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B I G  B U T T E  F E A S I B I L I T Y  S T U D Y  

1 .  S U M M A R Y  

Several reservoir expansion alternatives were analyzed from both an engineering feasibility, economic and 
regulatory perspective as part of this study.  Of all of the options analyzed, the preferred option is to replace 
the existing spillway weir with an inflatable dam to increase both operational flexibility as well as spillway 
release capacity during flood events.  The planning-level cost for this alternative would be approximately 
$2.4M and would result in approximately 940 acre-feet of additional storage, if constructed.  This ends up 
costing over $2,500 per acre foot, before including costs for permitting and mitigation.  In addition to the 
significant cost of constructing this alternative, the project will need to provide fish passage (Oregon 
Administrative Rules 635-412-0005).  Providing fish passage would result in significant additional cost in the 
form of either modification to the dam itself to allow fish to pass (e.g. a fish ladder) or in the form of 
mitigation. 

The high cost for new storage will likely make the expansion of the reservoir economically unfeasible unless 
some other administrative or corrective action is needed at the dam.  As an example, if regulatory agencies 
require the owner to address the Maximum Probable Flood capacity of the dam’s spillway or if reconstruction 
of the spillway is required to prevent the erosion currently occurring at the end of the tail race, then the 
modifications to the dam’s spillway could also include an increase in capacity of the dam.  We also encourage 
the Owners to further investigate potential mitigation projects that may be available to resolve the fish 
passage issues as there may well be some economically feasible mitigation projects within the basin.  If low 
cost mitigation is identified, that could make the difference between whether raising the pool height is viable 
or not. 

During the 2001 drought, Medford Water Commission (MWC) and Eagle Point Irrigation District (EPID) 
were able to employ water management strategies within the basin to meet the needs of their customers.  One 
primary tool utilized was to initiate early pumping of water from EPID’s lower intake thereby being able to 
hold water in Willow Lake for use later on in the irrigation season.  Since diversion of water from Big Butte 
Creek and subsequent release from Willow Lake is dictated by natural stream flows, the ability to forecast 
summer stream flows is a critical component in the proactive management of the basin.  In order to assist 
both agencies in this proactive management, a computer model was developed to forecast summer stream 
flows in the basin.   
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B I G  B U T T E  F E A S I B I L I T Y  S T U D Y  

2 .  B A C K G R O U N D  I N F O R M A T I O N  

2.1 Study Area 
The Big Butte Creek watershed covers approximately 247 square miles (CES, 2006).  The land is rural and 
largely undeveloped with the exception of some timber harvesting and the town of Butte Falls, which has a 
population of approximately 439 (U.S. Census Bureau, 2000).  The town of Butte Falls, and the waterfall for 
which it is named, are located approximately 12 miles upstream from the confluence of Big Butte Creek and 
the Rogue River.  

Both the Eagle Point Irrigation District (EPID) and the Medford Water Commission (MWC) obtain their 
water from the upper portion of the Big Butte Creek watershed in the vicinity of Butte Falls.  MWC collects 
and transfers water from Big Butte Springs, located approximately 5 miles southeast of Butte Falls.  EPID 
diverts water from the South Fork Big Butte Creek, just a few hundred feet downstream of the waterfall.  
EPID also diverts water from Big Butte Creek about one mile northwest of Butte Falls, just downstream of 
the confluence of the North Fork and South Fork of Big Butte Creek.  

This study will focus only on the upper portion of the Big Butte Creek watershed where EPID and MWC 
obtain their water.  The drainage basin contributing to EPID’s downstream-most diversion will be defined as 
the Upper Big Butte Creek Basin, which covers 178.7 square miles (approximately 72 percent of the entire 
Big Butte Creek Watershed).  Figure 2-1 shows the Upper Big Butte Creek Basin. 

2.2 Willow Lake Dam History and Purpose 
EPID and MWC are the primary water rights holders in the Big Butte Creek watershed in southern Oregon.  
Over the past 90 years, these two agencies have made substantial investments in the basin to ensure that they 
can meet the long term water needs for their customers.  EPID provides water service to approximately 
8,000 acres of land through a 100-cubic feet per second (cfs) water right on Big Butte Creek.  MWC provides 
domestic water to over 130,000 people in and around the City of Medford through a series of water rights on 
Big Butte Creek and the Rogue River and a legislative withdrawal of water in Big Butte Creek.  One of the 
primary tools used to balance the water needs of these two entities is Willow Lake.  

EPID and the MWC have concurrent 1915 water rights on Big Butte Creek, a tributary to the Rouge River.   

In the early 1950s, the MWC decided to double its utilization of Big Butte Springs and realized there was 
insufficient flow during the summer period in Big Butte Creek (BBC) to support this withdrawal without 
impacting other water right holders in the basin.  The primary water right holders in the basin were EPID and 
MWC.  During the adjudication of the water in the basin, EPID and MWC were given identical 1915 priority 
dates.  EPID’s water right is for 100 cfs and MWC’s right is for 30 cfs, therefore EPID is entitled to 
77 percent of the flow in BBC and MWC 23 percent of the flow.  MWC has an additional 1925 water right 
for 30 cfs on Big Butte Springs.  Since it is junior to the 1915 water rights it is not considered in the 
summertime allocation.    

The decision was made to construct Willow Creek Dam and the subsequent lake (8300 acre-feet) in order to 
have sufficient water available during the summer to maintain EPID’s right to 77 percent of the flow.  
300 acre-feet of the reservoir is dead storage being below the dam’s outlet structure.  All of the recorded 
reservoirs levels do not include the 300 acre-feet of dead storage.  Therefore when the recorded reservoir 
level is at 8000 acre-feet, the reservoir is full. 
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Figure 2-1.  Upper Big Butte Creek Basin 
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Droughts, low rainfall and snow pack, and warmer weather patterns have prevented the reservoir from filling 
five times in the past 20 years.  These factors also significantly decrease natural stream flows in Big Butte 
Creek.  The low reservoir levels and low stream flow have made it difficult for EPID and MWC to meet 
water demands of their customers.  In addition, there is an increased awareness of the impacts current water 
withdrawal and warmer weather patterns have on the in-stream flow needs of Big Butte Creek.  Figure 2-2 is 
a historical graph showing the water levels in Willow Lake from 1968 to 2006.   
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Figure 2-2.  Historical Water Levels of Willow Lake - 1968 to 2006 
 

2.2.1 Dam Information, Location and Ownership 

Willow Creek Dam is a 65 foot high earth/rock dam constructed in 1952 by the City of Medford owned and 
operated by MWC and stored water is utilized for irrigation and recreation.   

Willow Creek Dam is located approximately 25 miles east of Medford, Oregon and receives flow from the 
Willow Creek drainage basin.  Willow Creek Dam is located in Jackson County on Willow Creek in 
Section 34, Township 35 South, Range 3 East, Willamette Meridian, 7.5 miles southeast of Butte Falls, 
Oregon.  Willow Creek discharges to the South Fork Big Butte Creek, about 3.5 miles below the dam site.  
This flows into Big Butte Creek and then the Rogue River which drains to the Pacific Ocean.   
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All land adjacent to Willow Lake is owned by the Medford Water Commission.  A portion of it is leased to 
Jackson County and the Willow Lake Campground is situated along the southwest corner of the lake.   

Withdrawals from the reservoir are currently accomplished through a 36-inch-diameter outlet conduit 
regulated by gate valves at the downstream end. 

The existing dam spillway is located in the left abutment and is rectangular in shape with an entrance width of 
122 feet 

Water is stored at Willow Lake, released through Willow Creek and picked up below the falls on South Fork 
Big Butte Creek, near the city of Butte Falls. 

The normal pool level is set by the spillway crest at elevation 3017.  Under normal operating conditions the 
outlet conduit remains closed except when releases are required to satisfy irrigation demand and downstream 
prior rights.  Excess flow during the winter months is released by the spillway.   

2.3 Purpose of Feasibility Study 
EPID and MWC have commissioned two studies over the past several years to determine the feasibility of 
increasing the capacity of Willow Lake.  Enlarging the lake would enable it to have more carryover water at 
the start of any drought period and thereby have more water available for customers and to meet other in 
stream needs of the basin.  Both previous studies looked at a general overview of the potential to increase 
capacity at Willow Lake but neither contained sufficient detail to determine if there was a “fatal flaw” that 
would add extra ordinary cost to the project or regulatory requirement which would prevent the actual 
construction of the project.  In 2007, the Oregon legislature passed legislation which lead to the development 
of the Water, Conservation, Reuse and Storage Grant Program.  This program provided financial assistance 
specifically aimed at funding feasibility studies for projects such as increasing the capacity of Willow Lake.   

EPID and MWC applied for matching funding to elevate the current studies to confirm the feasibility of this 
project and to determine if any “fatal flaws” or regulatory requirements would adversely impact this project.  
Brown and Caldwell was retained to conduct this feasibility study.  A copy of the grant application is included 
in Appendix A. 

2.3.1 CH2M Hill Report 

Alternatives outlined an August 2004 memorandum by CH2M HILL, Willow Creek Dam Spillway Modification to 
Provide Additional Storage Memorandum to Ed Olson, Medford Water Commission, listed the alternatives considered 
for modification of Willow Creek Dam spillway.  Brown and Caldwell used these alternatives as a guideline, 
but modified each alternative to more accurately reflect realistic and feasible modifications to the spillway.  
The alternatives currently evaluated as part of this report include increasing the elevation of the spillway from 
3,017- to 3,020-feet and adding between 780 and 1,130 acre-feet to Willow Lake.  This report also includes 
results of communication with regulatory agencies to determine if any fatal flaw or regulatory issue would 
prevent or hinder the completion of the project. 

As shown in Table 2-1, five alternatives to modify the Willow Creek Dam spillway and thereby increase 
reservoir storage were evaluated.  These alternatives fall into three categories: Do Nothing (Existing), Fixed 
Weir (Linear, Labyrinth), or Moveable Weir (fusegate, Inflatable Weir).  
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Table 2-1.  Dam Expansion Alternatives 
Spillway 
Option 

Spillway Crest 
elev. (ft) 

Storage 
(acre-ft) 

Increased Storage 
(acre-ft) 

Spillway Capacity 
(cfs) 

Comparative 
Construction Cost 

Cost per Acre 
Foot 

Existing 3,017 8,320 0 7,500 N/A N/A 
Linear 3,019 9,100 780 8,300 N/A N/A 
Labyrinth 3,020 9,450 1,130 10,700 N/A N/A 
Fusegate 3,020 9,450 1,130 12,000 $1,620,000 $1,433 
Inflatable 
Weir 3,020 9,450 1,130 12,000 $2,466,000 $2,182 

Source: Lindquist, Roger and Bill Ryan, August, 2004.  Willow Creek Dam Spillway Modification to Provide Additional Storage, memorandum to Ed Olson.  
Brown and Caldwell updated conceptual designs and present costs estimates. 
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B I G  B U T T E  F E A S I B I L I T Y  S T U D Y  

3 .  C O M P U T E R  M O D E L  O F  B A S I N  

The main purpose of this task was to develop a computer model of the Upper Big Butte Creek Basin to be 
used to evaluate surface water streamflows for a variety of existing and future conditions.  The following 
sections briefly summarize the results of the modeling task; a more detailed discussion of input data 
development and calibration is contained in Appendix F. 

3.1 Model Selection 
Brown and Caldwell selected the Hydrologic Engineering Center’s Hydrologic Modeling System1

One weakness of HEC-HMS, as with most hydrologic models, is that the model does not have the ability to 
simulate complex operations scenarios.  HEC-HMS does have the ability to simulate reservoir routing, 
storage, and multiple discharge outlet works.  However, HEC-HMS does not allow the user to program logic 
to simulate complex rules for releases, diversions, return flows, pumping rates, etc.  If future studies require 
more complex operations modeling then a second model (e.g., HEC-ResSim) may need to be developed 
specifically for that purpose. 

 (HEC-
HMS), developed by the U.S. Army Corps of Engineers.  HEC-HMS is a widely-used and commonly 
accepted program designed to be applicable in a wide range of hydrologic modeling scenarios.  HEC-HMS 
can be run as either an event-based model or a continuous-simulation model.  It can simulate rainfall-runoff, 
infiltration losses, and snowmelt.  HEC-HMS also contains algorithms for reservoir routing and hydrologic 
channel routing including options for simple diversion structures, dams, and storage reservoirs.  

3.1.1 Model Development 

HEC-HMS input data are divided into three main categories: Basin Models, Meteorological Models, and 
Control Specifications.  Each of these three categories of inputs must be created before a simulation can run.  
Some supplementary data inputs are required for more complicated modeling scenarios.  These 
supplementary inputs generally fit into one of two additional input categories: Time-series Data and Paired 
Data.  An example of a supplementary data input is observed rain gauge data.  These data are not directly 
input into a Meteorological Model, but rather, they are input as a full time series and then referred to in the 
Meteorological Model as needed.  The following sections described the basin model and meteorological 
model inputs. 

Basin Model.  The basin model developed for this project represents current physical conditions of the 
Upper Big Butte Creek Basin.  The model was set up as a lumped-parameter basin model, which means the 
parameters used to describe hydrologic conditions within the basin are defined for individual sub-units, or 
sub-basins.  The Upper Big Butte Creek Basin was delineated and divided into 18 sub-basins using geo-
referenced digital 1:24,000-scale topographic maps from the U.S. Geological Survey.  

Surface water runoff generated from the sub-basins is routed through a flow network that represents the 
stream system and other features such as reservoirs or diversion structures.  Additional point inflows (e.g., 
springs are added to the model using source nodes.  Figure 3-1 shows the HEC-HMS schematic of the basin 
model including all sub-basins, routing reaches, junctions, diversions, outlets, and Willow Lake reservoir. 

                                                      
1 The latest version of HEC-HMS (Version 3.4 as of this writing) can be obtained at the following website: 
http://www.hec.usace.army.mil/software/hec-hms/.  

http://www.hec.usace.army.mil/software/hec-hms/�
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Figure 3-1.  HEC-HMS Basin Model Schematic 

 

Meteorological Model.  The meteorological model in HEC-HMS is used to represent climatic conditions 
such as precipitation, evapotranspiration, and snowmelt.  The meteorological model set up for this project is 
based on historical records for a 60-year period: 1948 to 2008.  Meteorological data were obtained from the 
following sources: 

 Precipitation for all of the sub-basins in the model was based on the Butte Falls 1 SE climate station, 
which is the only long-term meteorological station located within the Upper Big Butte Creek Basin.  
The station is located near the City of Butte Falls at an approximate elevation of 2,500 feet.  
Precipitation data were scaled up or down in direct proportion to the estimated mean annual 
precipitation for that sub-basin.   

 Evapotranspiration (ET) data was obtained from the EPA BASINS model, which contains a database 
of long-term climatic data including potential ET.  The data gauge closest to the study area with 
potential ET is Prospect 2 SW climate station, which is located about 7 miles north of the Upper Big 
Butte Creek Basin at an elevation of 2,482 feet.  For this study, potential ET was input as average 
monthly ET and is assumed to be constant over the Upper Big Butte Creek Basin.  
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 Temperature data were also obtained from Prospect 2 SW climate station.  The temperature index 
method was used for calculating snow accumulation and snowmelt.  The temperature index method 
requires a large number of additional parameters, but most are difficult to estimate.  Therefore, a 
sensitivity analysis and calibration were used to determine appropriate values. 

3.1.2 Model Calibration 

Model calibration was performed in two stages.  The first stage was to calibrate snowpack/snowmelt by 
comparing simulated snow water equivalent results with measured data from local SNOTEL gauges.  The 
second stage was to calibrate streamflows with recorded discharges at selected stream gauges.  

Snowmelt Calibration.  The Natural Resource Conservation Service (NRCS) SNOTEL (SNOw TELemetry) 
network provides snowfall and snowpack data in several western states including Oregon.  No SNOTEL 
stations are located within the Upper Big Butte Creek basin; however, several are located in adjacent basins. 

Daily snow water equivalent2

SNOTEL-estimated daily SWE was compared with HEC-HMS-calculated SWE for several sub-basins.  
Snowmelt parameters were adjusted to obtain the best match in daily SWE patterns for the 1986 water year.  
Additional verification runs for years 1990 and 2008 were attempted, but with undesirable results.  SWE 
levels tended to be under-predicted.  Additional calibration and verification needs to be completed (see 
Section   3.2 Recommendations for Improvement.) 

 (SWE) data for six nearby stations were collected and averaged for the period 
between October 1, 1984 and September 30, 1986.  The average SWE depths were then plotted versus gauge 
elevation to observe the relationship between snowpack and elevation.  A log-log curve was fit through the 
data and the resulting regression equation was then used to proportionally adjust the average daily SWE 
values using the average elevations of each sub-basin.  The result is a translated daily SWE graph for each 
sub-basin. 

Streamflow Calibration.  Stream flow data are collected at stream gauging stations throughout the Upper Big 
Butte Creek Basin.  Mean daily discharge data from USGS stream gauge number 14335500 were compared 
with HEC-HMS-calculated discharges at the nearest node.  

Initial calibration runs for the 1986 water year found that peak flows are highly dependant upon sub-basin 
loss parameters such as infiltration rates, soils storage, and percolation rates.  Low flows are more affected by 
baseflow parameters such as groundwater flows and recession rates.  Parameters were estimated, tested, and 
adjusted based on visual comparison of calculated stream flows and historical data.  

A large number of iterations will be necessary to evaluate a full range of parameters.  A more-formalized 
calibration procedure using an optimization scheme should be preformed to improve the calibration results.  
Once an acceptable match has been produced a verification simulation should be run to demonstrate that the 
selected parameters will work for other years. 

3.2 Recommendations for Improvement 
The HEC-HMS model developed for this project is intended to be continually developed, improved, and 
applied to future analyses.  The following are recommendations for improvements and further study: 

                                                      
2 Snow water equivalent (SWE) is the depth of water that would theoretically result if you melted the entire snowpack 
instantaneously.  



 Willow Lake Enhancement Project 
Section 3: Computer Model of Basin Big Butte Feasibility Study 
 
 

 
3-4 

R1: Evaluate precipitation variability.  Both the snowmelt and streamflow calibrations are highly dependent 
on the volume of precipitation falling over the sub-basins.  The model currently contains long-term 
precipitation data for one gauge (Butte Falls 1 SE).  Gauge weights, or indices, are used to proportionally 
adjust the measured precipitation for each sub-basin.  These gauge weights are currently based on mean 
annual precipitation estimates calculated from PRISM maps.  Additional precipitation data should be 
collected and evaluated to verify the validity of the current method.  In particular, precipitation records from 
SNOTEL gauges could provide additional insight regarding precipitation at high elevations where SWE 
estimates have been difficult to calibrate.  If necessary, gauge weights could be adjusted or additional 
precipitation gauges could be added to the model and assigned to appropriate sub-basins. 

R2: Evaluate temperature variability.  Snowfall and snow melt rates are highly dependent on the ambient 
temperatures used in the temperature-index method.  The data currently input into the model are historical 
records from the Prospect 2 SW climate station, which is located outside of the Upper Big Butte Creek Basin.  
Temperature data from other nearby climate stations including each of the nearby SNOTEL gauges should 
be evaluated to verify the validity of the Prospect 2 SW data.  If necessary, additional temperature gauges 
could be added to the model. 

R3: Improve the snowmelt calibration.  Snowmelt algorithms, including the temperature-index method, 
require a large number of inputs, which makes calibration difficult and often requires substantial modeling 
effort.  Calibration is further complicated by the number of sub-basins and extreme variation of elevations 
within the Upper Big Butte Creek Basin.  Given the time and budget available within this study an initial 
calibration on snowmelt parameters was completed; however, additional calibration is recommended to 
improve the results.  The following are some suggestions for improving the snowmelt calibration: 

 Verify the precipitation totals recorded at the SNOTEL gauges are consistent with the simulated 
precipitation at the sub-basins (see recommendation R1). 

 Verify the ambient temperatures data used in the model and the assumed lapse rate result in 
reasonable temperature variations at each sub-basin (see recommendation R2).  

 Develop an improved regression equation relating SWE and elevation for use in translating historical 
SWE data to individual sub-basins for calibration.  Improvements could include examining SWE on 
a monthly basis, including more SNOTEL sites within the region, and evaluating multiple years of 
data. 

Given the above improvements, additional calibration trials should be performed with comparisons made for 
both high- and low-elevation sub-basins.  Once satisfactory results have been achieved for one full season, at 
least one additional verification run should be completed for a different water year.  

R4: Improve the streamflow calibration.  After the snowmelt calibration has been improved, additional 
calibration of stream discharges should be conducted to improve streamflow estimates.  Given the size and 
complexity of the full Upper Big Butte Creek Basin model, it is likely that a large number of iterative trials will 
be necessary to refine the sub-basin input parameters and achieve a desirable level of calibration.  Therefore, 
it is recommended that a formalized procedure be developed for future calibration efforts.  The following are 
some suggestions for improving the streamflow calibration: 

 Studies and information describing surface/groundwater interactions should be used to refine low 
flow estimates where possible.  For example, observed gaining and/or losing reaches can be 
simulated using the loss/gain methods available in the routing reach elements.  In addition, discharge 
gauges with a discharge time series can be added to the model to simulate observed spring flows over 
time.  
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 Simulation results should be evaluated using a quantitative measure of goodness-of-fit.  For 
streamflow calibration, goodness-of-fit is typically measured using an objective function that 
measures the degree of variation between computed and observed hydrographs.  An example of an 
objective function would be a root-mean-squared (RMS) function, which is the standard root mean 
square of the error between the calculated and observed values. 

 A stepwise optimization procedure should be developed.  This is basically an iterative procedure 
where input parameters are varied through a series of trial runs and is designed to minimize the error 
measured by an objective function.  HEC-HMS has tools that can be used to manage optimization 
trials and help with parameter estimation.  

 Calibration procedures should be performed using observed flow data from several stream gauges.  A 
logical progression would be to calibrate the upstream-most discharge locations first, and then 
progress downstream. 

 Additional calibration should be performed using observed reservoir stage data, which have been 
collected at Willow Lake since 1968.  These data should be compared with calculated reservoir 
storage volumes to determine if the model is accurately representing Willow Lake inflows and 
outflows.  Loss parameters for contributing sub-basins and reservoir releases should be adjusted to 
match the observed reservoir stages. 

Once satisfactory results have been achieved with the optimization procedures, at least one additional 
verification run should be completed for a different time period to check that the results remain satisfactory 
for other time frames.  

R5: Generate flow hydrographs for additional analyses.  After calibration and verification has been 
completed the model could be used to perform long-term simulations to obtain simulated flow hydrographs 
at any node within the stream system.  Long-term flow hydrographs can be used to evaluate streamflows and 
water management alternatives.  Some examples of subsequent analyses include: 

 Flow hydrographs can be analyzed directly for seasonality, variability, flow duration, and flow 
frequency.   

 The long-term flow hydrographs resulting from long-term hydrologic simulations can be used as 
input to an operations model for evaluating various operating scenarios.  An operations model allows 
the user to define rules through feedback loops.  For example, a rule could be set up to release 
additional water from Willow Lake if a downstream tributary is too low. 

 The “UBBC Existing Conditions” basin model could be copied and modified to represent alternate 
scenarios such as pre-developed (i.e., “natural”) conditions or future conditions with additional 
development and/or flow regulation.  
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B I G  B U T T E  F E A S I B I L I T Y  S T U D Y  

4 .  S P I L L W A Y  M O D I F I C A T I O N  E V A L U A T I O N  

The most efficient method to increase the storage capacity of Willow Lake is to increase the crest elevation of 
the spillway.  The ultimate goal of the spillway modification is to increase the volume of water that can be 
stored, while also having enough spillway capacity to allow safe passage of floodwaters.  An additional 
challenge is to increase storage while not decreasing the spillway freeboard and if possible, providing 
additional spillway discharge capacity.  As outlined in the 2004 CH2M HILL memorandum, the Medford 
Water Commission’s (MWC) goal of the improvements is to increase storage by a minimum of approximately 
1,000-acre-feet while increasing the spillway capacity, with the goal of passing the Probable Maximum Flood 
(PMF).  This storage increase goal was used as the general criteria for the studies presented in this report. 

Previous studies (Willow Creek Dam Spillway Modification to Provide Additional Storage Memorandum to Ed Olson, 
Medford Water Commission, 2004) outlined the alternatives considered for potential Willow Creek Dam spillway 
modifications.  Brown and Caldwell has utilized the alternatives outlined in the 2004 memorandum and re-
analyzed them while considering the most current regulation requirements as well as prepared updated costs 
estimates for construction and installation of the modification alternatives deemed to be the most feasible.  

The feasibility of the spillway alternatives were considered with respect to the current requirements of the 
State of Oregon Water Resources Department and costs were provided by Brown and Caldwell with input 
from manufacturers who would provide appurtenances (e.g., movable weirs or gates) that would be required 
to modify the spillway  

4.1 Existing Spillway Conditions 
The existing Dam spillway consists of a fixed, 3-foot-high, concrete weir wall on the slab of the spillway 
chute.  The crest of the spillway is at 3,017 feet.  The 65-foot dam crest is at an elevation of 3,024 feet, 
providing approximately 7 feet of freeboard between the top of the existing dam and spillway crest.  The 
entrance to the spillway chute from the reservoir is approximately 122 feet wide.  Because the spillway’s 
concrete slab is below surrounding Dam crest elevation, the spillway includes concrete sidewalls for 240 feet 
along the length of the spillway chute.  The width of the spillway gradually narrows to about 37 feet at the 
end of the concrete chute.  At the end of the spillway, it discharges into an eroded open cut channel and into 
Willow Creek.  The discharge location provides minimal erosion or energy dissipation. 

The U.S. Army Corps of Engineering (USACE) Phase 1 Inspection Report, July 1979, classified the dam as a 
‘high hazard dam.’  However, it concluded that the Dam was in satisfactory condition to continue operations.  
The maximum capacity of the existing spillway is rated at approximately 7,000 cfs.  According to the 1979 
USACE report, the current spillway capacity would only be capable of passing approximately 50 percent of 
the estimated PMF before overtopping occurs at the crest of the dam.  The USACE estimated the PMF peak 
flow to be approximately 14,500 cfs.  However, since 1979 the methodology to estimate the PMF has been 
adjusted to reflect more conservative PMF calculations.  This more conservative PMF has not been 
calculated, therefore this report will use the PMF provided in the 1979 USACE report as a standard.  A 
revised PMF study may conclude that the spillway is undersized to a greater degree than previously calculated 
in 1979.   
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4.2 Spillway Alternatives 
Table 4-1 presents the five spillway modification alternatives being considered to increase reservoir storage 
for Willow Creek Dam.  These alternatives fall into three categories: Do Nothing (Existing), Fixed Weir 
(Linear, Labyrinth), or Moveable Weir (fusegate, Inflatable Weir).  All spillway alternatives, with the exception 
of the Do Nothing alternative, include raising the concrete walls of the spillway adjacent to the dam crest by 
two to three feet and the removal of the existing linear weir.  The spillway alternatives evaluated in past 
studies also included adding material to the dam for a final elevation of 3,026 feet.  Due to the engineering 
and regulatory complexities and uncertainties associated with the structural modification of an existing dam 
embankment, increasing the elevation of the dam embankment itself was not considered an option in this 
report.  Evaluation of an embankment raise would require extensive existing dam evaluation, feasibility 
studies, seismic studies, regulatory involvement, and detailed engineering design and is beyond the scope of 
this report.  

Any modifications to the existing spillway will trigger review by the Oregon Water Resources Department 
(OWRD) Dan Safety Engineer (State Engineer).  

4.2.1 Existing and Fixed Weir (Do Nothing, Linear and Labyrinth 
Alternatives) 

The existing spillway, the linear, and the labyrinth alternatives all include a concrete fixed weir design with 
finished elevations of 3,017-, 3,019- and 3,020-feet, respectively.  Fixed linear weirs are typically used to 
provide additional storage but, without modifications to a dam’s embankment, will ultimately decrease a dams 
freeboard once installed and decrease the capacity to discharge flood flows.  

Do Nothing (Existing Conditions).  The existing spillway is a fixed concrete linear weir as shown in 
Figure 4-1.  The existing weir was constructed 10 years after the construction of the dam to provide extra 
storage.  The 3-foot-high concrete weir is located across the entire spillway slab and provides a total of 
8,320 acre-feet of storage with a spilling capacity of 7,500 cfs.  Although the USACE concluded that the 
spillway was functional, the capacity was estimated to be 50 percent of the PMF calculated in 1979.  The 
construction of this 3-foot concrete weir has decreased the dam’s original design freeboard from 10 feet 
down to 7 feet, thus decreasing the spillway’s ability to pass the PMF in a timely enough manner to prevent 
overtopping of the dam crest when compared with the dam’s original design.  

 
Figure 4-1.  Existing Linear Weir Spillway 
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Table 4-1.  Spillway Modification Alternatives 
Evaluation criteria 

 
Linear Labyrinth Fusegate Inflatable dam (Preferred option) Additional notes 

General Alternatives Comparison 
   

Crest elevation  3,019 3,020 3,020 3,020 Assumes crest of dam and height of impervious core remains at 3023' 
Storage (acre-feet)  9,100 9,450 9,450 9,450 

 
Storage increase  780 1,130 1,130 1,130 

 
Spillway capacity (cfs) 7,500 8,300 10,700 12,000 12,000 Assumes weir head of 9 feet for the fusegate and inflatable dam alternatives and a weir 

length of approximately 144' 

Comparative 
construction cost. 

N/A N/A1 N/A1 1,620,000 $2,400,000 Costs are for procurement, delivery and construction only, and do not include 
engineerng, permitting and other related costs.  Costs are a Level 4 (planning level) 
estimates. 

Cost per acre-foot N/A N/A N/A 1,434 $2,124 
 

Design Related Evaluation Criteria 
   

Additional Project Costs N/A Engineering, Permitting, Services During Construction.  Additional studies may be required (See notes at right) Freeboard has been reduced from 10 feet (original design) down to 7' when the 
spillway elevation was raised to 3017.  A raise in the form of a fixed weir would reduce 
the amount of freeboard to 4 feet.  Increases risk of overtopping and due to an 
unprotected downstream slope, dam failure during an overtopping event.  The State 
Engineer may require a seismic FEA/seismic study if there is a significant, permanent, 
non-adjustable reduction in freeboard. 

Constructability N/A Traditional Construction - sitework, demo, excavation, concrete formwork 
etc. 

Requires manufacturer input, support etc. Gate 
Procurement, transport of gates/delivery, construction of 
and anchoring to new slab, crane rental and rock anchor 
placement.  Intermediate piers not required.  No telemetry 
or electricity required.  Passive system. 

Requires manufacturer input, support etc. Gate 
Procurement, transport of gates/delivery, construction of 
and anchoring to new slab, crane rental and rock anchor 
placement.  Intermediate piers not required.  Telemetry and 
electricity required.  Control house likely required. 

Fusegate tipping height could be staggared to allow for sequential tipping with respect 
to weir overflow head. 

Emergency reliability N/A N/A High Reliability to Pass Floodwaters - Passive system that 
relies on water level.  Failure in a flood situation unlikely 
and are presented (by the manufacture) to be earthquake 
resistant 

Failure Unlikely - Mechanical parts and electronic control 
systems. Option for manual or automatic control.  Possible 
mechanical or electrical failure could result.  Obermeyer 
style gate protects against ice and debris. 

Seismic stability could pose a risk to Obermeyer Gates (inflatable).  Would require 
investigation to be definitive 

Institutional financial 
feasibility 

N/A TBD - Further studies should be conducted and funding opportunities be explored EPID and MWC to provide input 

O&M costs N/A Minimal (same as current spillway configuration) $5,000 for the first year - $2,500 each year after - Minimal 
O&M required, with the exception of post-extreme event.  
Advertised to have a 100 year design life. Modular design 
allows for changing damaged components without 
replacing whole system. 

$15,000 to $20,000 for the first year to work out the any 
issues immediatly post-construction before the warranty 
period ends.  $10,000 each additional year - Modular 
design allows for changing damaged components without 
replacing whole system.  Weekly, annual and post-event 
inspections and equipment exercise required typical of that 
required for an automatic gate type system, plus electricity. 

Estmiates are based on regular maintenance and don't account for large parts that 
would need to be replaced in the event of a failure or malfunction.  Does not include 
costs to re-right fusegates after a large event.  Manufacturers estimate is $5K for the 
inflatable dam. (Brown and Caldwell believes this estimate is optimistically low).  
Fusegates that tip would have to be replaced.  Damage could occur to the spillway slab 
itself.  Intended for a catastrophic event only.  Owner could incur significant future costs 
if gates need to be replaced.  Hardware alone for Fusegates is approximately $50,000 
each. 

Operational 
considerations and 
flexibility 

None None Custom configuration of various tipping heights possible.  
Passive system, does not require power or monitoring.  For 
flood control only.  Low maintenance requirements and 
their ability to pass normal flows as a service spillway.  The 
gates will tip at prescribed reservoir elevations to pass 
large floods without depending on human intervention 

High degree of flexibility.  Requires control systems and 
human monitoring for proper adjustment and release of 
floodwaters.  Potential to optimize water storage and 
release for a variety of purposes. 

Inflatable dam has infinite flexibility and could prove helpful in carryover storage and 
meeting minimum instream flows.  Fusegates primarly to ward off a catastrophic event 
and aren't designed for operational flexiblity. 

Property 
Impacts/Existing 
Facilities Inundation 

Survey being 
conducted, TBD 

Survey being conducted, TBD Survey completed in Mid November - Estimated Costs TBD 

Safe Passage of 
Floodwater Around Dam 
and associated Risk 

Per USACE Report, 
Existing Fixed Weir 
could overtop dam for 
up to 30 hours. 

High Risk of not passing the PMF - Per USACE 1979 Insepction Report 
and flood routing analysis, Existing Fixed Weir could overtop dam for up 
to 30 hours.  A new PMF Study would need to be routed through a 
revised spillway configuration to verify.  Under current PMF value, 
increasing fixed weir height increases risk of overtopping and dam failure. 

Risk Minimal - This is the primary function of Fusegates.  
Downstream warning system and evacuation plan required. 

Risk Minimal - Providing all equipment operates properly 
and that there is an attendant.  Downstream warning 
system and evacuation plan required.  Remote risk of 
equipment failure could compromise ability to pass 
floodwater. 

Recommend re-evaluation of the PMF and associated reservior and spillway 
performance to more accurately quantify the risks. 
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Table 4-1.  Spillway Modification Alternatives 
Evaluation criteria 

 
Linear Labyrinth Fusegate Inflatable dam (Preferred option) Additional notes 

Additional Studies Likely to be Required and Approximate Costs    
Freeboard Evaluation 
and Impacts 

Risk of not passing 
the PMF 

Risk of not passing the PMF Evaluation would be required of spillway capacity and flood routing of the PFM.  There is potential that these spillway 
configurations could pass the PMF.  Would likely require downstream notification and evacuation.  No operational 
flexibility. 

Freeboard has been reduced from 10 feet (original design) down to 7' when the 
spillway elevation was raised to 3017.  A raise of a fixed weir would bring it down to 4' 
of freeboard.  Increases risk of overtopping and due to an unprotected downstream 
slope, dam failure during an overtopping event. 

PMF Study and Spillway 
Capacity 

Not required Recommended for preferred alternative - Requires calculation of the PMP (Probable Max. Precip), develop runoff model, run hydrologic simulations and perform reservoir routing with the 
preferred spillway configuration. 

Estimated Engineering Costs2 $42,000.  Would recommend before proceeding with 
any alternative with the exception of the "do nothing" alternative. 

Downstream Erosion Not required After evaluating spillway capacity, ensuring proper sizing of energy dissipation facilities to prevent downstream erosion is recommended. Increased flow down the spillway chute would require an erosion evaluation and likely 
implementation of EC measures (e.g. riprap, or stilling basin of some sort).  Estimated 
engineering costs - $25,000 

Dam Failure Inundation 
Mapping 

Not required If the reservoir spillway capacity study finds a risk of overtopping, the downstream flood hazard may require evaluation. Estimated Engineering Costs - $40,000 

Emergency Action Plan 
(EAP 

Not required Dams with Significant or High-Hazard based on downstream flood risk will likely require an EAP.  EAP uses results of the dam failure mapping. Estimated Engineering Costs - $20,000 

Seismic Resistance of 
New Design 
Components and of 
Dam 

Not required Design of any improvements should meet state, local and federal seismic design requirements.  Additionally, a significant reduction in freeboard may trigger a seismic study. A seismic study of the dam itself would be costly.  An estimate of this cost is not known 
at this time. 

O&M Plan  State Engineer will require O&M and Monitoring plans be prepared for the dam. Estimated cost - $15,000 to $25,000 
Notes: 
1. - Capital costs provided by CH2MHill's 2004 memorandum for the four alternatives shown are $270K, $400K, $905K, and $1.2M for the Linear, Labyrinth, Fusegate and Inflatable Dam alternatives respectively. 
2. - All costs for further studies are estimates.  In general, a PMP/PMF study with an EAP and evaluation of downstream erosion potential can range from $85,000 to $130,000 depending on items availability of existing information and the extent of previously conducted studies. 
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Linear Weir Alternative.  The linear weir alternative includes construction of a straight weir wall 5 feet high 
located approximately 20 feet upstream from the existing 3-foot weir.  By relocating the weir upstream of its 
current location, to the wider “mouth” of the spillway, the weir length is increased, which in turn, increases 
the weir’s discharge capacity.  Although this alternative would increase storage by 780 acre-feet, it would only 
increase capacity of the spillway to 8,300 cfs, or 800 cfs more than existing conditions.  This alternative would 
further decrease the freeboard of the dam from its original design freeboard, and would not provide enough 
additional spillway capacity to pass the PMF (1979 value – 14,500 cfs).  This combination of less freeboard 
and a nominal increase in spillway capacity would put the dam at a greater risk of overtopping and 
overtopping related failure.  A plan and sectional view of the linear weir alternative is shown in Appendix B.  

Labyrinth Weir Alternative.  A labyrinth weir design is similar to the linear weir design except it is 
constructed in a zigzag type configuration in plan view.  This zigzag configuration allows for a longer length 
weir to be fit into a shorter linear area.  This increases the spillways capacity to pass flows at lower heads.  
When the head behind the weir becomes higher, the weir behaves more like a broad crested weir and the 
benefit from the zigzag configuration is reduced.  The weir would be installed upstream from the existing 
weir to maximize the labyrinth weir length.  A plan and sectional view of the labyrinth weir alternative is 
shown in Appendix B.  

The longer crest of the Labyrinth Weir increases the capacity of the spillway from 7,500 cfs to 10,700 cfs, 
providing 3,200 cfs more capacity.  Despite this increase in capacity, the spillway would still not meet 
14,500 cfs for the PMF calculated by the USACE in 1979.  During high head events, the discharge will 
become similar to the linear weir configuration.  The 6-foot high concrete labyrinth weir would provide an 
increase in storage of 1,130 acre-feet and therefore meet storage design criteria of 1,000 acre-feet of additional 
storage as outlined by the MWC’s improvement goals.  

The existing spillway’s freeboard has been reduced from 10-feet (original design) to 7 feet when the spillway 
elevation was raised to 3017-feet in 1960.  A raise in the form of a fixed weir would further reduce the 
amount of freeboard to 4 or 5 feet for the labyrinth and linear type weirs, respectively.  This 50 percent 
decrease in freeboard from the dam’s original design freeboard without a significant increase in capacity 
would increase the risk of overtopping the dam.  Due to an unprotected downstream dam embankment 
slope, an overtopping event could lead to a possible complete dam failure.  A significant, permanent, non-
adjustable reduction in freeboard may also require an in-depth seismic study by the State Engineer.  

Due to the decrease in freeboard without the significant increase in spillway capacity to meet the required 
PMF, the existing spillway, the linear weir and the labyrinth weir alternatives are not considered viable 
alternatives for spillway improvements and cost estimations were not prepared.  Both of these alternatives 
significantly increase dam failure risk without a commensurate benefit.  

4.2.2 Moveable Weir (Fusegate and Inflatable Weir) 

Movable crest weirs allow increased operational flexibility as well as the opportunity to provide more storage 
while being able to pass greater flood flows than fixed weirs due to their ability to adjust the freeboard during 
different types of inflow events.  The two movable type weirs evaluated in this report are fusegate and 
inflatable type weirs.  

Fusegate Weir.  The fusegate System is, as patented by Hydroplus, Inc., a non-mechanical spillway control 
system.  It consists of independent free standing units made from steel or concrete set on a spillway weir and 
designed to overturn during extreme flood events when the reservoir level reaches a predetermined elevation.  
In the event of extreme flooding, fusegates overturn sequentially on the downstream side, thus allowing a 
sequential increase in flood discharge which protects the dam from damage.  Due to the labyrinth-shaped 
crests, the fusegate configuration increases the length of the crest and therefore increases the capacity 
spillway.  
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Figure 4-2.  Example of fusegate Units under (left) and over storage capacity (right) 

 

Each fusegate unit consists of three major elements, a water retaining structure or gate, a pressure or base 
chamber on the underside of the gate and an inlet well.  All joints are sealed to ensure a water tight structure.  
To prevent accidental overturning of the units, water will drain from the base chamber through the drain hole 
if the base chamber is accidently filled.  For most high flow events, fusegates operate similar to traditional 
fixed labyrinth weirs and typically will discharging water over the crest of the fusegate unit.  However, during 
extreme flood events, the inlet well will become submerged and will flood the base chamber causing an uplift 
pressure to develop in the chamber.  The uplift pressure, combined with the hydrostatic pressure is sufficient 
to overcome the restraining forces.  This imbalance of forces causes the gates to rotate and overturn.  If the 
water level continues to rise after the first unit overturns additional fusegates will overturn in sequential order, 
thus greatly increasing the spillway’s capacity.  Each fusegate has a particular level in which will trigger 
overturning of the gate, which is determined by the height of the well inlet and the weight of the ballast.  The 
overturning process is depicted graphically in Figure 3.  

 
Figure 4-3.  Diagram depicting how fusegates overturn during large flood events 

 
The fusegate alternative would operate similar to the labyrinth design, except under extreme flood conditions 
when the units would sequentially overturn, thus considerably increasing the capacity of the spillway and 
protecting the dam from overtopping.  The conventional fusegates units are considered to be dispensable 
after overturning.  The owner of the fusegate units would be responsible to replace the overturned units as 
needed to restore the system to pre-flood conditions and will incur all related procurement and construction 
costs.  This is the major disadvantage of the fusegate alternative. 
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The considerable advantages of the fusegate alternative include automatically overturning units which are 
entirely self-operating, do not require any source of power to operate or require complex controls, full-time 
staff, or regular O&M.  Automatic operation results in very minimal required maintenance as compared to 
other mechanical gate systems.  Hydroplus, Inc. completed a detailed technical proposal for the Willow Creek 
Dam Spillway site.  The proposal included a conceptual design of 11 units which were each approximately 
6-foot high, based on the desired storage and capacity, maximum water level and width of the spillway.  The 
complete proposal is included in Appendix C.  The 6-foot fusegate units would add 1,130 acre-feet of storage 
to the dam and increase spillway capacity to 12,000 cfs.  This alternative would meet the storage requirements 
of 1,000 acre-feet of additional storage as outlined by the improvement goals and provide a significant 
increase in spillway capacity over existing conditions, however it would not meet the required capacity of the 
PMF peak flow of 14,500 cfs.  A plan and sectional view of the fusegate weir alternative is shown in 
Appendix B. 

Brown and Caldwell prepared a cost estimate based on the technical proposal from Hydroplus, Inc and 
current construction costs for mobilization and civil work.  The complete cost estimate is included in 
Appendix C.  The total cost of purchasing and installing the fusegate systems is approximately $1,620,000 or 
$1,433 per additional acre-foot of storage.  

Inflatable Weir.  Obermeyer Spillway Gates provide the ability to adjust the crest height with a great degree 
of flexibility and are composed of a row of steel gate panels supported on their downstream side by inflatable 
air bladders.  

This type of spillway technology is able to conform to almost any spillway shape without change to the 
existing spillway profile.  The steel gate panels overhang the reinforced air bladders in all positions to protect 
the air bladders from damage due to ice, logs, or other debris.  The Spillway Gates are attached to the 
foundation structure by anchor bolts which are secured with non-shrink cement grout.  The air bladders are 
designed with several layers including an internal liner, an intermediate layer of KEVLAR and are coated to 
protect the bladder from wear and weathering.  The air bladders are clamped over anchor bolts and 
connected to the air supply pipes.  A more detailed description of the Obermeyer Spillway Gates is included 
in Appendix D.  
 

   
Figure 4-4.  Example of an inflatable weir under (left) and over storage capacity (right) 

 

The most significant advantage of the Obermeyer spillway gates is that height of the gate can be adjusted 
within the system control range by controlling the pressure in the bladders (full inflation to full deflation).  
The standard pneumatic controller provides lake level elevation control, and discharges water appropriately to 
maintain desired elevation through a range of flow conditions.  The control of gate height allows storage at 
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maximum capacity during low flow periods (full inflation) while providing maximum freeboard during high 
flow periods or flood conditions (full deflation).  Additionally, for large gate systems, each air bladder is 
isolated from each other by a check valve.  Therefore, if one air bladder becomes damaged, the rest of the 
gate system will not deflate through the damaged section.  

For the Willow Creek Dam site, the Obermeyer spillway gates would span the length of the spillway slightly 
upstream from the existing spillway as shown the plan and sectional views in Appendix B.  The gates at full 
inflation would be 6 feet high at an elevation of 3,020 feet and be able to provide a maximum storage of 
9,450 acre-feet or 1,130 acre-feet more than existing conditions.  At full deflation the spillway would have a 
capacity of 12,000 cfs.  This alternative would meet the storage requirements of 1,000 acre-feet of additional 
storage as outlined by the improvement goals and provide a significant increase in spillway capacity over 
existing conditions, however it would not meet the required capacity of the PMF peak flow of 14,500 cfs.  

Brown and Caldwell prepared a cost estimate based on a conceptual cost estimate from Obermeyer Hydro, 
Inc. and current construction costs for mobilization and civil work.  The complete cost estimate is included in 
Appendix D.  The total cost of purchasing and installing the Obermeyer spillway gates is approximately 
$2,466,000 or $2,182 per additional acre-foot of storage.  

4.2.3 Preferred Alternative 

A comparative matrix of all alternatives is presented in Table 4-1.  The linear and labyrinth concrete fixed 
weirs would be the lowest cost alternative.  However, they do not provide the required storage.  Additionally, 
these two alternatives would decrease the freeboard while not significantly increasing the spillway capacity 
and add to the risk of dam overtopping and failure.  Although the fusegate would provide the required 
storage and greatly increase the capacity of a spillway during extreme flood conditions, units are costly and 
would need to be replaced after overturning.  This would require civil work and mobilization to restore the 
site to pre-flood conditions.  The Obermeyer spillway gates would provide the required amount of storage 
and is the most expensive alternative.  However, a high degree of flexible operational control can be 
capitalized on during both routine events in order to maximize storage as well as extreme flood events for 
rapid flow release, which makes this technology the preferred alternative.  The preferred alternative would 
need to be reviewed and approved by the State Engineer before design.  Although the State of Oregon Water 
Resources Department would be concerned with freeboard and capacity as discussed above, they may also 
require investigations related to the seismic design, erosion control issues, Emergency Action Plans, and 
environmental and permitting issues associated with the submitted alternative which are discussed in more 
depth in Section 6.  
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5 .  I N U N D A T I O N  A S  A  R E S U L T  O F  S P I L L W A Y  M O D I F I C A T I O N S  

The preferred spillway alternative, Obermeyer spillway gates, includes raising the spillway crest by three 
additional feet above the existing linear weir to a finished elevation of 3,020 feet.  Initial modeling efforts 
included previous recommendations to raise the spillway crest up to 3,023 feet (6-foot raise) as outlined in the 
2004 CH2M HILL memorandum.  As previously explained in this report; alternatives that would require dam 
embankment modifications were not considered feasible and thus the 6-foot raise will no longer be 
considered as a viable alternative for the Willow Creek Dam, however it is shown on the inundation figures to 
compare to the 3-foot raise and will be useful in the future if, for any reason, the dam embankment itself is 
raised or modified.  The modeling results showed that an increase of 3-feet in the elevation of the spillway, 
the perimeter of the Willow Lake will become partially inundated as shown on Figure 1 in Appendix E.  The 
inundation would not cause significant issues as the majority of the lake perimeter is undeveloped.  However, 
the east side of the lake has several private and public structures located in close proximity to the existing lake 
shore.  Figure 2A and 2B, in Appendix E, show the location of three public structures of interest on the east 
side of the lake; Restrooms, the Sewer Lift Station and the Boat Ramp.  Although, the three feet of elevation 
change would encroach on the surrounding areas of these locations, modeling results show water would not 
inundate the structures under normal storage conditions.   

A cost estimate of potential public or private properly loss or structure relocation has not been completed 
during this task.  It is recommended that a detailed cost estimate be completed during pre-design of any 
future selected spillway alternative.  
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6 .  R E G U L A T O R Y  S T A T U S  A N D  I M P A C T S  

The key regulators interested in modifications to the dam include Oregon Water Resources Department 
(OWRD), Jackson County, and the Oregon Department of Fish and Wildlife.  Conversations with these 
agencies are summarized below. 

6.1 Oregon Water Resources Department 
On October 2, 2009, Jim Doane/Brown and Caldwell spoke with the head of dam safety, George Robinson, 
at OWRD to discuss spillway modification alternatives and what required studies will be useful in the future, 
if the dam embankment itself is raised or modified.  If EPID/MWC chooses to continue with design of a 
spillway increase, OWRD will likely ask for a flood routing study of the PMF.  It is unlikely they will request a 
seismic analysis. 

Brown and Caldwell also expects that OWRD will require an Emergency Action Plan and an Operations and 
Maintenance Plan.  These are discussed in more detail below. 

In 2007, Jim Doane met with the then State Engineer, Barry Norris, at Oregon Water Resources Department 
to informally discuss the status and potential for increasing the capacity of Willow Creek Dam (Willis, 2007).   

A summary from these meetings is provided below. 

6.1.1 Emergency Action Plan—Dam Break Analysis 

An Emergency Action Plan (EAP) may be required by OWRD and is based on the consequences of failure, 
not the risk of failure.  For any dam that has homes or human infrastructure downstream, an inundation 
analysis should be done to determine the degree of flooding that would occur if the dam fails.  If this analysis 
indicates significant flooding of homes, schools or any other human habitation, an EAP should be developed 
to properly plan actions in case a dam failure occurs. 

An EAP includes notification flow charts, inundation maps, possible emergency conditions, and preventive 
actions to be taken.  

The purpose of a dam break analysis is to see the extent of inundation downstream and the amount of time it 
takes for the flood waters from a dam break to reach structures downstream.  Willow Creek Dam is currently 
classified as a significant hazard (one step down from a high hazard) and it will likely be reclassified as a high 
hazard dam following the next inspection.  High hazard dams are required to perform a dam break analysis, 
an analysis that has never been undertaken for Willow Creek Dam. 
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The dam break analysis will include a re-evaluation of the Probably Maximum Flood (PMF) that the Army 
Corps of Engineers undertook in 1979.  The new analysis would be based on the current methodology which 
often means a slightly higher flow.  The state will also recommend the following: 

 Development of downstream flood routing to track the depth and timing of any flood event 

 Development of likely failure modes of the dam to be used for the dam failure analysis 

 Development of inundation maps (probably involving two cases of failure—one during a flood and 
one known as the “sunny day” unexpected failure)  

 Development of an EAP for both cases of failure, if there is a risk of loss of life or significant 
property damage caused by a “dam break” 

If changing the spillway height is desired, the approval process starts with MWC proposing an alteration 
including specific proposals and preliminary sketches.  The proposal would then need to be taken to the State 
Engineer for consultation.  The State Engineer would determine what additional information would be 
required before issuing the appropriate permits.  The State staff is very small and as such relies very heavily 
on the advice of the consulting community in these matters.   

Operations and Maintenance Plan 

The state will also ask for an Operations and Maintenance (O&M) plan including the remote monitoring of 
the reservoir level and perhaps other parameters.  It is also likely that the state will require that a monitoring 
plan for the dam be developed.   

Seismic Analysis 

The State Engineer does not appear to be interested in asking for a seismic analysis for the dam as it now 
stands or even if the spillway height is altered.  By not requesting a seismic analysis, the state has substantially 
reduced the cost of the required studies and any required modifications to the structure that could have 
resulted from the seismic analysis.  Seismic analysis is expensive and the results, to a certain extent, are 
unpredictable until the analysis is completed.  Seismic upgrades of existing structures can be very expensive.    

Jackson County 

Jackson County has influence over the site since it is unincorporated by a city.  The tax lots surrounding the 
lake are zoned as “Forest Resource.”  The County’s comprehensive plan designates the land as 
“Forestry/Open Space.”   

Jackson County will require a Type II Floodplain Review and a Letter of Map Revision showing the change in 
flooding.   

Oregon Department of Fish and Wildlife (ODFW) 

Willow Creek is home to cutthroat trout and Rainbow trout (Dan VanDyke, ODFW) which are classified as 
native migratory fish (Oregon Administrative Rules 635-412-0005).  In addition, structural modifications that 
increase storage capacity are classified as construction (OAR 635-412-0005). 
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The construction results in a fish passage trigger event, as defined by Oregon Fish Passage Statutes 509.580 as 
well as OAR 635-415-0005(9)(c).  The structural modification will require the dam owner/operator to address 
fish passage, as described in Oregon Revised Statutes 509.585(4). 

In general, fish passage can be addressed by implementing one of following three strategies: 

 Provide fish passage at the existing facility (dam) 

 Submit a request to seek a fish passage waiver  

 Submit a request to seek a fish passage exemption (most likely not a viable alternative) 

ODFW would most certainly like to see fish passage at the Willow Creek Dam, but the fish passage waiver 
alternative is permissible under Oregon Fish Passage Statutes. 

The waiver option, if EPID/MWC chooses to make this request, will require a mitigation plan (to be 
developed by the applicant) and a subsequent net-benefit analysis to be completed by ODFW Department 
staff.  Fish passage waiver requests in excess of one-mile of accessible fish habitat must be approved by the 
Oregon Fish & Wildlife Commission.  This process can take a minimum of six-months and involves multiple 
reviews as well as public review & comments procedures. 

Oregon Department of State Lands 

Since all water rights are currently in place, a removal/fill permit should not be required according to 
OAR 141-085-0530(2). 
 



 



 

 
7-1 

B I G  B U T T E  F E A S I B I L I T Y  S T U D Y  

7 .  E C O L O G I C A L  I M P A C T S  O F  R E S E R V O I R  E X P A N S I O N  

As a result of the feasibility study, it appears EPID/MWC will not raise the dam at this time.  However, to 
meet OWRD grant requirements per OAR 690-600-0050, Brown and Caldwell completed a preliminary flow 
analysis, alternatives analysis, environmental harm analysis, flow augmentation analysis, and demand analysis 
on impacts from raising the dam using the preferred option.  These analyses were commensurate with the 
level of the overall project.  

The Willow Creek Reservoir currently has a capacity of 8,320 acre-feet.  The analyses provided in this section 
compares existing conditions with potential future conditions.  The future condition is defined as the 
reservoir with an additional capacity of 1,130 acre-feet for a total reservoir capacity of 9,450 acre-feet. 

7.1 Flow Analysis 
Existing reservoir refill graphs from January 1997 through January 2007 were examined to determine how 
1,130 acre-feet of additional storage would affect reservoir storage and flows.  Since there are not additional 
water rights being granted, the additional reservoir storage only changes the flow regime during drought years.  
Water would be released for a longer amount of time and, after the drought, it would take longer for the 
reservoir to refill.   

For example, if the reservoir had 1,130 acre-feet of additional capacity, water could have been released for 
approximately one more month during the 2001 drought, as shown in Figure 5.  In addition, the reservoir 
would take longer to fill after a drought year.   

The purpose of this project is not to provide additional water rights for storage or withdrawal.  MWC has 
rights to 10,000 acre-feet of storage that have not been fully utilized.  However, MWC and the impacts from a 
proposed increase in Willow Creek Reservoir of 1,130 acre-feet for the purpose of storing additional water to 
better withstand drought periods.  
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Willow Lake Reservoir Storage
Existing versus Future Scenario (larger reservoir)
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Figure 7-1.  2001 Drought 

 

7.1.1 By-Pass Flows 

For this report, bypass flows are defined as what goes over the dam spillway and does not include outlet 
release flows.  Once the dam reaches maximum capacity, flows are released over the spillway.  The outlet 
structure releases 2 cfs at all times and, during the summer irrigation season, up to 30 cfs can be released 
through the outlet. 

Under existing conditions, bypass flows occur after the dam has filled to elevation 3,017 feet or at 8,320 acre-
feet of storage.  Under future conditions, bypass flows would occur after the dam has filled to elevation 
3,020 feet or at 9,450 acre-feet of storage. 

Since water rights are not changing, it is expected that the timing and volume of bypass flows will not change 
except for the first year after increasing the weir height and after drought years, as shown in Figure 7-1. 

From December 1996 through Jan 2006, by-pass flows began, on average, by February 5 and ended by 
June 29.   

7.1.2 Optimum Peak Flows 

Peak flows are defined as the maximum flows that are released over the spillway, through the outlet conduit, 
or both at any given time.  This section examines what the peak flows have been over the past 10 years.  
Optimum peak flows for fish or other species are not known at this time. 

Also, it should be noted that future peak flows will be the same as existing peak flows the majority of the 
time.  The exception is when the spillway is first built and after a drought year it will take longer for the 
reservoir to refill than under existing conditions.  Also, water rights are not changing and there will not be 
additional withdrawals over the existing water rights as the result of a reservoir expansion. 

During a drought year, 
the reservoir does not 
completely fill. 
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Peak flows are controlled by the outlet conduit and water that discharges over the spillway once the reservoir 
is at capacity.  The outlet conduit always releases at least 2 cfs and can release up to 30 cfs.  The spillway is 
122 feet wide and will spill any water that rises above the existing weir at the current crest elevation of 
3,017 feet.   

To determine how much water has gone over the spillway in recent history, Brown and Caldwell examined 
data from January 1997 through March 2007.  Reservoir levels are measured on a weekly basis and the 
maximum amount the reservoir dropped in one week was 700 acre-feet, or 50 cfs, from August 13, 2000 
through August 20, 2000.   

Stream flow below Willow Creek dam was measured by a USGS gage until November 1996.  Data from 
January 1, 1952 through November 1996 was examined to determine maximum flows in the Creek.  The dam 
was constructed between July 1951 and November 1952. 

In 1956, on August 17, 18, and 19, flow was measured at 109 cfs.  It is assumed the majority of that flow 
went over the reservoir spillway.  Average flow during that same time period is 5.1 cfs.  Flow data is shown in 
Figure 6. 

An expansion of the existing reservoir by an additional 1,130 acre-feet via a weir rise to an elevation of 
3,020 feet will not affect peak flows the majority of the time.  Under existing conditions, once the reservoir is 
filled, excess water is discharged via the spillway.  This will not change under future conditions.  The 
difference is that after a drought year, the reservoir will take longer to fill and during that time period flows 
that would have been spilled will be used to refill the reservoir. 

Willow Creek Flows below Willow Creek Reservoir
USGS Gage 14335250
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Figure 7-2.  Willow Creek Flows Below Willow Creek Reservoir 
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7.1.3 Flushing Flows 

Flushing flows are defined as flows specifically geared towards cleaning out sediment behind the dam.  
Flushing flows are based on dam operations and usually entail drawing down the reservoir through the outlet 
structure. 

MWC has not implemented special flow management strategies to clean out sediment behind the dam since 
the dam began operation in November 1952.  However, during the summer months, MWC will release water 
as high as 30 cfs to meet the needs of downstream users.   

Flushing flows are not expected to change as a result of increasing the reservoir capacity 1,130 acre-feet. 

7.1.4 Ecological Flows 

Ecological flows are defined as the flows at which sediment transport occurs.  For Western Oregon, the 
lowest flow at which sediment transport occurs has been defined as 42 percent of the 2-year flow by the Geo-
Environmental Section of the Oregon Department of Transportation (October 22, 2008).   

Under existing conditions, MWC always releases a minimum of 2 cfs through the outlet conduit and during 
the irrigation season this can go up to 30 cfs to meet the needs of downstream water users.  This is not 
expected to change under future conditions.   

As previously mentioned, an expansion of the existing reservoir an additional 1,130 acre-feet will not affect 
flows the majority of the time.  Under existing conditions, once the reservoir is filled excess water is 
discharged via the spillway.  This will not change under future conditions.  The difference is that after a 
drought year, the reservoir will take longer to fill than under existing conditions since more water will need to 
be replaced in the reservoir.  Over the last 50 years, there have been 5 droughts.  Therefore, flows are 
expected to stay the same in Willow Creek the majority of the time. 

7.2 Environmental Impacts Analysis 
Willow Creek is home to cutthroat trout and rainbow trout which are native migratory fish.  In addition, 
during ideal conditions, steelhead and Coho salmon are able to make it over Butte Falls and migrate to 
Willow Creek (personal conversation with Dan Van Dyke, October 12, 2009). 

Dan Van Dyke, Rogue Region Fish Biologist for Oregon Department of Fish and Wildlife, stated that 
additional flows in September and October, before the fall rains, would help with Spring Chinook passage 
and spawning.  In addition, more ambient cool water in the spring would help fish populations. 

If reservoir capacity is increased, there will be additional water available to release late in September and 
October.  However, as a result, it could also take longer for the reservoir to fill which would impact the 
potential for early spring releases. 

Increasing reservoir capacity is not expected to affect any water quality parameters, except temperature.  
Following a drought year, there would be additional flow available to reduce temperature in Willow Creek.  
As the reservoir refills, there would always be at least 2 cfs flowing through the reservoir outlet conduit.  
After a drought year, when it takes longer for the reservoir to refill, the expansion is not expected to affect 
temperature since the refilling would take place during the winter and early spring when stream temperature is 
not a concern. 

The increased reservoir capacity would likely inundate wetlands along the southern edges of the reservoir 
when at capacity.  It is expected that wetland mitigation would be part of obtaining a Jackson County Land 
Use permit. 
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If existing and future operations did not change, increasing the reservoir capacity 1,130 acre-feet will only 
change stream flows following a drought year.  Under future conditions with additional reservoir capacity, 
there would be additional carryover water from the previous non-drought year to buffer the drought 
conditions, as shown in Figure 7-1.  As a result, there would be water released from the reservoir later into 
the year, when in prior years there would have been little to no flow.  In addition, once the reservoir begins to 
refill during the autumn and winter, it will take longer for the reservoir to fill and subsequently longer for 
excess water to flow over the spillway.  

7.3 Flow Augmentation Analysis 
As mentioned in the Environmental Impacts Analysis section above, late September and October are critical 
times for early fall Spring Chinook spawning.  As with most streams in Oregon, water from Big Butte Creek 
is fully allocated.  If the reservoir spillway is raised, during a non-drought year there will be 1,130 acre-feet of 
additional water.  A portion of this could be used to augment late season stream flows.   

The purpose of the project is increased reliability for irrigators following a drought year.  Using water for flow 
augmentation will have to be weighed against the reservoir taking additional time to refill and reducing the 
primary purpose of the project provide reliable irrigation water supply.   

If the project moves forward in the future, there should be additional flow augmentation analysis to 
determine the environmental benefit of providing additional flows in September and October versus the 
additional time needed to fill the reservoir.  Quantifying and establishing flow and water temperature goals, 
with the appropriate agencies, e.g., ODFW and DEQ, would allow the agencies to structure a management 
strategy toward meeting them. 

In addition, there will also need to be consideration of how the project will be funded.  Depending on the 
funding mechanism used, there is the potential the funding would require a portion of the flows, for example 
25 percent, be returned to in stream uses.  In other words, if state funding is used for a project to increase 
dam storage by 1000 acre-feet, only 700 of it might be available for use by MWC and EPID.  This is currently 
being debated by the state legislature.  While not currently state statute, it may be in the future.  

7.4 Local Water Demand and Supply Analysis 
MWC completed a Water Management and Conservation Plan in March 2009.  As part of this plan, MWC 
summarized their water supply, water conservation, curtailment plan, and future growth.  MWC’s primary 
source of water is Big Butte Springs, which is supplemented by the Rogue River when demands exceed the 
Big Butte Springs capacity.  In addition, some of the cities served on a wholesale basis have stored water 
rights from the Lost Creek Reservoir.  EPID shares Big Butte Springs water rights with MWC. 

MWC has been engaged in conservation activities for more than fifteen years and will continue to do so in 
the future.  Conservation measures include water audits, metering, rate structure and billing practices, leak 
detection and repair, public education programs, technical and financial assistance programs, fixture 
retrofit/replacement, water reuse/recycling, and other conservation measures. 

Water demand for Medford and the cities it serves on a wholesale basis is expected to continue to increase.  
The Water Management and Conservation Plan estimates that in 2005 the average day demand was 29.2 million 
gallons per day (mgd) and will increase to 45.2 mgd in 2026, 54.4 mgd in 2040, and 64.9 mgd in 2056.   
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To meet these needs, MWC will continue using flows from Big Butte Springs and the Rogue River.  In 
addition, MWC may acquire and convert agricultural natural flow and/or stored water rights; convert 
agricultural water rights appurtenant to MWC-owned land on the Big Butte Springs watershed to municipal 
use; purchase stored water in Lost Creek Reservoir; and implement additional conservation measures. 

This project is not expected to have an impact on MWC’s existing and proposed water supply projects. 
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8 .  A L T E R N A T I V E S  A N A L Y S I S  

The goal of this section is a comparative cost benefit analysis to see if conservation and/or efficiency 
alternatives could be used to offset the need for the reservoir expansion. 

It should be noted that the primary purpose of this project is reliability for the Eagle Point Irrigation District 
(EPID), not additional water rights.  This project will not result in additional water rights.  During drought 
years, the reservoir does not provide sufficient storage to fulfill the existing water rights held by EPID.  By 
expanding the reservoir, additional water would be available during drought years. 

8.1 Alternatives Evaluation 
This report considers the following alternatives: do nothing, increase reservoir capacity by raising the spillway, 
and conservation.  These alternatives are discussed in more detail below. 

Do Nothing  

The Do Nothing alternative is to maintain existing conditions.  Under existing conditions the reservoir is 
filled to 8,320 acre-feet, 320 acre-feet of which is dead storage which always stays above the dam.   

Under existing conditions, when there is a drought Medford Water Commission (MWC) withdraws additional 
water from the Rogue River and treats it at the MWC’s Duff Water Treatment Plant.  EPID operates its 
pumping facilities on Big Butte Creek.  Pumps withdraw water from Big Butte Creek and groundwater that 
seeps into Big Butte Creek.  During good water years, EPID does not pump.  During marginal years, 
pumping is normally required only at the end of the irrigation season.   

Raise the Spillway 

EPID/MWC has examined multiple options for raising the spillway.  As a result of this feasibility study, the 
preferred option is an inflatable weir.  The inflatable weir would raise the spillway 3 feet to an elevation of 
3,020 feet and increase storage capacity 1,130 acre-feet for a total storage of 9,450 acre-feet.   

The additional storage would make it possible to store more water on an annual basis thereby reducing the 
need to pump from Big Butte Creek or the Rogue River during drought years.   

The cost to raise the spillway is estimated at approximately $2.4M not including permitting or required 
mitigation actions, which equates to over $2,000 per acre foot of additional storage. 

Conservation 

EPID serves a high number of small “hobby” type farms.  These farmers normally have full-time 
employment, limited time, and small acres so conservation measures would require significant participation 
for success.   
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During droughts, EPID has lengthened the irrigation rotation schedule up to 42 days.  This helped make 
water available for longer into the growing season, but also affected crop production.  EPID has and 
continues to rehabilitate its distribution system annually though canal lining, piping of critical canal sections 
and other methods to improve the efficiency of its system.  To date approximately 70 percent of its main 
canal has been rehabilitated.  Other methods of conservation used by the district include water audits, piping 
or modifying distribution facilities, as well as EPID’s general policy goal to encourage conservation practices 
by its patrons.  With these conservation measures already in place, it is not anticipated that additional 
measures would provide a significant added benefit.   

8.2 Conclusions 
Due to the expense of raising the dam and the current impracticality of implementing additional conservation 
measures that will have a significant impact, the preferred alternative at this time is the “Do Nothing” 
alternative and maintain the current system. 

 



 

 
 

References 
Willis, Bob. 2007. Willow Creek Dam Status Study. Technical Memorandum prepared by Ed Olson and Jim 
Doane of Brown and Caldwell to Hazel Ellefson, Manager, Eagle Point Irrigation District. 

U.S. Army Corps of Engineers. 1979. Willow Creek Dam, Jackson County, Oregon. Inspected July 24, 1979. 

Medford Water Commission. March 2009. Water Management and Conservation Plan. Prepared by CH2M HILL. 
 



 



 

 

APPENDIX A 

Oregon Water Resources Department  
Contract Requirements 
 



 



 

 
A-1 

A P P E N D I X  A  
O R E G O N  W A T E R  R E S O U R C E S  D E P A R T M E N T  

C O N T R A C T  R E Q U I R E M E N T S  

The state requirements are listed in the Table A1 along with the scope of work agreed to with Oregon Water 
Resources Department (OWRD) to meet the regulatory requirements.  
 

Table A-1.  OWRD Contract Requirements 
Regulations 

(OAR 690-600-0050(2)) Scope of work agreed to with OWRD Section 
a)  Analyses of by-pass, optimum 

peak, flushing and other 
ecological flows of the affected 
stream and the impact of the 
storage project on those flows  

Flow Analysis.  Existing reservoir refill graphs, stream flow data, and other data will 
be reviewed to determine the time of year additional water would be stored and how 
such storage would impact stream flows in the basin. 

Flow Analysis 

b) Comparative analyses of 
alternative means of supplying 
water, including but not limited 
to the costs and benefits of 
conservation and efficiency 
alternatives and the extent to 
which long-term water supply 
needs may be met using those 
alternatives 

Alternatives Analysis.  A comparative cost benefit alternative analysis will be done 
to see if conservation and/or efficiency alternatives could be used to offset the need 
for the expansion storage project. 

Alternatives 
Analysis 

c) Analyses of environmental 
harm or impacts from the 
proposed storage project 

Environmental Harm Analysis.  A general review of any environmental harm shall 
be done on the preferred expansion alternative.  This will include a paper study of 
threatened and endangered species.  Field work is not anticipated at this point in the 
project. 

Environmental 
Impacts 
Analysis 

d) Evaluation of the need for and 
feasibility of using stored water 
to augment in-stream flows to 
conserve, maintain and 
enhance aquatic life, fish life 
and any other ecological values 

Flow Augmentation Analysis.  As with most streams in Oregon, water from Big 
Butte Creek is fully allocated.  This leaves little water to meet the fish and in-stream 
needs of this important spawning and rearing stream.  One of the most critical times 
identified by ODFW is during the early fall Spring Chinook spawning season (late 
September and October).  The tasks identified above could be structured to help 
provide water to Big Butte Creek during this period.  Quantifying and establishing 
flow and water temperature goals would allow the agencies to structure a 
management strategy toward meeting them.  This will be done in consultation with 
the appropriate agencies.  Management strategies, which may include utilizing 
stored water, can then be developed to attempt to meet these goals.   

Flow 
Augmentation 
Analysis 

e) For a proposed storage project 
that is for municipal use, 
analysis of local and regional 
water demand and the 
proposed storage project’s 
relationship to existing and 
planned water supply projects 

Demand Analysis.  Since this project has a municipal component, a review will be 
done to determine the impact this project will have on MWC’s existing and proposed 
water supply projects. 

Demand 
Analysis 
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Alternative Plan and Sectional Figures 
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I. INTRODUCTION 

Willow Creek built in 1940, is an existing dam used for water supply and is located near 
Medford, Oregon. Upon request of Brown and Caldwell, HYDROPLUS INC. has studied the 
potential of the Fusegate System in the scope of increasing the storage capacity of the 
reservoir while increasing the discharge capacity of the existing spillway.  
 
It appears that the use of the Fusegate System at Willow Creek Dam would enable to meet 
the project requirements while avoiding any works undertaken outside the footprint of the 
spillway. The main features of the Fusegate configuration are given in the present technical 
proposal. 
 
The Fusegate System is a patented non mechanical spillway control system. It consists of 
independent free standing blocks made in steel or concrete set on a spillway weir and 
designed to tip-off during extreme flood events when the reservoir level reaches a 
predetermined elevation. The application of this system at Willow Creek dam would allow for a 
progressive and controlled release of the flows for exceptional flood conditions and ultimately 
prevents the dam from being overtopped. 

This revised proposal provides an updated cost for the two alternatives developed in May 
2004.  
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II. TECHNICAL PROPOSAL 

1. BASIC DATA 
The data used to perform the study are extracted from the documents supplied to 
HYDROPLUS and are summarized hereafter for ease of reference: 

MAIN FEATURES OF THE DAM 

• Dam Crest Level :    El 3,026.0-ft 

• Maximum Water Level (MWL):    El 3,025.0-ft 

 

EXISTING SPILLWAY 

• Spillway type:    free overflow 

• Spillway width :    122-ft   

• Spillway crest level:    El 3,014.0-ft 

 

STORAGE CAPACITY  

The storage capacity versus water level is presented in the following table: 

Reservoir level (El-ft) Reservoir area (acre) 

3020 375 

3025 410 
 

HYDROLOGY 

The PMF (peak inflow of 18,999 cfs) hydrograph is given by the following graph: 
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2. HYDROPLUS PROPOSAL 

2.1. PREAMBLE 

The present study is based on the following basic requirements: 

 The 3.0 ft high broad crested weir will be removed, 

 The spillway width will be unmodified. Thus, no disturbance to ground cover and erosion 
during and after construction, 

 No rising of the MWL. The Fusegate alternatives will be engineered in such a way that 
they do not require any modification of the dam crest and do not increase the properties 
and land submerged for the design flood, 

 No Fusegate tip-off until a flood in excess of 35% of the PMF is reached (alternative 1). 

 
Two alternatives have been developed to highlight the potential of the Fusegate System if 
applied at Willow Creek, but other options could be developed in order to: 

• increase the return period for the tipping; 

• enhance the cost effectiveness of the solution. 
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2.2. DESCRIPTION OF THE ALTERNATIVES 

The main features of the alternatives are summarized in the following table: 

 

 
 Unit Alternative 1 Alternative 2 

Spillway sill elevation  El-ft 3,014.0 3,012.9 

Type of Fusegates  Labyrinth  Labyrinth 

Total spillway width  ft 122 122 

Spillway sill width ft 8.0 13.5 

Fusegate crest level El-ft 3,020.0 3,021 

Fusegate height ft 6.0 8.1 

Fusegate width ft 11.09 12.2 

Number of Fusegates ea 11 10 

Lowest tipping level El-ft 3,023.9 3,023.84 

Highest tipping level El-ft 3,024.8 3,024.90 
 

 

The spillway configurations after modification are shown on the following sketches: 

• Alternative1: 

 

 
 
 
 

El 3,020.00-ft 

El 3,014.00-ft 

8-ft 
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Below is the proposed configuration of the Fusegate System. 

 
 

 
 

 

 

• Alternative 2: 

 

 

El 3,021.00-ft 

El 3,012.90-ft 

13.5-ft 
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2.3. FUNCTIONING OF THE SPILLWAY 

The Fusegates would form a watertight barrier enabling the water to be stored up to the 
level of their overspilling crest. Most of the medium to large floods are discharged over the 
Fusegates crest as shown in the following photo. 

 
Photo of Saint Herbot Dam in France; 5 ft high 7.4 ft wide labyrinth Fusegates 

 
However, in case of exceptional floods, the Fusegates would tip off progressively when the 
reservoir reaches predetermined elevations (see the following photo).  

 
A live experiment performed at Saint Herbot Dam to tip one Fusegate by an artificial flood 

 
All the Fusegates would have tipped in case of the PMF event, thus allowing: 

• To safely pass the design flood, 

• To have a progressive release of water during major flood events, 

• To trigger only the tipping of the Fusegate required to safely passing a given flood. 
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2.4. FUSEGATES MATERIAL 

It is proposed to use the following materials for Fusegate construction: 

• Base structure: precast reinforced concrete 

• Superstructure: mild steel with epoxy coating 

• All steel items: mild steel with epoxy coating 

The selection of such materials offers the following benefits: 

• high life expectancy (minimum 100 years for concrete components), 

• minimum maintenance cost,  

• little vulnerability to vandalism, 

• minimum construction duration. 

 
Various projects have been implemented involving similar Fusegates around the world (in 
terms of height or configuration). Some of our references are given here after: 

The 256 pre-cast concrete Fusegates, each 
5-ft high, allow for increasing the storage 
capacity by 20% at Ruti dam (Zimbabwe) 

 

5-ft high Fusegates at Saint Herbot dam 
(France) allow for increasing the spillway 

discharge capacity by 216%. 

The 21.3-ft high labyrinth crested Fusegates 
are used to increase the reservoir storage 
capacity and flood attenuation potential at 

Terminus dam (CA).

21.3-ft high Fusegates made in steel & 
concrete at Shongweni dam (South Africa) 

are used to meet the new design flood 
(300% of the previous discharge capacity)
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2.5. WATER TIGHTNESS SYSTEM 

Vertical and horizontal gaskets are required to span the gap provided between Fusegates 
and to seal the gap between Fusegates and the sill, respectively.  

An EPDM rubber seal of the following specifications is provided to meet these 
requirements. EPDM (Ethylene Propylene Diene Modified) is a synthetic rubber which 
exhibits excellent resistance to acids, water absorption, oxidation, ozone, sunlight aging 
and heat (+145°C to –55°C). 

The typical fixing arrangement is shown on the following drawing: 

 

Specific model testing on similar seals has been undertaken at the Hydroplus technical 
center in Marolles (France). This gasket has been successfully used on more than 50 
projects to date. 
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3. FLOOD ROUTING SIMULATIONS 

3.1. ASSUMPTIONS 

• It has been assumed that, at the beginning of the flood, the reservoir is at the Fusegates’ 
crest elevation. 

• The hydraulic characteristics of the crest of labyrinth crested Fusegates have been 
determined through model tests carried out in reputable laboratories in Europe and in 
the United States. The reports could be forwarded upon request. 

• The discharge over the spillway sill per unit length can be calculated by the following 
formula: 

Q (m3/s) = cd x H3/2 
With H: upstream head (in ft). 

 
in which cd is the discharge coefficient of the spillway sill, which depends on the spillway 
shape and on the upstream conditions.  

At Willow Creek dam, the discharge coefficient is taken as cd = 3.20. 
 

 
 

3.2. FLOOD ROUTING SIMULATIONS 

Results of the flood routing are presented on the following table: 

 

  Alternative 1 Alternative 2 

B
ef

or
e 

1st
 ti

p-
of

f 

Peak inflow 6,679 cfs 4,527 cfs 

% of PMF 35% 24% 

Peak outflow 6,231 cfs 4,194 cfs 

Maximum Water Level El 3,023.89-ft El 3,023.84-ft 

No of units having tipped 0/11 0/10 

PM
F 

Peak inflow 18,999 cfs 18,999 cfs 

Peak outflow 18,013 cfs 18,346 cfs 

Maximum Water Level El 3,026.05-ft El 3,025.10-ft 

No of units having tipped 11/11 10/10 
 

It would be noted that the project requirements are met since: 
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• The PMF is passed below the Maximum Water Level. 

• No Fusegate tipped for floods up to 35% of the PMF (for alternative 1).   

 
For comparison purposes, on our US projects, the magnitude of the flood triggering the first 
Fusegate(s) tip-off is the following: 

• Terminus dam, CA (21.3-ft high Fusegates): 56% PMF 

• Otter Brook dam, NH (9-ft high Fusegates):  55% PMF 

• McClure dam, NM (7-ft high Fusegates):  200 years flood 

• Black Rock dam, NM (8-ft high Fusegates):  100 years flood 

 

3.3. FLOOD HYDROGRAPHS 

The PMF hydrographs generated for each of the options are given hereafter:  

• Alternative 1: 

 
• Alternative 2:  
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4. CONCLUSION 

The application of the Fusegate System at Willow Creek dam enables to increase the 
spillway discharge capacity with high reliability and reduced cost. 

In addition to the engineered safeguards considered, the Fusegate System has valuable 
safety features inherent to the concept: 

• Fusegates overturn automatically, responding to those physical forces acting upon 
them. 

• Fusegates are entirely self-operating and do not require any source of power to 
operate. 

• Only minimal maintenance is required compared to other mechanical gates.  

• Reduced environmental impact potential. 
 

It will be reminded that the Fusegates will be engineered so that no malfunctions could 
lead to a tip-off without any significant flood. Abnormal operating conditions may affect 
the precision of the System but not the reliability of tipping in the event of major flooding. 
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III. HYDROPLUS CONCEPT 

1. FUNCTIONING PRINCIPLE 
The Fusegate System is based on the following 
concept: 
• Fusegates are free-standing units installed side-

by-side on a spillway sill to form a watertight 
barrier. 

• They bear against small abutment blocks set in 
the sill to prevent them from sliding before they 
are required to rotate (under extreme flood 
conditions).  
There is a chamber in the base of each Fusegate, 
with drain holes to discharge incidental inflow 
(due to leaking seals for example). 

An inlet well on the upstream side of the Fusegate 
crest discharges water into the chamber when the 
headwater reaches a predetermined level. (Well lips 
on individual Fusegates are actually set at different 
levels). 

 

During very large floods, water entering the chamber 
over the inlet well causes an uplift pressure to 
develop in the chamber. 

The uplift pressure, combined with the hydrostatic 
pressure (acting from left to right on the adjacent 
diagram) is sufficient to overcome the restraining 
forces and the imbalance causes rotation of the unit 
off the spillway. The Fusegate is then washed away 
clear of the spillway by the flood. 

 

If the water level continues to rise after the first 
breach more Fusegates can rotate, all according to 
pre-determined upstream water levels until eventually 
there are no more units remaining and the spillway is 
free to pass the original maximum design flood. Until 
rotation of the first Fusegate, (for floods of extremely 
low risk of occurrence), the user has the benefit of 
the additional storage. 

Each Fusegate has a different overturning level, 
precisely determined by the height of the water inlet 
and its own unique stability. 
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2. SAFETY FEATURES 

2.1. STABILITY 

The stability of a Fusegate is dependent upon considerations of sliding and overturning. 

- Sliding is prevented by the construction of toe pedestals in the spillway sill. 

- The Fusegate rotates about the downstream edge when the overturning moment exceeds 
the stability moment: 

The overturning moments are caused by the hydrostatic forces and the uplift forces (Uplift 
forces, which act on the Fusegate, are developed in the chamber during large floods feeding 
the well). 

The stability moment is a function of the weight of the Fusegate and the water therein. 

 

 

Fs upstream hydrostatic force 

Fg dead load of the Fusegate 

Fw water load above the Fusegate 

Fd downstream hydrostatic force 

Fuc uplift force within the chamber 

Fud uplift forces under the beams 

 

2.2. OPERATIONAL RELIABILITY AND SAFETY 

 Stability margin 
 

The stability margin of a Fusegate is defined as the difference between the stability and the 
overturning moment for any assumed upstream water level.  

The calculations show that the high stability margins, which are achieved, allow the 
Fusegates for being not likely affected by the impacts of floating debris as well as for 
withstanding quite large earthquakes. 

 Minimum tipping level 
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During a very large flood, the well admits water into the chamber, causing the uplift pressure 
to rise significantly. The Fusegate starts to tilt about the toe pedestals, and the chamber is 
then open to the reservoir, causing a rapid rise in uplift pressure so that the Fusegate finally 
overturns. When it first lifts off the sill, uplift in the chamber cannot exceed a maximum 
pressure, which ranges somewhere between the upstream head and the head along the 
sides of the units. The magnitude of this uplift has been determined by calculation and 
verified by model testing. 

The maximum uplift curve allows for determining the minimum tipping level below which the 
Fusegate cannot overturn. It will be noticed that the alternative is engineered so that this 
level is obtained above the Full Supply Level. 

As long as headwater remains below this minimum tipping level, the Fusegate will not 
overturn even if water enters the chamber through the well accidentally, or if the impact of 
an extremely heavy body causes the upstream edge to lift off the sill momentarily. 

 Critical situation 
 

The safety analyses conducted to investigate the operational reliability of the Fusegates 
consider the following extreme critical situations: 

− Upstream seal completely destroyed 
− Drain holes completely blocked. 

 
These studies highlight that these extremely unlikely cases of malfunctioning would not lead 
to a possible early tip-off. Furthermore, these are entirely theoretical situations, which could 
occur only through willful damage or complete dereliction of the dam inspection and 
maintenance system. 

 
 

3. ADVANTAGES OF THE SYSTEM 

3.1. RELIABILITY OF OPERATION 

The Fusegate System has valuable safety features inherent to the concept and not shared 
by other spillway control systems 

- Fusegates overturn automatically, responding to those physical forces acting upon them. 

- Fusegates are entirely self-operating and do not require any source of power to operate. 

- Only minimal maintenance is required compared to other mechanical gates.  

The minimum tipping level (defined in paragraph 2) constitutes an engineered safeguard 
which is of vital importance for the people living and working downstream of the dam since it 
removes the risk of a sudden downstream artificial flood. 

Besides the normal operating condition, Fusegates are engineered in such a way that no 
malfunction (upstream seal completely destroyed or drain holes completely blocked) could 
lead to a tip-off before water is admitted through the well.  
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3.2. STABILITY AGAINST ABNORMAL LOAD CASES 
 
• Waves, floating debris and impacts 

 
The effect of waves and impacts have been the subject of specific research in reputable 
hydraulic laboratories (such as Utah State University, Tennessee Valley Authority), which 
have demonstrated their minimal incidence on the system. Floating debris are simply 
discharged over the Fusegates crest when sufficient spillage occurs and do not have any 
significant impact on the Fusegate stability 

 
Example of impact of large floating debris (Tennessee Valley Authority) 

 
 
• Ice-affected environments 

 
The effect of ice is examined with reference to tests undertaken in the hydraulic laboratories 
of the National Research Council (NRC) in Newfoundland, Canada and of the Institute of 
Energy Structures in Moscow, Russia. Generally speaking, thermal expansion of ice and ice 
run-off generally has very little influence on the Fusegates stability. 
 
The behavior of the Fusegates in ice-affected environments has been observed on 
Khorobrovskaya dam (Russia). The 4 off 1.80m high Fusegates have successfully withstood 
the pressure of the 0.6m thick ice coat and to the subsequent ice run-off. 

 
Model tests at the NRC Khorobrovskaya in winter 

 
• Earthquake 

 
Seismic effects are examined in each individual project using a pseudo-static approach or a 
finite element analysis if required. However, the stability of the Fusegates is usually 
sufficient to prevent problems induced by earthquakes.  
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The behavior of the Fusegates during major a earthquake has been observed in Gujarat 
State in India that was hit early 2001 by a 7.6 magnitude (on the Richter scale). None of the 
Fusegates installed on the four dams located within a 50 miles radius from the epicenter has 
been affected. 
 
 

3.3. OTHER ADVANTAGES 

 
Unlike most spillway control systems, the construction of the Fusegates themselves can 
often be undertaken in the state where the project takes place and will thus benefit the local 
industry. 
 
The Fusegate System does not involve any chemical product, which could later involve a 
pollution of the river stream (such as oil, paint…). In addition, the construction materials are 
chosen to mitigate the visual impact of the rehabilitation. 
 
The Fusegate massive structure offers little vulnerability to vandalism and, considering their 
high stability margin, to terrorist threat. 
 
The Fusegates will be fabricated in concrete and mild steel. The maintenance and life 
expectancy of the System are therefore optimal. In addition, the Fusegate units do not have 
any moving part and are therefore less subject to wear and tear and to aging. 
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IV. FINANCIAL PROPOSAL 

1. SCOPE OF WORK 
 
It is proposed that Hydroplus Inc. will provide the following services: 

1.1. DETAIL DESIGN 

It includes: 

• Preliminary design report: Mechanical and geometrical definition of the Fusegate 
System, hydraulic studies, stability of the Fusegates in all working scenarios, effect on 
stability of external abnormal load cases such as waves, wind set up, earthquakes, 
impact loading. 

• Project documents: Detail design of the Fusegate System (structural design calculations, 
all necessary detail design drawings for Fusegates fabrication), spillway layout. 

• Maintenance manual: Procedure of inspections to be carried out on the Fusegate 
System (annual inspection, 10 year inspection, inspection after a major flood event) and 
remedial work to be performed if required. 

• Quality control plan. 

 

1.2. FUSEGATE CONSTRUCTION 

It includes: 

• Fabrication and transportation to the dam site of the Fusegates’ base structure (precast 
reinforced concrete), 

• Fabrication and transportation to the dam site of the Fusegates’ superstructure (mild 
steel with epoxy coating), 

• Fabrication and transportation to the dam site of the ballast blocks, 

• Supply and transportation to the site dam of items required for the watertightness 
system. 

 

1.3. TECHNICAL ASSISTANCE 

Hydroplus will provide 10 working days of (2 weeks; expected duration of the installation 
works) technical assistance on site. 
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1.4. EXCLUSION 

The following tasks are excluded from Hydroplus Inc.’s scope of works: 
  
• Assembly of the Fusegates’ superstructure on the base, 

• Installation of all the Fusegates on the spillway sill, 

• Fixing of the watertightness system, 

• Setting of the inlet wells, 

• Installation of the ballast blocks, 

• Any civil works at the dam site related or not to the spillway sill, 

• Specific insurance if required, 

• Federal, state and/or local taxes, bonds. 

 

2. COMMERCIAL PROPOSAL 
Hydroplus Inc. proposes to perform the abovementioned Scope of Works as per the 
following cost breakdown: 

 

Alternative 1 $495,000  
(four hundred ninety five thousand US dollars) 

Alternative 2 $730,000 
(seven hundred and thirty thousand US dollars) 

 

It will be noted that: 

• Prices are budgetary only and are accurate to -/+10%. 

• These prices are valid for a period of 120 days. 
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Estimate Original Issue Date:    NOVEMBER 18 2009
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ALTERNATE 2 FUSE GATES OPTION
WILLOW CREEK DAM

Total w/ Markups
Description Allocated

--- Base Estimate --- 1,617,564

1102 - DEMOLITION
02200 - Site Preparation 200,558
02300 - Earthwork 5,362

1102 - DEMOLITION Total 205,920

1103 - STRUCTURAL
02200 - Site Preparation 12,450
02300 - Earthwork 15,186
03100 - Concrete Forms & Accessories 10,501
03200 - Concrete Reinforcement 144,492
03300 - Cast-In-Place Concrete 86,679
03900 - Concrete Restoration & Cleaning 3,059
05050 - Basic Metal Materials & Methods 56,138

1103 - STRUCTURAL Total 328,504

1104 - MECHANICAL/EQUIPMENT
01590 - Miscellaneous Equipment Rental without operators 134,230
11000 - Equipment 948,911

1104 - MECHANICAL/EQUIPMENT Total 1,083,140

Grand Total 1,617,564
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ALTERNATE 2 FUSE GATES OPTION
WILLOW CREEK DAM

Total
Total Net 

Item Item Description Qty Unit $/Unit Cost $

--- Base Estimate ---

1102 - DEMOLITION 116,750

02200 - Site Preparation

02220310 - Selective Demolition, Cutout

1250 Selective demolition, cutout, concrete, slab on grade, bar reinforced, to 6" thick, 8-16 S.F., 4,800.0 SF 15.0 72,225
excludes loading and disposal

02220330 - Selective Demolition, Dump Charges

9998 Dump Charge, typical small town, fees only, bldg constr mat'ls 22.2 ton 25.0 556

9998 Dump Charge, typical small town, fees only, bldg constr mat'ls 180.0 ton 25.0 4,500

02220360 - Selective Demolition, Saw Cutting

0820 Concrete sawing, concrete walls, rod reinforcing, per inch of depth 2,880.0 LF 8.0 23,033

0820 Concrete sawing, concrete slab, rod reinforcing, per inch of depth 1,680.0 LF 8.0 13,436

Site Preparation Total 113,750

02300 - Earthwork

02315492 - Hauling

0009 Loading Trucks, F.E. Loader, 3 C.Y. 22.2 cuyd 1.7 38

0009 Loading Trucks, F.E. Loader, 3 C.Y. 180.0 cuyd 1.7 311

1070 Cycle hauling(wait, load,travel, unload or dump & return) time per cycle, excavated or borrow, 22.2 L.C.Y. 13.1 291
loose cubic yards, 15 min load/wait/unload, 12 CY truck, cycle 40 miles, 35 MPH, no loading
equipment

11/19/2009 -  7:36AM Page  1 of 9



ALTERNATE 2 FUSE GATES OPTION
WILLOW CREEK DAM

Total
Total Net 

Item Item Description Qty Unit $/Unit Cost $

1070 Cycle hauling(wait, load,travel, unload or dump & return) time per cycle, excavated or borrow, 180.0 L.C.Y. 13.1 2,359
loose cubic yards, 15 min load/wait/unload, 12 CY truck, cycle 40 miles, 35 MPH, no loading
equipment

Earthwork Total 3,000

11/19/2009 -  7:36AM Page  2 of 9



ALTERNATE 2 FUSE GATES OPTION
WILLOW CREEK DAM

Total
Total Net 

Item Item Description Qty Unit $/Unit Cost $

1103 - STRUCTURAL 183,876

02200 - Site Preparation

02260720 - Rock Bolting

2165 Rock bolts, super high-tensile, ASTM A-108, 2" diameter, 10' long 16.0 EA 431.9 6,911

Site Preparation Total 6,911

02300 - Earthwork

02315424 - Excavating, Bulk Bank Measure

0310 Excavating, bulk bank measure, 1/2 C.Y. capacity = 30 C.Y./hour, backhoe, hydraulic, wheel 266.0 B.C.Y. 4.1 1,083
mounted, excluding truck loading

02315492 - Hauling

0009 Loading Trucks, F.E. Loader, 3 C.Y. 266.0 cuyd 1.7 460

1068 Cycle hauling(wait, load,travel, unload or dump & return) time per cycle, excavated or borrow, 266.0 L.C.Y. 7.9 2,092
loose cubic yards, 15 min load/wait/unload, 12 CY truck, cycle 20 miles, 35 MPH, no loading
equipment

02315640 - Utility Bedding

0100 Fill by borrow and utility bedding, for pipe and conduit, crushed stone, 3/4" to 1/2", excludes 90.0 L.C.Y. 53.8 4,838
compaction

Earthwork Total 8,472

03100 - Concrete Forms & Accessories

03110445 - Forms In Place, Slab On Grade

11/19/2009 -  7:36AM Page  3 of 9



ALTERNATE 2 FUSE GATES OPTION
WILLOW CREEK DAM

Total
Total Net 

Item Item Description Qty Unit $/Unit Cost $

3550 C.I.P. concrete forms, slab on grade, depressed, edge, wood, 12" to 24" high, 4 use, includes 525.0 LF 11.3 5,945
erecting, bracing, stripping and cleaning

Concrete Forms & Accessories Total 5,945

03200 - Concrete Reinforcement

03210600 - Reinforcing In Place

0602 Reinforcing steel, in place, slab on grade, #3 to #7, A615, grade 60, incl labor for accessories, 51,463.1 lb 1.0 49,285
excl material for accessories

2000 Reinforcing steel, unload and sort, add to base 28.3 ton 43.2 1,223

2210 Reinforcing steel, crane cost for handling, average, add 28.3 ton 46.8 1,324

2430 Reinforcing steel, in place, dowels, deformed, 2' long, #6, A615, grade 60 360.0 EA 5.3 1,923

2430 Reinforcing steel, in place, dowels, deformed, 2' long, #6, A615, grade 60 5,101.8 EA 5.3 27,252

Concrete Reinforcement Total 81,007

03300 - Cast-In-Place Concrete

03310220 - Concrete, Ready Mix Normal Weight

0300 Structural concrete, ready mix, normal weight, 4000 PSI, includes local aggregate, sand, 300.0 CY 125.0 37,500
Portland cement and water, delivered, excludes all additives and treatments

03310700 - Placing Concrete

4650 Structural concrete, placing, slab on grade, pumped, over 6" thick, includes vibrating, excludes 300.0 CY 22.8 6,834
material

03350300 - Finishing Floors

11/19/2009 -  7:36AM Page  4 of 9



ALTERNATE 2 FUSE GATES OPTION
WILLOW CREEK DAM

Total
Total Net 

Item Item Description Qty Unit $/Unit Cost $

0150 Concrete finishing, floors, manual screed, bull float, manual float, broom finish 5,400.0 SF 0.7 3,902

Cast-In-Place Concrete Total 48,236

03900 - Concrete Restoration & Cleaning

03920600 - Patching Concrete

0010 Patching conc, floor, 1/4'' thick, small areas, two part polymer mix 360.0 sqft 4.8 1,720

Concrete Restoration & Cleaning Total 1,720

05050 - Basic Metal Materials & Methods

05090300 - Chemical Anchors

1435 Chemical anchor, 1" dia x 11-3/4" L, in concrete, brick or stone, incl layout, drilling, threaded rod 360.0 EA 52.6 18,951
& epoxy cartridge

1435 Chemical anchor, 1" dia x 11-3/4" L, in concrete, brick or stone, incl layout, drilling, threaded rod 240.0 EA 52.6 12,634
& epoxy cartridge

Basic Metal Materials & Methods Total 31,585
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ALTERNATE 2 FUSE GATES OPTION
WILLOW CREEK DAM

Total
Total Net 

Item Item Description Qty Unit $/Unit Cost $

1104 - MECHANICAL/EQUIPMENT 590,908

01590 - Miscellaneous Equipment Rental without operators

01590600 - Lifting and hoisting equipment rental without operators

2100B Rent crane truck mount, cable 8x4 drive 90 ton, 15' radius - Rent per day 21.0 days 1,800.0 37,800

2100E Rent crane truck mount, cable 8x4 drive 90 ton, 15' radius - Crew daily cost 21.0 days 1,741.0 36,561

Miscellaneous Equipment Rental without operators Total 74,361

11000 - Equipment

11000100 - Process Equipment

9999 Fuse Gate, complete per quoted price from HydroPLus, not including labor or materials to 1.0 each 495,000.0 495,000
install

9999 Fuse Gate, per HydroPlus labor and materials to install 1.0 each 21,547.0 21,547

Equipment Total 516,547
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ALTERNATE 2 FUSE GATES OPTION
WILLOW CREEK DAM

Category Percent Amount

--- Base Estimate --- Totals

Labor 20.13 % 179,450

Material 66.51 % 592,934

Subcontractor

Equipment 12.80 % 114,094

Other 0.57 % 5,056

User

Net Costs 891,533

Labor Mark-up 15.00 % 26,918

Material Mark-up 10.00 % 59,293

Subcontractor Mark-up 5.00 %

Equipment Mark-up 10.00 % 11,409

Sales tax 7.75 % 54,795

Material Shipping & Handling 2.00 % 9,900

Escalation to Midpoint 2.00 % 17,730

Contractor General Conditions 12.00 % 128,589

Subtotal 1,200,167
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ALTERNATE 2 FUSE GATES OPTION
WILLOW CREEK DAM

Category Percent Amount

Start-up, training, O & M 0.25 % 1,687

Subtotal 1,201,855

Construction Contingency 30.00 % 360,556

Subtotal 1,562,411

Bldg Risk, Liability Auto Ins. 2.00 % 31,248

Subtotal 1,593,659

Bonds 1.50 % 23,905

Subtotal 1,617,564

Total  Estimate 1,617,564

11/19/2009 -  7:36AM Page  9 of 9



 



APPENDIX D 

Obermeyer Gate Supplemental Information 



 



Obermeyer Spillway Gates are manufactured under license under one or more of the following patents: 
U.S. PATENT 4,780,024  U.S. PATENT 5,092,707  U.S. PATENT 5,538,360  U.S. PATENT 5,642,963 
U.S. PATENT 5,709,502  U.S. PATENT 5,713,699  OTHER U.S. AND FOREIGN PATENTS PENDING 

©2003 Obermeyer Hydro, Inc.  -  www.obermeyerhydro.com 

OBERMEYER HYDRO, INC. 
P.O. Box 668 Fort Collins, Colorado 80522 USA 

Tel  970-568-9844    Fax  970-568-9845 
Email: hydro@obermeyerhydro.com    www.obermeyerhydro.com  

 
 

Thank you for your interest in Obermeyer Spillway Gates.  Obermeyer gates offer an economical 
and technologically superior method of spillway control.  Some of the features include: 
 

1. Obermeyer Spillway Gates conform to almost 
any spillway shape without costly changes to the 
existing spillway profile.  

 
2. The rugged steel gate panels overhang the 

reinforced air bladders in all positions.  The gate 
panels protect the air bladders from damage due 
to ice, logs, or other debris. 

 
3. The Obermeyer Spillway Gates are very 

controllable.  Our gates can be set at an infinite number of positions between fully raised 
and fully lowered.  Our standard pneumatic controller provides accurate upstream pond 
control, and discharges water appropriately to maintain upstream pond elevation through a 
full range of flow conditions. 

 
4. Obermeyer Spillway Gates use no high precision parts or bearings.  This allows for easy 

installation and long service life. 
 

5. Obermeyer Spillway Gates use clean, dry, compressed air for actuation.  No hydraulic fluid 
or other contaminates are used. 

 
6. The modular design of Obermeyer Spillway Gates creates a very safe operating system.  

For large gate systems, each air bladder is isolated from the other by means of a check 
valve.  If one air bladder becomes 
damaged, the rest of the gate system 
will not deflate through the damaged 
section. 

 
7. The modular design of Obermeyer 

Spillway Gates simplifies installation 
and maintenance.  The use of individual 
air bladders and gate panels minimizes 
the lifting capacity required for 
installation.  This saves significant time 
and money by reducing the size of 
equipment and manpower needed to 
install the system. 
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8. Obermeyer Spillway Gates are very vandal and damage resistant.  From the upstream 

side, steel panels protect the air bladders in all positions.  Damage due to ice, trees, or 
other debris is nearly impossible from the upstream side.  The air bladders are reinforced 
by multiple plies of polyester of aramid tire fabric.  The use of these types of fabrics, in 
combination with generous thickness of rubber, creates a very bullet and vandal resistant 
air bladder. 

 
9. Obermeyer Hydro utilizes state of the art 

engineering and software packages to insure 
that each gate system design will be safe and 
reliable.  Gate panels and other steel 
components are designed using the latest finite 
element analysis programs. 

 
 

We hope this package answers the questions you 
have regarding Obermeyer Spillwa y Gates.  If you 
have any other questions, please don’t hesitate to 
contact our head office by phone or email.  If you 
desire a site-specific price quote, please refer 
Page 4, Site Specific Details, which lists questions 
asked by our applications engineers when designing a project. 
 
Once again, we appreciate your interest in Obermeyer Spillway Gates and we look forward to 
hearing more about your project. 
 
Sincerely, 
Rob Eckman 
Vice President 
Obermeyer Hydro, Inc. 

 

P.O. Box 668 
Fort Collins, CO 80522 
PH: 970-568-9844 
FX: 970-568-9845 
hydro@obermeyerhydro.com 
http://www.obermeyerhydro.com 
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Introduction 

Obermeyer Spillway Gates are most simply described as a row of steel gate panels supported on 
their downstream side by inflatable air bladders. By controlling the pressure in the bladders, the pond 
elevation maintained by the gates can be infinitely adjusted within the system control range (full 
inflation to full deflation) and accurately maintained at user-selected set points. 

Obermeyer Spillway Gates are patented bottom hinged spillway gates with many unique attributes 
that include: 

• Accurate automatic pond level control even under power failure conditions. 
• Modular design simplifies installation and maintenance. 
• Unlike torque tube type spillway gates, Obermeyer gates are supported for their entire width by 

an 
inflatable air bladder, resulting in simple foundation requirements and a cost effective, 
efficient gate structure. 

• Thin profile efficiently passes flood flows, ice, and debris. 
• Unlike rubber dams, the steel gate panels overhang the air bladder in all positions, protecting 

the bladder from floating logs, debris, ice, etc. 
• No intermediate piers are required. 
• Obermeyer Spillway Gates are a great investment due to increased revenue, decreased 

maintenance, and low cost of installation. 

These features are the result of combining rugged steel gate panels with a resilient pneumatic 
support system. 

The Spillway Gates are attached to the foundation structure by 
anchor bolts which are secured with epoxy or non-shrink cement grout 
as design dictates. The required number of air bladders are clamped 
over the anchor bolts and connected to the air supply pipes. When the 
air bladder hinge flaps are fastened to the gate panels, the installation 
of the strong, durable and resilient crest gate system is complete. 

The individual steel gate panels and air bladders are fabricated in 
widths of five or 10 feet, (1.5 meters or 3 meters for metric 
installations) for systems up to 6.5 (2 meters) high. Systems higher than 6.5 feet (2 meters) use 
various standard width air bladders such that the height/length ratio is less than approximately 1.0. 

The gaps between adjacent panels are spanned by reinforced interpanel 
seals clamped to adjacent gate panel edges. At each abutment, a robust, 
low-friction lip seal is affixed to the gate panel edge. This seal moves 
along the abutment plate, keeping abutment plate seepage to a minimum. 
For installation in cold climates the abutment plates are provided with 
heaters to prevent ice formation. Alternatively, rubber seals may be fixed 
to the abutments or piers which engage when raised. 
 

View of Gate from Downstream  
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Hydraulic Performance 

Obermeyer Spillway Gates provide excellent controllability over a full range of flow rates, 
water elevations and gate positions. 

All gates operating on the same air supply line maintain a uniform crest height. This is because 
any differential lowering of a gate panel relative to others on the same air supply manifold 
causes said gate panel to develop more contact area with its respective air bladder than other 
gate panels. The extra contact area produces a restoring moment that returns said gate panel to 
the same position as the others. 

Vibration due to von Karman vortex shedding does not occur with Obermeyer spillway gates. The 
shape of the system when raised or partially raised causes flow separation to occur only at the 
downstream edge of the gate panels. This favorable condition also occurs when the system is 
operating in a submerged or high tailwater condition; in contrast, rubber dams which due to their 
rounded shape can vibrate destructively as the line of flow separation moves cyclically back and 
forth across the rounded surface of the inflated structure. 

Obermeyer Spillway Gates provide very repeatable positioning relative to inflation pressure and 
headwater level and can be used to precisely measure the flow, as well as control flow. 

Obermeyer Spillway Gates can be operated continuously over a full range of gate positions, 
headwater elevations and tailwater elevations and may be installed within siphon spillways subject 
to extreme water velocities. 
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Installation 

Installation of Obermeyer Spillway Gates is quick and easy. For 
systems up to approximately 4 meters high, the air bladders are 
secured to the spillway with a row of anchor bolts. For system heights 
above 4 meters, an embedded clamp is used to secure the gate system 
to the spillway. The anchor bolts may be embedded in a new spillway or 
may be secured in holes drilled into an existing spillway. The air supply 
lines, which connect to each individual air bladder, can be embedded 
or grouted into a saw slot in the spillway. Surface mounted air supply 
lines may also be used. A typical installation sequence is as follows: 
 
 

1. Place anchor bolts 
2. Install air supply lines 
3. Install abutment plates, if used 
4. Place air bladders over anchor bolts 
5. Secure air bladders to spillway with clamp bars 
6. Connect air supply lines to underside of air bladders 
7. Attach steel gate panels to each air bladder 
8. Attach interpanel seals 
9. Attach restraining straps if used 
10. Attach nappe breakers 
11. Adjust and grout abutment plates or install J seals 
12. Install compressor, drier and controls 
13. Start up system 

Drilling of Anchor Bolt Holes 

Installation of Gate Panels 

Start of Installation     –     Installing Gate Panel     –     Completed Gate 
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Types of Control Systems 

Obermeyer Spillway Gates are supplied with control systems 
in accordance with customer requirements. Each control 
system includes a controlled source of compressed air and a 
means for controlled venting of air from the air bladders. All 
automatic systems also include provision for local manual 
control. Each system includes an air compressor, a receiver 
tank, and required control valves. Most systems, especially 
those subject to freezing conditions, include air driers.  
 
Pneumatic Water Level Control 
The most basic control system uses an all-pneumatic water level controller to automatically 
regulate air bladder pressure in inverse proportion to upstream water level. This system requires 
no electrical power to accurately maintain a constant upstream pool elevation over a full range of 
gate positions and spillway flow rates. This controller is ideally suited to hydroelectric projects 
where a turbine load rejection is often associated with loss of electrical power. This control 
system is also ideal for safety critical flood control projects where flood conditions and extended 
loss of electrical power often occur simultaneously. A bubbler line senses upstream water level. 
The minute amount of air required for the bubbler system is supplied from the air receiver with 
the air stored within the air bladders connected as a backup supply. 

Programmable Controllers 
In many applications, it is desirable to control Obermeyer Spillway Gates with a Programmable 
Controller. A Programmable Controller is ideal for complex schemes such as maintaining precise 
environmentally mandated spillway flows under varying head pond elevation at hydroelectric 
peaking plants. Pre-existing programmable controllers at numerous hydroelectric plants have 
been used to control Obermeyer Spillway Gates, thus reducing the overall cost of the gate 
installation. Conversely, at new projects, an Obermeyer supplied Programmable Controller can 
also serve other control requirements not related to the spillway gates. Programmable Controller 
based systems can be provided with Pneumatic Water Level Controllers as a mechanical 
backup. 

Solar Powered Controls 
Obermeyer Spillway Gates can be supplied with solar powered compressors and control 
systems. Obermeyer Spillway Gates are well suited to solar powered operation because no large 
electric motors are required even on quite large gate installations. Solar powered systems 
normally use 12-volt solar panels, battery and compressor. A programmable controller with 
optional radio modem operates the compressor or vent valves in accordance with water level 
readings or remote control signals. 

Safety Critical Applications 
For relatively small gate installations on large rivers, it is usual to operate all of the air bladders 
on the same pipe or pressure manifold. For large gate installations on narrow populated river 
channels, check valves are used on each air bladder to insure that damage to any one air 
bladder cannot release air from any of the other air bladders. This feature is an important safety 
advantage of Obermeyer Spillway Gates over rubber dams. 

Control System with Touch Panel 
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Independent Operation of Groups of Gates 

At many projects it is desirable to control various sections of the spillway independently. This can 
be accomplished by simply providing separate pipes to each independent section. No 
intermediate piers are required. Applications for this scheme include: 

• Releasing floating debris from near a power plant intake. 
• Concentrating flows to discharge upstream sediment. 
• Minimizing tailwater elevation by releasing excess flow away from the power plant. 
• Providing fishway attraction water in the precise amounts and locations needed. 
• Diverting flows to allow inspection access to the raised portion of a gate system. 

 

 

 

 

 

 

 

 

 

 

 

 

Flow Measurement and Control 
Obermeyer Spillway Gates respond to changes in headwater elevation and internal air pressure 
in a precise and repeatable manner. For any particular gate installation, the flow rate and gate 
crest elevation can be calculated on the basis of the measured up stream pond elevation and the 
controlled air bladder pressure. Flow rates for submerged installations, i.e., installations with 
high tailwater, can be calculated on the basis of upstream and downstream levels and air 
bladder pressure. 
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Gate Panels  
 
Gate panels are made from high strength steel plate 
that is epoxy coated or galvanized in accordance with 
customer preference. Stainless steel gate panels 
may be supplied on request. Gate panels for systems 
less than 1 meter high are made from a flat plate that 
is bent to conform to the spillway shape when in the 
lowered position. A small amount of additional 
curvature of the gate panel profile is provided to allow 
space for the deflated air bladder when the gate 
panels are fully lowered. Gate panels for systems 
higher than 1 meter are provided with stiffening ribs 
running parallel to the direction of flow. The ribs 
provide strength without obstruction of flow. A high 
degree of torsional rigidity is not required because of 
the uniform support of the gate panels by the air 
bladders. For the same design stress level, the gate 
panels are much lighter, less costly and less 
restrictive to water flow compared to gate panels for 
hydraulically or mechanically operated gates. 
 

Gate panels are provided with a row of threaded studs near the pivot edge to which the hinge flap 
is clamped. Similar threaded studs are provided at the right and left edges of each gate panel for 
sealing to the adjacent gate panels or to the abutments. 

The outermost ribs on each 
gate panel are provided with 
lifting holes. The 
upper/downstream edge of 
each gate panel features 
holes or studs for the 
attachment of nappe 
breakers. For installations 
that utilize restraining straps, 
holes or studs are provided 
for attaching the restraining 
straps to each gate panel. 

The upstream/lower edge of 
each gate panel features a 
smooth rounded surface for 
transferring a reaction load 
to the air bladder and hinge 
flap. 
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Air Bladders  

Air bladders are designed and manufactured by methods similar 
to those used in the manufacture of automotive tires. A butyl 
rubber inner liner provides excellent air retention 
characteristics. A intermediate layer of high tensile strength 
rubber compounds containing multiple plies of polyester or 
arimid tire cord reinforcement, e.g. DuPont KEVLAR ® fiber,   
provide the mechanical strength needed to contain the internal 
pressure. A cover compound utilizing aging and ozone resistant 
polymers such as EPDM is used to protect the bladder from 
wear and weathering. 

Air bladders for systems of less than 2 meters in height 
incorporate integral hinge flaps to which the gate panels are 
attached. Systems higher than 2 meters utilize separate hinge 
flaps which utilize the same high strength tire cord construction 
as the inflatable portion of the air bladders. No mechanical 
hinges are used. 
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Comparison Chart 
 

Obermeyer Spillway Gates vs. Rubber Dams 
 

Advantages of Obermeyer Spillway Gates: Disadvantages of Rubber Dams: 

Precise control of upstream elevation over 
a full range of headwater elevations and 
gate positions 

The inflatable membrane is exposed 
directly to ice and debris 

Unlimited spans can be installed without 
intermediate piers 

Allowable overtopping is limited by vortex 
shedding induced by vibration 

Steel panels provide robust protection 
from debris damage 

Replacement at an entire span is required if 
damage cannot be repaired 

Vertical abutments provide maximum 
discharge capacity and reduced civil costs 

Discharge along crest is non-uniform when 
partially inflated 

Modular design reduces maximum 
required crane capacity  

Modular design allows change out of any 
damaged components without requiring 
whole system replacement.  This 
dramatically reduces life cycle cost and 
limits any downtime 

 

Check valve isolation of individual air 
bladders maximizes public safety by 
dramatically limiting unintended flows 
which could result from air loss 

 

Obermeyer Spillway Gates can provide 
precise flow data and flow control  
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Site Specific Details Questionnaire 

The following information should be supplied to Obermeyer Hydro, Inc. to facilitate the design of a 
Spillway Gate System: 

1. Is the proposed gate installation on an existing dam or a proposed dam? 

What is the proposed:         Length? ____________________________ 

Height? ____________________________ 

Fixed crest elevation? ____________________________ 

Top of Gate elevation? ____________________________ 

Tailwater Rating Curve? ____________________________ 

Upstream streambed elevation? ____________________________ 

Downstream streambed elevation? ____________________________ 

2. If this is a new dam, is it founded on bedrock or sand, gravel, clay, etc.? 

3. What existing features such as piers, abutments, intakes, exist? 

4. What is the desired function and purpose of the proposed gate structure? 

5. Local Regulations, such as national electrical codes: 

6. Anticipated debris flow: 

7. Climate description including minimum and maximum temperature and humidity. Ice 
conditions if applicable. 

8. Control System functions required? Automatic upstream level control, diversion flow 
control, etc. 

9. Control system power source, 1 phase, 3 phase, solar, etc.?  

10. Required inflation and deflation time of bladders: 
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ALTERNATE 1 INFLATABLE WEIR OPTION
WILLOW CREEK DAM

Total w/ Markups
Description Allocated

--- Base Estimate --- 2,465,857

1101 - CIVIL/SITE WORK
02300 - Earthwork 46,879
02900 - Planting 1,447

1101 - CIVIL/SITE WORK Total 48,326

1102 - DEMOLITION
02200 - Site Preparation 200,558
02300 - Earthwork 5,362

1102 - DEMOLITION Total 205,920

1103 - MECHANICAL/EQUIPMENT
01590 - Miscellaneous Equipment Rental without operators 63,919
06600 - Plastic Fabrications 24,226
11000 - Equipment 1,760,199
15100 - Building Services Piping 9,484

1103 - MECHANICAL/EQUIPMENT Total 1,857,828

1104 - STRUCTURAL
02200 - Site Preparation 12,696
02300 - Earthwork 15,657
03100 - Concrete Forms & Accessories 10,926
03200 - Concrete Reinforcement 145,976
03300 - Cast-In-Place Concrete 87,944
03900 - Concrete Restoration & Cleaning 3,059
05050 - Basic Metal Materials & Methods 53,331

1104 - STRUCTURAL Total 329,590

1105 - ELECTRICAL
16000 - Electrical and Instrumentation 24,194

1105 - ELECTRICAL Total 24,194

Grand Total 2,465,857
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ALTERNATE 1 INFLATABLE WEIR OPTION
WILLOW CREEK DAM

Total
Total Net 

Item Item Description Qty Unit $/Unit Cost $

--- Base Estimate ---

1101 - CIVIL/SITE WORK 27,005

02300 - Earthwork

02315120 - Backfill, Structural

2420 Backfill, structural, common earth, 80 H.P. dozer, 300' haul 1,480.0 L.C.Y. 3.3 4,901

02315310 - Compaction, General

7540 Compaction, 4 passes, 24" wide, 6" lifts, walk behind, vibrating roller 1,480.0 E.C.Y. 4.0 5,892

02315510 - Fill By Borrow

0020 Fill by borrow and utility bedding, borrow, for embankments, 1 mile haul, spread, by dozer 1,480.0 L.C.Y. 10.4 15,404

Earthwork Total 26,196

02900 - Planting

02920320 - Seeding, Athletic Fields

0200 Seeding athletic fields, seeding athletic field mix with mulch and fertilizer, 8 lb. per M.S.F., hydro 20.0 Msf 40.4 809
or air seeding

Planting Total 809
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ALTERNATE 1 INFLATABLE WEIR OPTION
WILLOW CREEK DAM

Total
Total Net 

Item Item Description Qty Unit $/Unit Cost $

1102 - DEMOLITION 116,750

02200 - Site Preparation

02220310 - Selective Demolition, Cutout

1250 Selective demolition, cutout, concrete, slab on grade, bar reinforced, to 6" thick, 8-16 S.F., 4,800.0 SF 15.0 72,225
excludes loading and disposal

02220330 - Selective Demolition, Dump Charges

9998 Dump Charge, typical small town, fees only, bldg constr mat'ls 22.2 ton 25.0 556

9998 Dump Charge, typical small town, fees only, bldg constr mat'ls 180.0 ton 25.0 4,500

02220360 - Selective Demolition, Saw Cutting

0820 Concrete sawing, concrete walls, rod reinforcing, per inch of depth 2,880.0 LF 8.0 23,033

0820 Concrete sawing, concrete slab, rod reinforcing, per inch of depth 1,680.0 LF 8.0 13,436

Site Preparation Total 113,750

02300 - Earthwork

02315492 - Hauling

0009 Loading Trucks, F.E. Loader, 3 C.Y. 22.2 cuyd 1.7 38

0009 Loading Trucks, F.E. Loader, 3 C.Y. 180.0 cuyd 1.7 311

1070 Cycle hauling(wait, load,travel, unload or dump & return) time per cycle, excavated or borrow, 22.2 L.C.Y. 13.1 291
loose cubic yards, 15 min load/wait/unload, 12 CY truck, cycle 40 miles, 35 MPH, no loading
equipment
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ALTERNATE 1 INFLATABLE WEIR OPTION
WILLOW CREEK DAM

Total
Total Net 

Item Item Description Qty Unit $/Unit Cost $

1070 Cycle hauling(wait, load,travel, unload or dump & return) time per cycle, excavated or borrow, 180.0 L.C.Y. 13.1 2,359
loose cubic yards, 15 min load/wait/unload, 12 CY truck, cycle 40 miles, 35 MPH, no loading
equipment

Earthwork Total 3,000
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ALTERNATE 1 INFLATABLE WEIR OPTION
WILLOW CREEK DAM

Total
Total Net 

Item Item Description Qty Unit $/Unit Cost $

1103 - MECHANICAL/EQUIPMENT 1,011,487

01590 - Miscellaneous Equipment Rental without operators

01590600 - Lifting and hoisting equipment rental without operators

2100B Rent crane truck mount, cable 8x4 drive 90 ton, 15' radius - Rent per day 10.0 days 1,800.0 18,000

2100E Rent crane truck mount, cable 8x4 drive 90 ton, 15' radius - Crew daily cost 10.0 days 1,741.0 17,410

Miscellaneous Equipment Rental without operators Total 35,410

06600 - Plastic Fabrications

06621000 - Fiberglass Fabrications

0010 Fiberglass pre-fab housing unit, 8'x8'x8' h, complete with lighting, fan and unit heater. 1.0 sqft 13,436.5 13,437

Plastic Fabrications Total 13,437

11000 - Equipment

11000100 - Process Equipment

9999 Inflatable weir, complete per quoted price from Obermeyer hydro, not including labor or 1.0 each 940,000.0 940,000
materials to install

9999 Inflatable weir, per Obermeyer Hydro, labor or materials to install 1.0 each 17,350.7 17,351

Equipment Total 957,351

15100 - Building Services Piping

15107920 - Pipe, Stainless Steel
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ALTERNATE 1 INFLATABLE WEIR OPTION
WILLOW CREEK DAM

Total
Total Net 

Item Item Description Qty Unit $/Unit Cost $

2060 Pipe, stainless steel, butt weld, 1/2" diameter, schedule 10, type 304, includes weld joint and 300.0 LF 11.5 3,447
clevis type hangers 10' OC

15107960 - Pipe Fittings, Stainless Steel

2040 Elbow, 90 Deg., stainless steel, long, butt weld, 1/2", schedule 10, type 304, includes the weld 24.0 EA 62.1 1,489
machine

15110800 - Valves, Stainless Steel

1630 Valves, stainless steel, ball, threaded, 1/2" 6.0 EA 58.8 353

Building Services Piping Total 5,290
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ALTERNATE 1 INFLATABLE WEIR OPTION
WILLOW CREEK DAM

Total
Total Net 

Item Item Description Qty Unit $/Unit Cost $

1104 - STRUCTURAL 184,501

02200 - Site Preparation

02220330 - Selective Demolition, Dump Charges

9999 Dump Charge, typical urban city, fees only, bldg constr mat'ls 4.9 ton 33.0 163

02260720 - Rock Bolting

2165 Rock bolts, super high-tensile, ASTM A-108, 2" diameter, 10' long 16.0 EA 431.9 6,911

Site Preparation Total 7,074

02300 - Earthwork

02315120 - Backfill, Structural

4420 Backfill, structural, common earth, 200 H.P. dozer, 300' haul 1.2 L.C.Y. 2.4 3

02315310 - Compaction, General

7500 Compaction, 2 passes, 24" wide, 6" lifts, walk behind, vibrating roller 1.1 E.C.Y. 2.0 2

7520 Compaction, 3 passes, 24" wide, 6" lifts, walk behind, vibrating roller 2.7 E.C.Y. 3.0 8

7540 Compaction, 4 passes, 24" wide, 6" lifts, walk behind, vibrating roller 2.7 E.C.Y. 4.0 11

02315424 - Excavating, Bulk Bank Measure

0310 Excavating, bulk bank measure, 1/2 C.Y. capacity = 30 C.Y./hour, backhoe, hydraulic, wheel 266.0 B.C.Y. 4.1 1,083
mounted, excluding truck loading

02315492 - Hauling

0009 Loading Trucks, F.E. Loader, 3 C.Y. 266.0 cuyd 1.7 460
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ALTERNATE 1 INFLATABLE WEIR OPTION
WILLOW CREEK DAM

Total
Total Net 

Item Item Description Qty Unit $/Unit Cost $

0009 Loading Trucks, F.E. Loader, 3 C.Y. 4.9 cuyd 1.7 9

1068 Cycle hauling(wait, load,travel, unload or dump & return) time per cycle, excavated or borrow, 266.0 L.C.Y. 7.9 2,092
loose cubic yards, 15 min load/wait/unload, 12 CY truck, cycle 20 miles, 35 MPH, no loading
equipment

4498 Cycle hauling(wait, load,travel, unload or dump & return) time per cycle, excavated or borrow, 4.9 L.C.Y. 5.7 28
loose cubic yards, 25 min load/wait/unload, 20 CY truck, cycle 20 miles, 45 MPH, no loading
equipment

02315610 - Excavating, Trench

0060 Excavating, trench or continuous footing, common earth, 1/2 C.Y. excavator, 1' to 4' deep, 5.3 B.C.Y. 6.2 33
excludes sheeting or dewatering

0060 Excavating, trench or continuous footing, common earth, 1/2 C.Y. excavator, 1' to 4' deep, 0.6 B.C.Y. 6.2 4
excludes sheeting or dewatering

02315640 - Utility Bedding

0100 Fill by borrow and utility bedding, for pipe and conduit, crushed stone, 3/4" to 1/2", excludes 90.0 L.C.Y. 53.8 4,838
compaction

0100 Fill by borrow and utility bedding, for pipe and conduit, crushed stone, 3/4" to 1/2", excludes 3.1 L.C.Y. 53.8 167
compaction

Earthwork Total 8,735

03100 - Concrete Forms & Accessories

03110445 - Forms In Place, Slab On Grade

3050 C.I.P. concrete forms, slab on grade, edge, wood, 7" to 12" high, 4 use, includes erecting, 48.0 sfca 5.0 241
bracing, stripping and cleaning

3550 C.I.P. concrete forms, slab on grade, depressed, edge, wood, 12" to 24" high, 4 use, includes 525.0 LF 11.3 5,945
erecting, bracing, stripping and cleaning
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ALTERNATE 1 INFLATABLE WEIR OPTION
WILLOW CREEK DAM

Total
Total Net 

Item Item Description Qty Unit $/Unit Cost $

Concrete Forms & Accessories Total 6,185

03200 - Concrete Reinforcement

03210600 - Reinforcing In Place

0602 Reinforcing steel, in place, slab on grade, #3 to #7, A615, grade 60, incl labor for accessories, 719.3 lb 1.0 689
excl material for accessories

0602 Reinforcing steel, in place, slab on grade, #3 to #7, A615, grade 60, incl labor for accessories, 110.7 lb 1.0 106
excl material for accessories

0602 Reinforcing steel, in place, slab on grade, #3 to #7, A615, grade 60, incl labor for accessories, 51,463.1 lb 1.0 49,285
excl material for accessories

2000 Reinforcing steel, unload and sort, add to base 0.4 ton 43.2 18

2000 Reinforcing steel, unload and sort, add to base 28.3 ton 43.2 1,223

2210 Reinforcing steel, crane cost for handling, average, add 0.4 ton 46.8 19

2210 Reinforcing steel, crane cost for handling, average, add 28.3 ton 46.8 1,324

2430 Reinforcing steel, in place, dowels, deformed, 2' long, #6, A615, grade 60 360.0 EA 5.3 1,923

2430 Reinforcing steel, in place, dowels, deformed, 2' long, #6, A615, grade 60 5,101.8 EA 5.3 27,252

Concrete Reinforcement Total 81,839

03300 - Cast-In-Place Concrete

03310220 - Concrete, Ready Mix Normal Weight

0300 Structural concrete, ready mix, normal weight, 4000 PSI, includes local aggregate, sand, 3.6 CY 125.0 444
Portland cement and water, delivered, excludes all additives and treatments
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ALTERNATE 1 INFLATABLE WEIR OPTION
WILLOW CREEK DAM

Total
Total Net 

Item Item Description Qty Unit $/Unit Cost $

0300 Structural concrete, ready mix, normal weight, 4000 PSI, includes local aggregate, sand, 0.4 CY 125.0 49
Portland cement and water, delivered, excludes all additives and treatments

0300 Structural concrete, ready mix, normal weight, 4000 PSI, includes local aggregate, sand, 300.0 CY 125.0 37,500
Portland cement and water, delivered, excludes all additives and treatments

03310700 - Placing Concrete

4650 Structural concrete, placing, slab on grade, pumped, over 6" thick, includes vibrating, excludes 3.6 CY 22.8 81
material

4650 Structural concrete, placing, slab on grade, pumped, over 6" thick, includes vibrating, excludes 0.4 CY 22.8 9
material

4650 Structural concrete, placing, slab on grade, pumped, over 6" thick, includes vibrating, excludes 300.0 CY 22.8 6,834
material

03350300 - Finishing Floors

0150 Concrete finishing, floors, manual screed, bull float, manual float, broom finish 168.0 SF 0.7 121

0150 Concrete finishing, floors, manual screed, bull float, manual float, broom finish 5,400.0 SF 0.7 3,902

Cast-In-Place Concrete Total 48,941

03900 - Concrete Restoration & Cleaning

03920600 - Patching Concrete

0010 Patching conc, floor, 1/4'' thick, small areas, two part polymer mix 360.0 sqft 4.8 1,720

Concrete Restoration & Cleaning Total 1,720

05050 - Basic Metal Materials & Methods

05090300 - Chemical Anchors
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ALTERNATE 1 INFLATABLE WEIR OPTION
WILLOW CREEK DAM

Total
Total Net 

Item Item Description Qty Unit $/Unit Cost $

1435 Chemical anchor, 1" dia x 11-3/4" L, in concrete, brick or stone, incl layout, drilling, threaded rod 360.0 EA 52.6 18,951
& epoxy cartridge

1435 Chemical anchor, 1" dia x 11-3/4" L, in concrete, brick or stone, incl layout, drilling, threaded rod 210.0 EA 52.6 11,055
& epoxy cartridge

Basic Metal Materials & Methods Total 30,006
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ALTERNATE 1 INFLATABLE WEIR OPTION
WILLOW CREEK DAM

Total
Total Net 

Item Item Description Qty Unit $/Unit Cost $

1105 - ELECTRICAL 15,000

16000 - Electrical and Instrumentation

16000000 - Electrical and Instrumentation

0001 Electrical and Instrumentation Subcontract 1.0 lsum 15,000.0 15,000

Electrical and Instrumentation Total 15,000
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ALTERNATE 1 INFLATABLE WEIR OPTION
WILLOW CREEK DAM

Category Percent Amount

--- Base Estimate --- Totals

Labor 14.02 % 189,984

Material 78.59 % 1,064,625

Subcontractor 1.11 % 15,000

Equipment 5.90 % 79,915

Other 0.39 % 5,219

User

Net Costs 1,354,742

Labor Mark-up 15.00 % 28,498

Material Mark-up 10.00 % 106,462

Subcontractor Mark-up 5.00 % 750

Equipment Mark-up 10.00 % 7,991

Sales tax 7.75 % 88,702

Material Shipping & Handling 2.00 % 18,841

Escalation to Midpoint 2.00 % 26,990

Contractor General Conditions 12.00 % 195,957

Subtotal 1,828,934
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ALTERNATE 1 INFLATABLE WEIR OPTION
WILLOW CREEK DAM

Category Percent Amount

Start-up, training, O & M 0.25 % 3,204

Subtotal 1,832,139

Construction Contingency 30.00 % 549,642

Subtotal 2,381,780

Bldg Risk, Liability Auto Ins. 2.00 % 47,636

Subtotal 2,429,416

Bonds 1.50 % 36,441

Subtotal 2,465,857

Total  Estimate 2,465,857
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APPENDIX E 

Inundation Figures 
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FIGURE 1:
Willow Creek Dam, Overview Map of Inundation
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FIGURE 2A:
Willow Creek Dam, Inundation Locations



 



A. Existing restroom facility with 3-foot change B. Existing existing sewer station with 3-foot change
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FIGURE 2B:

Willow Creek Dam, Inundation Locations, Site Photos

C. Existing boat launch with 3-foot change
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Modeling Technical Memorandum 



 



Limitations: 
This document was prepared solely for Eagle Point Irrigation District in accordance with professional standards at the time the services were performed and in 
accordance with the contract between Eagle Point Irrigation District and Brown and Caldwell. This document is governed by the specific scope of work authorized 
by Eagle Point Irrigation District; it is not intended to be relied upon by any other party except for regulatory authorities contemplated by the scope of work. We 
have relied on information or instructions provided by Eagle Point Irrigation District and other parties and, unless otherwise expressly indicated, have made no 
independent investigation as to the validity, completeness, or accuracy of such information.  
 

 Memorandum  
6500 SW Macadam Avenue, Suite 200 
Portland, Oregon 97239 
Tel: (503) 244-7005 
 
 
 
DATE:    January 15, 2010 

SUBJECT:    Summary of Upper Big Butte Creek Basin Modeling 

PROJECT:   Willow Lake/Big Butte Creek Enhancement Project (Project. No. 136901) 

TO:    Ed Olson, Brown and Caldwell  
  Mike Prett, Brown and Caldwell 

FROM:    Nathan Foged, Brown and Caldwell 

 

1 .  U P P E R  B I G  B U T T E  C R E E K  H Y D R O L O G Y  M O D E L  

Big Butte Creek is a major tributary to the Rogue River located in southwest Oregon (see Figure 1-1). The 
two primary water rights holders in the Big Butte Creek watershed are Eagle Point Irrigation District (EPID) 
and Medford Water Commission (MWC). EPID diverts water from the upper portion of the Big Butte Creek 
watershed to serve approximately 8,000 
acres of irrigated land in the adjacent Little 
Butte Creek watershed. MWC uses water 
from the Big Butte Creek watershed as part 
of its domestic water supply for more than 
130,000 people in and around the City of 
Medford.  

EPID and MWC store water in Willow 
Lake (reservoir) to help manage water in 
the basin to meet demands. However, even 
with Willow Lake, recent droughts have 
made it difficult to meet water demands 
and has resulted in reduced in-stream flows. 
In response, EPID and MWC contracted 
Brown and Caldwell (BC) to conduct the 
Willow Lake/Big Butte Creek 
Enhancement Project (Project). 

One of the main tasks of the Project is to develop a surface water hydrology model for use in estimating 
streamflows and evaluating potential future conditions. This section describes the development of the model, 
initial calibration and verification runs, and recommendations for further development.  

 
Figure 1-1. Location of the Big Butte Creek Watershed in Southwest Oregon 
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1.1.1 Study Area 

The Big Butte Creek watershed covers approximately 247 square miles (CES, 2006). The land is rural and 
largely undeveloped with the exception of some timber harvesting and the town of Butte Falls, which has a 
population of approximately 439 (U.S. Census Bureau, 2000). The town of Butte Falls, and the waterfall for 
which it is named, are located approximately 12 miles upstream from the confluence of Big Butte Creek and 
the Rogue River.  

Both EPID and MWC obtain their water from the upper portion of the Big Butte Creek watershed in the 
vicinity of Butte Falls. MWC collects and transfers water from Big Butte Springs, located approximately 5 
miles southeast Butte Falls. EPID diverts water from the South Fork Big Butte Creek, just a few hundred feet 
downstream of the waterfall. EPID also diverts water from Big Butte Creek about one mile northwest of 
Butte Falls, just downstream of the confluence of the North Fork and South Fork of Big Butte Creek.  

This study will focus only on the upper portion of the Big Butte Creek watershed where EPID and MWC 
obtain their water. The drainage basin contributing to EPID’s downstream-most diversion will be defined as 
the Upper Big Butte Creek Basin, which covers 178.7 square miles (approximately 72 percent of the entire 
Big Butte Creek Watershed). Figure 1-2 shows the Upper Big Butte Creek Basin. 

 
Figure 1-2. Upper Big Butte Creek Basin Delineation 
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1.1.2 Purpose and Objectives 

The main purpose of this task is to develop a computer model of the Upper Big Butte Creek Basin to be used 
to evaluate surface water streamflows for a variety of existing and future conditions. The following objectives 
were achieved to fulfill the stated purpose: 
 Select a surface water hydrology modeling program that is robust yet user friendly so that it can be used 

internally (within EPID and MWC) and continually improved and utilized. 
 Produce an accurate representation of the physical conditions in the watershed with sufficient detail to 

account for potential future changes in land use and/or basic changes in water diversions/storage. 
 Obtain long-term meteorological data (e.g., precipitations, temperature) for use in evaluating seasonal and 

long-term variations in basin hydrology. 
 Calibrate the model using observed streamflow and snowpack data. 
 Provide recommendations for further model development and additional studies. 

1.1.3 Model Selection 

Modeling software was selected based on modeling objectives and BC’s current understanding of the needs 
expressed by EPID and MWC. The following are the basic considerations used for model selection: 
 The software used to model the Upper Big Butte Creek Basin must be able to simulate natural and 

regulated stream flows. 
 The model should be capable of simulating single storm events or long-term hydrologic simulations. 
 The model should be capable of modeling both rainfall-runoff processes and snowmelt. 
 The model must be able to simulate the Willow Lake reservoir and basic operations within the system. 
 The model should have the capabilities to be expanded and become more detailed as additional data 

become available for future studies. 
 The model should be user-friendly, such that it can be used internally by MWC and EPID for future 

modeling efforts. 

Given the above considerations, BC selected the Hydrologic Engineering Center’s Hydrologic Modeling 
System1

HEC-HMS can be run as either an event-based model or a continuous-simulation model. It can simulate 
rainfall-runoff, infiltration losses, and snowmelt. HEC-HMS also contains algorithms for reservoir routing 
and hydrologic channel routing including options for simple diversion structures, dams and storage 
reservoirs.  

 (HEC-HMS), developed by the U.S. Army Corps of Engineers. HEC-HMS is a widely-used and 
commonly accepted program designed to be applicable in a wide range of hydrologic modeling scenarios.  

Another advantage to HEC-HMS is that it is operated through a graphical user interface that provides an 
organized method for running simulations and viewing results. Elements of the basin model are laid out 
visually in a model schematic, which can be overlaid onto a background image. Input data, simulation 
specifications, and results are organized using a file tree (see Figure 1-3). 

                                                      
1 The latest version of HEC-HMS (Version 3.4 as of this writing) can be obtained at the following website: 
http://www.hec.usace.army.mil/software/hec-hms/.  

http://www.hec.usace.army.mil/software/hec-hms/�
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Figure 1-3. Screen-shot of HEC-HMS graphical user interface with file tree in upper left 

One weakness of HEC-HMS, as with most hydrologic models, is that the model does not have the ability to 
simulate complex operations scenarios. HEC-HMS does have the ability to simulate reservoir routing, 
storage, and multiple discharge outlet works. However, HEC-HMS does not allow the user to program logic 
to simulate complex rules for releases, diversions, return flows, pumping rates, etc. If future studies require 
more complex operations modeling then a second model (e.g., HEC-ResSim) may need to be developed 
specifically for that purpose. 

1.2 Input Data Development 
HEC-HMS input data are divided into three main categories: Basin Models, Meteorological Models, and 
Control Specifications. Each of these three categories of inputs must be created before a simulation can run. 
Some supplementary data inputs are required for more complicated modeling scenarios. These supplementary 
inputs generally fit into one of two additional input categories: Time-series Data and Paired Data. An example 
of a supplementary data input is observed rain gauge data. These data are not directly input into a 
Meteorological Model, but rather, they are input as a full time series and then referred to in the 
Meteorological Model as needed. 

Section 1.2.1 below describes the Basin Model inputs developed for the Upper Big Butte Creek Basin. Section 
1.2.2 below describes the Meteorological Model inputs. Data inputs for the Control Specifications relate 
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directly to the time frame and time interval specified for a given simulation and will not be discussed here. 
Supplementary data inputs (i.e., time-series and paired data) will be described where they pertain to the Basin 
and/or Meteorological Models. 

1.2.1 Basin Model 

The basin model developed for this project represents current physical conditions of the Upper Big Butte 
Creek Basin. The first step toward developing the basin model was to collect geospatial data and develop base 
maps for the study area. Basin data were primarily collected from publically available GIS data archives such 
as those at Jackson County, the U.S. Bureau of Land Management (BLM), the U.S. Geological Survey 
(USGS), and the Natural Resources Conservation Service (NRCS). A summary of the data collected is 
provided in Table 1-1 below.  

Table 1-1. Summary of Basin Data Collected for GIS Mapping 
Description Source Data Format 

Topography USGS Digital Elevation Model (DEM), 10-meter resolution grid (ESRI standard format) 
Contours USGS 1:24,000-scale quadrangle maps, digital raster image (ESRI standard format) 
Vegetative cover Jackson County Gridded raster (ESRI standard format) 
Land use Jackson County, USGS Various shapefiles, ortho-photography (ESRI standard format) 
Soils NRCS Shapefiles and corresponding geodatabase (ESRI standard format) 
Hydrography Jackson County, USGS Shapefiles (ESRI standard format) 

Basin data and information collected regarding EPID’s and MWC’s water systems were used to develop a 
schematic representation of the Upper Big Butte Creek Basin. The schematic is shown in Figure 1-4; note 
that the figure also shows the locations of flow gauges within the basin. 
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Figure 1-4. Schematic Representation of the Upper Big Butte Creek Basin
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The Upper Big Butte Creek drainage basin was delineated using geo-referenced digital 1:24,000-scale 
topographic maps from the U.S. Geological Survey (ChartTiff, 2009). The total drainage area of the basin was 
calculated to be 178.7 square miles. The Upper Big Butte Creek Basin was set up in HEC-HMS as a lumped-
parameter basin model, which means the parameters used to describe hydrologic conditions within the basin 
are defined for individual sub-units, or sub-basins. Dividing the basin into sub-basins not only allows for 
flows to be calculated at several points within the basin (not just at the outlet), but also accounts for some of 
the spatial variability within the basin (elevation, soils, etc.).  

Surface water runoff generated from the sub-basins is then routed through a flow network that represents the 
stream system and other features such as reservoirs or diversion structures. Additional point inflows (e.g., 
springs) can be added to the model using source nodes. The following sections describe the input data for 
sub-basins, Willow Lake, stream network, and springs represented in the model. 

1.2.1.1 Sub-basins 

For this study, the Upper Big Butte Creek Basin was divided into 18 sub-basins, based on major tributary 
confluences, topographic features, geology and the approximate elevation at which snowpack becomes more 
prevalent in winter months2 Figure 1-5. Sub-basin delineations are mapped in  and calculated sub-basin areas 
are listed in Table 1-2.   

                                                      
2 A study by Hydrologic Services Company in 1998 analyzed SNOTEL data for the state of Oregon and found that 
January and February snowpack levels in southwest Oregon tended to be negligible below approximately 3000 and 3300 
feet elevation, respectively.  
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Figure 1-5. Sub-basins for the Upper Big Butte Creek Basin 
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Table 1-2. Sub-basin Names, Identification Numbers, and Drainage Areas 

Sub-basin Name Sub-basin ID Sub-basin Area (sq.mi.) 
Fourbit Creek – Lower FB-L 6.56 
Fourbit Creek – North Fork FB-NF 20.19 
Fourbit Creek – South Fork FB-SF 7.94 
North Fork Big Butte Creek No. 1 NFBB-01 5.59 
North Fork Big Butte Creek No. 2 NFBB-02 5.25 
North Fork Big Butte Creek No. 3 NFBB-03 7.83 
North Fork Big Butte Creek No. 4 NFBB-04 10.30 
North Fork Big Butte Creek – East NFBB-E 5.89 
South Fork Big Butte Creek No. 1 SFBB-01 10.46 
South Fork Big Butte Creek No. 2 SFBB-02 12.27 
South Fork Big Butte Creek No. 3 SFBB-03 11.93 
South Fork Big Butte Creek – Rancheria Creek SFBB-R 17.71 
South Fork Big Butte Creek – Twincheria Creek SFBB-T 9.92 
Skeeter Creek SKC 11.28 
Willow Creek No. 1 WC-01 7.42 
Willow Creek No. 2 WC-02 7.91 
Willow Creek – East Branch WC-EB 6.51 
Willow Creek – West Branch WC-WB 13.74 

Total Drainage Area 178.7 

HEC-HMS provides a variety of methods for modeling hydrologic processes in sub-basins. The methods 
selected for this study are appropriate for long-term simulations used to evaluate seasonal streamflows, as 
opposed to a model that would be set up specifically for single, extreme events. The following paragraphs 
describe the basic methods employed in this study. 

Precipitation Losses: Long-term, continuous-simulation hydrology is modeled in HEC-HMS using the Soil 
Moisture Accounting (SMA) method for tracking water movement, storage, and losses. Figure 1-6 shows a 
schematic representation of the SMA method in HEC-HMS. Input parameters were developed for each sub-
basin to describe the storage and rate of water movement through each of the components shown in Figure 
1-6. In general, these parameters were developed by making an initial estimate based on land use, vegetative 
cover, soil properties, and geologic characteristics. The initial estimates are then refined during the calibration 
of the model. See Section 1.3 for additional information on calibration. 
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Figure 1-6. Schematic of HEC-HMS Soil Moisture Tracking (HEC, 2000) 

Runoff Transform: Although SMA algorithms calculate surface runoff in terms of volume of excess 
precipitation, a runoff transform method is needed to determine rate of discharge over time at the sub-basin 
outlet. HEC-HMS uses the Clark Unit Hydrograph method for continuous-simulation modeling. The Clark 
Unit Hydrograph method requires two parameters for each sub-basin:  
 The time of concentration is the time it takes for runoff to reach the outlet from the most hydraulically 

distant point in the sub-basin. This parameter was estimated for each sub-basin by estimating and 
summing travel times for a series of flow segments (e.g., sheet flow, shallow concentrated flow, open 
channel flow) using the methods described in NRCS Technical Reference 55 (NRCS, 1986). 

 The storage coefficient is used in linear reservoir computations to represent storage affects within the 
basin.  According to the HEC-HMS User’s Manual: “Many studies have found that the storage coefficient, 
divided by the sum of time of concentration and storage coefficient, is reasonably constant over a region.” 
Russell, Kenning, and Sunnell (1979) found the storage coefficient for the Clark Unit Hydrograph could 
be estimated directly from the time of concentration using a coefficient.  The study found that coefficient 
to range between 8 and 12 for forested basins.  Storage coefficients for this study were estimated using to 
be 10 times the time of concentration. 

Baseflow: Baseflow can be generated in any combination of three ways: (1) through a per-unit-area discharge 
by subbasin, (2) as groundwater return flows from soil moisture accounting, and (3) gains within a routing 
reach. Options (1) and (2) were used for this study; assuming negligible gains and losses within stream 
channels. Per-unit-area discharges and groundwater recession coefficients were adjusted as part of model 
calibration. 
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1.2.1.2 Willow Lake 

Willow Lake dam is located on Willow Creek in the southern portion of the Upper Big Butte Creek Basin. 
The reservoir is has a total storage volume of 8,320 acre-feet. Reservoir storage was input into the model 
using elevation-storage and elevation-area functions (see Figure 1-1) entered on the Paired Data Manager in 
HEC-HMS. Reservoir areas and storage volumes up to the spillway crest elevation (3,017 feet) were based on 
Willow Lake topography (MWC, 1950), areas and storage volumes up to 3,023 feet were based on a CH2M-
Hill memorandum (2004), and areas and storage volumes up to 3,030 feet were linearly extrapolated. 

 
Figure 1-7. Elevation-storage and elevation-area functions in HEC-HMS; used to estimate reservoir storage 
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Overflow Outlet Structures: A reservoir element representing 
Willow Lake was added to the basin model with basic input 
settings as shown in Figure 1-8. The “Outflow Structures” method 
was selected for modeling outflow from the dam. This option 
allows the model to calculate the outflow from the reservoir based 
on physically-based parameters representing hydraulic structures. 
For Willow Lake dam, spillway and dam crest parameters were 
input as follows: 
 Spillway Crest Elevation: 3,017 feet 
 Spillway Length: 121.9 feet 
 Spillway Discharge Coefficient: 3.2 
 Dam Crest Elevation: 3,024 feet 
 Dam Crest Length: 2,700 feet 
 Dam Crest Discharge Coefficient: 2.6 

Low-level Outlet Structures: Willow Lake dam also releases water 
through a 36-inch diameter outlet conduit regulated by gate intake 
valves at 2981 feet elevation.  However, this outlet was not input 
as part of the “Outflow Structures” method (note that “0” outlets 
are input in Figure 1-8). This structure was not added because 
water would be discharged from the orifice at every time step, regardless of operations.  Alternatively, an 
additional release point representing the outlet works was input with a specified time series of observed 
releases.  A single long-term times series of reservoir release rates were compiled from the following: 
 Recorded daily discharges from USGS stream gauge number 14335250 (Willow Cr Dam Outlet Nr Butte 

Falls, OR) were used from 1951 to 1996. 
 Weekly recorded discharges from MWC/EPID were used from 1997 to 2006. 
 Average monthly discharges calculated from MWC/EPID weekly recorded discharges and used for 2007 

to 2008. 

Evaporation Losses: Evaporation losses for the Willow Lake reservoir were input assuming a typical annual 
pattern of average monthly evaporation losses. These losses were estimated from the historical record at the 
Medford Experiment Station from 1937 to 2003. 

Table 1-3. Monthly evaporation losses (inches) estimated for the Willow Lake Reservoira 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
0.53 1.02 2.26 3.56 5.29 6.54 8.24 6.78 4.05 1.81 0.76 0.44 

aEvaporation data were based on historical data from Medford Experiment Station (NOAA Station No. 355424) obtained from the 
Western Regional Climate Center (WRCC): http://www.wrcc.dri.edu/htmlfiles/westevap.final.html#OREGON. 

1.2.1.3 Springs 

There are numerous springs located within the Upper Big Butte Creek Basin.  Two groups of springs were 
explicitly included in the model as surface water sources: Big Butte Springs and Whiskey Springs. 

Big Butte Springs: MWC operates a collection system on Big Butte Springs to capture and divert water into 
transmission mains that export water from the basin to users in the City of Medford.  MWC diverts most of 
the flow from Big Butte Springs: typically around 40 cubic feet per second (cfs).  A hydrogeologic report 

 
Figure 1-8. Input Options for Willow Lake Reservoir 

http://www.wrcc.dri.edu/htmlfiles/westevap.final.html#OREGON�
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completed by MWC (1990) estimated the total outflow from the Big Butte Springs to be approximately 47 cfs 
as part of a water balance analysis using data collected for the 1988 water year. 

Spring discharges vary seasonally and from year to year.  Weekly flow data collected by MWC in 1994 found 
the total production (discharge) at Big Butte Springs to ranged from 34 to 41 cfs.  For the purposes of this 
study, the total discharge at Big Butte Springs was assumed to be a constant rate of 47 cfs, with a constant 
rate of diversion of 40.8 cfs3

Whiskey Springs: The MWC hydrogeologic report for Big Butte Springs also contained spring discharge 
estimates for Whiskey Springs.  Four measurements were made from June to October of 1987, with an 
average discharge of 3.5 cfs.  Therefore, the total discharge for Whiskey Springs was assumed to be a constant 
3.5 cfs.    

. 

1.2.1.4 Diversions 

As discussed previously, MWC and EPID are the primary water users within the basin. Willow Lake, which is 
owned and operated by MWC and EPID, is the only large storage reservoir in the basin. Releases from 
Willow Lake dam are used to supplement water downstream where MWC and EPID remove water from the 
system. MWC and EPID divert water at three locations: 

 Water is collected and diverted from Big Butte Springs into transmission mains that export water from the 
basin to users in the City of Medford (see Figure 1-4). 

 Water is diverted from South Fork Big Butte Creek into a canal that exports water from the basin to 
EPID customers (see Figure 1-4). 

 An intake and pump station extracts water from Big Butte Creek and coveys it to the canal that delivers 
water to EPID customers (see Figure 1-4). 

Diversion rates for each of the three locations described above were input into HEC-HMS using inflow-
diversion functions entered on the Paired Data editor.  Each inflow-diversion function specifies diversion 
rates corresponding to specific inflow rates.  Inflow-diversion functions were defined as follows: 

Big Butte Springs Diversion (Model ID MWC-1): As described in the previous section, it was assumed that 
given sufficient production in Big Butte Springs, MWC diverts an assumed constant rate of 40.8 cfs.  
However, if the springs produce less than 40 cfs the diversion rate is reduced linearly (see Table 1-4). 

Table 1-4. Inflow-diversion function for Big Butte Springs system 
Inflow (cfs) Diversion Flow Rate (cfs) 

0.0 0.0 
2.0 0.0 
47.0 40.8 
100.0 40.8 

                                                      
3 The assumed average discharge rate of 40.8 cfs was based on conversations with MWC staff. 
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South Fork Big Butte Creek Diversion (EPID-1): The Oregon Water Resources Department (OWRD) 
maintains a database of historical streamflow data4

 Station Number 14336000, EAGLE POINT I D CN AT BUTTE FALLS, OR (discontinued): located on 
the EPID Canal just downstream of the diversion from South Fork Big Butte Creek. 

. Historical mean daily flow data are available for three 
gauges on the EPID canal:  

 Station Number 14336100 EAGLE POINT I D CN BL C RD NR BUTTE FALLS, OR (active): located 
on the EPID Canal near Cobleigh Road, which is downstream of EPID’s pump station bringing water in 
from Big Butte Creek. 

 Station Number 14336200 EAGLE POINT I D CN NR BUTTE FALLS, OR (discontinued): located on 
the EPID Canal in the same location as 14336100. 

Examining the data from Station Number 14336000 it was found that the average monthly mean daily 
discharge between 1928 and 1960 ranged between 36 and 89 cfs with and average annual discharge of 75 cfs 
(see Figure 1-9)5

Figure 1-9

. USGS Station Number 14335500 is located on South fork Big Butte Creek just upstream of 
the EPID diversion; the average monthly mean daily discharges between 1910 and 1996 at that station ranged 
between 81 and 240 cfs with and average annual discharge of 148 cfs (see )6
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Figure 1-9. Average monthly mean daily discharges at diversion EPID-1 (OWRD, 2009) 

Given the average monthly mean daily discharge data observed at gauges 14336000 and 14335500 it was 
assumed that 85 cfs would be diverted at South Fork Big Butte Creek when flows equal 150 cfs or greater, 75 

                                                      
4 Historical streamflow data available from OWRD at http://apps2.wrd.state.or.us/apps/sw/hydro_report/.  

5 Statistical summary for USGS Station Number 14336000 obtained from OWRD database web access site: 
http://apps2.wrd.state.or.us/apps/sw/hydro_report/gage_data_request.aspx?station_nbr=14336000.  

6 Statistical summary for USGS Station Number 14335500 obtained from OWRD database web access site: 
http://apps2.wrd.state.or.us/apps/sw/hydro_report/gage_data_request.aspx?station_nbr=14335500.  

http://apps2.wrd.state.or.us/apps/sw/hydro_report/�
http://apps2.wrd.state.or.us/apps/sw/hydro_report/gage_data_request.aspx?station_nbr=14336000�
http://apps2.wrd.state.or.us/apps/sw/hydro_report/gage_data_request.aspx?station_nbr=14335500�
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cfs would be diverted when South Fork Big Butte Creek flows equal 80 cfs, and then the diversion rate would 
decrease linearly to zero at a South Fork Big Butte Creek flow of 40 cfs (see Table 1-5). 

Table 1-5. Inflow-diversion function for EPID-1 South Fork Big Butte Creek Diversion 
Inflow (cfs) Diversion Flow Rate (cfs) 

0.0 0.0 
40.0 0.0 
80.0 75.0 
150.0 85.0 
50,000 85.0 

Big Butte Creek Diversion (EPID-2): Although EPID operates a pump station to divert water from Butte 
Creek to their canal; it is our understanding that the pump station is only operated when necessary to 
augment supplies coming from the South Fork Big Butte Creek diversion.  Therefore, for the purposes of 
this study it will be assumed that no water is diverted at EPID-2 (see Table 1-6).   

Table 1-6. Inflow-diversion function for EPID-2 Big Butte Creek Diversion 
Inflow (cfs) Diversion Flow Rate (cfs) 

0.0 0.0 
50000.0 0.0 

1.2.1.5 Stream Network 

Each of the model elements described in the previous sections are linked using reaches and junctions in the 
form of a stream network.  Reaches are used to route flows from one point in the basin to another.  Junctions 
are simply used to combine flows.   

The channel routing method selected for the routing reaches was Muskingum-Cunge.  This method requires 
channel length and slope inputs.  These data were calculated using USGS topography and stream 
hydrography data in GIS.  Additional parameters for the Muskingum-Cunge method were assumed as follows 
for all reaches: 
 Manning’s roughness coefficient: 0.045 
 Channel bottom width: 10 feet 
 Channel side slope: 2 horizontal to 1 vertical  

Figure 1-10 shows the HEC-HMS schematic of the basin model including all sub-basins, routing reaches, 
junctions, diversions, outlets, and Willow Lake reservoir. 
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Figure 1-10. HEC-HMS Basin Model Schematic 

1.2.2 Meteorological Model 

The meteorological model in HEC-HMS is used to represent climatic conditions such as precipitation, 
evapotranspiration, and snowmelt. The meteorological model set up for this project is based on historical 
records for a 60-year period: 1948 to 2008. The following sections describe the development of input 
parameters for precipitation, evapotranspiration, and snowmelt, respectively. 

1.2.2.1 Precipitation 

Meteorological data are collected at NOAA meteorological stations. Butte Falls 1 SE is the only long-term 
meteorological station located within the Upper Big Butte Creek Basin. Butte Falls 1 SE has been in 
operation since July 1948, which provides approximately 60 years of data as the basis for long-term 
hydrologic simulations. The station is located at 122°33'W and 42°32'N near the City of Butte Falls at an 
approximate elevation of 2,500 feet.  The average annual precipitation for water years 1949 through 2008 is 
32.7 inches, calculated from hourly precipitation records. Figure 1-11 shows the annual precipitation totals. 
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Figure 1-11. Annual precipitation at Butte Fall 1 SE calculated from hourly data 

Precipitation for all of the sub-basins in the model will be based on the Butte Falls 1 SE gauge; however, the 
precipitation will be scaled up or down in direct proportion to the estimated mean annual precipitation for 
that sub-basin.  The mean annual precipitation for each sub-basin was estimated using mapping data from 
Oregon State University’s PRISM climate group7 Figure 1-12.  shows mean annual precipitation mapping for 
the Upper Big Butte Creek Basin. 

 

                                                      

7 The PRISM Climate Group develops climatic data using the Parameter-elevation Regressions on Independent 
Slopes Model (PRISM).  PRISM is a unique knowledge-based system that uses point measurements of precipitation, 
temperature, and other climatic factors to produce continuous, digital grid estimates of monthly, yearly, and event-based 
climatic parameters.  Data are available at: http://www.prism.oregonstate.edu/.  

http://www.prism.oregonstate.edu/�
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Figure 1-12. Mean annual precipitation estimates from PRISM data 

Mean annual precipitation values for each sub-basin were estimated using area-weighted averages and are 
listed in Table 1-7. 
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Table 1-7. Mean annual precipitation estimates by sub-basin 

Sub-basin ID Mean Annual Precipitation 
(inches) 

Percent Variation from 
Butte Falls 1 SE 

FB-L 37.0 13% 
FB-NF 48.8 49% 
FB-SF 48.7 49% 

NFBB-01 36.9 14% 
NFBB-02 37.3 14% 
NFBB-03 40.3 23% 
NFBB-04 41.8 28% 
NFBB-E 39.1 20% 
SFBB-01 36.9 13% 
SFBB-02 36.5 12% 
SFBB-03 37.2 14% 
SFBB-R 43.3 33% 
SFBB-T 42.4 30% 

SKC 44.2 35% 
WC-01 36.9 13% 
WC-02 39.0 19% 
WC-EB 45.1 38% 
WC-WB 44.6 36% 

1.2.2.2 Evapotranspiration 

Evapotranspiration (ET) data was obtained from the EPA BASINS model, which contains a database of 
long-term climatic data including potential ET.  The data gauge closest to study area with potential ET is 
Prospect 2 SW.  For this study, potential ET was input as average monthly ET and is assumed to be constant 
over the Upper Big Butte Creek Basin.  

Table 1-8. Monthly evapotranspiration losses estimated for Upper Big Butte Creek Sub-basinsa 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
0.61 0.77 1.26 1.81 2.82 3.60 4.37 3.68 2.44 1.45 0.76 0.58 

aEvapotranspiration data were based on historical data from Prospect 2 SW (NOAA Station No. 356907) obtained from the EPA 
Basins Database: http://www.epa.gov/waterscience/basins/.  

1.2.2.3 Snowmelt 

HEC-HMS uses a temperature index method for calculating snow accumulation and snowmelt. The method 
requires a large number of parameters, but most are difficult to estimate.  Therefore, a sensitivity analysis and 
calibration were used to determine most input parameters (see Section 1.3).   

One set of physically-based parameters that could be estimated directly is the elevations of the sub-basins.  
The temperature index snowmelt method requires elevation bands to be defined for each sub-basin.  These 

http://www.epa.gov/waterscience/basins/�
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bands represent the proportional area within the sub-basin that falls within a range of elevations.  Five bands 
were set for all of the Upper Big Butte Creek sub-basins: 
 Band 1: 2,000 feet to 3,000 feet 
 Band 2: 3,000 feet to 4,000 feet 
 Band 3: 4,000 feet to 5,000 feet 
 Band 4: 5,000 feet to 6,000 feet 
 Band 5: 6,000 feet to 9,495 feet 
Table 1-9 lists the estimated proportions of each sub-basin that lies within each of the 5 elevation bands. 

Table 1-9. Elevation band estimates by sub-basin 

Sub-basin ID 
Band 1 

2,000 feet to 
3,000 feet 

Band 2 
3,000 feet to 

4,000 feet 

Band 3 
4,000 feet to 

5,000 feet 

Band 4 
5,000 feet to 

6,000 feet 

Band 5 
6,000 feet to 

9,495 feet 

Weighted 
Average 
Elevation 

FB-L 45% 55% 0% 0% 0% 3,140 
FB-NF 0% 30% 30% 30% 10% 4,750 
FB-SF 0% 30% 30% 20% 20% 4,900 

NFBB-01 68% 30% 2% 0% 0% 2,976 
NFBB-02 50% 50% 0% 0% 0% 3,100 
NFBB-03 10% 80% 10% 0% 0% 3,520 
NFBB-04 5% 80% 10% 5% 0% 3,660 
NFBB-E 20% 70% 10% 0% 0% 3,440 
SFBB-01 48% 50% 2% 0% 0% 3,136 
SFBB-02 70% 28% 2% 0% 0% 2,960 
SFBB-03 60% 40% 0% 0% 0% 3,020 
SFBB-R 4% 60% 30% 5% 1% 3,903 
SFBB-T 3% 60% 30% 5% 2% 3,946 

SKC 5% 40% 35% 10% 10% 4,360 
WC-01 55% 40% 5% 0% 0% 3,110 
WC-02 0% 80% 20% 0% 0% 3,700 
WC-EB 0% 10% 70% 10% 10% 4,750 
WC-WB 0% 40% 45% 12% 3% 4,295 

1.3 Calibration  
Model calibration was performed in two stages. The first stage was to calibrate snowpack/snowmelt by 
comparing simulated snow water equivalent results with measured data from local SNOTEL gauges. The 
second stage was to calibrate streamflows with recorded discharges at selected stream gauges.  
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1.3.1 Snowmelt Calibration  

The Natural Resource Conservation Service (NRCS) Snow Survey Program monitors snowpack levels 
throughout mountainous regions of western United States. The NRCS maintains the SNOTEL (SNOw 
TELemetry) network, which provides snowfall and snowpack data in several states including Oregon8

Table 1-10

. No 
SNOTEL stations are located within the Upper Big Butte Creek basin; however, several are located in 
adjacent basins.  shows a summary of climatic data stations used for this study. 

Table 1-10. Summary of SNOTEL Climatic Data Stations 
ID Number Site Name Elevation (ft) Start Year End Year Description 

22g12s Fourmile Lake 5,970 1978 Present Snow depth, temperature, precipitation 
22g13s Billie Creek Divide 5,280 1979 Present Snow depth, temperature, precipitation 
22g14s Fish Lake 4,660 1982 Present Snow depth, temperature, precipitation 
22g15s Bigelow Camp 5,130 1981 Present Snow depth, temperature, precipitation 
22g21s Big Red Mountain 6.050 1981 Present Snow depth, temperature, precipitation 
22g24s Cold Springs Camp 5,940 1982 Present Snow depth, temperature, precipitation 

The NRCS measures snow water equivalent (SWE) at many remote SNOTEL sites and uses the data for 
stream flow forecasting. SWE is the depth of water that would theoretically result if you melted the entire 
snowpack instantaneously. Daily SWE data were obtained for all six gauges.   

The 1986 water year was selected for calibration with the 1985 water year also being simulated to establish 
initial conditions. Daily SWE data for all six SNOTEL sites were averaged for the period between October 1, 
1984 and September 30, 1986.  The average SWE depths were then plotted versus gauge elevation to observe 
the relationship between snowpack and elevation.  A log-log curve was fit through the data and the resulting 
regression equation was then used to proportionally adjust the average daily SWE values using the average 
elevations of each sub-basin.  The result is a translated daily SWE graph for each sub-basin. 

SNOTEL-estimated daily SWE was compared with calculated SWE for several sub-basins. Table 1-11 lists 
the parameters and values used to calibrate snowmelt. 

Table 1-11. Summary of Snowmelt Calibration Parameters 
Parametera Tested Range Sensitivity Selected Value 

PX Temperature (Deg F) 32 - 50 High 34 
Base Temperature (Deg F) 32 - 50 High 32 
Wet Meltrate (in/Deg F-day) 0.01 – 0.5 Low 0.1 
Rain Rate Limit (in/day) 0.01 – 1.0 Low 0.1 
ATI-Meltrate Function 0.0 – 1.00 Moderate Function ranging from 0.0 – 0.5 
Meltrate Pattern (percent) 50 - 100 Moderate Function ranging from 50%-100% 
Cold Limit (in/day) 0.1 – 1.0 Low 0.8 
ATI-Coldrate Coefficient 0.1 – 1.0 Low 0.84 
ATI-Coldrate Function  Moderate Function ranging from 0.0 – 0.5 
Water Capacity (percent) 3 - 5 Low 5 

                                                      
8 Oregon SNOTEL data are available at http://www.or.nrcs.usda.gov/snow/maps/oregon_sitemap.html.  

http://www.or.nrcs.usda.gov/snow/maps/oregon_sitemap.html�
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Table 1-11. Summary of Snowmelt Calibration Parameters 
Parametera Tested Range Sensitivity Selected Value 

Groundmelt Rate (in/day) 0.0 – 0.5 Low 0.01 
Lapse Rateb (Deg F/1000 feet)  High -6 
aRefer to HEC-HMS User’s Manual for parameter definitions. 
bHEC-HMS allows the user to specify a lapse rate for each sub-basin; however, the same lapse rate was used for all sub-basins. 

The parameters listed in the above table were adjusted to match the HEC-HMS-calculated SWE data with the 
translated daily SWE patterns from historical SNOTEL data. There are too many sub-basins to repeat this 
comparison for each sub-basin; therefore, the calibration effort focused on the East Branch Willow Creek 
sub-basin. Once an acceptable pattern was found (see Figure 1-13), the average daily SWE for all sub-basins 
was compared (see Figure 1-14). 
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Figure 1-13. East-Branch Willow Creek daily SWE calibration 
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Figure 1-14. Average daily SWE for the 1986 water year 

NOTE: Additional verification runs for years 1990 and 2008 were attempted, but with undesirable results.  
SWE levels tended to be under-predicted.  Additional calibration and verification needs to be completed (see 
Section 1.4). 

1.3.2 Streamflow Calibration  

Stream flow data are collected at stream gauging stations throughout the Upper Big Butte Creek Basin. Table 
1-12 lists the stream gauges within the basin. 

Table 1-12. Summary of USGS Stream Flow Data Stations 
ID 

Number Site Name Agency Start 
Year 

End 
Year Description 

14335200 South Fork Big Butte Creek above Willow Creek USGS 1935 2000 Mean daily discharge 
14335500 South Fork Big Butte Creek near Ginger Creek USGS 1910 1996 Mean daily discharge 
14337500 Big Butte Creek near McLeod USGS 1945 Present Mean daily discharge 
14337600 Rogue River near McLeod USGS 1965 Present Mean daily discharge 
14336000 Eagle Point Irrigation Canal at Butte Falls USGS 1928 1960 Mean daily discharge 
14336100 
14336200 

Eagle Point Irrigation Canal near Irrigation Canal Road USGS 1929 1996 Mean daily discharge 

14335300 Willow Creek below Skeeter Creek USGS 1949 1985 Mean daily discharge 
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Table 1-12. Summary of USGS Stream Flow Data Stations 
ID 

Number Site Name Agency Start 
Year 

End 
Year Description 

14336700 North Fork Big Butte Creak Near Butte Falls USGS/MWC/EPID 1928 1958 Mean daily discharge 
14335400 Willow Creek near South Fork USGS/MWC/EPID 1930 1979 Mean daily discharge 
14335250 Willow Creek Dam Outlet USGS/MWC/EPID 1925 1996 Mean daily discharge 
14335100 Fourbit Creek near Butte Falls USGS/MWC/EPID 1949 1978 Mean daily discharge 
MWC-01  Big Butte Springs near Willow Creek MWC/EPID ~1982 ~2006 Weekly Discharge 

Stream gauge 14335500 was selected for calibration procedures.  Additional calibration should be performed 
using other gauges (see Section 1.4). 

The 1986 water year was selected as the calibration year to remain consistent with the snowmelt calibration. 
The 1985 water year was also simulated to set initial conditions.   

Initial calibration runs found that peak flows are highly dependant upon sub-basin loss parameters such as 
infiltration rates, soils storage, and percolation rates. Low flows are more affected by baseflow parameters 
such as groundwater flows and recession rates.   

Parameters were estimated, tested, and adjusted based on visual comparison of calculated stream flows and 
historical data. Series of simulations were run; the best match is shown in Figure 1-15.  

 
Figure 1-15. Streamflow calibration at gauge 14335500 (South Fork Big Butte Creek) 

Given the large number of iterations necessary to evaluate a full range of parameters and the long 
computational time, a formalized calibration procedure using an optimization scheme should be preformed to 
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improve the calibration results.  Once an acceptable match has been produced a verification simulation 
should be run to demonstrate that the selected parameters will work for other years (see Section 1.4). 

1.4 Recommendations for Improvement 
The HEC-HMS model developed for this project is intended to be continually developed, improved, and 
applied to future analyses.  The following items briefly describe recommendations for improving the model 
for further study: 
 Improve the snowmelt calibration. The complexity of the basin model and the large number of input 

data parameters makes snowmelt calibration labor intensive.  A more comprehensive and detailed 
calibration should be performed to compare daily snow water equivalent patterns for a larger number of 
sub-basins.  In addition, the translation of measured snow water equivalent to sub-basins should be 
improved by looking at the geospatial distribution of snowfall/snowpack in addition to the effects of 
elevation. 

 Improve the streamflow calibration. After the snowmelt calibration has been improved a more 
formalized calibration should be conducted to optimize the streamflow calculations.  Ideally, an objective 
function would be used to compare observed flows with calculated flow, and then sub-basin parameters 
would be refined to minimize the error.  Additional stream gauges and time periods could be examined to 
utilize more of the available gauge data. 

 Refine calibration for Willow Lake. Weekly readings of reservoir storage have been collected at Willow 
Lake since 1968. These data should be compared with calculated reservoir storage volumes to determine if 
the model is accurately representing Willow Lake inflows and outflows. Runoff parameters and reservoir 
releases should be adjusted to match the observed reservoir storages. 

 Improve diversion rate functions by adding flow time series. Each of the diversion points in the 
model are currently represented using an inflow-outflow function.  This method limits the ability to 
change the diversion rates throughout the year.  Although it is not possible to set up complex conditional 
rules or feedback loops within HEC-HMS, it is possible to set up a time series to explicitly define the 
diversion rates at all time steps. 

 Evaluate baseflow.  A more detailed evaluation of baseflows and surface/groundwater interactions 
should be conducted to better estimate low flows within each stream.  Observed gains and/or losses in 
stream reaches can be input directly into routing reach elements. 

 Run long-term simulations. Once the model has been thoroughly calibrated a long-term simulation 
covering the entire 60-year period of record can be run.  The resulting output flow hydrographs can be 
used for flow duration and flow frequency analyses.   

 Evaluate Operations. The long-term flow hydrographs resulting from long-term hydrologic simulations 
can be used as input to an operations model for evaluating various operating scenarios.  An operations 
model allows the user to define rules through feedback loops.  For example, a rule could be set up to 
release additional water from Willow Lake if the flow in South Fork Big Butte Creek is too low. 

 Evaluate additional scenarios. The “UBBC Existing Conditions” basin model could be copied and 
modified to represent alternate scenarios such as pre-developed (i.e., “natural”) conditions or future 
conditions with additional development and flow regulation. 
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