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IS THIS COMMUNITY WORTH SAVING?  
 

Robert Beduhn, PE1 

 
ABSTRACT 

 
Across the country, communities face tough decisions.  In an era of decreased federal 
funding, climate change, sea level rise, and increasing disaster costs, many major flood 
control programs are caught in a financing quandary that is jeopardizing long-term 
community resiliency and viability.  Resiliency is the ability for social, economic, and 
infrastructure systems to experience an extreme climatic, seismic, or human-made event 
(shock) and either perform through such an event or return to normal function rapidly 
following the event.  Designing for resiliency is a fundamentally different design 
paradigm than designing for a specified return interval, such as using statistical analysis 
of weather or earthquake data. In the United States, entire communities and societies 
have been built on the premise of a static climate and environment and the predictability 
of future floods and droughts.  Now is the time to begin discussing what our country will 
look like given that the original assumptions—those that formed the basis of our water-
based infrastructure such as dams, levees, and waterways—are not static; they are 
changing and make our infrastructure prone to failure.  Bold leadership is needed to 
reformulate our infrastructure planning paradigms into a more adaptable and resilient 
approach that anticipates a greater range of loads and incorporates the ability to adapt and 
change.  This leadership needs to consider the impacts of a global economy, that business 
activity may not stay in the United States, and that much of our water-based 
infrastructure was designed on a false premise of climate stationarity.   

                                                 
1 Director, Civil Works, HDR, 8404 Indian Hills Drive, Omaha, NE 68114, bob.beduhn@hdrinc.com 
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UNINTENDED CONSEQUENCES OF DAM REMOVAL 
 

Melinda Dirdal, PE1 
Greg Paxson, PE2 

Dave Campbell, PE3 
 

ABSTRACT 
 
Removal of dams judged to have outlived their usefulness, or where their usefulness is 
judged to be outweighed by impacts posed by their presence, has increased significantly 
over the past 20 years.  Dam removal case histories typically emphasize the benefits 
associated with the removal; however, there appears to be less attention given to the lost 
benefits and unrealized potential benefits.  There are likely cases where all of the benefits 
of the dam and lake are not considered in the evaluation of repair versus removal. 
 
When compared to dam repair and repurposing benefits, a larger emphasis on dam 
removal benefits, both tangible and intangible, appears to exist.  To provide needed 
balance in consideration of both alternatives, this paper addresses benefits commonly 
provided by dams, including those the dam was specifically designed to provide 
(hydropower, water supply, etc.) and those that are often inherent to dams.  This paper 
also discusses the value consideration of alternative facility uses, either separate from or 
integrated with existing uses.  This essentially entails integrated resource planning to 
evaluate all viable project use options in order to maximize the overall value.  
 
Examples of benefits, both quantitative and/or qualitative, that may be overlooked 
include:  

• Flood risk reduction   
• Increased property values 
• Recreational use   
• Water Supply 
• Hydropower 

 
These benefits are considered in the context of the economic, public safety and quality of 
life consequences that result from removal of dams that need to be accounted for in 
deciding the fate of an existing dam. 
 
 

                                                 
1 Project Engineer, Schnabel Engineering, 1380 Wilmington Pike, Suite 100, West Chester, PA 19380, 
mdirdal@schnabel-eng.com. 
2 Principal, Schnabel Engineering, 1380 Wilmington Pike, Suite 100, West Chester, PA 19380, 
gpaxson@schnabel-eng.com. 
3 Senior Consultant, Schnabel Engineering, 1380 Wilmington Pike, Suite 100, West Chester, PA 19380, 
davec@schnabel-eng.com 
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THE KENTUCKY RIVER: MANAGING 19TH CENTURY INFRASTRUCTURE 
TO MEET 21ST CENTURY NEEDS 

 
Daniel A. Gilbert, PE1 

Jeffrey S. Dingrando, PE, PG2 
April L. Welshans, PE3 
David Hamilton, PE4 

 
ABSTRACT 

 
The Kentucky River navigation system consists of fourteen locks and dams, originally 
constructed between 1836 and 1917. Earlier structures on the lower portion of the river 
were built of timber cribbing, rockfill, and stone masonry, while later structures on the 
upper river were first generation concrete structures. The Kentucky River Authority 
(KRA), a state agency, received the structures in 1986 in varying states of disrepair, due 
in large part to their age and lack of routine maintenance in recent decades.  
 
Beginning in the 1990s, the KRA embarked on a long-term strategy to prioritize and 
renovate or repair many of the structures. Near-term repairs were implemented at several 
structures, such as sealing of lock chambers, installation of valves to transfer water 
during drought, and bank stabilization to guard against flanking failures. A thorough 
condition assessment of KRA’s portfolio of locks and dams was performed, with a focus 
on potential failure modes that could result in loss of pool. Based on this assessment, a 
capital improvement program of over $90M was developed and initiated to address 
preservation of the Kentucky River Basin’s primary water supply, as well as navigation 
and recreation.  Four replacement dams (two complete, one in construction and one in 
design) secure key water supplies for several communities and industrial users. Lock and 
dam renovations have implemented in-the-wet construction technologies to reduce costs, 
schedule and construction risk.  The projects include mass underwater concrete 
placements, in-the-wet technologies, extensive use of divers, foundation improvements 
(grouting and cutoff walls), and interaction with historic structures. 
 
This paper will provide a brief history of the system, conditions of the system prior to 
renovation, the process used to prioritize repairs, and description of the major dam 
renovation and lock rehabilitation projects and discussion of project challenges (design 
and construction) on these historic projects.   
 

                                                 
1 Stantec Consulting Services Inc., 1409 N. Forbes Rd. Lexington, KY 40511, 859-422-3000, 
daniel.gilbert@stantec.com  
2 Stantec Consulting Services Inc., 1409 N. Forbes Rd. Lexington, KY 40511, 859-422-3000, 
jeff.dingrando@stantec.com  
3 Stantec Consulting Services Inc., 1409 N. Forbes Rd. Lexington, KY 40511, 859-422-3000, 
april.welshans@stantec.com  
4 Kentucky River Authority, 627 Wilkinson Boulevard, Frankfort, KY 40601, 502-564-3773, 
david.hamilton@ky.gov   
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HISTORICAL PERSPECTIVE — DAMS, HYDRO, AND MULTI-PURPOSE 
PROJECTS 

 
David Kleiner, PE1 

 
ABSTRACT 

 
Many old projects dating back to the 1920s and 30s have been maintained and are still 
operating.  Dams, reservoirs, and hydro plants that are 40 to 60 and 70 years old, whether 
domestic or international, are still operating.  Specific projects survived wars, bombing, 
earthquakes, but were later restored to operating condition.   
 
Hydro-Quebec began its dam and hydro construction in the 1940s and continues today 
with design and construction of four projects on the Romaine River, one of which is 
operating, two are under construction, and one is starting detail design.       
This paper summarizes a few case histories of dam and hydro projects, both domestic and 
international, that have been maintained and upgraded over the years and are currently 
operating, thus sustaining their useful life indefinitely.  These include: 
 

• St. Mary’s Falls Hydro Plant, Michigan, constructed 1902, underseepage 
problems 1902 to 1926.  

• Dix River Dam, Kentucky, concrete-face rockfill dam and hydro, constructed 
1924, substantial leakage and repairs over the years. 

• Loup River dam and hydro, Nebraska, constructed 1936.  In 2012, bonds were 
issued for upgrades to the powerplants. 

• Ambuklao, Philippines, multi-purpose, constructed 1954, heavily damaged by 
earthquake, reconstructed intake, headrace, and penstocks, back in service 2011. 

• Derbendi Khan, Iraq, multi-purpose project, constructed 1962, survived Iran-Iraq 
war. 

• El Salvador, multiple dam and hydro projects, constructed 1954 to 1984, survived 
civil war, equipment upgrades in mid-2000s. 

• Hydro-Quebec, James Bay System plus multiple other dam and hydro projects, 
1945 to present.  Hydro-Quebec acquired projects from private companies built 
in the 1920s and earlier, all are still operating. 

                                                 
1 Consultant, 1026 S Moorings Drive, Arlington Heights, IL 60005, david.e.kleiner@mwhglobal.com 
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WOULD TEXAS BE TEXAS WITHOUT DAMS? 
 

John L Rutledge, P.E.1 
 

ABSTRACT 
 
Texas plays a dominant role in the United States. As many have said, Texas is not just a 
state, but a state of mind. It occupies 279,000 square miles and is home to 27 million 
people. In fact, 6 of the nation’s 20 biggest cities are now in Texas and even this high 
population is still projected to almost double over the next 50 years. Over the last 8 years, 
more jobs have been created in Texas than the rest of the country combined.  From 
cowboys to oil to Presidents to NASA, its contributions to the nation’s history, economy, 
and culture are immeasurable. It is easily one of the biggest, most loved and most hated 
of the 50 states.  
 
For all of its size and influence and for all the vast resources with which the state is 
blessed, it is uniquely situated to be absolutely and completely dependent on the 
thousands of dams that cover its landscape. Texas has numerous large rivers that drain 
tens of thousands of square miles. Flows during floods can be hundreds of thousands of 
cfs, costing not only the loss of life, but causing billions of dollars in damage. However, 
the same rivers can be down to a trickle during a drought and unable to support even 
wildlife, let alone human life. For all the vast quantities of water that flow through it, 
Texas has no natural lakes and no natural means to store any of it. Some parts of the state, 
particularly the southeast and the panhandle, have considerable groundwater, but those 
areas either have no significant recharge, or are suffering from significant subsidence due 
to the long term withdrawal of the groundwater. In response, over the last 100 years, 
more than 7,500 dams have been built across Texas, both for water supply and for flood 
control to address the wild swings in river flows. Thousands more have been built for 
livestock purposes and are not registered. These dams, as well as their contributions and 
impacts, are integral and essential to what Texas is today.  
 
The politics and controversies that both drive and resist the construction of dams have 
varied considerably over the years. New construction has become very controversial and 
difficult but is essential for the growth and opportunities of future Texans.  
 
This presentation will provide a history of water supply development in Texas, focusing 
on the impact and contribution of dams. It will address the factors and incentives that 
drove the various phases of dam construction through the last century and describe the 
challenges and needs for the future. 

                                                 
1 Vice President, Freese & Nichols Inc.; 4055 International Plaza #200, Ft. Worth, Texas 76109, (817) 735-
7284; jlr@freese.com 
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DISCUSSING THE BENEFITS OF DAMS WITH YOUR FRIENDS  
AND NEIGHBORS, THE MEDIA, AND THE GUY SITTING NEXT TO YOU  

ON THE PLANE 
 

Amanda Sutter, PE1 
 

ABSTRACT 
 

There is a growing “anti-dam” sentiment in the media and society at large.  As a 
community, dam safety professionals are very experienced at discussing risk and means 
of reducing risk.  However, we are not as practiced at discussing the benefits of dams.  
This presentation will give ideas on how to start informal conversations and deliver the 
correct message on the many benefits of dams.  This presentation will share strategies for 
spreading good news stories about the dam industry through the media (to include 
traditional forms such as newspapers as well as social media) and emphasize providing 
balanced information when talking about ongoing projects.   

                                                 
1 US Army Corps of Engineers, 1222 Spruce St, St. Louis, MO 63103, 314-331-8413,  
Amanda.J.Sutter@usace.army.mil 
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A RACE AGAINST TIME, AMERICA’S FLOOD RISK FROM AGING DAMS 
 

Jason Wilson, PE 1 
 

ABSTRACT 
 
Along with many other areas of America’s infrastructure, there is a significant need for 
the evaluation and potential rehabilitation of dams across the country,  FEMA estimates 
that by 2020, 85 percent of large dams will have exceeded their design lifespan or soon 
thereafter.  Furthermore the NRCS estimates that more than 600 watershed dams need to 
be upgraded to ensure the safety of those downstream.  Typically the design life of dams 
is 50 years which combined with the fact that the peak construction period for these 
facilities was 1955-1965 makes this a critical issue.  This presentation will illustrate how 
dam assessments are made, how hazard classifications are determined, and how potential 
upgrades are designed.  Inundation mapping of potential breach scenarios highlights a 
worst case scenario demonstration for the downstream communities.  Once this 
information is determined, how is it utilized?  Emergency Action Planning is one 
component of the solution.  Should real-time warning systems be put in place?  How 
should these risks be communicated to the downstream communities?  This presentation 
will aim to answer these questions and illustrate the urgent needs associated with 
America’s dams. 

                                                 
1 -Senior Engineer, Amec Foster Wheeler, 1048 Kings Way, Birmingham, AL 35242, 
Jason.wilson@amecfw.com  
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USE OF LABYRINTH PIANO KEY WEIR (PKW) SPILLWAY TO IMPROVE 
DAM SAFETY FOR A LARGE SET OF DAMS 

 
Frédéric Laugier1 
Thomas Pinchard2 
Julien Vermeulen3 

 
ABSTRACT 

 
Piano Key Weir (PKW) labyrinth spillways have been a quickly developing innovation 
during the past decade. First publications suitable for engineering purposes were issued in 
2003 by Lemperiere and Ouamane. Immediately after this publication, the first 
worldwide PKW was studied from 2003 to 2005 and constructed in 2006 at Goulours 
Dam (France). During the last ten years, EDF designed and built about 11 PKW 
spillways with design hydraulic head between 1 and 1,5 m. They were part of existing 
dam rehabilitation projects in France with regard to dam safety improvement issues.  
Specific discharge capacity can reach 10 m3/s/ml for 1 m hydraulic head and exceed 
20 m3/s/ml for 2 m head. PKW have very simple geometrical features, basically triangles 
and rectangles. Thus they are easy to design and build.   
 
PKW concept is suitable either for existing dam rehabilitation or for new dams. In the 
latter case, a combination “gates + PKW” has revealed many advantages by optimizing 
cost, reliability and other technical issues such as reservoir level control or sediment 
passage. 
 
In parallel to this quick engineering development, many research actions have been 
carried out in by various universities and institutions in various countries (France, 
Switzerland, Belgium, Algeria, India, Vietnam, USA etc.). An important collaboration 
between all parties provided a better understanding of different PKW fundamental 
parameters such as hydraulics or structural design. 
 

                                                 
1 EDF-CIH, Savoie Technolac 73370 Le Bourget du Lac, France, frederic.laugier@edf.fr 
2 EDF-CIH, Savoie Technolac 73370 Le Bourget du Lac, France, thomas.pinchard@edf.fr 
3 EDF-CIH, Savoie Technolac 73370 Le Bourget du Lac, France, julien.vermeulen@edf.fr 
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ENSURING WATER SUPPLY RELIABILITY WITH INNOVATIVE PK WEIR 
SPILLWAY DESIGN 

 
G. Robblee, P.E.1 

S. Kees, P.E.2 
B.M. Crookston, Ph.D., P.E.3 

K. Keel, P.E.4 
 

ABSTRACT 

The West Fork Eno River Reservoir is located approximately eight miles northwest of the 
Town of Hillsborough, North Carolina and is their primary water supply. Construction 
was started in 1998 with initial reservoir filling performed in 2000. The project was 
originally designed and permitted to allow future expansion of the reservoir by raising the 
normal pool elevation by 10 feet. Engineering for the reservoir expansion is currently 
underway; the Town retained Schnabel Engineering to design the spillway modifications 
to support raising the reservoir. 
 
The existing spillway configuration is similar to a side channel spillway and posed 
several unique challenges. For example, downstream of the control section, the spillway 
chute bends 70 degrees while the width of the chute simultaneously transitions from 215 
feet to 80 feet. Spillway wall heights are also insufficient to contain the spillway design 
flood. Due to the hydraulic complexities associated with this spillway, a three-
dimensional computational fluid dynamics model (CFD model) was developed to 
estimate spillway performance under various flood conditions. The CFD model 
facilitated the selection of the chute wall heights and provided valuable insights during 
the evaluation of spillway alternatives for the control section. 
 
The alternatives analysis for the new spillway control section considered an ogee weir, a 
labyrinth weir, and a piano key (PK) weir. The labyrinth alternative was eliminated due 
to size constraints. Both the ogee and the PK weir alternative were viable, but the PK 
weir allowed the control section to be narrowed by about 45 percent while still passing 
the spillway design flood. The significantly smaller and compact PK weir proved to be 
the most cost-effective alternative.  As far as we know, this will be the first PK weir 
designed and built in the US. 
 

                                                 
1 Schnabel Engineering, Greensboro, NC, (336) 274-9456., grobblee@schnabel-eng.com 
2 Schnabel Engineering, Greensboro, NC, (336) 274-9456., skees@schnabel-eng.com 
3 Schnabel Engineering, West Chester, PA, (610) 696-6066, bcrookston@gmail.com 
4 Town of Hillsborough, Hillsborough NC, (919) 732-1270, kenny.keel@hillsboroughnc.org 



NOTES 

18 



19 

IMPORTANCE OF SITE CONSIDERATIONS FOR LABYRINTH SPILLWAY 
HYDRAULIC DESIGN — UPPER BRUSHY CREEK DAM 7 MODERNIZATION 

 
Tina Stanard, P.E.1 

Victor Vasquez, P.E.2 
Ruth Haberman, P.E.3 

Blake Tullis, PhD4 
Bruce Savage, PhD5 

 
ABSTRACT 

 
The Upper Brushy Creek Water Control and Improvement District owns and maintains 
23 earthen flood control dams in Central Texas that were built by the U.S. Soil 
Conservation Service (SCS) over fifty years ago. This paper focuses on the rehabilitation 
of one of the District’s largest dams, Dam 7, to meet Texas dam safety hydrologic 
requirements. Dam 7 is a high-hazard dam located on the border of the City of Austin 
within Williamson County. The dam is a popular recreational destination due to an 
adjacent city park as well as a hike and bike trail that crosses the dam. An innovative 
design was required to increase the auxiliary spillway capacity while accommodating the 
trail and keeping the project footprint within the limited easement area. A labyrinth weir 
was selected as a practical solution due to its ability to maximize discharge within a 
limited footprint.  
 
Like many SCS flood control structures, the existing auxiliary spillway at Dam 7 is 
located on an abutment; however, the approach channel creates a substantial flow angle 
(an approximate 70 degree bend). Initial assessments used published data for labyrinth 
weir design; however, additional analyses were required to evaluate the effect of the 
approach angle. Computational fluid dynamics (CFD) and physical hydraulic models 
were performed as part of the labyrinth spillway design. The modeling results showed 
that that there was an approximate 35% decrease in hydraulic capacity as compared to the 
same labyrinth weir designed using published data (which assume the weir is 
perpendicular to the flow). The models were used to refine the weir layout to maximize 
discharge, minimize required excavation of the approach channel, and evaluate options 
for downstream energy dissipation.  
 
This paper presents the design approach using CFD and physical models. It also presents 
unique architectural and landscaping features used to incorporate the concrete structure 
into the recreational and natural surroundings of the site. 

                                                 
1 Freese and Nichols, Inc., 10431 Morado Circle, Suite 300, Austin, Texas, 78759. (512) 617-3120, 
Tina.Stanard@freese.com 
2 Freese and Nichols, Inc. 10431 Morado Circle, Suite 300, Austin, Texas 78759. (512) 617-3142, 
VMV@freese.com  
3 Upper Brushy Creek Water Control and Improvement District, 1850 Round Rock Avenue, Suite 100, 
Round Rock, Texas, 78681. (512) 284-7685, Ruth.Haberman@upperbrushycreekwcid.org 
4 Utah State University, 1415 Old Main Hill, Logan, Utah, 84322. (435) 797-3194 Blake.Tullis@usu.edu  
5 Idaho State University, 921 South 8th Ave, Pocatello, Idaho, 83202. (208) 282-3131 savabruc@isu.edu  
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USING HEC-RAS 2 DIMENSIONAL CAPABILITY FOR DAM BREAK 
ANALYSIS 

 
Wesley Crosby1 

 
ABSTRACT 

 
The USACE Modeling Mapping and Consequences Production Center (MMC) provides 
hydraulic modeling, mapping and consequence analysis for USACE dams in support of 
the USACE Dam Safety and Critical Infrastructure Protection and Resilience (CIPR) 
Programs.  The MMC has developed processes, tools and standards for creating dam 
breach hydraulic models for use in emergency action plans (EAP), during real-time flood 
events, and in support of the Corps Dam Safety and Security programs.  The MMC-
developed standards have been used to provide dam failure modeling for 386 USACE 
dams and multiple flood events, involving over 1000’s of stream miles throughout the 
continental U.S. and Alaska.   
This presentation will provide an overview of the new two dimensional (2D) capabilities 
within the Hydrologic Engineering Center’s River Analysis System (HEC-RAS) and the 
variety of ways those capabilities can be used for dam break analysis.  In addition, it will 
go over the breach tools within HEC-RAS (e.g. user entered breach data, simplified 
physical breach, and parameter calculator) and the new output features from the RAS 
Mapper program within HEC-RAS (e.g. on the fly mapping, velocity plots, particle 
tracing, etc.). Finally, a few case studies will be presented where the MMC has utilized 
the new 2D capabilities for dam break analysis.   

                                                 
1 US Army Corps of Engineers, 4155 Clay Street, Vicksburg, MS 39183, 601-631-5657,  
Wesley.A.Crosby@usace.army.mil 
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COMBINED 1-D AND 2-D MODELING WITH HEC-RAS FOR ELK CITY DAM 
 

Samantha Palmason, PE, CFM1 
 

ABSTRACT 
 
The US Army Corps of Engineers Modeling, Mapping, and Consequence (MMC) Center 
is assigned to determine the risk and consequences of frequent to extreme events for 
USACE dams, appurtenant structures, and levee failures and non failures.  Elk City Dam, 
a compacted earth-fill embankment with an appurtenant structure south of the dam, was 
modeled as part of the MMC effort.  
 
The new version of HEC-RAS has the capability of combining one dimensional (1-D) 
and two dimensional (2-D) modeling in a single geometry.  The study incorporated 1-D 
for the main stem and tributaries and 2-D modeling for the area downstream of the 
appurtenant structure, encompassing Independence, KS, and the interior drainage area of 
the Coffeeville Levee, protecting Coffeeville, KS (approx 40 river miles downstream).  
Advantages to 2-D modeling for this effort were flexibility and greater accuracy, while 
the disadvantage was the long run time because of the small grid cell sizes defined for the 
2-D area.  In the case of Elk City Dam, the RAS 2-D component had the ability to model 
the hydraulics of the flows over the uncontrolled spillway as well as a failure of the dike 
at the maximum pool.  The benefit of having the capability to calculate multiple flow 
paths in one defined 2-D area outweighed the disadvantage of the long run times.  The 
combined 1-D and 2-D HEC-RAS modeling for Elk City Dam was very effective and 
would be a worthwhile approach for other structures with similar characteristics. 
 

                                                 
1 US Army Corps of Engineers, 1645 S 101st East Ave, Tulsa, OK, 74128, Phone: 918-669-7537, Email:  
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2D OR NOT 2D: CASES STUDIES IN APPLICATION OF HEC-RAS 5.0  
2-DIMENSIONAL MODELING CAPABILITIES 

 
Kevin Ruswick, PE, CFM1 
Gregory Daviero, PhD, PE2 

 
ABSTRACT 

 
The release of the US Army Corps of Engineers Hydrologic Engineering Center’s River 
Analysis System HEC-RAS 5.0 hydraulic model included significant technological 
improvements including the long awaited two-dimensional (2D) hydrodynamic modeling 
capabilities. With this latest version of HEC-RAS, users can now perform one-
dimensional (1D) unsteady flow modeling, 2D unsteady flow modeling (full Saint Venant 
equations or Diffusion Wave equations), as well as coupled 1D and 2D unsteady-flow 
routing.  HEC-RAS 5.0 also includes expanded capabilities of RAS Mapper for the 
processing of topographic terrains used in model geometry development as well as post-
processing model results including 2D animations and velocity/particle trace mapping.  A 
key feature of the HEC-RAS 5.0 2D implementation is the use of a high resolution 
subgrid model where the computation cells do not have flat bottoms but rather are 
represented by geometric and hydraulic property tables based upon the underlying terrain.  
This allows for utilization of larger computational grid cell sizes while retaining the 
resolution of the topographic terrain which provides for reduced computational time. 

 
As with any new software, there can be a learning curve for the practitioner in application 
of the new capabilities and uncertainty in when and how to best apply the new 2D 
capabilities.  This presentation will focus on some of these issues based on case studies 
and our experience using HEC-RAS 5.0 including: 
 

 When should 2D be used rather than 1D? 
 Should I use full 2D or combined 1D and 2D? 
 How difficult/time consuming is it to develop 2D model? 
 What are the accuracy variations in 1D vs. 2D? 
 What topography is needed for 2D? 
 What cell size and computational step size is appropriate? 

 
The presentation will also highlight some of the limitations of the current version of the 
model including bridge modeling within 2D areas.  Case studies will include 2D dam 
breach model simulations used in hazard class assessments.  Comparisons will be made 
for model results with varying computational mesh sizing and associated computational 
run times. 

                                                 
1 Associate, Schnabel Engineering.  Phone: (518) 348-8577, Email: kruswick@schnabel-eng.com 
2 Principal, Schnabel Engineering, Adjunct Professor, Rensselaer Polytechnic Institute.  Phone: (518) 348-
8580, Email: gdaviero@schnabel-eng.com 
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AUTOMATED INCREMENTAL HAZARD AND SENSITIVITY ANALYSIS OF 
A HYPOTHETICAL DAM BREACH MODEL  

 
Mikell Warms, E.I.T.1 
Dan Christensen, P.E.2 

Christopher Goodell, P.E., D.WRE3 
Cynthia Oestreich, P.E.4 

 
ABSTRACT 

 
An HEC-RAS model was developed for a dam breach analysis of a concrete dam along 
the Spokane River. The model is a combination of one and two-dimensional elements: A 
large 2-D area including the upstream reservoir, the downstream floodplain, a tributary 
channel, and the dam itself was developed inline of a 1-D reach, a method which is now 
available using HEC-RAS Version 5.0 Beta. Three dam breach scenarios (high, medium, 
and low flow) were tested to determine the sensitivity of the model to changes in breach 
parameters. In addition, three different erosion geometries of possible scour scenarios 
(including modifications to cross sections and terrain upstream of the dam) were tested to 
determine the effect and sensitivity that reservoir bed scour has on the breach 
hydrograph. An incremental hazard analysis was completed to determine the critical 
flood flows that cause flooding downstream near populated areas. This process was 
automated using Python scripts to run the model numerous times with different flood 
parameters and to extract and analyze pertinent data from the HEC-RAS hierarchical data 
format (HDF) output files on the fly. 2-D area cells in the flood plain downstream of the 
dam, along the thalweg of the river, and near sensitive developed areas downstream of 
the dam were chosen to determine the greatest change in flood depths due to a dam 
breach during all possible antecedent conditions. The flood flows tested consisted of a 
sunny day breach to the probable maximum flood (PMF), in 10,000 cfs increments. 
 

                                                 
1 Mikell P. Warms, E.I.T., WEST Consultants, Inc., mwarms@westconsultants.com, 503.946.8536  
2 Daniel Christensen, P.E., WEST Consultants, Inc., dchristensen@westconsultants.com, 503.946.8536 
3 Christopher Goodell, P.E., D.WRE, WEST Consultants, Inc., cgoodell@westconsultants.com, 
503.946.8536  
4 Cynthia Oestreich, P.E., Avista Utilities, cynthia.oestreich@avistacorp.com, 509.489.0500 
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HEC-METVUE - TOOL FOR REAL-TIME FORECASTING —  
ANALYZING, TRANSPOSING AND ROTATING STORMS; DEVELOPMENT 

OF DESIGN STORMS 
 

Simeon Benson1 
 

ABSTRACT 
 
At present, a well established infrastructure of precipitation and other meteorological 
gages along with technological advances radar estimates of precipitation provide a wealth 
of information for the meteorological and hydrologic communities. This information is 
critical for assessing, operating and managing the nation’s inventory of dams, levees and 
other water resource related assets. HEC-MetVue is an important tool being developed to 
calibrate, process, analyze and utilize this precipitation data. Development goals include:  
 

• Supplying meteorological inputs to numerical runoff models to develop real-time 
forecasts  

• Transposing and rotating observed storm events  
• Analyzing observed storms  
• Development of design storms utilizing the data from observed events, in addition 

to known temporal and depth-area-duration relationships  
 
HEC-MetVue utilizes regular and irregular triangular networks to develop a 
mathematical surface representing meteorological information from a variety of sensors 
including precipitation gages and radar estimates of precipitation in the form of gridded 
data products issued by the National Weather Service. A triangulated irregular network 
(TIN) is applied to develop a surface for irregularly spaced gages and a regular triangular 
network is applied to gridded data. One of the more interesting aspects of the application 
is the ability to leverage the best properties of both the radar and precipitation gages to 
give a better final product than either by itself. It does this by using the precipitation gage 
network, which is presumed to be a very accurate but spatially sparse, combining it with 
radar precipitation estimates, which has excellent spatial resolution but low accuracy. To 
provide this superior product, the precipitation gage network is used to do localized 
adjustment of the radar estimated precipitation by turning the precipitation gage network 
into a TIN where the vertexes of the triangles of the TIN are the locations of the 
Modeling, Mapping, and Consequences (MMC) precipitation gages. An adjustment can 
be made to the radar bins which fall within the individual triangles of the TIN by 
comparing the values of precipitation at the vertexes of the triangles with the coincident 
radar bin values.  
 
Processing algorithms have been and are being developed to:  
 

• Extract temporal precipitation hyetographs  
                                                 
1 U.S. Army Corps of Engineers-Fort Worth District, 819 Taylor St., Fort Worth, TX 76102, 817-866-1544, 
Simeon.A.Benson@usace.army.mil  
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• Extract spatial distribution for the development of depth-area-duration 
relationships  

• Allow for transposition and rotation of the precipitation surfaces  
• Analyze precipitation events  

 
HEC-MetVue will be linked closely with USACE numerical modeling tools such as 
HEC-HMS.  
 
HEC-MetVue will allow federal, state and local agencies and their consultants to better 
understand extreme storm events and to use this understanding to develop precipitation 
estimates for application to numerical rainfall-runoff models for assessing, operating and 
managing water resource assets across the country.
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GSSHA MODELING FOR ANALYSIS OF FLOOD DESIGN FEATURES AT 
THE PICAYUNE STRAND RESTORATION PROJECT 

 
Charles W. Downer1 Jaime A. Graulau-Santiago2 
Brian E. Skahill3 David M. Weston4 
Nawa Raj Pradhan5 Aaron R. Byrd6 
 

ABSTRACT 
 

This paper describes the application of the USACE physically-based Gridded Sub-
Surface Hydrologic Analysis (GSSHA) model for the assessment of flooding potential 
within the influence area of the Picayune Strand Restoration Project (PSRP).  GSSHA 
was selected due to its ability to simulate fully coupled rainfall distribution, extraction, 
retention, overland flow, and one dimensional channel flow and the capability to develop 
inset sub-models within the boundaries of a larger model domain (telescopic refinement).  
This capability allowed for high resolution analysis and refinement of the proposed flood 
protection features. 
 
Hydraulic models were developed from existing and design data, populated with 
parameter values from previous hydrodynamic modeling efforts.  Parameters were then 
tuned to observed stage and flow data using the Secant Levenberg-Marquardt (SLM) 
method, a nonlinear least squares minimization computer-based local search method.  
The calibrated model reproduced canal flows and stages with a Nash-Sutcliffe Forecast 
Efficiencies, generally 0.9 or higher.  Subsequent uncertainty analysis allowed water 
stages to be estimated with 95% certainty.  These hydrologic models and analysis 
demonstrated that some of the proposed features were either unnecessary or over-
designed with respect to the original proposed plan.  The refinement of these features 
resulted in construction cost savings of $40M approximately. 
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2 Chief, Interagency Modeling Section, Water Resources Engineering Branch, Jacksonville District, US 
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3 Research Hydraulic Engineer, Hydrologic Systems Branch, Coastal and Hydraulics Laboratory, Engineer 
Research and Development Center, 3909 Halls Ferry Road, Vicksburg, MS 39180 
4 Senior Engineer, Water Management Section, Operations Division, Jacksonville District, US Army Corps 
of Engineers, 701 San Marco Blvd, Jacksonville, FL 332207-8175 
5 Research Hydraulic Engineer, Hydrologic Systems Branch, Coastal and Hydraulics Laboratory, Engineer 
Research and Development Center, 3909 Halls Ferry Road, Vicksburg, MS 39180 
6 Branch Chief, Hydrologic Systems Branch, Coastal and Hydraulics Laboratory, Engineer Research and 
Development Center, 3909 Halls Ferry Road, Vicksburg, MS 39180 



NOTES 

32 



33 

USING THE VARIABLE INFILTRATION CAPACITY MODEL IN A SEMI-
STOCHASTIC FORMAT FOR HYDROLOGIC HAZARD ESTIMATES FOR 

DAM SAFETY RISK ANALYSIS 
 

Frank Dworak1 
 

ABSTRACT 
 

The Bureau of Reclamation (Reclamation) uses multiple methods to develop hydrologic 
loadings for dam safety risk analysis, which typically consist of peak flow flood 
hydrographs for a full range of Annual Exceedance Probabilities (AEPs). Reclamation 
has a standard set of tools for conducting Hydrologic Hazard Analyses (HHAs) however 
they often rely on custom approaches for unique projects.  Reclamation is currently 
conducting an HHA for Grand Coulee Dam, Washington, to develop probabilistic flood 
frequency estimates for the drainage basin that covers approximately 74,100 square 
miles, of which 39,500 square miles are situated in the province of British Columbia, 
Canada. This challenging project caused Reclamation to think outside of the box to use a 
custom approach of modeling the hydrology semi-stochastically with the Variable 
Infiltration Capacity (VIC) model. 
 
The VIC model is a continuous, semi-distributed macroscale hydrological model that 
balances both water and surface energy within each grid cell. Specifically, Reclamation is 
using a VIC model with 1/16th degree latitude/longitude spatial resolution that was 
previously developed for the Columbia River Basin by the University of Washington in 
collaboration with multiple local and federal government agencies, as well as the British 
Columbia Ministry of the Environment, in support of the Columbia Basin Climate 
Change Scenarios Project. Reclamation will be using the model in a semi-stochastic 
format with frequency precipitation, custom temporal and spatial storm distributions, and 
historic datasets to develop hydrologic hazard estimates.  
 
Reclamation will discuss the advantages and challenges of using an existing calibrated 
hydrologic model for the Grand Coulee Dam project. 

                                                 
1 Hydrologic Engineer, Flood Hydrology and Meteorology Group, Bureau of Reclamation, PO Box 25007 
86-68250, Denver, CO 80225-0007, 303-445-2547, fdworak@usbr.gov 
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DYNAMIC DESERT FLOODS AT A DRY DAM 
 

Robert A. Eichinger, P.E.1 
Zachary Whitten, P.E.2 
Michael Gerlach, P.E.3 

 
ABSTRACT 

 
The Inflow Design Flood (IDF) of a dam may be defined as the reservoir flood inflow 
magnitude selected on the basis of dam size and hazard potential classification.  The IDF 
is used in the design or evaluation of a dam, particularly for determining the maximum 
crest height of the dam, auxiliary spillway capacity, freeboard, flood storage 
requirements, and other dam design requirements such as foundation lateral extents.  
Under normal every-day dam design, one IDF is usually selected for the dam and used to 
establish the previous design elements.  However, sometimes one IDF is not always the 
case.  
  
This paper presents the approach of determining the IDF for the rehabilitation of the 
Vineyard Road Flood Retarding Structure (FRS) project; a 5-mile long earthen dam with 
two auxiliary spillways and a 100 square mile watershed.  Following the Arizona 
Department of Water Resources’ (ADWR) IDF methodology of using the GIS-based 
Precipitation Evaluation Tool (PET), a PMP precipitation depth was derived for a 72-
hour storm over the entire 100 square mile watershed.  Since the ADWR PET/PMP 
guidelines recommend not applying a 6-hour PMP storm over watersheds greater than 50 
square miles, the tool was applied to determine precipitation depths of critically centered 
6-hour PMP’s throughout the watershed on areas of 50 square miles or less.  During 
initial level-pool hydrologic routing, the 72-hour PMP over the entire watershed resulted 
in the highest water surface elevations and therefore the probable IDF for dam design.  
However, using subsequent two-dimensional hydrodynamic routing with FLO-2D, 
separate critically centered 6-hr PMP storms, one at the north and one at the south end of 
the dam, resulted in more conservative water surface elevations at the ends of the dam. 
What resulted was a composite IDF derived from the maximum water surface elevations 
of the three individual PMFs.  The composite IDF was used to establish the maximum 
dam crest elevation and the two 6-hr PMFs were used to evaluate and determine auxiliary 
spillway hydraulics and capacities.   
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CULTIVATING INGENUITY AND SAFETY IN ALABAMA: THE TAMING OF 
LAKE OGLETREE RESERVOIR 

 
James R. Crowder, P.E.1 

Brian M. Crookston, PhD, P.E.2 
Bradley T. Boyer, P.E.3 

J. Tyler Coats, P.E.4 

 
ABSTRACT 

Labyrinth spillways are commonly implemented in dam rehabilitation projects to satisfy 
design flood criteria due to their hydraulic performance, flexible design, and cost 
effectiveness.  However, their various complex hydraulic behaviors in some 
circumstances can present unique challenges to designers.  This paper presents a unique 
project located in the State of Alabama, showcasing the various challenges and the 
approach selected for the rehabilitation of the Lake Ogletree spillway.  With a myriad of 
modifications to the dam and spillway since 1941, and potential flooding to surrounding 
infrastructure from spillway releases, an innovative approach to the layout of the spillway 
was required.  The rehabilitation includes a large, multi-stage labyrinth weir (19-ft 
maximum weir height) and saddle areas designed for overtopping.  Hydraulic challenges 
included generally matching the existing outflow hydrograph for more frequent storm 
events while still passing the spillway design storm.  The design also considered nappe 
vibration, a phenomena that can produce acoustic pressure waves that affect nearby 
structures.  This paper also presents results from a detailed CFD model of the spillway 
and basin.  
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REPLACING RUBY DAM OUTLET USES COMPUTATIONAL FLUID 
DYNAMICS TO MODEL ENERGY DISSIPATION 

 
Frank Lan, Ph.D., P.E.1 
Robert Waddell, P.E.2 

Michael Zusi, P.E.3 
Brian Grant, P.E.4 

 
ABSTRACT 

 
After 75 years of hard work, the old outlet works at Ruby Dam was ready for 
rehabilitation and new jet flow gates selected to regulate discharges needed an energy 
dissipation structure for high-velocity releases.  Three-dimensional Computational Fluid 
Dynamics (CFD) modeling was utilized to help design the new energy dissipation 
structure.  Gate selection criteria, project design, and post-construction performance are 
presented, and its operation is compared to the designer’s expectations. 
 
Ruby Dam was constructed in the 1930’s in Madison County, Montana on the Ruby 
River, a tributary to the Jefferson River, one of the three rivers that form the Missouri 
River at Three Forks, Montana.    Ruby Reservoir is primarily used for agricultural 
irrigation, making it a vital economic asset to the area, which underscores the importance 
of a reliable outlet works.  Ruby Dam is a high-hazard earth embankment with multiple 
appurtenant structures including a low-level outlet and principal spillway.  The original 
low-level outlet included a 6-foot-diameter gate valve (guard valve) and a 6-foot-
diameter flow-regulating butterfly valve in a vertical gate shaft from the dam crest.    The 
gate valve was abandoned in place and the butterfly valve was replaced with a new knife 
gate valve.  During the recent rehabilitation, a new 6-foot diameter steel-lined outlet 
conduit was constructed through the downstream discharge tunnel, grouted in place, and 
extended to a new valve house located at the downstream toe of the dam, where two new 
jet flow gates were installed to regulate flow.  These jet flow gates discharge water at 
relatively high velocity into a Type III stilling basin that was designed using CFD 
modeling. 
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REDUCING SCOUR WITH FLOW SPLITTERS, EXTENSION FINS AND 
COMPUTATIONAL FLUID DYNAMICS 

 
Duane M. McClelland, P.E.,1 

Daniel Morse, Ph.D.2 
Nathan M. Gullo, P.E.3 

Jason A. Eichler, P.E., PMP4 
 

ABSTRACT 
 
Computational Fluid Dynamics (CFD) provided key insights to reduce scour potential at 
Lane City Dam, a diversion dam located on the lower Colorado River in Texas. The dam 
breached soon after it was built in 1984 and has since experienced progressive bank and 
channel erosion, requiring several repairs to address scour, undermining, headcutting and 
structural damage. During rehabilitation design, CH2M used CFD simulations to evaluate 
hydraulic attack, spillway geometries, and gate operations to design scour reductions. 
 
Over the range of flows, there are both low and high tailwater conditions outside the 
standard stilling basin design range. The dam has multiple crest elevations, a bascule 
gate, and sloped abutments that contribute to complex three-dimensional flows. CFD 
modeling demonstrated significant differences in the location, magnitude and direction of 
near-bed velocities at different flow rates, and confirmed high velocities at locations of 
observed scour.  High velocities from lateral sweeping flow, plunging flow and vertical 
and horizontal back eddies were particularly important. It was also found that the benefits 
of opening or closing the bascule gate depended on the flow rate. 
 
CFD modeling demonstrated hydraulic benefits from the rehabilitation design, which 
includes concrete dividing walls between tiered stilling basins, two sheet-pile walls (fins) 
that extend downstream of the stilling basin to interrupt sweeping and recirculating flow 
patterns, and selective use of bank revetments and channel armoring. Examples also 
illustrate the use of CFD to validate design performance for a spillway, conveyance 
system and river outfall for the proposed off-channel Lane City Reservoir. 
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SEDIMENT TRANSPORT ANALYSIS IN SUPPORT OF PRADO BASIN 
SEDIMENT MANAGEMENT PROJECT 

 
 Craig P. Baxter, PE1 
 Nathan Scheevel, PE2 
 George W. Annandale, D.Ing, PE, D.WRE, F.ASCE3 
 

ABSTRACT 
 
Prado Dam is an earthen fill dam on the Santa Ana River in Riverside County near 
Corona, CA.  The dam was constructed in 1941 by the US Army Corps of Engineers 
(USACE) as a flood control structure.  Since that time, the dam has acted as a sediment 
trap.  This has had the effect of significantly reducing the sediment load to the Lower 
Santa Ana River (LSAR).  The storage capacity of Prado Basin has also been reduced, as 
anticipated during initial planning of the dam. 
 
The Orange County Water District (OCWD) in conjunction with USACE is studying the 
feasibility of a complex sediment management project at Prado Basin.  The project will 
be executed by removing sediment from within Prado Basin where the Santa Ana River 
flows enter the basin.  The sediment would then be transported downstream of the dam at 
which point it will be re-entrained in water discharges from the dam.  Potential benefits 
of the project include: 
 

• Increased storage capacity in Prado Basin  
• Improved aquatic habitat due to coarsening of the Santa Ana River bed  
• Reducing incision in the Santa Ana River downstream of Prado Dam 
• Potential increased infiltration rates in the OCWD groundwater recharge reach of 

the LSAR 
 
One-dimensional sediment transport analyses in support of the project have been 
performed over the last several years.  The effects of the project on sediment transport 
and deposition patterns has been estimated for approximately a 50-mile stretch of the 
Santa Ana River from the San Bernardino/Riverside County line to the Pacific Ocean.  
The simulation estimates the coarsening of the river bed upstream of Prado Basin, 
aggradation downstream of Prado Dam, and changes throughout the entire modeled reach 
of the river. 
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VERIFICATION OF SEDIMENT YIELD CALCULATIONS IN THE ARID 
SOUTHWEST 

 
Brian Wahlin, Ph.D., P.E., D.WRE1 

Jesse Piotrowski, P.E., CFM2 
Chuck Davis, P.E., CFM3 

 
ABSTRACT 

 
The Powerline, Vineyard Road, and Rittenhouse (PVR) Flood Retarding Structures 
(FRS) were designed and constructed by the Soil Conservation Service (now the Natural 
Resources Conservation Service or NRCS).  These dams currently provide significant 
flood control and erosion protection for downstream commercial, agricultural, and 
residential properties within Pinal County and Maricopa County covering a large portion 
of the Phoenix metropolitan area in Arizona.  Due to significant concerns regarding aging 
infrastructure, land subsidence, earth fissuring, revised hazard classifications, and current 
dam safety standards, the ability of the PVR structures to provide the required level of 
protection is questionable.  Based on these dam safety concerns, the Flood Control 
District of Maricopa County (FCDMC) has determined that rehabilitation or replacement 
of the dams is required.   
 
These PVR structures were originally designed as Significant Hazard dams and have 
since been re-classified as High Hazard dams.  The reservoirs were designed with a 
sediment storage pool to allow for future reservoir sedimentation behind the structures.  
The sediment yield calculations for the PVR structures were updated to verify the 
sediment storage pool size.  Because of the uncertainty associated with sediment yield 
calculations, the FCDMC desired to have a secondary method of verification showing 
that the calculated sediment yield was reasonable.  However, no historic surveyed 
sedimentation data are available for the PVR structures.  Even if there were surveyed 
sediment data, these data may not have been useful because of the coincident subsidence 
that has been occurring in the area.  Thus, published reservoir sedimentation data for 
similar sized reservoirs were used to determine if the calculated sediment yields were 
reasonable.  The Reservoir Sedimentation (RESSED) Database—a product of the U.S. 
Federal Government’s Advisory Committee on Water Information, Subcommittee on 
Sedimentation—was utilized for this comparative analysis. 
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POST- REMOVAL RESERVOIR EROSION: ELWHA DAM AND GLINES 
CANYON DAM REMOVALS, WASHINGTON 

 
Jennifer Bountry, P.E., M.S.1 

Andrew Ritchie2 
Timothy Randle, P.E., PhD 3 

 
ABSTRACT 

 
Removal of Elwha and Glines Canyon Dams in northwest Washington State occurred 
between September 2011 and October 2014, utilizing the river’s natural stream power to 
establish a new reservoir landscape. Of the estimated 21 million m3 of reservoir sediment, 
60 percent has been released downstream as of September 2015. Flood peaks were less 
than a 2-year flood during the three years of dam removal and between a 2 and 3-year 
flood during the year following dam removal. After the river eroded down to the pre-dam 
valley bottom, a new “quasi-equilibrium” floodplain has developed through lateral 
erosion. Modeling and recent erosion trends indicate 20 to 30% of sediment will remain 
over the long-term in the reservoir landscape. While the rate of sediment erosion was 
closely tied to the rate of dam removal during the first three years, the final phase of 
erosion is now dependent on the timing and magnitude of natural floods. In this paper, we 
present predictions for future reservoir sediment erosion based on erosion trends during 
the first four years of removal and current reservoir conditions. We predict that once a 
given flood magnitude has occurred the river will require a larger flood than has 
previously occurred to initiate the next increment of erosion. In absence of a large flood, 
we anticipate sediment recruitment in the former reservoirs to be largely restricted to 
reworking of depositional features within the newly developed floodplain. During dam 
removal, downstream turbidity remained at least an order of magnitude higher than 
background during the majority of the year. Post-removal turbidity should be of similar 
order of magnitude to background levels, and only elevated during flows greater than the 
mean annual flow. 
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UNIT HYDROGRAPH PEAKING FACTORS AND THEIR APPLICATION TO 
PMF SIMULATIONS 

Michael Bartles, P.E.1  
Matthew Fleming, P.E.2 

 
ABSTRACT 

 
Within the U.S. Army Corps of Engineers (USACE), current guidance for dam design 
and operation requires the safe passage of an Inflow Design Flood (IDF) with adequate 
freeboard.  The IDF is commonly comprised of the Probable Maximum Flood (PMF) 
along with assumed antecedent conditions for the moisture state in the watershed and the 
initial pool storage. 
 
Unit hydrograph theory is the most commonly used hydrologic modeling approach that 
converts excess precipitation to a point runoff hydrograph.  Unit hydrograph theory 
assumes a linear precipitation – runoff response without consideration of several 
complicated hydrologic processes that can occur.  When using unit hydrograph theory, 
the ordinates of a runoff hydrograph from a two inch/hour excess precipitation event are 
assumed to be two times larger than a one inch/hour excess precipitation event.  As such, 
unit hydrograph transform parameters are dependent upon the magnitude of the events 
that were used for calibration.  It is essential to calibrate to extreme events when 
investigating events on the order of the PMF.  However, in most cases, even the most 
extreme observed events are much less intense than the PMF. 
 
Errors in timing and peak magnitude can arise when simulating the PMF due to the 
assumption of linear runoff response and the lack of observed events on the order of the 
PMF.  In an attempt to use conservative runoff parameters, guidance has been in use 
within the USACE community for approximately 50 years requiring unit hydrograph 
peaking factors between 1.25 and 1.5 when simulating the PMF.  Commonly, the 
applicability of a unit hydrograph peaking factor of 1.25 or 1.5 is not explicitly analyzed. 
 
New tools are under development at the Hydrologic Engineering Center (HEC) that can 
better evaluate the non-linear runoff response associated with increasingly large rainfall 
amounts.  These tools will allow for more accurate extreme event simulations and a more 
accurate determination of potential hydrologic hazards within dam design and operation. 
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AREAL REDUCTION FACTORS — COLORADO FRONT RANGE AND 
ANALYSIS OF THE 2013 STORM 

 
Doug Hultstrand1 

Bill Kappel2 
 

ABSTRACT 
 
Information about extreme precipitation is of interest in hydrologic engineering 
applications such as dam design, river management, and rainfall-runoff-relations.  These 
require knowledge on the spatial and temporal variability of precipitation over an area.  
In order to obtain areal average values for hydrologic modeling purposes, point rainfall 
amounts are often transformed to average rainfall amounts over a specified area.  This is 
addressed using depth-area curves which require the use of areal reduction factors 
(ARFs).  
   
The Colorado Department of Transportation (CDOT) Flood Hydrology Committee 
tasked Applied Weather Associates (AWA) to derive 24-hour ARFs for the Front Range 
of Colorado for area sizes of 1- to 1000-sqmi.  In addition, basin specific ARFs for the 
September 2013 rainfall event were calculated for four basins (Boulder Creek, St. Vrain 
Creek, Big Thompson River, and Thompson River basin).  This study was initiated due to 
areal limitations and potential issues associated with NOAA Atlas 2 ARF curves.   
 
AWA analyzed storm events along the Front Range of the Rocky Mountains extending 
from northern New Mexico through southern Canada, including the September 2013 
event.  Each storm event utilized in the analysis represented meteorological and 
topographical characteristics that were similar to each other and to the September 2013 
event.  These storms were selected  to derive storm specific ARFs which represented to 
the meteorological and topographical characteristics of the four basins.  The individual 
storm ARFs were utilized to derive a site-specific set of 24-hour ARF values to be used 
in the hydrologic analysis of four basins along the northern Front Range of Colorado. 
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EVALUATING EFFORT LEVELS OF INFLOW DESIGN FLOOD STUDY 
METHODS FOR DAMS 

 
S. Samuel Lin1 

Jason E. Hedien2 
 

ABSTRACT 
 
The current state-of-the-practice for inflow design flood (IDF) selection can be 
implemented by executing three hydrologic safety analysis methods for a dam and its 
appurtenant structures. They are (1) prescriptive assignment of IDF based on dam hazard 
class; (2) incremental consequences approach (ICA); and, (3) risk informed decision 
making (RIDM) approach. The development of these methods has evolved over time as 
more comprehensive tools for assessing a dam’s hydrologic adequacy have become 
available.  
 
This paper briefly reviews each IDF method. The key differences between each method 
are illustrated to better understand various analysis effort levels. Incorporating present 
knowledge with the practical lessons learned, a case study for hydrologic risk mitigation 
or reduction is presented that highlights the differences between each method, the 
differing results produced, and the effort and complexity involved with implementing 
each of the three methods. 
 
The level of analysis effort and complexity of each method for best practices are 
discussed in this paper; however, specific technical guidance on which method to use is 
not provided. It is hoped that this paper provides a general understanding regarding IDF 
selection approaches so the proper method for selecting a dam’s reasonable IDF result 
can be identified according to the specific needs of the dam owner and regulator.  
 
This paper solely represents the authors’ viewpoints not necessary their entities’ policy 
and/or practice.   
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UTILIZING REGIONAL PRECIPITATION FREQUENCY RELATIONSHIPS 
FOR MULTIPLE STORM TYPES FOR PROBABILISTIC FLOOD HAZARD 

ASSESSMENT IN THE TENNESSEE RIVER WATERSHED 
 

Mel Schaefer1, P.E., Ph.D. Shaun Carney, P.E.2 
Bruce Barker, P.E.3,  Curt Jawdy, P.E.4 

Keil Neff5, P.E., Ph.D. 
 

The Tennessee Valley Authority (TVA) initiated a multi-year project in 2014 for 
assessing hydrologic risk at dams and nuclear plants in the Tennessee Valley. The project 
has several phases including: regional point precipitation-frequency analysis; spatial and 
temporal storm analyses; development of watershed precipitation-frequency 
relationships; development of scalable spatial and temporal storm templates; stochastic 
flood modeling including joint operation of numerous reservoirs for flood control; and 
development of hydrologic hazard curves for maximum reservoir level, flood peak 
discharge and other flood characteristics of interest. The findings of these analyses will 
provide critical information for risk-informed decision making for dams which will 
improve TVA’s ability to prioritize capital improvement projects, identify risk-reduction 
measures, and optimize policies for emergency operation. 
 
This complex system of dams and reservoirs is subjected to a mixed population of storm 
types which produces a mixed population of floods for dams with watersheds ranging 
from 60-mi2 to over 30,000-mi2. The four storm types include Mid-Latitude Cyclones 
(MLC), Tropical Storm Remnants (TSR), Mesoscale Storms with Embedded Convection 
(MEC) and Local Storms (LS). Each of these storm types has different precipitation-
frequency characteristics and spatial and temporal storm characteristics that must be 
accounted for in the stochastic modeling of floods. Separate stochastic flood models will 
be developed for each storm/flood type and hydrologic hazard curves will be assembled 
by combining the flood-frequency results for the storm/flood types specific to a given 
dam/watershed.  
 
This presentation provides an overview of work performed and findings from the first 
phases of this project, primarily focusing on precipitation-frequency. The regional 
precipitation-frequency analysis used a storm typing approach, which is a major 
advancement over traditional precipitation-frequency methods. This approach provides a 
direct link between watershed precipitation-frequency, storm spatial and temporal 
patterns and seasonal characteristics for the various storm types. L-moment regional 
precipitation-frequency analyses were conducted for point precipitation for locations in 
thirteen climatic regions within the Tennessee Valley watershed to depict the spatial 
variation of precipitation maxima in the complex topographic study area. A major 
component of the study was the development of separate precipitation data series for each 
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storm type that were comprised of precipitation maxima produced by specific storm 
types. This was accomplished by using meteorological criteria to identify the storm type 
for each rainy day in the period from 1881 through mid-2014 and using this database in 
assembling precipitation annual maxima data series for precipitation stations for each of 
the storm types. Findings of the precipitation-frequency analyses for the four storm types 
will be presented in the context of developing watershed-specific precipitation-frequency 
relationships for use in stochastic flood modeling. 
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HOW DO THEY DO IT?  THE STRUGGLE OF JUGGLING A CAREER AND 
PARENTHOOD AND FEELING SUCCESSFUL IN BOTH 

 
Karen Aguillard, P.E.1 

 
ABSTRACT 

 
People say that no one can ever be completely prepared to dive into parenthood.  
However, parents who decide to continue pursuing their careers face an additional 
challenge.  All of a sudden those days of staying late and working until the wee hours of 
the morning become much more difficult if not nearly impossible with a newborn to take 
care of and daycare schedules to meet.  And unfortunately, it doesn’t get easier as your 
child grows older.  When it comes to not letting down your work or your family, it’s hard 
to know which side of the line to stand on.  Meet your pressing deadline but miss the 
school play or attend the play to make your child happy, but leave the client hanging?  
The reality is that we have all experienced this dilemma at one time or another.  Is it 
possible to make your client happy without letting down your family?  Are there key 
steps that you can take to minimize the number of times you will be put into this sort of 
situation?  Is a work/life balance really achievable? 
 
This presentation will address key steps that can be taken to be a top-performer at work 
and an all-star parent.    Topics include planning and preparation, efficient use of time, 
setting a work “curfew”, knowing when to say no, ignoring the email ding during family 
time, and taking time out for vacation with your family (and not working through the 
entire vacation!).  This presentation will also address the shift in culture from the 8-5 
office life to an integrated work/life mentality in which it’s acceptable to leave early to 
attend your child’s soccer practice and make up for those hours that night after they’ve 
gone to bed.  It’s not about working less but instead about working work into your life. 
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A YOUNG ENGINEER’S PERSONAL EXPERIENCE AT A GEOTECHNICAL 
CONSTRUCTION MATERIALS TESTING FIRM AND A GEOTECHNICAL 

WATER RESOURCES DESIGN FIRM. 
 

Jim Kirch, P.E.1 

 
ABSTRACT 

 
Engineers have a variety of choices when selecting a career path and employer.  Each 
career path and employer offers unique opportunities to exercise different skills for the 
professional engineer.  Some opportunities require rigorous technical analysis and design 
while others focus on efficiency performing routine tasks.  Each job has unique 
challenges and opportunities and may be better suited to particular interests and skill sets.   
 
This presentation reviews my experience and observations from working at a 
geotechnical construction materials testing firm and a geotechnical water resources 
design firm; including lessons I’ve learned about each industry.   
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RED ROCK HYDROELECTRIC PROJECT — GENERATING POWER FROM 
IOWA’S LARGEST LAKE 

 
Rachael V. Bisnett, P.E.1 

 
ABSTRACT 

 
The Red Rock Hydroelectric Project (Project) is currently under construction at the 
existing US Army Corps of Engineers (USACE) Red Rock Dam on the Des Moines 
River near Pella, Iowa.  At peak generation, the Project will generate up to 55 MW with 
an average annual energy output of 178 gigawatt-hours.  The Project is being developed 
by Western Minnesota Municipal Power Agency (WMMPA), a joint-action agency of 
municipalities that own their own electric systems, which is represented in the Project by 
the Missouri River Energy Services (MRES).  Design of the Project began in 2011 and 
construction commenced in August 2014.   
 
The Project is located adjacent to the spillway at the existing US Army Corps of 
Engineers (USACE) Red Rock Dam on the Des Moines River near Pella, Iowa.  The 
Dam was constructed by the USACE between 1960 and 1969 for flood control purposes; 
recreation and fish and wildlife purposes were later added.  The Project includes an 
upstream intake structure founded on drilled shafts; a large T-shaped reinforced concrete 
diaphragm wall that will have a 69 ft cantilevered height in the permanent condition; two 
21 ft internal diameter penstocks that penetrate through the existing dam’s gravity 
monoliths; and a powerhouse excavated approximately 35 ft into rock at the toe of the 
existing dam.  This presentation will provide an overview of the unique challenges 
involved with the design and construction of this hydroelectric project at an existing (and 
active) flood control dam. 
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DAM RISK ASSESSMENT’S ROLE IN PREPARING FOR CLIMATE CHANGE 
 

Jessie Drayton, PE1 
 

ABSTRACT 
 
With ever increasing understanding of the causes and impacts of climate change, local, 
national and international agencies are recognizing the importance of climate change 
planning. As the frequency and severity of extreme events continue to intensify, 
infrastructure will continue to be tested and at times will fail. With limited resources and 
ever changing conditions, the focus has shifted to planning and designing for resiliency 
instead of complete protection. Building and maintaining resilient infrastructure in 
conjunction with proper preparation will provide communities with the abilities to return 
to their lives more quickly when faced with a natural disaster or extreme weather event.  
 
Water resources are a pivotal part of infrastructure resiliency upon which climate change 
has a large impact. The risk assessment of dams and levees can be an important tool in 
planning for climate change resiliency due to the probability, consequence and future 
condition considerations. When assessing the resiliency of an entire community or 
watershed system, dam and levee facilities are an integral part in the performance, 
operations and risks. Many agencies and nations have begun to integrate risk assessment 
concepts into their climate change plans and policies and this presentation will provide a 
summary and comparison of how the major entities in the United States, Canada, 
Australia and New Zealand are utilizing dam risk assessment and how it relates to climate 
change planning.   
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MODELING EFFICIENT AND SUSTAINABLE HYDROELECTRIC 
PRODUCTION AT SMALL DAMS THROUGH ARTIFICIALLY INDUCED 

STREAMFLOW AND APPLICATION OF SYSTEM CONTROL 
 

Rafey A Siddiqui1 
Bilal A Siddiqui2 
Ryan T Bailey3 
Arif I Osmani4 

 
ABSTRACT 

 
Small reservoirs in arid areas have the potential to become depleted due to low annual 
average rainfall and high evaporation rates. These locations therefore can be an unreliable 
source for hydroelectricity, municipal water supply, and groundwater recharge to the 
underlying aquifer. In recent years there has been an increasing number of projects 
focused on the use of treated municipal wastewater for both artificial groundwater 
recharge and electricity production at the treatment plant outlets. This study introduces 
the concept of using a network of small dams to store outflow from a set of wastewater 
treatment plants in an arid region for both groundwater recharge and sustainable 
hydroelectricity production. Recharge occurs naturally through the base of the small 
reservoir.  The possibility of such a scheme is investigated for DHA City, a designed 
town of one million people in the very arid southern region of Pakistan. For groundwater 
recharge estimation and efficient hydroelectric production, a constant reservoir head is 
desired. As inflow to the reservoir is not constant due to variable production and outflow 
at the treatment plant, feedback control is introduced to the gates, penstocks and turbines 
to balance the outflow versus the estimated inflow, while maintaining efficient 
hydroelectric production through adjustment of openings and angles to make the turbines 
spin for optimum efficiency. Feedback is realized by accurately modelling the system 
using Artificial Neural Networks (ANN) and utilizing this in the framework of distributed 
nonlinear Model Predictive Control (MPC). Robustness analysis for the feedback 
compensated system is also performed. Simulation results show that recycling of 
municipal wastewater and application of feedback control at the system level to cater for 
varying rates of inflow is a sustainable model for hydroelectric production in arid 
climates. 
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ASSESSMENT OF CHANGING CLIMATE ON RIVER DISCHARGE IN 
REGIONS WITH LACK OF HYDROLOGICAL DATA 

 
Fariborz Nasr-Azadani1 

 
ABSTRACT 

 
In this study, a framework was developed to assess effect of changing climate on the joint 
response of hydrologic variables, such as total precipitation and volume of river 
discharge, in regions with lack of availability of detailed hydrological data using 
downscaling and copula methods. The procedure started using copula to construct the 
joint probability distribution of total precipitation and volume of river discharge using 
historical data from 1960-2000. The developed joint probability distribution was used to 
answer what if type questions. To explore impact of climate change on total volume of 
river discharge as quantitatively, data mining method, Support Vector Machine-Particle 
Swarm Optimization (SVM-PSO), was used to downscale total precipitation, due to 
coarse resolution of the General Circulation Model (GCMs) output from 
Intergovernmental Panel Climate Change (IPCC). The projected precipitation ensemble 
of HADCM3, GFDL, and ECHAM5 under A2 and A1B scenarios then feed to 
constructed joint probability distribution as an input to estimate probability of river 
discharge volume under changing climate. Preliminary result shows that framework of 
copula and SVM-PSO can be used to well describe river discharge uncertainty under 
changing climate. 
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USE OF INVERSE ANALYSIS OF PORE WATER PRESSURES TO ESTIMATE 
CHANGES IN HYDRAULIC CONDUCTIVITY RESULTING FROM 

BACKWARD EROSION 
 

Carolyne Bocovich1 

Wim Kanning, PhD.2 

Michael Mooney, P.E., Ph.D.3 

 
ABSTRACT 

 
In this presentation, the use of pore water pressure measurement to estimate changes in 
hydraulic conductivity related to backwards erosion is addressed. Uncertain and variable 
soil characteristics and limited measurements make it difficult to understand, predict, and 
monitor for backward erosion. 
 
Backward erosion, or piping, is one of the main contributors to earthen dam and levee 
failures. This failure mechanism occurs as sandy material erodes, initiating at the 
downstream toe, due to high exit gradient. The erosion channel back propagates toward 
the upstream reservoir as exit gradients remain high, forming an area of high hydraulic 
conductivity. Measured pore water pressures are affected by the spatial and temporal 
changes in hydraulic conductivity, and can be used to estimate these changes using an 
inverse analysis.  
 
This analysis was performed on pore water pressure data collected during the Ijkdijk 
2009 experiments. During these experiments, full scale levees were built and populated 
with densely spaced measurements to be failed by backward erosion. COMSOL 
Multiphysics, a finite element software, was used to calculate the forward model and 
predict pore water pressure distributions using estimated hydraulic conductivities. An 
inversion algorithm is used to update the estimated hydraulic conductivity by minimizing 
the difference between the measured and modeled pore water pressures. Result spatial 
and temporal varying hydraulic conductivity may be useful for the validation of 
assumptions in advanced piping models and development of monitoring strategies for 
piping. 
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FROM RUNWAYS TO SPILLWAYS:  A CASE STUDY FROM THE 
AEROSPACE INDUSTRY ON ADOPTION OF NON-DESTRUCTIVE 

INSPECTION TOOLS WITH LESSONS FOR THE DAM SAFETY 
COMMUNITY 

 
Minal L. Parekh1 

Jennifer Schneider2 

 
ABSTRACT 

 
Earth dams and levees provide flood protection, clean water and renewable energy for 
millions of people around the globe. Monitoring through structural inspection is critical 
to understanding the health and safety of these critical components of our infrastructure. 
Currently, inspection of dams and levees involves visual inspection and use of 
conventional geotechnical instrumentation with limited capabilities for detecting early 
stages of failure. The need to develop the science and to adopt tools for 
nondestructive/noninvasive monitoring early stages of failure is critical so that early 
intervention can prevent catastrophic damage and excessive cost. This paper looks to the 
aircraft industry as a successful case in which government and industry collaborated to 
develop innovative non-destructive inspection tools to increase safety, and policy 
directed the tools into standard practice. We evaluate the path for innovation and agenda 
setting from within the framework of social policy models, primarily those presented by 
John Kingdon and Deborah Stone. Lessons for dam and levee safety leaders include: 1) 
broaden scope of interests to build stronger and lasting connections between the public 
and safety and performance of dams and levees, 2) structure organizations to gain 
organizational momentum and to foster agile reaction toward innovation when windows 
of opportunity open, and 3) use innovative monitoring to increase public understanding, 
improve safety and build trust between industry, decision makers, and the public.  
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INFLUENCE OF VERTICAL LOADING CONDITIONS AND AN OVERLYING 
COHESIVE MATERIAL ON THE INITIATION OF BACKWARDS PIPING 

EROSION 
 

Joy C. Foley1 

Mary G. Weiss2 

 
ABSTRACT 

 
In this presentation, critical gradients required for the initiation of backwards piping 
erosion under a variety of soil conditions are compared. Internal erosion is one of the 
most significant failure modes in water retaining structures. Backwards piping erosion is 
the form of internal erosion wherein individual soil particles are eroded and transported 
downstream by seepage flow due to high hydraulic gradients acting across a structure. 
Erosion propagates backwards (i.e. upstream) as hydraulic gradients remain high. This 
research project focused on the initiation phase of backwards piping erosion. All tests 
were conducted in a laboratory setting with a large diameter, rigid wall permeameter 
equipped with six pore water pressure transducers, two load cells to measure vertical 
stress, and an LVDT to measure vertical displacement. This equipment was designed 
specifically for the study of internal erosion. For each test, the permeameter was filled 
with saturated soil and placed in a load frame, which provided a vertical force acting 
uniformly across the top of the sample throughout the test. The hydraulic gradient across 
the sample was manually controlled with a constant-elevation reservoir and a pressurized 
water tank, with which water was flowed upwards through the soil.  During the tests, the 
hydraulic gradient across the samples was gradually increased until backwards piping 
erosion initiated. Tests were performed on uniform sand samples with varying vertical 
loading conditions and on sand samples with an overlying cohesive soil layer with 
varying properties. The results of this project will help the engineering community better 
understand the influence of vertical loading conditions and downstream soil conditions 
on the initiation of backwards piping erosion. 
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STUCK BETWEEN A DAM AND A SMALL SPACE 
 

Micah S. Smidt, P.E.1 
 

ABSTRACT 
 
A rare storm event centered along the Colorado Rocky Mountains Front Range resulted 
in extreme flooding in September, 2013. These historic floods caused significant damage 
across much of eastern Colorado.  Among the casualties were two small earthen 
embankment dams located southwest of Colorado Springs on Little Fountain Creek.    
The on-stream dams and reservoirs were and continue to be a recreational focal point of 
Emerald Valley Ranch, a historic lodge and cabin mountain resort owned by The 
Broadmoor Corporation. The resort is located in a very steep and narrow mountain valley 
on land owned by the United States Forest Service.  Throughout the summer months, the 
upper and lower reservoirs provide resort guests with recreational activities and a scenic 
setting to relax and enjoy the Colorado mountain wilderness.  Original embankment dam 
construction near the turn of the 20th century included a timber crib cutoff walls, 
homogenous earthfill, and corrugated metal pipe principal spillways.  No auxiliary 
spillways were constructed.   The flood event rapidly overwhelmed the reservoir routing 
and pipe spillway capacity of the dams, overtopped and breached the aged embankments, 
unearthed and undermined ranch facilities, and scarred the full width of the valley floor. 
 
Stuck between a dam and a small space is the account of the fast track design and 
reconstruction of two on-stream zoned embankment dams requiring upgrades to current 
safety criteria while maintaining the historic appearance. The project was completed on 
schedule in early August, 2014. Salient features include two zoned embankment dams 
each with an overtopping auxiliary spillway utilizing buried articulated concrete blocks 
and a combined principal drop inlet spillway and outlet control.  Subsequent to the 
construction completion, the auxiliary spillways have been subjected to overtopping 
flows and have functioned as intended. 

                                                 
1 Staff Engineer, RJH Consultants, 9800 Mt. Pyramid Court Ste. 330, Englewood, CO 80112 
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CONSIDERATIONS DURING SITE EXPLORATION ACTIVITIES 
 

Marie A. Maher, P.G.1 
Derek L. Hodnett, P.E., P.G.2 

 
ABSTRACT 

 
Terracon has had the opportunity to be involved in exploration activities at several dam 
and levee systems within the past few decades. Our role on these projects has included 
site characterization activities primarily related to exploration and geo-instrumentation 
placement. The selection of the appropriate drilling method for an individual site, given 
specific site conditions and project objectives, may be challenging and can hinder a 
success project completion. This discussion will focus on various drilling methods during 
site exploration activities and provide case studies which demonstrate the success and/or 
failure of selected methods. A brief discussion of the sensitivities and considerations of 
site exploration in these environments will also be provided. In addition, structural health 
awareness of these systems has resulted in a rise in geo-instrumentation placement. Geo-
instrumentation encompasses various tools that may be installed in various ways and used 
in an automated fashion to monitor the health of these critical structures. This discussion 
will provide an insight to successful methods of instrumentation placement and 
automation, as well as challenges that have been encountered during placement. As an 
exploration contractor on these projects, coordination is paramount in the success of the 
project team. Providing a discussion of potential considerations when working with an 
exploration contractor will aid in a more pointed start to the project, and a higher quality 
production throughout the duration of the project.  
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PHASED INVESTIGATION APPROACH FOR A PARTIAL SLOPE FAILURE 
ON THE RIO GRANDE  

 
Isaac J. Stephens, PE1 

Lucas A. Walshire, PE2 
Joseph B. Dunbar, PhD, RPG3 

 
ABSTRACT 

 
A partial slope failure occurred on a section of levee along the Rio Grande following a 
significant drop in water level in the spring of 2014.  A geotechnical investigation was 
performed by the U.S. Army Engineer Research and Development Center (ERDC) to 
determine the causes for the failure and provide remediation alternatives. In order to 
provide the best possible understanding of subsurface conditions that contributed to the 
failure, the site investigation was performed using a phased approach.  Historic borings, 
local geology, and groundwater records were reviewed to guide the placement of strings 
of cone penetrometer test (CPT) soundings.  These soundings were then used to develop 
both stratigraphic and strength cross-sections.  This information was used to target 
borings to collect soil samples of critical layers for laboratory testing and to install 
monitoring instrumentation. While the concept of using data gained from each phase to 
inform the scope of subsequent phases is not new, the authors believe it is an 
underutilized approach to site investigation that can yield great benefits.  The application 
of this approach in the context of this particular investigation is discussed and examples 
of how this approach improved the results of the overall investigation plan are given. 
 

                                                 
1 US Army Corps of Engineers, Engineer Research and Development Center (ERDC), Vicksburg, MS, 
isaac.j.stephens@usace.army.mil 
2 US Army Corps of Engineers, ERDC, Vicksburg, MS, lucas.a.walshire@usace.army.mil 
3 US Army Corps of Engineers, ERDC, Vicksburg, MS, joseph.b.dunbar@usace.army.mil  
Permission to publish was granted by Director, Geotechnical & Structures Laboratory 
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WHEN THE CHANNEL CAN’T HANDLE — USE 2-D HYDRAULIC 
MODELING TO EVALUATE FLOOD RISKS POSED BY A CHANNEL 

ADJACENT TO THE DOWNSTREAM TOE OF AN EMBANKMENT DAM 
 

Tracy E. Owen, P.E.1 
 

ABSTRACT 
 
One-dimensional hydraulic modeling is commonly used for floodplain mapping, but 
there are instances when one-dimensional modeling is not appropriate to model flood 
flows.  In instances where flood flows overtop the channel banks and the floodplain is 
flat, two-dimensional hydraulic modeling may be required. 
 
A dam is being proposed for construction adjacent to a channel, necessitating evaluation 
of flooding on the channel to determine if it poses a dam safety issue.  The channel is 
located in a flat, extensive floodplain and the design flood flow is estimated to be three 
times the channel capacity.  A one-dimensional HEC-RAS model was attempted, but it 
could not produce reliable results due to its inability to model the overbank flows.  
Therefore, FLO-2D®, a two-dimensional flood routing model, was used to model and 
evaluate the flood extents, depths, and velocities of the channel in the vicinity of the 
proposed dam. 
 
This presentation will demonstrate why two-dimensional modeling was required for the 
channel, explain big-picture how the channel was incorporated into FLO-2D®, and 
explore FLO-2D® results and how those results were used for evaluating potential dam 
safety concerns. 
 

                                                 
1 Project Engineer, RJH Consultants, Inc., 9800 Mt Pyramid Court, Suite 330, Englewood, CO 80112, 303-
225-4611, towen@rjh-consultants.com 
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2015 USACE INSTRUMENTATION AND MONITORING PROGRAM 
INTERNAL PEER REVIEW RESULTS 

 

Georgette Hlepas PE, PhD1 
Travis Tutka, PE2 

 
ABSTRACT 

 
The United States Army Corps of Engineers (USACE) is evaluating their instrumentation 
monitoring data and processes to further explore concerns noted in a Dam Safety 
Program Independent External Peer Review that was conducted in 2013. Thirty-eight 
dams were chosen as an initial sample of various dam conditions, heights, hazard 
potential, and geographical locations.  The main goal of this internal peer review is to aid 
USACE Districts in improving program effectiveness with particular focus on adequate 
data collection, interpretations, and reporting.   
 
District evaluators reviewed the instrumentation and monitoring program management, 
instrumentation folios, data acquisition and processing methods, data evaluation and 
reporting documents, and identified data anomalies or potentially concerning trends for 
various projects at each District.  Design assumptions, installation details, past 
performance issues, maintenance records, and field condition data were provided in 
historical documentation to aid in fully understand instrumentation results.  Funding for 
instrumentation monitoring is a recurring limitation, but the reviews have identified many 
low cost best practices.  Leveraging technology requires some initial expense, but it is 
believed that the gains in efficiency will return that investment.  Most importantly, the 
added timeliness and confidence in monitoring data are priceless.  The review team has 
identified good examples of annual instrumentation reports and data acquisition, storage, 
and processing methods.  At the conclusion of the reviews, lessons learned and common 
issues were documented and presented herein.     
 

                                                 
1 US Army Corps of Engineers, Dam Safety Modification and Mandatory Center of Expertise, 312-846-
5457, georgette.hlepas@usace.army.mil. 
2 US Army Corps of Engineers, Risk Management Center, 314-288-7035, Travis.C.Tutka@usace.army.mil. 
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THE HYDROGEOLOGICAL MODEL OF BOONE DAM 
 

Scottie Barrentine, P.E.1 
Andrew Dodson, P.E.2 

Lindsay McMichen, P.G.3 

 
ABSTRACT 

 
In response to the development of an apparent seepage and piping issue at Boone Dam, 
over 46 boreholes were advanced and over 100 new vibrating wire sensors were installed 
to monitor performance of the dam, the foundation, and the surrounding geology. The 
exploration and instrumentation aided in confirming the existence of a complex seepage, 
piping, and internal erosion issue. This investigation provided a wealth of information 
which was used to develop a hydrogeological model of the site conditions including the 
various strata, their characteristics and properties, and how they relate to the performance 
of the structure. This model serves as an indispensable tool in the development of a 
comprehensive remedial program for the dam. This paper will provide an overview of the 
development of the hydrogeological model for the Boone Dam site with an emphasis on 
the use of instrumentation and monitoring data to evaluate the performance of the 
structure.   
 

                                                 
1 Tennessee Valley Authority (TVA), 1101 Market Street, Chattanooga, TN 37402, 423-751-6781, 
slbarrentine@tva.gov 
2 TVA, 1101 Market Street, Chattanooga, TN 37402,  423-751-7723, abdodson@tva.gov 
3 TVA, 1101 Market Street, Chattanooga, TN 37402, 423-751-8078, lcooper@tva.gov 
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RELEARNING HOW TO LOOK AT PIEZOMETRIC DATA  
FOR SEEPAGE EVALUATION 

 
Richard S. Olsen1 PhD PE 

Isaac J. Stephens2 PE 
 

ABSTRACT 
 
Examining field piezometric data from earth dams provides the direct link to understand 
seepage flow and potential seepage related problems.  However, there are several issues 
that must be overcome to achieve optimum evaluation.  The first issue is that field 
measured piezometric data are typically plotted in ways that can’t illustrate seepage 
problems.  A new method for plotting piezometer data versus reservoir level is introduced 
that can be used as a tool when evaluating piezometric data for situations ranging from 
foundation layer obstructions to formation of seepage piping.   
 

                                                 
1 Acting Principle Geotechnical Engineer, Headquarters, US Army Corps of Engineers (USACE),  
441 G Street NW, Washington DC, Richard.S.Olsen@usace.army.mil  
2Research Geotechnical Engineer, USACE Research and Development Center (ERDC) Geotechnical and 
Structures Laboratory (GSL), 3909 Halls Ferry Rd, Vicksburg MS,  Isacc.J.Stephens@usace.army.mil   
Permission to publish was granted by Director, Geotechnical & Structures Laboratory 
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EVALUATION AND MONITORING RESPONSE TO 
UPSTREAM SLOPE FAILURE AT AN EMBANKMENT DAM 

 
Jay N. Stateler, P.E.1 
Jeff Wormer, P.E.2 

 
ABSTRACT 

 
On September 23, 2014, a slide was detected in embankment material blanketing 
pervious right abutment rock at an embankment dam.  The response to the slide included 
slope stability evaluation work, site exploration work, development of new Potential 
Failure Modes (PFMs) for the dam in light of the slide, and conducting risk analysis 
work.  This work allowed the situation and dam safety risks to be better understood.  The 
response to the slide also included enhanced and expanded monitoring for possible 
additional slope movements, and intensive efforts to gather data regarding abutment 
water pressures, toe drain flows, and visual observations, to allow for timely detection of 
any anomalous performance that could indicate initiation/development of a PFM.  
Changed water pressure conditions in the right abutment were detected, presumably due 
to disruptions to the blanketing materials in the slide area.  Dam safety risks under normal 
operating conditions were determined to exceed Bureau of Reclamation (Reclamation) 
criteria.  Consequently dam modification work is planned for the right abutment area of 
the dam.     
 

                                                 
1 Civil Engineer, Bureau of Reclamation, Denver, Colorado, jstateler@usbr.gov 
2 Geotechnical Engineer, Bureau of Reclamation, Denver, Colorado, jwormer@usbr.gov 
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ON CALERO POND: EVALUATION OF DOWNSTREAM WETLAND AND 
POTENTIAL DAM SEEPAGE 

 
Matthew Powers, PE1 

Bal Ganjoo, PE2 
 Mark Freitas, PE, GE3 
 

ABSTRACT 
 
Calero Main Dam is an 840-ft long, rolled earthfill structure with an upstream concrete 
face slab. The maximum height of the Main Dam is about 90 feet.  The project site was 
dramatically altered when the dam was originally constructed in the 1930's and later in 
the early 1980’s when the reservoir outlet works were modified. Seepage has occurred at 
the Calero Main Dam since shortly after construction and the reservoir filling in 1937.  
Historically, seepage has occurred at the Calero Main Dam on the downstream right 
abutment, the downstream right face and groin, and the downstream left face of the dam 
when the reservoir level is high.  Approximately 450 feet downstream of the toe of the 
dam is a small pond which is currently part of a delineated wetland.      
 
It had been postulated that seepage from Calero reservoir contributes to or is linked to the 
presence of the pond (i.e., seepage from Calero Reservoir is a contributing factor to the 
formation and presence of the pond).  As part of planned seismic improvements at Calero 
Main Dam, an engineering assessment was performed to evaluate the potential influence 
of reservoir seepage at Calero Main Dam on the existence of the pond.  Results of this 
assessment will be used to inform design of any necessary seepage collection systems 
associated with the embankment retrofit and aid in the understanding of longer-term 
impacts to surrounding habitat.   
 
The assessment of the downstream pond utilized historic records and photography 
relevant to Calero Dam, topographic survey, subsurface exploration and installation of 
ground and surface water monitoring instruments, and evaluation of available 
piezometric data.  The paper discusses the assessment methodology and presents a 
concluding opinion on the contributing sources to the formation and presence of the 
downstream pond area. 
 

                                                 
1 GEI Consultants, Inc., 180 Grand Avenue, Ste. 1410, Oakland, CA 94612, mpowers@geiconsultants.com 
2 Santa Clara Valley Water District, 5750 Almaden Expressway, San Jose CA 95118, 
bganjoo@valleywater.org. 
3 GEI Consultants, Inc., 180 Grand Avenue, Ste. 1410, Oakland, CA 94612, mfreitas@geiconsultants.com 
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MAINTAINING PERFORMANCE — REHABILITATION OF CRITICAL 
DRAINS AT CRAB ORCHARD DAM 

 
David Snyder, PE1 
Robert Saber, PE2 

David Hibbs3 
 

ABSTRACT 
 
Crab Orchard Dam is an earthfill embankment dam constructed in 1939 at the Crab 
Orchard National Wildlife Refuge in Marion, Illinois.  The dam embankment is 57 feet 
high and approximately 3,800 feet long.  Modifications were initiated in 1988 to increase 
freeboard and spillway capacity, flatten the downstream slope and install a drainage 
system that included a chimney drain, a horizontal drainage blanket, a collector drain at 
the toe, five inspection wells, eleven relief wells, and a weir for measuring combined 
seepage flow from both the relief wells and toe drain.  Twelve piezometers were also 
installed to monitor performance of the embankment and drain system. 
 
This paper describes the ongoing assessment of the dam, relief well system and toe drain 
system, which started in 2010.  Aspects of the assessment include seepage and slope 
stability modeling; uplift/blowout analysis; toe drain inspection; evaluation of piezometer 
performance and establishing threshold levels; and relief well inspection, pump testing, 
rehabilitation and monitoring.  Unique aspects of the project include a relatively long 
duration of piezometer monitoring, occasional development of artesian pressure in some 
piezometers in the vicinity of relief wells and a relatively high influence of tailwater 
levels to uplift/blowout factors of safety.  The performance of the relief well system and 
relative success of the rehabilitation program will be summarized.  The methods used at 
Crab Orchard Dam can be used in evaluations of other similar dams so that risk can be 
adequately defined and proper allocation of funding can be applied where it is most 
needed. 
 

                                                 
1 Senior Geotechnical Engineer, Gannett Fleming, Inc., P.O. Box 67100, Harrisburg, PA  17106, 
dmsnyder@gfnet.com  
2 Chief Geotechnical Engineer, Gannett Fleming, Inc., P.O. Box 67100, Harrisburg, PA  17106, 
rsaber@gfnet.com 
3 Project Manager, United States Fish and Wildlife Service, 5275 Leesburg Pike, Falls Church, VA  22041, 
dhibbs@fws.gov 
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FOUNDATION PROTECTION DURING POST TENSIONED ANCHOR 
CONSTRUCTION 

 
William B. Stiller, PE1 

Y. Erwin Supranata, PE, PhD2 
Stephen J. Mockler, PE3 

 
ABSTRACT 

 
Hawks Nest Dam, owned and operated by Brookfield Renewable Energy Group, is 
located on the New River in West Virginia.  Hawks Nest Dam is a concrete gravity dam 
approximately 836 feet long with 14 Stoney-type spillway gates.  The dam structure is 
comprised of 31 blocks, constructed independently, and interconnected by vertical shear 
keys. The 8th Part 12 Safety Inspection Report recommended evaluation of sliding 
stability along the sandstone bedding planes and shale partings in areas where 
downstream scour and undercutting had been historically observed.  This stability 
assessment determined the structure did not meet FERC required safety factors for 
sliding, and due to the rapid tailwater rise during flooding, was controlled by the normal 
loading condition.  A total of 49 multi-strand tendon anchors were designed and installed 
for improving the stability of the structure.  Since the “normal” loading condition 
presents the biggest deficit with regards to required sliding stability factor of safety, the 
impact of drilling and grouting of the structure to the stability was of concern during the 
construction of the post-tensioned anchors.  Close monitoring of foundation pressures 
during drilling and grouting was incorporated along with an instrumentation and 
monitoring plan developed specifically for construction.  Prior to construction, additional 
observation wells were installed to increase coverage for monitoring change in 
foundation uplift pressure during anchor installation.  Threshold values for existing and 
new instrumentation were also developed to assist monitoring change in foundation 
conditions during construction.  The concern for foundation pressurization also impacted 
the consolidation grouting process.  In cases where the contractor needed to pressurize 
consolidation grout to obtain a grout tight hole, a detailed grouting plan with pressure 
limitations was required.  The implementation of instrumentation and monitoring plan, 
coupled with a detailed consolidation grouting plan, enabled the contractor to obtain 
grout tight holes without jeopardizing the stability of the structure. 
 

                                                 
1 HDR Engineering of the Carolinas,440 S. Church Street, Suite 900, Charlotte, NC 28202, 
brad.stiller@hdrinc.com. 
2 HDR Engineering of the Carolinas,440 S. Church Street, Suite 900, Charlotte, NC 28202, (704) 338-
6834, erwin.supranata@hdrinc.com. 
3 Brookfield Renewable Energy Group, 75 State Street, Suite 2701, Boston, MA 02109, (857) 313-7679, 
Stephen.Mockler@brookfieldrenewable.com. 
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MODELING FLOW CONDITIONS WITH RESPECT TO SALMON 
SURVIVABILITY WITH MODERNIZED LOCKAGE CONTROL SYSTEMS AT 

HIRAM M. CHITTENDEN LOCKS 
 

Eric Andersen1 
Adam Price2 

 
ABSTRACT 

 
Abstract: Seattle’s Hiram M. Chittenden Locks were constructed in the early 1900’s and 
connect the fresh water of Lake Washington with the saltwater of Puget Sound. Ship 
passage across the 20 ft of elevation difference is made possible by a large and a small 
lock.  In addition to vessels, Endangered Species Act listed fish also cross to and from 
Puget Sound and Lake Washington via the locks.   Outmigrating juvenile fish have two 
main pathways through the locks; either over the spillway where surface-collecting smolt 
flumes are installed seasonally or by passing through the large lock filling culverts. As 
the summer progresses and the surface water warms, fish move lower in the water 
column and are attracted to flow through the large lock filling culverts during lockages.  
The large lock flows are controlled with a type of vertical lift gate called stoney gate 
valves, which are not commonly used in lock systems.  These gate valves at the Hiram 
Chittenden Locks are almost 100 years old and are being replaced.  Fish survival in the 
culverts is currently low due to high speeds through the gate valves. The control system 
upgrades will allow for a wider range of gate opening patterns, designed to improve 
downstream fish passage conditions. 
 
In order to develop filling patterns that accommodate both fish moving through the filling 
culverts and ships passing through the locks, a LOCKSIM model was built. This 
presentation will discuss the modeling efforts to balance navigation needs of the large 
lock with safe conditions for fish passage. 
 

                                                 
1 Hydraulic Engineer, U.S. Army Corps of Engineers – Seattle  District, 4735 E Marginal Way S, Seattle, 
WA 98134 eric.s.andersen@usace.army.mil 206-764-3278 
2 Hydraulic Engineer, U.S. Army Corps of Engineers – Seattle, District, 4735 E Marginal Way S, Seattle, 
WA 98134 adam.h.price@usace.army.mil 206-764-3604 
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BUCHANAN DAM — KEEPING CURRENT FOR EIGHT DECADES 
 
Victor M. Vasquez, P.E.1 Doug Witkowski, P.E.2 
M. Leslie Boyd, P.E.3 Monica Masters4 

Layne Bukhair, P.E. 5 
 

ABSTRACT 
 

The Lower Colorado River Authority (LCRA) began taming the Colorado River in Texas 
in the mid-1930s. Its goals were to control flooding and use the river as a productive 
resource for water and hydropower. The chain of six dams that make up the Highland 
Lakes successfully accomplished these goals.  
 
Buchanan Dam, the first Highland Lakes dam, is the most complex structure in LCRA’s 
dam portfolio. At 145 feet tall and stretching more than two miles, Buchanan Dam is 
considered the longest multiple-arch dam in the nation. The dam consists of two multiple-
arch sections, three gated spillways, five non-overflow sections, and one uncontrolled 
spillway. Completed in 1938, its construction was one of the first successful dam projects 
to help revitalize the Texas economy. As Buchanan Dam has endured many droughts and 
floods, LCRA has kept a watchful eye on the dam to maintain its investment and protect 
the public. Today, Lake Buchanan serves as a primary water supply for one of the fastest 
growing regions of the US. 
 
As a result of the dam failures reported nationally in the ’70s and ’80s, LCRA embarked 
on a journey to protect its aging dam infrastructure and address changing dam safety 
regulations. Following an early form of portfolio risk management, LCRA established a 
modern dam safety program and implemented a series of engineering and construction 
projects to take Buchanan Dam into the 21st century. One hundred-ten post-tensioned 
anchors were added at non-overflow sections to address higher flood loads and potential 
instability and twenty-eight hoists were added to gated spillways to enable faster, safer 
responses to severe weather. Currently, structural repairs are addressing concrete spalling 
on the multiple-arch sections. Simultaneously, dewatering systems consisting of stoplogs 
and traveling cranes are being added to the spillways to prevent loss of the reservoir in 
the event of gate failure. Once complete, this innovative dewatering system will facilitate 
structural strengthening and repair of thirty-seven tainter gates over the next 10 years.  
 
This paper summarizes LCRA’s dam safety efforts and presents Buchanan Dam as a 
model example of how to address evolving dam safety regulations while preserving 
valuable benefits of water, hydroelectric power, flood control, and recreation.  

                                                 
1 Senior Project Manager, Freese and Nichols, Inc., Austin, TX, vmv@freese.com 
2 Principal Engineer, Lower Colorado River Authority, Austin, Texas, doug.witkowski@lcra.org 
3 Senior Engineer, M.ASCE, Freese and Nichols, Inc., Austin, TX, mlb@freese.com  
4 Senior Project Manager, Lower Colorado River Authority, Austin, Texas, monica.masters@lcra.org 
5 Design Engineer, P.E., Freese and Nichols, Inc., Austin, Texas, llb@freese.com 
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RISK MANAGEMENT FOR DAM CONSTRUCTION PROJECTS —  
AN OWNER’S PERSPECTIVE 

 
Susan S. Hou, P.E.1 
Tedman Lee, P.E. 2 

Alan Johanson, P.E. 3 
Daniel L. Wade, P.E., G.E. 4 

 
ABSTRACT 

San Francisco Public Utilities Commission (SFPUC), serving 2.6 million customers in 
the San Francisco Bay Area, owns and operates 10 dams and 3 hydropower plants within 
the Hetch Hetchy Regional Water System.    Calaveras Dam, an existing 90-year old 220-
ft tall hydraulic fill dam, is one of the most important facilities within the system as it 
impounds water to form the largest local Bay Area reservoir.  In 2001, the SFPUC, in 
cooperation with the California Department of Water Resources Division of Safety of 
Dams (DSOD), lowered the reservoir to about 40 percent capacity due to seismic safety 
concerns with the existing dam.  In 2002, planning began for a project to replace the 
existing dam, and construction began for the Calaveras Dam Replacement Project 
(CDRP) in 2011. 
The dam is sited in a complex geologic setting that is seismically active.  Furthermore, 
the construction site is located in a highly sensitive environmental setting with numerous 
threatened and endangered species.   Therefore, a risk register was developed and used 
during the planning, design, and environmental review stages of the project and was very 
effective at identification and mitigation of major risks.  However, a more formalized risk 
management program was not implemented until the construction phase, and as a result, a 
number of risks that were recognized during the pre-construction phases of the project 
were not fully characterized and quantified until the construction phase.    New risks were 
introduced and risks that were thought to be relatively minor during the pre-construction 
phases ended up being larger than anticipated.  By highlighting some of the major project 
risks, this paper discusses the owner’s perspective, including lessons learned and 
recommended best practices in the implementation of an effective risk management 
program for the construction of a dam.  

                                                 
1 Senior Project Manager, San Francisco Public Utilities Commission, 525 Golden Gate Ave., 9th Floor, 
San Francisco, CA 94102, USA, (415) 551-4666,  shou@sfwater.org 
2 Pipeline Section Manager, Engineering Management Bureau, San Francisco Public Utilities Commission, 
525 Golden Gate Ave., 12th Floor, San Francisco, CA 94102, USA, (415) 551-4863, tlee@sfwater.org 
3 Manager, Construction Management Bureau, San Francisco Public Utilities Commission, 525 Golden 
Gate Ave., 6th Floor, San Francisco, CA 94102, USA, (415) 554-1506, ajohanson@sfwater.org 
4 Director, Water System Improvement Program, San Francisco Public Utilities Commission, 525 Golden 
Gate Ave., 6th Floor, San Francisco, CA 94102, USA, (415) 554-1853, dwade@sfwater.org 
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NEW HOPE FOR HOPE MILLS, NC 
 

Adam Paisley, PE1 
Mark Landis, PG, PE2 

Del Shannon, PE3 
 
Hope Mills is a small town in eastern North Carolina. The centerpiece of the town was 
always a large lake that initially provided water power for a mill and later provided 
recreation and desirable home-sites for the residents. The original Hope Mills Dam was 
built in the late 1830’s and served the textile industry until it was breached by a flood in 
1923. A replacement dam was built within 18 months of the breach. This second dam 
survived until May 2003, when flood waters again overtopped and breached the 
embankment. Construction of the third dam commenced in the spring of 2007 and the 
lake was refilled by August 2008. This third Hope Mills Dam, which consisted of a 
labyrinth spillway and a rehabilitated embankment section, remained in service until the 
spillway foundation failed in June 2010, resulting in complete loss of the lake once again. 
By this time, the long-time residents of Hope Mills were understandably angry and 
frustrated. Docks and walkways along the shoreline were again high and dry, tourism 
revenue declined precipitously, and the smell of organic-laden mud pervaded the town. 
 
Following four years of litigation, the Town of Hope Mills issued a Design-Build RFP 
for repair and restoration of the failed structure. Schnabel Engineering and ASI 
Constructors were selected as the Design-Build team in November 2014. The 
Schnabel/ASI team proposed complete replacement for a number of technical, financial, 
and liability-related reasons, and produced a replacement design by late 2015 which 
includes a new concrete labyrinth spillway with earthen embankment sections on either 
side of the spillway. The design phase of the project is complete and construction is 
anticipated to commence in Spring of 2016.  Discussion will focus on project challenges, 
including:  

• working to re-establish trust that the engineering community could actually build 
a sustainable and permanent dam,  

• demolition of the old dam and design and construction of a new dam under a 
Guaranteed Maximum Price (GMP) contract,  

• variable foundation conditions,  
• seepage controls design, 
• geometric and hydraulic site constraints, and  
• permitting of a reservoir that has been empty for 6 years. 

 

                                                 
1 Schnabel Engineering, 11-A Oak Branch Dr., Greensboro, NC 27407, 336-274-9456; apaisley@schnabel-
eng.com 
2 Schnabel Engineering, 11-A Oak Branch Dr., Greensboro, NC 27407, 336-274-9456; mlandis@schnabel-
eng.com 
3 ASI Constructors, 1850 E. Platteville Blvd., Pueblo West, CO 81007, 719-647-2821; 
dshannon@asiconstructors.com 
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RESERVOIR SUSTAINABILITY PLANNING AND PRIORITIZATION 
 

Sean Kimbrel1 
Kent Collins2 
Tim Randle3 

ABSTRACT 
 
As time passes, reservoirs storing water also continue to fill with sediment, causing 
storage loss, reducing water supply reliability, and impacting infrastructure, particularly 
marinas, boat ramps, outlet works, turbines, and water intakes.  In addition, reservoir 
deltas may extend upstream from the full reservoir pool and increase the frequency of 
flooding.  The release of clear water downstream from the dam can lead to channel 
degradation.  Sedimentation will also reduce the surface area available for recreation. The 
traditional approach in the design of federal dams in the United States was to construct 
the outlet works intake structure to be above the predicted reservoir sediment level at the 
dam during the first 50 to 100 years of operation, thereby allocating space in the bottom 
of the reservoir for sediment.  However, reservoir sediment accumulation affects all 
levels of the reservoir, affecting all storage allocations by use. Under traditional dam 
building approaches, current and future generations will have to take some action to 
manage reservoir sedimentation after the sediment design life is reached, which could 
include methods that reduce inflowing sediment, passing sediment downstream, and/or 
recovering lost storage.  
 
The presentation will provide the general guidelines for the prioritization and 
development of reservoir sustainability plans in developing solutions for the effective 
management of inflowing sediment loads and in-situ deposits in the context of dams and 
reservoirs owned by the U.S. Bureau of Reclamation. 

                                                 
1 Hydraulic Engineer, Bureau of Reclamation, Denver, CO, skimbrel@usbr.gov, (303)445-2539 
2 Hydraulic Engineer, Bureau of Reclamation, Denver, CO, kcollins@usbr.gov 
3 Supervisory Hydraulic Engineer, Bureau of Reclamation, Denver, CO, trandle@usbr.gov, (303)801-7339 
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INCORPORATING CLIMATE CHANGE PROJECTIONS INTO A 
HYDROLOGIC HAZARD ANALYSIS FOR FRIANT DAM 

 
Nicole Novembre1 

Kathleen D. Holman2 
Victoria Sankovich Bahls3 

John F. England4 
 

ABSTRACT 
 
The Bureau of Reclamation’s Dam Safety Office has initiated a series of pilot studies 
focused on exploring potential impacts of climate change on hydrologic hazards at 
specific dam locations across the Western US. Friant Dam, located in Fresno, California, 
was chosen for study because the site had recently undergone a high-level hydrologic 
hazard analysis using the Stochastic Event Flood Model (SEFM). SEFM is a 
deterministic flood-event model that treats input parameters as variables, rather than fixed 
values. Monte Carlo sampling allows the hydrometeorological input parameters to vary 
according to observed relationships.  In this study, we explore the potential impacts of 
climate change on the hydrologic hazard at Friant Dam using historical and climate-
adjusted hydrometeorological inputs to the SEFM. Historical magnitude-frequency 
relationships of peak inflow and reservoir elevation were developed at Friant Dam for the 
baseline study using observed temperature and precipitation data between 1966 and 2011. 
Historical air temperatures, antecedent precipitation, mean annual precipitation, and the 
precipitation-frequency curve were adjusted for the climate change study using the delta 
method to create climate-adjusted hydrometeorological inputs. Historical and future 
climate projections are based on the Bias-Corrected Spatially-Disaggregated CMIP5 
dataset (BCSD-CMIP5). The SEFM model was run thousands of times to produce 
magnitude-frequency relationships of peak reservoir inflow, inflow volume, and reservoir 
elevation, based on historical and climate-adjusted inputs.  Results suggest that peak 
reservoir inflow and peak reservoir elevation increase (decrease) for all return periods 
under mean increases (decreases) in precipitation, independently of changes in surface air 
temperature.   

                                                 
1 Bureau of Reclamation Technical Services Center, P.O. Box 25007, 86-68250, Denver, CO 80225-0007, 
303-445-2543, nnovembre@usbr.gov 
2 Bureau of Reclamation Technical Services Center, P.O. Box 25007, 86-68250, Denver, CO 80225-0007, 
303-445-2571, kholman@usbr.gov 
3 Denver-Boulder Local Chapter of the American Meteorological Society, Boulder, CO 80305, 724-448-
6725, vsankovich@gmail.com 
4 U.S. Army Corps of Engineers Risk Management Center, 12596 West Bayaud Ave, Suite 400, Lakewood, 
CO 80228, 303-963-4524, john.f.england@usace.army.mil 
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GLOBAL CLIMATE CHANGE, DAMS, RESERVOIRS, AND RELATED 
WATER RESOURCES:  A BULLETIN BY THE ICOLD TECHNICAL 

COMMITTEE ON CLIMATE CHANGE 
 

Ron Lemons1 
 

ABSTRACT 
 
The purpose of the ICOLD bulletin is to assess the role of dams and reservoirs in 
adapting to the effects of global climate change, determine the threats, and potential 
opportunities, posed by global climate change to existing dams and reservoirs, and then 
recommend measures to mitigate against or adapt to the effects of global climate change.  

• The climate change risk to dams, reservoirs and related water resources results from a 
combination of water hazards and water systems vulnerability, it is site specific and 
highly variable from one region to another one.    

• Dams and reservoirs can also play a significant role in the adaptation to the climatic 
change: basins with significant reservoir capacity of regulation are more resilient to 
water resource changes, less vulnerable to climate change, and storage acts as a 
buffer against climate change.    

• Hydropower, as one energetic use of dams and reservoirs, can also stand as a crucial 
tool in climate change mitigation.    

This presentation will describe the potential risk and review possible countermeasures.  It 
will focus on the six adaptation case studies from six different countries that are 
described in the bulletin. 
 

                                                 
1 Chair, ICOLD Committee on Climate Change, rml@freese.com 



NOTES 

110 



111 

CLOVER AND JUNCTION DAMS: RISK-BASED SEISMIC EVALUATION OF 
TWO SLAB AND BUTTRESS DAMS 

 
Scott Jones, PE, PhD1 

Steve O’Brien, PE2 
David Hughes, PE3 

 
ABSTRACT 

 
Clover and Junction Dams are central spillway slab-and-buttress dams located on the East 
Kiewa River between the townships of Mt. Beauty and Falls Creek in Northeast Victoria, 
Australia.  The dams impound Clover Reservoir and Lake Guy, respectively, and are used 
exclusively for power generation.  Previous safety reviews and structural assessments of 
the dams concluded that neither dam meets modern dam design standards and acceptance 
criteria for a High ‘C’ Consequence Category, the hazard classification for these two 
dams in accordance with ANCOLD 2012 [1.].  These conclusions were based largely on 
the results of response spectrum analyses of the two dams and the confirmed presence of 
Alkali-Aggregate Reaction (AAR). Based on these conclusions, remedial works, 
including infilling the slab-and-buttress dams with mass concrete, were recommended to 
improve the safety of the dams and reduce the risk of dam failure. 
 
In 2013, as part of a tender design for the proposed remedial works, URS reviewed the 
background information on the dam and concluded that infilling the dams with mass 
concrete was not the preferred remediation measure for these dams.  Visual observations 
and a review of the data from AAR testing indicated that the concrete deterioration was 
not severe enough to warrant rehabilitation measures. Additionally, preliminary analyses 
of the dams performed during the tender phase using simplified finite element models 
indicated that additional linear and nonlinear time-history analyses would likely support 
constructing significantly less expensive rehabilitation measures for these dams.  As a 
result, a risk-based seismic evaluation of the slab-and-buttress dams was undertaken to 
better understand the potential failure modes and consequences of failure of these two 
dams. 
 
This paper discusses an assessment of the AAR observed at the dams, the progressive 
analysis approach recommended to support the risk assessments, preliminary analysis 
results from response spectrum analyses, the preliminary risk assessment outcomes, and 
recommendations for additional analyses based on those outcomes. 
 

                                                 
1 Senior Civil/Structural Engineer, AECOM, scott.jones@aecom.com 
2 Principal Engineer, AECOM, steven.obrien@aecom.com 
3 Principal Engineer, AECOM, david.k.hughes@aecom.com 
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EXTENDED FINITE ELEMENT METHOD (FEM) ANALYSIS OF  
DAM–WATER–FOUNDATION SYSTEMS 

 
Arnkjell Lokke1 
Anil K. Chopra2 

 
ABSTRACT 

 
Reasons Why Standard FEM Is Inadequate 
 
Because of the versatility of the finite element method (FEM) in modeling arbitrary 
geometries and variations of material properties, this method is suited for formulating a 
computational model of a concrete dam. In fact, analysis of the dam alone (no impounded 
water) supported on rigid foundation rock to ground motion specified at the base would 
be a standard application of the finite element method. However, analysis of concrete 
dams is greatly complicated by the fact that the structure interacts with the water 
impounded in the reservoir and with the deformable foundation rock that supports it and 
because the fluid and foundation domains extend to large distances. 
 
The interaction mechanisms may be included in a crude way by combining finite element 
models for a limited extent of the impounded water and of the foundation rock with a 
finite element model of the dam, thus reducing the “semi-unbounded” system to a finite-
sized model with rigid boundaries, which, generally, do not exist at dam sites. Such a 
model does not allow for radiation of hydrodynamic pressure waves in the upstream 
direction or stress waves in the foundation rock because these waves are reflected back 
from the rigid boundaries, thus trapping the energy in the bounded system. Thus, a 
significant energy loss mechanism, referred to as radiation damping, is not represented in 
the bounded models of the impounded water and foundation rock. 
An expedient solution was proposed that included in the finite element model a limited 
extent of foundation rock, assumed to have no mass, and modeled hydrodynamic effects 
by an added mass of water moving with the dam; the design ground motion defined 
typically at the ground surface was applied at the bottom fixed boundary of the 
foundation domain. This modeling approach became popular in actual projects because it 
was easy to implement in commercial finite element software, such as ABAQUS, 
ANSYS, and SAP2000. However, such a model solves a problem that is very different 
from the real problem on two counts: (a) the assumptions of massless rock and 
incompressible water—implied by the added mass water model—are unrealistic, as 
research has demonstrated; and (2) applying ground motion specified at the ground 
surface to the bottom boundary of the finite element model contradicts the recorded 
evidence that motions at depth generally differ significantly from surface motions.

                                                 
1 University of California, Berkeley 
2 University of California, Berkeley, chopra@berkeley.edu 
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Extended FEM 
 
This paper will present an extended finite element method (FEM) that overcomes the 
limitations of the standard FEM by introducing wave-transmitting (or wave-absorbing) 
boundaries at two locations: (1) upstream end of the fluid domain to model its essentially 
infinite length; and (2) the bottom and side boundaries of the foundation domain to model 
its semi-unbounded geometry. The finite element model of the fluid domain now includes 
water compressibility and reservoir bottom sediments, and the finite element model of the 
foundation domain includes mass, stiffness, and material damping appropriate for rock. 
Thus, the untenable assumptions of massless rock and incompressible water in the 
popular FEM are eliminated. 
 
The earthquake excitation also is more realistically defined in the extended FEM 
compared to the popular FEM. The excitation defined at the bottom and side boundaries 
of the foundation domain is determined by deconvolution of the design ground motion, 
typically specified on level ground at the elevation of the abutments. The resulting 
spatially varying motions cannot be input directly at wave-transmitting boundaries; 
instead, tractions determined from the motions are specified. 
 
The extended FEM is applicable to nonlinear systems, thus permitting modeling of 
concrete cracking, as well as sliding and separation at construction joints, lift joints, and 
concrete−rock interfaces. Implementation of the method is facilitated by commercial 
finite element software—with its user-friendly interfaces—extended to model 
transmitting boundaries and to input earthquake-induced tractions at these boundaries. 
Results of example analyses will be presented to demonstrate accuracy and effectiveness 
of the extended FEM. 
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NONLINEAR SEISMIC EVALUATION AND ACCEPTANCE CRITERIA FOR 
ARCH DAMS 

 
Yusof Ghanaat1 

ABSTRACT 

Seismic performance of concrete arch dams has traditionally been assessed by stress 
checks using a linear elastic analysis. The design of new dams and evaluation of existing 
dams built in highly active seismic regions often require advanced nonlinear analyses. 
There are no established criteria for the nonlinear evaluation of arch dams. The paper 
attempts to provide a methodology for performing a nonlinear analysis and acceptance 
criteria for assessing the results.  

Arch dams are constructed as individual cantilever blocks separated by vertical 
contraction joints with or without shear keys. The contraction joints are grouted to create 
a monolithic structure to resist operating loads. Water loads induce compressive arch 
stresses that keep the contraction joints closed ensuring a monolithic dam behavior. 
Severe earthquake ground motions, however, can overcome the hydrostatic compressive 
stresses and generate net tensile forces across the joint causing them to open and close 
repeatedly. In addition to the joint opening, the paper also discusses other major 
nonlinear mechanisms such as cracking at lift joints and foundation contacts as well as 
the stability of thrust blocks and kinematically moveable rock wedges as coupled systems 
in combination with the dam. Further, the paper considers the effects of dam-water and 
dam-foundation interactions and elaborates on the application of a compliant seismic 
input to excite the dam supported by a foundation model with mass, damping, and non-
reflecting boundaries.   

The paper presents an example dam to demonstrate the application of the nonlinear 
seismic evaluation, the acceptance criteria, and the compliant seismic input. The 
nonlinear analysis of the example dam uses advanced contact surfaces with failure 
criteria to predict potential cracking and sliding along lift joints and foundation contacts 
beneath the thrust block and the dam.

                                                 
1 Quest Structures, Inc., 3 Altarinda Road, Suite 203, Orinda, CA 94563 yghanaat@QuestStructures.com 
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DEVELOPING TIME HISTORIES WITH ACCEPTABLE RECORD 
PARAMETERS FOR DILLON DAM 

 
Dina Bourliea Hunt, P.E.1 

Justin Beutel, P.E.2 
Christine Weber, P.E.3 

 
ABSTRACT 

 
Dillon Dam project is located in Summit County, Colorado. Dillon Dam is an earthfill 
structure constructed on the Blue River in 1962, rising 231 feet above the riverbed. At 
over 257,000 acre-feet, it contains the largest reservoir in the Denver Water system, 
diverting water into the South Platte River Basin via the Harold D. Roberts Tunnel. 
 
After completing a seismic hazard analysis and calculating a design response spectrum, 
time histories were developed for use in finite element modeling of Dillon Dam. Several 
record parameters (i.e. Arias intensity, peak ground velocity, cumulative absolute 
velocity, and significant duration) were estimated from published articles. Time histories 
were then preselected from the NGA-West2 Pacific Earthquake Engineering Research 
Center database using magnitude, distance, and pre-calculated record parameters as part 
of the search criteria. The overall goal of spectral matching is to achieve a fit as close as 
possible to the design response spectrum, while not deviating from the Fourier amplitude 
spectrum over the spectral frequency range of interest, nor changing the non-stationary 
phasing of the spectrally matched time history. Performing spectral matching using a 
conventional approach led to unacceptable record parameters, therefore an alternative 
method of reducing peak ground acceleration scale factors was used to perform the 
spectral matching. This alternative method resulted in a spectrally matched time history 
with record parameters closer to the range of design values. 
 
This paper presents a summary of the published references used to estimate record 
parameters, a discussion of the process used to pre-select the time history records, and the 
trade-offs between achieving a good fit to the design response spectrum and 
corresponding record parameters.  
 

                                                 
1 MWH Global, 1340 Poydras Street, Suite 1420, New Orleans, Louisiana 70112, 510-329-9672, 
dina.b.hunt@mwhglobal.com  
2 Pacific Gas and Electric Company, 245 Market Street, MC N11D, San Francisco, California 94105,  
415-973-5615, jv1w@pge.com  
3 MWH Global, 1560 Broadway 18th floor Denver, Colorado 80202, 303-291-2249 
christine.t.weber@mwhglobal.com   
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SEISMIC HAZARD ASSESSMENT AND INPUT DATA GENERATION FOR 
DYNAMIC ASSESSMENT: OVERVIEW OF THE CHALLENGES AND THE 
INCOMING DEVELOPMENTS IN A MODERATE SEISMICITY CONTEXT 

 
Nicolas Humbert1 
Emmanuel Robbe2 
Deborah Sicilia3 

 
ABSTRACT 

 
The recent seismic hazard analysis (PSHA) developed in low to moderate seismicity 
countries show some difficulties to address epistemic uncertainties. The main 
consequence is a substantial increase of the seismic level, especially for the long return 
period needed for dam’s safety assessment.   
 
In that context, the classical methods for dynamic assessment of dams, such as pseudo-
static or modal spectral analysis become sometimes inefficient to demonstrate the 
robustness of the structure (however the feedback of dams subjected to earthquakes is 
very good). For that reason, more complex methods have to be used, based on transient 
analysis. These methods need more than a spectrum as input data, so time histories have 
to be selected or generated, involving new challenges. 
 
The first goal of this paper is to give an overview of the challenges observed on PSHA 
and in the selection of input data for dynamic analysis. The PSHA are frequently 
developed for conventional buildings and not especially for dams: for that reason, the 
output data of the PSHA can become unsuitable for the dynamic analysis and need post 
processing. 
 
The second goal of this paper is to propose some existing methods (or currently under 
development) to answer these challenges.  
Some of these points addressed are listed below: 

• How to assess seismic hazard on very hard rock? A published method of 
deconvolution is described. 

• How to take into account topographical amplification? Methods including 
propagation of waves in the soil are described. 

• How to define “physical” scenarios based on a Uniform hazard spectrum? 
The “conditional spectrum” method is described. 

• How to assess a transient analysis with a broadband spectrum? For this 
point a modification of the “conditional spectrum” method is proposed. 

                                                 
1 Electricite de France (EDF), Hydro Engineering Center, France, Savoie technolac – 73373 Le Bourget du 
Lac Cedex – France, nicolas.humbert@edf.fr,  33 479601177 
2 Electricite de France (EDF), Hydro Engineering Center, France, Savoie technolac – 73373 Le Bourget du 
Lac Cedex – France, 33 479606450 
3 Electricité de France (EDF), TEGG, France, 905 Avenue du Camp de Menthe - 13097 Aix-en-Provence – 
France, 33 442959568 
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SEISMIC DEFORMATION ANALYSES OF EMBANKMENT DAMS:  
A REVIEWER'S CHECKLIST 

 
Ross W. Boulanger1 
Michael H. Beaty2 

 
ABSTRACT 

 
Developing confidence in non-linear seismic deformation analyses of embankment dams, 
and the insights they may offer, is dependent on thorough internal or external reviews of 
the analysis procedures and results. Difficult geologic characterizations, selection and 
calibration of constitutive models, determination of material parameters, general 
limitations of numerical modeling, and development of input ground motions that 
appropriately reflect the seismic hazard – each of these aspects individually and 
collectively are important factors affecting the quality of the analysis results. Current 
analysis practices cover a wide range in approaches, which can make it difficult for dam 
owners, regulatory agencies, technical reviewers, and engineering supervisors to assess 
the appropriateness of any particular analysis. The nature of this task does not lend itself 
to standardization, but improved documentation practices are an important step toward 
facilitating thorough reviews and improving standards of practice. The purpose of this 
paper is to provide a checklist of questions that a reviewer of an NDA study may 
reasonably ask as part of any internal or external review process. 
 

                                                 
1 Professor, Department of Civil & Environmental Engineering, University of California, Davis, CA 95616, 
rwboulanger@ucdavis.edu 
2 Principal Engineer, Beaty Engineering LLC, Beaverton, OR, 97007, mhb@beatyeng.com 
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LESSONS FROM EARTHQUAKE LAKE IN PREPARING FOR SEISMICALLY-
INDUCED LANDSLIDES 

 
Roger L. Kay, P.E.1 

 
ABSTRACT 

 
A magnitude 7.3 earthquake, the strongest in recorded Montana state history, struck the 
Madison River valley just west of Yellowstone National Park on August 17, 1959, at 
11:38 p.m.  The earthquake triggered a 40-million ton landslide of soil and rock, resulting 
in 28 fatalities and completely blocking the Madison River to heights ranging from 200 to 
400 feet and ¾-mile in width from upstream to downstream.  Hebgen Dam, which 
impounds approximately 325,000 acre-feet of water and is located approximately 6 miles 
upstream of the landslide, was overtopped by multiple seiche waves following the 
earthquake and was extensively damaged due to extreme subsidence in the vicinity of the 
dam.  At the request of the Governor of Montana, the U.S. Army Corps of Engineers was 
directed to assist in stabilizing the landslide so that Hebgen Dam could be drained for 
inspection and repair.  Over the next 2 months, the crest of the landslide was lowered and 
a channel armored down the face of the landslide to reduce the risk of catastrophic failure 
of the landslide mass.  The slide mass with its engineered spillway remain in place today, 
with a permanent lake behind it named “Earthquake Lake.” 
 
Much of the western United States is susceptible to seismic events.  A large seismic event 
in this area could result in landslides blocking river valleys as well as structural damage 
to multiple dams.  Dam owners in this area should take into account the very real 
possibility that emergency drawdowns of seismically damaged dams may not be rapid 
due to downstream obstructions.  Lessons learned from the Earthquake Lake response 
may offer emergency planners and dam owners guidance in how to avoid catastrophic 
failures of future landslides blocking river valleys. 
 

                                                 
1 Hydraulic Engineer, Missouri River Water Management, U.S. Army Corps of Engineers, 1616 Capitol 
Avenue, Omaha, NE  68102, roger.l.kay@usace.army.mil 
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NONDESTRUCTIVE TESTING OF POST-TENSIONED ANCHORAGES AT J.T. 
MYERS AND MARKLAND DAMS 

 
Robert F. Lindyberg, PhD, PE 1 Afshin Karshenas, PhD 2 
Jeff Lillycrop 3 Charles E. Wiggins 4 
Larry L. Dalton II, PE 5 Matthew Watts 6 

Brandon Compton, PE 7 
 

ABSTRACT 
 
The U.S. Army Corps of Engineers (USACE) has a large inventory of dams that use 
trunnion anchor rods to secure the Tainter gate’s trunnion beam to the dam. The 
traditional method of measuring rod tension (i.e., lift-off testing) has been a difficult, 
costly, and risk-laden undertaking. To address these concerns, FDH Velocitel has 
developed the innovative nondestructive dispersive wave test method for in-situ 
measuring of a trunnion rod post-tension force. This test method relies primarily on the 
relationship between the fundamental frequency of the vibration of the cantilever portion 
of the rod and its diameter, cantilever length, post-tensioned force, and elastic properties.  
Initial use of this method required the gathering of lift-off data for a limited number of 
trunnion rods to develop an empirical model that establishes these parametric 
relationships.  However, due to the safety concerns with lift-off testing, it is necessary to 
develop and validate fundamental, mechanics-based theoretical models from which these 
parametric relationships can be developed. To eliminate the need for performing the lift-
off tests completely, finite element analysis (FEA) is used to build 3D models of the post-
tension trunnion rods and extract the modal frequencies for constructing the empirical 
model. 
 
In close collaboration with the USACE Engineer Research and Development Center 
(ERDC) in Vicksburg, MS, a series of eight (8) dams were identified for the initial 
demonstration and validation of this test method.  This paper presents the testing and 
initial results from the first two dams in this series tested in the Louisville District: John 
T. Myers Locks and Dam, and Markland Locks and Dam. 
 

                                                 
1 Vice President, FDH Velocitel, Robert.Lindyberg@fdhvelocitel.com 
2 Senior Research Scientist, FDH Velocitel, Afshin.Karshenas@fdhvelocitel.com 
3 Technical Director, CHL, U.S. Army Engineer Research & Dev. Center, Jeff.Lillycrop@usace.army.mil 
4 Associate Technical Director, U.S. Army Engineer Research & Dev. Center, 
Charles.E.Wiggins@usace.army.mil 
5 Technical Manager, Inland Navigation Design Center, USACE, Larry.L.Dalton@usace.army.mil 
6 Structural Engineer, USACE, Matthew.A.Watts@usace.army.mil 
7 Research Engineer, FDH Velocitel, Brandon.Compton@fdhvelocitel.com 
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USACE PORTLAND DISTRICT SPILLWAY GATE REHABILITATION 
PROGRAM 

 
Matthew Craig, PE1 Laurie Ebner, PE2  
William Fortuny, PE3 David Hamernik, PE4 
Matt Hess, PE5 Mark Sawka, PE6 

 
ABSTRACT 

 
The US Army Corps of Engineers’ (USACE) Portland District (District) has 90 spillway 
radial Tainter gates.  There are 42 gates at 11 Willamette Valley Basin projects, 5 gates at 
2 Rogue Basin projects and 43 gates at 2 Columbia River projects.  Since 2001 various 
studies, inspections and incidents have prompted the District to become concerned about 
the structural integrity and mechanical and electrical reliability of these gates.  In 2008, 
load induced buckling observed on three of the four Tainter gate end frames at Foster 
Dam led to emergency repairs.  In December 2009, additional observations of buckled 
Tainter gate strut arms at Dexter Dam required repairs and created urgency with respect 
to documenting risk to the downstream population at all District projects.  In 2010, these 
events led to the implementation of a comprehensive assessment of the Tainter gates in 
the Willamette Valley and Rogue Basin projects.  The assessment included a gates 
specific potential failure modes analysis (PFMA), structural, mechanical and electrical 
assessments, identification of interim risk reduction measures (IRRMs), and analysis of 
impacts of the IRRMs.  Based upon findings, the District developed a tool for prioritizing 
projects for gate repair.  Since identifying the issues with Tainter gates, Portland District 
has implemented IRRMs, taken a systems-based approach to repairs, and implemented a 
capitalization program to improve gate reliability.  Repairs are complete or underway at 
36 of the 42 Tainter gates in the Willamette Valley, a study is underway to address 
reliability of regulating outlets, and future studies are planned for Columbia River 
spillway gates. 
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LESSONS LEARNED FROM THE SPILLWAY GATE FAILURE  
AT FOLSOM DAM 

 
Jerzy Salamon, PE, PhD1 

 
ABSTRACT 

 
In 1995, failure of spillway Gate No.3 at Folsom Dam during normal operation resulted 
in an uncontrolled release of the reservoir. Although no significant downstream damage 
occurred, reservoir storage was partially lost due to the gate failure. 
 
In response to the failure of the gate, the Bureau of Reclamation (Reclamation) formed a 
multi-disciplinary, multi-agency Forensic Team to investigate and determine the causes 
of the failure. The team attributed the gate failure to the collapse of the arm frame, with 
excessive friction at the gate trunnion due to corrosion at the surface of the trunnion pin 
being important factors. Comparable loading conditions were not accounted for in design 
practices during the 1950’s.  
 
The failure of the spillway gate at Folsom Dam initiated a national dam safety program to 
inspect and evaluate the structural integrity of radial gates within state and federal 
jurisdiction. The outcome from the program had significant impact on the change to the 
design practice of radial gate structures. 
 
The case study and lessons learned from the failure of the gate at Folsom Dam are 
presented in this paper. In addition, a summary of the forensic team’s investigation is 
provided in the paper along with the author's additional remarks made based on the 
advanced structural analysis results of the original gate structure. 
 

                                                 
1 Technical Specialist for the Waterways & Concrete Dams Group I at the Bureau of Reclamation,  
P.O. Box 25007, Denver, Colorado,  80225, USA, tel. 303-455-3219, e-mail: jsalamon@usbr.gov 
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A FINITE ELEMENT APPROACH TO PREDICT THE STABILITY 
OF GRAVITY DAMS LAYING ON ROUGH ROCK FOUNDATIONS 

 
Sylvain Renaud, Jr. Eng., M.Sc.A.1 

Najib Bouaanani, Eng., Ph.D.2 
Benjamin Miquel, Eng., Ph.D.3 

 
ABSTRACT 

 
Owners of high-capacity concrete dams are required to regularly assess and monitor the 
structural behaviour of these structures under the effect of various loads, especially their 
sliding stability. Therefore, an appropriate understanding of contact at dam-rock interface 
is crucial as it might have a direct impact on dam owners’ decisions relevant to 
rehabilitation strategies. A literature review is conducted and mainly shows that very 
limited published research detailing the numerical modeling of large scale irregular 
concrete-rock contact is available. Previous experimental work demonstrates the effect of 
roughness on shear strength of small scale unbounded concrete-rock interfaces. This 
effect can be associated with a non-null apparent cohesion at the interface. This paper 
proposes an efficient finite element procedure to better characterize the effects of shear 
strength against sliding of irregular dam-rock interfaces. The proposed technique 
implements special finite elements developed to account for the effects of cohesion along 
the dam-rock interface, as well as for tensile strength effects where dam-rock interface is 
bounded. These special elements are combined to conventional contact elements that can 
model pure sliding and rocking. The development and implementation of the proposed 
procedure are described in detail, and then applied to assess the stability of an existing 
concrete gravity dam with irregular dam-rock interface. The effects of key parameters, 
i.e. friction angle, tensile strength and cohesion are highlighted. Recommendations about 
the importance of including such parameters in concrete dam stability analyses are 
provided. 
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APPLICATIONS OF FLOW-3D FOR STABILITY ANALYSES OF CONCRETE 
SPILLWAYS AT FERC PROJECTS 

 
Elise N. Dombeck, P.E.1 

 
ABSTRACT 

 
The engineering guidelines published by the FERC recognize that stability analyses of 
concrete gravity spillways are complicated by the hydrodynamic forces resulting from 
changes in flow speed and direction.  The depth of flow, pressure distribution along the 
spillway profile, and tailwater conditions are not easily solved without rigorous analysis 
or physical model studies. Procedures are given in Chapter 3 of the FERC Engineering 
Guidelines for a simplified method of determining hydrodynamic forces; however, they 
are not applicable for cases in which the tailwater is not swept away from the spillway 
toe. The most common stability analysis method for such cases includes the following 
assumptions for the determination of hydrodynamic forces: ignore the weight of the 
nappe, and use 60% of the expected tailwater height.  These assumptions can lead to an 
under-estimation of the factor of safety against sliding, which could result in costly 
remediation of projects with significant stabilizing nappe and tailwater forces. This paper 
focuses on the use of CFD modelling in estimating the hydrodynamic forces on concrete 
gravity spillways and the model’s application in evaluating a structure’s stability. A two-
dimensional model representing a unit width of an ogee spillway at two FERC-licensed 
projects was developed within FLOW-3D for two loading conditions: Probable 
Maximum Flood (PMF), and an intermediate flood where tailwater is not swept away 
from the toe. The resulting hydrodynamic forces were incorporated into a two-
dimensional gravity stability analysis, and the results showed that the sliding factor of 
safety for both projects under both loading conditions was greater than that estimated 
using the conventional stability analysis method.   
 

                                                 
1 Civil Engineer, Division of Dam Safety and Inspections, Federal Energy Regulatory Commission, 
Address: 3700 Crestwood Parkway, Duluth, GA 30096. Email: elise.dombeck@ferc.gov. Phone: 678-245-
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THE STABILITY OF MASONRY WALLS AND DAMS: 
A REVIEW OF THE HISTORICAL DESIGN OF CONCRETE DAMS 

 
Kevin Griebenow, PE1 

 
ABSTRACT 

 
Masonry walls are one of the oldest and easiest ways to build structures.  We have 
learned over time that to improve the likelihood that a masonry wall will not fall down, 
all of the wall is to be in compression.  Likewise, we have been building dams to store or 
alter river flows since at least 3000 BC, most like masonry walls.  Built in 1500 BC, the 
Marib dam in Yemen is a superb example of a “wall” dam reaching a height of 20 meters.   
 
A dam can be described as a water retaining surface with the remainder of the structure 
supporting this surface.  Initially, the designers and builders of dams depended on its 
overwhelming mass to support and resist the hydrostatic load, i.e. a gravity dam.  The 
determination of the necessary mass for a gravity dam was initially based on past 
experience, followed by geometric and then stability analysis.  The stability of a gravity 
dam is compared to a masonry wall in terms of the role of thrust, the middle third, and 
preventing tension.   
 
The first structural dams (arch, multi-arch and slab and buttress) were constructed based 
on past experience.  Driven in part to be more economical, structural dams required a 
more detailed understanding and analysis for their forms to withstand the hydrostatic 
loading.  For arch dams, this structural analysis started with the “cylinder formula”, 
followed by the constant angle and trial-load method.  A buttress dam shares 
characteristics of gravity and arch structures; it relies primarily on gravity for stability but 
requires less material to achieve this “mass”.  Examples of these dam structures, some 
constructed in the nineteenth century, will show the evolution of the design and 
construction developed by early civil and structural engineers. This history will show a 
small part of the evolution of “state of the art” along with that this history of progression 
should not be considered irrelevant but necessary to understand and improve our 
profession.   
 

                                                 
1 Federal Energy Regulatory Commission, Chicago, IL Kevin.Griebenow@ferc.gov.  Paper and opinions 
are those of the author and should not be inferred to be an official FERC position 
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A NEW AND ADVANCED DAM PERFORMANCE AND RESPONSE 
INTEGRATION PROGRAM 

 
Ziyad Duron, PhD1 

John Yen, M.S., P.E.2 
 

ABSTRACT 
 
Modern practice requires engineers to predict behavior of aging infrastructure under 
conditions that are unlikely to occur during their lifetimes.  This requirement is 
particularly notable in dam safety where hydro facilities provide energy, recreation, and 
environmental preservation in areas of the US and Canada under strict regulatory 
constraints.  The ability to predict how a dam could perform under hazard loading 
conditions typically hinges on an analyst’s ability to drive a numerical model to failure.  
If the unknowns associated with understanding what constitutes failure are considered 
large, the unknowns associated with the construction, validation, and understanding of 
how a complex numerical model actually fails may be larger.  This paper describes a new 
strategy for addressing these unknowns through the use of performance based techniques 
developed for concrete dams.  These techniques involve the use of existing surveillance 
and monitoring programs, new diagnostic performance based testing techniques, and the 
development of performance indicators – that include fragility curves – for monitoring, 
tracking, and predicting a dam’s performance.  Case studies from a variety of concrete 
dams are described, and samples of performance indicators and fragility curve estimates 
are also presented.  Recommendations for changing the way engineers think and learn 
about how a dam performs are provided.   

                                                 
1 Jude and Eileen Laspa Professor of Engineering, Harvey Mudd College, Claremont, CA, 91711, 
Ziyad_Duron@hmc.edu 
2 Dam Safety Consultant & Chair, Dam Safety Advisory Board, Southern California Edison, Rosemead, 
CA, 91770, John.Yen@sce.com 
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PRACTICAL ANALYSIS AND ASSESSMENT OF AAR-AFFECTED DAMS 
AND HYDROELECTRIC PLANTS 

 
Dan D. Curtis, M.A.Sc., P.Eng.1 

Lingmin (Frank) Feng, Ph.D., P.Eng.2 
Gurinderbir S. Sooch, M.A.Sc., P.Eng.3 
Jiqin (Tom) Zheng, M.A.Sc., P.Eng.4 

John Fletcher, C.E.T5 

 
ABSTRACT 

 
Hatch has been involved in many hydro projects where alkali aggregate reaction (AAR) 
has affected dams and power plants. AAR causes the concrete to expand and this leads to 
issues including reduction in spillway and intake gate clearances, concrete cracking, high 
compressive and shear stresses in concrete substructures, stressing of turbine embedded 
parts and turbine/generator alignment problems. During the course of these 
investigations, a practical finite element program (GROW3D) has been developed to 
analyze the effects of concrete expansion on these structures. The program is based on 
relatively simple engineering principles yet it has proven to be a reliable tool in the 
prediction of the structural behavior of dams and power plants. The objective of this 
paper is to present selected results from recent analyses performed on the Mactaquac 
Dam and power plant which is located in New Brunswick, Canada. The stress-dependant 
concrete growth law used in GROW3D has recently been modified to better match the 
observed behavior of the Mactaquac intake structure response to slot cutting. The new 
concrete growth law was subsequently used in a global finite element analysis of the 
Mactaquac powerhouse and the results of the analysis provided an excellent match to 
measurements of structural and mechanical AAR-induced deformations. Finally, the 
powerful effect of differential concrete expansion in structural elements is examined 
using simple analytical methods. 
 

                                                 
1 Senior Project Manager, HATCH Ltd, 4342 Queen St, Suite 500, Niagara Falls ON Canada  L2E 7J7 
+1 905 357 6998  dcurtis@hatch.ca . 
2 Senior Civil/Structural Engineer, Stress Analysis Specialist, HATCH Ltd, 4342 Queen St, Suite 500, 
Niagara Falls ON Canada L2E 7J7  +1 905 374 0701 Ext 5296  lfeng@hatch.ca . 
3 Civil/Structural Engineer, HATCH Ltd, 4342 Queen St, Suite 500, Niagara Falls ON Canada L2E 7J7 
+1 905 374 0701 ext 5252, gsooch@hatch.ca . 
4 Senior Civil Engineer, HATCH Ltd, 4342 Queen St, Suite 500, Niagara Falls ON Canada L2E 7J7  
+1 905 374 0701 Ext 5415  jzheng@hatch.ca . 
5AAR Project Manager, NB Power, 451 Route 105 Keswick Ridge, NB Canada E6L 1B2  
+1 506 462 3864  jfletcher@nbpower.com 
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USING THE TRIAL LOAD METHOD TO OPTIMIZE THE FEASIBILITY 
DESIGN OF WATANA DAM 

 
Aled Hughes, PE1 Glenn Tarbox, PE2 
Brian Sadden, PE3 Bryan Carey, PE4 
 

ABSTRACT 
 
The proposed Susitna-Watana Hydroelectric Project will be a hydroelectric project on the 
Susitna River, Alaska providing approximately 2800 GWh annually.  Watana Dam will 
be a 705 ft. high curved gravity RCC dam with an estimated concrete volume of 
5.67 million cubic yards (Mcy).  Development of the selected configuration involved 
numerous iterations with each revised layout being analyzed to ensure a robust 
engineering design. 
 
In the era before the development of computers, the structural analysis of arch dams was 
carried out using the Trial Load Method (TLM), first applied by the U.S. Bureau of 
Reclamation (USBR) for the design of Hoover Dam in the 1930s.  The manual 
calculation was a laborious and time consuming process typically taking engineers 
months to complete.  In the 1970s software was written by the USBR, using the 3-
dimensional calculation method.  The software, Arch Dam Stress Analysis System 
(ADSAS), successfully reduced the analysis time from months to minutes.  
Developments in computing power have further reduced the analysis time. 
 
The Finite Element Method (FEM) has latterly become the industry standard method for 
the analysis of large concrete structures, including curved gravity dams, providing 
detailed information on the stresses within, and anticipated deflections, of the structure.  
While a powerful tool, a FEM model does not readily accommodate geometric 
adjustments; changes are a time consuming process which prolong the early stages of 
feasibility design where the focus is the verification of, and optimization of, the dam 
configuration.  Automated routines for FEM models have been presented in several 
papers from the 1990s onwards but use is limited. 
 
This paper provides a recapitulation of the TLM and describes how it was successfully 
used on the Susitna-Watana Hydroelectric Project to accelerate the iterative optimization 
of the dam configuration at an early stage, thereby allowing the FE methodology to be 
focused on optimized configurations.  The results of the TLM was compared with the 
FEM output to demonstrate the accuracy of the method and also highlights its usefulness 
for the analysis of thicker section RCC curved gravity dams. 

                                                 
1 Lead Civil Engineer, MWH Americas, Inc., 2353 130th Ave NE, Bellevue, WA 98005. 
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2 Global Dams Practice Leader, MWH Americas, Inc., 2353 130th Ave NE, Bellevue, WA 98005. 
Glenn.S.Tarbox@mwhglobal.com 
3 Project Manager, MWH Americas, Inc., 2353 130th Ave NE, Bellevue, WA 98005. 
Brian.E.Sadden@mwhglobal.com 
4 Engineering Manager, Alaska Energy Authority, 813 West Northern Lights Blvd., Anchorage, AK 99503.  
bcarey@aidea.org 
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LINEAR AND NONLINEAR SEISMIC ANALYSIS FOR THE POST 
TENSIONING SYSTEM DESIGN OF THE WANAPUM DAM SPILLWAY 

MONOLITHS 
 

Juan E. Quiroz, Ph.D., P.E. 1 
Bashar S. Sudah, P.E. 2 
Bryan J. Brumley, P.E. 3 
Richard E. Barrie, P.E. 4 

David P. Thompson, P.E. 5 
 

ABSTRACT 
 
This paper presents analyses and evaluation methodologies used to assess the seismic 
stability of the Wanapum Dam spillway structure, located on the Columbia River south of 
Vantage, Washington.  Early in 2014, a horizontal crack was discovered in one of the 120 
foot tall spillway structure monoliths that extended the entire 65-foot monolith width.  
Investigations determined that the crack propagated below the pier reinforcement to the 
downstream side of the monolith.  Repairs using post-tensioned anchors were completed 
recently.  This paper presents the evaluation of the seismic performance of the repaired 
monolith under the Maximum Design Earthquake (MDE).  To assess the state of the 
structure prior to the application of earthquake loads static stress analyses and transient 
thermal analyses were performed to identify potential failure mechanisms due to the 
cyclical thermal loading and the development of hydrostatic pressure within the crack.  
The seismic analysis was then performed for the MDE with a magnitude of 7.1 and a 
peak ground acceleration (PGA) of 0.42g.  
 
Seismic analysis of the Wanapum cracked spillway monolith, indicates the importance of 
performing non-linear analyses capable of capturing dominant mechanisms that can be 
used effectively to assess the stability of the structure and to evaluate potential failure 
modes. 
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4 MWH Global, 350 N. Orleans St., Suite 1301, Chicago, IL 60654, Richard.E.Barrie@mwhglobal.com 
5 MWH Global, 2353 130th Ave NE, Suite 200, Bellevue, WA 98005, 
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REHABILITATION OF 85-YEAR-OLD RUSKIN DAM SPILLWAY SURFACE 
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Mazin Ezzet, P.Eng.2 

Dudley R. Morgan Ph.D., P.Eng., FACI3 
Saman Vazinkhoo, M.A.Sc., P.Eng.4 

 
ABSTRACT 

 
Ruskin Dam is located in Mission, British Columbia, Canada and is one of three BC 
Hydro facilities in the Alouette-Stave-Ruskin Hydroelectric System. The Ruskin spillway 
was originally built in the 1930s and its downstream face was resurfaced with shotcrete in 
1973. The original non-air entrained concrete spillway and stepped structure at the right 
abutment had deteriorated over the years from freeze-thaw cycles and water erosion. This 
presentation deals with the detailed condition survey of the spillway surface and its 
rehabilitation design and construction activities.  To date, the first two new spillway bays 
out of five have been rehabilitated. 
 
A detailed condition assessment was conducted which included defect mapping, hammer, 
chain drag sounding and testing for concrete physical properties and petrographic 
examination. The prime purpose of this investigation was to establish the condition of the 
spillway’s aging shotcrete surface and provide recommendations for remedial alternatives 
to extend its service life.  
 
Resurfacing of the spillway is part of extensive upgrades to Ruskin Dam and Powerhouse 
which began in the spring of 2012. The entire spillway is being resurfaced with a wet-
mix, steel fibre reinforced, silica fume modified shotcrete anchored to the substrate 
concrete with grouted L-bar dowels connected to new reinforcing steel grid. Due to the 
complex nature of the project, the owner closely co-ordinates the work between the 
contractor and the consultant to solve constructability issues and observing operation 
requirements. Amec Foster Wheeler is acting as the Owner's Representative/Engineer-of-
Record for this aspect of the project which is scheduled to be completed by 2018. 

                                                 
1 Amec Foster Wheeler, 4445 Lougheed Hwy, Suite 600, Burnaby BC V5C 0E4, 604-295-6149, email: 
tasnuba.islam@amecfw.com 
2 Amec Foster Wheeler, 4445 Lougheed Hwy, Suite 600, Burnaby, BC, V5C 0E4, 604 295 8621, e-mail: 
mazin.ezzet@amecfw.com 
3 Amec Foster Wheeler, 4445 Lougheed Hwy, Suite 600, Burnaby, BC, V5C 0E4, 778 426 3690, e-mail: 
rusty.morgan@amecfw.com 
4 BC Hydro, 6911 Southpoint Drive Burnaby, B.C.  V3N 4X8, 604-528-2694, email: 
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TENSILE STRENGTH OF MASS CONCRETE — IMPLICATION OF TEST 
PROCEDURES AND SIZE EFFECTS ON STRUCTURAL ANALYSIS OF 

CONCRETE DAMS  
 

Timothy P. Dolen, PE1 
David W. Harris, PhD PE2 

Larry K. Nuss, PE3 

 
ABSTRACT 

 
The tensile strength of mass concrete is an important parameter used in structural analysis 
of concrete dams.  Two test procedures are commonly used to determine the tensile 
strength of concrete cores, the direct test (DT); and the indirect, or splitting test (ST).  
However, tensile strength is often estimated from the compressive strength.   Thus, 
conclusions drawn from the structural analysis are sometimes dependent on the assumed 
tensile strength property.  An assumed tensile strength of concrete used in structural 
analysis was first developed from 1970’s and 1980’s data analysis put forth by Raphael 
based on the splitting test.   If no tension tests were available, Raphael estimated the 
tensile strength from compressive strength as ST = 1.7 x (Comp) 2/3.  This has significant 
bearing on analysis as the relationship was derived from splitting data and is nearly twice 
the results obtained from DT strength. 
 
Work by Rocco, et al and by Bazant, et al using a fracture mechanics approach confirmed 
the size effect law for the ST test.  Rocco concluded that ST strength is not a materials 
property of concrete.  Data analysis of Bureau of Reclamation drilled cores also indicated 
possible size effects for the splitting test of mass concrete, particularly for tests with large 
aggregate size and smaller diameter cores.  To compare the size effect law for mass 
concrete, relationships determined by Rocca must be extrapolated from about 1.5 in  
NMSA (or less) conventional concrete to 6 in NMSA mass concrete.  The test data is 
always subject to interpretation. 
 
The authors will examine the implications of this size effect law on the assumed tensile 
strength of mass concrete used in structural analysis.  They will examine two critical 
questions: (1) What is the true tensile strength of the concrete, and (2) should a dynamic 
increase factor, typically ranging from 1.25to 1.5 times the static strength be used? 
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ABSTRACT 

 
A concrete testing program of large-diameter specimens was conducted to obtain material 
properties of existing mass concrete of the Ruskin Dam in British Columbia, for use in a 
3D Finite Element Model (FEM) seismic analysis. Static compression, static tension and 
dynamic tension tests were performed on parent concrete, and specimens containing lift 
lines. The static compression and tension test results are compared with the historical 
United States Bureau of Reclamation (USBR) mass concrete properties database of 
concrete dams (ACIS) from 1905 to 1993. The material properties of mass concrete for 
the Ruskin Dam (completed in 1930) are consistent with mass concrete of dams 
constructed in the 1920s to early 1930s. From the static tests, the average tensile strengths 
of the parent concrete and the lift line specimens are 3.6% and 2.7% of the average tested 
concrete compressive strength, respectively. The dynamic tensile tests consisted of cyclic 
ramped amplitude and constant amplitude testing to failure for both parent concrete and 
lift line specimens. The cyclic ramped loading resulted in a 30% increase in the concrete 
tensile capacity. The failure strength in constant amplitude cyclic loading tests resulted in 
a 20% to 40% decrease in the concrete tensile capacity. 
 
The intent of the testing program was to guide the selection of mass concrete material 
properties for the numerical analysis of an aging concrete dam, considering the concrete 
test results for Ruskin Dam, the historical mass concrete test results and design codes. 
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NATIONAL LEVEE SAFETY PROGRAM 
 

Eric Halpin1 
 

ABSTRACT 
 
In Section 3016 of the Water Resources Reform and Development Act of 2014 (amended 
Title IX of WRDA 2007) Congress provided those additional responsibilities and 
authorities to USACE and FEMA needed to stand up a National Levee Safety Program.  
The presentation will provide an overview of the key components of the National Levee 
Safety Program and explain how those components build upon activities already 
underway in the USACE Levee Safety Program.  It will describe the initial set of 
activities underway that support the development of a National Levee Safety Program in 
advance of full appropriation by Congress.  Key activities include consolidated technical 
information for levees, increasing awareness of levee-related risks, promoting shared 
responsibility, and aligning federal programs to reduce risks to people and property and 
move the country away from an expensive reliance on disaster relief.   

                                                 
1 Special Assistant for Dams and Levees, USACE, Eric.C.Halpin@usace.army.mil, (202) 761-7662 
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ABSTRACT 

 
The U.S. Army Corps of Engineers (USACE) is currently updating its policy for the 
evaluation of levee systems in support of the National Flood Insurance Program (NFIP).  
This update is an outcome of a joint effort between USACE and the Federal Emergency 
Management Agency (FEMA) to align their processes so that information developed by 
USACE for the Inspection of Completed Works (ICW) program can also be used to 
evaluate the NFIP accreditation requirements.  Risk assessments provide a suitable 
framework to achieve this alignment.  Risk assessments provide a more comprehensive 
understanding of the flood hazard and associated risks by considering a full range of 
flood events, performance of the levee under these various loadings, and the potential 
consequences.  Outcomes of a risk assessment can be used to prioritize levee safety 
program activities, inform accreditation decisions, identify flood risk mitigation actions, 
and support risk communication.  This paper will summarize key components of the 
policy update along with the results of a parametric analysis that was conducted to better 
understand how flood hazards are influenced by the combination of flood loading and 
levee performance. 
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4 Senior Program Manager, Corps of Engineers Risk Management Center, P. O. Box 60267, New Orleans, 
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STRATEGIC COMMUNICATION OF RISK IN MID-CONTINENT LEVEE 
SYSTEMS 

 
Alan Tamm1 

Rodney Delp2 
Melissa Mullen3 

 
ABSTRACT 

 
The USACE is nearing completion of an initial inventory and assessment of federally 
constructed levees within the USACE portfolio.  The intent of the program is to 
characterize the risk associated with these levee systems with the intent of providing this 
risk information to  the nation, levee operators and the leveed area residents to encourage 
and facilitate risk informed decision making. The Rock Island District has been engaged 
with levee districts since 1895, predating the 2007 establishment of the Levee Safety Act 
that authorized this inventory and assessment.  Risks of overtopping and Prior to 
Overtopping Levee Non- performance have been communicated throughout this period to 
levee sponsors. The responses to risk information as a driver of protective actions are 
currently being qualified and to some extent quantified by social scientists in the 
aftermath of natural hazards (Katrina, Joplin, and Boulder). The new risk communication 
initiative is examined in light of the intended responses and the risk information response 
models both historical and recently developed with the intent of developing processes and 
messaging that will effectively drive risk reduction actions.  The resulting USACE Rock 
Island District communication process that incorporates the use of the social scientists 
modeled expected response and experienced historical responses to levee risk information 
is examined and the resulting techniques for information transfer are illustrated.  

                                                 
1 Levee Safety, US Army Corps of Engineers, Clock Tower Bldg, Rock Island Arsenal, Rock Island, IL 
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USING TOLERABLE RISK GUIDELINES IN THE CALIFORNIA DELTA 
 

Lawrence H. Roth1, P.E., G.E. 
Jessica Ludy2, CFM 

 
ABSTRACT 

 
Tolerable risk guidelines (TRG) recognize that society is willing to live with some risk in 
order to secure certain benefits. TRG supports policy formulation, informs risk 
management decisions, enables evaluation of trade-offs, and promotes clear and 
transparent risk communications. The TRG process is useful in allocating scarce 
resources, achieving equity, and promoting efficiency. This paper describes the TRG 
process being used to inform levee improvement investment priorities in the California 
Delta, the confluence of the Sacramento and San Joaquin Rivers, and keystone of the 
state’s water system. That 25 million Californians and four million acres of farmland 
depend on the Delta for some or all of their water is a testament to its importance to the 
state’s economy. Much of the Delta is below sea level and is protected by 1,100 miles of 
levees that have water against them year-round. People, water supply, and infrastructure 
are dependent on levees for flood risk reduction. Delta levees, however, are threatened by 
earthquakes; by seepage through aged, poorly engineered embankments; and by 
overtopping made worse by subsidence and sea level rise. Catastrophic levee failure 
would be devastating to people, water supply, infrastructure, and California’s economy. 
Flood risk in the Delta cannot be eliminated, and design standards specifying levels of 
flood protection address only the hazard while ignoring consequences. TRG recognizes 
that the Delta is complex, the future is uncertain, and that absolute protection is not 
possible. Application of TRG by decision-makers may enable reducing risk in the Delta 
to tolerable levels through prudent levee investments. 
 

                                                 
1 Principal Engineer, Arcadis U.S., 101 Creekside Ridge Court, Roseville, CA 95678, 
larry.roth@arcadis.com.  
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SIMPLIFIED CONSERVATIVE FLOOD WAVE MAPPING: BREAKING FREE 
OF THE BREAK LOCATION 

 
Brent Travis1 
Brian Wahlin2 

 
ABSTRACT 

 
Every levee emergency action plan (EAP) requires a conservative estimate of flood wave 
times following a levee break. Unfortunately, these times are highly and nonlinearly 
dependent upon assumed break location. Levee break modeling usually requires 2-
dimensional hydraulic models such as HEC-RAS 2D and as a result long model set up 
and execution times may prohibit considering multiple break locations. Engineering 
judgment must therefore be applied and the results can significantly differ between 
modelers. Here, explicit formulas are derived for flood wave propagation and an 
application methodology is developed that accounts for all possible break locations. This 
methodology utilizes a simple spreadsheet to create just one representative flood wave 
map that shows the fastest predicted inundation times independent of any assumed break 
location. This greatly simplifies numerous EAP tasks including response prioritization, 
stockpiling, road closures, and evacuation. The developed methodology was recently 
successfully applied to a major levee in Arizona; the corresponding details and lessons 
learned from this work are also presented. 
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LEVEES AND VEGETATION: APPLICATION OF CURRENT USACE 
GUIDANCE IN THE TECHNICAL ANALYSIS OF A VEGETATION 

VARIANCE REQUEST 
 

Charles Ifft1 
 

ABSTRACT 
 
The desire to incorporate vegetation into levee design (or possibly existing levees) has 
been expressed by many stakeholders throughout the Country, and the challenges posed 
by this effort are substantial. Vegetation adds uncertainty to the performance of levees 
and must be carefully and thoughtfully managed to keep the uncertainties and associated 
risks to a minimum.  
 
The Cedar River at Renton Flood Damage Reduction Project was constructed by the 
Seattle District, US Army Corps of Engineers in 1999.  As constructed, the project 
included vegetation in excess of the USACE standards for flood control structures. The 
project is located in a park setting in the City of Renton, WA and for esthetic reasons, the 
levee itself has a non-standard cross section and profile.  In the technical analysis, the 
District analyzed the levee by dividing the length into three reaches and assessing the 
cross sections to determine where there was overbuilt embankment. The District’s 
engineering analysis showed that where the embankment cross section exceeded 
minimum design requirements some of the excess vegetation could be acceptably be 
retained. The analysis resulted in three zones for vegetation management. The first was a 
vegetation free zone located along the levee center line, the second was a managed 
vegetation section that allowed for trees to be maintained below a certain size (10” dbh) 
and a site potential zone for trees to grow as big as they would naturally grow. 
 
The process for defining the vegetation zones in the three levee reaches included defining 
the minimum cross section or “prism” and conducting seepage and slope-stability 
analyses. Design trees, with their associated overturn pits, were defined for each zone. 
These design-trees were graphically overlaid on the cross section such that the potential 
overturn pit remained external to the prism, then the horizontal distance from levee 
centerline to trunk centerline was measured. Additionally, on the waterside of the levee 
the expected pit sizes were increased to account for projected scour associated with an 
overturned tree.  
 
Overall, the study showed that a total of 124 trees needed to be removed from the 
vegetation free zone, 9 trees from the managed zone, and none from the site potential 
zone. This was a total of 133 trees selected for removal utilizing the study. Under current 
USACE standards, there would need to be 368 trees removed. This analysis identified 
levee cross sections in excess of minimum design requirements, thereby allowing 
retention of 235 more trees than possible under the normal application of USACE 
vegetation standards. 

                                                 
1 USACE Rock Island District, Levee Safety Program Manager, Phone 206-764-6938, email: 
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ABSTRACT 
 
The City of West Sacramento is surrounded by levees, which limits flooding from the 
Sacramento River, the Sacramento and Yolo Bypasses, and the Sacramento Deep Water 
Ship Channel. The levees are considered intermittently-loaded as the adjacent rivers 
typically do not experience water levels above the landside toe elevation except during 
rainy seasons. A cost-benefit study for remediating the West Sacramento levees for 
seismic hazard was launched by the California Department of Water Resources (DWR) 
as part of the Urban Levee Evaluations (ULE) project.  The primary focus of the cost-
benefit study was to seek an answer for the following planning question: what is the 
economic benefit of seismically remediating the levees now as opposed to repairing the 
damaged levees after the occurrence of an earthquake? The economic risk analysis was 
formulated around this question. First, a conditional probability of failure function was 
developed using a combination of seismic deformation analyses and experts’ opinion on 
the probability of failure, in particular, the probability of flooding the landside as a result 
of seismic-induced vertical deformation of the levee embankments for various analysis 
cases. Second, an economic risk analysis was performed to estimate the incremental 
benefits for two action plans: 1) repairing the levee after a seismic event occurs versus a 
no action scenario (note that the no action scenario is used for the sole purpose of benefit 
comparisons), and 2) investing the money now for seismically remediating the high 
vulnerability levee segments. Through the direct comparison of annual damages and costs 
of these two action plans, an answer was found to the important planning question.  

 

                                                 
1 Vice President and Levee Evaluations Program Manager, AECOM, 2870 Gateway Oaks, Suite 150, 
Sacramento, CA 95833, (916) 279-2000, richard.millet@aecom.com 
2 GESenior Project Manager and Earthquake Engineering Group Manager, AECOM, 1333 Broadway, 
Suite 800, Oakland, CA 94612, (510) 893-3600, rajendram.arulnathan@aecom.com 
3 Senior Project Engineer, AECOM, 1333 Broadway, Suite 800, Oakland, CA 94612. (510) 893-3600, 
kanax.kanagalingam@aecom.com 
4Project Engineer, AECOM, 2870 Gateway Oaks, Suite 150, Sacramento, CA 95833, (916) 679-2000, 
erik.julian@aecom.com 
5 Principal Engineer, AECOM, 1333 Broadway, Suite 800, Oakland, CA 94612, (510) 893-3600, 
robert.k.green@aecom.com 
6 Supervising Engineer (Specialist), Department of Water Resources, 1416 9th Street, Room 510-6, 
Sacramento, CA 95814, (916) 653-8478, ariya.balakrishnan@water.ca.gov 
7 Senior Engineer, David Ford Consulting Engineers, 2015 J Street, Suite 200, Sacramento, CA 95811, 
(916) 447-8779, leu@ford-consulting.com 
8 President, David Ford Consulting Engineers, 2015 J Street, Suite 200, Sacramento CA 95811 
(916) 447-8779, ford@ford-consulting.com 



 NOTES   

164 



165 

EMERGENCY FLOOD FIGHT TECHNIQUES, MISSISSIPPI RIVER LEVEES 
2011 FLOOD 

 
Lanny B. Barfield1 

 
ABSTRACT 

 
The 2011 Flood on the Mississippi River set record stages in the Vicksburg District.  
While this event was successfully passed without a levee breach, it was not without the 
combined flood fighting efforts of levee sponsors, local agencies, and the Corps.  This 
presentation will provide a basic understanding of the factors affecting the likelihood of 
increased seepage and sand boils along the MS River Levee to include head across the 
levee, source of seepage entry, landside blankets, defects in blankets, and blocked exits.  
A brief discussion on how flood fight techniques can mitigate some of the above factors 
and how they are analogous to permanent solutions will lead into the emergency 
techniques employed in 2011.  Several case studies will be presented including two high 
energy sand boils at different locations, and a slope stability issue caused by high uplift 
pressures.  Methods utilized to stabilize the sand boils include using Corps and contractor 
heavy equipment to construct earthen dikes for water berms, prison labor to build 
sandbag rings, and use of granular materials to develop a filter over the sand boils.  For 
the stability case study, an emergency berm construction with compatible materials will 
be presented.   Permanent solutions are now in place and these designs will be 
highlighted.  This is a non-technical presentation with photos and discussion of first hand 
observations at several of the Vicksburg District’s locations of highest concern during 
this record event. 
 

                                                 
1 US Army Corps of Engineers, Vicksburg District, 4155 East Clay Street, Vicksburg, MS 39183-3435, 
601-631-5038, lanny.b.barfield@usace.army.mil 



 NOTES   

166 



167 

USING HEC-RAS 2D FOR POTENTIAL LEVEE BREACH INUNDATIONS 
DURING REAL-TIME FLOOD EVENTS 

 
Wesley Crosby1 

 
ABSTRACT 

 
The USACE Modeling Mapping and Consequences Production Center (MMC) provide 
hydraulic modeling, mapping and consequence analysis for USACE levees in support of 
the USACE Levee Safety Program. The MMC also provides Flood Inundation Modeling 
support during real-time flood events with its Flood Inundation Modeling Cadre (FIM).  
The MMC has developed processes, tools and standards for creating levee breach 
hydraulic models for use in emergency preparedness plans (EPP), during real-time flood 
events, and in support of the Corps Levee Safety programs.  The MMC-developed 
standards have been used to provide levee failure modeling for several USACE levees 
and multiple flood events throughout the continental U.S.  
 
This presentation will provide an example of how the MMC used the new two 
dimensional (2D) capabilities within the Hydrologic Engineering Center’s River Analysis 
System (HEC-RAS) to perform a quick Levee Break analysis during a real-time flood 
event.  
 
During the Red River flood of 2015 in the USACE Vicksburg District, MMC personnel 
were presented with an opportunity to provide inundation estimates of potential levee 
breaches in 2 separate locations along the Red River.  This information was needed to 
make on-site flood fight decisions.  MMC personnel were able to take an existing 1D 
HEC-RAS model and combine it with 2D areas and produce an inundation from a 
potential levee break within 2 to 3 hours.  In the past, Levee breaks were performed with 
2 different models to determine levee breach inundations.  With the new 2D feature 
within HEC-RAS, a single model was used to model and map inundation and arrival 
times for a potential levee break during a real-time flood event.    
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GEOTECHNICAL EVALUATION OF THE LEVEES IN THE 
CENTRAL VALLEY, CALIFORNIA 

 
Richard Millet, PE, GE1 
Steve Mahnke, PE, GE 2 

Mary Perlea, PE3 
Ray Costa, PE, GE4 

 
ABSTRACT 

 
From 2006 through 2015, the California Department of Water Resources (DWR) initiated 
an unprecedented evaluation program for levees located within the California Central 
Valley in the Sacramento San Joaquin River Basin. The program successfully brought 
individuals and local, state, and federal agencies together as a team with a common goal 
of reducing flood risk. In-depth investigations and analyses were performed for 415 miles 
of levees protecting population centers of greater than 10,000 people under the Urban 
Levee Evaluations (ULE) program. To allow multiple analysis teams to simultaneously 
implement consistent evaluations, a comprehensive program technical guidance 
document was developed based on DWR’s Urban Levee Design Criteria document and 
the U.S. Army Corps of Engineers criteria for levee design and construction. Evaluations 
included freeboard and erosion analyses, seepage and waterside and landside stability 
evaluations, and analyses of liquefaction potential and anticipated seismic performance. 
The multi-year ULE program was implemented in a 5-step process: 1) historical data 
collections, 2) initial field investigation, 3) preliminary analysis, 4) supplemental field 
investigation, and 5) final analyses and report. Over 400 individual levee reaches (0.5 to 
1.5 miles long) were assessed. For reaches of urban levees that did not meet criteria, 
deficiencies wee identified, conceptual remediation alternatives developed, and screening 
level cost estimates prepared. This paper summarizes the results of these evaluations and 
the resulting proposed remedial alternatives and their cost. 
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THE COURCHESNE LEVEE REACH AND THE CHALLENGES AND VALUE 
OF LEVEE IMPROVEMENTS IN ARID URBAN SETTINGS 

 
Juan C. Vargas, PE1 
Valentin Arzola, PE2 

Jose Nunez, PE3 
Khaled Chowdhury, PE; GE4 

Jinwei Qiu, PE, PhD, PE, CFM5 
 

ABSTRACT 
 
The paper reviews some of the challenges presented to the Courchesne Levee project by 
the urban setting, subsurface conditions, and interior drainage.  It provides a succinct 
review of the engineering analysis and characteristics of the designed flood control 
features and the close coordination with utilities and stakeholders.  Similarly, the paper 
outlines the intrinsic value of the levee remediation project to adjacent urban areas.  
The Courchesne Levee Reach is part of the Rio Grande Canalization project.  It extends 
for approximately three miles upstream from the American Dam and includes both banks 
of the Rio Grande River in El Paso Texas.  The east bank levees are in New Mexico 
while most of the west bank levees are in Texas.  The levees are owned and maintained 
by the United States Section of the International Boundary and Water Commission 
(USIBWC).  The International Boundary and Water Commission (IBWC) is a binational 
Commission created by the United States and Mexico Governments to address issues 
related to the application of United States – Mexico treaties regarding among other things 
sanitation, water quality, and flood control issues along the border region.  The USIBWC 
is a United States (US) Federal Agency and the US component of the IBWC. 
 
To meets its mission of providing flood protection along the Rio Grande USIBWC has 
embarked on a multiple year effort to upgrade the levee system along the river.  The 
levee is located in an arid region of the US and the design project includes extensive site 
investigation, hydrologic and hydraulic modeling of both the river and interior drainage, 
geotechnical and geophysical investigation and property, and topographic and subsurface 
utility surveys. Because of its urban setting the project faced multiple challenges 
including: 
• 3 Gas lines 
• 27 Electrical lines 
• 5 Fiber optic line
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• 4 Bridge crossings 
• 22 Existing drainage structures 
• 10 Highway drains 
• 4 Water lines and a 36-inch water main 
• Conflicting or non-existing ROW information 
• Potentially contaminated soils due to the proximity of a former ASARCO smelter. 
 

Addressing these challenges required the evaluation of multiple alternatives for all 
segments/sub reaches of the levees, 2D modeling to resolve interior drainage issues, and 
extensive coordination with stakeholders, utilities, and property owners.  The final 
engineering design includes a combination of improving and raising sections of the 
earthen levees, and construction of new flood gates, DMM Cutoff walls, jet grouting, “I” 
walls on drilled piers, and large drainage structures.  
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REDUCING UNCERTAINTIES WHEN ASSESSING THE STABILITY OF 
ROCKFILL DAMS: CHARACTERIZING ANALYSIS PARAMETERS 

 
Daniel B. Rogers1 
Kyle R. Blakley2 

Jeffrey S. Dingrando3 
Jeff W. Munsey4 

 
ABSTRACT 

 
In 2012, the Tennessee Valley Authority (TVA) began the process of re-assessing the 
stability of its portfolio of hydroelectric and flood control dams, aided by select 
consultants. As part of the assessment, four large rockfill embankments were evaluated. 
These embankments, ranging between 175 and 318 feet in height, were constructed at 
three distinctly different points in history with respect to standards of practice for design 
and construction. The first dam was constructed from 1941 to 1942, the intermediate pair 
of dams from 1941 to 1950, and the final considered dam from 1966 to 1970. The rockfill 
material was quarried from local bedrock at each site. The assessment of each dam 
included research of historic documents, development and execution of a field 
exploration and laboratory testing program, development of material parameters, and 
stability analysis. 
 
This paper reviews the rockfill and foundation characterization process by presenting the 
geologic conditions, historic design and construction documentation, construction 
processes and uncertainties associated with these considerations. Additionally, the means 
and methods of field exploration, field testing and laboratory testing are discussed along 
with how each mitigates or reduces potential uncertainty associated with selecting 
analysis parameters and conducting analyses. Finally, the historical data is combined with 
the results of exploration and testing to derive material parameters for seepage and 
stability analyses.  Of particular interest are the evolving design and construction 
practices used as the engineering community gained experience with rockfill dams. 
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DON’T JUDGE A ROCKFILL DAM BY ITS NAME ALONE 
 

Brian Benson, CPEng1 
 Peter Amos, CPEng2 
 

ABSTRACT 
 
Faced, compacted rockfill dams are generally viewed as inherently robust because their 
design is based on high strength, free draining embankment characteristics.  This paper 
presents evidence that not all faced, compacted rockfill dams can be expected to behave 
with the robustness generally attributed them.  Questions regarding the embankment 
characteristics of an asphalt faced rockfill dam (AFRD) arose during a detailed dam 
safety review.   
 
The dam was designed and built in the late 1960’s to early 1970’s during the heyday of 
faced, compacted rockfill dams’ development and popularity.  Design and construction 
records for the dam were relatively good.  Until recently, the dam has been viewed as an 
idealized, compacted dirty rockfill dam.  Targeted geotechnical site investigation 
followed a dam safety review to address uncertainties about embankment characteristics.  
The findings indicated the embankment materials are more characteristic of what would 
be found in an earthfill embankment.  This key finding significantly changed the dam’s 
predicted performance and failure modes.  The increased likelihood that leakage through 
the facing could saturate the embankment resulted in the dam being vulnerable to leakage 
induced saturation instability.  Finer materials at the dam toe behind the rockfill facing 
stone increased the dam’s vulnerability to concentrated leakage toe unravelling.   
 
This case reminds dams’ professionals that actual conditions may be different than those 
implied by design and type, and assessment based on investigation and first principles is 
essential.    
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SHEAR STRENGTH OF COMPACTED BEAUMONT CLAY FOR 
CONSOLIDATED-UNDRAINED CONDITIONS 

 
Mark J. Thompson1 

David J. Bentler2 
Thomas L. Brandon3 

Daniel R. VandenBerge4 
 

ABSTRACT 
 
Soil shear strength is a principal input to slope stability evaluations of new and existing 
earth dams.  The selection of drained and undrained shear strength parameters for 
cohesive soils is usually made on the basis of results from consolidated-undrained triaxial 
compression tests with pore pressure measurement.  This paper discusses consolidated-
undrained triaxial testing and strength characteristics of compacted clays.  Fundamental 
concepts for shearing behavior of compacted clay are recounted in this paper using the 
consolidated-undrained test data for compacted Beaumont clay, which were collected to 
support the design of an off-channel reservoir in the Texas Gulf Coast.  Key topics of the 
discussion include: (1) specimen preparation and triaxial testing of compacted clay; (2) 
effects of failure criterion selection on shear strength characterization; (3) specimen 
volume change that occurs during saturation and consolidation; (4) effects of compaction 
conditions and compaction method on drained and undrained shear strength, and (5) 
influence of laboratory compaction versus field compaction on soil behavior. 
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ESTIMATING THE PEAK FRICTION ANGLE OF SANDY SOILS IN SITU 
WITH STATE-BASED OVERBURDEN NORMALIZED CPT TIP RESISTANCE  

 
Robert A. Jaeger, PE, PhD1 

Ian P. Maki, PE 2 
 

ABSTRACT 
 
Relationships for estimating the peak friction angle of sandy soils from cone penetration 
test (CPT) tip resistance (qt) often involve correcting qt to a reference stress of one 
atmosphere with an overburden normalization (or correction) factor. Existing 
relationships between qt and peak friction angle have typically been derived from a 
database of field tests and accompanying laboratory tests on undisturbed soil samples. 
Published in situ datasets of qt and peak friction angle are not well-constrained due to 
limitations with respect to sand characteristics and stress range. Development of 
relationships between qt and peak friction angle based on these datasets thus often 
requires extrapolation. This paper presents a relationship between peak friction angle and 
state-based overburden-normalized qt. A state-based overburden normalization approach 
is adopted because it provides both a rational basis for interpreting the peak friction angle 
in sandy soils from qt, and a critical state-based method for extrapolating these 
relationships to conditions outside the range currently covered by available peak friction 
angle data. Finally, a design relationship between state-based overburden-normalized qt 
and peak friction angle is developed based on published results from in situ and 
laboratory tests on undisturbed sand samples, calibration chamber cone penetration tests, 
laboratory tests on calibration chamber sands, and a numerical model of cone penetration 
resistance.  
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DECADES OF FOUNDATION DETERIORATION THREATENING PUBLIC 
SAFETY 

 
George L. Sills, PE1 

 Leslie F. Harder, Jr., PhD, PE, GE2 

 
ABSTRACT 

 
Sand boils which pipe and move materials during a flood represent an extremely serious 
condition.  During the last 50 years, very little has changed in the methods we use to fight 
or evaluate progressive piping associated with sand boils during high-water events. 
  
The mechanics of this problem appear to be related to the removal and degradation of the 
soil around the pipe.  The seepage gradient in the soil increases as the piping progresses 
from the protected side to the unprotected side of the levee and the flow to the pipe then 
increases.  The rate of erosion and soil transport also then increase unless the sand boil is 
ringed and the gradient thereby reduced, or until the flood stage recedes.  During 
subsequent high-water events, additional boils may occur at these same locations and 
cause the pipes to lengthen and/or widen.  This degradation may lead to earlier and more 
rapid development of the sand boil during future floods. 
   
Very little has changed over the last 50 years in modeling this damage because we have 
no way to measure or mathematically model the foundation damage caused by sand boils. 
Most designers ignore the damage when computing a design solution and designers today 
commonly model the foundation as though it is completely intact and undamaged by past 
piping.  Research has been performed by J. H. Schmertmann, L. Nagy, J. Rice, and others 
concerning the dangers of ignoring these pipes while designing seepage remediation 
measures.  Two case studies of existing levee piping problems that were remediated with 
standard methods are discussed.  At one of these locations, the levee failed during a high-
water event despite being remediated shortly before the event.  A safer design approach 
that will improve public safety is also proposed and discussed. 
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AN EMPIRICAL MODEL FOR ESTIMATING INTERNAL EROSION 
CRITICAL GRADIENTS FOR INCLINED EXIT FACE CONDITIONS 

 
Richard A. Keizer, Jr.1 

John D. Rice 2 
Robert A. Jaeger 3 

 
ABSTRACT 

 
Internal erosion represents a complex combination of several mechanisms related to the 
failure or near failure of dams and levees. Of the known mechanisms, heave is the most 
common used in design when calculating critical gradients. Current geotechnical 
engineering practice uses a theoretical model for predicting heave based on the ratio of 
the soil buoyant unit weight and the unit weight of water. There does exist a theoretical 
model which accounts for exit face inclination which is derived from the heave model, 
but it does not consider actual trends in soil behavior at various inclinations. It would 
therefore prove useful to have an empirical model for comparison against and validation 
of theoretical models. 
 
This paper presents an empirical model in contrast to the theoretical equations used to 
predict the critical gradient to cause heave which are currently used in engineering 
practice. It considers actual trends observed during laboratory testing to develop a 
prediction of critical gradients based on exit face inclination. The observed trends are 
consistent between different sandy soil types, and agree with the theoretical prediction 
when considering a horizontal exit face. This method considers a soil’s specific gravity, 
void ratio, and angle of repose to calculate a critical gradient. Using this model with 
existing methods, engineers can make better informed decisions for criteria, design, and 
analysis when calculating critical gradients. 
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LABORATORY MEASUREMENTS OF CRITICAL GRADIENTS OF 
COHESIONLESS SOILS 

 
Bryant A. Robbins, PE1 

Axel Montalvo-Bartolomei, PE2 
Jamie López-Soto3 

Isaac J. Stephens, PE4 

 
ABSTRACT 

 
Internal erosion refers to mechanisms by which soil particles are eroded from beneath or 
within embankments due to the forces of moving water.  The initiation of internal erosion 
can be readily prevented through the use of properly designed filters and drainage 
features in embankments; however, many existing embankments do not include these 
features.  For these structures, the potential for internal erosion to occur is frequently 
assessed through risk analyses.  As part of these assessments, the expected gradients at 
the site are compared to critical values of hydraulic gradients as determined by laboratory 
testing to evaluate the probability of internal erosion. Due to the limited critical gradient 
data available in the literature and the importance of these data on risk assessments, the 
U.S. Army Corps of Engineers has undertaken a multi-year laboratory testing program to 
confirm critical gradient values in the literature, evaluate the uncertainties surrounding 
critical gradient measurements, and extend the ranges of soil types for which critical 
gradients have been measured.  Initial results were obtained from testing uniform soils 
ranging in size from fine sand to fine gravel.  Results indicate that relative density has a 
significant influence on the critical gradient for all of the soils tested in this study. 
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RELIABILITY SLOPE STABILITY ANALYSIS FOR RAPID DRAWDOWN 
 

Mark J. Thompson1 
David J. Bentler2 

Thomas L. Brandon3 
 

ABSTRACT 
 
Reliability slope stability analysis is increasingly being used to evaluate the combined 
effects of analysis uncertainties and to guide risk-informed decision making on dam 
projects.  This paper describes recent experiences with applying reliability methods to 
rapid drawdown slope stability analysis in the design of earth dams.  A brief background 
discussion on reliability slope stability analysis is included.  The paper also addresses 
factors that affect reliability calculated with the first-order second-moment method, as 
well as methods for establishing target reliability.  The methods are demonstrated with an 
example analysis performed during design of an off-channel reservoir.  The adoption of 
reliability methods into the design of earth dams as a supplement to conventional 
deterministic analyses, as presented in the paper, has successfully supported the 
confirmation of design criterion selection, prioritization of geotechnical investigation 
objectives, and communication of project risks to dam owners.  These benefits are 
achieved with only modest increase in effort during project engineering. 
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EMBANKMENT DAM ANALYSIS PARAMETERS ESTIMATED FROM 100 
YEARS OF LABORATORY TESTS 

 
David W. Harris, PhD, PE1 

Garrett Sutley2 
 

ABSTRACT 
 
The analysis of embankment dam performance is important in support of design of the 
dam and in the evaluation of current and future conditions.  Laboratory tests have been 
used to isolate strength and volumetric parameters for dams.  Two of the most common 
tests used since the early 1900’s are the conventional triaxial test and the 1-D 
consolidation test.  Triaxial test results are shown from over 250 case histories as stress-
strain curves and Mohr-Coulomb parameters.  The data ranges primarily from the 1910 to 
1990 period.  In addition, the use of mean pressure versus deviator stresses are shown for 
clay, silt, sandy silt, and sandy clay cases which are the most common in the data library.  
Consolidation data is also shown for the same materials.  The data is presented as a whole 
for the reader to use as a basis for analyses.  Recommendations are made on ranges of 
data properties, and for the choice of typical properties for initial/planning studies. There 
is not a strong correlation of properties with time but correlations are shown with soil 
type. The data presented in this paper gives a baseline of comparison for structures.  The 
measurement of actual properties is recommended for critical structures,  
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THE CARRIBEAN COMMONWEALTH:  CASE HISTORY OF PATILLAS 
DAM, PUERTO RICO 

 
Molly S. O’Connor, P.E.1 
José M. Bermúdez Díaz2 
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ABSTRACT 

 
Black & Veatch has been providing engineering services in conjunction with the U.S. 
Bureau of Reclamation for the Puerto Rico Electric Power Authority at Patillas Dam.  
Patillas Dam, constructed in 1914 by hydraulic fill methods, is used for water supply and 
flood control in southeast Puerto Rico. The dam rises 147 feet above streambed and is 
1,067 feet in length.  Comprehensive as-built records do not exist, post-construction 
modifications have been loosely documented, and there are contradicting historical 
reports. In addition, the depositional environment associated with the sluiced hydraulic 
fill presents challenges due to the variability of the material horizontally and vertically.  
Thus, classifying the dam’s materials and creating a design cross section is challenging.    
 
This paper will present the approach used by B&V to analyze and develop the 
geotechnical conditions and dam geometry based upon a combination of historical 
documents, standard penetration testing, cone penetrometer testing, and laboratory testing 
results.  
 
This paper will also discuss the updated seismic source characteristics for Puerto Rico 
which led to performing a liquefaction analysis for the embankment and foundation soils.  
Stability and deformation modeling using pseudo-static and non-linear methods were also 
utilized in the analysis, to fully characterize the behavior of the structure under various 
loading conditions.  A risk analysis was performed in collaboration with the USBR, and 
identified the potential failure modes for the embankment, as well as the downstream 
impacts.  The results of these analyses along with the results of the risk analysis including 
issues requiring remediation will be discussed.    
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CALAVERAS DAM REPLACEMENT PROJECT — 
PROVIDING A SEISMICALLY RELIABLE WATER SOURCE 

 
John Roadifer1 Michael Forrest2 
Daniel Wade3 Susan Hou4 
Tedman Lee5 Carman Ng6 
 

ABSTRACT 
 
Calaveras Dam is a major component of the San Francisco Public Utilities Commission 
(SFPUC) Regional Water System.  Since 2001, in response to seismic stability concerns 
from the California Division of Safety of Dams about this 90-year-old hydraulic fill dam, 
the SFPUC has lowered water levels in Calaveras Reservoir to about 39 percent of its 
96,850-acre-foot capacity.  The dam is located 0.3 miles from the Calaveras Fault, which 
is capable of a generating a magnitude 7¼ maximum credible earthquake (MCE) with a 
peak ground acceleration of 1.1 g. The dam site, which is located in the active and 
geologically complex Coast Range, contains multiple secondary faults (classified as 
conditionally active or inactive), Tertiary sedimentary bedrock, a diverse suite of 
Franciscan assemblage rocks, and numerous active, dormant, and inactive landslides.   
 
To restore reservoir capacity, significant planning and design of a new replacement dam, 
spillway and outlet works were undertaken starting in 2003.  Besides improving seismic 
reliability and restoring reservoir capacity, the project incorporates accommodation for 
continued reservoir operation during construction and potential future enlargement.   
 
The project, during design and current ongoing construction, has faced and overcome 
many geologic and seismic challenges.  A central focus of the project was to design the 
dam and appurtenances to withstand the large MCE ground motions, which are to remain 
functional after the design earthquake.  Seismic stability of 400-foot-high spillway cuts in 
variably weathered and fractured rock conditions was also a major consideration.  During 
construction, several small bedrock faults that were discovered in the foundation required 
the design of measures for the outlet works to accommodate potential sympathetic 
movement. When completed in 2018, this project will provide a reliable source of high 
quality water to SFPUC’s 2.6 million residential, commercial, and industrial customers. 
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USSD GUIDELINES FOR DAM DECOMMISSIONING PROJECTS 
 

Tim Randle1 
 

ABSTRACT 
 
Dams continue to be an important part of our infrastructure worldwide.  However, many 
dams were built several decades ago and a few may have safety issues or reservoirs that 
are full of sediment. In some cases, the original purpose of a dam is no longer needed or 
there may be significant environmental benefits achieved by removing a dam.  Dam 
removal is becoming more common in the United States as dams age and environmental 
concerns increase.  Dam decommissioning may be a viable management option when the 
remaining benefits of a dam and reservoir can be met through alternative means. 
 
The USSD Guidelines for Dam Decommissioning Projects was released in July 2015 to 
provide dam owners, dam engineers, and other professionals with the information 
necessary to help guide decision-making when considering dam removal as a project 
alternative http://www.ussdams.org/15Decommissioning.PDF).  These guidelines were 
presented during the USSD Fall 2015 Workshops and Field Tours, November 2-4, 2015 
in Oakland, CA. 
 
The guidelines have chapters on the following topics: 

• Factors to consider for dam decommissioning projects 
• Project planning and decision making 
• Engineering design process 
• Sediment management 
• Construction activities 
• Performance monitoring and mitigation 

 
In addition to these important topics, the guidelines provide information on 18 selected 
case histories from the western and eastern areas of the United States. 

                                                 
1 USSD Committee on Dam Decommissioning, trandle@usbr.gov, 303-445-2557 
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NON-LINEAR MODELING OF SEDIMENT RETENTION STRUCTURES FOR 
DAM REMOVAL PROJECT 

 
Kristen M. Martin, PE1 

Erik J. Malvick, PhD, PE, GE2 
 

ABSTRACT 
 
The California Division of Safety of Dams (DSOD) regulates over 1,200 dams. Its 
responsibilities include independent analyses of dam construction projects for safety, 
including dam removals. DSOD recently approved the removal of the 106-foot-tall San 
Clemente Dam, a concrete arch dam retaining a reservoir that had nearly filled with 
sediment. DSOD determined the dam was hydrologically and seismically deficient, 
requiring remediation to make the dam safe. The owner ultimately chose to remove the 
dam. A key component of the removal project was containment of the sediments for 
public and environmental safety during periods of flood or high seismic loading. This 
was achieved by stockpiling the sediments in one reservoir arm and containing them 
between two earthfill structures. The project also included diversion and environmental 
restoration of the river around the sediment stockpile and the dam removal. The owner 
implemented a design-build contract due to the project scale. The project site is in a high 
seismic zone, so liquefaction is a concern for the long-term sediment containment. As a 
result, we analyzed the seismic stability and deformation mechanism of the containment 
structures using the software FLAC. To accommodate the design-build process and 
complete a thorough evaluation, we developed a quickly adjustable FLAC template file 
from the initial design concept. The template file allowed us to alter inputs to change 
slope geometry, material extents, and material properties as the design evolved. The 
template gave us the ability to evaluate design changes in as few as two days. Sensitivity 
analyses considered uncertain boundary conditions, material properties, and construction 
variability for the two structures. We modeled 17 design configurations using up to 10 
ground motion time histories. Ultimately, our evaluations provided confidence that the 
two structures would be stable. The embankment template file will be used by DSOD for 
future projects because it allows our analyses to proceed efficiently and consistently. 

                                                 
1 Design Engineer, California Division of Safety of Dams. 2200 X Street, Suite 200, Sacramento, CA 
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Sacramento, CA 95818. (916) 227-6742. Erik.Malvick@water.ca.gov. 
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RECENT PROGRESS TOWARDS REMOVAL OF MATILIJA DAM 
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ABSTRACT 
 
The Matilija Dam and reservoir are located approximately 16 miles upstream of the 
Ventura River mouth, near Ventura, California. Since its construction in 1947, the 168-
foot-high, arched concrete Matilija Dam has blocked the transport of an estimated 8 
million cubic yards (mcy) of sediment from naturally moving downstream to the Pacific 
Ocean. This has resulted in losses to almost all reservoir storage, downstream sand- and 
gravel-sized materials necessary to promoting downstream wildlife habitat, and sediment 
needed to maintain beaches at Surfer’s Point. The dam also prevents southern California 
steelhead (Oncorhynchus mykiss) from reaching upper Matilija Creek.  
 
In the early 2000’s, Ventura County Watershed Protection District and the US Army 
Corps of Engineers evaluated several alternatives for dam removal, publishing a Final 
EIS/EIR in 2004. Their preferred alternative included substantial mechanical handling of 
sediment and infrastructure: slurrying an estimated 2 mcy of fine sediment from reservoir 
deposits just upstream of the dam to a downstream disposal location, excavation of a 
channel through the upper reservoir deposits, removal of the dam, and downstream 
improvements to address reintroduction of natural full annual sediment loads.  
 
In 2014, VCWPD contracted with AECOM and Stillwater Sciences to reevaluate the dam 
removal concepts previously considered and to develop new concepts. The present paper 
discusses the concepts considered and evaluation of those concepts for key biologic, 
sediment transport, water quality, construction cost, and schedule objectives. These 
concepts emphasize the rapid erosion and transport of impoundment sediment by natural 
high flows without direct handling of the deposit. 
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RISK ANALYSIS WORK FOR DAMS — “BIG PICTURE” CONSIDERATIONS 
 

Jay N. Stateler, P.E.1 
Kim de Rubertis, P.E.2 

Doug Boyer, P.E.3 
 

ABSTRACT 
 
Risk analyses performed relative to dam safety evaluations clearly benefit the 
understanding of the potential failure modes (PFMs), and allow assessment of PFMs that 
are difficult or impossible to evaluate using deterministic techniques.  Risk analyses help 
to highlight the “drivers” of risk for a dam, key information associated with those 
“drivers,” and opportunities to reduce risk that may be low-cost and straightforward to 
implement.  Risk analyses for an inventory of dams can be very beneficial for prioritizing 
dam safety activities relative to those dams, if the risk analyses are carried out with 
consistency in both personnel and processes used.  Most people who have been involved 
with risk analysis work have few illusions about the absolute “accuracy” of the numbers 
produced, but consistency in number development can produce useful relative 
information among dams.  Our ability to identify the PFMs used as the foundation for 
risk analysis work is necessarily limited by our experience and ability to anticipate things 
that could go wrong (including human factors, equipment issues, etc.).  Therefore, 
effective dam surveillance and monitoring programs should be in place to detect 
anomalous performance associated with unidentified PFMs, as well as with “unknown 
unknowns” regarding the dam and dam site.  Risk analysis work needs to be approached 
with full understanding and knowledge of the limitations of the work, the limitations and 
uncertainties of the input information that is available, the guidelines the results risk 
analysis will be compared to (and why those are appropriate guidelines), and the method 
that will be used to determine when the risks are considered tolerable.  Applying 
experience and judgment is crucial regarding the beneficial use of risk analysis results.    
 

                                                 
1 Civil Engineer, Bureau of Reclamation, Denver, Colorado, jstateler@usbr.gov 
2 Consulting Engineer, Cashmere, Washington, kimderubertis@gmail.com 
3 Geotechnical Engineer, Federal Energy Regulatory Commission, Portland, OR, douglas.boyer@ferc.gov 
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IMPLEMENTING A RISK-INFORMED APPROACH  
TO DAM SAFETY IN A REGULATORY ENVIRONMENT 

 
Douglas Boyer, PE, CEG1 

William Allerton, PE2 
 

ABSTRACT 
 
The Federal Energy Regulatory Commission (FERC) is currently developing risk-
informed decision making (RIDM) concepts to integrate risk into our dam safety 
program.  This concept was initiated in 2009 and was a specifically identified objective in 
the 2010 FERC Strategic Plan.  This strategy continues to be included in FERC’s most 
recent (2014) strategic plan.  In part, the strategy reads: 
 

“Risk-informed decision making (RIDM) provides the capability to assess 
non-traditional failure modes, . . . focus inspections and surveillance on 
the specific potential failure modes and monitoring programs at projects, 
and guide remediation projects to provide an overall reduced level of risk 
to the public.  FERC will continue to develop the necessary risk 
assessment guidelines, procedures and policies, and to train Commission 
staff, dam owners, and consultants in risk assessment procedures, 
methodologies and tools.” 

 
A number of other federal agencies have developed and are actively using risk-informed 
approaches in their dam safety programs, including the Bureau of Reclamation and US 
Army Corps of Engineers.  For the most part, these dam owning agencies use in-house 
resources to perform risk analyses, risk assessments, and risk management.  FERC’s role 
is as a regulator and not an owner; therefore, the approach and execution of risk, among 
other things, will be different than the other federal agencies. 
 
This paper discusses how FERC is addressing these and other challenges with regard to 
implementing RIDM. 

                                                 
1 Chief, Risk-Informed Decision Making Branch, Federal Energy Regulatory Commission, Division of 
Dam Safety and Inspections, 850 SW Broadway, Suite 550, Portland, OR 97205, (503) 552-2709, 
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Street, NE, Washington, DC 20426, (202) 502-6025, William.Allerton@ferc.gov 
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USE OF QUANTITATIVE RISK RESULTS TO INFORM DAM SAFETY 
GOVERNANCE: PRACTICAL CASES IN EUROPE 
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ABSTRACT 

 
Large dams are critical infrastructures whose failure could produce important societal and 
economic consequences. This failure has a probability, although it is usually very low. 
Therefore, these infrastructures have an associated risk that must be analyzed and 
managed. Risk analysis is a suitable methodology to inform dam safety governance, since 
it integrates available information about hazards, system vulnerability and consequences. 
In particular, results of quantitative risk models can be used to prioritize dam safety 
investments. 
 
In this sense, iPresas software is a useful tool to compute quantitative risk results. It 
integrates all aspects of risk analysis into the general framework of event trees. In 
addition, within this software, quantitative risk results can be used to recommend 
prioritization sequences of potential dam safety investments. These prioritization 
sequences are obtained combining investments’ costs and risk reduction indicators, based 
on risk reduction principles of equity and efficiency. 
 
In recent years, iPresas software has been used to compute risk and to obtain 
prioritization sequences in different systems of dams from different public and private 
owners in Europe. In this paper, the main characteristics, challenges and uncertainties of 
the risk analysis process for several cases are described. These cases illustrate the 
usefulness of quantitative risk results to prioritize investments in dam safety programs. 
 

                                                 
1 Tenured Professor, Universitat Politècnica de València (UPV). Research Institute of Water and 
Environmental Engineering (IIAMA), Camino de Vera s/n. 46022 Valencia. Spain; +34 96 387 98 93; 
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2 CTO Projects and Development, iPresas (Spin-off UPV), Avenida del Puerto, 180 1-B. 46023 Valencia. 
Spain. adrian.morales@ipresas.com  
3 Researcher, Universitat Politècnica de València (UPV). Research Institute of Water and Environmental 
Engineering (IIAMA), Camino de Vera s/n. 46022 Valencia. Spain. jecasrod@upv.es  
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THE ROLE OF RISK ASSESSMENT IN THE BUREAU OF RECLAMATION’S 
DAM SAFETY PROGRAM 

 
William R. Fiedler, PE1 
William Engemoen, PE2 

 
ABSTRACT 

 
The Bureau of Reclamation (Reclamation) relies on information from risk analyses and 
risk assessments to guide all aspects of its dam safety program.  Results of a potential 
failure modes (PFMs) analysis and the risk analysis estimates are used to focus the 
monitoring program that is established at a dam.  Risk analysis estimates along with the 
supporting dam safety case are used to assess risk at each dam and make decisions on 
whether additional actions are required to better understand or reduce dam safety risk.  
Risk analyses are conducted as part of the ongoing Comprehensive Reviews (CR) 
conducted for all high and significant hazard dams on an 8-year cycle or as part of an 
Issue Evaluation (IE), where compelling dam safety issues are evaluated in depth.  As 
part of the risk assessment process, dams are assigned a Dam Safety Priority Rating 
(DSPR).  The DSPR for each dam along with the risk estimates and the dam safety case 
are used to prioritize dam safety actions across the entire portfolio of Reclamation dams.  
When performing corrective action studies, the risk reduction achieved by each 
alternative is a key parameter used to select the preferred alternative.  Finally, during risk 
analyses and detailed evaluation of specific PFMs, limitations and deficiencies of current 
analysis and methodologies are often identified.  This has led to focused research to 
improve current methods.  This paper will detail how risk information is used throughout 
Reclamation’s Dam Safety Program. 

                                                 
1 Lead Civil Engineer, Geotechnical Services Division, Bureau of Reclamation, PO Box 25007,  
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SEMI-QUANTITATIVE PORTFOLIO RISK ASSESSMENT FOR 
PRIORITIZING DAM SAFETY ACTIVITIES 
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ABSTRACT 
 
Southern California Edison Company owns and operates more than 20 high hazard dams 
for hydropower production.  The Potential Failure Modes Analyses (PFMA) conducted 
under Federal Energy Regulatory Commission guidelines (FERC) were extremely useful 
in better understanding dam safety issues associated with the facilities, but stopped short 
of providing an understanding of the risk profile.  In order to better understand the 
corporate risks associated with the portfolio of dams, a semi-quantitative risk assessment 
process was initiated.  This process included setting up a risk matrix portraying both 
likelihood of failure and consequences of failure.  Categories of failure likelihood were 
anchored to historical dam failure rates, and probabilistic hazard analyses were used to 
define failure likelihood for large floods or earthquakes.  Similarly, consequence 
categories were defined for various levels of consequences, with life safety being 
paramount.  Each identified potential failure mode (PFM) for each dam was then 
classified according to the appropriate likelihood and consequence categories and plotted 
on the risk matrix.  A confidence rating was also assigned to each PFM rating.  With this 
information, the highest risks and largest uncertainties could easily be identified, and dam 
safety activities could be appropriately prioritized.  The risk matrix is treated as a living 
document, and as new information becomes available, the risks are updated and activities 
reprioritized. 
 

                                                 
1 Southern California Edison Company, Rosemead, CA, John.Yen@sce.com 
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BUREAU OF RECLAMATION RISK-INFORMED APPROACH TO 
SELECTING THE INFLOW DESIGN FLOOD 

 
William R. Fiedler, PE1 
John H. LaBoon, PE2 

 
ABSTRACT 

 
The Bureau of Reclamation (Reclamation) relies on information from risk analyses to 
guide all dam safety decisions.  The selection of the Inflow Design Flood (IDF) is a key 
decision that is necessary when designing a new dam or when modifying an existing dam 
due to hydrologic risks.  Reclamation developed a design standard in November 2013 
that outlines the methodology for selecting an IDF.  Design Standards No. 14, 
Appurtenant Structures for Dams (Spillways and Outlet Works), Chapter 2, Hydrologic 
Considerations (Reclamation, 2013) outlines this risk-informed approach.   Specifically, 
Chapter 2 provides methods for sizing dams, spillways, and outlet works based on the 
selection of an IDF, along with methods for evaluating dam freeboard (above the 
maximum design reservoir water surface). This paper outlines the approach identified in 
the Reclamation’s design standard and concludes with an example application of the 
methodology. 

                                                 
1 Lead Civil Engineer, Geotechnical Services Division, Bureau of Reclamation, PO Box 25007,   
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THE WANAPUM SPILLWAY MONOLITH CRACKING INCIDENT: 
DAM SAFETY MANAGEMENT IMPLICATIONS 
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ABSTRACT 
 

Opening of a crack with vertical displacement of up to 2 inches along a submerged lift 
joint within Spillway Monolith No. 4 was observed at Wanapum Dam in February 2014, 
after 50 years of service.  This resulted in the need to immediately lower the reservoir by 
27 feet to stabilize the spillway structure and maintain dam safety. After completion of a 
Forensic Investigation/Root Cause Analysis (FI/RCA) and development of a remedial 
measures design, stabilization measures have been completed and the project was 
progressively returned to full service.  The total impact of this incident was substantial 
when the costs of investigation, design and construction, environmental and cultural 
impact mitigation, loss of generation, water supply and irrigation mitigation, loss of 
recreational use and the need for full-time security patrols in the 38-mile long reservoir 
while the reservoir level was reduced are considered. 
 
The project is owned and operated by a large, experienced and conscientious 
organization, Grant County Public Utility District No. 2, with substantial engineering and 
operational resources. The project is licensed by FERC and is subject to their dam safety 
guidelines and requirements, including Part 12D inspection requirements.  These 
requirements were expanded by FERC in 2002 with the introduction of the Dam Safety 
Performance Monitoring Program (DSPMP) which, in addition to 5-year inspections by 
an Independent Consultant, included a Potential Failure Modes Analysis (PFMA) and the 
development of a formal Dam Safety Surveillance and Monitoring Plan (DSSMP). All of 
these measures have been fully applied at Wanapum Dam. 
 
This paper provides a brief description of the incident, summarizes the findings of the 
Forensic Investigation/Root Cause Analysis of the observed cracking and reviews 
relevant aspects of the design process and the subsequent application of the FERC 
DSPMP to the project.  Lessons are identified regarding dam safety management 
practices that could help prevent similar incidents at this and other projects. 

                                                 
1 Principal, Robin Charlwood & Associates, PLLC, 1842 Foliage St., Freeland, WA  98249, and Past 
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4Hydro Director at Grant County Public Utility District No.2, Moses Lake, WA; Tel: (509) 793-1536  
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PANAMA CANAL BORINQUEN DAMS AND THIRD SET OF LOCKS 
OPERATIONS AND MAINTENANCE STRATEGY 
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Wonnie Kim, P.E.2 
 Donald J. Montgomery, P.E.3 
 

ABSTRACT 
 
The new Third Set of Locks for the Panama Canal has been designed to optimize 
reliability, availability, maintainability, and safety (RAMS) of operation.  As part of the 
Third Set of Locks, the Borinquen Dams will allow navigation access through the Pacific 
Approach Channel to the new Pacific Post-Panamax Locks (Pacific Locks).  Together 
with the Pacific Locks structures, the Borinquen Dams form the waterway of the Panama 
Canal and retain Gatun Lake. 
 
Due to the significant consequences caused by interruptions to operations, the Borinquen 
Dams and the Third Set of Locks have been designed to a high level of reliability.  To 
achieve this goal, operational requirements have been integrated with risk-based 
maintenance management techniques including fault tree analysis (FTA), failure mode 
effects and criticality analysis (FMECA), and application of reliability-centered 
maintenance (RCM) principles.  Because the civil works components comprise the major 
water-retaining structures of the lock and canal system, it is a challenge to devise a 
comprehensive maintenance program – considering both planned and unplanned actions 
– that achieves the RAMS objectives without disrupting vessel transit operations or 
compromising personnel and vessel safety.  This paper presents a unique approach to 
developing a comprehensive maintenance management program employing RAMS 
principles for the civil works components of the Third Set of Locks.  The approach can 
serve as a template for other civil and structural systems where optimizing life-cycle 
performance is paramount. 
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SAFETY IN NUMBERS? 

Kim de Rubertis, PE, LG, D.GE, F.ASCE1 

ABSTRACT 

Using numbers to evaluate dam safety is ingrained in our current engineering practice.  
This paper describes why numbers are necessary but not sufficient in evaluating safety 
and in conveying risk to the public we serve.  Therefore, engineering judgment is 
advocated to test the reasonableness of numbers and to address safety issues not 
amenable to rational calculation such as the likelihood of human error leading to a loss of 
reservoir control. 
 
Engineering judgment is an acquired skill, born of experience. It is a way of thinking 
anchored in common sense. It may or may not be informed by numbers.  It benefits from 
visual observation and is likely to use words instead of numbers to express probabilities.  
It recognizes that predicting human behavior is not possible, and it seeks to avoid human 
error by training and practice.  Engineering judgment provides a platform from which the 
reasonableness of safety estimates may be assessed. 
 

                                                 
1 Consulting Engineer, P.O. Box 506, Cashmere, WA 98815, kimderubertis@gmail.com 
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BETWEEN A ROCK AND A HARD PLACE: CASE HISTORY OF ROCKFALL 
ON MADISON DAM 

 
Katie Clarkson1 
Carrie Harris2 

 
ABSTRACT 

 
In 2010, a potential failure mode rapidly activated at Madison Dam when a 205- ton rock 
fell from the left abutment, crushing the spillway bridge deck and gates.  This case 
history will describe the lessons learned from the incident; outline the owner’s and 
regulator’s initial response; and discuss the dam safety investigation and remediation 
measures.  In addition, long term stabilization and surveillance and monitoring strategies 
are also described.  
 
The rockfall occurred early in the morning and caused increased river flows, triggering 
alarms and causing wide-spread environmental impacts.  This incident affected federal, 
state, and local agencies on multiple levels.  The initial dam safety investigation and 
remediation measures consisted of:  (1) a limited reservoir drawdown to inspect and 
assess the condition of the dam; (2) controlling releases through the damaged section; (3) 
inspection of the rock above the left abutment; (4) rock scaling and anchoring of the rock 
above the left abutment; (3) cofferdam construction; (4) rock removal; and (5) dam 
repairs.  Long-term measures included a detailed inspection of the rock above the left 
abutment and the installation of additional rock anchors.  Long-term monitoring consists 
of visual monitoring and laser scanning techniques of the rock above the left abutment.  
After five years, the rock above the left abutment appears to be stable and no new 
significant rockfall occurred.   The dam is performing as expected with no unusual 
behavior, and the rockfall incident does not appear to have caused any long term dam 
safety problems. 

                                                 
1 FERC – Portland Regional Office, 805 SW Broadway, Suite 550, Portland, OR 97205 
503-552-2723, katie.clarkson@ferc.gov 
2 NorthWestern Energy, 40 East Broadway St., Butte, MT 59701, 406-497-3429, 
carrie.harris@northwestern.com 
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PUBLIC SAFETY AND SECURITY AT DAMS ARE NOT MUTUALLY 
EXCLUSIVE 

 
William F. Foos, CPP, PSP1 

Frank Calcagno, R.G.2 
Paul G. Schweiger, P.E.3  

 
ABSTRACT 

 
Dams have become a popular destination point for an increased number of fisherman, 
boaters, waders, thrill-seekers, and other visitors.  This increase in public visitation 
creates an ever-greater potential for vandalism and crime, property damage, injury, and 
even accidental death that can translate into costly litigation for dam owners.   

 
Concepts of public safety and site security need not be mutually exclusive.  If anything, a 
joint approach to evaluating and addressing both of these concerns can maximize the 
return on a dam owner’s investment.  Solutions to address security at a dam site can also 
be used to address public safety, while common solutions used in addressing public 
safety can enhance the overall security at the site.  The steps and information needed to 
assess the risks associated with public safety and site security are also similar.  Solutions 
to address both issues often emphasize the need to provide public warnings, limiting 
public access to features at the dam that create dangerous conditions and/or are critical to 
the mission of the dam, and effectively monitoring unauthorized activity around the dam. 
 
This paper presents concepts from the authors’ experience, on an approach in conducting 
dam site assessments that address both site security and public safety concerns at dams.  
We will present an approach for conducting a common site assessment that can be used 
to simultaneously evaluate security and public safety at dams.  Additionally, we will 
present examples of mitigating strategies that could be used to minimize the risks 
associated with injury, accidental death, property damage, and related litigation. 

 

                                                 
1 Senior Director of Security and Safety Services, Gannett Fleming, Inc. Camp Hill, PA 17011, 
wfoos@gfnet.com 
2 Senior Security Advisor/Engineering Geologist, Gannett Fleming, Inc. Fairfax, VA 22030, 
fcalcagno@gfnet.com 
3 Vice President, Manager of Dams and Hydraulics Section, Gannett Fleming, Inc. Camp Hill, PA 17011, 
pschweiger@gfnet.com  
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EMERGENCY ACTION PLANNING — CANADIAN PRACTICE 
AND LESSONS LEARNED AT ONTARIO POWER GENERATION 

 
Tali Serota, MDEM1 
Tony Bennett, P.Eng2 

 
ABSTRACT 

 
Unlike many other jurisdictions, Canada does not have a federal agency providing 
regulatory oversight of dam safety; rather each province and territory is responsible to 
manage dams within their jurisdiction.  In fact only four of the ten Canadian provinces 
and three territories have enacted dam safety regulations. The absence of regulations in 
Canada does, however, offer a unique role for the Canadian Dam Association (CDA) and 
their system of Guidelines and Technical Bulletins to provide industry leadership in 
developing a system of good practice which the provinces and territories have promoted.  

Specifically, in the area of emergency management for dam safety, the CDA Guidelines 
are the only guidance available to dam owners.  While three of the provinces do require 
dam owners to prepare emergency preparedness and response plans (EPRPs), in general, 
EPRPs are voluntarily prepared as part of a dam owner’s initiatives to demonstrate due 
diligence in managing risks.  

Ontario Power Generation (OPG) has integrated an all hazards emergency management 
approach as part of its Dam Safety Program; capturing key elements within a managed 
system to ensure that a state of readiness is maintained, both within the organization as 
well as with stakeholders and community first responders.  OPG’s Dam Safety Program 
offers a good example of the implementation of the CDA Guidelines by a dam owner. 

This paper presents the Canadian landscape in regards to emergency management for 
dam safety and examines the program which OPG has implemented, including initiatives 
with stakeholder communities to improve their response.  Lessons learned from 
developing EPRPs, conducting exercises and training activities are discussed in the 
context of the OPG’s continuous improvement initiatives.   

                                                 
1 Ontario Power Generation, Toronto, ON, Coordinator, Dam & Public Safety  tali.serota@opg.com 
2 Ontario Power Generation, Toronto, ON, Director, Dam & Public Safety        tony.bennett@opg.com 
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THE CRITICALITY OF ENGAGEMENT BEFORE, DURING AND AFTER A 
DAM SAFETY EMERGENCY 

 
Bernie Auld, PE1 

Benjamin Heath, PE2 
Keil Neff, PhD., PE3 

 
ABSTRACT 

 
With 75,000 structures in the United States National Inventory of Dams reaching or 
exceeding design life, the likelihood of failure and incidents impacting populations and 
economies increases.  While dams provide significant benefit compared to risk of failure, 
risks should be evaluated and preparedness efforts planned.  With a critical review by the 
Tennessee Valley Authority (TVA) Dam Safety program, emergency preparedness and 
response was evaluated through surveys, interviews, and industry guidelines for dam 
safety.  This validated TVA’s engagement in response efforts with municipalities and 
provided opportunities for improving communication, technologies, and procedures 
between and within agencies.  
 
TVA’s Interim Risk Reduction Measures (IRRMs) drives the ability to reduce risk to the 
public and provides continuous monitoring.  As part of the IRRMs, TVA has constructed 
a Dam Failure Warning System at Pickwick Landing to alert residents downstream, 
should a seismic event occur.  This system includes a seismic recorder, time domain 
reflectometry (TDR), and live composite video that permits 24-hour viewing of potential 
seepage or breach conditions based on its heat signature. 
 
Information related to emergency communication and response was incorporated into 
Hydrologic Engineering Center - Flood Impact Analysis (HEC-FIA) consequence models 
to evaluate emergency preparedness efforts to reduce loss-of-life from dam failure.  The 
review verified the criticality of engagement with emergency managers for improvement 
of preparedness and response efforts in emergencies while aiding to protect humanity, 
infrastructure, and agency reputation.  This paper reflects TVA’s actions to develop and 
maintain engagement efforts and provide accurate warnings in the event of dam failure. 

                                                 
1 Dam Safety Program Manager, Tennessee Valley Authority - TVA, 1101 Market St., Chattanooga, TN, 
37402, bauld@tva.gov 
2 Emergency Preparedness Engineer, Tennessee Valley Authority - TVA, 400 W. Summit Hill Dr., 
Knoxville, TN, 37902, btheath@tva.gov 
3 Hydrology Engineer, Tennessee Valley Authority - TVA, 400 W. Summit Hill Dr., Knoxville, TN, 37902, 
kjneff@tva.gov 
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A NATIONAL CONSEQUENCE MODELING BASELINE 
 

Will Breitkreutz1 
 

ABSTRACT 
 
Regardless of the hazard being studied, consequence modeling requires two basic 
datasets: an impact area (with optional magnitude information) and an inventory of 
potential losses. Generally modelers have to generate both datasets, the hazard-impacted 
area is easy, that’s just the output of the hydraulic model, wind model, ShakeMap data or 
any number of other model outputs. Until now, the modeler also needed to create the loss 
inventory as well. This data could be generated a number of ways, from Census data or 
parcel data where it is available. Creating this data is easy enough given the current 
guidelines and the prevalence of modeling software such as HAZUS and their standard 
processes, but making sure that two modelers create loss inventories that can be 
compared is hard. The National Structure Inventory (NSI) is our attempt at creating a 
national baseline-level loss inventory for use in consequence modeling where outputs 
from multiple users can be compared apples-to-apples. We will cover the methods used 
to derive the structure inventory from nation-wide Census data; building an Application 
Programming Interface (API) on top of the data to provide access to users around the 
country; and finally how we plan on expanding the dataset with refined loss inventory 
data derived from multiple sources as fine as parcel datasets obtained from local 
authorities. 

                                                 
1 U.S. Army Corps of Engineers-Kansas City District, 601 E. 12th Street, Room 526, Kansas City, MO 
64106, 816-389-3474, Will.L.Breitkreutz@usace.army.mil 
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STAGECOACH SPILLWAY REPLACEMENT AND PERFORMANCE AT 
ELECTRA LAKE  

  
Danielle Tripp Hannes, P.E.1  
Stephen L. Jamieson, P.E.2  

 
ABSTRACT 

 
Stagecoach Spillway is the service spillway for Electra Lake, the primary water storage 
reservoir for the Tacoma Hydroelectric Project, located near Durango, Colorado.  The 
Tacoma Hydroelectric Project is owned and operated by Public Service Company of 
Colorado (PSCo) doing business as Xcel Energy.  The original Stagecoach Saddle Dam 
was constructed in the early 1900s with a wooden plank spillway constructed over the 
dam in the 1960s.  The Stagecoach dam and spillway were replaced in 2013 with a two-
cycle, reinforced concrete, labyrinth weir spillway with a homogeneous earth 
embankment dam on both sides of the spillway.  The dam and spillway were substantially 
complete in 2013, however first fill did not occur until 2015 because of a major leak in 
the Cascade Flowline that fills Electra Lake.  This paper will discuss the some of the dam 
removal, construction challenges, and initial monitoring and performance of the dam and 
spillway.   

 
The design and on-site resident engineering was performed by the W. W. Wheeler and 
Associates, Inc. (Wheeler).  Key subconsultants on Wheeler’s engineering team included 
Kumar and Associates, Inc. (geotechnical engineering) and SM&RC Structural 
Engineers, Inc. (structural engineering).  ASI Constructors, Inc. (ASI) was selected by 
PSCo as the construction contractor. 

                                                 
1 Professional Engineer, W. W. Wheeler and Associates, Inc., 3700 S Inca Street, Englewood, CO 80110, 
danielle.hannes@wwwheeler.com 
2 Principal Engineer, W. W. Wheeler and Associates, Inc., 3700 S Inca Street, Englewood, CO 80110, 
steve.jamieson@wwwheeler.com 
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SOIL CEMENT QUALITY CONTROL/ QUALITY ASSURANCE — ROAD MAP 
TO A SAFE EMBANKMENT 

 
Randall Bushey, PE1 

Eduardo Gutierrez-Pacheco, PE2 
Martin Murray3 

 
ABSTRACT 

 
The US Bureau of Reclamation first undertook its experiment to substitute soil cement in 
place of expensive rip rap as the armoring for erosion protection on Colorado’s Bonny 
Reservoir in 1951 (ACI Report 230.1 R-5). Since this early application the “art” of 
blending, placing and understanding soil cement utility and defined characteristics has 
continued to advance towards maturity. The quality, durable performance and overall 
protection offered by soil cement remains however dependent on a variety of linked 
factors: location and environment, site investigations, in-situ materials, mix designs and 
analysis, stockpile management, material batching, testing regimens, as well as placement 
techniques.  
 
Tampa Bay Water’s C.W. Bill Young Regional Reservoir, a 15 billion gallon, 1,100 acre, 
off-stream, earthembankment facility is a critical component in servicing over 2.3 million 
water-system customers. Tampa Bay Water was forced to undertake the renovation of the 
entire upstream erosion protection system due to extensive cracking and potential failure 
of its original, flat-plate soil-cement. The Regional Reservoir renovation presents the 
latest and largest example of a quality, carefully planned, closely managed and extremely 
well-executed, soil-cement project. 
 
The renovation design consisted of over 329 miles of 8-foot wide stair-steps, placed in a 
horizontal-lift configuration and employing some 625,000 cubic yards of soil cement. 
The quality management process, a cooperative contractor and consultant effort, 
conducted a Quality Control /Quality Assurance (QC/QA) program that performed over 
six-thousand recorded Proctors, density and unconfined compressive strength tests. The 
proper management of the 700,000 cubic yard soil stockpile, 64 million gallon water 
supply and the batchinghauling-spreading-grading-curing process was accomplished 
through proactive quality control and adaptive project and quality management 
techniques. 
 
This paper continues the evolution of soil cement “art” through documentation of the 
QC/QA organizational structure, process development, specification improvement, site 
management, and testing protocols that has made the Tampa project a success. 

                                                 
1 CH2M, 13200 W Newberry Rd Q-93 4350 West Cypress Street, Suite 600, Newberry Florida 32669 
Tampa, FL 33607-4155, (561) 281-1389 (407) 865-0256, rbushey@ch2m.com 
2 CH2M, 13200 W Newberry Rd Q-93 4350 West Cypress Street, Suite 600, Newberry Florida 32669 
Tampa, FL 33607-4155, (561) 281-1389 (407) 865-0256, Eduardo.Gutierrez-Pacheco@ch2m.com 
3 QA Manager, CH2M, 4350 West Cypress Street, Suite 600, Tampa, FL 33607-4155, (941) 003-7819, 
Martin.Murray@ch2m.com 
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HIGH CAPACITY ANCHORS ON EXISTING CONCRETE DAMS — 
APPLICATION TO TWO TVA DAMS 

 
Husein Hasan1 

Aaron Nottis, P.E.2 
Brian Krohmer3 
Dennis Triplett4 

Boris Caro Vargas5 
 

ABSTRACT 
 

High capacity anchors have recently been installed on a number of existing concrete 
dams across the country to respond to changing needs, conditions and use of the dams.  
Recently, two of the Tennessee Valley Authority’s (TVA) Dams were strengthened using 
high capacity anchors.  As part of TVA’s systematic assessment of all of its dams, 
revised Probable Maximum Flood (PMF) levels and changes in the seismic demand 
necessitated the installation of fifty (50) high capacity anchors to one Dam (Dam #1) and 
twenty (20) to another Dam (Dam #2), with design loads up to 1,900 kips.  Anchors were 
comprised of 54-strand 0.6 inch diameter anchors with total lengths varying from 100 
feet to a maximum of 235 feet.  Based on results from a 3D finite element analysis 
(FEA), the Non-Overflow and Spillway sections required anchors to meet the project 
design criteria. Customized working platforms which were designed and assembled in 
place, attached to the existing spillway to support the drilling and the related efforts.  
Anchor installations for the Spillway Monoliths were performed with a 250 foot crane 
situated on a barge located in the tailrace.  A state-of-the-art structural monitoring 
program was installed to record real-time movements of the anchored monoliths before 
and during tensioning of the anchors.  Three Elasto-Magnetic sensors were factory 
installed on separate strands for each anchor to permit long-term monitoring.  An 
accelerated project schedule required the use of four drill rigs simultaneously. Despite the 
intense activity on the project and long working hours, the construction team performed 
more than 200,000 hours of work without a recordable injury and the project was 
successfully completed ahead of schedule. 
 
The intent of this paper is to present an overview of the challenges related to the design, 
installation, and testing of permanent high capacity anchors in existing concrete dam 
structures. It will also outline details of the logistics required, in order to safely install 
anchors from an existing spillway. Emphasis will be placed on managing safety for 
delicate operations under an accelerated project schedule and with multiple pieces of 
equipment working simultaneously in a confined area. 
 

                                                 
1 Senior Program Manager, Tennessee Valley Authority, hahasan@tva.gov, 865.632.4194 
2 Senior Program Manager, Tennessee Valley Authority, afnottis@tva.gov, 423.751.3438 
3 Project Manager, Barnard Construction Company, Inc., brian.krohmer@barnard-inc.com, 406.586.1995 
4 Operations Manager, Nicholson Construction Company, dennis.triplett@nicholsonconstruction.com, 
412.677.2245  
5 Director of Business Development, Nicholson Construction Company, 
boris.carovargas@nicholsonconstruction.com, 303.926.0411 ext. 6505 
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LESSONS LEARNED ON POST-TENSIONED TRUNNION ANCHORAGE — 
FOLSOM AUXILIARY SPILLWAY  

 
Cecily M. Nolan, PE1 
Cheuk Y. Wan, PE2 

 
ABSTRACT 

 
Post-tensioned trunnion anchorage is the state of the practice to structurally support 
tainter valves and tainter gates under hydrostatic and seismic loads. It is therefore 
arguably the most important structural feature of the tainter valves and gates. However, 
there is no single document that provides design and construction guidance on trunnion 
anchorage.  There are conflicts and, in some cases, lapses in documents commonly used 
for guidance: US Army Corps of Engineers’ Engineering Manual, AASHTO design 
guidance and construction specification, and PTI’s specification. In the Folsom Dam 
Auxiliary Spillway Control Structure project, new trunnion anchorage was recently 
installed for the new tainter valves inside the new control structure. This paper captures: 
lapses in guidance and guide specifications the designers faced in this project; design 
challenges faced by the designers such as details to enable proper grouting and allow 
post-grout inspection, and tracking losses and elongations; construction difficulties 
tackled by the contractor, including vertical grouting with standpipes, and vacuum 
grouting as a repair; quality assurance during construction, including on-site monitoring; 
methods to provide long term durability of the anchors; and recommendations for future 
designs, plans, and specs specifications in an attempt to minimize construction challenges 
thereby improving grouting and anchor reliability.  
 

                                                 
1 US Army Corps of Engineers, Sacramento District 
Senior Structural Engineer, Address: 1325 J Street, Sacramento, CA 95814  
Email: cecily.m.nolan@usace.army.mil Phone: (916)557-7472 
2 US Army Corps of Engineers, Sacramento District 
Senior Structural Engineer, Address: 1325 J Street, Sacramento, CA 95814 
Email: cheuk.y.wan@usace.army.mil Phone: (916) 557-7149 
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GLENVILLE LAKE DAM SPILLWAY REPLACEMENT AND DAM 
REHABILITATION 

 
Danielle Neamtu, P.E.1 

Justin Boggs, P.E.2 
Stephen L. Whiteside, P.E.3 

Joseph Glass, P.E4 
 

ABSTRACT 
 

The Glenville Lake Dam Spillway Replacement Project was undertaken to preserve 
critical water supply infrastructure and provide long-term durability while meeting the 
current permitting guidelines. In 2010, CDM Smith began design studies for 
rehabilitation of the Glenville Lake Dam and spillway.  The design consisted of a 
replacement spillway to address long-term performance concerns with the existing 
spillway and provide additional capacity required to pass the required design storm for 
the high-hazard dam.  The design also addressed stability and erosion issues on the 
upstream slopes by flattening slopes and installing articulating concrete block armor 
protection.  The dam is immediately upstream of downtown Fayetteville, which has 
historically experienced flooding during large storm events.  During permitting, it was 
determined that the new spillway could not pass any additional flow during the 100-year 
event without impacting the FEMA floodplain and downstream structures.  The new 
straight drop spillway was redesigned to maintain flow over the primary weirs during the 
100-year event and pass the 1/3-PMP design storm event over the secondary weir.  Since 
the original spillway was undersized for the design storm event and downstream impacts 
were not permitted, a new parapet wall along the crest of the dam was required to provide 
freeboard during the 1/3 PMP event.  Construction began in 2014 and has presented a 
number of challenges, including demanding temporary stream diversion requirements and 
innovative cofferdam, unanticipated utilities, and unusual conditions due to the age of the 
original dam (circa 1909). Construction is anticipated to be complete by the end of 2015. 

                                                 
1 CDM Smith, 5400 Glenwood Ave, Suite 400, Raleigh, North Carolina, 919-325-3500, 
neamtudk@cdmsmith.com 
2 CDM Smith, 5400 Glenwood Ave, Suite 400, Raleigh, North Carolina, 919-325-3500, 
jsboggs@cdmsmith.com 
3 CDM Smith, 5400 Glenwood Ave, Suite 400, Raleigh, North Carolina, 919-325-3500, 
whitesidesl@cdmsmith.com 
4 Public Works Commission of the City of Fayetteville, 955 Old Wilmington Road, Fayetteville, North 
Carolina, 910-223-4740, joe.glass@faypwc.com 
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UNCOVERING AND ADDRESSING A HISTORY OF SIGNIFICANT 
INCIDENTS AFTER AN ANNUAL DAM SAFETY INSPECTION 

   
Steven Davidheiser, PE1 
Robert A. Kline, Jr, PE2 

 Amanda Lothes, EIT3 
 

ABSTRACT 
 

Diascund Dam is an important component of the water supply system for Newport News, 
Virginia.  During the 2011 annual dam safety inspection, one 25-feet by 20-feet principal 
spillway slab was observed to be uplifted by a few inches along its downstream edge.  
Subsequent review of archive drawings revealed several deficiencies in the original 
design of the principal spillway which allowed uplift pressure to displace the slab in 
question.  Review of the archived files revealed a history of similar incidents throughout 
the service life of the structure that began with two spillway slabs uplifting upon initial 
reservoir filling in 1963.  After each incident, the implemented mitigation measures failed 
to identify and address the root cause of the problem, resulting in repeat in-kind failures.  
Following the 2011 safety inspection, the principal spillway was redesigned and 
reconstructed with several new features to correct the deficiency and address the potential 
failure mode.   

This case study illustrates the value of conducting regular dam safety inspections to 
identify and mitigate dam safety problems before they become serious.  Potential failure 
modes associated with reinforced concrete spillways founded on erodible foundations are 
presented and discussed along with solutions to rehabilitate this type of spillway.  The 
value of maintaining archive records related to a structure’s historical performance and 
repairs, as is the Newport News Waterworks Department’s practice for all of their 
facilities, is also emphasized as good practice so that dam owners and their engineer(s) 
can troubleshoot incidents.   

 

                                                 
1 Gannett Fleming, Inc, 207 Senate Avenue, Camp Hill, PA  17011, 717-763-7211, 
sdavidheiser@gfnet.com. 
2 Gannett Fleming, Inc, 207 Senate Avenue, Camp Hill, PA  17011, 717-763-7211, rkline@gfnet.com 
3 Newport News Waterworks, 437 Waterworks Way, Newport News, VA  23608, 757-234-6776, 
alothes@nnva.gov 
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EMERGENCY REPAIRS TO PREVENT A PIPING FAILURE IN THE LAKE 
MANATEE DAM 

 
Jeffrey A. Beriswill, P.E.1 
Nickolas J. Depin, P.E.2 

Mark R. Simpson3 
 Bruce McLeod4 
  

ABSTRACT 
 
During the course of an in-depth supplemental inspection in 2013 of the Lake Manatee 
Dam near Bradenton, Florida serious concerns were raised concerning the structural 
integrity of the dam (both the service spillway and the adjacent zoned-earth 
embankment). In particular, evidence strongly suggested the presence of an active 
internal erosion and piping failure mechanism in the embankment and immediately 
adjacent to and underneath portions of the service spillway. Indications of this potential 
failure mechanism were manifest in visual and physical observations since the dam went 
into service in 1967 and were documented during the first official inspection in 1978. 
This evidence became more apparent in subsequent inspections by several other 
engineering groups over time.  
 
In early 2014, a Phase I emergency repair was implemented based on the findings of the 
supplemental inspection. This project consisted of constructing a soil-cement slurry cut-
off wall varying from 95 to 105 feet deep using a combination of the Trench Re-mixing 
Deep (TRD) device and Jet Grout (JG) columns. Approximately 3,000 lineal feet of TRD 
wall was installed through the upstream side of the embankment’s clayey core. The Jet 
Grout wall was installed underneath the service spillway located within the central 
portion of the dam and as a transition between the TRD wall and spillway.  Construction 
of the seepage cut-off wall took place from April 24, 2014 through September 11, 2014. 
 
The Lake Manatee Dam is first described. The findings of the supplemental inspection 
including the visual and physical observation data integration technique is then presented, 
followed by a discussion of the construction of the emergency repairs. 
 

                                                 
1 Amec Foster Wheeler Environment & Infrastructure, Inc., 1101 Channelside Drive, Suite 200, Tampa, FL 
33602, Jeff.beriswill@amecfw.com 
2 Amec Foster Wheeler Environment & Infrastructure, Inc., 1101 Channelside Drive, Suite 200, Tampa, FL    
33602, nickolas.depin@amecfw.com 
3 Manatee County Utilities Department, 4410 66th St. E., Bradenton, FL 33210, 
mark.simpson@mymanatee.org 
4 Manatee County Utilities Department, 17915 Waterline Road, Bradenton, FL 34202,  
bvmwater@verizon.net 
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SEEPAGE CONTROL AND GROUNDWATER MANAGEMENT IN AN 
EARTHEN EMBANKMENT RESERVOIR — BOYETTE ROAD RESERVOIR 

CASE STUDY 
 

Randall Bushey, PE1 
David Paiko, PE2 
Curt Basnett, PE3 

  
ABSTRACT 

 
The Boyette Road Reservoir, one of the largest reuse water reservoirs in the United 
States, is constructed in an 80 acre abandoned fill mine designed with 1/3 of the storage 
capacity above grade and contained by an earthen embankment.  The presence of large 
mine pit lakes, within which a portion of the embankment toe was to be constructed, 
presented design and construction challenges for early dewatering, and long term 
management of onsite construction stormwater and groundwater seepage influences.  The 
management of seepage into and out of the reservoir was a key design feature which 
allowed the utilization of all onsite fill materials to construct the earthen embankment.  
The design incorporated a seepage cutoff wall to manage water and prevent offsite 
discharges during the construction phase, while controlling seepage of reuse water into 
the groundwater during the operational phase. 

The design and quality control of the Trench Remixing Deep (TRD) seepage cutoff wall 
to control groundwater inflow and reservoir seepage was accomplished with extensive 
onsite mix design variability, close depth control, and adaptive design management 
addressing the changing site conditions.  A second element of the seepage control system 
is the 60 mil HDPE geomembrane upstream liner and leak detection system.  The 
connection design of the two seepage components was field modified to meet the 
installation conditions of the TRD wall and the timing of the geomembrane installation. 

High groundwater was encountered near the completion of the embankment which 
required the innovative application of downstream groundwater mitigation and upstream 
ballast application on the geomembrane.  The discovery, testing, monitoring, and 
adaptive design process to mitigate the high groundwater and maintain a safe 
embankment where incorporated into the seepage control system, the long term 
monitoring, and operational controls of the reservoir.  This paper provides a case history 
of the adaptive design management necessary for successful completion of the reservoir’s 
seepage control system. 

                                                 
1 CH2M, 13200 W Newberry Rd Q-93, Newberry Florida 32669, (561) 281-1389, rbushey@ch2m.com 
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3 CH2M, 4350 West Cypress Street, Suite 600, Tampa, FL 33607-4155, (714) 330-6157, 
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JET GROUTING FOR ECHO DAM SEISMIC REMEDIATION 
  

Tara Schenk-McFarland, P.E.1 
Mark Bliss, P.E.2 

 
ABSTRACT 

 
Echo Dam, located near Coalville, Utah, is a facility that provides storage for irrigation 
and municipal use.  Original construction of the dam was completed in 1931.  Because of 
seismic concerns, the spillway crest structure and upper chute section, founded on old 
landslide and colluvial material, were recently replaced.  Prior to replacement of these 
structures, jet grouting of a block of the loose and potentially liquefiable soils, directly 
beneath the spillway crest structure was selected as the preferred alternative to address 
the potential for settlement and cracking of the spillway crest structure.  The replacement 
or alteration of the in-place soil reduces the likelihood of seismic-induced excess pore 
pressure development and subsequent settlements.  Core drilling and sample recovery of 
the production jet grouted columns was completed to verify compliance with the 
specifications.  It was recognized that due to the larger rock sizes within the deposits that 
full homogeneity of the jet grouted zone was unlikely to be achievable.  However, the 
purpose of this jet grouted section was to strengthen enough of the soil so that widespread 
liquefaction does not occur.  During the jet grouting production many instances of ground 
fracturing occurred.  Fracturing was evident based on grout/air bubbles exiting the 
surface near some of the grout holes during jet grouting, air bubbles appearing in the 
spoil pits, and lifting of the ground surface in the vicinity of the monitor during the jet 
grouting process while the system was pressurized.  In one instance, a section of the 
upstream spillway slab, which was left in place, was cracked due to pressurized grout 
escaping beneath the slab.  The overall results of the jet grouting were satisfactory despite 
difficulties encountered.  The cause of the fracturing is hypothesized and a 
recommendation is included to reduce the likelihood of this occurring on future jobs.  
 

                                                 
1 Civil Engineer; Technical Service Center; Bureau of Reclamation; Denver Federal Center, Bldg 67, PO 
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IMPROVEMENTS TO SEEPAGE CUTOFF WALL SPECIFICATIONS 
CONSIDERING LESSONS LEARNED FROM CONSTRUCTION 

 
Michael Kynett, PE1 

Khaled Chowdhury, PE, GE2 
Richard Millet, PE, GE3 

Mary Perlea, PE4 
Francke Walberg, PE5  

 
ABSTRACT 

 
Cutoff walls are the most common seepage mitigation measure for levee improvement 
projects within the State of California’s Plan of Flood Control and the Federal levees 
associated with the Sacramento River Project. Cutoff walls are widely accepted due to the 
reduced real estate and environmental impact, compared to other remedial measures such 
as berms, setback levees, etc. Within California’s Central Valley, the State and Federal 
levees protect highly urbanized areas, valuable and productive agricultural lands, and 
contain some of the State’s last remaining critical riparian habitat for many threatened 
and endangered species. Typical seepage cutoff walls utilized include soil-bentonite (SB) 
and slag cement-cement-bentonite (SCCB) constructed with the slurry support excavated 
trench method or soil-cement bentonite (SCB) constructed with an in-situ mixing method. 
Contract values for levee improvement projects in California’s Central Valley have 
ranged from several millions of dollars to hundreds of millions of dollars and have 
extended up to tens of miles. Cutoff wall specifications that were originally developed for 
environmental or dam projects require modifications to address the long levee conditions. 
Also, the advancement of construction technologies requires adjustments in specification. 
Recently completed construction of several cutoff wall levee improvement projects has 
shown reoccurring limitations and inconsistencies among the commonly used technical 
specifications. Existing technical specifications generate potential issues associated with 
contract management as well as product quality and performance. These limitations were 
evaluated by practicing engineers involved in different stages of cutoff wall design and 
construction. This paper describes the specification areas that typically generate design 
and construction issues and provide recommended improvements to specifications.  
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THE MYTH OF THE PERFECT SEEPAGE BARRIER WALL 
 

John W. France, PE, D.WRE1 
Richard R. Davidson, PE2 

Barney Davis, PE3 
Michael F. Zoccola, PE4 

 
ABSTRACT 

 
Designers draw lines on plans, profiles, and cross sections and think that they represent a 
perfect barrier to seepage. Often this thinking is then translated into specifications that 
reflect the expectation of perfection. Considering the practicalities of underground 
construction, this is not realistic.  
 
The authors have been involved in the construction of three recent barrier walls that have 
been subjected to unprecedented levels of QC / QA verification testing:  Wolf Creek 
Dam, Center Hill Dam, and Bolivar Dam. Verification testing included core sampling, 
optical televiewer imaging, and downhole closed-circuit TV recordings. All three barrier 
walls were constructed using the element method, with panel and / or secant pile 
elements. The results of QC / QA testing have shown that, even with the contractors’ best 
efforts, the barrier walls are not perfect. In particular, the testing has shown that joints 
between elements may not be as watertight as previously thought, and there will be small 
cracks and other defects within the wall concrete.  
 
All three of these projects included a permeability requirement of 1 x 10-6 cm/sec for the 
barrier wall. This requirement became contentious, and it has become clear that it may be 
more stringent than necessary and that it is not a definitive indicator of wall quality. 
Rather, wall quality was judged on the totality of all of the verification data. 
This presentation will include discussions of the components of underground barrier wall 
construction and verification results and will also include suggestions for consideration in 
developing barrier wall specifications. 

                                                 
1 AECOM, 8181 East Tufts Ave., Denver, CO; 303-740-3812; john.france@aecom.com 
2 AECOM, 8181 East Tufts Ave., Denver, CO; richard.davidson@aecom.com 
3 US Army Corps of Engineers, Risk Management Center, Pittsburgh, PA; barney.davis@usace.army.mil 
4 US Army Corps of Engineers, Nashville District, Nashville, TN; michael.f.zoccola@usace.army.mil 



 NOTES 

250 



251 

LEVEE ASSESSMENT TOOL: USING LIMITED DATA TO EVALUATE 
LEVEES AGAINST ESTABLISHED CRITERIA 

 
A. Wohletz1 
S. Wiesner2 

 
ABSTRACT 

 
The California Department of Water Resources (DWR) recently conducted systematic 
geotechnical evaluations that were unprecedented in scope and extent, covering over 
1,900 miles of levees spanning the length of the Sacramento and San Joaquin River 
watersheds. The Levee Evaluation Program (LEP) faced considerable challenges due to a 
lack of high-quality or site-specific information for approximately 1,500 miles of the 
levees evaluated in non-urban areas. To address these challenges, the Levee Assessment 
Tool (LAT) was created.  This tool standardizes, integrates, and ranks readily available 
datasets (e.g., published soil survey and geologic data, geomorphology, past levee 
performance documentation, and visual levee inspections) assessed during the initial 
phase of the LEP (Phase 1). The outputs of the LAT are Weighted Hazard Indicator 
Scores (WHIS) for various levee failure modes (slope stability, underseepage, and 
through seepage).  These outputs were used to indicate if individual levee segments met 
accepted and standardized levee criteria. LAT results were also compared with 
exploration and modeling data collected during the final phase of the evaluations (Phase 
2). Our evaluation indicates that LAT results (Phase 1) are largely consistent with the 
results of the LEP Phase 2 exploration and modeling data. Consequently, we find that the 
LAT provides a valuable initial-approximation of levee geotechnical conditions that is 
beneficial to large, systematic assessments when site-specific data (soil borings, 
laboratory test data, and/or geophysical survey data) are unknown.   
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FAULT INVESTIGATIONS DURING BORINQUEN DAM 1E CONSTRUCTION 
PANAMA CANAL EXPANSION 

 
David Schug1,  Paul Salter2 
Dan Meier3 Robert Urban4 
Chris Goetz5 Lelio Mejia6 
James Toose7 Derek Irving8 
Pastora Franceschi9 Maximiliano De Puy10 
Jaime Arrocha11 Roberto Miranda12 
 

ABSTRACT 
 
Borinquen Dam 1E is part of the new Pacific Access Channel (PAC), which will provide 
navigation access from the Gaillard Cut to the new Post-Panamax Pacific Locks. The 2.3 
km long dam is a zoned rockfill dam 150 m wide and 30 m high at the crest, inclined at 
3:1 (H:V). Excavations commenced February 2011. Final embankment construction was 
completed June 2015. Geologic mapping of the dam foundation and adjoining areas of 
the PAC was a collaborative effort between Autoridad del Canal Panama (ACP) and URS 
geologists. A key geologic objective was to confirm locations and activity of faults 
mapped at the dam during design. The design allowed for core widening at the 
anticipated location of the Pedro Miguel Fault at the south abutment and at a west branch 
of the Pedro Miguel Fault (believed at the time to be to be the main active trace of the 
fault) mapped about one third of the way north along the dam axis. As-built geologic 
mapping revealed a complex pattern of faulting associated with the Pedro Miguel Fault 
crossing the southeast half of the foundation, the PAC and the nearby Dam 1W 
foundation along a north-south trend. Trenching and age dating alluvium overlying faults 
crossing the Dam 1E foundation indicated the unbroken alluvium was latest Pleistocene 
to early Holocene age. Where significant faults cross Dam 1E, the core was widened to 
accommodate potential fault rupture. This paper provides an overview of fault 
investigations carried out during construction of Dam 1E. 
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3-D MODELING AT BOUNDARY DAM, WA: VISUALIZING A 
GEOLOGICALLY COMPLEX SITE 

 
Robert Cannon, PG1    Frederic Snider, PG2 
Kim Pate, PG,PE3   Andre Ball, PE4 
Gary Rogers, PG5   J. Hawkins Gagnon, PG6 
 

ABSTRACT 
 
Boundary Dam is a 340-foot-high double curvature arch concrete dam in a steep, narrow 
canyon on the Pend Oreille River in northeastern Washington State. The dam is founded 
on the Metaline Limestone, which ranges from massive to severely brecciated and 
recrystallized. The site is criss-crossed by a number of fracture zones encountered in drill 
holes, exploratory adits, underground works, and mapped on the surface. The rocks also 
reveal several prominent joint sets. Original explorations at the site included over 150 
borings, 700 packer tests, and exploratory adits to support the design of the dam 
foundation, the large underground powerhouse, the forebay, penstocks, and access and 
diversion tunnels. Recent work at the dam includes laser scanning of both aboveground 
and underground areas, and sonar bathymetric surveys of the reservoir and tailwater. 
 
Rock bolting of surficial slide blocks and underground excavations was completed during 
construction and later. Continued concerns over the potential stability of exposed rock 
faces and the lack of an integrated understanding of the site geology prompted 
development of a CAD-based, 3-D geologic model of the dam site. The model integrates 
the recent laser scanning and bathymetric surveys with the original exploratory borings, 
adits, geologic mapping, water testing, and instrumentation. The intent of the model is to 
aid in the visualization and enhance our understanding of the geology and hydrogeology 
of the site, identify those Potential Failure Modes with the highest risk of occurrence, and 
to eventually upgrade the existing surveillance and monitoring program in light of the 
Potential Failure Modes. 
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UNDERSEEPAGE AND HEAVE MITIGATION AT  
DOUGLAS SADDLE DAM NO. 1 

 
Daniel A. Gilbert, PE1 
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Scottie L. Barrentine, PE4 
 

ABSTRACT 

 
Douglas Saddle Dam No. 1 is a 100-foot tall, homogeneous clay embankment structure in 
eastern Tennessee. The largest of ten saddle dams in the Douglas Hydroelectric Project, 
Saddle Dam No. 1 was built in the 1940’s by the Tennessee Valley Authority (TVA). The 
embankment dam is underlain by steeply dipping, thinly laminated, shale bedrock with 
strike running roughly perpendicular to the axis of the dam. Recently installed 
instruments in the shale measured artesian conditions at the toe of the dam during normal 
pool levels. To better understand the effects of underseepage in the foundation shales, a 
seepage model was developed and compared to the available piezometer readings. 
Historical flowrate data were used to model the efficiency of the dam’s internal drainage 
features. The seepage model was used to extrapolate recorded pressures to predict 
piezometric levels that will develop during flood pools, when lake levels will be much 
higher than the pool of record. A gravity relief well system was designed to mitigate high 
groundwater pressures at the dam toe, which have the potential to cause soil heave and 
instability during flood pool events. The relief well system was installed with a unique, 
inclined arrangement to intercept the upended shale bedding and maximize effectiveness. 
Project challenges included a lack of piezometric data for elevated headwater pools, 
development of a representative seepage model, accelerated schedules that did not permit 
field well tests, and installation of the wells in the shale foundation.  
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A DEEP SEEPAGE CUTOFF FOR THORNTON COMPOSITE RESERVOIR 
 

Joseph R. Kovacich, PE 1 
Louis Storino, PE 2 

Raymond J. Franz, PE, D.GE 3 
Jonathan R. Bulger, PE 4  

Brian J. Kazyak, PE 5 
 

ABSTRACT 
 
Chicago’s Tunnel and Reservoir Plan (TARP) is one of the largest Civil Engineering 
projects ever constructed.  As part of this megaproject, the North Lobe of the existing 
Thornton Quarry is designed to retain Combined Sewer Overflow (CSO) captured by the 
TARP Calumet Tunnel System and floodwater from Thorn Creek from a 24-hour, 20-
year rainfall event.  To utilize the North Lobe as a water retaining structure, the 
Metropolitan Water Reclamation District of Greater Chicago (District) modified the 
2,700-ft long and 300-ft high Rock Dam that separates the North from the Main Lobe by 
physically plugging three gaps and constructing a deep seepage barrier along the length 
of the Rock Dam.   
 
A 116-ft high roller compacted concrete (RCC) dam was constructed to plug the largest 
gap, and at lower elevations reinforced concrete tunnel plugs were constructed within two 
mine haul tunnels, plugging the two other gaps.  To reduce seepage around these 
structures and through the rock mass discontinuities, state-of-the-practice grouting 
technology was utilized to construct a 500-ft deep, double-row grout curtain cutoff along 
the length of the Rock Dam and tie-in with the perimeter grout curtain along the other 
three sides and into a low permeable rock formation at the bottom.  The physical barriers 
and seepage cutoff required careful design and construction.  
  
The project was constructed beginning in 2009 and was put into service in August 2015 
and experienced its first filling event in November, and by late December 2015 had been 
filled with approximately 70 feet of water.  Instrumentation data and visual observations 
indicate the Rock Dam, structures, and seepage barrier are performing as intended 
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DESIGNING A HYDRID DAM ON A GEOLOGIC PROFILE WITH HIGHLY 
VARIABLE ENGINEERING PROPERTIES 

Richard E. Riker, PE1 
Jacob Esterhuizen, PE, PhD2 

Don Deere, PE, PG3 
Gabriel Fernandez-Delgado, PE, PhD4 

 
ABSTRACT 

 
Duck River Dam is a water supply dam in Northern Alabama. The dam, which is 2,400 
feet long and nearly 140 feet high at the maximum section, is a hybrid structure 
comprising a 300-foot-long Roller Compacted Concrete (RCC) spillway structure along 
the river channel, with earth and rock fill sections at the abutments. The dam site is 
located on flat-lying interbedded shales and sandstones of the Pottsville Formation.  
Interbedded sedimentary strata present some of the most challenging foundation 
conditions for dams because of extreme variabilities in engineering properties of strength, 
deformation, cementation and permeability.  
 
Preliminary explorations identified several features of concern, including the presence of 
low strength, high plasticity clay layers at the abutments, open stress relief joints in the 
sandstones, slickensided coal seams, occasional voids, uncemented friable and potentially 
erodible sandstone zones and highly variable rock mass permeability. The design 
approach included the bid and award of an early (Phase 1) foundation excavation contract 
to comply with the construction schedule; to expose, evaluate and adjust foundation 
levels if required; to facilitate and optimize specific supplementary exploration and 
testing required to reduce uncertainty and inform final design; and to reduce potential 
bidder’s risks. 
 
Findings from the Phase 1 foundation excavation and testing resulted in significant 
changes in design concepts. Measures to deal with some of the foundation challenges and 
project schedule constraints include (1) centering the RCC spillway section on relatively 
competent sandstone rock foundation, (2) constructing rock fill sections, including 
stability berms, on clay shale abutments, (3) excavating for the construction of a RCC 
cutoff in right abutment to intercept friable sandstone layers and (4) installing the grout 
curtain from the gallery to take grouting off the critical path and to utilize the 15-foot-
thick concrete as confinement to accommodate higher injection pressures in the upper 
rock layers. This paper discusses the major advantages derived from this phased 
approach.   
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THINGS YOU WANTED TO KNOW ABOUT INDIVIDUAL CONSULTING, 
BUT WERE AFRAID TO ASK 

 
Larry K. Nuss, P.E.1  

Kenneth D. Hansen, P.E.2 
 

ABSTRACT 
 
Individual engineering consulting, as it relates to the dams industry, can be significantly 
rewarding and is usually quite enjoyable.  This paper provides lessons learned and tips on 
starting and maintaining an individual consulting practice.  Larry Nuss and Ken Hansen 
formed their own individual consulting businesses after their main careers ended: Larry 
had 36 years with the Bureau of Reclamation while Ken had 37 years with the Portland 
Cement Association plus nearly 12 years with Schnabel Engineering.  Consulting 
provides an opportunity to share ones knowledge and experiences, and work with a wide 
range of talented engineers from many companies.  Typically, individual consultants 
interact with their clients helping them determine appropriate paths forward and 
hopefully aid in making good decisions about their projects.  This paper also provides 
guidance for some areas of consulting that may be less enjoyable and could dissuade 
good engineers, such as: contract clauses, payment issues, accounting, and insurance 
requirements.  The authors share various relevant experiences during their consulting 
careers. 
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CONSTRUCTION OF LA ROMAINE COMPLEX IN NORTHERN QUEBEC, 
CANADA: BEHAVIOUR OF ASPHALT CORE ROCKFILL DAMS 

 
Vlad Alicescu1 

Jean Pierre Tournier2 
Redha Kara3  

Dan Rosculet4  
 

ABSTRACT 
 
Hydro-Québec is developing the Hydroelectric Complex of La Romaine, situated on the 
North shore of the St Lawrence River, in Quebec, one of the most important development 
projects in Canada. The 6,5 billion $CAD project consists in building 4 generating 
stations with a total installed power of 1550 MW and an output of   8,0 TWh. The 
clean and renewable electricity produced in the four power plants of the Complex will 
help to avoid new emissions of gas with greenhouse effect in North America with 
approximately 3 million tons of CO2, if that energy would have been generated with 
natural gas and with about 7,5 million tons of CO2, if coal would have been used for 
the same purposes. Environmental studies and measures carried out before, during and 
after construction until 2040 will cost over $385 million altogether. The erection of the 
Complex started with the $CAD 2,4 billion Romaine 2 facility, completed in 2014: the 
impounding of the Romaine 2 reservoir begun in May, 2014 and finished in November, 
when the first Megawatts reached our customers. The construction of Romaine-1 and 3 
facilities is progressing very well, first kilowatts being expected by December 2015 and 
June 2017, respectively. Finally, the design stages for the Romaine 4 facility will be 
completed and the construction will start in 2016. One year after the finish of impounding 
the reservoir, the 6 Asphalt Core Rockfill Dams of Romaine 2 reservoir are behaving 
very well and a comparison with similar structures from Norway and Austria is presented 
in this paper. 
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SELECTING AN INTENSITY MEASURE FOR FRAGILITY CURVES 
DERIVED FROM PERFORMANCE-BASED TESTING 
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ABSTRACT 

 
A fragility curve is a mapping between the probability of an asset becoming damaged and 
the intensity of the excitation or hazard loading condition applied to the asset. Before 
such a curve can be constructed, a means for measuring the intensity of the applied 
excitation must be selected. In this paper, a process is described for selecting an intensity 
measure for use in the construction of experimentally-derived fragility curves utilizing 
vibration data from Performance-Based Testing (PBT). For a seismic hazard, several 
examples of intensity measures compatible with PBT-based fragility curve development 
are presented. These intensity measures are ranked based on their correlation with the 
demand parameter, which in this case is the maximum displacement expected from the 
structure. Among the intensity measures discussed, it is found that any variable that is 
positively correlated with maximum structural displacement can be taken as an 
acceptable intensity measure when constructing a fragility curve. However, peak ground 
displacement is most highly correlated with maximum structural displacement, and will 
therefore result in the fragility curve with the steepest slope and smallest (tightest) 
confidence intervals. Additional considerations for selecting intensity measures are 
discussed, including the possibility of using ground motion predictive equations to map 
the chosen intensity measure onto return period – a process that enables the use of the 
fragility curve to assign an expected lifetime to an asset subject to hazard loading. 
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QUANTIFYING ROCK SCOUR EXTENT USING PHYSICAL HYDRAULIC 
MODEL STUDIES 
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ABSTRACT 
 

Bluestone Dam on the New River, West Virginia is subject to increased design flows. 
The US Army Corps of Engineers is currently modifying the dam spillway to enable the 
operation of up to six penstocks. These penstocks will provide an auxiliary discharge 
mechanism to increase discharge capacity during operational and flood conditions. 
Although an energy dissipating spillway is currently under construction, the operation of 
these penstocks exposes the bedrock formation downstream of the penstock stilling basin 
to scour. In order to assess these conditions, the USACE commissioned a study to 
investigate the potential for, and extent of, bedrock scour downstream of the penstock 
stilling basin.  
 
Rock scour potential and maximum depth were estimated using Annandale’s Erodibility 
Index Method (Annandale 1995; Annandale 2006). This method, in conjunction with 
hydraulic data collected from two physical scale models, provides a means of quantifying 
the erosion threshold of the downstream bedrock and the hydraulics of the highly 
turbulent tailwater. The stream power of the flowing water was quantified based on 
pressure fluctuation measurements taken at the bed of two physical scale models under 
design conditions. Maximum scour depth was determined by measuring the change in the 
applied stream power during scour hole development, relative to the bedrock’s ability to 
resist scour. This paper presents a summary of the approach used to convert pressure 
fluctuation measurements collected from the models to stream power, and how the stream 
power values were then used to assess maximum scour depth. 
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RETROFIT AND CLOSURE OF CCR IMPOUNDMENTS TO MEET NEW 
REGULATIONS 

 
Matt Bishop, EIT1 
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ABSTRACT 
 
Due to recent Coal Combustion Residual (CCR) regulations, owners of coal-fired power 
plants have been faced with difficult decisions relating to the future of their generating 
facilities and accompanying ash ponds and impoundments.  In many cases the 
requirements, costs, and challenges to either retrofit or decommission these ash ponds can 
be a determining factor in the future viability of the facility.  In addition, regulatory 
guidelines in each state can demand that specific requirements be met in the designs.  
These requirements are typically inclusive of the hydraulic and hydrologic design event 
that is used in the design, the geotechnical stability of the impoundments, whether a liner 
system is required for the CCR materials, the manner in which the CCR impoundment 
must be closed, etc. 
 
This paper presents a case study of three separate solutions that have been successfully 
developed for addressing these new CCR regulations:  retrofitting of the ash pond and/or 
spillway structures, closure by capping in place, and closure by removal of the CCR 
materials and earthen embankments.  Each solution presents unique methods of 
addressing the costs, construction requirements, and local regulatory requirements 
associated with the designs, but it is typically the local regulatory requirements for each 
plant location that have the greatest impact on the designs and solutions chosen.  
However, when equipped with the knowledge and potential challenges of each solution, 
owners of coal-fired power plants can make the best decision for the future of their ash 
ponds and impoundments. 

                                                 
1 Amec Foster Wheeler, 2030 Falling Waters Road, Suite 300, Knoxville, TN 37922, 
matt.bishop@amecfw.com. 
2 Amec Foster Wheeler, 1070 W Main Street, Suite 5, Abingdon, VA 24210, brian.owens@amecfw.com. 
3 Amec Foster Wheeler, 2030 Falling Waters Road, Suite 300, Knoxville, TN 37922, 
luke.williams@amecfw.com. 
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DEVELOPING A SEDIMENT MANAGEMENT PLAN FOR PAONIA 
RESERVOIR 

 
Kent Collins1 
Sean Kimbrel2 

 
ABSTRACT 

 
Paonia Dam and Reservoir are located on Muddy Creek, a tributary of the North Fork 
Gunnison River in western Colorado, USA. Based on the most recent bathymetric survey 
of the entire reservoir, conducted in June 2013, the estimated average annual rate of 
sedimentation has been 101 acre-feet per year. Since dam closure in 1962, nearly 25% of 
the reservoir’s original 20,950 acre-foot capacity has been lost to sediment deposition. At 
that rate the reservoir would be completely filled with sediment in another 150 years, 
gradually reducing the available pool over time. Long before sediment levels reach the 
full pool elevation however, reservoir intakes and outlet works are affected, adversely 
impacting project operations. In 2014, the outlet works became partially plugged with 
sediment and debris, emphasizing the urgency of formulating an effective sediment 
management plan for the impending deposition problem. 

The Sedimentation and River Hydraulics Group of Reclamation’s Technical Service 
Center in Denver, CO is leading an effort to study the past and current sediment issues at 
Paonia Dam and Reservoir, evaluate feasible sediment management alternatives, and 
formulate a plan for future operations and monitoring. The study is built on historical and 
recently collected data, and the existing knowledge base to develop a comprehensive, 
sustainable sediment management plan. 

                                                 
1 Hydraulic Engineer, Bureau of Reclamation, Denver, CO, kcollins@usbr.gov, (303)868-0572 
2 Hydraulic Engineer, Bureau of Reclamation, Denver, CO, skimbrel@usbr.gov, (303)445-2539 
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ANTECEDENT SNOW COVERED AREA ANALYSIS FOR INFLOW DESIGN 
FLOODS 

 
Steven F. Daly, Ph.D., P.E., D.WRE1 

Angela Duren, P.E., P.H., 2 
 

ABSTRACT 
 
There has been an ongoing effort to assess the ability to route the Inflow Design Flood 
(IDF), which is also the Probable Maximum Flood (PMF) for a Success Dam in 
California.  In 2013 a Probable Maximum Precipitation (PMP) and PMF study was done 
for the project using current NOAA Hydrometeorologic Report (HMR)-based procedures 
(HMR No. 58/59 of California) of calculating the PMP and standard USACE policy for 
routing the PMP to develop a PMF. Sensitivity testing reported in 2013 PMP/PMF report 
indicated that antecedent snow assumptions were a significant source of uncertainty.  In 
February 2015, an antecedent snow covered area (SCA) analysis was completed by 
USACE Engineer Research and Development (ERDC) Cold Regions Research and 
Engineering Laboratory (CRREL) for the upstream watershed resulting in a change in the 
general assumption of the coverage of area in each elevation zone of the starting snow 
water equivalent (SWE).  The SCA analysis included an in-depth analysis of satellite data 
from NASA (period of record limited to 2000-2014) and indicated that, even with the 
most conservative assumptions, the snow-covered area is much less than 100 percent per 
elevation band.  After the results were incorporated into the PMF routing parameters, the 
peak pool elevation of the PMF was reduced by 2 feet. 
 

                                                 
1 Research Hydraulic Engineer, U.S. Army Corps of Engineers, Engineer Research and Development 
Center, Cold Regions Research and Engineering Laboratory, 72 Lyme Rd, Hanover, NH 03755, 
Steven.F.Daly@usace.army.mil 
2 District Hydrologist, U.S. Army Corps of Engineers, Portland District333 SW 1st Ave, Portland, OR 
97204, angela.m.duren@usace.army.mil 
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3D ROCK BLOCK ERODIBILITY FOR DAM FOUNDATIONS, SPILLWAYS 
AND TUNNELS 

 
Michael George1 
Nicholas Sitar2 

 
ABSTRACT 

 
Erosion of rock from dam foundations, spillways and tunnels due to hydraulic loading is 
a critical issue for dam safety and operation. The stability of rock blocks is highly 
influenced by the 3D orientations of discontinuities that define block shapes.  For scour 
assessment, however, blocks are typically simplified to rectangular or cubic geometries 
which can lead to improper characterization of the block failure mode as well as incorrect 
determination of block erodibility threshold.  Accordingly, an extensive research 
endeavor was performed to investigate the influence of geologic structure on the 
erodibility of non-idealized 3D rock block geometries.  This paper covers a reliability-
based, block theory framework that was developed for analysis of 3D block erodibility 
based on field and laboratory testing and investigation. 
 
This material is based upon work supported by the National Science Foundation under 
Grant No. CMMI-1363354, with additional support provided by the University of 
California Cahill Chair, and the Hydro Research Foundation. 

                                                 
1 Department of Civil and Environmental Engineering, 413 Davis Hall, University of California – Berkeley 
94720 - e-mail: mike.george@berkeley.edu 
2 Department of Civil and Environmental Engineering, 449 Davis Hall, University of California – Berkeley 
94720 - e-mail: sitar@ce.berkeley.edu 
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EVALUATION OF NEW STORAGE WITH OPTIMAL HYDROPOWER:  
WEISER-RIVER BASIN, IDAHO 

 
Jeremy Giovando, PE 1 

 
ABSTRACT 

 
The results of this analysis indicate there are several positive aspects to the Weiser-
Galloway Project.  These include increased flexibility for delivering flow for the lower 
Snake River; additional renewable energy sources for the Northwest; reduced flood risk 
for the city of Weiser; enhanced water recreation and additional water supply for the 
Weiser River basin.  The analysis was a collaborative project completed by USACE, 
Idaho Department of Water Resources (IDWR), and other stakeholders, including Idaho 
Power Company (IPC).  This study provides information about the potential operating 
criteria, economic benefits, and exchange of water supply associated with the Weiser-
Galloway Project.  For purposes of this document, only the summary results of the 
reservoir modeling are presented and should be considered as one example of how a new 
project in the Weiser River basin could be operated. 

                                                 
1 Hydraulic Engineer, U.S. Army Corps of Engineers, Walla Walla District, Walla Walla, WA 99362, 
jeremy.j.giovando@usace.army.mil 
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INNOVATIVE APPROACHES TO DIFFICULT DRILLING LOCATIONS ON 
HIGH HAZARD DAMS 

 
Benjamin A. Halada, PE1 

Barry L. Bryant, PE2 
Adam Crace, PE3 

 
ABSTRACT 

 
Collecting subsurface data at critical locations is an integral aspect of successfully 
completing geotechnical engineering assessments and designs.   Innovative and creative 
solutions to overcome challenging setups to obtain in-situ specimens and install 
instrumentation are the key in many structural integrity analyses.  The beginning starts 
with a team understanding of the project purpose and requisites.  From this 
comprehension, the required equipment to accomplish the mission and logistical 
challenges can be formulated.  Upmost is the safety of the field personnel and assessing 
and mitigating those risks require significant advanced planning and strategizing by the 
entire team.  
 
This poster provides a review of innovative approaches to difficult setups for 
geotechnical investigations at existing dams and other structures.  It’s a look back at how 
the work was safely accomplished and the upfront planning and designs that were 
required.  Case histories will present equipment setups on 2H:1V slopes, fabrication 
platforms to support specialized equipment and tooling, and specialized equipment 
carriers, vessels and transport vehicles.  Overcoming the challenges and logistics in 
geotechnical investigations will provide insights to the ingenuity of those that perform the 
work.  
 

                                                 
1 Drilling Services Manager, Stantec, 1409 North Forbes Road Lexington KY 40511-2024, Phone: 
859.422.3000, Fax: 859.422.3100, ben.halada@stantec.com 
2 Senior Principal, Stantec Consulting Services Inc., 1409 North Forbes Road 
Lexington, KY  40511, Phone:  859.422.3000, Fax: 859.422.3100, barry.bryant@stantec.com 
3 Senior Associate, Geotechnical Engineer, Stantec Consulting Services Inc., 1409 North Forbes Road, 
Lexington, KY  40511, Phone:  859.422.3000, Fax: 859.422.3100, adam.crace@stantec.com 
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CRACKING IN THIN ARCH CONCRETE DAM – LS-DYNA NONLINEAR 
DYNAMIC STRUCTURAL ANALYSIS 

 
Sherry Hamedian, P.E.1 

 
ABSTRACT 

 
An arch dam is a solid concrete dam, curved upstream in plan. Resisting movement from 
upstream reservoir pressure, arch dams obtain stability by transmitting the loads into 
adjacent canyon walls. Successful arch action is dependent on a unified monolithic 
structure. Structural discontinuities such as open joints or cracks can affect the 
effectiveness of the inherent behavior of the arch. Classification of an arch dam depends 
on the thickness-to-height ratios, which can change the dynamic behavior of the structure. 
 
This paper presents results of an LS-DYNA finite element (FE) dynamic structural 
analysis used to model the behavior of a thin arch dam under seismic loading conditions 
coupled with the presence of existing and progressive cracks along the downstream face, 
formed years after construction. The analysis also modeled removable foundation blocks, 
defined by low angle continuous discontinuities mapped in the right abutment. 
 
The FE model used in the analysis consisted of the double-curvature, thin arch concrete 
dam, uncontrolled overflow crest spillway, existing vertical contraction joints, foundation 
surrounding the dam, upstream reservoir using nonlinear material properties. Loading 
included a dynamic pre-load applied to initiate the existing cracks, gravity, thermal, 
foundation uplift pressure and three-component earthquake time histories. 
 
Spectral analysis of surface waves (SASW) survey was conducted in two phases. Surveys 
provided volumes of relatively low shear wave velocities, which indicate cracked or 
damaged concrete. Data was presented 3-dimensionally to illustrate progression extent, 
direction, depth and orientation of the cracks. Results of the crack geophysical 
investigation were applied to the LS-DYNA finite element analysis. 
 
Results of the structural analysis illustrate the global effect of potential foundation block 
movement and cracking on the stability of a thin arch dam, including inherent behavior to 
redistribute stresses within the concrete and maintain compressive arch action. 

                                                 
1 Civil Engineer, Waterways & Concrete Dams Group I, Bureau of Reclamation, P.O. Box 25007, Denver, 
Colorado, 80225, USA, 303-445-3224, shamedian@usbr.gov 
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FIELD TESTS OF PLACED RIPRAP AS EROSION PROTECTION AGAINST 
OVERTOPPING AND LEAKAGE 

 
Priska Helene Hiller1 
Fredrikke Kjosavik2 

Leif Lia3 
Jochen Aberle4 

 
ABSTRACT 

 
Accidental overtopping or leakage can have fatal consequences for the stability of 
embankment dams. The downstream slopes of rockfill dams in Norway have to be 
protected with placed riprap as prescribed by regulations, to increase their resistance to 
erosion. Placed riprap consists of stones which are placed one by one in an interlocking 
pattern. This paper presents preliminary results from field tests carried out to investigate 
the resistance of placed riprap on steep slopes. Tests were also made using dumped riprap 
for comparison. The temporary test site was situated at the outlet channel of a spillway 
tunnel and water was discharged from the reservoir. For the tests, three 12-m wide and 3-
m high permeable dams were specifically built and secured by riprap with a stone size of 
0.4 m. The tests showed that the constructed placed ripraps could, dependent on the 
boundary conditions, withstand unit discharges of 8 m³/s/m. A reference test with 
dumped riprap withstood approximately 1 m³/s/m, i. e. 1/8 of the unit discharge for 
placed riprap. The results show that placing riprap in an interlocking pattern increases its 
stability considerably compared to random placement. 
 

                                                 
1 PhD Candidate, Department of Hydraulic and Environmental Engineering, Norwegian University of 
Science and Technology, NTNU Trondheim, S. P. Andersens veg 5, NO-7491 Trondheim, +47 73 59 51 
57, priska.hiller@ntnu.no 
2 Student, Department of Hydraulic and Environmental Engineering, Norwegian University of Science and 
Technology, NTNU Trondheim, S. P. Andersens veg 5, NO-7491 Trondheim, fredjoh@stud.ntnu.no 
3 Professor, Department of Hydraulic and Environmental Engineering, Norwegian University of Science 
and Technology, NTNU Trondheim, S. P. Andersens veg 5, NO-7491 Trondheim, leif.lia@ntnu.no 
4 Professor, Department of Hydraulic and Environmental Engineering, Norwegian University of Science 
and Technology, NTNU Trondheim, S. P. Andersens veg 5, NO-7491 Trondheim, jochen.aberle@ntnu.no 
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UNDERWATER CONCRETE REPAIRS — METHODS TO REMOVE 
CONCRETE AROUND ERODED AREAS TO ALLOW FOR PROPER REPAIR 

 
Frank Immel1 
Pat Winkler2 

 
ABSTRACT 

 
Spilling activities or normal operation of a dam can create turbulence in the downstream 
area such as the stilling basin resulting in a significant amount of erosion.  Furthermore, 
if river debris, such as rocks are introduced, significant damage to the downstream side of 
the dam can happen quickly. To repair these area, good practice would say to delineate 
the perimeter of the repair area and create a minimum thickness for the repair concrete 
throughout the area. There are several ways to control the perimeter, utilize existing 
construction / contraction joints or a saw cut to define the repair area. To remove the 
concrete above the minimum replacement depth, chipping hammers are often used but 
are slow and laborious. Another option is hydrodemolition. Using high pressure water, 
35,000 psi, operated from a controlled frame; the entire repair area can be taken down to 
a controlled depth. The high pressure water ‘washes’ away the concrete matrix that 
surrounds and encapsulates the aggregate. It also does not damage the rebar, and will 
provide an excellent bonding surface for the repair material. If required, dowling can be 
installed along the perimeter and throughout the repair area to secure the new reinforcing 
and concrete. Forms can be installed or the concrete can be tremied into the repair areas. 
This presentation would utilize several case studies to show the various methods – saw 
cutting – chipping - hydrodemolition – forms and tremie placement of concrete to make 
repairs to stilling basins. 

                                                 
1 Global Diving & Salvage, Inc., 3840 W Marginal Way SW, Seattle, WA 98106, 206-623-0621, 
fimmel@gdiving.com 
2 Rampart Hydro Services, 530 Moon Clinton Rd., Coropolis, PA 15108, 412-262-4511, 
pwinkler@rampart-hydro.com 
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INVESTING IN COLORADO DAM REHABILITATION PROJECTS 
 

Stephen L. Jamieson, P.E.1 
 

This paper highlights several recently completed or ongoing Colorado dam rehabilitation 
projects.  The water provided by each dam has valuable multi-purpose benefits and 
unique technical and project implementation challenges.  The projects include:    
 

• Clear Lake Dam Replacement – This 110-year-old dam located near 
Georgetown, creates a mutli-purpose reservoir that provides valuable water 
supply, hydroelectric, and recreation benefits.  Risk assessment was used in the 
alternative analysis and design to replace this embankment dam with a new roller 
compacted concrete dam.  
  

• MacFarlane Dam Rehabilitation – Dam safety deficiencies are being addressed 
by the rehabilitation of this embankment dam that is owned by the U.S. Fish & 
Wildlife Service near Walden.  Water in the reservoir is used for agriculture and 
waterfowl and wildlife enhancement.  A unique cooperative federal and state 
project financing package was developed to protect the resource value provided 
by reservoir.   
 

• Willow Creek Dam Rehabilitation – This project involves rehabilitation of 
outlet conduit in this 50-year-old dam that is owned by Colorado Parks and 
Wildlife.  The dam creates Steamboat Lake, one of the most popular recreation 
facilities in Colorado.        
 

• Trout Lake Dam Outlet Works Modifications – This 110-year-old dam, 
located near Telluride, Colorado, provides hydropower and recreation benefits.  
Replacement of the deteriorated timber gate tower was designed to minimize and 
monitor future environmental impacts.      
 

                                                 
1 W. W. Wheeler and Associates, Inc., W. W. Wheeler and Associates, Inc., 3700 S. Inca Street, 
Englewood, CO 80110, 303-761-4130, steve.jamieson@wwwheeler.com 
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SOLVING NUMEROUS DAM ISSUES AT ONCE-UPDATED PROBABLE 
MAXIMUM PRECIPITATION FOR THE TENNESSEE VALLEY AUTHORITY 

 
Bill Kappel1 

Doug Hultstrand2 
Geoff Muhlestein3 

Keil Neff4 
 

ABSTRACT 
 
Applied Weather Associates (AWA) completed an updated  Probable Maximum 
Precipitation (PMP) analysis for the Tennessee Valley Authority (TVA).  Results from 
this project update the PMP values in Hydrometeorological Reports (HMR) 41, 45, 47, 
and 56 as well as HMR 51 PMP values.  Both PMP and TVA rainfall values from these 
HMRs are outdated and needed updating.  Providing understandable and reproducible 
PMP values by incorporating new technologies, meteorological understanding, and 
updating the storm database were the main results of the work.  Data and experience from 
the many site-specific, statewide, and regional PMP studies completed in recent years 
was leveraged whenever possible to provide significant cost and time savings.  The 
information produced provides PMP and TVA rainfall values for all watersheds within 
TVA within the overall domain, including 49 major dams and 3 nuclear facilities.  The 
results provide best estimates of most extreme storm events which is essential in the 
evaluation of flood hazards, spillway capacity, reservoir management practices and many 
other important aspects of dam safety and operations.  The PMP depths and TVA rainfall 
information were provided on a 2.5-square mile grid and at hourly time steps from 1-hour 
through 120-hours.  The database developed will be used not only for the explicit 
purposes of this work, but also for future projects to better understand rainfall and 
hydrology in the region.  This presentation will give an overview of the work completed, 
results, and TVA perspectives of how the results will utilize be used. 

                                                 
1 Applied Weather Associates, LLC, PO Box 175, Monument, CO 80132, (719)-488-4311, 
billkappel@appliedweatherassociates.com 
2 Applied Weather Associates, LLC, PO Box 175, Monument, CO 80132, (719)-488-4311 
3 Applied Weather Associates, LLC, PO Box 175, Monument, CO 80132, (719)-488-4311 
4 Tennessee Valley Authority, 400 West Summit Hill Drive, Knoxville, TN 37902,  (865) 632-2886 
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DESIGN-BUILD CONSTRUCTION OF THE PANAMA CANAL BORINQUEN 
DAMS 1W, 2W, AND 2E 

 
Gabriel Martinez1 

Wonnie Kim2 
Carlos Zambrano3 

 
ABSTRACT 

 
The Panama Canal Expansion Project included the construction of four dams that will 
allow navigation access to the new Pacific Post-Panamax Locks (Pacific Locks). This 
paper describes the design and construction aspects of three of the dams:  Borinquen 
Dams 1W, 2W and 2E. These Dams are part of the design-build contract for the Third Set 
of Locks, one of several contracts under the overall Expansion Program. Several unique 
challenges related to foundation conditions, high seismic hazards, and tropical 
environments were addressed in the design-build construction of the dams. The footprints 
of the dams encompass several active fault crossings and multiple geologic formations, 
ranging from columnar basalt to weak claystones and shales prone to slaking and 
degradation. In addition, the unique nature of the tropical environment implied particular 
challenges related to the behavior of residual soils available for the clay core as well as 
construction impacts due to heavy precipitation and long wet seasons. 
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DEVELOPING AN UPDATED PMP ESTIMATE WITHIN THE HMR 51 
“STIPPLED REGION:” BALL MOUNTAIN DAM 

 
Charles McWilliams1 

 
ABSTRACT 

 
The PMP estimates for Ball Mountain Dam, with a drainage area of approximately 170 
mi2, were updated using a site-specific method as outlined in the NOAA HMRs and the 
WMO Manual on Estimation of PMP. Since Ball Mountain Dam resides in the "stippled 
region" outlined in HMR 51 (Probable Maximum Precipitation Estimates, United States 
East of the 105th Meridian), a more detailed analysis was required than the steps outlined 
in HMR 52 (Application of Probable Maximum Precipitation Estimates - United States 
East of the 105th Meridian). This study required an analysis of the effect of local 
topography on precipitation patterns as well as the inclusion of extreme storms that have 
impacted the region since the publication of HMR 51. By implementing the techniques 
outlined in NOAA Technical Memorandum NWS HYDRO 41 (Probable Maximum 
Precipitation Estimates for the Drainage Above Dewey Dam, Johns Creek, Kentucky), 
HMR 55A (Probable Maximum Precipitation Estimates – United States Between the 
Continental Divide and the 103rd Meridian), and HMR 59 (Probable Maximum 
Precipitation for California), the orographic component of PMP for the region was 
calculated and a basin-specific estimate of PMP was calculated. The results of a 72-hour 
PMP depth of 21.15” was a 13.9% reduction from the 24.57” calculated in the 1990 Ball 
Mountain Lake Spillway Design Flood Review, which relied on the generalized PMP 
estimates from HMR 51. 

                                                 
1 U.S. Army Corps of Engineers-Omaha District, 1616 Capitol Avenue, Suite 9000-ED-HE, Omaha, NE 
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THE NEED FOR UPDATING SITE-SPECIFIC PMP ESTIMATES: LESSONS 
LEARNED AND A WAY FORWARD 

 
Charles McWilliams1 

 
ABSTRACT 

 
Many of the currently used Probable Maximum Precipitation (PMP) estimates that are 
used by Reservoir Managers in the development of Probable Maximum Flood (PMF) 
studies are based upon the guidance from Hydrometeorological Reports (HMRs) 
produced by the National Weather Service. While these estimates have been useful and 
their methods still valid, many have not been updated in several decades and, thus, do not 
include recent extreme storms as part of their analysis. In addition, the precipitation 
depths from the HMRs are considered to be "generalized" PMP estimates and may 
therefore not truly compensate for basin specific considerations; this is particularly the 
case in regions where orographic influences have significant impact on precipitation 
totals. The increases in computational ability as well as GIS advancements have made it 
possible to more efficiently calculate site-specific PMP estimates while still maintaining 
consistency with the established methods as outlined by NOAA (in the HMRs) and the 
World Meteorological Organization (in the Manual on Estimation of PMP). The 
development of these updated estimates will provide Reservoir Managers with greater 
confidence in the results, which maintain an appropriate level of conservatism for dam 
safety without an over-estimation of PMP depths that result in many cases from the use 
of the "generalized" estimates. 
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A PERFORMANCE-BASED APPROACH TO DEVELOPING FRAGILITY 
CURVES FOR STRUCTURES SUBJECT TO SEISMIC LOADING 

CONDITIONS 
 

Kunal Menda1 
Mo Zhao2 

Spenser Anderson3 
Ziyad Duron, PhD4 

 
ABSTRACT 

 
Performance-Based Testing (PBT) is a new experimental technique developed to assess 
the performance of a structure by measuring its response to a high-amplitude, short-
duration impulsive load. The response of the structure to seismic loading can obtained 
through convolution of the recorded impulse response and an earthquake time history. 
This paper outlines a method for determining experimentally derived fragility curves 
using information obtained through PBT. Specifically, the procedure of creating a 
fragility curve for a given failure criterion, demand parameter, and intensity measure is 
described. A structure’s calculated response to an earthquake is used to determine a 
corresponding measurement of a demand parameter, which is then compared to a failure 
criterion to determine if the structure fails. By finding the responses to several 
earthquakes of different intensity, a probability of failure can be determined as a function 
of the intensity measure, thus generating the fragility curve. The ability of a finite 
element model to enhance the precision of these calculations is evaluated. This paper will 
then discuss the experimental fragility curve calculation in the context of a case study for 
a concrete arch dam. Finally, this paper will conclude by discussing the advantages of 
this approach to determining fragility curves, including its experimental basis as well as 
computation time.   
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4 Professor of Engineering, Harvey Mudd College, Claremont, CA, 91711, duron@hmc.edu 
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IMPLEMENTING LESSONS LEARNED FROM WHEELER LOCK COLLAPSE 
ON NEW LOCK CONSTRUCTION PROJECTS 

 
Michael A. Morrison, PMP, PE1 

Bernard Schulte, PE2 
 

ABSTRACT 
 
Lock walls experience hydraulic loadings and stresses very similar to concrete dams.  For 
locks, the frequency of high and low water conditions is much greater due to chamber 
water levels that rise and fall quickly.  
 
In 1961, the Tennessee Valley Authority (TVA) began construction on the Main Lock at 
Wheeler Dam.  On June 2, 1961, the adjacent Auxiliary Lock experienced a catastrophic 
failure while the chamber was full, and flooded the construction site for the Main Lock.  
The subsequent investigation findings by independent consultants led to a change in the 
construction approach for TVA navigation projects from that time forward. 
 
The new approach features additional conservatism in the analysis of existing lock walls 
which abut the construction sites for new locks.  This conservatism can be found in the 
post-tensioning of lock walls and the implementation of the checkerboard excavation 
concept.  The checkerboard excavation concept features the deliberate staging of an 
excavation so that pre-designed masses of rock foundation blocks are left behind adjacent 
to the existing lock wall during the initial construction stages of a new lock for 
stabilization.  In this fashion, excavation work and focused blasting operations can take 
place while commercial river traffic passes through the existing lock, often located 
adjacent to the blasting area.  These measures require significant investments in 
instrumentation and monitoring of the construction site to ensure worker safety and 
structure stability. 
 
This paper will describe how the measures to maintain river traffic during construction of 
new locks were implemented at a new lock constructed by TVA in the 1980s and at the 
Kentucky Lock which is under construction at this time.  Results of instrumentation and 
monitoring programs will be discussed as a means to document the effectiveness of the 
new measures. 
 

                                                 
1Senior Program Manager, Dam Safety, Tennessee Valley Authority, 1101 Market Street, Chattanooga, TN 
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INTEGRATION OF MULTIPLE GEOPHYSICAL METHODS FOR THE 
DEVELOPMENT OF A HYDROGEOLOGICAL MODEL IN A KARST 

TERRANE - BOONE DAM 
 

Jeffrey W. Munsey1 
Lindsay C. McMichen2 
Ronald D. Kaufmann3 

Kevin Hon4 
 

ABSTRACT 
 
An extensive program of primarily surface-based geophysical methods was a critical 
early step in addressing karst-related sinkhole and seepage issues recognized at Boone 
Dam in the Fall of 2014 and a significant contribution to development of the Boone Dam 
hydrogeological model.  Specifically, microgravity, electrical resistivity, spontaneous 
potential and seismic refraction surveys were used to characterize subsurface geologic 
and hydrologic conditions.  Integration of results amongst these geophysical methods and 
correlation with results from boreholes and surface geologic mapping proved to be very 
valuable in understanding the hydrogeology of the site.  Results from the microgravity 
survey were especially beneficial when compared to trends observed from borehole data 
and geologic mapping.  The depth and degree of carbonate dissolution is strongly 
influenced by geologic structure at Boone Dam and microgravity assisted in confirming 
this finding.  Integrated models developed from the geophysical data were also used to 
identify potential groundwater flowpaths and to significantly revise the top of bedrock 
map across the site.  In addition, the results of the geophysical exploration guided 
additional borings and dye tracing programs, and focused spontaneous potential surveys 
to further refine the hydrogeologic models. 

                                                 
1 Geophysicist, Tennessee Valley Authority, Safety, River Management, and Environment, 400 West 
Summit Hill Dr, WT10C, Knoxville, TN 37902, Phone: 865 632 4777, jwmunsey@tva.gov 
2 Geologist, Tennessee Valley Authority, Safety, River Management, and Environment, 1101 Market 
Street, Chattanooga, TN 37402, Phone: 423 751 8078, lcooper@tva.gov 
3 Geophysicist, Spotlight Geophysical Services, 4618 NW 96 Avenue, Doral, FL 33178, Phone: 305 607 
2377, ron@spotlightgeo.com 
4 Geophysicist, S&ME, Inc. , 4291 Highway 58, Suite 101, Chattanooga, TN 37416, Phone: 423 499 0957, 
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MODERNIZATION OF USACE WATER MANAGEMENT DECISION 
SUPPORT SYSTEMS 

 
Chandra S. Pathak1 
Christopher Dunn2 

 
ABSTRACT 

 
US Army Corps of Engineers (USACE) is modernizing water management decision 
support system to advance its water management mission. The USACE is responsible for 
round-the-clock monitoring and operation of more than 700 reservoirs, locks and dams 
and other water control projects, and during flood and drought operations. Corps Water 
Management System (CWMS) is the automated information system at enterprise level, 
which supports USACE’s Water Management mission. CWMS integrates real-time data 
acquisition, database storage, flow forecasting of watershed runoff, reservoir operation 
decision support, river profile modeling, inundated area determination, 
consequence/damage analysis, and information dissemination into a comprehensive suite 
of software supporting water management decision processes. CWMS is being nationally 
implemented by the USACE’s 35 districts in 201 watersheds. 
 
CWMS retrieves precipitation, river stage, gate settings and other data from field sensors, and 
validates, transforms and stores those measurements in a database.  CWMS is an enterprise 
version  that uses an Oracle database and Sun Solaris workstations for data processes, storage 
and the execution of models, with a client application, the control and visualization interface, 
that runs on a client server.  HEC-RTS (Real-Time System) is the same system as CWMS but 
it is a standalone PC-based (not client-server). It direct access to all simulation models, which 
obtain time-series data from HEC-DSS (not Oracle). 
 
CWMS  provides support for operational decision making by forecast simulation modeling 
using any combination of the following models.  Rainfall-runoff modeling with HEC-HMS 
based on gaged or radar-based precipitation, Quantitative Precipitation Forecasts (QPF) and 
other future precipitation scenarios provides forecasts of uncontrolled flows into and 
downstream of reservoirs.  Simulation of reservoir operations with HEC-ResSim provides 
operational decision information for the engineer.  The river hydraulics program HEC-RAS 
computes river stages and water surface profiles for these scenarios.  An inundation boundary 
and depth map of water in the flood plain is calculated from the HEC-RAS results using 
ArcGIS.  The economic impacts of different flow alternatives are computed by HEC-FIA.  
The user-configurable sequence of modeling software allows engineers to evaluate 
operational decisions for reservoirs and other control structures, and view and compare 
hydraulic and economic impacts for various “what if?” scenarios. 

                                                 
1 Hydrology, Hydraulic, and Coastal Community of Practice, Headquarters, US Army Corps of Engineers, 
Washington DC, Phone: 202-761-4668 Email: chandra.s.pathak@usace.army.mil 
2 12Hydrologic Engineering Center, Institute for Water Resources, U.S. Army Corps of Engineers, 609 
Second Street, Davis, CA 95616; Phone: 530 756-1104 Email: christopher.n.dunn@usace.army.mil 
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 RESEARCH ON SELECTED FAILURE MODES OF EARTHEN STRUCTURES 
 

Michael K. Sharp1 
Maureen K. Corcoran2 

 
ABSTRACT 

 
The U.S. Army Corps of Engineers (USACE) has been engaged for several years now, 
through both the Dam and Levee Safety programs, performing risk assessments of all 
dams and levees within their portfolio.  The portfolio consists of more than 700 dams, the 
vast majority of which are earthen structures, and more than 2500 levee systems.  
Findings from the assessments have shown that the major risk drivers for these earth 
structures are related to erosion (internal and external), overtopping, poorly designed and 
constructed intrusions, such as pipe crossings, and other factors to a lesser degree.  The 
predominant risk driver for levees and, to a large extent, for dams is erosion, either 
internal or surface.  Therefore, USACE is currently supporting research to investigate 
several failure modes with emphasis on both internal and surface erosion.  This 
presentation will highlight research efforts to date and results of investigations related to 
internal erosion leading to piping failures and surface erosion leading to breaching.  
Results will be presented from laboratory-scale model testing to understand and properly 
capture the physics of the problems as well as field testing and data collection for 
verification and validation.   

                                                 
1 U.S. Army Corps of Engineers, Engineer Research and Development Center, 3909 Halls Ferry Road, 
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2 U.S. Army Corps of Engineers, Engineer Research and Development Center, 3909 Halls Ferry Road, 
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ASSESSING AND EVALUATING THE OPERATION OF PRESSURE CELLS IN 
EMBANKMENT DAMS: A CASE STUDY OF FIVE IRANIAN EMBANKMENT 

DAMS 
 

Bahareh Shoghli1 
Ali Asghar Mirghasemi2 

Yeo Howe Lim3 
 

ABSTRACT 
 
Overtopping is one of the important dynamic factors leading up to an embankment 
failure. An overtopping can occur when a reservoir level reaches the crest of an 
embankment dam where water can either flow inside the dam body or over the 
downstream shells. When the reservoir level is at the near-overtopping level, the water 
content of permeable materials is raised, and the effective stress decreases. The 
probability of cracks occurring increases as shear stresses between different layers or 
zones of fill materials, used in embankment construction become overwhelming due to 
the decreasing effective stresses.  
 
Earth pressure cell is one of the most useful instrument used for monitoring total 
pressures in earth-fill and embankment dams, the essential information for predicting 
dam failure. The cells  are usually installed in clusters, and each  cluster consists of three 
to five earth pressure cells. 
 
Monitoring and evaluating the behavior of the dams during construction and operation 
time is an important role in providing the safety of dams. Accurate monitoring needs the 
comprehensive, accurate and truthful information. These are provided by the instruments 
that are installed in the important and sensitive part of the structure.  
 
In this research, measured data from earth pressure cells in five Iranian embankment 
dams are used to investigate the internal consistency of the pressure cells. Depending on 
the type of the available data (number of pressure cells in one plane) and stage of the dam 
for which the data is measured, three methods are used to find the consistency of the 
earth pressure cells. 

 

                                                 
1 Graduate student, Department of Civil Engineering, University of North Dakota, USA, 
Bahareh.shoghli@und.edu. 
2 Professor, School of Civil Engineering, College of Engineering, University of Tehran, Iran, 
aghasemi@ut.ac.ir 
3 Associate Professor, Department of Civil Engineering, University of North Dakota, USA, 
howe.lim@engr.und.edu 
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STABILITY OF SLOPES IN EMBANKMENT DAMS 
 

Gopi Siddappa1 
Santhosh G. Gowda2 

 
ABSTRACT 

A slope is an unsupported, inclined surface of a soil mass which is natural or manmade. 
These may be above ground level as embankments or below ground level as cuttings. 
Instability may result due to gravity, rainfall, increase in groundwater table, construction 
on top of the slope and changes in stress conditions. The sliding will occur if shear stress 
developed in soil exceeds the corresponding shear strength of the soil. The engineering 
solutions to slope instability problems require good understanding of analytical methods, 
investigative tools and stabilization measures. The computerized slope modeling is a 
novel method of solving geotechnical problems. In the present investigation bearing 
capacity, angle of friction, unit weight and cohesion of soil have been considered by 
varying the soil parameters and its effect on safety of slopes. 

The limit equilibrium method is well known for a statically indeterminate problem and 
assumptions on the distributions of internal forces are required for the solution of the 
factor of safety. The critical failure surfaces from the limit equilibrium method and the 
factor of safety appear to be the primary quantity is of interest. In the present study, two 
slip surface options are used for finding the critical failure surface and factor of safety, 
for different limit equilibrium methods under different conditions. With this intension, 
limit equilibrium method is used.  SLOPE/W, is adopted to study the causes of failure 
and to avoid the failures of slope as far as possible. From the parametric study, it is 
observed that the factor of safety increases with the increase in cohesion and friction of 
the soil.  
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AN UNMANNED AERIAL VEHICLE (UAV) INSPECTION OF A LARGE 
DOUBLE CURVATURE ARCH DAM 

 
Frederic Snider1 
Tom Fitzgerald2 
Robert Cannon3 

Joe Vaughn4 
 

ABSTRACT 
 
An unmanned aerial vehicle (UAV) was used to inspect a high, double curvature arch 
dam. [Project specifics withheld until final dam owner approval is received.] The double-
curvature design of the dam results in the crest extending further downstream than the 
base of the dam. Past inspection of the downstream face of the dam and gates was 
completed by rappelling off the crest of the dam. The safety aspects of this approach led 
the dam owner to experiment with a UAV system to provide systematic, high-resolution 
digital images of the entire concrete face, spillways, gates, and abutment rocks. The 
resulting images allow close inspection by the entire team via computer in the safety of 
the office, provides complete digital photographic coverage of the dam, abutments and 
appurtenant structures as a baseline for future surveys, documents the positions, length 
and characteristics of hairline cracks on the downstream face, and documents the relative 
amount of seepage around gate seals and from the abutment rocks. Thermal imaging of 
the dam face and abutments was also completed as a test for identification of potential 
areas of incipient seepage or wetting. 
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RITSCHARD DAM MONITORING: 
AWARENESS LEADS TO LEARNING WHICH LEADS TO ACTION 

 
Ray D. Tenney1 
Don B. Meyer2 

Michael R. May3 
 

ABSTRACT 
 
Ritschard Dam, a rockfill dam with a thin clay core, has experienced settlement of over 2 
feet of its 140 foot overall height since completion in 1995.  Settlement has been 
accompanied by 0.75 feet downstream displacement of the dam crest.  Instrumentation 
installed in 2009 thru 2014 shows displacements are exacerbated by reservoir load.  The 
displacement pattern is repeated in three monitored sections across the dam to varying 
degrees.   
 
Inclinometer and surface monument monitoring shows the top 1/3 of the embankment is 
moving downstream along a 10 foot thick deformation zone where the potential for core 
shearing may be a concern.  Internal core pore pressures are elevated above the reservoir 
surface and respond quickly to reservoir loading and unloading.  Development of a FLAC 
(Fast Lagrangian Analysis of Continua) model, attributed and calibrated with laboratory 
and field test data and instrumentation monitoring data, has suggested that the 
deformations are not likely to abate in the near future.  The owner is working with a 
design team utilizing the FLAC model to evaluate remediation needs and alternatives. 
 
The ability to move confidently toward a recommended remedial action plan has only 
been possible due to the extensive monitoring program which grew over time to 
thoroughly observe embankment behavior.  Only through extensive monitoring has it 
been possible to identify the causes and solutions to the ongoing deformation. 
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APPLICATION OF RECENT WAVE OVERTOPPING AND WIND STUDIES 
RESULTS ON THE HERBERT HOOVER DIKE 

 
Robert C. Tucker, P.E.1 

Amanda B. Lavigne, P.E.2 
Melissa J. Reynolds, P.E3 

 
ABSTRACT 

 
Lake Okeechobee located in south Florida is the heart of the region’s water resource 
needs that include flood control from Orlando to the Everglades, and water supply for 6.7 
million people, 3.0 million acres of designated natural areas, and 0.7 million acres of 
abutting agricultural lands.  Essential to the storage capacity of Lake Okeechobee is the 
Federal project’s perimeter embankment known as the Herbert Hoover Dike (HHD).  The 
HHD has been undergoing formal USACE Risk Assessment and Dam Safety 
Modification Study efforts over the past several years that have included the re-
evaluation of winds, wind-generated waves, wave overtopping, and resulting potential for 
breaching of the embankment.  Because of the HHD location and the potential for 
tropical cyclones (one eyewall diameter from the Atlantic Ocean and Gulf of Mexico), 
wind generated waves and correlated impacts on embankment through erosion play a 
significant role in the evaluation of risk and potential need for embankment 
modifications.  A wind study unique for HHD’s location was undertaken to evaluate 
cyclonic wind field magnitude, size, and temporal characteristics in terms of probability.  
The USACE contracted with Applied Research Associates, Inc. to utilize their experience 
and extensive peer reviewed cyclone dataset to complete this study.  Results of this study 
were subsequently applied to wind generated wave relationships that allow for wind 
setup, wave run up and wave overtopping quantifications.  An overtopping-erosion study 
unique for south Florida soils and vegetation, including that of HHD, was deemed 
necessary to evaluate the relationship of wave overtopping to the start of failure of an 
embankment.  The USACE contracted with Colorado State University to utilize their 
wave overtopping simulator equipment and expertise to run tests simulating the wave 
spectrum and wave characteristics expected under design storm conditions. This poster 
illustrates some of the newly derived wind design criteria, Colorado State University 
overtopping results, as well as a synopsis of how it was all utilized in a Failure Mode 
Event Tree. 
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BEAT THE HEAT AND AVERT THE FLOODS — CONSTRUCTING TEMPE 
TOWN LAKE DAM 

 
Stewart S. Vaghti, P.E., CFM1 

Adam Gordon2 
Tim Weber3 

Christopher Kabala, P.E.4 
Andrew Goh, P.E.5 

 
ABSTRACT 

 
The City of Tempe is constructing a hydraulically operated steel gate dam across the Salt 
River immediately downstream of the existing Tempe Town Lake and rubber bladder 
dam in Tempe, Arizona.  After the existing dam failed in 2010, the City of Tempe is 
tasked with constructing the replacement dam while maintaining the urban lake, 
accommodating adjacent community amenities, and managing flows in the ephemeral 
Salt River.  The significant hazard dam consists of eight steel gates supported by a dam 
structure with of over 20,000 cubic yards of roller-compacted concrete and over 20,000 
cubic yards of conventional concrete.  The construction sequencing, schedule and 
approach must accommodate sudden monsoon flow events; releases from the upstream 
rubber bladder dam; an existing levee system; challenging groundwater and geologic 
conditions; the blistering summer temperatures; an active recreational lake; and the active 
Tempe Center for the Performing Arts.  The concrete superstructure, piers and anchor 
bolts must also meet tights tolerances to accept each 107-foot long, 17-foot high, and 
260,000-pound steel gate that is fabricated offsite within two separate states before being 
assembled on-site.  Each unique challenge requires an adaptive approach to mitigating 
the risks.  This poster presentation tells the story of unique challenges and their 
countermeasures implemented during the construction of Tempe Town Lake Dam. 
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412-418-3747, tweber@gfnet.com 
4 Senior Civil Engineer, City of Tempe, 31 E. Fifth Street, Tempe, AZ 85281, 480-350-8585, 
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480-350-8896, Andy_Goh@tempe.gov 
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INTEGRATED GEOLOGIC AND GEOPHYSICAL INVESTIGATION 
PROGRAM FOR AMISTAD DAM ON THE US-MEXICO BORDER 

 
Juan Vargas, PE1 Khaled Chowdhury, PE, GE2 
David Simpson, PG, CEG3 Kimberly Heenan, PE4 
Luis Hernandez5 Stephen Morris, MBA, PMP6 

Lisa Nowicki7 
 

ABSTRACT 
 
Amistad Dam is one of the major dams owned and operated by the International 
Boundary and Water Commission (IBWC). IBWC is a binational Commission created by 
the United States and Mexico Governments to address issues related to the application of 
United States – Mexico treaties regarding among other things sanitation, water quality, 
and flood control issues along the border region. The total length of the dam is 9,760 
meters and consists of a 665 meter long and 290 meter high concrete gravity section, in 
the Rio Grande (Rio Bravo in Mexico) river, which is flanked by 2,591 meters of earth 
embankment in the United States and 6,504 meters of earth embankment in Mexico. The 
Dam has been assigned a Dam Safety Action Classification (DSAC)-II Potentially 
Unsafe rating by a joint technical advisor group consisting of representatives from the 
USACE, la Comisión Nacional de Aguas de Mexico (CONAGUA), USBR, other 
consultants, and IBWC. In 2008 IBWC initiated a program to conduct an evaluation of 
Amistad Dam. USACE is currently performing a Dam Safety Modification Study 
(DSMS). In support of that study IBWC is currently conducting a comprehensive site 
investigation of Amistad Dam. 
 
The main geologic unit of the dam is Georgetown Limestone, which exhibits soluble 
nature and includes fractures and cavities. Numerous sinkholes have been developed in 
the upstream of the dam in the last several decades. The eastern embankment of the dam 
(US side) also has potential for filter incompatibility. The technical advisory panel 
identified six major potential failure modes of Amistad Dam, which are related to 
foundation (solution cavities) and embankment (filter incompatibility) conditions. A  
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4 4 Project Engineer, AECOM, 16000 Dallas Parkway, Suite 350, Dallas, Texas 75248, 
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6 6 Project Manager, USACE, 1645 S 101 E Ave, Tulsa, Oklahoma, 74128, 
stephen.s.morris@usace.army.mil; 918 669 7222 
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major field investigation program consisting 71 soil borings, 30 piezometers, 30 test pits 
as well as a geophysical survey and dye tracing study have been performed. The 
geophysical study for the project included microgravity, electrical resistivity imaging 
survey, and multichannel analysis of surface wave survey (MASW). The locations of the 
geophysical survey were determined based on construction history, past performance, 
geology, and topography. The results of the geophysical survey along with construction 
history, geologic, geophysical, and topographical conditions were utilized to select boring 
locations to characterize the potential failure modes. The findings of the borings 
have matched well with the target conditions such as potential geophysical anomalies, 
cavities, faults, historical channels, overburden sandy soils, and embankment zones. The 
results of this comprehensive subsurface investigation program will be used to identify 
the foundation and embankment characteristics of this important dam and develop 
remedial measures. 
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SEISMIC EFFECTS ON BRIDGES – STRUCTURAL ANALYSIS OF PIT RIVER 
BRIDGE 

 
Hillery Venturini, P.E1 

 
ABSTRACT 

 
Demand for more water storage behind Shasta Dam has prompted a dam raise storage 
study. A proposed reservoir water level increase would submerge the bearing anchor 
connections of the Interstate 5 Pit River Bridge, located upstream of Shasta Dam. In 
response, design of a feasibility-level bearing protection structure for the connections was 
initiated.  
 
Pit River Bridge, built in 1942, is the highest traffic and rail bridge in the world. The 
bridge provides accessibility for vehicular and rail traffic across the Pit River extending 
along thirteen spans, supported on ten piers and four abutment supports.  
 
Effects of the proposed modification to the existing bridge structure under normal and 
dynamic loading were addressed using a finite element (FE) linear structural analysis and 
methodology consistent with California Department of Transportation. The FE model 
used in the analysis consisted of the steel superstructure, concrete piers, composite 
highway bridge deck and constraints of joint connections between the steel superstructure 
and concrete piers, as well as, between the suspended bridge span and adjacent bridge 
spans. Dead load of the steel truss superstructure, the railroad, and the modified highway 
deck, along with live load associated with the highway and railroad, and seismic loads 
from the reservoir and the new bearing protection structures were included in the model. 
Three-component free field acceleration time-histories applied at the base of the concrete 
bridge piers to evaluate seismic performance of the proposed bridge modifications.  
 
Results of the analysis were compared to the allowable and ultimate tensile and buckling 
capacities of the members of the superstructure. Demands on the piers from dead and live 
loads including hydrodynamic interaction from the reservoir were also evaluated.  
 
This paper presents general observations of the linear dynamic finite element structural 
analysis performed for the Pit River Bridge and support for additional, more advanced 
analyses for complex applications.
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ANALYZING SUBMERGED JET EROSION TEST DATA TO PREDICT SCOUR 
OF COHESIVE SOILS 

 
Tony L. Wahl, M.S., P.E.1 

 
ABSTRACT 

 
Erosion of cohesive soils is a critically important process for a diverse set of problems 
confronting civil engineers, including embankment erosion and breach, earthen spillway 
erosion, stream bank migration, river channel degradation, rill erosion, and bridge pier 
scour. Recently, models to predict the rate and/or extent of erosion for many of these 
applications have become more physically based, incorporating stress-based simulation 
of detailed erosion processes. Soil erosion in most of these applications is viewed as a 
detachment limited process, and the most common modeling approach has been the use 
of the linear excess stress equation, with soil erodibility parameters established through 
laboratory or in situ erosion tests, such as the submerged jet erosion test (JET). Several 
different methods have been proposed recently for analyzing the data collected during a 
JET, with sometimes dramatically different results. This paper evaluates and compares 
five different approaches, three based on the linear excess stress equation, one based on 
the nonlinear excess stress equation, and one based on the nonlinear and mechanistically 
based Wilson erosion model. 
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BOUNDARY DAM SPILLWAY NO. 2 MODIFICATIONS 
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Kim Pate, P.E.3 
Daniel Kirschbaum, P.E.4 
Joe Groeneveld, P.Eng.5 
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ABSTRACT 

 
The City of Seattle, City Light Department (City Light) working with Hatch Associates 
Consultants, Incorporated (Hatch) and Hatch’s consultants at Alden Hydraulic Labs 
(Alden) planned, designed and provided engineering support during construction for 
modifications to Spillway No. 2 on the right abutment of Boundary Dam near Metaline 
Falls, Washington State. The modifications involved the installation of nine baffle blocks 
with an upstream ramp structure that provides external air to the flow over and around the 
blocks. The ramps and blocks create an efficient breakup of the chute jet prior to its drop 
into the plunge pool, thereby helping to limit overall gas transfer. The project was 
constructed and successfully commissioned by December 2014.  
 
This paper presents challenges faced in planning, design and construction of the Spillway 
No. 2 modifications. The hydraulic design of the ramp and baffle blocks required 
extensive hydraulic analysis using both physical and numerical modeling. The design was 
informed by the installation and prototype performance experience provided by Alden. 
The physical model coupled with the numerical model and field studies have allowed 
total dissolved gas (TDG) performance to be investigated and predicted for a wide range 
of spill flow, spillway baffle block and ramp arrangements. Geotechnical issues included 
investigation of the right abutment rock structure and abutment stability in the design of 
80 foot long post tensioned baffle block anchors. Three dimensional modeling of the right 
abutment helped to better understand the geologic setting and physical constraints for the 
design of the baffle block anchors. 
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THE SCHAAKE PROPERTY HABITAT IMPROVEMENT PROJECT: 
CHALLENGES, PROCESS, AND GOALS FOR SETBACK OF THE SCHAAKE 

LEVEE 

J. Woidt, PE1 
P. Monk2 

R. Hilldale, PE3 
T. Cotten, PE4 

J. Graham5 
 

ABSTRACT 
 

The Bureau of Reclamation is planning to setback the existing Schaake Levee to enhance 
floodplain connectivity of the 272-acre Schaake Property to enhance aquatic habitat for 
threatened salmonids and offset wetland impacts from irrigation conservation 
improvements in the Yakima Basin in central Washington. The existing Schaake Levee is 
a PL84-99 levee that resists bank erosion and provided protection against frequent 
flooding for former agricultural and industrial operations. Following the cessation of 
livestock production and meat processing on the property, the Bureau of Reclamation 
purchased the property in 2003 through the Yakima River Basin Water Enhancement 
Program and convened a stakeholder group to develop goals for the project. The 
stakeholder group represented a broad range of interests, including Federal, state, Tribal, 
county, and city government as well as NGOs, landowners, water users, and local 
industry. Through a collaborative process, stakeholders identified project challenges 
including convergence of the Yakima River and Wilson Creek floodplains, regulated 
hydrology, on-site irrigation infrastructure, phosphorous-rich soils, on-going bank 
erosion, and nearby land uses. Project goals were defined with input from the stakeholder 
group and included providing aquatic habitat for threatened salmonids, restoring 
geomorphic function, managing flood risk for the Yakima River and Wilson Creek, and 
planning for future opposite-bank and downstream restoration projects. As currently 
proposed, the project would meet stakeholder-set goals by restoring wetlands and aquatic 
habitat through reconnection of approximately 120 acres of the geomorphic floodplain of 
the Yakima River and construction or reconnection of 7,500 feet of side channel while 
reducing flood risk for nearby critical infrastructure and maintaining flood risk protection 
and present land uses for other neighboring property. The new 1.5-mile long levee is 
currently planned to be constructed in two phases in 2017 and 2018. 
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SELECTING A DAMAGE CRITERION FOR FRAGILITY CURVES DERIVED 
FROM PERFORMANCE-BASED TESTING 

 
Mo Zhao1 

Spenser Anderson2 
Kunal Menda3 

Ziyad Duron, Ph.D.4 
 

ABSTRACT 
 
A fragility curve is a mapping that gives the probability of an asset becoming damaged as 
a function of the intensity of the excitation to which the asset is exposed. In constructing 
such a curve, a precise definition of damage in its relation to the asset must be employed. 
In this paper, a process is described for quantifying damage on a large concrete dam 
using the calculated earthquake responses predicted by Performance-Based Testing 
(PBT).  An advantage of the analysis procedure is that it provides a context for selecting 
suitable damage criteria for large concrete dams. Specifically, the maximum 
displacement of a point on the dam is justified as a proxy for the maximum stress endured 
at some point on the dam, and maximum stress in turn is used as a measure of potential 
damage. It is found that reasonable estimates of fragility curves can be constructed by 
employing simplified damage criteria based on the height of the dam alone. However, it 
is found that employing more complex strategies for quantifying damage that utilize 
finite element models enable greater specificity at the cost of additional modeling 
assumptions. 
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