theoretical vel. at apron, VT (ft/s)

65.9

63.2

follows method of Peterka, 1984 pdf pgs 44-46/240
based on height of fall, no losses.
Rapidan is steep spillway 7H:12V = 0.58:1, close to Peterka criteria for steep of 06.:1 to 0.8:1
assumes Z extends to down to apron elev.
conservative since there are additional losses due to drop and horizontal distance from toe of spillway to lowest elev of apron.
see formula in chart at right (ref: Peterka, 1984. pdf pg 46/240)

actual to theoritical vel. ratio, VA/VT

0.94

0.85

accounts for losses on steep spillways. See chart below (ref: Peterka, 1984, pdf pg 46/240). Compute VA/VT for known Z and H.

actual vel. at apron, VA or V1 (ft/s)

62.0

53.7

= (VA/VT) * VT

depth at apron, D1 (ft)

3.80

0.73

= q / VA

Froude number at apron, F1

5.6

11.1

= V1 * (g * D1) -0.5

Tailwater elevation, TW elev.(ft)

829

816

USGS 05320000 BLUE EARTH RIVER NEAR RAPIDAN, MN. Located approx. 1,000 ft downstream of dam
https://nwis.waterdata.usgs.gov/mn/nwis/peak?site_no=05320000&agency_cd=USGS&format=rdb

Conjugate depth ratio, D2/D1

7.44

15.16

Conjugate depth, D2 (ft)

28.3

11.1

= (D2/D1) * D1

Depth DS of hydraulic jump, TW (ft)

24.6

11.6

= TW elev. - apron elev.
Warning. D2 > TW.
Hydraulic jump will not occur at/above toe of spillway. Jump will occur downstream of toe as D1 increases (and D2 decreases)

(ref: Peterka, 1984. pdf pg 22/240)

due to friction along apron.
This calculation depends on estimates of many variables (apron elev., TW , HW, F1). More detailed anlaysis needed to confirm.
vel. DS of hydrualic jump, V2 (ft/s)

9.6

3.4

= q / TW
Assumes downstream (DS) river is only as wide as apron. Conservative.

Sizing USBR Type II stilling basin. Follows design method in Peterka, 1984 pdf pg41-45/240, and Chow 1959 pgs 417-422.
1. set apron elevation.

2. Check if F1 < 4.

F1 =

800.7

5.6

804.9

= TW elev. - D2
Design basin for larger of the two flow events (i.e., for the event with the lower required apron elevation).
"The basin operation was also observed for flows less than the designed dischare and found to be satisfactory in each case."
Peterka 1984 pdf pg 38/240.
"Basin II may be effective down to a Froude number of 4, but the lower values should not be taken for granted.
For lower values, designs considering wave suppression are recommended." Chow 1959 pg 420.
Wave supression is not considered in this conceptual design, but should be considered in future designs.

3. Type II basin length ratio, LII/D2 (-)

3.95

from Chow, 1959 Figure 15-16(c ) pg 419. see chart below

Type II basin length, LII (ft)

112

= (LII/D2) * D2

4. height of chute blocks, h1 (ft)
approx. width of chute blocks, w1 (ft)
approx. spacing of chute blocks, s1 (ft)

3.8
3.8
3.8

= D1
= D1
= D1

5. height of dentated [end] sill, h2 (ft)
approx. width of dentated sill, w2 (ft)
approx. spacing of dentated sill, s2 (ft)

5.7
4.2
4.2

= 0.2 D2
= 0.15 D2
= 0.15 D2

(ref: Peterka 1984, pdf pg 44/240)

6. It is not necessary to stagger the chute blocks with respoect to the sill dentates. In fact, this practic is usually inadvissable from a construction standpoint.
7. When slope of chute intersection basin apron (Q) 1H:1V or steeper, replace with a radius of R >= 4D1.
Since spillway slope is
add transition radius of R (ft)

7H:12V
15.2

set R >= 4 D1
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