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COMMISSIONER’S INTRODUCTION

While I was regional director of the Lower Colorado Region in Boulder
City, it was a great pleasure to be the executive sponsor of Reclamation’s Centennial
activities. This is one of the last of these activities to reach fruition. Commissioner
John W. Keys III and I opened the history symposium the day after the Water for the
West Foundation sponsored a spectacular birthday party for Reclamation at Hoover
Dam.

The Bureau of Reclamation has a grand tradition of which I have been part
since 1975 when I started work in the regional office in Sacramento. Reclamation’s
history closely parallels that of the development of the twentieth century American
West. Reclamation was established in 1902 by President Theodore Roosevelt to
“make the desert bloom.” Reclamation projects have been the seed for many of
the modern American West’s large agricultural and metropolitan centers. I have
watched completion of the Central Arizona Project and seen its effect on growth in
Valley of the Sun communities.

Today, Reclamation provides one out of five Western farmers with water for 10 mil-
lion irrigated acres. These farmlands produce sixty percent of the nation’s vegeta-
bles and twenty-five percent of its fruits and nuts. We are the largest electric utility
in the seventeen western states (operating 58 hydropower plants) and the nation’s
largest wholesale water supplier, administering 348 reservoirs with a total storage
capacity of 245 million acre-feet. Nearly 30 million people all over the West depend
on Reclamation projects for their municipal, industrial, and domestic water supplies.

Throughout its history, Reclamation has been an innovator in the engineering and
science of dam design and construction, hydroelectric power production and deliv-
ery, water delivery, conservation, and multipurpose uses of water. Reclamation’s
masonry dams represent a distinguished lineage and include many landmarks of the
West: East Park, Pathfinder, Buffalo Bill, Arrowrock, Owyhee, Hoover, Grand Cou-
lee, Shasta, Friant, and Morrow Point are only the highlights of the list. Reclama-
tion’s embankment dams follow an equally distinguished lineage and include Belle
Fourche, Anderson Ranch, and San Luis.

Reclamation’s history is a rich tapestry filled
with the politics, colorful personalities, and the
unique character of the West. It is marked by en-
gineering accomplishments and economic growth
woven into the tapestry of western water devel-
opment and delivery. These essays prepared for
Reclamation’s history symposium in 2002 add
new dimensions to the story of Reclamation.

Robert W. Johnson
Commissioner
Bureau of Reclamation
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SENIOR HISTORIAN’S INTRODUCTION

On Junel8-19, 2002, the Bureau of Reclamation and Department of
History at the University of Nevada, Las Vegas, hosted a symposium on the
history of Reclamation. The symposium was held in conjunction with the
Bureau’s centennial anniversary birthday party at Hoover Dam the afternoon and
evening of June 17, and Dr. Andrew Kirk and Ms. Mary Wammack made the local
arrangements at UNLV.

Reclamation’s commissioner and executive staff from about 1992
forward supported centennial activities planned by the committee I chaired
for Reclamation, including publication of these papers. Various issues have
prevented preparation of this publication until several years after the symposium
was held. In particular, commissioners Dennis Underwood, Daniel Beard,
Eluid Martinez, John W. Keys III, and Bob Johnson and other executive staff
such as Margaret Sibley, Elizabeth Harrison, and Roseann Gonzales have been
very supportive of the history program and this publication. The support of
my supervisors, Richard Rizzi and Ronald (Rusty) W. Schuster, was also very
important to the success of these activities.

The proposed papers for the history symposium were vetted through a peer
review group consisting of James Corbridge of the University of Colorado School
of Law, Patricia N. Limerick of the University of Colorado, Toni Rae Linenberger
of Reclamation, Donald J. Pisani of the University of Oklahoma, William D.
Rowley of the University of Nevada-Reno, Wm. Joe Simonds of Reclamation,
and me. In addition, Larry Walkoviak reviewed proposals for papers from an
internal Reclamation perspective and provided comments on the proposals.

It was always the intent of the planning to embrace a broad range of
ideologies, attitudes, and interpretations of Reclamation’s history, and neither I
nor the Bureau of Reclamation nor the members of the peer review committee
necessarily agree with, or in any way endorse, the authors’ selection of data or
their interpretation of that data.

I consulted two noted, veteran, western history editors, Dr. Maxine
Benson and Dr. Judith Austin, about how to approach this collection of papers.
As a result, it has been my choice as editor to avoid trying to homogenize each
symposium paper to uniform format, writing, and endnote styles. Instead, each
author’s work is permitted to show differences of professional training, endnote
style, and writing style. Generally we have tried to use dictionary guidance for
spelling and for a few stylistic issues have gratefully used the guidance of The
Chicago Manual of Style s fifteenth edition. Among a few other items of which
the reader might wish to be aware are the following standards we have tried to
follow:
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. quotations, notwithstanding our few efforts at
standardization, were not altered, except that quotations of
three or more lines were separated from text and double-
indented with quotation marks removed;

o quotations were not checked for accuracy by the editor;

J no U.S. Postal Service or other abbreviations for states were
used outside quotations; no abbreviations for months were
used outside quotations;

. we used abbreviations for footnote and bibliography entries
only when they are standard to the publication cited;
o we used the convention of “U.S.” with no space between

the letters while placing a space between letters for the
initials of names, e.g., R. F. Walter;

. and, except in the more technically-oriented papers, where
we have adhered to the conventions of the authors, we
normally spelled out numbers under 100 and used numerals
for 100 and over.

Because of the lapse of time between the symposium and this publication,
some of the authors have placed their papers in other locations. When those
other publications vary significantly from the original manuscript, we have
also published the symposium original. All author-reported publications
incorporating significant portions of the original symposium paper are listed
in the “Bibliography of Papers Published in Other Locations.” The remaining
papers are presented in this publication, and we appreciate the authors’ continuing
assistance to us. These papers represent a tremendous amount of labor in terms
of research and writing, and we are pleased that the history program is now
able, through the support of Commissioner Robert W. Johnson, to provide this
information to those interested in Reclamation’s history.

To bring some order to the presentation of these essays, I felt it necessary
to group them according to topic, but that proved more difficult than I had
originally thought. In the end, the groupings became an engineering/technical
section, a general Reclamation history section, and a section devoted to essays
limited largely to a single Reclamation project.

Two technical notes are in order. In neither of these instances have we
tried to correct authors’ text to conform to these technical notes.

o First, there is a widespread belief among historians and the water
community that the Colorado River Basin is divided at “Lee’s
Ferry” into the Upper Colorado River Basin and the Lower
Colorado River Basin. This is an assumption that has gained
currency over the years both because the Lee’s Ferry site, at the
mouth of the Paria River, is of historical significance as an early
settlement on the Colorado River at the upriver edge of the Grand
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Canyon and because there is a confusing similarity of terminology.
The Colorado River Compact states that the division between the
basins is at “Lee Ferry” and specifies in its definitions section that
“The term ‘Lee Ferry’ means a point in the main stream of the
Colorado River one mile below the mouth of the Paria River.”
Therefore, “Lee Ferry” and “Lee’s Ferry” are slightly different
locations—the Compact definition assures that the Paria River is a
tributary wholly within the Upper Colorado River Basin.

° Second, some authors have referred to Reclamation as an
“agency.” This is a common misconception held both within
and outside the federal government. The term “agency” refers
to cabinet level agencies, e.g., the Department of the Interior or the
Department of Agriculture, and some independent agencies. The
term “bureau” refers to subdivisions within agencies—such as
the Bureau of Reclamation, the Bureau of Indian Affairs, and the
National Park Service, all bureaus within an agency—the
Department of the Interior.

Finally, layout and design of our publication was carried out in
Reclamation’s Technical Services Center, by Charles Brown with assistance
from Bonnie Gehringer. The assistance provided from that office is particularly
important to the successful and timely completion of this publication.

Brit Allan Storey, Ph.D.
Senior Historian
Bureau of Reclamation
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Concrete Dam Evolution: The Bureau of
Reclamation’s Contributions to 2002

By:

Gregg A. Scott
Larry K. Nuss
and John LaBoon

l. Introduction

Over the last 100 years the Bureau of Reclamation (Reclamation) has
made significant engineering contributions to the advancement and evolution of
concrete dam analysis, design, and construction. The beginning of Reclamation’s
long history of world renowned concrete dam construction began shortly after
the turn of the century with landmark masonry dams. Arch, gravity, and buttress
dam design evolved through the 1920s. In the 1930s with the design and
construction of Hoover Dam, significant strides were made in design, analysis,
and construction. Advances were also made in concrete materials, temperature
control, and construction techniques. Concrete technology improved to solve
the problems of alkali-aggregate reaction and freeze-thaw damage following
Hoover Dam. In addition to Hoover Dam, some of the largest concrete dams
in the world were constructed by Reclamation during the 1930s, 1940s, and
1950s. Following the failure of Malpasset Dam (France) in the late 1950s, it
became fully recognized that foundation conditions were critical to the stability
of concrete dams. Reclamation made significant contributions in the areas of
rock mechanics and dam foundation design in the 1960s and later. In the 1970s
attention was paid to the earthquake response of concrete dams, and Reclamation
was among the first to apply the finite element method to these types of analyses.
A new method of concrete dam construction, termed roller-compacted concrete
(RCC), was developed in the 1980s using earthmoving and paving technology
to transport and place concrete materials, resulting in shorter construction times
and decreased cost. Reclamation advanced RCC materials design and placement
methods. Continued evaluations for dam safety, operations, and maintenance
have been in the forefront of recent Reclamation activities. As the behavior and
risks posed by these dams are better understood, modifications have been made
for several concrete dams to improve their safety and service life. Part of the
evolution of concrete dam analysis, design and construction, has been associated
with waterways; specifically spillways and outlet works. These features are key
components to safely pass water through concrete dams. Although these features
are also critical for embankment dams, advances often came during concrete dam
design due to the high heads associated with many of these structures.



Table 1.1. Large Masonry and Concrete Storage Dams Designed and Built by the
Bureau of Reclamation or Currently in the Bureau of Reclamation Inventory.

Year Strugtural

Dam Completed* Type (Iézgl;i State
Pathfinder 1909 Thick Arch 214 Wyoming
Buftfalo Bill 1910, 1990 | Thick Arch 325 Wyoming
East Park 1910 Gravity Arch 139 California
Jackson Lake 1911 ](E?r(;lrlral: I?ligleelira‘/ity/ 66 Wyoming
Theodore Roosevelt 11991916’ Thick Arch raiseilgt(()) 356 Arizona
Arrowrock 1916 Gravity Arch 350 Idaho
Elephant Butte 1916 Gravity 301 New Mexico
Clear Creek 1918, 1993 | Thick Arch 84 Washington
Warm Springs 1919 Thin Arch 106 Oregon
Black Canyon Diversion 1924 Gravity 183 Idaho
Gerber 1925 Thin Arch 88 Oregon
Mormon Flat 1926 Thin Arch 224 Arizona
Horse Mesa 1927 Thin Arch 305 Arizona
Stony Gorge 1928 Slab and Buttress 139 California
Gibson 1929 Medium-thick Arch 199 Montana
Stewart Mountain 1930 Thin Arch 207 Arizona
Deadwood 1931 Medium-thick Arch 165 Idaho
Owyhee 1932 Thick Arch 417 Oregon
Thief Valley 1932 Slab and Buttress 73 Oregon
Hoover 1936 Thick Arch 726 Nevada/Arizona
Parker 1938 Medium-thick Arch 320 Arizona




Year

Structural

Dam Completed* Type (I;I;igl;i state
Bartlett 1939 Multiple Arch 309 Arizona
Seminoe 1939 Medium-thick Arch 295 Wyoming
Friant 1942 Gravity 319 California
Grand Coulee 1942, 1974 Gravity 550 Washington
Marshall Ford 1942 Gravity 278 Texas
Altus 1945 Curved Gravity 110 Oklahoma
Shasta 1945 Curved Gravity 602 California
Angostura 1949 gﬁilg I(l)l::én(tiravity/ 193 South Dakota
Olympus 1949 g;f:ﬁifgﬁravny/ 70 Colorado
Keswick 1950 Gravity 157 California
Kortes 1951 Gravity 244 Wyoming
Hungry Horse 1953 Thick Arch 564 Montana
Canyon Ferry 1954 Gravity 225 Montana
Folsom 1956 | ComPposite: Gravity 340 | California
Monticello 1957 Medium-thick Arch 304 California
Anchor 1960 Thin Arch 208 Wyoming
Flaming Gorge 1964 Medium-thick Arch 502 Utah
Glen Canyon 1964 Thick Arch 710 Arizona
East Canyon 1966 Double-curvature Arch 260 Utah
Yellowtail 1966 Medium-thick Arch 525 Montana
Swift 1967 Double-curvature Arch 205 Montana
Morrow Point 1968 Double-curvature Arch 468 Colorado
Wild Horse 1969 Double-curvature Arch 110 Nevada




Year Structural
Dam « Type Height State
Completed (feet)**

Mountain Park 1975 Double- curvature Arch 133 Oklahoma
Composite: Massive-head

Pueblo 1975 Buttress/ Embankment 250 Colorado

Crystal 1976 Double-curvature Arch 323 Colorado
Composite: Double-

Nambé Falls 1976 curvature Arch/ 150 New Mexico
Embankment

American Falls 1978 Composite: Gravity/ 104 | Idaho
Embankment

Upper Stillwater 1987 RCC Gravity 292 Utah
Composite: Gravity/ .

Brantley 1989 Embankment 144 New Mexico

* For cases where the height or shape was significantly altered, the modification date is also given
** Structural height is generally the difference between the dam crest and lowest point of the
excavation

Il. Masonry Dams and the Early Years

Shortly after the beginning of the twentieth century, just after the
establishment of the U.S. Reclamation Service, explorations were underway for
large storage dams. In September 1903 George Y. Wisner, consulting engineer
for the Reclamation Service, addressed a conference of Reclamation Service
Engineers in Ogden, Utah. He indicated
Reclamation would be required to build
masonry dams of great height in order to
store the water required to reclaim arid
lands. This could be accomplished in
narrow canyons where the arch action
of the dam could be taken into account,
provided the plans were based upon
accurate data and correct determination
of the stresses to which the dams
would be subjected. In 1904, Wisner
began what was to be a leading role in
the design of Pathfinder Dam on the
North Platte River in central Wyoming,
collaborating with Edgar T. Wheeler,
consulting engineer, on the analysis. It
was recognized that masonry dams are
far from rigid, and that temperature
was an important load. The modulus 1.1. Pathfinder Dam, Wyoming.
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and coefficient of thermal expansion were estimated for a composite of rock

and concrete. The dam was designed as a combination of an arch and a vertical
cantilever fixed at the base. The load, both temperature and reservoir, was
distributed between the arch and cantilever so as to produce equal deflections.
The stresses resulting from the deflections were then calculated. This was the
early beginnings of what was to later become the Trial Load Method of analysis.
The designed cross-section, constructed on a radius of 150 feet, was determined
to give sufficient thickness to safely resist the forces that would act upon it.
Above elevation 5830, reinforcement was considered necessary to reduce thermal
cracking.

The dam was constructed in a narrow granite canyon. A large tunnel was
constructed to divert the flow of the river, and later was used for the outlet works.
Foundation excavation and dam construction were facilitated by an overhead
cableway and guy derricks with steam driven hoist engines. The overhead
cableway was key to constructing in the deep narrow canyon. Cableways are
still an important component of modern construction for such conditions. Steam
engines powered the concrete and mortar batch plant as well as the aggregate
crushing and sorting plant. The side walls of the canyon were excavated to
produce surfaces normal to the face of the dam. The first masonry was laid in
August 1906, and the dam was completed in 1909. It was recognized that an
impervious dam could be built at
the same cost as a leaky dam, the
main difference being more rigid
inspection and an understanding at
the start that first-class work only
would be allowed. Any rock to be
built against and any material to be
placed in the dam was thoroughly
washed and cleaned. A course of
masonry was built on the upstream
and downstream faces, and granite
stone from the spillway excavation,
varying in size from one to five
cubic yards, was set in a heavy
bed of mortar between the faces.
The stones were lifted, reset, and
vibrated with bars as necessary
to get them completely in contact
with the mortar. The vertical
joints were filled with concrete
consisting of cement, sand, and
coarse aggregate. The concrete
was fairly wet and would flow

into most of the joints, where 1.3. Masonry Construction at Theodore
it would be worked by shovels Roosevelt Dam, Arizona

1.2. Original Theodore Roosevelt Dam, Arizona.




and leveled. Spalls or small stones were placed in the wider joints. The stone
was placed from abutment to abutment. Stone of differing heights resulted in
beds of mortar at varying elevations throughout the structure. Due to the high
cost of cement, which was furnished by the Government, attempts were made to
optimize the use of concrete and mortar. This required skilled masonry workers.
Flat deformed steel bars were placed in the mortar joints near the face of the dam
above elevation 5830. The finished dam has a structural height of 214 feet, and
impounds about 1 million acre feet of water. The dam has performed extremely
well for nearly a century, and for all practical purposes should have an indefinite
life.

Similar masonry construction was in progress about the same time for
Theodore Roosevelt Dam on the Salt River, in south-central Arizona. The design
of the dam was somewhat more conservative than Pathfinder Dam, having a
more conventional gravity dam section. This probably reflects the fact that it was
designed under the direction of different engineers, F. Teighman and Louis C.
Hill, and that the design for Theodore Roosevelt Dam probably predates that for
Pathfinder Dam, even though Pathfinder Dam was completed first. Construction
at Theodore Roosevelt Dam began in 1903. It appears that a simpler design
methodology was employed. The dam was designed two-dimensionally such that
the resultant force from maximum anticipated static loading fell within the middle
third of the structure, and then the dam was arched to provide an extra margin of
stability. It was recognized that temperature could affect the upper portions of
the dam, and records indicate that some reinforcing steel was used in this area.
Despite this, the thinner upper portion of the dam cracked vertically at regular
intervals, in effect forming contraction joints. Leakage through these cracks
was minimal. The dam was built in a narrow canyon formed by Precambrian
siltstone, sandstone, and dolomite. Dolomite blocks formed the masonry for
the dam. The construction practices were nearly identical to those at Pathfinder
Dam, and a sound and water-tight dam, with a structural height of 280 feet
and a storage volume of about 1.4 million acre feet, resulted. One of the main
differences from Pathfinder Dam involved the early use of hydroelectric power
at Theodore Roosevelt Dam. A 19-mile long power canal was constructed from
a diversion dam upstream of the site. The canal fed a 7-foot diameter penstock
tunnel leading to a temporary hydroelectric unit installed in a cave behind the
permanent powerhouse. This provided construction power. Six 25-cycle units
were installed in the original powerhouse with a combined capacity of 11,000
horsepower. President Theodore Roosevelt, in whose honor the dam was named,
attended the dedication ceremonies held on March 18, 1911. Completed in 1996,
modifications to the dam included raising the crest 76 feet to mitigate dam safety
concerns, provide additional conservation storage (i.e., raise the top of active
conservation from 2136 to 2151 feet), and enlarge flood storage. The original
masonry dam was found to be in excellent condition, and was incorporated nearly
entirely into the modified structure (discussed later in this paper).



At approximately
the same time, in northwest
Wyoming, plans were underway
to construct the then highest dam
in the world across the Shoshone
River. Initially called Shoshone
Dam, it was originally designed
as a straight gravity masonry
dam in 1904, but in 1905,
because of the narrow granite
canyon across which it was to
be constructed, the arch design 1.4. Buffalo Bill Dam (includes 1990 raised dam
proposed by George Y. Wisner and replacement spillway), Wyoming
was also adopted for what was to
later be called Buffalo Bill Dam.
The cross-section of the dam is
nearly identical to Pathfinder
Dam. It is of interest to note
that independent arch theory
design, where the thickness of
the dam at any given elevation
is a function of water depth and
radius of curvature, was also
being developed during this time
period. In fact, a discussion by

o Note wooden forms at downstream face and plum
John S. Eastwood, describing stones protruding from previous lift.

how the thickness of Shoshone

Dam could be substantially reduced by using this theory, appears in an early
edition of Engineering News. The construction of the dam differed from that
used at Pathfinder and Roosevelt Dams, beginning the transition from masonry
construction to concrete construction. Wooden forms were built at the upstream
and downstream faces for concrete placement. Concrete was mixed and deposited
in 8-inch layers. Granite plum rocks, forming approximately 25 percent of the
concrete volume, were placed in the concrete, and were shaken or rammed into
final position. This solidified the mass to a remarkable degree, and additional
tamping was scarcely required. However, spading and tamping was performed to
work the concrete into all the cavities of the rock and ensure consolidation against
the forms. The plum stones usually projected about half of their thickness above
the surface of the new concrete. This presented a rough surface for bonding

with the next layer. When a layer of concrete had set for more than 24 hours,

the surface was thoroughly cleaned and a thin coat of mortar was placed prior to
the next layer of concrete. The concrete was placed from abutment to abutment
without contraction joints. Due to the contractor’s desire to complete the work,
winter placements occurred under a steam-heated tent. Upon completion in 1910,
the dam was 325 feet high, and capable of storing over 400,000 acre feet of water.
The dam was raised 25 feet in 1989.



The first use of vertical
radial contraction joints for
a Reclamation concrete dam
occurred at East Park Dam in
north-central California. The
radial joints were spaced at
20 feet, and a key, six inches
deep by three feet long, was
constructed in the contraction
joints about six feet from the
upstream face. Although there
is no indication that waterstops
were installed in the joints, a
system of four-inch diameter
tile drains was constructed downstream of
the keys to convey water from the joints
to the outlet tunnel. This dam also was
constructed entirely of concrete. The
original design called for sandstone blocks
to be imbedded in the concrete to make up
20 to 30 percent of the mass. However,
the sandstone was of poorer quality than
first believed, and the sandstone blocks
were omitted from the construction. The
aggregate was processed and screened
into three sizes (1/4, 1, and 3 inch). A
little over one barrel (4 sacks) of cement
was used for each cubic yard of cement.
The concrete was placed quite wet, and
water cured for 10 days. The dam was 1.7. Construction at East Park Dam,
designed as a curved gravity structure, California. Note the vertical formed con-
similar to Theodore Roosevelt Dam. It traction joint and concrete forms.
was constructed in a narrow gorge of
massive conglomerate. Although the
dam was completed in 1910, construction began in 1908, after construction of
Theodore Roosevelt, Pathfinder, and Buffalo Bill Dams had begun. Despite the
work of Wisner, a more conservative approach was taken. The 140-foot high dam
impounds a reservoir of about 50,000 acre feet.

1.6. East Park Dam, California.

The reign of Shoshone Dam as the world’s highest dam was short
lived. In 1916, Arrowrock Dam was completed to a height of 350 feet. Once
again, the cross section of this dam was similar to a gravity dam, but the dam
was constructed as an arch. The construction of Arrowrock Dam also made
use of vertical radial contraction joints. Radial joints were formed in the upper
portion of the dam by building alternate sections at different times. The joints
were spaced at various intervals dependent on the elevation and thickness of the
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dam. Three vertical wells
were formed in each joint
which were later filled with
concrete during cold weather,
after the dam had undergone
contraction. A Z-strip
annealed-copper water stop
was installed in each joint 5
feet from the upstream face
of the dam, and immediately
downstream from this strip a
triangular drain was formed
in the joint. These drains
collect water which gets past 18
the waterstop and transports

it to inspection or operating

galleries. A unique material called
“sand cement” was used for the
construction of this dam, and for
Elephant Butte Dam, a 300-foot-
high straight gravity dam near Truth
or Consequences, New Mexico,
completed the same year. This
consisted of standard Portland cement
to which was added a little less than
an equal amount of pulverized sand,
reground to such fineness that 90
percent would pass a No. 200 sieve.
Although this saved on the quantity
of cement used, the concrete did not
attain as much strength, and as a
result, the durability suffered. This -
was not significant for the relatively 1.9. Elephant Butte Dam, New Mexico.
mild climate at Elephant Butte Dam,

but at Arrowrock Dam, spray from downstream releases resulted in severe freeze-
thaw damage to the concrete. This necessitated construction of a new overlay

on the face of the dam in 1936. The use of sand-cement in the construction of
concrete dams was discontinued after these projects. The concepts of foundation
grouting and drainage appear at Arrowrock and Elephant Butte Dams, and
galleries were constructed in both of these dams. Shallow grout and drainage
curtains (25 to 30 feet deep) were constructed by drill holes in the granitic near
the upstream face of Arrowrock dam. The foundation drainage holes, spaced at
about 10-foot centers, exit in an inspection gallery 27.5 feet from the upstream
face. Vertical formed drains were also constructed within the concrete, spaced at
15 feet and located 12 feet from the upstream face of the dam. These drains also
exit in the inspection gallery. Similar construction occurred at Elephant Butte

-
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Dam.

In 1918 Duff A. Abrams first published results of research that investigated
the effect of water-cement ratio and grading of aggregates on concrete quality.
This was a major breakthrough in developing the science of concrete technology.
Obviously, Reclamation concrete dams constructed up to that point did not have
the benefit of his research, and the concrete quality and durability was largely a
function of fortuitous circumstances and the experience of the on-site staff. With
the exception of Arrowrock Dam, which required fairly minor modifications for
freeze-thaw damage due to nondurable concrete, the early concrete dams of the
Bureau of Reclamation have held up remarkably well.

lll. The Amazing Arch and Developments of the 1920s

During the 1920s, materials were relatively expensive, and there was a
desire to optimize dam design to reduce the required concrete. Independent arch
theory became the order of the day, as thinner dams resulted from this method
of design. Hence, many thin concrete arch dams were designed and constructed
during this era. In addition, buttress dams became popular for wider canyons,
since they minimize the required materials in favor of a more labor-intensive
construction. The Bureau of Reclamation inventory contains only one gravity
dam (Black Canyon Diversion) from this era. Most of the arch dams from this
era in the Reclamation inventory were designed and constructed by water user
groups. Titles were later transferred to Reclamation for various reasons. One
of the exceptions is Gerber Dam. Gerber Dam was completed in 1925 on Miller
Creek, a tributary of the Lost River in southern Oregon. The dam is a variable
radius arch with a structural height of 85 feet and a reservoir volume of 94,000
acre feet. The Design Engineer was J. L. Savage and the General Construction
Superintendent was F. T. Crowe, two individuals who would play prominently
into later Reclamation projects. The foundation for the dam is basalt with weak
clayey interflow zones. As was the practice up until this time, the main concern
for foundation conditions related to the strength and hardness of the rock, and the
water-tightness of the foundation. To assess the water-tightness of the foundation,
tests were conducted in drill holes. Pipes were grouted and sealed into eight drill
holes. Water was applied to all eight holes simultaneously under pressure from
an elevated water tank. The leakage was determined to be small. Still, after
excavating a keyway trench for the foundation to a depth greater than anticipated,
a grout curtain was installed to a depth of 15 feet in holes spaced about 5 feet
apart throughout the length of the foundation. The holes were grouted after the
concrete above the grout hole reached a thickness of 6 feet by applying a steam
pressure of 100 1b/in>. No foundation drainage was included in the design or
construction.

Concrete was placed in the dam by use of a trestle with rail buggies, a stiff
leg derrick, and a high line. Most of the concrete was placed by cars with a
% yd® capacity, run on the trestle from the mixer and dumped into chutes and
pipes leading to the forms. Five to six sacks of cement were used for each
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1.10. Comparison of Maximum Sections of Early Reclamation Arch Dams.

cubic yard of concrete. Plum rocks, not exceeding 20 percent of the volume,
were placed in the concrete at locations away from the forms, to reduce the
needed concrete volume and provide small keys between lifts. Cold weather
placements required heating the sand and mixing water, as well as heating the
concrete placements under canvas enclosures. The rock foundation and concrete
surfaces were thoroughly cleaned with wire brushes and water jets prior to
concrete placement. All surfaces were sprinkled with water and dry cement

just prior to placements. The concrete was placed in 4-foot lifts between keyed
contraction joints at 50-foot centers, with no plum rocks in the bottom of the
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lift. The concrete was spaded against
the forms to reduce “bug holes.” Two
closure slots, four feet wide were left
near the ends of the center overflow
section. Concrete was placed in these
slots at low temperature conditions, once
the dam had cooled. Extensive field
testing was performed on samples taken
during construction. This included sieve
tests of the sand and aggregate used for
the concrete, tensile tests on briquettes
composed of the sand and cement used
in the concrete, compression tests on 6-
by 12-inch cylinders of concrete taken
from the forms confirming the 1600 Ib/
in? required 28-day strength, colorimetric
tests to determine the cleanness of the
sand, and slump tests for concrete
wetness. The slump was limited
to 3 inches for most of the work
to allow the concrete to flow
through the chutes, but a slump
of 6 to 8 inches was allowed in
thinner reinforced walls. This
represents early use of extensive
standardized testing to control the
work quality. Gerber Dam also
represents the first installation of
instrumentation in a Reclamation
concrete dam. Seventeen electric  1.12. Stony Gorge Dam, California.
resistance thermometers were
placed in horizontal layers at
three elevations in the crown
cantilever (vertical plane of
the line of arc centers). Berry
Strain Gages, consisting of
eight posts set in a circle

about a center post, were
installed in nine locations on
the downstream face of the
dam. Two post stations were
installed on the crest of the
dam across contraction joints
on each side of the dam. A dial
gage instrument was used to
take the readings, which were adjusted by also reading a reference invar bar. Four

ek (==

1.13. Construction of Gerber Dam. Note
closure slot near left side of photo.
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survey targets were set in the downstream face of the dam at the line of centers
for measurements relative to reference targets on the abutments. Later tests for
concrete modulus, coefficient of thermal expansion, and other properties were
planned. The intent of the instrumentation was to verify the arch dam design
and analysis techniques. Documentation describing this evaluation could not be
located.

The first buttress dam
constructed by the Bureau of
Reclamation was completed in
1928. Stony Gorge Dam is an
Ambursen type slab and buttress
dam built downstream of East
Park Dam. It has a structural
height of about 140 feet, and
a reservoir capacity of 50,000
acre feet. The dam is made of
individual simply supported
elements; buttresses, upstream
face slabs, and struts bracing 1.14. Photo taken during construction of Stony

between buttresses in the Gorge Dam, California from downstream. side.
. Note struts between buttresses and sloping slabs
downstream areas. The sloping

on left side of photo.
upstream slabs span
between and transfer
the reservoir loading
to the buttresses; the
buttresses carry the
upstream-downstream
loading and transfer
it to the foundation;
and the struts provide
lateral stiffness to the
buttresses and keep
them from deforming , -
excessively in the cross- - sl ATOUT I AN e
canyon direction. The
reinforced concrete
members were designed
using codes available
at the time. Additional
horizontal reinforcing
was added to the
buttresses following

the early appearance S£C Ow LinE OF ARC CENTERS
of vertical cracks in T
some of the taller 1.15. Gerber Dam Plan and Sections
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buttresses. A recent check indicates the design is generally acceptable for normal
static loading conditions, even considering modern American Concrete Institute
(ACI) code. The concrete mixing plant discharged into bottom-dump buckets of
172 cubic yard capacity which were successively transported by hoist, highline
cableway, and small cars on light tracks supported by the buttress forms to chutes
conveying the concrete from the buckets to its final position.

The method of using chutes to convey the concrete was common practice
during this era. This required a wet concrete mix for enough workability to
allow the concrete to flow along the chutes. Unfortunately, this also resulted in
somewhat weaker and less durable concrete than could be attained with a drier
mix. In addition, it often resulted in latence rising to the lift surfaces. If this
was not removed and thoroughly cleaned, bonding between successive lifts was
compromised. However, many dams from this time period have performed well
and are still in service. Although concrete technology had advanced, the effects of
alkali-aggregate reaction and freeze-thaw deterioration were not well understood.
Most of the arch dams constructed during this era in cold climates suffer from
freeze-thaw deterioration, such as Gerber Dam. If built with reactive aggregate,
the resulting cracking typically accentuates the freeze-thaw damage. Dams
subject to alkali-aggregate reaction in mild climates, such as Stewart Mountain
Dam, tend to exhibit cracking but continue to perform well.

IV. Prelude to Hoover Dam

Owyhee and Gibson Dams
were built before Hoover Dam and
included experimental sections
for collecting temperature data
and grouting in preparation for
the construction at Hoover. These
were also the first Bureau of
Reclamation concrete dams to use
tunnel spillways. Some of the final
developments for the Trial Load
Method were also performed during
the design of these structures. 1.16. Owyhee Dam, Oregon.

Owyhee Dam is located on the Owyhee River in eastern Oregon. Itis a
concrete, thick arch structure with structural and hydraulic heights of 417 and 325
feet, respectively. The crest is 833 feet long and 30 feet wide at elevation 2675.
The maximum base width is 265 feet. The dam was completed in 1932. The dam
forms a reservoir (Lake Owyhee) with storage of 1,183,300 acre feet at elevation
2675. Owyhee Dam was the world’s highest dam at the time of completion. John
L. Savage, Chief Designing Engineer, wrote:
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From an engineering standpoint the Owyhee Dam, to be constructed
on the Owyhee Project in eastern Oregon, is the most outstanding dam
undertaken to date by the Bureau of Reclamation.... this dam is likely
to stand as the highest dam in the world until the great Boulder Canyon
Dam [Hoover Dam] is constructed.

The Owyhee River valley was visited early in the nineteenth century by
Hawaiian trappers who are credited with having named the river “Hawaii.” Later,
this name was handed down phonetically by scouts, Indians, and early settlers as
“Ow-Y-Hee”, and ultimately the name was given this spelling. The dam site is
also referred to as the “Hole-in-the-Ground” site. Intermittent site explorations
began in 1903, a feasibility report was issued in 1925, and the project was
recommended by the Secretary of the Interior on October 9, 1926. The General
Construction Company of Seattle, Washington, was the low bidder at $3,198,779
and was awarded the contract on July 7, 1928. The government field organization
reached its peak in 1931 with 107 employees under the charge of F. A. Banks
(later to become Construction Engineer for Grand Coulee Dam). In June 1931 the
contractor was placing from 40,000 to 50,000 cubic yards of concrete per month.
The contractor’s workforce reached 274 people. Construction was completed five
months ahead of schedule in 1932. The first water was delivered to the irrigation
lands in 1935.

The materials and construction were similar to structures that had come
before. The complete details will not be
repeated here, but a few items of note are
provided. Cobble rock was added to the mix.
The cobble rock was sound, clean gravel or
broken rock of such size as passed through a
screen having 8-inch square or 9-inch round
openings and was retained on a screen having
2%s-inch square or 3-inch round openings.

Porous concrete tile drains were placed
in the dam near its upstream face. The joints
in the tile were not cemented. The concrete
tile had an internal diameter of not less than
5 inches, and wall thickness of not less than
1 3/16 inches. The tile was made of 1 part
Portland cement and 4 parts total aggregate,
the aggregates being so proportioned as to
give a degree of porosity such that an 18-inch
length of tile when set on end on a water-tight
base shall discharge water poured into it at
the rate of not less than 3 gallons per minute.
Construction today would form these drains

1.17. Owyhee Dam, Oregon. Tile

. ble fi inch- di formed drains, strain meter for
using a removable five- to six-inch- diameter Hoover test, and gallery reinforce-

tapered steel pipe. ment.
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The main advancements
made during the design and
construction of Owyhee
Dam involved temperature
control. Owyhee Dam was
the largest dam at the time in
which radial contraction joints
were to be pressure grouted.
Radial vertical contraction
joints were placed at 50-foot
intervals with 9-inch deep
by 3-feet wide shear keys at
3-foot centers along each joint.
The vertical contraction joints

were grouted from March 30 TN e Wy Dt

to May 8, 1934, which is two o MJ Aol v /0 ie 1 V8
years after construction of the A «1&5’:’ s i,-«._ =
dam. Internal temperature L A waximom secTion "
measurements, concrete e —— =

SPILLWAY PROFILE

cracking, grout operations,
grout takes, grout pressures, 1.18. Owyhee Dam Plan and Sections.

and contraction joint opening

measurements were reported

in 1934. The grouting system installed in Owyhee was similar to that previously
used in Gibson and Deadwood
Dams except for a few minor
improvements. A system of
pipes were installed along the
vertical contraction joints to
cool the mass concrete to 50°F
and grout the joints. Grout
zones were 100-feet high and
isolated with 20-gage soft
copper sheets. The radial
contraction joints in the dam
were pressure grouted with
cement grout forced through
the pipe grouting systems. The

grout was forced in to ensure 1.19. Owyhee Dam, Oregon. Grout pipes and
a pressure of at least 100 shear keys on vertical contraction joint.

pounds per square inch at the

highest point in the system being grouted. Vertical keys were built in the joints.
The entire face of each vertical joint in the dam, except the grouting units and
copper expansion strips, were painted with one thin coat of water-gas tar paint and
allowed to dry before the adjacent concrete was placed against it. The tar paint
served as a bond breaker between the blocks of concrete. Copper grout stops were
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laid horizontally at vertical intervals of about 100 feet. The top of the grout zone
was at elevation 2400, 2500, 2600, and top of dam. Construction today would
limit the grout zone to approximate 60 vertical feet. The headers on the upstream
face below elevation 2500 were not available for grouting because the reservoir
elevation at the time of grouting varied between 2520 to 2527. Owing to the fact
that there were quite a few cracks in the concrete in the dam, all cement used was
screened through a 200 mesh sieve with the intention that this fine cement would
seal most of the cracks. However, considerable cracking in the concrete on the
downstream face of the dam occurred, primarily due to alkali-aggregate reaction.

Placing the mass concrete of the dam was begun in the fall of 1930 and
completed in the summer of 1932. In the cooler months of the year, concrete was
placed at around 52° to 70°F and heated up to around 98° to 116°F. In the warmer
months of the year, concrete was placed at around 65° to 82°F and heated up to
around 112° to 119°F. At the time of grouting, the internal concrete temperatures
varied from 42° to 62°F. Grouting pressures inside the joint were around 100
Ib/in®. The allowable placing temperatures were much higher than allowed
by modern standards and probably contributed to surface cracking. Electric
resistance thermometers were placed in the concrete immediately on pouring.
Dissipation of setting heat was accelerated by circulating water through the grout
system except in the middle of winter. An experimental cooling system was
located in panel 8 at elevation 2486. Tests in Panel 8 measured the effectiveness
of cooling coils to dissipate heat in a thick concrete section. Additionally, the
upper 82 feet of panels 3 and 4 (blocks 3 and 4, between contraction joints at
stations 2+00 and 3+00) at Owyhee Dam were used as a test section to test
cooling coils placed on the top of lift lines and their ability to open contraction
joints for grouting. In this location of the dam, a system of cooling coils 1-inch
diameter were placed 4-feet 7.5-inches apart near the bottom of each 4-foot
lift. The section was highly instrumented to obtain temperature and strain
measurements. The test section was placed from March 3, 1932, to May 28,
1932, at a fairly uniform rate with about three and one-half days between pours.
Reservoir water was circulated
in the test section cooling coils
for only one month between May
13, 1932, and June 20, 1932.
This period of time permitted
cooling until the rising river
water temperatures and lowering
concrete temperatures permitted
no further heat extraction from
the concrete. Measurement of
concrete temperature before
cooling shows interior concrete

s

around 117°F and the surface 1.20. Owyhee Dam, Oregon. Spillway “Burp”
temperatures around 75°F, (unstable flow condition, sometimes referred to as
producing a thermal gradient “blow-back”).
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of 42°F. This amount of gradient is very high and probably contributed to the
surface cracking. The contours after the cooling coils were turned off show
interior concrete and surface concrete about the same temperature at 70°F. The
thermal gradient is very small which would minimize if not eliminate any surface
cracking.

A series of model tests of the Owyhee morning-glory spillway were made
from 1930 to 1931. No formal reports were prepared at the time of these studies.
In 1944, the hydraulic studies for the spillway tunnels at Owyhee Dam and
Gibson Dam were documented. In 1928, when designs for Owyhee Dam were
underway, there were few installations of vertical shaft or glory-hole spillways
and there was little information available that would assist in the design. The
ring gate had no precedent whatsoever. A 1:48 scale model, which included the
topography surrounding the spillway, the spillway and ring-gate control, and the
discharge tunnel below the spillway was built to aid in the design. The design
included forty-eight 1/16-inch holes equally spaced around the circumference of
the lower crest which served as air vents to aerate the crest when the gate was
raised. Prototype behavior indicates for heads of from 1 foot to 2 feet over the
gate, the water falls in a solid sheet toward the center of the shaft, apparently
entraining air faster than it can be released at the outlet end of the tunnel. This
entrainment causes the pressure to increase until it is sufficient to regurgitate
or “break back” through the sheet of overflowing water; then air emerges with
sufficient force to carry spray 50 feet or 60 feet above the level of the gate.

This phenomenon occurs sometimes as often as once every fifteen seconds and
sometimes only once in five minutes, depending on the tailwater elevation. For
heads less than 1 foot over the crest, entrained air can apparently move back up
the spillway shaft unhampered. For heads greater that 2 feet, the air pressure

is not sufficient to break back and the air is forced through the outlet end of the
tunnel, causing spray to be thrown high into the canyon. This action is directly
related to the tailwater as a rather large tailwater depth causes a jump to form

in the tunnel for most discharges. With a 1000 second-foot discharge, the flow
into the stilling basin was undisturbed, but as the flow increased an unexpected
disturbance occurred that was not detected in the model. The stream of water
from the spillway tunnel created waves on the surface of the stilling pool. These
waves traveled across the canyon, reflected, and returned. As they struck the
oncoming high-velocity stream from the tunnel an incident occurred which

for lack of a better term, is called an explosion. With this particular flow

(3000 second-feet) the spray from the explosion was thrown two-thirds the
distance up the adjacent cliff. Larger discharges threw spray to the top of the
cliff. Evidently the air drawn into the spillway entrance was ejected as a strong
wind. When the reflected waves reach the tunnel portal, they are great enough to
seal the exit for a short time and the air is quickly compressed to the extent that an
explosion results from the release of the air.

During construction, a circular concrete-lined 22.6-foot diameter tunnel
1005 feet long was used for diversion. The tunnel was plugged with concrete
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upstream from the vertical morning glory shaft. Downstream of the vertical shaft
it is used as the permanent spillway outlet. The diversion tunnel was constructed
in rhyolite tuff requiring no timbering. First a 9- by 9-foot pioneer tunnel was
driven followed by the full size tunnel. The rock in the tunnel was hard, self-
supporting, full of incipient cracks, with an occasional mud seam. Immediately
before placing concrete, the foundation surface was cleaned of mud and debris
using a combination of air and water under pressure. The invert was placed by
hand and screeded to shape. The crown and side walls were placed in 20-foot
sections using wooden forms built in place. A 1-yard Ransome concrete gun shot
the concrete through a 6-inch pipe and rubber hose into a V notched in the crown
of the previous placement. The concrete then flowed along training

boards into place. The concrete was worked into place by hammering on the
forms with air hammers and by workers equipped with hip boots working and
spading the concrete behind the forms. Grout pipes were placed into crevices
and holes drilled into the foundation rock at frequent intervals. A 5-sack-per-
yard mix was used in the tunnel lining between the inlet and the spillway shaft.

A 6-sack-per-yard mix was used from the shaft to the outlet portal. The tunnel
was equipped with a grouting system, and the lining-rock interface was grouted
in 1934 using a 1.0 water to cement ratio in the invert and side walls. Sand was
added to the mix in the roof grouting.

The spillway was featured in the 1956 Transactions of the American
Society of Civil Engineers (ASCE). Excerpts from this article are as follows:

The Owyhee Dam spillway in Oregon, completed in 1932 by the USBR,
was a daring design at the time. The capacity is 30,000 cu ft per sec,

the maximum head on the crest for this discharge is 12 ft, and the water
is dropped 320 ft through a vertical shaft. A flood occurred in 1936 in
which 300,000 acre-ft of water were passed in 3 months. The maximum
discharge recorded was 15,000 cu ft per sec, or one-half capacity.
Subsequent to this flow, smaller discharges have passed through the
spillway frequently. A flow of 6,600 cu ft per sec was recorded in 1951.
The greatest flood occurred in 1952, when the spillway operated for more
than a month. The maximum discharge through the spillway was 20,000
cu ft per sec, or 67 % of capacity. Inspections of the spillway have been
conducted frequently since the spillway first operated in 1936; the latest
inspection was made after the 1952 flood. The spillway shaft appeared to
be in excellent condition.

The form board marks still appeared on the concrete surface. The visible part
of the invert of the vertical bend showed only slight surface wear, the maximum
probably not exceeding 1/4 inch in depth.

V. Hoover Dam—Quantum Leaps Forward

Hoover Dam is a 726-foot-high, concrete, thick-arch dam located on
the border between Arizona and Nevada about thirty-six miles from Las Vegas,
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Nevada. The dam was completed

in 1935, has a crest length of 1244
feet, a crest thickness of 45 feet,

and a maximum base width of 660
feet. It is the highest concrete dam

in the United States, the eighteenth
highest dam in the world, and forms
the largest manmade reservoir in

the United States. The designs for
Hoover Dam evolved over several
years of careful study, representing the
combined efforts of many engineers ,
of Reclamation and various consulting 1 21, American Flag displayed during the
boards. Preliminary designs were 1996 Summer Olympics, Hoover Dam,
prepared from time to time over a Arizona-Nevada.

period of ten years, so the successive

designs reflected some of the developments in design techniques during the 1920
to 1930 decade. In 1920, the first design for a high dam in Boulder Canyon was
prepared. At that time the highest dam in existence was Arrowrock Dam in Idaho.
Hoover Dam was to be more than double the height of Arrowrock Dam. As such,
it was evident from the start that many new problems in design and construction
would require solution before the dam could be built.

el Y

As a result of intensive research, improvements were made in practically
every feature in the dam, spillway, and appurtenances. To bring the materials to
the site, railroad lines of forty-eight miles
length and thirty-five miles length were
constructed, and paved roads from Las
Vegas were built. A 150-ton cableway
across the canyon was built. Electrical
power had to be supplied to the dam site,
Government operations, and the newly
founded Boulder City. The town of
Boulder City had to be planned and built
for all the workers at the site. Aggregate,
sand, cement, and mixing plants had to be
built for the massive amounts of concrete.
The concrete was artificially cooled by
circulating water through cooling pipes
placed at the top of each 5-foot high
concrete lift. This required a massive
cooling tower 143 feet long, 16 feet wide,
and 43 feet high. A steel fabrication
manufacturing plant was built to construct

) 1.22. Hoover Dam, Arizona-Nevada.
the massive penstocks and steel works. 50- by 50-foot concrete block place-

Drill crews on elaborate truck-mounted ments
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1.23. Upstream face of Hoover Dam, Arizona-
Nevada.

1.24. Hoover Dam, Arizona-Nevada:
Horizontal lift line and vertical contraction
joint.

1.25. Hoover Dam, Arizona-Nevada. Rela-
tive size of penstocks

carriages excavated the 56-foot-
diameter diversion and spillway
tunnels. These tunnels were lined
with 3 feet of concrete. The site had
to be excavated to sound rock for the
foundation of the dam. In the river
channel, silt, gravel, and boulders
had to be removed to a depth of

120 feet. The foundation was then
grouted for the purpose of providing
an impervious zone under the dam.
The initial grouting involved drilling
6,700 feet of holes and injecting
7,500 sacks of cement. The main
cut-off grouting was not started
until the dam was at 100 feet high.
This operation took 54,000 feet of
holes and more than 60,000 sacks of
cement (1 sack =1 cubic foot). The
dam was built in a series of 50-foot
by 50-foot by 5-foot high blocks. An
8-foot slot was left open down the
middle of the dam for the extensive
system of cooling pipes. The vertical
and horizontal surfaces have formed
shear keys. A combination of water
stops and grout stops were embedded
in the concrete. After each 50-foot
vertical section of dam had been
cooled, grout was injected into the
radial and circumferential joints. The
3.25 million cubic yards of concrete
were placed from June 1933 to May
1935 in approximately 23.5 months.
Systems of drains were installed in
the dam and in the foundation. The
foundation drains were 3.5 inches

in diameter and extended 100 feet
into the foundation at the base

and graduated to 30 feet depth at
elevation 1200. The internal drains
in the concrete were 8-inch porous
concrete pipes placed vertically at
10-foot intervals in a line parallel to
the dam axis.
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Hydraulic and structural models played
an important part in the design of Hoover Dam
to verify existing theories as well as advance the
current state-of-the-art for applications of greater
magnitude than those previously developed. The
hydraulic models provided direct empirical data
while the structural models furnished checks
on analytical methods using the Trial Load
Method. There were two complete models of
Hoover. The first model, 1:240 scale, was made
of a mixture of plaster and diatomaceous earth.
The second model, 1:180 scale, was made of a
rubber-litharge compound. In addition, detailed
models were made of the crown cantilever and a
thick arch at elevation 900 using model tests and '
slab analogy tests. Therefore, three independent 4 56 s.ai6 model of Hoover
solutions of the same problems were obtained. Dam, Arizona-Nevada.

)
.y

Determining stress distributions in an arch dam requires a 3-dimensional
analysis which was very difficult in the 1930s. The Trial Load Method of
analysis was developed to represent the 3-dimensional arch structure with a grid
of 2-dimensional arch and cantilever elements. The analysis would adjust the
load into the elements and bring the elements into geometric agreement. As such,
accurate solutions of the arch and cantilever elements had to be known.

V.A. Boulder Canyon Project Final Reports: Part V—Technical
Investigations: Bulletin 2—SIlab Analogy Experiments, Denver 1938.

Professor Harald M. Westergaard, at the University of Illinois in 1931,
proposed the use of slab analogy in experimental investigations of stresses
in Hoover Dam by means of measurements on rubber slabs. Slab analogy
experiments were made to deflect slab models of the crown cantilever and an
arch at elevation 900 to obtain stress functions usable in the Trial Load analyses.
Stresses in the slab are proportional to twists and curvature in the slab. In other
words, any system of curvatures and twists possible in a slab due to deformation
of the boundaries is analogous to a distribution of stress in a plane solid of
the same shape distorted by loads applied at the edges. Therefore, to solve a
plane stress problem by slab analogy methods, it is sufficient to apply along the
boundary of a slab, similar in shape to the original, curvatures proportional at
every point of the boundary to the loading on the original. The two structures,
being analogous at the boundaries, are thereby analogous throughout; and
the direct stress or shear at any point in the solid may be determined from
curvatures and twists at the corresponding point in the slab. So proper curvature
measurements were made at the desired location and translated into stresses.
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V.B. Boulder Canyon Project Final Reports: Part V—Technical
Investigations: Bulletin 3—Model Tests of Boulder Dam, Denver 1939.

Before the Hoover model tests, there were model tests on Gibson Dam in
cooperation with the University of Colorado, the Engineering Foundation Arch
Dam Committee, and Reclamation. Concrete was mixed with the same aggregate
as in the dam, and mercury was used for the water load. Results showed the
Trial Load Method gives accurate results for an arch dam, and measurements
on the model checked closely with measurements on the downstream face of
the dam. It was evident however that a different material would need to be used
in the Hoover model to permit measurable deflections. As a result, a mixture
of plaster and diatomaceous earth (Celite) was developed and used for the first
model. During testing of the plaster/diatomaceous earth model, the Aluminum
Corporation of America developed a rubber-litharge compound which was used
in the second model of Hoover Dam. It had a lower modulus and same unit
weight as concrete. Water could be used for reservoir load instead of mercury
permitting measurements on the upstream face. The model tests showed stress
concentrations at the top of Hoover Dam where there was a rapid change in
lengths of the arches. As a result, fillets were added to increase the thickness of
the dam near the abutments.

V.C. Boulder Canyon Project Final Reports: Part V—Technical
Investigations: Bulletin 4—Stress Studies for Boulder Dam, Denver
1939.

Stress studies for Hoover Dam included several special analyses that
had not been previously made including: analysis of tangential shear, twist,
Poisson’s ratio effects, radial shear in the arch elements, horizontal shear in the
cantilever elements, foundation deformation, thermal induced stresses from
artificial cooling and exposed surfaces, nonlinear stress distributions in arch
and cantilever elements, spreading of canyon walls and settling of the reservoir
bottom from reservoir load, grouting and stage construction sequencing, and
earthquake loading. Maximum stresses and nonlinear stress variations in typical
arch and cantilever elements were checked by slab analogy experiments and by
tests on slab models. The method of analyzing nonlinear stress effects was based
on the analogy between partial differential equations for an Airy’s surface and
for a homogeneous slab loaded at the edges. Solutions were obtained both by
mathematical analyses and by experiments on rubber slabs deflected by twists and
moments applied at the edges. Adjustments were made for cantilever elements
varying radially in thickness from downstream to upstream. Supervisors during
the stress studies were R. S. Lieurance for the Trial Load studies, F. D. Kirn for
the nonlinear cantilever studies, and R. E. Glover for the nonlinear arch studies
and special studies.
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V.D. Boulder Canyon Project Final Reports: Part V—Technical
Investigations: Bulletin 6—Model Test of Arch and Cantilever
Elements, Denver 1940.

It was desirable to obtain comparisons between cross-sectional models and
the three-dimensional model of the entire dam. The cross-sectional models were
performed at the University of Colorado in Boulder.

Cantilever model—the cantilever model was 3-inches thick and at 1:240
scale was the same scale as the three dimensional model of the dam. The depth,
upstream, and downstream dimensions of the foundation were equal to the height
of the cantilever.

Arch model—the purpose of the arch model was to obtain experimental
measurements of strains and deflections in a thick arch element. Thin arches
had been investigated in detail, but thick arches had not been thoroughly studied.
A horizontal section at elevation 900 was selected for the study. Prior to these
experiments, this thick arch had been investigated analytically and experimentally
by slab analogy. The arch model was built at 1:120 scale.

V.E. Boulder Canyon Project Final Reports: Part VIl—Cement and
Concrete Investigations: Bulletin 1—Thermal Properties of Concrete,
Denver, 1940.

One of the major problems at Hoover was the prevention and removal
of heat in the concrete due to the heat of hydration. The problem was
compounded by the rapid construction and
extraordinary size of the dam—Ilocking
in temperatures that would take more
than 100 years to dissipate. A series of
radial and circumferential contraction
joints were installed to control shrinkage
of the concrete. For the dam to actas a
monolithic structure, the joints must not
open. However, the joints would open as
the dam contracted from cooling of the
concrete. Under this scenario, grouting
the joints would have to be done over
generations. Various methods were
considered to remove the excess heat. This
included low-heat cement and artificial
cooling. Low-heat Portland cement was
developed to reduce the heat of hydration
by one-third and the temperature rise

by about one-fourth. Investigations 1.27. Concrete cylinder test for Hoover
were performed to determine the effects Dam, Arizona-Nevada
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of physical and chemical composition of the Portland cement on strength,
temperature rise, and other properties. The design of the artificial cooling

plan was based on the measured properties and mathematical theory of heat
conduction. Knowledge base at the time did not provide accurate and applicable
values for these properties, so investigations had to be performed. Considerable
preliminary testing was necessary to develop apparatus and procedures for
accurate thermal tests. Thermal property tests on concrete were also made for
Gibson and Owyhee Dams. A method was developed for predicting thermal
properties of concrete from these tests. Computed internal temperatures showed
close agreement with measured test sections at Hoover and Owyhee Dams,
where concrete was cooled by circulating water through metal pipes in the dam.
Laboratory tests showed the effect on concrete temperatures of various rock types,
water content, cement types, mix proportions, and age. The investigations were
made at the Welton Street laboratory of Reclamation under the direction of H. S.
Meissner, Arthur Ruetgers, and Robert F. Blanks.

V.F. Boulder Canyon Project Final Reports: Part VIl—Cement and
Concrete Investigations: Bulletin 4—Mass Concrete Investigations,
Denver, 1940.

The selection of the most suitable mass-concrete mix for Hoover Dam
and the exact determination of its properties and qualities was one of the most
important design problems affecting the economies of the design. The effects of
aggregate size, test cylinder size, curing, and relative humidity on the strength,
elasticity, permeability of the concrete; and on the bond strength of the horizontal
lift surfaces were studied. Rocks as large as two people could lift, plums, were
used in the past in some dams. Reclamation felt more satisfactory results could
be obtained with a maximum size aggregate able to fit in a mixer. A 9-inch
maximum size was arbitrarily chosen to match available sources in the area.
Little information existed on material properties using aggregate of this size;
therefore, a comprehensive investigation program was initiated. Procedures
for this type of concrete mix at the time would screen off any aggregate larger
than 1.5-inch and test 6-inch diameter by 12-inch high concrete cylinders. No
complete investigation had been performed to study the effect of the screening
process.

Information existed concerning the effect of various curing conditions on
concrete properties, but no direct comparison could be made between strengths
of concrete cured in the interior of a large dam and the conditions in a laboratory.
Only permeability tests on concrete under low water pressures had been
performed. Because of the height of Hoover Dam, concrete permeability tests
for high water pressures were performed. Most of these tests were performed in
the old Custom House laboratory under the supervision of E. N. Vidal. Concrete
dams are built in lifts. Subsequent concrete placements must be sufficiently
bonded. Bond tests were conducted at the University of California Material
Laboratory, Berkeley, California.
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V.G. Boulder Canyon Project Final Reports: Part VIl—Cement and
Concrete Investigations: Bulletin 2—Investigations of Portland
Cement, Denver, 1940.

Although Portland cement had been used as a building material for more
than a century, the unsuitability of the standard product for a structure as massive
as Hoover Dam had become generally recognized at the time design work was
begun. The main concerns were the heat generated during the hydration process
and the shrinkage. The ideal cement for all purposes would be one which would
permit the concrete to have no volume change subsequent to setting. Other
desirable properties of mass concrete, which are dependent on the cement,
are slower and better sustained hardening and adjustment to early stresses. In
constructing the dam, contraction joints were provided at regular intervals in both
the radial and circumferential directions. The structure was built in columnar
blocks, approximately 50 feet square. The joints in between the blocks would
allow for contraction of the concrete when it cooled.

At the time Hoover was designed, little work had been done on the
investigation of cements for mass concrete. C. P. Williams during construction
of the Rodriguez Dam in Mexico first recognized the value of low-heat cement
in reducing temperatures and reducing cracking. Late in 1930 Burton Lowther,

a Denver consulting engineer, recognized the desirability of a low-heat cement
and performed investigations for Reclamation at the Pierce Testing Laboratories
in Denver. At the laboratories of the Bureau of Standards, Washington, D. C.,
preliminary tests were made of forty-nine commercial cements, selected from
various parts of the United States. The work begun in Washington was continued
and greatly expanded in the Engineering Materials Laboratory of the University
of California at Berkeley. Some specimens cast and tested were concrete, but the
majority were mortar or neat cement. Concurrent with and supplementing the
investigations at Berkeley were the investigations made in the laboratories of the
Bureau of Reclamation in Denver. Unlike the Berkeley test, most of the tests in
Denver were made on concrete specimens rather than mortar specimens.

In summary, it is safe to say that the sheer size of the Hoover Dam
project, and the associated need to overcome many shortcomings in the design,
analysis, and construction of concrete dams up until that time, led to significant
advancements in the state-of-the-art, ultimately to become the state-of-practice.
This project, perhaps more than any other, came to represent the Bureau of
Reclamation’s world renowned expertise.

VI. Hydraulics for High Concrete Dams

Without question, a major breakthrough in the understanding of high-
head, high-velocity spillway designs resulted from the Boulder Canyon Project
and construction of Hoover Dam. Between 1928 (authorization of the Project)
and 1948 (completion of Project documentation), extensive research formed the
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note, was the research and
development of methods to 1.28. Modern Ogee Spillway crest configuration.
design the “ogee” spillway

crest, which is still used for spillway designs around the world. Prior to this
research, methods of estimating the “under-nappe” of a jet of water moving over

a sharp crested-weir were based on approximate observations made by M. Bazin
in the late 1800s and typically used a vertical upstream face on the spillway

crest. The shape of the under-nappe defines a minimum shape or profile for

the spillway flow surface. Unless the flow surface matches or is flatter than the
under-nappe, sub-atmospheric pressure can occur, possibly leading to reduced
stabilizing tailwater backpressure, increased cavitation potential, or vibrations.
The Boulder Canyon Project hydraulic research expanded on Bazin’s methods and
developed design tools, which can still be found in Reclamation’s Engineering
Monograph (EM) No. 9 by J. N. Bradley and in Design of Small Dams. The
design tools provide considerable flexibility and methods to: (a) determine the
spillway ogee shape required to best fit the under-nappe of the overfalling stream
for any practical condition of design; (b) derive the nappe shape due to varying
approach velocities; (¢) determine the coefficient of discharge for overfall dams
(or spillways) with vertical,
sloping, overhanging and
offset upstream faces; (d)
determine effects on coefficient
of discharge due to different
crest shapes with and without
control gates, including the
effects of adjacent terrain,
piers, and position of gates;
and (e) determine the effects on
the coefficient of discharge due
to downstream submergence.

) 1.29. Basin X (tunnel flip bucket), spillway discharg-
A second major ing approximately 27,000 ft%/s - Glen Canyon Dam,
breakthrough in hydraulic Arizona.

design for high dams occurred
in 1958 with the first printing of Reclamation’s Engineering Monograph (EM)
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No. 25, Hydraulic Design of Stilling Basins and Energy Dissipators by Alvin J.
Peterka. This publication summarized twenty-three years of research and design
experience, and provided a practical design tool for sizing stilling basins. Since
that initial printing this EM has been updated and was last reprinted in 1984.
Until the development of this EM, attempts to generalize data from hydraulic
model studies and resulting designs led to inconsistent results. To resolve this,

a research program was undertaken, starting with observing all phases of the
“hydraulic jump.” With an understanding of this phenomenon, it was possible
to develop practical and common aspects of energy dissipation designs. This
EM documents that effort, and provides general design rules and procedures for
ten stilling basin or energy dissipator types, which in some cases eliminates the
need for hydraulic model studies. It should be noted that hydraulic model studies
still play an important role in the design process. They are used to optimize the
structure’s size, account for non-symmetrical approach and exit conditions, and
to evaluate unusual flow conditions in or through the structure. Three types of
stilling basins and energy dissipators have been primarily used for spillways
associated with high concrete dams. These include:

1. Basin V (sloping aprons)—This basin relies on a hydraulic jump to
dissipate energy. The downstream basin slopes gently downstream.
Designs that used Basin V stilling basins included Shasta, Canyon Ferry,
Olympus, Friant, and Keswick Dams.

2. Basin VII (slotted and solid buckets)—As with Basin V, this basin also
relies on a hydraulic jump to dissipate energy. However, the downstream
basin is curved up with a lip at the downstream end. Designs relying on
Basin VII stilling basins included Grand Coulee Dam, (solid bucket); and
Angostura Dam (slotted bucket).

3. Basin X (tunnel flip buckets)—Unlike the basin V and VII, a hydraulic
jump is not initiated. This is an energy dissipater that projects the exiting
jet into the air, spreading and aerating the jet before it impinges into the
tailwater. Basin X energy dissipators were used for Glen Canyon, Hungry
Horse, Yellowtail, and Flaming Gorge Dams.

A third major advancement in evaluating hydraulics for high concrete
dams involved the understanding of cavitation. Although Reclamation had
investigated cavitation damage and implemented repairs since 1941, the
understanding and methodology to adequately mitigate cavitation damage was
not developed until after significant cavitation damage occurred at Glen Canyon
and Hoover Dam tunnel spillways as a result of flooding in 1983. Prior to
this, standard practice was to specify very stringent concrete finishes for flow
surfaces associated with discharge velocities greater than 75ft/s. The concrete
finishes for these flow surfaces were very difficult to achieve in the field. A
more effective method had actually been employed in 1961 and 1969 with the
installation of aerators to address the cavitation damage which occurred at Grand
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Coulee Dam outlet works tubes, and the Yellowtail Dam spillway, respectively.
The installation of the aerator for Yellowtail Dam spillway is thought to be the
first of its kind, and after which, it was noted that aerators were being installed
worldwide. It is interesting to note that research had already illustrated the
effectiveness of extremely small quantities of air entrained in flowing water in
significantly reducing the tendency for cavitation damage. However, it was not
until the mid- to late-1980s that sufficient research, design, and experience had
been gained to change Reclamation’s approach to mitigating cavitation potential.
Cavitation was found to be the result of formation and collapse of vapor cavities
at abrupt changes in geometry of the flow surface. Resulting from an eight year
effort, Henry T. Falvey’s Engineering Monograph (EM) No. 42, Cavitation in
Chutes and Spillways was published in 1990, providing common-sense guidance
on how to identify and mitigate cavitation potential. Two important developments
include: (1) generalized guidelines and tools were developed to assess the
potential degree of cavitation, and to develop preliminary aeration designs, and
(2) concrete finishes (surface textures) were decoupled from concrete tolerances
(surface offsets and irregularities), recommended surface tolerances were revised
to be more achievable in the field, and these tolerances were linked to cavitation
indices. These indices are a function of the fluid velocity and pressure, and
empirically give an indication of the potential for cavitation.

Today, as standard practice
in the technical evaluations of
existing and new spillways, the
cavitation potential is evaluated by
first evaluating the cavitation index
(o) profiles at different discharges.
Based on cavitation index profiles,
the required surface tolerances are
determined as a function of the
minimum value of cavitation index.
If the cavitation index is less than
0.2, cavitation would be expected,
and the effects of changing the
spillway geometry on the cavitation
index should be evaluated. If low
values of the cavitation indices
cannot be raised by changing the
geometry, a concept change or an

aeration device should be considered.

Using these procedures, aerators
have been installed in the spillway
tunnels for Glen Canyon, Flaming

Gorge, Hoover, and Yellowtail Dams.

1.30. 1983 cavitation damage in the Left Spill-
way Tunnel. The “big hole” extends
approximately 27 feet below the tunnel invert,
Glen Canyon Dam, Arizona.
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VII. World War Il Era—Large Gravity Dams

In the 1930s the United States was hungry for electric power, and this
became even more important to power war production factories following entry
into World War II in 1941. The technology developed during the design and
construction of Hoover Dam was available to construct large concrete dams and
associated hydroelectric power plants. In order to tap the energy reserves of
large and wide rivers, it became necessary to construct gravity dams. Two of the
largest of these, Grand Coulee and Shasta Dams, were constructed by the Bureau
of Reclamation in the late 1930s and 1940s. These dams became engineering
landmarks, and have been studied and emulated by other countries around the
world. During this time, John “Jack” L. Savage served as Chief Design Engineer.
His office in Denver then was
the foremost engineering office
in the world for water resource
heavy construction projects.
Savage gained world-wide
renown for his work with
the Bureau of Reclamation,
and received may honors and
awards. He was reputed to be
modest to an extreme, and was
of such character as to readily : :
receive the loyalty of his 1.31. Grand Coulee Dam, Forebay Dam, and Third
capable organization. Powerplant, Washington.

The original design of Grand Coulee Dam called for a low dam to be built
to elevation 1116 with the left power plant included. It would accommodate a
future dam raise and expansion of the power plants, but originally would not
provide irrigation water. The specifications were issued, the contract awarded,
and the Notice to Proceed issued on September 25, 1934, for the low dam
concept. Shortly after the construction activities began, renewed pressure came
from the local agricultural constituents for the high dam. They caught the ear of
President Franklin D. Roosevelt during his August 4, 1934, visit to the site. A
reevaluation of the economics and technical issues associated with raising the dam
indicated substantial benefits in going directly to a high dam. By June 5, 1935, a
major change order was issued, increasing the excavation and changing the shape
and details of the dam to allow immediate construction of a high dam to elevation
1311 through a second contract. The dam would be a gravity structure nearly
a mile long and 550 feet high, with a downstream slope of 0.8:1, and a central
spillway section controlled by drum gates capable of releasing 1,000,000 ft*/s.
Water would be pumped from the Columbia River to a reservoir in the Grand
Coulee, a basin eroded by the river during the Ice Age when ice blocked the main
course of the river. In January 1942, about a month after the Japanese attacked
Pearl Harbor, a contingent of the U.S. Army took up quarters in Mason City and
performed guard duty at the dam due to concerns about a possible enemy thrust
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into the area. All efforts were concentrated
on getting the power online to supply energy
to aluminum plants and shipyards.

\ Diversion of such a large river posed
many problems, but a series of cofferdams,
and diverting flows over the low blocks in
the dam allowed the construction to proceed.
Landslides in the fine-grained deposits from
the Ice Age mantling the river banks were
also problematic. Stabilization included
flattening slopes, installing drainage, and
temporarily freezing the soil. The dam was
founded on hard granite scoured by the
pre-ice age river. As had become standard
practice, foundation grouting and drainage
were constructed. Three-dimensional Trial
Load twist analyses, fully developed during
the design of Hoover Dam, were performed
Forebay Dam, Washington. for the high gravity dam design. Due to
(Note unkeyed contraction joint.) stress concentrations in the portion of the

dam adjacent to the sharply rising abutments
and concerns for potential cracking, vertical “twist slots” were designed for the
abutment sections to give the structure some flexibility to adjust to loads. Five
twist slots were constructed, two on the left side and three on the right side. The
slots were initially filled with sand. After the reservoir had filled to elevation
1150, the sand was removed and the slots filled with concrete.

1.32. Construction of Grand Coulee

Low heat cement was used for the project. It had a slower set time
delaying stripping of the forms, but lower heat of hydration than conventional
cement was a great bonus in cooling the concrete and keeping cracking to
a minimum. The concrete was made of aggregate, cement, and water. No
admixtures, other than limited quantities of calcium chloride to accelerate the set,
had become acceptable at that time. Two mixing plants were constructed, one
on each side of the canyon, and at the peak of production 20,684 yd* of concrete
were placed in 24 hours on May 29, 1939. The rock and concrete surfaces were
thoroughly cleaned for placement of concrete using wire brushes, sand blasting,
and water jets. The concrete was placed in 5-foot lifts and about 50-foot square
maximum size blocks. At least 72 hours were required between successive
lift placements. Cooling coils were placed on the lift surface, and drain forms
installed. Then a ’2-inch-thick layer of mortar was placed on the surface to
provide a good bond. Concrete with a 2-inch slump or less was delivered in four-
yard buckets using small trains running on a trestle and cranes. The concrete was
placed in one foot layers and thoroughly consolidated with electric and pneumatic
vibrators. The exposed surfaces were kept wet for fourteen days. River water
was pumped through the cooling coils to cool the concrete. An evaporative
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cooling tower was eventually installed to enhance the concrete cooling. The
concrete was cooled to about 45 degrees Fahrenheit, and then the transverse keyed
contraction joints, spaced at 50 feet, were grouted. Reclamation’s 4,000,000 Ib.
testing machine was installed in the Denver laboratory at the U.S. Customs House
during the period of dam construction to permit testing the strength of large
aggregate concrete, using cylinders up to 36 inches in diameter.

The Forebay Dam and Third

Power Plant were completed in 1974,
and they greatly increased the power
generating capacity of the project. Two
concrete mixes were used for construction )
of the Forebay Dam; a richer mix for .
exterior surfaces and a somewhat leaner
mix for the interior mass concrete. Fly
ash and air entrainment were used in all
concrete. The fully automatic batching
plant had provisions for handling
five aggregate sizes ranging to 6-inch
maximum, and a refrigeration plant for
chilling water and making ice to cool the
mix to the required 40 to 50°F placement
temperature. All concrete was membrane
cured. Vertical contraction joints normal
to the axis were spaced at alternating 1.33. Cons’gruction of Grand Coulee
distances of 50 and 70 feet, the large Dam, Washington. (Note Keyed con-

. . traction joint.)
spacing required to accommodate the 40-
foot-diameter penstocks. Artificial cooling was performed in the lower portions
of the blocks. The contraction joints contain water stops, but only the lower
portions were grouted, presumably to stabilize the sections of the dam that contain
the penstocks. However, the more important consideration is that the contraction
joints keyed. This allows each block to adjust to movements individually, but also
reduces load transfer between adjacent monoliths in the case of local instability.

Construction of Shasta
Dam in northern California
overlapped with construction
of the original Grand Coulee
Dam. At the time, Shasta Dam
was second only to Grand
Coulee in volume, and second
only to Hoover in height. The
dam is on the Sacramento
River in northern California,
and is the cornerstone of
the Central Valley Project. 1.34. Shasta Dam, California.
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Although curved in plan to match the site conditions, the dam was designed as a
gravity dam, with a downstream slope of 0.8:1. By this time efficient placement
and cooling of large volumes of concrete could be readily achieved, due largely
to the development that occurred during the
design and construction of Hoover Dam.
Construction methods were nearly identical to
those at Grand Coulee Dam. As an interesting
note, two generators lay idle at Shasta Dam

in the early days of World War II, with no
prospect for immediate use. They were
shipped and installed at Grand Coulee Dam,
providing power during the critical war years,
and then returned to Shasta following the war.

It should be noted that during this
period of time the effects of alkali-aggregate
reaction (AAR) came to the forefront. A
chemical reaction between the alkali in
the cement and certain types of aggregates
causes expansion of the concrete usually
leading to cracking, and in cold climates 1.35. Cracking at Friant Dam due
the damage can be exacerbated by freeze- to Alkali-Aggregate Reaction, Friant
thaw mechanisms as water enters the cracks. ~ Dam, California.

Extensive cracking and deterioration at Parker
Dam in Arizona, and American Falls Dam

in Idaho led the Bureau of Reclamation to
conduct studies into the phenomena beginning
about 1941. Petrographic examination of
aggregates became the primary means of
identifying potentially reactive aggregates in
about 1941. The limitation of alkalis in the
cement to less than 0.6 percent as a means

to control AAR was first published in the
Fourth Edition of the Concrete Manual by

the Bureau of Reclamation in October 1942.
Investigations into the effects of pozzolans to
reduce alkali- aggregate reaction were begun
in the early 1940s. Using 20 percent Class F
or N pozzolans as a replacement for cement
became standard practice for the Bureau of
Reclamation in about 1970. This not only
reduces the cost of the cementitious material,
but also provides additional protection.

1.36. Freeze-thaw damage on
downstream face of Deadwood

o ) . Dam, Idaho. (Note that damage is
By this time, deterioration of some near contraction joint due to leak-

concretes in cold climates had been noted, age.)
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and was described in general terms as durability. The problem was freeze-thaw
damage, whereby water present in the saturated cement expands upon freezing,
exerting pressures that far exceed the tensile capacity of the paste, causing
cracking and ultimately failure of the concrete after repeated cycles. It was found
that high strength concrete made with good quality aggregates and low water to
cement ratios generally had better durability. However, experience accumulated
during the 1920s and 1930s suggested that other factors also contributed to
whether a concrete was susceptible to freeze-thaw damage. The Bureau of
Reclamation began testing concrete for freeze-thaw durability in about 1937 with
the development of accelerated freezing-thawing test apparatus. The first studies
of standard concrete mixes of the time indicated that failure usually occurred
after about 150 to 200 cycles. Formal studies of the effects of an air-entraining
admixture performed in 1942 reported an increase in the number of cycles to 400
to 450. However, the Fourth Edition of Reclamation’s Concrete Manual provided
no reference to air entrained concrete. Due to World War II, this information

was not published until 1949 in the Fifth Edition of the Concrete Manual. Air-
entrained concrete as a means to increase concrete durability has been standard
practice since.

VIIl. The Post-War Boom—Developments Continue

Following World War II,
the country entered into a boom
period. The demand for power was
high, and the developments that
occurred with the building of large
concrete dams and associated power
plants such as Hoover and Grand
Coulee were put to use in quickly
building several more monumental
concrete dams and power plants,
such as Glen Canyon (a 710-foot
high thick arch dam on the Colorado
River), Yellowtail (a 525-foot high
arch dam on the Bighorn River in
Montana), and Flaming Gorge Dam (a 502-foot high arch dam on the Green River
in Utah). The first of these large post-war concrete dams was Hungry Horse.

1.37. Hungry Horse Dam, Montana.

Hungry Horse Dam, constructed in 1948-1953, is a concrete arch structure
that has a structural height of 564 feet and a crest length of 2,115 feet at crest
elevation 3565.0. The dam is located on the South Fork of the Flathead River
in northwestern Montana, south of the southern border of Glacier National
Park. The dam impounds a reservoir containing 3,467,000 acre feet of storage at
elevation 3560.0. The reservoir provides the benefits of power generation, flood
control, irrigation, river regulation for fisheries, and recreation.
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Hungry Horse Dam was designed and analyzed by Trial Load Methods.
(Though not used for Hungry Horse, physical model studies were still in use, and
were performed later for Glen Canyon and Morrow Point Dams.) The analyses
include the stage construction of varying reservoir elevations and grout zones.
Concrete was cooled by embedded cooling pipes to 38°F. Original designs
called for the vertical radial contraction joints to be 50 feet apart, but based on
temperature studies, an 80-foot spacing was used. One cross canyon contraction
joint was used across blocks 10 to 23 at alternating distances of 134 feet and
186 feet from the axis. The vertical contraction joints have shear keys. Formed
drains were constructed at each contraction joint and at 10 feet on centers across
the dam. Collected drainage flows by gravity into a sump consisting of two
pumps each discharging 500 gallons per minute.

The dam consists of 27 blocks numbered from 2 on the left abutment to
28 on the right abutment. Lifts were 5 feet in height. There were different
concrete mixes for the interior and exterior (5 foot minimum to 9 foot average
exterior concrete thickness on the faces and crest roadway) of the dam consisting
of cement, fly ash, and 6-inch maximum sized aggregate. Flyash used as
pozzolan helped reduce the heat of hydration while providing long term strength
gain.

Another major development of the post-war era was the use of air-
entraining admixtures to increase the durability of concrete to freeze-thaw
damage. Problems with air entrainment persisted throughout construction of
Hungry Horse Dam, but were perfected at later structures. Early stripping of
forms was a major cause of surface damage.

Extensive instrumentation systems had become standard by this time. The
dam has seven lines of uplift measurements at the dam to foundation contact,
three plumb lines, and flow measurements from drain holes in the right abutment.
Deflections are measured with three plumb lines located in blocks 8, 17 (crown),
and 24. The dam has permanently shifted upstream about 0.3 inches since 1962.
The dam moves a total less than 0.4 inches season to season.

The dam was constructed close to current day standards with vertical
contraction joints, formed drains at 10-foot centers in the concrete, foundation
drains at 10-foot centers in the foundation, foundation grouting, artificial cooling
of the mass to 38°F and contraction joint grouting, cleaning of the lift lines
and dam to foundation contact for bond, and concrete strengths (tested during
construction) averaging over 4000 1b/in®. There is radial cracking on the crest
in blocks 4 and 24 progressing 30 feet down on the downstream face and into
the roadway gallery. Radial cracking on the crest is probably thermal induced
cracking because the contraction joints are 80 feet apart and not the typical
50 feet.
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The spillway at Hungry Horse Dam is a concrete-lined tunnel with a
morning-glory intake on the right abutment designed for a maximum discharge
capacity of 53,000 ft*/s for a reservoir elevation at the crest of the dam (elevation
3565.0). The normal high water surface is 5 feet lower than this maximum
with the ring gate in the raised position. The spillway was designed using two
laboratory models and approximately 200 tests. Subatmospheric pressures were
reduced to very low levels by shaping the crest profile, developing an efficient
venting system, increasing the lower bend radius from 55 to 120 feet, and
providing a guide vane for the upper bend together with a pier on the spillway
crest. The only difference in the actual spillway was the elimination of the vane
and pier because of difficulty in construction. The venting system vents the
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1.38. Plans and Sections of Hungry Horse Dam and spillway, Montana.
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undernappe from the crest structure with nine 8-inch pipes at 30 degree centers
around the crest and vents the crown of the spillway tunnel in the upper bend

at elevation 3514.0 with an additional inlet. Air is supplied by a 6-foot square

air inlet tunnel in the right abutment. With 53,000 ft*/sec discharge, velocities

of the water at the outlet portal are computed to be between 132 and 146 ft/sec.
The spillway crest is controlled by a 64-foot diameter buoyant ring gate having a
maximum lift of 12 feet from elevation 3548.0 to 3560.0. A deicing system using
compressed air bubblers prevents ice forming on the gate. Spillway discharge
varies from free-flow discharge at low heads to orifice-flow discharge at higher
heads.

Several precautions were taken during construction of the spillway to
assure accurate alignment and smooth concrete surfaces. Even construction joints
were eliminated in the vertical curve and deflector sections to avoid offsets at the
joints. A 50 degree inclined shaft was chosen over a vertical shaft for economic
reasons and ease of excavation, to cross bedding planes at right angles and confine
overbreaks to the upper right-hand quadrant of the shaft because of one of the
joint systems. After placement of the tunnel lining, the surrounding rock was
thoroughly grouted using pressures varying between 125 Ib/in? and 150 1b/in%.
Irregularities in the lining were eliminated by grinding, sandblasting, hand-stoning
with a fine-grit Carborundum™ stone, and then final grinding after 7 days of cure.
The vertical bend and deflector sections were placed without construction joints
and cooled with river water pumped through cooling coils. Rather extensive
repairs of the concrete surfaces in the spillway tunnel were required because of
retractions and bulges in the wood forms. Concrete was placed in above-freezing
temperatures and curing was by hand sprinkling.

The foundation at Hungry Horse Dam is the Siyeh limestone formation
with beds ranging in thickness from a few inches to several feet. The average
strike of these beds is N38W and an average dip of 30NE which is upstream
and into the right abutment. Several faults were present in the foundation which
required excavation and backfill concrete treatment. Foundation grouting and
drainage were typical for the time. However, an unusual foundation treatment
was used for the first time. A clay seam along bedding was discovered in blocks
11, 12, and 13. It was decided to wash out the clay with water and air at less
than 30 1b/in2 pressure and backfill with grout rather than to remove the 7,100 cy
of rock above the seam. At some point, pressures of 250 1b/in2 were used. The
seam was excavated above fault 3. The treatment was verified to be effective by
extracting core and inspections down calyx sized holes.

IX. The Failure of Malpasset Dam—Rock Mechanics and Foundation
Design Develops

Although several concrete dams failed due to foundation deficiencies
during the early years of concrete dam construction in the United States, it wasn’t
until the failure of Malpasset Dam in 1954 that the profession recognized a need

37



for more rigorous foundation
investigations and analytical
design methods. Malpasset
dam was a 216-foot high thin
arch dam completed on the
Reyran River upstream of
Frejus in the Cannes District
of France. The reservoir had
a capacity of 41,700 acre

feet. Although the foundation

contact was blanket grouted
with 16-foot deep holes, a 1.39. Malpasset Dam, Cannes District, France.

grout curtain was considered

unnecessary due to the low permeability of the rock. No drainage had been
provided in the dam or foundation, and no instrumentation, other than surface
measurement points, was installed. The foundation consisted of metamorphic
schists. Heavy rainfall occurred during the fall of 1954 shortly after completion
of the dam, and by mid-November the reservoir was within 17 feet of the normal
maximum level. At that time operators discovered a trickle of clear water about
60 feet downstream of the dam on the right abutment. Cracks had been seen

in the concrete apron at the toe of the dam, but no one knew when they first
appeared. Another intense rainstorm began on November 28, and by December
2, the reservoir was full and the outlet was opened. At 8:45 p.m., the caretaker
left the dam without observing anything unusual. At 9:10 p.m. the dam failed
suddenly, causing total destruction along a 7-mile course to the Mediterranean
Sea.

Analysis of the
displacements of the dam
remains showed that the left
side of the dam and underlying
foundation lifted and rotated
as a monolithic unit about a
vertical axis located where the
crest met the right abutment.
Conventional structural
analyses using a wide range
of material properties showed
co‘nc.rete stresses were well 1.40. Malpasset Dam failure, Cannes District,
within strength parameters, France.
and did not explain the failure.

Arch buckling analyses also indicated an ample margin of safety. The failure
left an upstream dipping fault zone and downstream dipping foliation plane
exposed on the left abutment, intersecting below where the dam once stood. The
measured movements and post-failure evidence pointed to abutment sliding on
the fault as the cause of failure. Dr. Pierre Londe developed three-dimensional
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limit equilibrium analysis techniques to evaluate the stability of a dihedral wedge
formed by the fault, the shear, and a third joint release plane. The stability of the
wedge was evaluated under loads consisting of dead weight, water uplift forces on
each plane, and the thrust from the dam. Instability was explained by this analysis
when large uplift forces were assumed to develop on the foliation shear.

Thus, the science of rock mechanics was applied to concrete dam
foundations. Shortly after this, in the late 1950s and early 1960s during the design
of Yellowtail, Glen Canyon, and Morrow Point Dams, the Bureau of Reclamation
began further developing rock mechanics methods in application to concrete
dam foundation design and analysis. Large scale in-situ tests were developed
for determining rock mass deformability properties. Exploratory drilling and
geophysical testing were performed to evaluate foundation conditions, and careful
attention was paid to major discontinuities within the rock. However, it was
not until the designs for Auburn Dam were underway in the late 1960s that the
foundation exploration, analysis, and design were coherently integrated. Under
the direction of Louis R. Frei, James S. Legas, and J. Lawrence Von Thun, world
class foundation investigations, testing, evaluation, design, and treatment occured
at the Auburn Damsite. Although Auburn Dam was never completed, this work
was an enormous contribution to the profession, and formed the basis for future
evaluations within the Bureau of Reclamation.

The Auburn Damsite
consists of complex
metamorphic geology. The
basic rock type is a dense
amphibolite, but numerous
faults and talc zones cut the
rock, and metasediments
occurred within the
foundation. Careful
diamond core drilling
using split inner tube core
barrels, trenching, and

excavation of exploratory 1.41. Photo of Uniaxial Jacking Test performed at the
tunnels and drifts was Auburn Damsite, California, to measure deformation

performed to define the properties of foundation rock mass.

geologic conditions. The

results of this exploration were portrayed on geologic plan, section, and structural
contour maps to provide a complete three-dimensional picture of the foundation.
Weathering profiles and fracture density characterization were used to define

the foundation excavation to suitable rock. It was recognized that the rock
deformation properties were key in determining how load was distributed to the
foundation from the dam, and that jointing and discontinuities within the rock had
a pronounced effect on these deformation properties. In-situ deformation testing
was performed in the exploratory tunnels and drifts. Despite the large size of the
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tests, it was recognized that
they still represented a small
point in the foundation rock.
Methods were therefore
developed to extrapolate
these results to the rest of the
foundation. From this, the
deformation properties of
the foundation were defined
for input to finite element

and Trial Load structural 1.42. Schematic of Uniaxial Jacking Test performed at
analyses of the concrete arch the Auburn Damsite, California, to measure deformation
dam. properties of foundation rock mass.

Seepage analyses were performed to evaluate potential foundation uplift
pressures. Exit gradients at fault and talc zones near the toe of the dam were
analyzed, and testing was developed to determine critical exit gradients where
piping of these zones would initiate. Potential modes of instability were identified
by evaluating discontinuities (faults, shears, joints, foliation planes, talc zones)
within the foundation. “Failure mode assessment” as it is sometimes called, was
developed fully in the rock mechanics arena, and has been a valuable contribution
to other areas of engineering. Foundation blocks formed by discontinuities that
intersected beneath the dam, with the intersection or one of the planes daylighting
downstream, were analyzed using limit equilibrium techniques. The shear
strength of the critical potential sliding planes was evaluated by laboratory and
in situ testing of samples from the appropriate faults, talc zones, and joints. Arch
thrust from gravity, reservoir, and temperature loads; dead load of the foundation
blocks; uplift on the planes that formed the blocks; and earthquake loading were
all considered in the evaluations. Finally, foundation treatment, in the form of
excavation of the weak zones and replacement with mass concrete, was designed
based on the results of all the studies. In some cases the treatment was controlled
by the need to develop a smooth deformation pattern or transfer of load across
discontinuities. In others, the treatment was controlled by the extra shear strength
needed for stability, or by the need to reduce exit gradients.

Although improvements to the analysis methods have been made over
the years including better methods for evaluating seismic stability, the basic
evaluation process remains essentially the same as that developed at the Auburn
Damsite. Many concrete dam foundations have been evaluated using these
procedures. Detailed foundation rock mechanics analyses are now an important
aspect of the standard practice for evaluating concrete dams.

X. The Double-Curvature Arch—A New Standard for Efficiency

Beginning in about the early 1960s a new concept for shaping arch
dams found its way to the Bureau of Reclamation. This shape, termed “double-
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curvature” provided for more efficient distribution of loads within the structure
and to the abutments. A double-curvature arch is curved in plan view and section
view. This results in more of a “bow]” shape to the structure. The undercutting at
the heel of the dam that results from this shape, and the inward curvature on the
downstream face, eliminate areas where tensions typically develop in arch dams.

The first double-curvature dam
constructed by the Bureau of Reclamation
is Morrow Point Dam. The dam has a
structural height of 468 feet and a crest
length of 724 feet. The dam is a variable-
center arch structure with an axis radius of
375 feet. The crest of the dam at elevation
7165 carries a 12-foot-wide roadway.
Storage in the Morrow Point Reservoir
is 117,190 acre feet at the top of active
conservation.

In addition to being Reclamation’s
first double-curvature arch dam, the
project also boasts Reclamation’s first
(and only) underground power plant. The
power plant chamber is tunneled into the canyon wall in the left abutment about
400 feet below the ground surface. Two 13.5-foot-diameter steel penstocks carry
flow to the power plant, which contains two 86,667-kilowatt generators driven by
two 83,000-horsepower turbines.

1.43. Morrow Point Dam, Gunnison
River, Colorado.

Because Morrow Point Dam was the first double-curvature thin arch dam
built by Reclamation, the geologic exploration program was one of the most
extensive programs ever carried out. The geologic data was developed through a
comprehensive investigation which included detailed geologic mapping, diamond
core drilling, excavation of five exploratory tunnels, examination of drill holes
by television, and seismic surveys. Geologic studies were also coordinated with
horizontal and vertical in-situ jacking tests and with Whittemore and borehole
strain gage measurements. However, failure mode assessment and foundation
stability analyses were not part of the original foundation studies.

Morrow Point Dam is located in a narrow section of the Black Canyon of
the Gunnison River with very steep canyon walls and many overhangs. The rock
encountered at the damsite consists of alternating lenticular and irregular beds of
biotite schist, mica schist, micaceous quartzite, and quartzite, all of which were
intruded by granite pegmatite ranging from small veinlets to massive intrusions.
The quality of rock type varies considerably, the hardest being the granite
pegmatite and the quartzite with variations of hardness down to the weaker biotite
schist.
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removal of overlying rock by Morrow Point Dam, Colorado.

river erosion. Another indication
of stress relief is an apparent halo of fractured rock which extends to a depth of
about 80 feet beneath the valley floor.

The analyses were very thorough since the design and layout requirements
went beyond the state-of-the-art of that time. The dam was mathematically
modeled and analyzed using the Trial Load Method of Analysis when subjected
to static load and was further analyzed using the computerized adaptation of the
Trial Load Method (ADSAS—Arch Dam Stress Analysis System) to refine the
design and layout for nine different loading conditions, including seismic loads,
construction loads, various temperature and grouting conditions, and the as-
excavated foundation layout. In addition, the dam was analyzed by the use of
physical models as a check to the mathematical modeling process. One model
of the dam and foundation was prepared by Reclamation and the other was made
by the Laboratorio Nacional de Enenharia Civil of Portugal. All the analyses
indicated the dam could safely withstand any of the loading conditions applied.

The contract for construction of Morrow Point Dam and Powerplant
was awarded to a joint venture of the Al Johnson Construction Company and
Morrison-Knudsen Company on May 14, 1963, with construction completed
on May 24, 1968. In general, the dam and power plant were constructed in
accordance with the designs and specifications with only a few complications
arising requiring changes in the planned construction.

Open stress relief jointing, especially in the left abutment, caused several
small rockslides in the excavation for the access road and the upper left keyway.
To keep the excavated surfaces stable and at grade, the contractor had to use
controlled blasting techniques and the installation of many rockbolts. Asphaltic
grouting was later performed to control seepage along relief joints. This adverse
jointing and the presence of shears within the excavation for the underground
power plant caused movement of large blocks of rock within the power plant
walls. This prompted the contractor to install additional access/drainage tunnels
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and extensive systems of rockbolts, post-tensioned cables, and flat-jacks to
support the rock mass and prevent further movement.

At the beginning of concrete placements in 1966, two longitudinal cracks
were found in the top of blocks 9 and 11 at elevation 6777.5. Both cracks were
in the center of the block, extended completely across the block, and had a
maximum width of 0.03 inches. A mat of No. 11 reinforcement bars was placed
over these cracks and concrete placements continued with no additional problems
identified in this area.

In May of 1966 the center formed drain in block 10 was found to be
plugged at elevation 6815 and had filled with sand and debris to about elevation
6897. The contractor requested permission to use high pressure water to loosen
and remove the plug. Reclamation granted permission as long as the pressure
in the formed drain did not exceed 100 1b/in>. On May 5, 1967, the contractor
applied the water pressure to the hole, but used pressures of almost 300 1b/in? and
cracked the concrete in block 10 shortly after placements in this block reached
elevation 7100. The crack formed in block 10 extended completely across the
block and extended a short distance into block 9. The repair work included the
following: all concrete was removed upstream of the crack, 24 rockbolts were
installed within the dam below the crack to prevent downward propagation,

56 No. 11 dowel bars were installed to anchor the replacement concrete to the
undamaged concrete, concrete was replaced using an epoxy bonding agent,

and a mat of No. 11 bars was placed over the repair area to prevent any upward
propagation of the crack. No problems have been identified at this area since the
repairs were completed.

Several other double- : e
curvature arch dams were ~ Sl
successfully designed and
constructed by the Bureau of
Reclamation in the late 1960’s
and 1970’s. One that bears
mention is Nambé Falls Dam,
a 150 foot high dam on Rio
Nambé in New Mexico. The
arch is part of a composite
structure with a massive
concrete thrust block on the
left abutment that ties into an
embankment dam. The dam
is quite thin, and temperature
loadings were difficult to design for. Therefore, a series of flat jacks were
installed in the crown cantilever, and the flat jacks were pressurized to prestress
the dam into a state of compression that could handle all loading conditions
adequately. Another item of interest is the development of elliptical arches by

1.45. Nambé Falls Dam, New Mexico.
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the use of “three-centered” geometry. The elliptical arches are approximated by
a central section with a smaller radius, flanked by abutment sections with larger
radii. This allows double-curvature arch dams to be designed for wider canyons.
Although none of these were built by Reclamation, the method was developed
and several designs were completed.

XlI. Structural Analysis Developments
A. Development and Computerization of the Trial Load Method

The Trial Load Method of stress analysis assumes that the load applied to
an arch dam would be divided between horizontal (arch) and vertical (cantilever)
elements in such a way as to produce equal movements in all directions at points
of intersection of these horizontal and vertical elements. Each arch and cantilever
element is assumed to move independently of all others, but at the conclusion
of the analysis, geometrical continuity exists at the intersections. Only a few
representative arch and cantilever elements (5 to 10 each) need be analyzed. The
basic concept is that the internal loads equal the external loads at any intersection
point. The internal loads are divided between the arch and cantilever elements
until the deflections match. Thus the name, Trial Load Method of analysis. Then
tangential and twist loads are applied in equal and opposite directions, one on
the arch and one on the cantilever. This way the arch and cantilever deflections
are brought into tangential and rotational agreement without changing the
external load on the structure. These internal loads set up the three-dimensional
interaction between two-dimensional arch and cantilever elements. To facilitate
the process of dividing the internal loads between arches and cantilevers, certain
patterns of loads called unit loads were developed. In applying the unit loads,
it was advantageous to compute the movements of arches and cantilevers from
unit loads before attempting to divide the external load between the arches and
cantilevers. The total load resisted by the arches and cantilevers are determined
by the Trial Load adjustments. With these loads, stresses are then computed.

There are basically three levels of Trial Load analysis depending
on the desired accuracy and time duration for computations. 1) The crown
cantilever analysis consisted of adjusting deflections of arch elements and the
crown cantilever (the maximum vertical section in the center of the dam). The
results were crude and neglected the effects of tangential shear and twist, but
the computation time was relatively short and with judgement was an effective
tool for preliminary designs. 2) The radial deflection analysis added two more
cantilevers so radial deflection agreement was obtained at the crown and quarter
points of the dam. The distribution of load along the arch was more accurate
but the tangential shear and twist were still neglected, so the accuracy was only
slightly better. The time for a radial deflection analysis was only slightly longer
than the crown adjustment. 3) The complete Trial Load analysis produced
agreement of all three linear and all three angular displacements by properly
dividing the radial, tangential, and twist loads between the arches and cantilevers.
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The accuracy was only limited by the number of arches and cantilevers used,

the exactness of the basic assumptions (stress distribution), and the magnitude

of error permitted in the slope (angular) and deflection adjustments. The results
from a complete analysis were confirmed by the Hoover Dam model studies. The
major limitation was the time required to perform an analysis.

In the 1960’s
before the application of
computers to structural ar
analysis, computations for tth Lewis
the Trial Load analysis were
done by a group of six to
eight engineers operating

Ernie Schulz

mechanical “adding” - ) e | (e

machines and filling in values et

on large tables. One analysis e | - [onry | — 5 [ ort
would take a pair of engineers =™ el B Bl B B
from six to eight weeks 1.46. Seating arrangement in the Analysis Section.

depending on the skill of the

designer. As such, not many load combinations were analyzed. New rotation
engineers performed these tedious computations. They would work in pairs so
one could check the other’s computations as they were performed. The seating
arrangement in the Section was like a Viking ship with the row master behind

the rowers. They worked with an experienced design engineer. It would take
about 5 years to transition from a human calculator to a beginning designer. Arch
dam designers would layout a preliminary shape for an arch dam. The loading
conditions to analyze were decided upon and younger engineers would start the
Trial Load computations. When the computations were complete, the results
were returned to the designer and displacements were plotted. Adjustments to
the loads between the cantilever and arches were determined, and the process
repeated. Some designers, such as Howard Boggs, Milt Kramer, and Carl Jones,
had a tremendous feel for how an arch dam reacted to loads and were very skillful
in making adjustments. This took many years to develop. Howard Boggs wrote
Engineering Monograph No. 36 explaining the beginning steps to lay out an arch
dam. However, this produced only a beginning shape. The real skill then came
in trying to adjust the shape and produce the most optimum design. Layouts were
done on a topography map with a large beam compass, french curve, and graph
paper. Mechanical calculators ran eight hours a day, five days a week, for weeks.
There were replacement calculators on hand and Eddie Carlson was a full-time
repair person from the Marchant company. The mechanical machines had 100
keys (10 rows of 10 keys) and the decimal point was set with a key.

With the application of computers to civil engineering problems in the
1960s, some engineers saw the potential of having the computer do the tedious
manual calculations while other engineers viewed the computer as a threat to their
jobs. Merlin Copen wrote:
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The major limitation to the use of the complete trial-load analysis is the
time required to perform such studies, and the high degree of technical
training necessary to efficiently conduct such an analysis. The time
element has been effectively reduced by use of the electronic computer,
and will be further diminished as the analysis is completely programmed.
The number of highly-trained engineers required will also be greatly
reduced.

In 1957, Loyd Scrivner was the first engineer to write a computer program
to compute geometric values. Reclamation initially rented time on an IBM
650 located in downtown Denver and eventually obtained one for themselves.
Scrivner’s initial programs were not written to be reused for other dams but
had hard coded values inserted so a new program had to be written for each
dam. Bob Main started with Reclamation in the summer of 1958 in the newly
created Data Processing Section. Darrell Webber, who later became the Assistant
Commissioner of the Engineering and Research Center, was a rotation engineer in
that unit at the time. Because Bob could program on the IBM 650, he was hired
into the analysis section. Bob wrote the general purpose geometry program for
the lines of centers, introduced the idea of inputting values so the same program
could be used for other dams, and introduced the concept of subroutines.

Loyd Scrivner wrote:

In 1957, the Analysis Unit of the Concrete Dams Section (USBR) began
the development of a series of electronic computer programs to reduce
the time and cost required to complete a trial-load study. Programs have
been developed utilizing the IBM 650 digital electronic data processing
machine (system)...

Most of the programming was done using a modified form of an
interpretive routine (Bell Interpretive Language) which was developed
to handle floating decimal arithmetic including the computation of the
elementary transcendental functions. The electronic computer, to date,
has been used primarily for the computation of forces and deflections in
arch elements due to unit arch loads. This approach has been followed
because of the following:

1. About 70 percent of the man-hours, and therefore the
cost of performing a trial-load study, is expended making
these computations.

2. These computations are repetitive in nature, which is a
factor favoring advantageous use of electronic computers.

Although we are not committed to any particular solution for the
deflection adjustments, serious consideration will be given to an iteration
process as opposed to a procedure based on the solution of a large group
of simultaneous equations.
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Merlin Copen wrote:

The initial layout for an arch dam is based largely on the experience

and judgement of the designer.... As soon as a layout for a particular

site has been completed, it is checked by means of a crown cantilever
analysis to obtain an estimate of the stresses in the proposed dam.
Currently the deflections of the arches and cantilevers produced by unit
loads are computed by electronic digital computer. The time required,

in a normal situation, to determine stresses with a crown adjustment, is
approximately three days for two men. Several layouts may be necessary
before a satisfactory stress condition is obtained. Then a radial deflection
adjustment is made. This provides a more complete stress picture and
might indicate the possibility of necessary or desirable changes. The
radial deflection analysis requires approximately two days more than the
crown cantilever analysis, or a total of approximately five days for two
men.

In practice, after a design has been analyzed and found to be acceptable
with a radial deflection analysis, the effects of tangential shear and twist
are estimated, based on the experience of the designer.... Now the final
test of the efficiency of the dam is made. While the detailed design
work proceeds, a complete trial-load analysis is made of the structure.
This will require approximately 100 to 150 man-days, depending on

the size and complexity of the dam and the accuracy required from the
analysis. It is anticipated that in the near future, further application of
electronic computer processes will result in considerable reduction in the
layout, such changes are made and incorporated in the detailed design
procedures.

There was plenty of arch dam work in the 1960s. Merlin Copen, George
Wallace, and George Rouse went on a 10-week tour to Europe to see how they
designed arch dams. As stated in their report:

In recent years European engineers have made many important
contributions to the design and construction of concrete dams. Through
experimentation and studies European engineers have devised new
techniques and have extended or improved existing practices.... The
team traveled in six countries and visited 15 organizations.... Forty-
three dams in various stages of completion were inspected together
with 25 power stations. Thirteen laboratories were visited as well as six
manufacturing plants and more than 100 engineers were interviewed.

It was this trip that led to the development of double-curvature design
methods at Reclamation. Yellowtail and Flaming Gorge were being designed and
Morrow Point was on the horizon. Additional design staff probably would have
been hired for this work. Additional design groups would probably have been
created and promotion to heads of these groups would have been made. However,
as Merlin Copen predicted, the large staffs were not required for this workload
because of the advent of the efficient computer methods. Interviews for this paper
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revealed there may have been bitter feelings about lost advancements and lost
promotion potential because of the computer. However, the computer did reduce
the tedious part of structural analysis for arch dams. Some engineers that left the
analysis section because of the tedious, boring, and repetitive computation work
actually came back to the unit because of the joy and prestige of designing and
working with arch dams.

There were disagreements on the best way to determine the response and
design of arch dams. In 1960, Merlin Copen wrote:

Since the end of World War II, interest in the design and construction
of dams has received considerable impetus. This interest has resulted
in novel approaches to problems of design. Currently the methods
used appear to fall in one or more categories: (1) analysis of small
scale models; (2) thin cylinder theory; (3) relaxation methods; (4) shell
theory; and (5) trial-load analysis. Each of these has advantages and
disadvantages. The choice of methods generally resolves into accuracy
and reliability desired as opposed to time, finances, and experience
available for design procedures.

After exhaustive study of the various possibilities, the United States
Bureau of Reclamation, Dept. of Interior (USBR) adopted the Trial Load
Method of analysis for designing and analyzing arch dams. Whereas
there have been notable advances in the use of other methods, the USBR
has still found the use of trial-load to be completely satisfactory and
unexcelled in this field. Recent developments in the use of electronic
digital computers, and the effective application of simplified analyses
have made this method even more effective.

The steps to develop a computerized Trial Load Method were to first
program the geometry, then the arch computations, next the cantilevers, and then
combine this into a crown adjustment (several arches and one cantilever). The
computer being used could only handle forty-two equations. The final step was
a complete analysis. This was a very challenging task with limited computer
capabilities. After the IBM 650, Reclamation obtained time on a Honeywell
machine in Minneapolis. Cards would be sent in on Friday and results would
be back on Wednesday. Reclamation obtained their own Honeywell 800. The
programming language was Automath, Honeywell’s version of Fortran. Harry
Beck, Assistant Division Chief of the Data Processing Group, taught the new
rotation engineers this version of Fortran. The dams section hired Dale Morsette
as a GS-12 because he had a Masters Degree. This caused some bad feelings
in the Section because most individuals were GS-11’s and the requirement to
be a GS-12 was the ability to do a complete analysis unassisted. Dale worked
on the initial phases of computerizing a complete analysis from 1963 to 1967.
This was a very frustrating task for Dale. In 1967 H. Walter Anderson realized
the Honeywell did not have the capability needed for arch dam analyses, so he
arranged time on a Control Data Corporation (CDC) 1601 at the Environmental
Science Services Administration (ESSA), currently the National Bureau of
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Standards, in Boulder, Colorado. Reclamation had a daily shuttle that would

take cards up to Boulder at 3:00 and return the next day at 10:00. Reclamation
started moving into Building 67 on April 13. Dale left in early 1967, so Glenn
Tarbox was assigned the programming task since he knew how to do a complete
analysis. Bob Main, a computer programmer, started assisting in June of 1967,
and a working version was accomplished in September 1967. The programming
was divided into 4 phases: 1) data reorganization, 2) equations, 3) solution, and 4)
stresses.

These computer programming efforts and advancements for the Trial Load
Method evolved into what is called today the Arch Dam Stress Analysis System
(ADSAS). ADSAS was a computerized version of a flexibility method of analysis
referred to as “trial load.” However, equations were developed and written
to compute deflections at any location along the cantilevers and arches. The
equations for deflections could be solved directly without using trial-loads. This
essentially is a precursor to the finite element method. The computers still did not
have enough storage space to hold all the matrices at one time. So ADSAS used
an iteration method to solve the simultaneous equations. The solution technique
used in ADSAS is unique and innovative and based on approaches developed for
the hand calculations.

ADSAS really advanced the state-of-the-art in arch dam analysis, sped
up the design process, and helped justify the engineering mainframe computers.
ADSAS changed the way the concrete dam group operated because more load
combination and geometrical shapes could be investigated in minutes rather
than weeks. Output from ADSAS was still in paper form and was about one
inch thick. Designers would quickly thumb through the large volume of paper
output, propose changes to the dam geometry, and have the younger engineers run
ADSAS and bring back the paper output.

Despite the advances that came with ADSAS, it was still not appropriate
for dynamic analysis. In addition, the ADSAS program and users manual
were developed for internal use, there was machine-dependent computer code
specifically for a Cyber 70-74/28, and the program was in excess of 39,000 cards
long with over 240 subroutines. This caused problems for others to convert the
program to their computers and use the program.

B. Linear Structural Analysis

In 1974 the Structural Analysis Program (SAPIV) was written by Klaus
Bathe and Ed Wilson at the University of California at Berkeley. Glenn Tarbox
and Karl Dreher were instrumental in getting SAPIV operational on the CDC
mainframe computer at Reclamation, debugging the program, and developing
the finite element capability for arch dams. Many sensitivity runs were made
comparing the Trial Load Method (ADSAS) with the finite element method
(SAPIV) during the design of Auburn Dam. Full dynamic time-history, linear
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elastic, three dimensional, modal superposition analyses were performed.

Auburn Dam was the first “test” case. Since that time, almost every arch dam

in Reclamation’s inventory has been analyzed using SAPIV for earthquake
loading. SAPIV also has the ability to handle static loading including reservoir,
temperature, and stage construction, making it a powerful tool for dam analysis.
Many engineers in the analysis group wrote pre- and post-processing programs to
work with SAPIV, which sped-up and advanced the finite element analysis of arch
dams.

Evaluating the results of dynamic finite element analyses required
advances in estimating concrete strengths for comparison to the calculated
stresses. It was postulated that concrete would be stronger in both tension and
compression under the rapid loading associated with earthquake events. Rapid
loading laboratory tests were developed which confirmed this is the case. An
increase in tensile strength of approximately 50 percent can be expected under
dynamic loading.

Reclamation funded the University of California at Berkeley to develop
a computer finite element program specifically for arch dams: the Arch Dam
Analysis Program (ADAP). The development was supposed to occur over three
years, but funding got tight after the first year. As such, only a partial program
was developed. Dr. John R. Mays, from the University of Colorado at Denver
was hired part-time to debug the program and get it operational. Over the years,
the University of California at Berkeley, continued to develop ADAP. The
Enhanced Arch Dam Analysis Program (EADAP) contained hydrodynamic
interaction and ADAP-88 was a nonlinear version that implemented contraction
joints in the form of contact surfaces. This program has not been used much at
Reclamation, but has found some use on the outside.

The University of California at Berkeley also developed a series of
computer programs specifically for arch dams: Earthquake Analysis of Concrete
Dams (EACD). The current version implements hydrodynamic interaction with
incompressible or compressible fluid elements and dam to foundation interaction
incorporating the damping effects of the foundation. Engineers in Reclamation
have developed pre- and post-processing programs to aid in the use of this
program. It has been used for the earthquake analysis of several Reclamation
concrete dams.

In 1978 Reclamation obtained the first general purpose nonlinear
finite element program from Klaus Bathe from the Massachusetts Institute
of Technology (MIT): Automatic Dynamic Incremental Nonlinear Analysis
(ADINA). The program mainly implemented the material nonlinearity of
concrete. Dr. John R. Mays developed a nonlinear joint element within ADINA.
Howard Boggs and Dr. Mays were some of the first engineers to analyze an arch
dam with nonlinear contraction joints. ADINA was used sparingly for specialty
problems at Reclamation until 1996 when Reclamation made the transition to
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ABAQUS. In 1984, the structural analysis group purchased a Hewlett-Packard
UNIX workstation for pre- and post-processing finite element data using
PATRAN. The finite element analyses were still run on the Cyber mainframe
computer.

In August 1993 the mainframe Cyber computer was being
decommissioned and the structural analysis group made the transition to a larger
Hewlett-Packard UNIX workstation (HP-755). In 1997 a HP J2240 was obtained
that had 2 CPUs, 2 Gigabytes of internal memory and 90 Gigabytes of hard disk
storage. This was more powerful than the early computers at Reclamation just
35 years previous. Structures modeled with 38,000 nodes, 100,000 degrees-
of-freedom, contraction joint contact surfaces, and nonlinear concrete material
properties are now being analyzed for earthquake loads.

C. Nonlinear Structural Analysis

Linear finite element analysis has long been accepted as a way to analyze
structures. There are limitations, however, when performing a linear analysis.
Stresses calculated in a linear analysis can exceed the allowable strengths of
materials. In these cases the actual behavior of the structure after the material
strengths were exceeded could be significantly different than that predicted by the
linear analysis. Also, response of geometric nonlinearities (contraction joints or
compression only members) cannot be modeled using linear analysis. In the past,
attempts have been made to model these conditions by modifying the modulus
of elasticity in a particular direction and by using a combination of members to
simulate the expected behavior of a connection with limited success. Analysis
tools have now progressed to the point where good nonlinear capabilities are
available. Nonlinear analysis is the next step in addressing these limitations.

Engineers at Reclamation are very familiar with linear finite element
analysis. In the past several years, work has been done using non-linear
capabilities as well. Two nonlinear analysis methods have been used using
ABAQUS finite element code. The first method employs the standard stiffness
formulation (F=Kx). The second method solves an explicit formulation with
Newton’s Second Law, F=Ma. Each method has advantages and disadvantages.
The following examples illustrate the use of nonlinear analysis for dynamic and
static loading conditions.

C.1. Nonlinear Structural Analysis of Monticello Dam

Monticello Dam is a 304-foot-high constant-center concrete arch dam,
with fillets at the abutments, located on the Putah Creek, thirty miles west of
Sacramento, California. The dam was constructed from 1953 to 1957, has a crest
length of 1,023 feet, a crest thickness of 12 feet, and a maximum base thickness
of 100 feet. The earthquake response of the structure, incorporating the vertical
contraction joints and weak horizontal lift lines, was analyzed non-linearly using
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the ABAQUS/Explicit computer
code.

In this analysis, eight
elements through the thickness
were chosen to better model the
contact surface interactions. The
8-noded linear brick element
and the 6-noded linear wedge
element were chosen for the 3-D
model. The 8-noded element is a
reduced integration element. The  1.47. Monticello Dam, California.
foundation rock was modeled to a
distance of two times the dam height to properly model earthquake energy around
the dam itself. It was modeled with the same type of elements that were used to
model the dam. For this analysis Rayleigh damping values of o =3.0 and = 0.0
were used. This is comparable to the 5 percent of critical viscous damping used
traditionally in dam analysis.

As expected, the tensile arch stresses are less with the model that

DISPLACEMENT MAGNIFICATION FACTOR = 5.000E+03
RESTART FILE = mont_nocr_static STEP 2 INCREMENT 14418

1 TIME COMPLETED IN THIS STEP 1.00 TOTAL ACCUMULATED TIME 1.00
ABAQUS VERSION: 5.8-6 DATE: 14-MAY-1999 TIME: 11:50:00

1.48. Finite element model of Monticello Dam, California. (Foundation mesh not shown.)

incorporates the contraction joints in comparison to a linear elastic analysis.
Cantilever compression stresses increase in the center portion of the dam on the
downstream face, and tensile cantilever stresses decrease slightly in the bottom
center of the dam on the upstream side. The existence of tensile cantilever
stresses on the upstream face with the contraction joint model indicates that the
cantilevers are taking load. This is because when the winter temperature load is
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applied, the cantilevers contract and create openings in the joints. The hydrostatic
loads tend to close these openings, but can not fully because of resistance offered
from the cantilevers in bending (initially no cracking of concrete or horizontal
weak lift lines was incorporated in this model to relieve the stress). Thus, a large
tensile cantilever stress continues to exist on the upstream side toward the bottom
center of the dam. Gravity load was applied first. Although gravity was applied
to the entire structure at once, the contact surfaces used to model the vertical
contraction joints prevented the structure “hanging” from the abutments as would
be the case if gravity was applied without contact surfaces. The gravity load
caused the cantilevers to displace upstream, thereby, allowing the weight of each
cantilever to act independently. Next the reservoir load was applied. This caused
the cantilevers to move downstream and the contraction joints to close. The
temperature load was applied as temperature differentials at all the nodes in the
dam. Hydrodynamic interaction was incorporated by adding mass to the upstream
nodes of the finite element model based on an incompressible fluid element
formulation.

Three earthquake records were applied to the contraction joint model.
Crest displacements, crest velocities, contraction joint opening and closing,
and arch and cantilever stress histories were obtained for each record. Crest
displacements at the centerline of the dam reach peak values of about 7 inches.
Permanent offsets at joints were less than 1 inch. Maximum crest velocities
at the centerline of the dam are on the order of 40 in/sec in the cross canyon
direction, 14 in/sec in the vertical direction and 100 in/sec in the upstream/
downstream direction. Contraction joints at the centerline of the dam open to a
maximum value of about 0.4 inches. Tensile arch stresses reduced significantly in
comparison to linear elastic analyses

Large tensile cantilever stresses continue to exist in the dam during static
and dynamic loadings with the contraction joint model. These stresses will be
relieved by horizontal crack formation in the dam. Since the lift lines of the
cantilevers are weak in comparison to the parent concrete (based on laboratory
test of drill core), these cracks will occur at the lift line locations. There are two
ways to model these lift lines. The first method is to set the cracking stress to
a low value in the nonlinear concrete material property statement. This would
allow the concrete to crack and relieve any cantilever stress that would exceed
the cracking stress value specified. However, it isn’t possible to specify that the
lift lines are weaker than the parent material within the concrete cracking model.
The second method, which was ultimately used, is to insert a series of horizontal
contact surfaces, spaced so as to model the effect of the weak lift lines. This
approach further lends itself to a kinematic study; i.e., a series of blocks stacked
on top of each other held in place by the arch action of the dam. The analyses
indicated the dam would be stable even with cracked lift lines. Although 6-inch-
deep shear keys exist at each contraction joint of the dam, these keys were not
included in the finite element model because of the need to keep the contact
surfaces simple in order to obtain a stable solution. The effects of neglecting
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the keys, and better methods for modeling contraction joints, are the subject of
ongoing research.

C.2. Nonlinear Structural Analysis of Pueblo Dam

Pueblo Dam is located
near Pueblo, Colorado.
Pueblo Dam is a composite
concrete and earthfill structure
approximately 10,230 feet in
length. The concrete portion
consists of a massive head
buttress dam including a
550-foot overflow spillway
section located near the central
part of the concrete dam.
The dam was designed and
constructed by Reclamation, 1.49. Pueblo Dam, Colorado.
and completed in 1975.

The purpose of this nonlinear study was to reevaluate the sliding stability
at potentially disbonded lift lines and the vertical stress level at the dam heel
using a three dimensional finite element model incorporating horizontal contact
surfaces. Previous linear-elastic finite element analyses completed at Reclamation
resulted in acceptable factors of safety against sliding (with some cohesion)
but they also indicated that tensions would develop at the dam heel under some
static load cases. Since the linear elastic analyses completed previously used
a continuous mesh, the potential nonlinear characteristics existing along the
dam-foundation contact surface were not captured; therefore, it was necessary to
complete a nonlinear finite element analysis incorporating a horizontal contact
surface in order to capture the
effects of stress redistribution
upon opening of the contact
at the dam heel, representing
crack propagation along the
contact if weak lift lines are
actually present.

A single overflow
buttress of Pueblo Dam was
modeled using ABAQUS /
STANDARD. The model used
three-dimensional 8-noded
fully integrated brick elements

throughf)ut the dam and ‘ 1.50. Finite element model of an overflow
foundation. The foundation buttress at Pueblo Dam, Colorado.
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was modeled as a large rectangular block of solid sandstone, approximately

350 feet long, 250 feet wide and 150 feet in depth. The upper surface of the
foundation block, at elevation 4755 feet, was used to define the lower half of
the non-linear contact surface in these analyses. The dam model was positioned
in the center of the foundation block with the bottom surface of the dam

model forming the upper half of the non-linear contact surface. The edges of
the foundation were fixed, but there were no translation or rotation boundary
conditions applied at nodes in the dam model. Although a tension limit could
be input, once cracked the only force preventing rigid body motion of the dam
was the frictional force developed on the contact surface; therefore, additional
iterations were required to obtain convergence of the first increment of the gravity
loading to establish normal forces on the contact surface.

The ABAQUS / STANDARD finite element program uses time varying
load application for all of the static loads. The gravity load was applied gradually
from zero to one second of analysis time, followed by application of the
reservoir and uplift pressure loads. The uplift pressures were also automatically
recalculated at each analysis time increment as both a function of the current
reservoir depth and the crack (open contact surface) length. The non-linear
analyses indicated that the dam was stable for these static loading conditions. The
tensile stresses which developed at the dam heel in the previous linear analysis
were relieved upon opening of the contact surface when zero tensile strength was
assumed on the contact surface, but a significant portion of the dam remained in
compression, and was capable of carrying the load.

XIl. Roller-Compacted Concrete—Rapid Construction for Gravity
Dams

Despite advances in automated mixing, handling, and placement of mass
concrete, the procedures were still somewhat labor intensive and time consuming
in comparison to earthfill production rates. In the late 1970’s and early 1980’s
some relatively small projects were completed using the concept of roller-
compacted concrete (RCC). The concept involved placement of a lean and dry
concrete mix by spreading it in thin layers with a bulldozer, and compacting
it with vibratory drum rollers. The lean mix reduced the heat generated, and
rapid production rates could be achieved, as the placement was mechanized and
there was no need to wait for curing before placing the next lift. The Bureau
of Reclamation began testing a high paste (cement plus flyash) RCC concept
in 1980. This resulted in a strong and stiff material with similar properties to
conventional concrete. Thus, the design of gravity dams using this type of
material could be based on conventional gravity dam design methods.

In 1985 RCC placements began at Upper Stillwater Dam, the Bureau of
Reclamation’s first RCC dam and at that time the world’s largest. The straight
gravity dam is about 280 feet high, and nearly 2700 feet long, and contains
more than 1,600,000 yd® of concrete (most of which is RCC). Although the
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downstream slope is 0.6:1,

the point of intersection of

the downstream and upstream
slopes is above the dam

crest, which results in an
equivalent downstream slope
of about 0.7:1 for the height of
Upper Stillwater Dam when
compared to other typical
gravity dams. The upper part
of the downstream slope was
steepened to allow sufficient 4 51, ypper Stillwater Dam, Utah.
crest width for the construction
equipment. This increases the
mass and stiffness of the dam
when compared to traditional
gravity sections.

Typical excavation
and treatment of the quartzitic
sandstone and argillite
foundation rock were
performed. Crushed aggregate y
and sand were manufactured 1.52. Compacting RCC at Stillwater Dam, Utah.
for the RCC. A richer RCC
mix was used near the upstream face. The RCC contained between 135 and 160
pounds of cement per cubic yard, and between 290 and 350 pounds of flyash per
cubic yard. Temperature control was achieved by placing the RCC below 50°F
and by replacing cement with flyash to limit the heat rise. The RCC was tied
to the abutments and to the foundation by use of conventional concrete. At the
base of the dam, conventional concrete was first placed to form a level surface
to start RCC placements. At the abutments, conventional concrete was placed
between the RCC and the rock. Laser-guided slip-form machines were used to
place concrete elements forming the upstream and downstream faces of the dam.
This proved to be a fairly rapid means of forming the dam, and eliminated the
relatively time consuming and labor intensive process of erecting and stripping
conventional forms. RCC was delivered to the dam from the batch plant using a
conveyor belt. There it was loaded into trucks, transported to the placement, and
spread with a small bulldozer using a laser controlled blade. A vibratory drum
roller then compacted the material into a dense mass. In 1986, over 715,000 yd*
of RCC was placed in less than five months. The peak shift placed over 5400
yd?. Joint cleanup was required, depending on the age of the concrete, and joints
greater than 72 hours old were required to be sandblasted or waterblasted. Very
good bond was achieved. In fact, it was difficult to find the lift lines in the core
taken from the dam.
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The major drawback to the design and construction of Upper Stillwater
Dam was the exclusion of contraction joints or other means to control the
cracking and subsequent leakage through the dam. Thermal and structural
analyses had indicated that cracking would be limited to the face of the dam,
and would not extend through the dam thickness. However, this proved to be
incorrect, and regularly spaced vertical cracks propagated through the dam normal
to the axis. Leakage from some of these cracks became significant, and the
grouting and drainage gallery constructed about 20 feet from the upstream face of
the dam received large inflows. The leakage at two of the cracks was exacerbated
by small sliding movements on an argillite layer within the foundation that
stopped when the passive rock mass downstream of the dam was mobilized. This
tended to open the cracks on either end of where the movement occurred. All
open cracks were grouted twice. The upper portions of the cracks were grouted
with hydrophillic polyurethane grout, and the lower portions were grouted with
cement grout. This proved to be effective for several years. However, seasonal
movements of the cracks due to variations in reservoir level and temperature
eventually reopened the cracks, resulting in renewed leakage. Plans are being
developed to seal the cracks with an upstream membrane or a secant wall drilled
across the cracks upstream of the gallery.

The contraction joint

. ‘ on jo L~AXIS OF DAM
issue in RCC dams is critical. SPILLWAY.

For gravity dams it is adequate ~ |CREST P:/\

to control the cracking by Wz

forming joints or placing crack f{'T/,

inducers to control the crack ”/ ! \  TOE PLUG
locations. Water stop features 7 | ROy "

: . p 7 \ | IMPACT
can then be designed to reduce </ a’ { »~BLOCK
flow through the cracks. If m“ 7
RCC is to be used for arch R : §

dams, it will be necessary to
develop a way to grout the

JOINTS

joints to lock in arch action
at the desired temperature.
The Bureau of Reclamation
developed such a system for

1.53. Section through Buttress 8 or 9 at
Pueblo Dam, Colorado. Showing RCC stabilization
measures.

the foundation modifications at Pueblo Dam in the late 1990s.

By way of background on this project, nearly horizontal shale layers
beneath the massive head buttresses of the dam daylighted in the spillway stilling
basin excavated at the toe of the dam, downstream of some of the buttresses. Due
to the large population downstream of this dam, potential sliding of the structure
on these shale layers posed a high risk, and was a dam safety concern. A RCC
plug and toeblock, anchored with double-corrosion-protected high strength
rock bolts, were constructed in the stilling basin to block the daylighting planes
and buttress the foundation. State-of-the-art distinct element analyses, and
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probabilistic stability analyses
were performed to ensure

the RCC geometry would be
effective in stabilizing the
dam. The RCC material was
somewhat different than that
used at Upper Stillwater Dam.
Rounded river aggregates up
to 1% inch maximum size
were used. Approximately
120 pounds of cement and 180

pounds of flyash were used per 1.54. RCC placement, spreading, and

cubic yard of RCC. Surface compaction operations in the spillway pool,
Pueblo Dam, Colorado.

cleanup and bonding mortar
were used on all lift surfaces of the toe block and on lift surfaces more than twelve
hours old in the plug (below elevation 4728). Although the design strengths

were met, a somewhat porous zone developed a few inches below the lift surface,
particularly for lifts that were a day old when the next layer of RCC was placed.

It was thought that the rounded aggregate made the RCC more susceptible to
damage from construction traffic on lifts that were in a fragile condition just after
setting of the RCC. Windy conditions at the site may have also prematurely dried
the surface of the RCC lifts during and shortly following placement.

Contraction joints were
formed in the RCC by vibrating steel
plates into the freshly compacted
lifts. The joints trending in the
cross-canyon direction needed to
be grouted to ensure that load could
be transferred across the joints with
minimal displacement. The plate
locations were carefully surveyed

....,...,.:::.:I.n::.:._—.p..w 1.55. Installing joint inducing
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hole locations. Some holes were filled with polyurethane grout to isolate grout
zones. Tubing was designed and installed in the holes to provide grout supply
and return lines, and venting to remove air and water from the system. Grouting
was performed the second winter following RCC placement when joint meters
indicated sufficient joint opening for grouting. The grouting was successful, and
the joints did not close the following summer, indicating good filling of the joints.

XIll. Transition to Dam Safety—Applying Technology to Reduce Risk

The Bureau of Reclamation has been actively involved with a formal
safety of dams program since April 1977 when an Executive Order was issued
initiating the Federal guidelines for dam safety. The aim of Reclamation’s dam
safety program is to ensure that the agency’s dams do not pose an unacceptable
risk to the downstream public. To that end, Reclamation has pioneered the use
of risk analysis in assessing dam safety. Once it is determined that structural
modifications are needed to reduce risk, Reclamation has used the design and
construction technology developed over the past century to fix existing dams. For
concrete dams, this means application of detailed analyses, design procedures, and
modern concrete technology. Two cases, Theodore Roosevelt and Pueblo Dam
modifications, illustrate this point. The case of Pueblo Dam was discussed in the
previous section on roller-compacted concrete (RCC). Additional details of the
Theodore Roosevelt Dam modifications are provided here.

Potential deficiencies with regard to the potential to pass large floods,
potential instability during large earthquakes, inadequate release capacity, and
the need for more water storage resulted in major modifications to Theodore
Roosevelt Dam between 1988 and 1995. Part of those modifications resulted in
raising the arch dam 77 feet. It was necessary to determine whether the dam and
foundation could withstand this increase in head. Combinations of joints and
bedding planes (dipping upstream at about 20 to 25 degrees) in the Precambrian
sedimentary foundation rock formed potentially unstable blocks. Initial stability
analyses indicated that the foundation would not meet the desired factors of safety
under the increased loading. Therefore, foundation drainage was installed from
adits excavated in the rock and a gallery excavated through the existing masonry.
Piezometers were installed to measure foundation water pressures before and
after construction of the drainage, and pressure contour maps were developed
for determining uplift forces in the foundation analysis. The drainage was
very effective, reducing pressure heads by about 43 to 68 feet. In situ uniaxial
jacking tests were performed in the drainage adits, and correlated with seismic
tomography testing to estimate the deformation properties of the foundation rock
mass and concrete masonry of the existing dam. These properties were included
in finite element structural analyses to study the behavior of the dam and more
closely determine loads acting on the foundation. Final foundation analyses
indicated that the raised dam with the drainage in place met the desired safety
factors, and was more stable than the existing dam without drainage.
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1.57. Schematic of raising Theodore Roosevelt Dam, Arizona.

Constructing an overlay of conventional concrete on the existing dolomite
masonry dam posed some additional challenges. A concrete test panel was
constructed on the downstream face of the dam to determine the likely bond
strength between the new concrete overlay and the masonry. Core samples
were extracted and the interface was tested in tension and direct shear. This
information was used in extensive computer modeling to verify the design and
shape of the overlay. The dam was analyzed for static and dynamic loading using
finite element methods. The existing masonry was modeled in three horizontal
stages to simulate the layered construction. The mass concrete overlay was
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modeled as it was constructed, in blocks separated by (keyed) contraction joints.
Recommended block dimensions, lift heights, concrete placement temperatures,
and cooling requirements were based on temperature control studies. These
studies took into account the thermal properties of the concrete mix design, and
the expected temperature rise within the mass concrete during construction. The
concrete was cooled using cooling coils embedded in the 10-foot lifts, and the
contraction joints in the overlay were grouted to provide arch action and improve
the stress distribution within the structure. The numerical modeling simulated
this construction sequence. Final analysis of the composite structure indicated
improved stress conditions within the existing masonry portion of the dam, and
results meeting Bureau of Reclamation stability and stress criteria. Seismic
response analyses indicated the structure should perform well under large seismic
loadings. Construction

of the overlay followed RSO PGS IO PLOCO PG / TR Shraseco
typical mass concrete '
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and vibrated into place.
Something not done before
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geo-composite strip drains
between the existing masonry and the new concrete to provide drainage at the
interface.
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1.58. Results of seismic tomography testing at Theodore
Roosevelt Dam, Arizona.

Other modifications to the dam included construction of a lake tap
and tunnel system to provide a new outlet works and power penstock. New
mass concrete thrust blocks were constructed on each abutment to fill the gap
formed by the original spillway cuts. New spillways were constructed through
each thrust block. Hydraulic model studies were used in the hydraulic design
of the spillways. Spillway flows enter a diverging chute and flip structure
before plunging to an excavated basin in the river channel below. The spillway
alignments cause the discharge jets to impinge at or above tailwater level, while
both spillways are operating under higher reservoir heads.

The following illustrations show concrete placement during modifications

to Theodore Roosevelt Dam. Note placement and vibration of concrete in layers ,
placement in blocks against the masonary, and new thrust block and spillway.
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1.59. Concrete placement dur-
ing modifications to Theodore
Roosevelt Dam,

Arizona.
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1.62. Modified Theodore Roosevelt Dam, Arizona, completed and rededi-
cated in 1996.
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XIV. Conclusions

We hope you have enjoyed this tour of the evolution of concrete dam
design, analysis, and construction within the Bureau of Reclamation over the past
century. There is no question that the early pioneers in this effort were extremely
talented and set the stage for some of the great feats of human engineering that
were to follow. Monumental projects like Hoover and Grand Coulee Dams are
still “wonders” today. During the heyday of dam construction in the United
States, the Bureau of Reclamation developed a reputation as a world leader
in concrete dam technology. The construction of dams in the United States is
winding down now after a century of extensive development. The last new
concrete dam constructed by the Bureau of Reclamation was completed over a
decade ago (1989). The legacy and expertise in concrete technology and dam
construction at the Bureau of Reclamation remains a valuable national resource,
and has been recently used to efficiently fix dams where safety concerns exist.

So what do the next 100 years hold? As long as dam safety projects remain to

be done, the expertise will be maintained and developments will slowly occur.
However, without large projects, it is likely that the leadership in this area will
gradually shift to developing countries in the future. The Bureau of Reclamation
can be proud of the giant springboard they have provided from which these efforts
can be launched.

Gregg A. Scott, P.E., is a Technical Specialist in the Structural Analysis and
Geotechnical Groups. Larry K. Nuss, P.E., is a Technical Specialist in the
Structural Analysis Group. John LaBoon, P.E., is the Manager of the Waterways
and Concrete Dams Group. All three work in the Technical Service Center of
the Bureau of Reclamation in Denver.
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100 Years of Embankment Dam Design and
Construction in the U.S. Bureau of Reclamation

by:
Richard Lyman Wiltshire

Introduction

The design and construction of earthfill and rockfill embankment dams in
the western United States and throughout the world have evolved dramatically
during the past 100 years. The U.S. Bureau of Reclamation (Reclamation) played
a significant role in that evolution of embankment dam engineering, construction,
and dam safety. There are now more than 240 water-storage embankment dams
in the western United States that were designed and constructed by Reclamation
during the twentieth century, which was the most intensive period of dam building
the world has ever seen. The list of embankment dams built by Reclamation
includes many of the most innovative, largest, and highest dams of their eras. The
list of civil engineers and other professionals who have helped to design and build
Reclamation’s embankment dams is lengthy and highly regarded.

Reclamation is currently organized into five Regions, across the seventeen
western states, and the Washington and Denver Offices. The five Regions,
which have performed almost all of the dam construction work, are: 1) Pacific
Northwest, 2) Mid-Pacific, 3) Lower Colorado, 4) Upper Colorado, and 5) Great
Plains. The Denver Office includes the Technical Service Center, the current
name of the engineering organization that has performed most of the embankment
dam engineering and design work.

This paper summarizes Reclamation’s embankment dam design and
construction history. The last 100 years have seen the design and construction of
embankment dams develop from the relatively simple homogeneous or two-zone
earthfill embankments designed in 1904 or 1905 into the extremely complex,
highly analyzed, well-instrumented zoned earthfill and/or rockfill structures
that are the embankment dams of the new millennium. This embankment dam
engineering evolution has also involved the growth of several related disciplines,
including engineering geology, seismology, hydrology, hydraulic engineering,
instrumentation engineering, mechanical engineering, and electrical engineering.
A central component of the evolution of the engineering of embankment dams has
been the birth and maturation of geotechnical engineering as a civil engineering
specialty. The use of computers and computer programs for the analysis and
design of embankment dams became standard practice within a fairly short time
after they were developed by geotechnical engineers. Another component of
this evolution has been the development of larger, faster, more powerful, and
more efficient earthwork construction equipment. The paper also discusses the
design and construction organizations within Reclamation and how they have
changed during the last 100 years. Reclamation’s publication of its well-known
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engineering books, such as the Earth Manual' and the Design of Small Dams,? is
noted. Lastly, the successes and failures that occurred during the last 100 years
of Reclamation’s embankment dam design and construction history are discussed,
and the lessons learned from those experiences are summarized.

In telling the story of the evolution of Reclamation’s embankment dam
engineering, the paper separates the 100-year history into five periods, which are
partly based on noteworthy events such as World Wars I and II and the failure
of Teton Dam in 1976. Period I runs from 1902 to 1918; Period II extends from
1919 to 1933; Period III covers 1934 to 1944; Period IV includes 1945 through
1975; and Period V runs from 1976 to the Present (2002). This paper examines
the embankment dam design and construction changes that occurred during each
period. Representative and remarkable/notable embankment dams from each of
the five periods are discussed. A few problems, some significant, occurred during
the construction and/or subsequent operation of Reclamation’s embankment dams
and they are also discussed. And the effects of certain developments, such as the
Proctor compaction (moisture density) test procedure and the failure of Teton
Dam, are discussed in the paper.

Reclamation’s Design and Construction Organizations

In 1902, the new U.S. Reclamation Service (Service) was organized
within and was drawn from the U.S. Geological Survey’s (USGS) Division of
Hydrography, Hydrographic Branch, that had studied western water resources
for the previous 20+ years. Frederick H. Newell, Chief of USGS’s Division
of Hydrography, was selected to head the new Service under USGS Director
Charles D. Walcott and was titled Chief Engineer, and Arthur Powell Davis
was Newell’s chief assistant.* Based on the studies previously conducted by
USGS, which had included studies of streams, watersheds, irrigable lands, and
potential dam and reservoir sites throughout the West, six projects were approved
for design and construction by the Secretary of the Interior in 1903. Out of 79
projects investigated, a total of 25 projects had been examined and authorized for
construction by the Secretary within the first five years, and 15 of those had been
started by private companies or by a group of cooperating farmers who requested
the Service’s help.

Period | (1902-1918)—Reclamation’s Design and Construction
Organizations

At the beginning of Period I, each of the 16 western states (17 states
after Texas was added in 1906) had at least one district under the direction of a
“District Engineer,” who was responsible for all Reclamation activities, including
surveys, investigations, designs, and construction. For each authorized project,
a qualified (civil) engineer was selected as the “Resident Engineer” and he was
responsible for conducting site investigations and developing preliminary design
plans on the embankment dam judged appropriate for the site. On a larger
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project, the Resident Engineer might have the help of an Assistant Engineer.
Supervisory Service engineers, who functioned as liaison representatives of

the Chief Engineer on certain projects, and consulting engineers with special
skills, reviewed the preliminary plans and made project recommendations to

the Secretary of the Interior. Upon the Secretary’s approval, the Service was
authorized to develop final plans and specifications. The early embankment dams
were constructed either by contract with private contractors or by “force account”
using Government forces. Both types of construction were managed/supervised
by Service engineers and inspectors. Most of the dam sites were fairly remote, so
construction included transportation of all necessary equipment and materials to
the dam site, as well as construction of the camps and facilities required to house
the construction workers.

In 1903, a permanent western headquarters office was established in
Denver, Colorado, to house the engineers and assistants of the Hydrographic
Branch who would facilitate the location and construction of dams, in order
to avoid overcrowding in the Washington, D. C., office. The Reclamation
Service became independent from the USGS in 1907, with Chief Engineer
Newell becoming the Service’s first Director and Davis becoming Chief
Engineer. Newell reorganized the 17 states into six divisions to enhance the
Service’s administration of its large workload: the Central, Idaho, Northern,
Pacific, Southern, and Washington Divisions. The Division boundary lines were
determined by the ease of railroad travel and communication, with drainage
boundaries also being considered. Each of the six Divisions was headed by a
Division Engineer. Reclamation’s early Project, District, and Division Engineers
included such notables as: Ira W. McConnell, Raymond F. Walter, Frank E.
Weymouth, Joseph B. Lippincott, Hiram N. Savage, David C. Henny, Ernest G.
Hopson, Louis C. Hill, and Charles H. Swigart. Note that engineers Weymouth,
Lippincott, and Hill were all elevated to Honorary Member status in the American
Society of Civil Engineers (ASCE).

In 1913 the Service’s hierarchy was reorganized, creating a five-member
Reclamation Commission, which included: the Director of the Service, Chief
Engineer, Chief Counsel, Comptroller, and Supervisor of Irrigation. In December
1914 the Chief of Construction was added as a member of the Reclamation
Commission. Davis became Director of the Service in December1914 after
Secretary of the Interior Franklin K. Lane removed Newell as Director and named
him “Consulting Engineer.” Newell finally resigned from the Service in May
1915 and became Chairman of the Civil Engineering Department at the University
of [llinois. Also in May 1915, the Commission’s membership was reduced to
three, consolidating the Director and Chief Engineer positions with Davis as
Director and Chief Engineer and retaining the Comptroller and Chief Counsel
positions (which also appears to have removed the Supervisor of Irrigation and
the Chief of Construction as members of the Commission). That same year, the
direction of field operations was centralized at the Denver Office under the Chief
of Construction. With the establishment of the Chief Engineer’s Office in Denver,
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Reclamation’s engineering design and construction management functions were
centralized in the Denver Office. In 1918 the Secretary of the Interior followed
Arthur P. Davis’ recommendations and the top level structure of the Service was
again reorganized, making the Comptroller and the Chief Counsel subordinate to
the Director and Chief Engineer.

Period Il (1919-1933)—Reclamation’s Design and Construction
Organizations

In May 1920 Director and Chief Engineer Davis changed his title to
Director and appointed the Chief of Construction in Denver, Frank E. Weymouth,
to the Chief Engineer position. Arthur Powell Davis served as President of ASCE
in 1920. On June 18, 1923, the Service became the Bureau of Reclamation
headed by the Commissioner of Reclamation; Davis resigned from Reclamation
the following day. David W. Davis was named Reclamation’s Commissioner on
July 1, 1923, quickly followed by Elwood Mead after Davis left office on April 2,
1924. Dr. Mead served as Commissioner from 1924 until his death on January 26,
1936. Reclamation’s design and construction organizations remained much the
same for the next 20 years. During the 1920s and 1930s, the status of the Chief
Engineer grew as Reclamation’s authority was consolidated in the office of the
Chief Engineer headquartered in Denver. Reclamation’s various laboratories first
got started in 1930 with the hydraulic model testing performed in the laboratory
of the Colorado Agricultural Experiment Station in Fort Collins, Colorado. The
Concrete Laboratory and the Earth Materials Laboratory were also begun in the
early 1930s in the U.S. Customs House in Denver.

Period Ill (1934-1944)—Reclamation’s Design and Construction
Organizations

In 1942 and 1943, Secretary of the Interior Harold Ickes reorganized
Reclamation in accordance with a plan designed to: 1) decentralize the authority
for work execution along regional lines, 2) limit the authority of the Chief
Engineer and his staff to project design and construction, and 3) establish a
“functional type” of organization with the Commissioner’s authority going
straight to the Regional Directors. The reorganization provided for:

Four major branches in the Denver Office: Design and Construction
under the Chief Engineer, Project Investigations, Operation and
Maintenance, and Fiscal and Administrative Management. The Chief
Engineer remained Reclamation’s ultimate authority in the technical
execution of construction projects, even though responsibility over
construction in the field was now divided between the Regional Directors
and the Chief Engineer.

Six Regional Offices, later expanded to seven, concentrated on planning
and development activities, and supervised the operation and maintenance of
completed project facilities. The seven Regional Offices were located at Boise,
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Idaho; Sacramento, California; Boulder City, Nevada; Salt Lake City, Utah;
Amarillo, Texas; Denver, Colorado; and Billings, Montana. The Regional
Directors reported directly to the Commissioner’s Office.

Period IV (1945-1975)—Reclamation’s Design and Construction
Organizations

In 1945 the Commissioner won support for his position that “the
responsibility for the technical aspects of design and construction work should
remain in the Chief Engineer, and therefore, authority for this work should also
be vested in the Chief Engineer.” This created problems for the Construction
Engineers because they had two bosses: the Regional Director and the Chief
Engineer. Reclamation’s Denver Office included some 2,000 employees by
1948 that were scattered around the Denver metropolitan area. Reclamation’s
new Denver headquarters was established in 1950 as the Engineering and
Research Center at the Denver Federal Center in Lakewood, located 10 miles
west of downtown Denver. In 1953, during the Eisenhower Administration, the
Chief Engineer’s authority was upgraded and the title was changed to Assistant
Commissioner and Chief Engineer. This title continued to be changed, becoming
Director, Office of Design and Construction in 1963, Director, Office of Design
and Construction/Chief Engineer in 1970, and Director, Office of Design and
Construction in 1972.

Period V (1976-2002)—Reclamation’s Design and Construction
Organizations

Reclamation’s Teton Dam failed on June 5, 1976, killing 11 people and
causing about $400 million in property damage. This failure had a profound
effect on the Bureau of Reclamation. Two official panels of technical experts
reviewed the probable causes of the dam’s failure and released reports in
December 1976, April 1977, and January 1980. Significant recommendations
by these two panels involved several areas of concern. These included: the need
to establish independent dam design and construction review boards, greater
documentation of design decisions, closer project supervision and oversight
by design personnel, and more intensive construction and post-construction
monitoring of the structures. A team was named by then Commissioner R.

Keith Higginson in 1977 to review Reclamation’s dam design and construction
procedures, which resulted in a November 1977 reorganization that reaffirmed
many of the 1943 reorganization’s objectives to more clearly define the respective
functions of the Denver and Washington Offices and to streamline the lines of
authority and accountability. Reclamation’s staff for technical review and support
was established and added to the Denver Office. Since the failure of Teton

Dam, and with the decrease in the authorization of new projects, the majority

of the embankment dam design and construction work has involved dam safety
evaluations and modifications of existing dams and appurtenant structures.
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The title Director, Office of Design and Construction was changed to
Assistant Commissioner for Engineering and Research in 1978. In 1979, the
Bureau of Reclamation’s name was briefly changed to the Water and Power
Resources Service, which lasted until 1981 when the name was changed back
to the Bureau of Reclamation. The Lower Missouri Region was absorbed into
the Upper Missouri/Great Plains Region in 1985. The Southwest Region was
abolished in 1988, splitting its area between the Upper Colorado Region and
the Great Plains Region. Reclamation now has five regions: Pacific Northwest
in Boise, Mid-Pacific in Sacramento, Lower Colorado in Boulder City, Upper
Colorado in Salt Lake City, and Great Plains in Billings. In 1994, the Denver
Office was reorganized, and the title Assistant Commissioner for Engineering
and Research was changed to Director, Technical Service Center (TSC) under
the Director of the Reclamation Service Center, with the latter position recently
abolished. The 1994 reorganization increased the relative authority and power of
the Regions and their local project and area offices, and reduced that of the TSC
engineering organization.

The majority of the embankment dam design work, now mostly dam
safety modifications determined necessary on existing dams, is still performed
by the civil/geotechnical engineers in the TSC. The majority of the embankment
dam modification construction work is done by civil engineers in the Regions
and their Project and Area Offices. There are still Construction Engineers in the
TSC who perform the construction management work and/or function as liaisons
and provide oversight on the construction work managed by the Regions and the
Project and Area Offices.

Modern Embankment Dam Design and Construction

As different cradles of civilization evolved all over the world, irrigation
works and dams were basic components of their development. The earliest
known design and construction of an embankment dam occurred around
2900 B.C. with the construction of Sadd el-Kafara Dam in Egypt. The early
history of dams in the world includes many other countries as well, such as
India, China, and Iraq. In North America, the Hohokam Indians built diversion
works and canals along the Salt and Gila Rivers in southern Arizona as early
as about 300 B.C. And in the Four-Corners area (Colorado, Utah, Arizona, and
New Mexico), the Anasazi and Pueblo Indians constructed mud-wattle dams
across streams that diverted infrequent runoff into ditches and storage reservoirs
throughout the area in order to support their agricultural civilization, according to
a recent study by Wright Water Engineers, Inc. of Denver, Colorado. According
to Dams and Public Safety* by Robert B. Jansen (Reclamation’s Director,

Office of Design and Construction and Assistant Commissioner for Engineering
and Research, 1977-1979), the first dam built in North America by European-
Americans was built in 1623 on the Piscataqua River to operate a sawmill at
South Windham, Maine. The first embankment dam was called Mill Pond Dam
and was built in 1677 at Newington, Connecticut. In the far West, in early
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California, Old Mission Dam was built on the San Diego River about 1813 by
the Jesuits to provide water for the mission. It was composed of mortared rubble
masonry and was about 5 feet high.

Starting about 1850, gold miners in California built rock-filled log-crib
dams faced with wood planking that ranged up to about 125 feet in height to store
water for hydraulic mining, but there were numerous failures. It should be noted
that many of the early dams constructed in California during the latter half of
the nineteenth century supplied water for mining purposes. One of the earliest
notable non-mining dams in the West was San Andreas Dam, constructed on San
Mateo Creek near San Francisco, California, in 1870 to supply water for the city.
This dam is notable because it was unknowingly built across the San Andreas
fault zone. This earthfill dam was about 105 feet in height and was built using the
nineteenth century puddled-core technique, where the upstream and downstream
shells consisted of rolled clay and the narrow core was made by manually tamping
wet clay. The dam’s upstream slope was 3.5:1 (horizontal:vertical, H:V) and the
downstream slope was 3:1. The embankment included a cutoff trench excavated
down through the alluvium and colluvium (30 to 40 feet thick) that was backfilled
with a clay puddle core about 20 feet wide that was extended upward to form
the central portion of the dam. The dam was subsequently raised about 12 feet
in 1875 and another 6 feet in 1928. The great San Francisco earthquake of 1906
caused a horizontal strike-slip offset of about 6 to 8 feet in the left abutment, but
the dam embankment was not damaged.

Across San Francisco Bay, the highest embankment dam built in the
United States during the nineteenth century was Chabot (Lower San Leandro)
Dam, which was constructed in 1875 above San Leandro (near Oakland) on
San Leandro Creek with a height of 115 feet above the streambed. Its reservoir
stored residential water for the East Bay communities. It was constructed as a
central-core earthfill dam, with the earthfill dumped from wagons, sprinkled,
and compacted by the wagon wheels and by a herd of horses moved back and
forth across the fill. The dam’s cross-section included a central foundation
(cutoff) trench excavated down through foundation soils to 30 feet below the
streambed. In the bottom of the cutoff trench, three parallel concrete cutoff walls
were constructed 3 feet thick and 5 feet high, with about half the height (2
feet) anchored into the foundation and half protruding up into the fill. The core
zone was about 90 feet wide/thick at its bottom in the foundation trench. The
embankment’s upstream slope was 3:1 and the downstream slope was 2.5:1. A
buttressing zone of earth and rock material was sluiced onto the downstream
slope, giving the embankment a total volume of about 543,000 yd*. In 1890, the
dam was enlarged by sluicing earthfill onto the downstream slope. Subsequent
raising and buttressing of the dam embankment has increased the height to
154 feet. A good source of information on the evolution of dam design and
construction, including embankment dams, is Development of Dam Engineering
in the United States,’> which includes information on six of Reclamation’s
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embankment dams. Such was the state-of-the-art in embankment dam design and
construction at Reclamation’s birth.

The design of modern earthfill and rockfill embankment dams is far more
complex today than was the case just 100 years ago. There are now many college
courses, books, collections of professional papers, professional groups, computer
programs, etc., related to the design of modern embankment dams. Most of the
major unknowns and uncertainties involved with the design of embankment dams
100 years ago have been removed by the evolution of engineering experience,
research, knowledge, and education. Reclamation has played a central role in
that engineering evolution through its pioneering embankment designs, analyses,
and soil behavior work on developing new laboratory tests and procedures
for soils; development and publication of geotechnical and embankment dam
engineering manuals and books; and contributions to the articles, transactions,
and proceedings of engineering periodicals and professional civil engineering
organizations. Some of Reclamation’s learning and knowledge has come at a high
price, as was the case with the 1976 failure of Teton Dam in Idaho.

In addition to the books and professional papers that now exist on modern
embankment dam design and construction, several professional organizations
regularly deal with and publish state-of-the-art papers on the design and
construction of embankment dams and related topics. These organizations
include: ASCE, the recently renamed United States Society on Dams (USSD,
formerly the United States Committee on Large Dams, USCOLD), its worldwide
parent organization, the International Commission on Large Dams (ICOLD), the
International Society on Soil Mechanics and Geotechnical Engineering, and The
Institution of Civil Engineers (in Great Britain).

To the lay-person, embankment dams may look like huge “piles of
dirt” thrown across a valley or canyon, and it can be hard to imagine how truly
complex and amazing they actually are. Most people can perceive how complex
a large concrete dam, like Hoover Dam, must be with a height of 726 feet. The
highest embankment dam in the world is currently Rogun Dam on the Vakhsh
River in Tajikistan at a height of about 1,066 feet, and California’s Oroville
Dam the highest in the United States at about 770 feet. The largest embankment
dam volume in the world is Tarbella Dam on the Indus River in Pakistan with a
volume of about 159,000,000 yd*, and Montana’s Fort Peck Dam is the largest in
the United States with a volume of about 126,000,000 yd®>. Many of these huge
embankment dams are almost as amazing in their own way as Hoover Dam.

There are many more embankment dams (currently about 72 percent)
than there are concrete dams (currently about 28 percent) in the United States, out
of the total of about 77,000 dams, meeting minimum dam height and reservoir
volume criteria. Among several reasons, one key aspect of why embankment
dams are so popular is that in general, a properly designed embankment dam
can be constructed at almost any damsite, as opposed to the more stringent
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site limitations associated with concrete dams. A limited “picture” of the
various elements that are included in the design (and construction) of a modern
embankment dam is presented below. A more complete understanding can be
obtained by reading publications such as Reclamation’s Design Standards No.
13—Embankment Dams® and the previously mentioned Design of Small Dams.

Once the need for a new dam and reservoir and a variety of other factors
such as funding availability and environmental impacts have been resolved,
several potential damsites are studied and investigated in sufficient detail that
a conceptual design report can be developed, which includes recommendations
as to the preferred damsite and the appropriate type of embankment dam and
related features. Once the damsite, the type of embankment dam, and related
features have been selected, more detailed studies, investigations, and analyses
are conducted in order to have the information necessary to start the final design
work, which concludes with the preparation of written specifications and drawings
that are used as the basis for constructing the new embankment dam. The various
studies, investigations, and analyses included in these design phases, which often
overlap, generally include:

1) ahydrologic study of the upstream drainage basin;

2) a geologic study of the damsite and the reservoir basin, including
a seismotectonic study of the area;

3) afield investigation of the foundation at the damsite and of the locally
available earthfill and rockfill materials and concrete aggregates;

4) alaboratory program including testing and analysis of the soil, rockfill,
and bedrock materials obtained from the damsite and the borrow
area(s);

5) aconceptual design study, intended to develop and present various
alternatives and their costs, and to recommend the preferred
alternatives for the embankment dam, spillway, and outlet works
features;

6) a final design based on the selected-alternative features, including the
necessary construction specifications and drawings;

7) during construction, embankment design details often change to
accommodate the changed conditions encountered; and

8) during “First Filling” of the reservoir and for the first few years
thereafter, the performance/behavior of the foundation and/or
the dam embankment may indicate the need for changes or
modifications to the original design.

It should be noted that even a brief a description of how to design an
embankment dam is beyond the scope of this paper. The hydrologic study of
the drainage basin above the damsite develops information on the probable
flood hydrology that is used to design the dam embankment and the appurtenant
spillway and outlet works features. If the dam and its appurtenant features can’t
accommodate the flood flows resulting from the various potential storm events,
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the reservoir can overtop the dam embankment and cause it to fail. The geologic
study develops the necessary information on the geology of the damsite and

the surrounding area, which often affects the type of dam selected for design

and construction. Unless the damsite’s geology is properly understood, the
response of the foundation to the loads imposed by a dam and reservoir may
cause malfunction, leading to serious maintenance or in some cases failure of the
dam. This is especially true in the event of an unexpected earthquake shaking

a dam that is not designed to withstand the severity of the loading imposed on
the structure. The dam, spillway, and/or outlet works can all fail because of a
moderate to severe earthquake event. The field investigation and laboratory
testing of the dam foundation and the embankment borrow materials accumulate
and develop engineering design data on the foundation soils, bedrock, and borrow
soil and rockfill materials. These field and laboratory design data are critical and
must be properly collected and evaluated if dam failure is to be avoided. These
design data form the basic information used in the various analyses conducted
during the design of an embankment dam, including standard concerns about
seepage, internal erosion/piping, settlement, static stability, seismic stability, etc.
Design information on sources of sand and aggregate materials for concrete is
also developed.

After the design data have been properly developed, and the various
design analyses have been completed, the dam embankment’s alignment, cross-
section, freeboard, foundation treatment(s), material zoning, filters, drainage,
camber, upstream and downstream slope protection, and instrumentation (for
monitoring performance) are then determined. Computers have greatly enhanced
the designer’s ability to perform extremely complex analyses, as well as to
create 3-dimensional models portraying the dam’s configuration to ensure that
all of the dam embankment’s components join together properly. The written
specifications and drawings that describe the details for construction of the dam
are then developed. The spillway and the outlet works are similarly designed, and
must be compatible with the embankment dam’s design. Because of the potential
public danger created by any dam and reservoir, dam design work (including
that performed by Reclamation) undergoes a very high level of review, including
review by boards of outside consultant experts, where appropriate, to ensure that
our designs achieve the high quality required.

A well-known saying related to embankment dam design is that the
design work is not complete until the dam’s construction has been finished. And,
this “construction period” should also include the first few years of a dam’s
performance under full reservoir loading. If the “First Filling” of a large reservoir
takes 10 to 20 years to complete, then the “construction period” during which
design changes and modification of the dam may be necessary could last well over
15 to 25 years. The design uncertainty during the dam’s construction involves
the fact that the geologic studies, the field investigation data, and the laboratory
testing data actually involve a relatively limited exposure and assessment of the
dam’s entire foundation and all of the earthfill materials used to construct the
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embankment. When the final foundation surface is completely exposed, there can
easily be overburden soils and bedrock that were not encountered by any of the
subsurface investigations conducted, depending on the damsite geology. And,
when the borrow materials are brought to the damsite for construction of the dam
embankment, some of the material may not be quite what was sampled and tested
in the laboratory. The dam construction process may also be affected by the
construction contractor’s plans for constructing the embankment. The contractor
might propose a different approach than was anticipated by the designer, such

as the use of different construction equipment and the use of soil amendments

to improve one of the earthfill material’s characteristics (such as decreasing its
permeability). Design changes during construction are most often subject to the
same review process as the initial design.

The dam engineering work required in the development of the design
data, the performance of analyses, the preparation of the final design, and
the construction of a modern embankment dam and its appurtenant features
generally involves a large number of related disciplines, including engineering
geology, seismology, hydrology, civil engineering, geotechnical engineering,
instrumentation engineering, structural engineering, hydraulic engineering,
mechanical engineering, electrical engineering, and construction engineering.
Several of the above disciplines are included as sub-disciplines or specialties
within the civil engineering profession: geotechnical, structural, hydraulic,
instrumentation, and construction engineering. As you can see from the “brief”
description provided above, the planning, design, and construction of a modern
embankment dam is a complicated process that requires the civil engineers and
other professionals performing the work to have high levels of expertise and years
of experience. The entire dam design and construction process can take years
(sometimes tens of years) to complete.

Improvements in the size, speed, and efficiency of construction equipment
during the last 100 years have played a major role in the evolution of embankment
dam construction. The construction of a modern embankment dam and its
appurtenant structures involves a large variety of construction equipment. A
brief list of the common types of larger construction equipment typically used in
constructing an embankment dam includes: backhoe, dragline, crane, articulated
concrete pumper, pneumatic drill, front-end-loader, belly-dump truck, tandem
end-dump truck, all-terrain haul truck, belt conveyors, water truck, bulldozer,
motor grader, self-elevating scraper, excavators of all types, tamping-foot
compactor (static and vibratory), sheepsfoot roller, and smooth-drum roller
(static and vibratory). Construction on a large dam or at a difficult damsite may
effectively utilize more efficient or unusual equipment, such as a belt conveyor
system or a short railroad for hauling the borrow material to the damsite.
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Reclamation’s History of Embankment Dam Design and Construction

The history of Reclamation’s century of embankment dam design
and construction is separated into the five periods already used in describing
Reclamation’s design and construction organizations. More than 240 reservoir-
storage embankment dam structures have been designed and constructed by
Reclamation during the past century. Some of the information presented in
the following period sections on Reclamation’s embankment dam design and
construction history through 1958 is taken from Development of Earth Dam
Design in the Bureau of Reclamation’ by F. C. Walker, then Head of the Earth
Dams Section, Dams Branch, Division of Design. The location map and map
index of Reclamation’s embankment (earth-fill) dams are shown in 2.1 and 2.2.
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2.1. Location map of Reclamation’s earthfill dams.
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2.2. Location index of Reclamation’s earthfill dams.

Period | (1902-1918)—Reclamation’s History of Embankment Dam
Design and Construction

As already mentioned, at Reclamation’s emergence in 1902, the
USGS’s Division of Hydrography, Hydrographic Branch had been studying
water resources in the West for about 20 years, developing data on potential
reservoir and dam sites. The USGS had published reports such as Reservoirs for
Irrigation,® authored by James D. Schuyler in 1897. When the U.S. Reclamation
Service was established and given its mission of developing western water
resources, Frederick H. Newell and his nucleus of engineers were transferred from
the USGS’s Hydrographic Branch to the Service and they quickly started work on
the design of the six projects that had been approved for design and construction
by the Secretary of the Interior in 1903. Work on the additional dams and projects
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approved for design and construction during the next few years commenced as
quickly as was possible.

What was the state-of-the-art in embankment dam design and construction
in 1903? Only a few books had been published in the United States that covered
the design and construction of dams, including embankment dams. The first such
book was The Design and Construction of Masonry Dams® written by Edward
Wegmann (Member, ASCE) in 1888, followed in 1899 by his The Design and
Construction of Dams, Including Masonry, Earth, Rockfill, Timber and Steel
Structures'. The third important book on dams, Reservoirs for Irrigation,
Water-Power, and Domestic Water Supply,"! was written by James Dix Schuyler
(Member, ASCE) in 1901, with a second edition in 1909,'> which included
information on the Service’s Minidoka, Belle Fourche, and Cold Springs Dam:s.
The 1909 book included chapters on: rock-fill dams, hydraulic-fill dams, masonry
dams, earthen dams, steel dams, reinforced concrete dams, natural reservoirs, and
miscellaneous dams, and included a total of 381 photos, figures, and illustrations.

The publications of several engineering, mining, and construction
organizations were the primary source of information on which embankment dam
designs worked or failed, and why. These publications included: Engineering
News and Engineering Record (both subsequently merged to form Engineering
News-Record), Mining and Scientific Press, Engineering and Mining Journal,
Transactions of the American Institute of Mining Engineers, and ASCE. Service
engineers such as Hiram N. Savage had already written articles on dams,'?
published before the Service was created. Within a relatively short period,
more books were written about dams, an increasingly important subject in
the arid West. Articles about the new Service and its dams first appeared in
Engineering News in 1903 and then in other publications like Engineering
Record, Engineering and Construction, Irrigation Age, and Pacific Builder and
Engineer shortly thereafter. Papers on the Service’s dams began to appear in the
Proceedings of ASCE in 1907 and of the American Society for Testing Materials
in 1908 (dealing with cement and concrete work).

The Service’s Chief Engineer and his initial staff of 15 (civil) engineers
and related disciplines reportedly had lots of previous practical experience.
Although the Denver Office was established in 1903 for the engineers and
assistants from USGS, a Resident Engineer at each irrigation project was
assigned to supervise the development of all phases of the project, which included
investigations, design, and construction. The project plans were reviewed by a
“project board” consisting of the Resident, District, and Supervising Engineers. If
warranted, one of Reclamation’s technical experts or a consultant would assist on
a complex or difficult project. The actual records from this early period are fairly
limited. Once the reservoir storage site was examined and appeared acceptable,
it was used only if the observable geological conditions were “unquestionably
adequate in light of past experience.” Where explorations were made, they were
directed at locating a competent foundation, with little consideration given to the
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material overlying the good foundation. Streamflow records were either short or
nonexistent. Except for critical items such as gates, cement, and reinforcing steel
for concrete, materials for constructing the dam, including sand and gravel for
concrete, had to be locally available due to transportation difficulties.

Reclamation’s first approved project was the Truckee-Carson Project,
later called the Newlands Project that was located in California and Nevada.
Reclamation’s first constructed dam was part of that project. Truckee River
Diversion Dam located on the Truckee River in Nevada, now called Derby
Diversion Dam, was constructed as a combination gated concrete structure and
earthfill wing embankment dam. Construction of the diversion dam and canal
works began under Specifications No. 1 in 1903 and was completed in
June 1905. The dam was 1,331 feet long, had a structural height of 31 feet and a
hydraulic height of 15 feet, contained about 37,000 yd® of earthfill, and had a
3:1 upstream slope and a 1.5:1 downstream slope. The Project Engineer
responsible for design and construction was Leon H. Taylor. Reclamation’s first
completed embankment dam, whose primary purpose was to impound a water-
storage reservoir, was Minidoka Dam located on the Snake River in Idaho
(see 2.3). Its construction began in 1904 and was completed in 1906 (see 2.4). It
was a zoned earthfill and rockfill embankment 80 feet high that contained 257,000
yd? of earth and gravel fill and rockfill materials, had a crest length of 664 feet,
and impounded 210,000 acre-feet of water. Minidoka Dam was designed by
John H. Quinton (Member, ASCE) and was constructed under the supervision of
Construction Engineer F. C. Horn.

Rolled (compacted) earthfill was generally preferred by Reclamation
for embankment dam construction because of the difficulty in handling rockfill
material, but hydraulic or semi-hydraulic fill construction was used in several
instances. Foundation treatment varied substantially. Some of the dam
foundations were excavated to bedrock, some had cutoff trenches excavated to
bedrock, and some had multiple trenches. Some cutoff trenches included a
concrete cutoff wall constructed into the foundation bedrock that extended up into
the cutoff trench backfill. Some trenches were for drainage and some provided
additional cutoffs. Two dams had pile cutoffs: one made of wood and one made
of steel sheet piling; neither of them was considered very effective. Almost all of
these embankment dams had one to three feet of riprap on the upstream slope.

Most of the embankment dams constructed by Reclamation during Period
I were relatively small structures (by today’s standards) that still took quite
some time to build with the methods available at the time (Belle Fourche Dam
took over 5 years). The designs for these dams, which depended on the nature
of the locally available earthfill materials (and still do today), were based on a
relatively limited knowledge of geotechnical engineering and the other disciplines
mentioned earlier. The design standards of that time were limited: 1) an adequate
foundation to support the dam, 2) an impervious core or upstream facing, and 3) a
spillway capable of passing flood flows without damage to the embankment. Data
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on the hydrology of the drainage basins were very limited. The geology of the
damsites may have been studied and documented, but its effect on the dams to be
designed and constructed was probably poorly understood. The field investigation
performed at the damsite and on the earthfill borrow areas was generally limited
to test pits and borings of shallow depth.
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Any laboratory testing of the anticipated earthfill materials was extremely
limited by today’s standards since most of the tests now performed on earthfill and
rockfill materials were developed during and after the 1920s. Grain size analysis
was probably performed on the soils, but only of the sand, gravel, and cobble
size materials, and information on the amount of clay and silt materials was not
possible until later. Darcy’s Law about the rate of water-flow through a soil (its
permeability) was promulgated in 1856, and it dictates how and where different
types of earth materials (clay, silt, sand, gravel, cobbles, and rockfill) can be
used in an embankment dam, which is still very relevant today. Early scientists,
physicists, and engineers like Charles A. Coulomb (1773), Alexandre Collin
(1846), and W. J. M. Rankine (1857) developed theories about earth pressure on
retaining walls and tests of the shear strength of soil materials, but there were no
standardized shear-strength tests performed on soil materials or analysis of slope
stability as are an integral part of embankment dam design today. The Atterberg
limits tests, still used today to help characterize clayey materials, were developed
by A. Atterberg of Germany in 1911. In 1916 K. E. Pettersson and S. Hultin
developed a slope stability analysis method to analyze the failure of a quay wall in
Goteborg, Sweden, but it does not appear to have been introduced to engineers in
the United States until several years later. And settlement/ consolidation behavior
of soil materials was not tested, although settlement benchmarks were first
installed along the edges of the embankment crest at Belle Fourche Dam in 1911.
Thus, the ability to develop the necessary data and to analyze an earthfill structure
like an embankment dam during Period I was very limited by today’s standards.

The various types of construction equipment that existed during Period
I played a large role in defining the size and height limitations placed on these
early embankment dams. Excavation of foundation overburden soils (alluvium
and colluvium) or borrow materials was performed by pick and shovel, horse-
drawn (Fresno) scraper, dragline, and/or steam shovel. The borrow soil
materials were excavated by hydraulic monitor or dredge for use in hydraulic-
fill embankment dams, and by dragline and/or steam shovel for the other types
of embankment dams. For relatively short distances, transportation of borrow
materials to the damsite was accomplished by hydraulic pipelines or flumes in the
case of hydraulic-fill dams and by horse-drawn wagons and/or scrapers for the
other types of embankment dams. For longer distances, borrow materials were
transported by railroads using trains of side-dump cars pulled by small “dinkey”
steam locomotives. After the earthfill material was brought to the embankment
and dumped, it was spread out in relatively thin (i.e., 6-inch-thick) layers using
horse-drawn drags and/or graders. Water may or may not have been added to
the layers of uncompacted earthfill before compaction. Each layer of earthfill
was then compacted by team and wagon travel, steel-drum rollers, concrete
(cylinder) rollers, and/or steam-powered engines (“traction engines” were used
at Belle Fourche Dam). The use of the sheepsfoot roller for earthfill compaction
was reportedly developed around 1905, but they were not used on Reclamation’s
dams for a while yet. Rockfill material was either placed without compaction
or was sluiced with hydraulic monitors. Period I construction by Reclamation
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was accomplished either by government forces or by contract with a construction
company.

During this early period of embankment dam design and construction,
the height of dam and the foundation geology had little effect on the design of
the embankment dam section. However, the type of earthfill materials available
for embankment construction had a noticeable influence. Hence, depending
on the nature of the earthfill materials available in the borrow area(s), the dam
embankment section was either: 1) an upstream impervious zone supported by
a downstream rockfill zone, 2) an upstream impervious zone supported by a
downstream gravel zone, or 3) a modified homogeneous section, which included
design features that modified the homogeneous performance.

Upstream Impervious Zone Supported by Downstream Rockfill Zone

Period I embankment dams utilizing this type of cross-section included:
Avalon, Clear Lake, Minidoka, and McMillan Dams, and Elephant Butte Dike.
Avalon and McMillan Dams, both on the Pecos River near Carlsbad, New
Mexico, were actually the second or third reconstructions of earlier private dams
that had failed by overtopping that breached both dams during floods. Neither
dam included a transition/filter zone between the earthfill and rockfill zones,
which was added to later dams of this type. Avalon Dam also had a part sheet-
pile, part concrete core/cutoff wall the full height of the dam. The upstream slope
of these dams was typically 3:1 that was often steepened to 2:1 above the full
reservoir level, and the downstream slope was typically 1.5:1. The relatively high
cost of using rockfill material with the equipment then available was the reason
that few of this type of embankment dam were constructed by Reclamation. The
failure of several non-Reclamation dams of this type during this period probably
contributed to the decision to stop building this type of dam.

Upstream Impervious Zone Supported by Downstream Gravel Zone

Period I embankment dams utilizing this type of cross-section included:
Cold Springs, Lahontan, Keechelus, and Minitare Dams, and Pathfinder Dike.
The upstream slope of these dams was typically 3:1 and the downstream
slope was typically 2:1, except for Minitare Dam. Minitare Dam had a 2.5:1
upstream slope to the full reservoir level, a 2:1 slope above that level, and a 2.5:1
downstream slope. Pathfinder Dike also had a concrete cutoff wall that extended
above the reservoir level. The earthfill zone became thicker during the period,
probably because gravel material was more difficult to use with the construction
equipment then available, and because of the greater relative abundance of
earthfill material. Although the mechanics of internal erosion (piping) of earthfill
materials was not yet understood, dam designers did understand the nature of the
problems potentially caused by seepage from the reservoir, as indicated by their
efforts to control that seepage with defensive measures like cutoff trenches and
walls. The designers also made the embankment’s upstream impervious earthfill
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zones thicker than twice the hydraulic water-pressure head from the reservoir.
Cold Springs Dam, constructed between 1907 and 1908, had a total of four zones
in which the gravel content increased from 50 percent in the upstream zone to

67 percent, then 80 percent, and finally 100 percent in the downstream zone.

Modified Homogeneous Section

The remaining Period I embankment dams were of the “modified”
homogeneous cross-section type, and they included: Belle Fourche, Deer Flat,
Strawberry, and Sherburne Lake Dams. Except for Belle Fourche Dam, the other
dams had 3:1 upstream slopes and 2:1 downstream slopes. Sherburne Lake Dam
includes a vertical screened-gravel drain near the center of the embankment
section, with this type of design detail being many years ahead of its time. Belle
Fourche Dam had a “bold” (less conservative) embankment cross-section,
probably due to its large size. The lower upstream slope is 5:1 to a berm, 2:1
above the berm to the full reservoir pool level, and 1.5:1 above that; and the upper
downstream slope is 1.655:1 to a berm and drain gutter, and 2:1 below that level.
At the time it was built, Belle Fourche Dam was reportedly the largest rolled
earthfill dam constructed in the world; it is discussed in greater detail below.
Strawberry Dam also had a reinforced concrete core wall that extended above the
reservoir level.

Belle Fourche Dam

Belle Fourche Dam (locally called Orman Dam) is located on Owl Creek
about 10 miles northeast of Belle Fourche, South Dakota, and was the most
notable embankment dam constructed by Reclamation during Period I. The dam
was constructed 115 feet high above its streambed with a crest length of
6,262 feet, an earthfill volume of 1,783,000 yd®, impounded a 192,000 acre-foot
off-stream reservoir and a water-surface area of about 8,000 acres, and was fed by
a 6-mile-long canal that conveyed a maximum of 1,600 ft*/s of water diverted by
a diversion dam on the Belle Fourche River. Information on the embankment’s
as-built slopes is given above. The original upper slopes shown on the 1905 Belle
Fourche Dam design drawings were 1:1 instead of 1.5:1 upstream and 1.75:1
instead of 1.655:1 downstream. The decision was made during construction to
flatten the upper upstream slope and flatten the upper downstream slope, moving
the crest downstream (see 2.5).

The greater steepness of the upstream slope, compared to the other
embankments designed and built by the Service during Period I was an important
difference. Construction under contract No. 73 awarded to Orman & Crook of
Pueblo, Colorado, began in November 1905, but work was suspended in early
1908 when Orman & Crook went into bankruptcy. Construction resumed in
April 1908 under a new contract with the National Surety Company of New York,
which was the “bondsman” for Orman & Crook. The National Surety Company
subcontracted with several private companies to perform the construction and
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the dam was completed on June 30, 1911. The total cost, including engineering,
construction, cement, and general expenses, was about $1,299,000. An article
on Belle Fourche Dam by Project Engineer Raymond F. Walter was published in
Engineering Record in March 1906."* A second article on the dam by Resident
Engineer O. T. (Oliver) Reedy (Associate Member, ASCE) was published in
Engineering Record in April 1910," describing the early plans for the project
and the construction to date (early 1910) on the dam and appurtenant structures.
Some of the more unique or informative details related to Belle Fourche Dam’s
design and construction are discussed below.

2.5. Belle Fourche Dam section.

In April 1904 a board consisting of Arthur P. Davis, John H. Quinton
(consulting engineer from Los Angeles), and Charles H. Fitch (Supervising
Engineer) examined the Belle Fourche Project and ordered detailed surveys of the
irrigable areas, potential damsites, and canal alignments. Three dam sites were
located and the final damsite was selected in May 1905. The dam foundation
had been “thoroughly prospected” by both open test wells and by earth auger
borings located every 200 feet along the dam’s alignment. The embankment was
founded on a “heavy compact clay,” locally known as “gumbo,” which overlies a
soft slatey shale located 20 to 40 feet below the surface. There were occasional
pockets of gravel encountered in the overburden layer. The dam embankment
was constructed using the locally available clay obtained from borrow pits located
upstream and at both ends of the dam. An expert “Engineer of Soils,” Thomas H.
Means came and tested the proposed earthfill material. Small scale experiments
determined that this material needed an additional 7 percent water, by weight,
for compaction to achieve the maximum density of the earthfill. Belle Fourche
Dam was designed under the direction of Project Engineer Raymond F. Walter,
with the resulting plans approved by a board of engineers consisting of John H.
Quinton, C. E. Wells, Charles H. Fitch, and Raymond F. Walter, resulting in a
July 5, 1905, letter in which they approved the plans and specifications,
recommending “that the drawings be reduced to standard size and the
specifications printed in Washington and that the work be advertised as soon as
possible.” The 1905-era Specifications No. 56 contained a total of 37 pages and
12 drawings used to show the dam embankment, appurtenant structures, and
canals. The specifications sections included topics such as: Engineer, Changes,
Sanitation, Use of liquor, Embankment construction, and Measurements. During
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construction, several design details related to the dam’s upper slopes and the
appurtenant structures had to be revised. Resident Engineers Patch and Reedy
were in daily to weekly contact with Project Engineer Walter during the entire
period of dam construction. Visitors (mostly engineers) from as far away as South
Africa and Sweden visited the dam during construction.'®

2.6. Belle Fourche Dam: Cutoff trench construction.

In August 1910 engineers from the U.S. Army Corps of Engineers (Corps)
visited the dam for a few hours and subsequently informed Reclamation that they
considered the dam’s slopes, particularly the downstream slope to be excessively
steep. Reclamation’s engineers, including Project Engineer Walter and Chief
Engineer A. P. Davis, developed the response to the Corps and provided a list of
some 20 recently constructed embankment dams built with slopes steeper than at
Belle Fourche Dam. They knew that the location (height) of the phreatic surface
in the dam embankment would affect the slope stability of the embankment,
so they decided to install some 2-inch-diameter vertical pipes to function as
observation wells for monitoring the “plane of saturation.” More details on these
pipe observation wells are provided below.

The cutoff trench was excavated by horse-drawn “wheel scrapers” and
a locomotive crane, using a '4-yd* clamshell bucket, after which the trench was
backfilled with compacted “select material” (see 2.6). The earthfill material in the
borrow area(s) was excavated by 70-ton and 75-ton steam shovels with a 2}4-yd?
bucket/dipper and was dumped into the 4-yd® Western side-dump cars (see 2.7).
The trains of 10 to 13 side-dump cars (a total of about 60 side-dump cars were
used) were pulled by 18-ton Dinkey locomotives that hauled the trains about
¥s-mile to the embankment, up a maximum grade of about 4 percent onto the
embankment surface. The 36-inch gage train tracks and wooden ties were moved
every third layer as the embankment rose in height. Three-horse-team 1%-yd?
dump wagons, filled by Western graders pulled by traction engines, were also
used to haul earthfill from some of the upstream borrow pits.
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Four-horse-team Fresno scrapers were used to move the dumped earthfill a
maximum distance of 50 feet away from the tracks, and ordinary four-horse-team
road graders ran over the material deposited by the scrapers to spread and level
the layer (see 2.8). The layer of earthfill was thoroughly wetted, if necessary,
using a 2-inch hose to apply water pumped up from wells or small reservoirs.

If the earthfill was compacted immediately after being placed on the fill, little

if any water needed to be applied. The specifications required that the earthfill
material be placed and rolled in 6-inch layers using steam rollers weighing not
less than “200 pounds per linear inch of roller rim.” According to O. T. Reedy’s
article, one of the rollers used was a 12-ton roller with a 4-foot rolling base.
According to the Belle Fourche Project History,'” an “8-ton asphalt dirt roller with
smooth wheels” was also used, but it often became stuck on the slick surface of
the embankment. However, most of the compaction was accomplished by four
32-horsepower 18-ton and 21-ton traction (steam) engines, with the rear wheels
having been widened to create a 6-foot-wide “rolling base.” The traction engines
accomplished the compaction more quickly due to their greater power (see 2. 9).

2.7. Belle Fourche Dam: Steam shovel, dinkey locomotive, and side-dump cars in
borrow pit.

2.8. Belle Fourche Dam: Embankment fill construction.
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2.9. Belle Fourche Dam: Traction engine hauling “dinkey” locomotive to damsite.

A somewhat unique feature of the construction of Belle Fourche Dam
was a gap through the embankment in the vicinity of station 42+00 (note that
the distance between stations 0+00 and 1+00 equals 100 feet) that was left open
to pass Owl Creek flows through the damsite from the start of construction until
it was quickly closed in 1909. The “Owl Creek Gap” (Gap) had side slopes a
little steeper than 1.5:1. Flooding on Owl Creek occurred several times during
construction, with a maximum flow of about 5,500 ft*/s moving through the Gap.
Earthfill cofferdams were constructed at the upstream and downstream ends of the
Gap. Three cutoff trenches were excavated across the Gap that were backfilled
with select earthfill material. A drainage system consisting of 4-inch tile pipes
enclosed in screened gravel was constructed in the Gap’s bottom downstream of
the lower cutoff trench to collect and convey any foundation seepage to discharge
into Owl Creek downstream of the dam. The Gap was closed using earthfill
hauled to the dam by wagon and by train, which involved dumping the earthfill
off a Howe truss bridge, and spreading and compacting the earthfill layers as
rapidly as possible. The Howe truss bridge consisted of one 100-foot center span
and two 60-foot side spans built across the Gap. The Gap fill was joined to the
two existing embankments by excavating the slopes of the Gap until firm material
was reached. Due to the confined area, the bottom layers of earthfill were
compacted by hand tampers that could exert a pressure of 1 Ib/in?, by a wooden
tamper weighing about 200 pounds operated by the locomotive crane, by the
small 12-ton roller, and then by the wheels of a traction engine.

Another unique feature of the dam’s design was the upstream slope
protection. The nearest rock quarry was located 32 miles away and the
sandstone’s quality was considered poor, together causing its use to be rejected.
The selected upstream slope protection consisted of 8-inch-thick concrete blocks/
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slabs that measured 5 feet by 6’ feet, and weighed about 3,000 pounds each.

A concrete footing wall was constructed at the bottom of the 2:1 slope and the
bottom course of blocks rested against this wall. Along the center portion of

the embankment, the concrete footing wall was buttressed by 10-inch-diameter
16-foot-long timber piles driven into the earthfill on 3-foot centers. The concrete
blocks were placed on a 24-inch-thick bed of gravel using stift-leg 3-ton-
capacity traveling derricks with 25-foot masts and 50-foot booms operated by
20-horsepower hoisting engines. The blocks were moved into place with the
derrick and were then levered and hammered into place. 2.10 shows the nearly-
completed dam embankment from the right abutment.

2.10. Belle Fourche Dam: Embankment from right abutment.

The upstream slope protection at Belle Fourche Dam suffered some degree
of damage by wave action almost every year due to the common, sustained high
winds in the area and the 8-mile fetch (length) along the Owl Creek arm of the
reservoir. A 4-foot-thick layer of grouted riprap was suggested in 1943 by Chief
Design Engineer John L. (Jack) Savage (Honorary Member, ASCE), but World
War II caused the work to be deferred. A 4-foot-thick layer of dumped rock
riprap was constructed in 1976-1977, but the wave-erosion/beaching problem still
persists in some areas on the upstream slope.

The downstream slope was finished by placing a 12-inch-thick layer
of rich loam-soil dressing, which was then “seeded with a mixture of grasses
recommended by the Department of Agriculture.” Concrete gutters were also
placed on berms located 30 feet apart vertically, with down-slope gutters every
1,000 feet, to collect and remove runoff during heavy rainstorms.

The dam included two canal outlet works, each one well above the old
Owl Creek channel, and a waste weir (spillway) at the left (north) end of the
embankment. Downstream of the weir structure, the spillway channel was earth
lined below which it was concrete lined. Ensign-type balanced valves were
installed on the canal outlet works in 1910 and 1911. Two 58-inch valves were
installed at the upstream end of the North Canal outlet works conduit and one
58-inch valve was installed at the upstream end of the South Canal outlet works
conduit.
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During the summer of 1910, after the reservoir had reached a maximum
elevation of about 2930 feet, seepage began to surface downstream of the dam
where the ground is at about elevation 2910. Borings were driven to investigate
the cause and source of the seepage, which indicated a strata of disintegrated
shale and gravel about 10 feet below the surface. The engineers had known about
this layer of gravel, but thought it was 30 to 40 feet below the ground surface.
Supervising Engineer David C. Henny of Portland, Oregon, had been brought in
as a “consulting engineer” during much of the work on the dam, and he was again
consulted on the seepage problem. A drainage system was advised, designed,
and constructed along the downstream toe of the embankment in November and
December 1910. This drainage system consisted of a trench excavated about 3
feet wide and up to 17 feet deep between stations 26+00 and 41+00 (1,500 feet),
with 14-inch-diameter “telephone pole auger” wells drilled in the bottom of the
trench that were backfilled with coarse screened gravel, covered by fine screened
gravel and then pit-run gravel. A 12-inch-diameter vitrified clay tile pipe was
placed with open joints and surrounded by coarse screened gravel (1-inch to
2-inch) and by fine screened gravel ('4-inch to 1-inch) surrounding the coarse
gravel in the bottom of the trench, which was then covered with unscreened gravel
and regular backfill. Manholes were constructed at several locations along the toe
drain—using 2-foot-diameter vitrified clay pipe. The outflow from the drainage
system reached a maximum of 45 to 50+ gal/min, which varied with the reservoir
water surface elevation. The flow from this drainage system has been monitored
ever since, and constitutes the longest continuous monitoring performed on one of
Reclamation’s embankment dams.

In late 1911, a series of 2-inch-diameter open-end pipe (observation)
“wells” were installed in the embankment in the vicinity of stations 37+00 and
38+00 to determine the “plane of saturation” (phreatic surface) and to obtain data
on its movements with reservoir fluctuations. A wash-boring apparatus was used
to drill the holes into which the pipes were installed; 34 wells were constructed,
ranging in depth from 10 to 90 feet. These were the first “instruments” installed
in a Reclamation embankment dam for the purpose of monitoring the porewater
pressures in the dam and/or foundation. A few of these observation wells are still
monitored, making them the longest continuously monitored instruments of that
type. Their rate of response to reservoir fluctuation is very slow (about a 2-year
lag time) due to the relatively large diameter of the 2-inch pipes and the very
low flow rate (permeability) of the seepage percolating through the gumbo-clay
embankment. Also in 1911, a set of iron benchmarks was installed every
300 feet along the embankment crest to monitor its settlement, also the first of that
type of instrumentation installed on a Reclamation dam. Belle Fourche Dam was
quickly turned into the most instrumented embankment dam built by Reclamation
between 1902 and 1911.

The 90-year-long performance of Belle Fourche Dam has been quite
an interesting story. The concrete paving blocks protecting the upstream slope
have suffered storm damage fairly frequently, which is why that type of slope
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protection was not used after the construction of Minitare Dam in 1915. In 1928,
after 17 years of acceptable embankment performance, parallel cracks several
hundred feet long occurred on the embankment crest between stations 27+00 and
31400, and they occurred close to the upstream slope. This led to an investigation
and exploration shafts; the cracks were up to 3 inches wide and up to 12 feet deep.
The resulting judgement was that drying out of the embankment was the cause.
Other cracks had also been reported in the vicinity of station 39+00 to 46+00.
Then on August 2, 1931, after a fairly rapid drought-caused reservoir drawdown
of 27 feet in 60 days, part of the upstream slope failed, resulting in a slump about
610 feet long between stations 40+50 and 46+60. The slide mass averaged a
thickness of 9 to 10 feet and extended from about elevation 2962 down to the base
of the 2:1 slope at elevation 2920. Several factors contributed to this slide, but
the steepness of the upstream slope, the (low) shear strength of the as-constructed
“gumbo” clay embankment material, the low permeability of the “gumbo” clay
material, and the rapid reservoir drawdown were the primary factors that caused
the failure.

The slope failure was quickly examined by Reclamation’s engineers,
including Chief Design Engineer Savage on August 12", Plans for reconstruction
of the upstream slope were agreed upon. On August 24", a ¥%-yd® dragline began
building an access ramp into the slide and began to remove the concrete blocks.
A total of 20,320 yd® of the slumped embankment material and gravel bedding
was excavated by a larger dragline with a 50-foot boom and a 134-yd* bucket,
making sure to dig at least 1 to 2 feet below the “lowest slip plane,” and placing
the material in stockpiles to one side for reuse. The embankment was then rebuilt
by several pieces of equipment. The larger dragline picked up a half-bucket of
gravel, then filled the bucket with stockpiled embankment material, and dumped
the material into the excavation where it was hauled and spread in 6-inch layers
by Caterpillar tractors pulling Fresno scrapers. These layers were then compacted
by rollers pulled by the Caterpillar tractors. The initial attempts to use concrete
rollers for compaction encountered difficulty when the roughness of the roller
prevented it from being properly cleaned. An “iron mule” loaded with one yard
of gravel was tried, but it was too slow. They then tried an old printing press
roller, for which they had to make a pulling device, and filled the roller with
concrete. This smooth roller allowed the use of cleaning scrapers and it worked
well pulled by a “Fifteen” (horsepower) Caterpillar tractor. A total of eight
Caterpillar tractors were used, ranging in size from fifteen to forty horsepower.
The most effective “dirt mover” was a “Thirty” Caterpillar tractor pulling a
1-yd? Fresno scraper. Up to three working shifts were used due to the approach
of winter. Once the embankment was rebuilt, the gravel bedding was rebuilt and
the concrete paving blocks were placed back on the upstream slope.

After the completion of this reconstruction, Reclamation proceeded during
the remainder of the 1930s to drill, sample, install piezometers (for monitoring
water pressure) in the dam embankment and foundation, and then conduct a
laboratory investigation of the Belle Fourche Dam embankment material in one
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of the most comprehensive laboratory investigations conducted up to that time.
That work was followed by a (then) state-of-the-art analysis of the upstream
slope stability. Finally, in 1939, a 25-foot-wide earthfill berm was constructed

to improve the stability by buttressing the upstream slope. The berm sloped at
3:1 and included a 3-foot-thick layer of well-graded '4-inch to 3-inch gravel that
was placed against the existing dam embankment to provide drainage. The berm
included earthfill material similar to the original embankment material, but it was
enclosed in gravel for drainage. The earthfill material was placed in 6-inch lifts
and was compacted by 12 passes of a tamping roller. The tamping rollers were
to be configured such that they had one ball foot or knob for each square foot, a
knob end area between 5 and 7 in?, produced a knob pressure of not less than 300
Ib/in?, and were equipped with roller cleaners. The berm was surfaced with 24
inches of riprap placed on 12-inches of gravel bedding. Weep holes were also
drilled on 5-foot centers through the concrete paving slabs for drainage purposes.
The embankment section shown in 2.5 includes this upstream berm. The concrete
paving slabs on the upstream slope continued to be damaged by wave action, and
in 1976-1977, the upper portion of the upstream slope was rebuilt to provide 4
feet of riprap slope protection on a 2.33:1 slope from the top of the 1939 berm
(elevation 2950) to the embankment crest (elevation 2990). Longitudinal cracks
have continued to appear on the dam crest into the 1990s, and the rate of reservoir
drawdown continues to be carefully controlled in order to prevent further
drawdown-induced slope instability.

Belle Fourche Dam is a truly amazing and unique early embankment
dam in Reclamation’s history. ASCE designated Belle Fourche Dam a National
Historic Civil Engineering Landmark in 1988, and (somewhat surprisingly) it is
Reclamation’s only embankment dam so honored. Many of the design details and
construction procedures developed and utilized at Belle Fourche Dam starting 97
years ago are still used by Reclamation engineers today, especially some of the
innovative design and construction concepts.

Period Il (1919-1933)—Reclamation’s History of Embankment Dam
Design and Construction

Reclamation engineers had helped advance the state-of-the-art in
embankment dam design and construction during Period I. Reclamation’s
reputation grew as the numbers of its successful projects increased throughout the
West. Reclamation received more and more publicity in the articles and papers
published in western newspapers, magazines, and professional journals to which
Reclamation’s engineers contributed their experience, innovations, and new
design ideas.

Reclamation’s engineering design groups had been centralized and were
better organized in the Denver Office, and they produced designs for new projects
and dams at a high rate. Respected civil engineers like J. L. Savage, who had
started his career with Reclamation on the Minidoka Project in 1903, had joined
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the new Denver Office staff as a Design Engineer in 1916 and was subsequently
promoted to Chief Design Engineer in February 1928. The Chief Engineers
during Period II were Arthur P. Davis (also serving as Director of the Service until
1923), Frank E. Weymouth, and Raymond F. Walter.

The embankment dams designed and constructed during Period II were
larger and the designs were more varied. Consultants were used extensively
during Period II, although the list of dams constructed during this period is fairly
small. Most of them were built with homogeneous sections, had little foundation
treatment of note, and generally had 3:1 upstream and 2:1 downstream slopes.
Early in this period, the 40-foot-high Salmon Lake Dam was constructed between
1919 and 1923 on Salmon Creek as part of the Okanogan Project in Washington
state. It was Reclamation’s first embankment dam that utilized a central
impervious (sandy loam) core and a flattened downstream toe or “tail” with 5:1
and 10:1 slopes. It was also the first dam to be constructed on a “questionable”
foundation (sand and clay of unknown depth). The base of the impervious core
was widened, and in the bottom of the 8-foot-wide cutoff trench located 25 feet
upstream of the dam crest, Wakefield sheet piling 38 feet long was driven into the
foundation with part of the sheet piles extending up into the core. Note that these
embankment design changes were included on a relatively small dam.

Several other notable embankment dams were designed and constructed
during Period II. These included: Sherburne Lake, Tieton, McKay, Guernsey,
American Falls, Echo, and Cle Elum Dams. Most of the embankment dams
constructed during Period II were compacted earthfill structures, with some semi-
hydraulic fill dams built too, such as Tieton Dam. Most of them were built on
rock foundations that required the excavation of the overburden soils. Some of
these dams included reinforced concrete core walls the full height of the reservoir,
such as at Tieton and American Falls Dams. Sherburne Lake Dam, completed in
1921, included a vertical zone of screened gravel located beneath the downstream
edge of the crest intended to prevent saturation of the downstream embankment
material. This was one of the earliest uses of a “chimney drain” inside an
embankment dam to control the phreatic surface and porewater pressures.

Tieton Dam, completed in 1925 with a maximum height of 185 feet above
the streambed, was the highest embankment dam built by Reclamation during
Period II. It was the first Reclamation dam designed on the basis of a stability
analysis, and the soil’s shear strength characteristics were assumed on the basis of
the material’s angle of repose. A concrete core wall 10 feet thick was excavated
down a maximum of 134 feet through river-channel deposits and 10 feet into
bedrock. This foundation wall was constructed by mining out vertical shafts
driven to bedrock and horizontal side drifts, forming a wall within the foundation.
The core wall foundation was also pressure grouted using five holes each 22 feet
deep in one of the first such applications (the maximum grout take was only one
sack per foot). Grout is generally a mixture of cement and water, and possibly
sand, bentonite, and other materials. According to Design of Small Dams
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(p- 195), “Foundation grouting is a process of injecting under pressure a fluid
sealing material into the underlying formations through specially drilled holes
to seal off or fill joints, fractures, fissures, bedding planes, cavities, or other
openings.” The Tieton Dam embankment included a puddled-clay core one-
third the thickness of the hydraulic head constructed against the upstream side
of the concrete core wall. The remainder of the dam was constructed using the
semi-hydraulic fill method in which the earthfill is dumped at the upstream or
downstream embankment shoulder and is sluiced with jets of water, washing the
fines into the center pool.

McKay Dam, completed in 1926 with a maximum height of 160 feet
above the streambed, rested almost entirely on bedrock and was constructed
of compacted sand and gravel. The upstream slope at 1.75:1 is the steepest
ever constructed on one of Reclamation’s embankment dams and was covered
with a monolithic concrete slab tied to bedrock with a concrete cutoff. Three
cutoff walls were constructed across McKay Dam’s foundation contact, and
the foundation beneath each of the walls was grouted. Steps were cast into the
upper part of the upstream concrete facing to break up the wave runup (unlike the
smooth concrete-panel facing at Belle Fourche Dam). The concrete facing was
very hard to construct and the construction engineer advised against using that
design again.

Guernsey Dam, completed in 1927 with a maximum height of 105 feet
above the streambed, rested on a pervious foundation of unknown depth. Because
of the foundation, the embankment section included an upstream “blanket” and
a large downstream rockfill. The central portion of the embankment included
an inclined impervious core zone confined by zones of sluiced sand and gravel
located upstream and downstream of the core. This was the last hydraulic fill
embankment constructed by Reclamation. A new concept used at Guernsey Dam
was the incorporation of the upstream cofferdam into the embankment section. A
partial cutoff trench was excavated and backfilled with the impervious earthfill.

American Falls Dam, also completed in 1927 with a maximum height of
75 feet above the streambed, was a combination concrete gravity and earthfill
structure. The bedrock foundation beneath its reinforced concrete core wall was
grouted.

Echo Dam, completed in 1931 with a maximum height of 130 feet above
streambed, was another zoned embankment. The central core consisted of
compacted clay, silt, sand, and gravel; the zones upstream and downstream of
the core consisted of sand and gravel; and the downstream toe zone consisted of
conglomerate rockfill rolled in 12-inch layers. The excavated cutoff trench was
about 25 feet deep to bedrock and included a concrete cutoff wall. The cutoff
trench was located well upstream of the central core and was connected to it
by a thick blanket of the compacted core material. The earthfill materials were
hauled to the damsite using gasoline-powered trucks, the first such use on one
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of Reclamation’s embankment dams. Compaction of the embankment materials
was accomplished using a sheepsfoot-type tamping roller for the first time on a
Reclamation dam. The sheepsfoot tamping roller was an important development
in the evolution of earthfill compaction because of the kneading action produced
by the steel knobs or “feet” fabricated around the roller drum. Water and/or sand
were usually placed inside the steel drum to increase its weight and thereby the
amount of stress applied by the ends of the feet during compaction.

Cle Elum Dam, completed in 1933 with a maximum height of 135 feet
above the streambed, was the first instance in which a sheepsfoot tamping roller
was specified to be used for embankment compaction (it was used, but was not
specified, on Echo Dam). Cle Elum Dam was the last dam designed using just
empirical rules and the last one constructed without earthfill testing to verify the
quality of the as-built earthfill materials, to evaluate construction practices, and to
confirm design assumptions.

Dams generally put more people at risk than any other type of civil works
structure. Dam failures tend to be catastrophic, which causes them to be studied
very thoroughly to try to explain why the failure occurred and to avoid repeating
any mistakes. The dramatic failures of dams like St. Francis Dam at about
midnight on March 12, 1928, near Los Angeles, California, tended to produce
important changes in the practice of dam engineering. By the end of 1929 several
states had enacted laws placing the construction and maintenance of non-Federal
dams that imperil the lives and property of others under the supervision and
control of the state engineer or other authorized official. With embankment dams,
the need to explain why a dam failed when the same basic design had worked
elsewhere was a major concern to all civil engineers, as well as the general
public. As civil engineering evolved, the increasing knowledge of the engineering
design of certain materials (such as wood, steel, and concrete) that are used in
constructing civil structures (such as buildings, bridges, and dams) generally
improved the overall record with respect to reducing the incidence of structural
failure. However, the failure rate with respect to embankment dams did not seem
to keep pace with the evolution of those other civil engineering structures, and
remained of great concern into the 1920s and 1930s. In general, Reclamation
had a very good record with respect to its embankment dams. However,
Reclamation’s record was not perfect, as evidenced by the rapid drawdown failure
of the upstream slope of Belle Fourche Dam in August 1931. While this slumping
of the upstream slope material did not breach the dam or release the reservoir, the
steep slope did become unstable, and it did fail.

In the years just after World War I, several European engineers began to
specialize in the mechanics of soil and rock materials, and thereby began the field
that has become geotechnical engineering. Dr. Karl Terzaghi (Honorary Member,
ASCE) is generally considered the father of soil mechanics (geotechnical
engineering). According to Karl Terzaghi—The Engineer as Artist by Professor
Richard E. Goodman,'® Karl Terzaghi graduated from the Technical University
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of Graz in 1900 with a degree in mechanical engineering, having resisted his
grandfather’s civil engineering profession. However, after a short stint working
as a mechanical engineer, Karl Terzaghi switched and began his lifelong career
in civil engineering. After receiving his Doctor of Technical Sciences degree
from the Technical University of Graz in 1912, Dr. Terzaghi visited the United
States for the next two years. He quickly found his way to a meeting with Service
Director F. H. Newell and immediately began an extensive tour of Reclamation
projects and dams then under construction. Back in Europe, Dr. Terzaghi began
to study the mechanics of soils toward the end of World War I in 1917, working
on the problem of earth pressure against retaining walls that had been worked
on earlier by Coulomb and Rankine. Dr. Terzaghi’s work (in German) was first
summarized (in English) in Engineering News-Record in 1920, which wrote an
editorial preface declaring that characterizing earth as an engineering material is
“the outstanding research problem in civil engineering” and that Terzaghi’s article
“heralds the opening of an avenue of progress.” He completed the manuscript
for Erdbaumechanik (Principles of Soil Mechanics) in April 1924 and, after it
was translated from German to English, it was circulated widely in the United
States by John R. Freeman (Honorary Member, ASCE). The Massachusetts
Institute of Technology quickly offered Dr. Terzaghi the opportunity to develop
a graduate course in foundations and soil mechanics. Because of Professor
Terzaghi’s background and expertise in geology, the “marriage” of geotechnical
engineering and geology has been one of his more important achievements.
Professor Terzaghi continued to lead in the development of the new field of soil
mechanics and foundation engineering in the United States, with a continued
special interest in dams until his death in 1963. (In his memory, Mission Dam
in British Columbia, Canada was renamed Terzaghi Dam in 1965.) Briefly
described, thus began what is now geotechnical engineering. The birth of
geotechnical engineering as it relates to embankment dams “arrived” at ICOLD’s
First Congress on Large Dams meeting in 1933 at Stockholm, Sweden, which
was quickly followed by ICOLD’s Second Congress on Large Dams meeting in
1936 at Washington, D.C. Reclamation engineers participated in both of these
meetings, including Commissioner Mead and Chief Design Engineer Savage.

Reclamation’s first engineering publication, entitled High-Pressure
Reservoir Outlets—A Report on Bureau of Reclamation Installations by
J. M. Gaylord, Electrical Engineer, and J. L. Savage, Designing Engineer,
was published in 1923." This book of 179 pages included information and
reproductions of drawings on the outlet works designed for and constructed
at many Reclamation dams, including Minidoka, Belle Fourche, Strawberry,
Lahontan, Minitare, Jackson Lake, Sherburne Lake, and McDonald Dams
(McDonald Dam was designed and constructed by the Service under an agreement
with Interior’s Indian Affairs Office). A second engineering publication, entitled
Dams and Control Works, was published by Reclamation in 1929.2° This book
of 164 pages included information written by Reclamation engineers on various
diversion and storage dams, including Tieton, McKay, Guernsey, American
Falls, and Echo Dams. A section of miscellaneous articles presented information
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on topics such as: “Corewalls for Earth and Rockfill Dams,” and “Design and
Construction of Small Earth Dams.” And the Appendix included a reprint of
the recent specifications on Echo Dam. Included in the article on “Design and
Construction of Small Earth Dams” was a material placement recommendation
for two-zone embankment dams. This recommendation called for placement
of the selected water-tight material in the upstream portion of the dam, and of
the heavy, stable, free draining material such as sand, gravel, and stone in the
downstream portion, distributed such that the coarser material was placed on the
downstream slope, changing gradually to the finer and more claylike material
as the impervious material in the upstream portion of the dam was reached.
The importance of the proper placement of soils with fine-grained vs. coarse-
grained gradations within a dam embankment became much better understood
subsequently in the 1940s and 1950s.

Field and laboratory testing of soil and rock materials also began to
emerge during the 1920s and early 1930s. In addition to the pioneering soil
mechanics work by Dr. Terzaghi on topics such as soil permeability, others
contributed greatly to the evolution of soil and rock testing in the attempt to
characterize these materials. Reclamation’s Earth Materials Laboratory was
established in Denver at the U.S. Customs House in the fall of 1933. The
primary duties of the new Earth Materials Laboratory “were to determine the
characteristics of proposed embankment and foundation soils, to work with the
design section in planning field control tests on the foundation and compacted
embankment, and to train construction inspectors in the test procedure.”?! While
the subject of soil compaction and optimum moisture content had been written
about as early as 1907, Ralph R. Proctor developed a soil test procedure in 1933
that established the principles of soil compaction and moisture content and their
application. A four-article series was published by Engineering News-Record
beginning on August 31, 1933. Proctor’s compaction control test standard was
quickly adopted by every engineer and organization involved with embankment
dams, which was a major milestone in the history of embankment dam design
and construction. In addition to performing Proctor’s density test, Reclamation’s
Earth Materials Laboratory used or developed a variety of soil testing equipment
and procedures, which included mechanical (grain size) analysis, penetration
resistance (on compaction specimens), percolation and settlement, consolidation,
shear strength, specific gravity, and soluble solids. The laboratory also began
to conduct studies and experimentation on different methods of compaction, on
the percolation rates in different soils, on porewater pressure movement through
different soils, and on consolidation rates of different soils. The rapid drawdown
failure of the upstream slope at Belle Fourche Dam in 1931 indicated that there
was still a lot for Reclamation’s engineers to learn about soil mechanics and
earthfill embankments.

As Period II began, World War I advances in mechanized equipment
such as tanks and trucks led to the post-war development of new construction
equipment. Gasoline engines were now used to power 5-ton trucks for hauling
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earthfill materials more quickly and with greater economy. The new 15-
horsepower Caterpillar tractor was introduced and could be used to pull a roller
for earthfill compaction, a Fresno scraper for moving earthfill, or a bulldozer

for excavating and moving earth materials. Further development of larger-

sized engines lead to more powerful Caterpillar tractors and other construction
equipment during Period II. As discussed on Echo and Cle Elum Dams, the use
of sheepsfoot tamping rollers for compacting earthfill materials on Reclamation’s
embankment dams began in the late 1920s and early 1930s.

Period Ill (1934-1944)—Reclamation’s History of Embankment Dam
Design and Construction

Reclamation’s state-of-the-practice in embankment dam design and
construction at the beginning of Period III had developed to a fairly high
degree of sophistication. Reclamation’s projects and dams were often written
about in publications like Engineering News-Record and its engineers’ papers
were often published in ASCE's Transactions. Reclamation’s reputation and
those of its engineers were well established in the West and the United States.
Reclamation’s evolution in concrete dams peaked during Period III with the
design and construction of Hoover Dam. While the concrete dams received more
notice nationally and worldwide, Reclamation designed and constructed several
milestone embankment dams during Period II1.

Reclamation’s centralized engineering design and construction
organization and the Chief Engineer in the Denver Office were well established
and empowered. Reclamation’s Chief Engineers during Period III were Raymond
F. Walter (mentioned earlier under Period II) and Sinclair O. Harper, and J. L.
Savage remained the Chief Design Engineer during the entire period.

The embankment dams designed and constructed during Period III
involved some revolutionary changes and they were larger and more numerous
than ever before. At about the same time, testing of earth materials, construction
testing for compaction and moisture control, and engineering design specialization
all became part of Reclamation’s embankment dam design and construction
process. The installation of performance monitoring instruments in Reclamation’s
embankment dams became standard procedure during this period.

Data from laboratory testing, construction control testing, and performance
measurements obtained on Reclamation’s embankment dams were collected and
analyzed by the specialized embankment dam design group, which determined
that soil as a construction material was extremely variable and very sensitive. The
data also indicated that the performance characteristics of many types of ordinary
soil could not be adequately defined by the existing tests and procedures. Hence,
the earthfill construction practices then in use would not necessarily produce the
desired consistent performance. While attempting to solve these concerns and
problems, the successful empirical design and construction practices historically
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used with success by Reclamation continued to be followed. Government
regulations covering concerns such as working hours, transportation of
equipment, safety, and wage rates became part of the process.

Many notable embankment dams were designed and constructed by
Reclamation during Period III. These included: Hyrum, Pineview, Agency Valley,
Rye Patch, Taylor Park, Moon Lake, Alcova, Caballo, Bull Lake, Midview,
Fresno, Green Mountain, Deer Creek, Vallecito, and Anderson Ranch Dams (the
latter dam wasn’t actually completed until 1947). All of these embankment dams
were constructed as compacted earthfill structures. The dams had upstream slopes
ranging from 3:1 to 3.5:1 with flatter slopes at the (upstream) toe where material
needed to be wasted, and had downstream slopes ranging from 2:1 to 2.5:1,
similarly with flatter slopes at the (downstream) toe. These dams were built on
a variety of foundations; almost all of them included a cutoff trench excavated
down through the overburden soils to bedrock and quite a few of them included
concrete cutoff walls in the bottom of the cutoff trench. The cutoff trenches
moved toward the center of the dam. The rock(fill) material produced from
required excavations, that was unsuitable for use as upstream riprap, was often
placed on the downstream slope of the embankment.

Pineview Dam, completed in 1936 with an initial maximum height of
about 55 feet above streambed, included a steel sheet pile cutoff in the foundation,
which was later determined to be ineffective, causing little if any porewater
pressure drop in the seepage percolating downstream. The dam’s crest was raised
about 29 feet in 1955.

Taylor Park Dam, completed in 1937 with a maximum height of 167 feet
above the streambed, was constructed as an embankment dam at a good concrete
damsite because of its remoteness. Comparative cost estimates were developed
for both types of dam, and they indicated little difference in cost. Contractors
were allowed to submit alternative bids, and an embankment dam was the
low bid. This reportedly indicated that earthfill construction had developed to
the point where it could be cost competitive with concrete dam construction
at a damsite suited to either type of dam. A large rockfill zone mantles the
downstream slope.

Alcova Dam, completed in 1938 with a maximum height of 185 feet above
the streambed, was a fairly complex embankment dam. The foundation consisted
of sedimentary rock dipping downstream that had quite different permeabilities,
artesian pressure in one bedrock layer, and hot sulfurous groundwater. An
extensive “U”-shaped grout curtain was constructed in the foundation and up
the abutments to control seepage and uplift. A concrete gallery was constructed
on top of the excavated bedrock to provide access for drilling drain holes and
to perform additional foundation grouting if the need arose. Alcova Dam was
thoroughly instrumented with the new hydrostatic pressure indicators at three
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sections of the embankment to monitor porewater pressures. A large rockfill zone
mantled the downstream slope.

Fresno Dam, completed in 1939 with a maximum height of 75 feet above
the streambed, was built on a very soft foundation of questionable strength.
Consolidation of the foundation and settlement of the embankment became major
problems as construction progressed. A theoretical approach and the results of
plate bearing tests of the foundation were used to estimate the total settlement,
which was estimated to be relatively minor. However, the actual settlement has
been in excess of 8 feet, about half of which occurred during construction. The
base of the dam embankment was widened, primarily to avoid abrupt changes
in the stress in the foundation and to distribute the load from the embankment.
Piezometers were installed in the embankment for the first time to monitor the
development of construction porewater pressures in the earthfill. The control of
embankment compaction and earthfill moisture content proved to be effective in
controlling the earthfill porewater pressures.

Green Mountain Dam, completed in 1943 with a maximum height
of 274 feet above the streambed, was the highest embankment dam yet built
by Reclamation. Collectively, Green Mountain, Deer Creek, and Vallecito
Dams marked Reclamation’s initial use of geological data in formulating the
embankment dam’s design. The alignment of Green Mountain Dam was shifted
downstream to avoid an old landslide in the left abutment. The upstream
foundation was excavated to bedrock to remove potentially unstable foundation
material. Shale bedrock unexpectedly deteriorated rapidly on exposure to the air,
which was addressed by spraying an asphalt coating on the shale immediately
after it was cleaned off. This procedure became standard practice on Reclamation
dams whenever shale is encountered. The borrow material was processed to
remove the cobble-size (plus 3-inch) particles from the earthfill used to construct
the embankment. The compacted earthfill at Green Mountain Dam achieved
the highest dry density yet at 132 Ib/ft>. Even at this high density, construction-
induced porewater pressures in the embankment caused by the weight of the fill
were excessive. Studies were begun to discover what could be done to avoid this
effect, with the finding that slight reductions in moisture content in the earthfill
caused a marked reduction in the earthfill porewater pressures. Construction
practices on Reclamation’s embankment dams were changed accordingly.

Anderson Ranch Dam, started in 1941 and completed in 1947 with
a maximum height of 344 feet above the streambed and with a cutoff trench
excavated a maximum of 112 feet to bedrock, set a new record as the World’s
highest embankment dam. The scheme developed on Green Mountain Dam
to carefully control the earthfill moisture content to avoid excessively high
porewater pressures was followed on Anderson Ranch Dam, but it wasn’t until
near the end of construction that the moisture content control effort effectively
controlled the porewater pressures. The designed upstream and downstream
slopes gradually flatten from crest to toe, going from 3:1 to 3.5:1 on the upstream
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slope and from 2:1 to 2.5:1 to 8:1 on the downstream slope. This was done in
an attempt to balance the cost savings from minimizing the embankment volume
(steeper slopes) vs. the need to maintain adequate slope stability (flatter slopes).
In 1941, the design of the embankment slopes on Anderson Ranch Dam was
based with some confidence on the results of the slope stability analyses and the
earthfill strength data developed by Reclamation’s Earth Materials Laboratory.
The contractor on Anderson Ranch Dam introduced a number of innovations
during construction, including the use of a belt conveyor system for transporting
the borrow material to the embankment, with facilities for adding moisture to the
material moving along the belt conveyor.

After Dr. Terzaghi and others began to develop geotechnical engineering
during Period II, and after the First and Second Congress on Large Dams
meetings in 1933 and 1936, Reclamation’s engineers joined the national and
worldwide efforts in advancing the new field as it related to embankment
dams. Reclamation continued to develop and make available information on its
engineering work. A second edition of Dams and Control Works was published
in February 1938.% This soft-cover 261-page book, again written by Reclamation
engineers, contained three parts: One: Storage Dams; Two: Diversion Dams; and
Three: Special Articles. Part 3 still included an article by engineer F. F. Smith
on “Design and Construction of Small Earth Dams.” Paragraph 5 of that article
contains the statement:

Among Engineers charged with the responsibility for the safety of large
earth dams, it is appreciated that the outworn empirical methods have
given way to thorough preconstruction investigations, careful theoretical
design, and construction on known and definite principles of soil
mechanics.?

A figure in the article on page 254 portrays “Methods of Zoning Earth Dams,”
and notes that zones 2 and 3 (zone 2 flanks the zone 1 impervious core and zone
3 is located between zone 2 and the rockfill zone on the downstream slope)
“are roughly graded from fine material at the inner slopes to coarse at the outer
slopes.” This grading from finer grained material at the zone 1 core to coarser
grained material toward the outer slopes was generally used on Reclamation’s
embankment dams, and provides the filtering action necessary to prevent soil
“internal erosion” (piping). Dr. Terzaghi seems to have started the work to
develop rational filter criteria. The results of his work and the research work
by George E. Bertram with the assistance of Dr. Terzaghi and Professor Arthur
Casagrande (Honorary Member, ASCE) resulted in a paper by Bertram?* that
is generally given the credit as the first document on filter criteria. The Corps
conducted its own research into filters in the early 1940s.

Field and laboratory testing of soil and rock materials continued to be
refined in response to the need of designers to better characterize those materials
for potential use in embankment dams. As noted above in the discussion of
Anderson Ranch Dam, the Earth Materials Laboratory was able to provide the
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engineering data necessary to optimize the design of the embankment slopes to be
constructed.

Reclamation’s instrumentation for and monitoring of embankment dams
continued to be improved, with the development and installation in 1935 of
13 water level indicators (WLI) at Hyrum Dam and 12 more WLIs at Agency
Valley Dam. The water level indicators were a combination manometer and
piezometer, but it was not sufficiently accurate. This led to the development of
the hydrostatic pressure indicator (HPI), a modification of the Goldbeck cell,
which were installed at Caballo Dam, Alcova Dam, and several other dams in
1938 and 1939. The hydrostatic pressure indicator used a thin gold-plated monel-
metal diaphragm, which used air pressure on one side to balance and measure the
porewater pressure on the other side of the diaphragm. The HPIs were installed
in the embankment as it was constructed, and copper tubing was run in trenches
from the instrument to the embankment surface where a recording apparatus
could be attached and operated to measure the porewater pressure. Reclamation
developed the more-rugged hydraulic piezometer that could be installed in
either the foundation or the embankment; the first 72 hydraulic piezometers
were installed at Fresno Dam in 1939. Reclamation also developed the internal
vertical movement device, which was first installed at Caballo Dam in 1936.
The device was installed as the embankment was constructed and allowed the
vertical consolidation behavior of the embankment to be measured at 5- or 10-foot
intervals and also measured the settlement of the foundation at the bottom.

During Period III the equipment available for the construction of
embankment dams continued to improve in size, power, speed, and efficiency.
The rockfill zones included in these dam embankments could now be constructed
because the construction equipment now permitted the handling of larger and
larger sizes of rock particles, which were usually obtained from the required
excavations for the outlet works and/or spillway. The improved construction
equipment and improved techniques for dewatering below the groundwater table
allowed the excavation of cutoff trenches through overburden soils to become
larger and deeper where necessary.

Period IV (1945-1975)—Reclamation’s History of Embankment Dam
Design and Construction

Reclamation’s state-of-the-practice in embankment dam design and
construction at the beginning of Period IV had developed to quite a high degree
of sophistication. Reclamation’s projects and dams were generally written about
in engineering and construction publications as indicative of the state of the
practice. The reputations of Reclamation and its engineers continued to grow as
more milestone embankment dams were designed and constructed during Period
IV. Reclamation’s Chief Engineers during Period IV were Walker R. Young,
Leslie N. McClellan, Grant Bloodgood, (both McClellan and Bloodgood were
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also Assistant Commissioners), Bernard P. Bellport, and Harold G. Arthur (both
Bellport and Arthur were also titled Director, Office of Design and Construction).

The embankment dams designed and constructed during Period IV
generally involved more difficult and complex damsites than had been built on
before, and the resulting designs were more complex. After World War I, a new
rush of dam construction occurred because of the delays caused by the war. The
multi-purpose dam and project came into being at Reclamation, expanding its
previous focus on irrigation projects and storage dams. Significant improvements
were made to the construction equipment available at the start of Period IV.

Laboratory testing of earthfill materials saw new improvements in the
quality and size of the apparatuses and instrumentation available for conducting
soil and rock testing, aided especially by the introduction of computers for
automated data acquisition during testing. Starting around 1957, Reclamation
started to use computers in laboratory testing and in the analysis of slope
stability. Larger sizes of testing equipment allowed research and development
of data on the effects of larger-size particles on the shear strength of the true
matrix of earthfill materials being used in embankment dams. The improved
instrumentation used in monitoring the testing allowed them to be run more
slowly and allowed for the measurement of porewater pressures generated during
shearing of the saturated specimens. Reclamation’s research into filters was
conducted by K. P. Karpoff, which led to The Use of Laboratory Tests to Develop
Design Criteria for Protective Filters published in 1955.%

In October 1961 Waco Dam in Texas, a Corps dam, suffered a slope failure
during construction that dropped the crest 18 feet vertically and caused horizontal
movements of up to 26 feet downstream. The slope failure was caused by a
combination of high porewater pressures in the foundation clay shale generated
by the weight of the overlying embankment that were transmitted through a sand
layer and the failure of the low shear strength clay-shale foundation. Research on
testing the Waco Dam foundation clay-shale material and improvements in slope
stability analyses resulted from that event (this became important to Reclamation
at the end of Period IV and the beginning of Period V).

Sheffield Dam near Santa Barbara, California, had failed in 1925 due
to earthquake-induced soil liquefaction in the dam’s foundation. Reclamation
became more concerned about the seismic stability of its embankment dams in
the late 1940s and early 1950s, and a technical memorandum entitled Seismic
Stability of Earth Dams* by Civil Engineer Elbert E. Esmiol (Life Member,
ASCE and USCOLD/USSD) was published in April 1951. Several large
earthquakes occurred during Period IV, which led to the development of new soil
tests and methods of analysis, trying to model the loading of and the response
by the various soils that occurred during those earthquakes. The powerful
earthquakes that occurred at Nigata, Japan, and in Alaska in 1964 caused
geotechnical engineers to begin research on how to model the soil behavior called
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“liquefaction” that was exhibited by sandy soils during those events. The near-
failure and breaching of Lower Van Norman (San Fernando) Dam during the 1971
earthquake that hit the Los Angeles area caused a renewed burst of research into
soil liquefaction, field and laboratory testing, and modeling of the deformations
that occurred in the upstream portion of the Lower Van Norman Dam, a
hydraulic-fill embankment. Reclamation’s Soils Engineering Branch participated
in the post-earthquake evolution of field and laboratory testing of liquefaction-
susceptible sandy soils. Starting around 1962, computers had begun to be used
to analyze soil stresses with the newly-developed finite-element method of
analysis. This analysis method was subsequently upgraded to allow the Lower
Van Norman Dam embankment and foundation to be modeled, and to estimate the
deformations produced by the earthquake shaking for comparison with the actual
deformations.

Many embankment dams were designed and constructed by Reclamation
during Period IV. These included: Davis, Granby, Martinez, Box Butte,
Scofield, Shadow Mountain, Cascade, Dixon Canyon, Spring Canyon, Soldier
Canyon, Long Lake, Dry Falls, O’Sullivan, Jackson Gulch, Enders, Medicine
Creek, Heart Butte, Bonny, Cedar Bluff, Shadehill, Dickinson, Trenton,
Kirwin, Webster, Cachuma, Carter Lake, Glen Anne, Lauro, Rattlesnake, Tiber,
Jamestown, Palisades, Sly Park, Wanship, Lovewell, Casitas, Vega, Trinity,
Navajo, Fontenelle, Merritt, San Luis, Soldier Creek, Pueblo, and Teton Dams.
These Period IV embankment dams generally had upstream slopes that ranged
from 2.5:1 to 3.5:1, with flatter slopes ranging from 4:1 to 20:1 at the toe where
excess material could be wasted. The steep 2.5:1 upstream slopes were used only
where an upstream rockfill zone created the necessary strength and stability. The
downstream slopes ranged from 2:1 to 2.5:1, similarly with flatter slopes ranging
from 3.5:1 to 20:1 at the toe. These dams were built on a variety of foundations;
all of them were either founded on bedrock or they included a cutoff trench
excavated down through the overburden soils to bedrock, and quite a few of them
included concrete cutoff walls in the bottom of the cutoff trench. The cutoff
trenches remained near the upstream center of the dam. The rockfill material
from required excavations was generally placed and compacted in the outer slopes
of the embankment.

Granby Dam, completed in 1948 with a maximum height of 235 feet
above the streambed, encountered several construction problems that were
successfully dealt with. A significant change in the borrow source for the
embankment was accomplished with little adverse effect on the schedule. An
attempt was made to use the surface mapping of the damsite’s geology instead of
the usual amount of investigative drilling; however, the use of this approach (used
elsewhere) proved to be inappropriate due to the complex geology of the damsite.
The construction experience on Granby Dam was discussed in F. C. Walker’s
publication:
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It was necessary to perform additional grouting after the structure was
placed in operation. However, this grouting was accomplished so
economically that portions of other dams have since been left ungrouted
until actual performance indicates a need for such treatment.?’

This insight into Reclamation’s foundation grouting design philosophy by the then
Head of the Earth Dams Section becomes more meaningful when Fontenelle and
Teton Dams are discussed.

Davis Dam, which spans the Colorado River, was completed in 1950
with a maximum height of 138 feet above streambed. This dam represented
an important advancement because of the diversion scheme for bypassing the
large flow of the river around the damsite. That diversion was accomplished
by excavating an open channel through the left abutment that was later closed
by the construction of a concrete dam, which contained the spillway and the
hydroelectric powerplant penstocks.?®

Construction of Enders, Medicine Creek, and Heart Butte Dams and
several other embankment dams were all begun around 1946 and 1947 in the
Great Plains area where the foundations generally consisted of relatively weak
Cretaceous and Tertiary formations of sand, silt, and/or clay. These formations
tend to be fairly permeable if sandy or structurally weak if clayey. The valley
floors are generally broad and are covered with moderately deep alluvium. The
available borrow materials usually ranged from sandy silts to silty clays, with both
gravel and rock (suitable for use as riprap) scarce to nonexistent. These damsites
also had stream flows that were highly variable, with large floods possible. It
proved to be cheaper to increase the size of the reservoir to increase flood-storage
capacity rather than build a larger spillway.

Cachuma (Bradbury) Dam, completed in 1953 with a maximum height
of 206 feet above the streambed, was constructed in a highly seismic area close
to where Sheffield Dam had failed during an earthquake in 1925. The design
of the embankment dam was therefore more conservative than otherwise would
have been necessary. A large amount of siltstone and shale rockfill was produced
by the spillway excavation, and this otherwise unsuitable material was used by
enclosing it entirely within the downstream sand and gravel zone. In one of
the first applications of this type, a concrete “grout cap” was constructed at the
bedrock surface in the center-bottom of the cutoff trench at Cachuma Dam to
provide firm support for the curtain grouting of the foundation beneath the dam.

Tiber Dam, completed in 1956 with a maximum height of 196 feet above
the streambed, was built on a shale foundation that contained numerous seams
of low shear strength bentonite clay. Hence, the foundation shear strength was
uncertain. The earthfill materials available for use as the embankment’s central
core varied widely in characteristics and shear strength, which was expected to
be low. The embankment cross section therefore reflected these concerns with a
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waste material disposal zone between the upstream cofferdam and the upstream
slope, and with downstream slopes ranging from 2.25:1 near the crest to 5.5:1
toward the toe. The embankment also included zones flanking both sides of the
core that transition between the finer-grained clay, silt, sand, and gravel core
founded on bedrock and the coarser outer shells that consisted of sand, gravel, and
cobbles.

Palisades Dam, completed in 1957 with a maximum height of 260 feet
above the streambed, was one of the largest embankment dams yet built by
Reclamation. The embankment volume of over 13,500,000 yd® caused the design
to use nearby borrow materials that might otherwise have been rejected. The
borrow soils available were pervious sand and gravel alluvium on the valley floor
and impervious soils along the abutments, which had moisture contents either too
high or too low with respect to optimum moisture for compaction. There was also
some concern about potentially high construction porewater pressures created
by the weight of the fill. The design was adjusted to place the better but wetter
borrow soils in the lower and central parts of the embankment and the drier but
poorer borrow soils in the upper and outer parts of the embankment, while still
maintaining adequate slope stability.

Sly Park Dam, completed in 1954 with a maximum height of 175 feet
above the streambed, was one of the first and few rockfill embankment dam
designs built by Reclamation. The upstream rockfill slope was 2.5:1 and the
downstream rockfill slope was 2:1. Because of the size of the rockfill particles,
the rockfill material could not be tested in the laboratory. The design therefore
had to assume that the shear strength should reflect the natural slopes of the loose
rock in the vicinity (the angle of repose). Again, the central core of compacted
silt, sand, and gravel was flanked by transition zones, consisting of quarry fines
in this case. Because of the difference between the properties of the compacted
central core and the rockfill shells, differential consolidation between these zones
later caused longitudinal cracks along the crest.

Although vibratory rollers had been developed for compacting
cohesionless soils for roads in Europe in the 1930s, they were first used to
compact rockfill dam materials at Quoich Dam in Scotland around 1958. In the
United States, the use of vibratory rollers for compaction of rockfill materials was
first attempted by the Corps at the 445-foot-high Cougar Dam in Oregon, built
between 1959 and 1964. Reclamation first used smooth steel-drum vibratory
rollers to compact a sand and gravel zone at Navajo Dam in 1959.%°

Trinity Dam, completed in 1962 with a maximum height of 465 feet above
the streambed, is the highest embankment dam ever designed and constructed
by Reclamation, and its volume of 29,400,000 yd?® made it the largest yet built.
Almost all of the overburden material was excavated such that the embankment
rested almost entirely on bedrock. The embankment contained four zones,
grading from the central core to outer toe zones of rockfill. The upstream slope
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ranged from 2.5:1 in the upper slope to 4:1 in the lower rockfill toe zone. The
downstream slope ranged from 2:1 near the crest to 3:1 in the lower rockfill toe
zone. The upstream and downstream rockfill toe zones were added to improve
stability; the rockfill was placed in 3-foot-thick layers (without compaction). A
belt conveyor system over 10,000 feet long, that dropped 1,000 feet in elevation
and handled 1,850 yd*/hr, moved a total of about 10,000,000 yd* of earthfill
material from the borrow area to the damsite.

Navajo Dam, completed in 1963 with a maximum height of 388 feet above
streambed, had a miscellaneous earthfill zone downstream of the central core
that was completely enclosed within a zone of “selected sand, gravel, cobbles,
and boulders.” That selected sand, gravel, cobbles, and boulders zone formed an
inclined transition/drain zone between the core and the miscellaneous earthfill and
formed a blanket/drain zone against the downstream bedrock foundation.

Fontenelle Dam, completed in 1964 with a maximum height of 128 feet
above streambed, included: irrigation canal outlet works in both abutments, a
river outlet works near the middle of the dam capable of passing 18,700 ft*/s, a
hydroelectric powerplant, and a right abutment overflow spillway of 20,000 ft*/s
capacity at full pool. The river outlet works was large because it was less costly
than increasing the size of the spillway. The embankment cross-section is shown
in 2.11. The embankment zoning included: the zone 1 core, the zone 2
chimney and blanket drain of selected (pit run alluvium) sand, gravel, and
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2.11. Fontenelle Dam section.

cobbles, and a zone 3 miscellaneous fill that was completely enclosed within the
Zone 2. The surface of the bedrock foundation was far more broken than had
been anticipated, so the cutoff trench was deepened by 6 feet. The foundation and
abutments were grouted by a single-row grout curtain installed through a grout
cap. Grout “takes” in the upper 65 feet of the foundation were very large and

a second line of grout holes was placed in the vicinity of the river outlet works
and in the right abutment to perform additional grouting. The grouting program
included a total of 45,900 linear feet of drill hole and 143,000 ft* of cement
grout pumped into the foundation, for an average grout take of 3.1 ft* per foot of
hole. Reservoir filling was to be very slow so that if any seepage leaks occurred,
they could be plugged before permanent operations commenced—remember the
previous reservoir filling and additional grouting experience on Granby Dam.
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There was no surface treatment of the foundation rock beneath the zone 1 core,
such as slush (lean cement) grouting of surface cracks, and smoothing of the
foundation with dental concrete.

First filling of the 345,000 acre-foot reservoir commenced in April 1964.
During the summer of 1964, after the reservoir had risen to a depth of about
49 feet, seepage appeared in the floor of an exhausted borrow area 2,000 feet
downstream of the dam and stabilized at a flow of 6 ft*/s. The reservoir continued
to fill through the spring runoff from the heavy snowpack winter of 1964-1965
(which produced a peak reservoir inflow of 17,560 ft*/s) until it reached a depth
of about 85 feet in early June 1965. Seepage then began to discharge from a
rock cut in the spillway discharge channel and from a cliff face about 0.6-mile
downstream on the left abutment. The seepage flowing from the downstream
borrow area also appeared to have increased. The reservoir began to spill on
June 15" and the rate of total seepage increased to about 70 ft*/s. A small slough
occurred at the edge of the embankment on the left side of the spillway chute at
about the mid-height of the dam on June 29", with about 1 ft*/s issuing from a
crack in the rock beneath the chute. On the morning of September 3™, a wet spot
was observed on the downstream slope of the dam at about mid-height near the
right abutment about 100 feet to the right of the slough that occurred in June. By
mid-afternoon, seepage water started flowing from the wet spot area, causing
erosion and sloughing of the dam embankment material. The flow that evening
was estimated at about 5 ft*/s. Local officials were then alerted to stand by, ready
to evacuate downstream residents. The next morning (September 4™), the seepage
flows had increased to about 21 ft*/s and an estimated 10,500 yd* of material had

2.12. Fontenelle Dam: Large sinkhole on downstream slope.
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been eroded from the downstream slope (see 2.12). Rockfill was dumped into

the hole on the downstream slope, trying to stop the erosion, and the seepage
flows appeared to stabilize. On the morning of September 5", it was decided to
fully open the outlet works, and by the morning of the 6" the reservoir level had
dropped 8 feet from the initial level. That afternoon, an area on the dam crest
about 20 feet in diameter near the upstream edge collapsed (see 2.13) and dropped
about 30 feet, exposing bedrock on the abutment side of the cavity. The reservoir
continued to drop about 4 feet per day until the pool was low enough to halt the
seepage.

2.13. Fontenelle Dam: Crest sinkhole.

There were several causes for the near-breaching (and near-failure) of
Fontenelle Dam, which was barely avoided because of the large outlet works
capacity. According to Chief Engineer Bellport’s “appraisal of the accident”
included in his paper Bureau of Reclamation Experience in Stabilizing
Embankment of Fontenelle Earth Dam™® presented at the 1967 ICOLD Conference
in Istanbul, Turkey, “It is apparent that the weak spot was in the abutment and not
the embankment. Many dams have been placed on similar foundations.... With
steep abutments, it is difficult to obtain adequate shallow grouting because of the
low pressures that must be used to prevent movement in the foundation.””' The
single row grout curtain was judged to have been inadequate, given the nature
of the sedimentary shale and sandstone bedrock jointing in the abutments. The
problem was (supposedly) fixed by a grouting program consisting of eight lines of
grout holes in the steep right abutment; a total of 80,000 feet of hole was drilled
and an additional 200,000 ft* of grout were pumped into the abutments during
August-December 1966. Bellport commented in the paper that

In the 20-year span from 1940 to 1960, increasing boldness in reducing
the number of lines and amount of grout seemed to be proving a
philosophy that grouting was mostly superfluous. At the Bureau of
Reclamation too, in situations where deficiencies could be readily
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remedied, the process of “try and see” was being used with increasing
success until the situation at Fontenelle Dam was encountered.*

Further,

This difficulty occurred on first filling of the reservoir which was
unusually rapid due to extremely large inflows and the fact that the outlet
work was not being used so that some repair work could be performed.
This experience illustrates the need for slow, controlled filling of
reservoirs where unfavorable foundation conditions are known to exist.**

Within Reclamation, it appears that information on the near failure of Fontenelle
Dam may not have been widely distributed, but other organizations, such as

the Corps, reportedly changed some of their embankment dam design and
construction practices after reviewing this incident. Fontenelle Dam will be
discussed further under Period V.

Merritt Dam, completed in 1964 with a maximum height of 120 feet
above the original ground surface, was the first embankment dam that used
“soil cement” instead of rock riprap to protect the upstream slope. Merritt Dam
is located on the Snake River in north-central Nebraska where the usual rock
riprap material was not economically available. Reclamation had developed
and successfully used soil cement on a test section constructed in 1951 at Bonny
Reservoir in eastern Colorado. Since its first success at Merritt Dam, soil cement
slope protection has been used on twelve more embankment dams by Reclamation
and on countless other structures.

San Luis Dam, completed in 1967 with a maximum height of 244
feet above the original ground surface and a volume of over 77,000,000 yd?,
is the largest embankment dam by volume ever designed and constructed by
Reclamation. The embankment included a central impervious core with a volume
of about 42,000,000 yd®. The borrow material was excavated using a Bucyrus-
Erie wheel excavator with a 30-foot-diameter digging wheel equipped with ten
2Y, yd® buckets. This machine had a capacity of about 4,000 yd*/hr and loaded a
100-ton Euclid bottom-dump truck every 45 seconds. In September 1981 a
rapid-drawdown of the reservoir led to a slide in the upstream slope that was
caused by a weak clay layer in the foundation. The slide was about 1,300 feet
long and involved the reconstruction of the upstream slope and construction of a
berm along the toe, with a total volume of about 1.4 million yd?.

Soldier Creek Dam, completed in 1973 with a maximum height of 251 feet
above streambed, was built to enlarge the reservoir originally impounded by the
1913-era Strawberry Dam, which was then breached when the water on both sides
equalized. The design and construction of Soldier Creek Dam were similar to
Fontenelle Dam. Soldier Creek Dam was one of seven dams (both embankment
and concrete dams) selected by the Department of the Interior for a post-

Teton 1977 study by W. A. Wahler & Associates to review recently completed
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Reclamation dams. Soldier Creek Dam will be discussed further in the Period V
section.

Pueblo Dam, completed in 1975 with a height of 165 feet above original
ground, is a composite dam consisting of a concrete massive-head buttress
structure containing the 550-foot- long spillway, flanked by two earthfill
embankments. The concrete structure is 1,750 feet long and consists of 23
buttresses with a maximum height of 176 feet. The two wing embankments
wrapped around the ends of the concrete structure and consist of the 3,570-foot-
long left embankment and the 4,910-foot-long right embankment. Bedrock at
the damsite consists of flat-lying Cretaceous sediments in alternating units of
sandstone, limestone, and shale. The concrete dam section was founded on
Dakota sandstone and the embankments rest partly on alluvium in the valley
bottom and on Graneros shale on the gently rising abutments. The Dakota
sandstone contained a few discontinuous lenses and seams of shale. The Graneros
shale contained a number of seams of bentonite clay up to 6 inches thick. When
the left embankment had risen to within about 20 feet of the final crest elevation
in November 1973, the inclinometer casing located at the downstream toe at
station 90+00 indicated a downstream shear deformation through the casing that
prevented the lowering of the inclinometer instrument. Additional inclinometer
casings were installed along the downstream toe of the left embankment, which
finally indicated the deformation had stopped, after reaching a total of about
6 inches of downstream deformation. There were no piezometers installed in
the shale or the bentonite clay seams prior to embankment construction that
might have indicated the amount of construction-induced porewater pressure
in the foundation. Sampling and laboratory testing of the Graneros shale were
performed, and finite element analyses were conducted to help judge whether
a long-term stability problem was indicated by this foundation deformation.
This left embankment deformation in the foundation, which occurred during
construction, appears to have been similar to what occurred during construction
at Waco Dam in 1961, although not to the same degree. The left and right
embankments were both completed and the dam and reservoir were put into
service. Pueblo Dam will be discussed further in the Period V section.

Teton Dam was constructed between February 1972 and November 1975
with a maximum height of 305 feet above the streambed. The embankment cross-
section was remarkably similar to that of Fontenelle Dam (see 2.14). The wide
zone 1 core consisted of silt, flanked upstream and downstream by zone 2, which
consisted of (pit-run alluvium) selected sand, gravel, and cobbles. There was also
a zone 3 miscellaneous earthfill zone downstream, with zone 2 constructed as a
chimney filter/drain and as a 20-foot-thick drainage blanket beneath the zone 3
and up the abutments. The outlet works at Teton Dam consisted of the river outlet
works with a capacity of 3,400 ft*/s and an auxiliary outlet works with a capacity
of 850 ft*/s. The construction schedule required that the river outlet works be
operational by May 1, 1976, but the contractor was behind schedule and only the
auxiliary outlet works were operational to control reservoir filling.
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Foundation grouting at Teton Dam consisted of 3 lines of grout
holes up to 310 feet deep. A test-grouting program was conducted in 1969 and
was to inject about 260,000 ft* of grout into the foundation. The actual test
grouting program pumped twice that amount of grout during the pilot grouting
program, and just two of the test holes took 16,000 sacks of cement and 18,000
sacks of sand, for an equivalent total of about 34,000 ft* of grout. During actual
construction, the grout was injected into 118,179 lineal feet of drilled holes and
totaled: 496,515 ft* of cement, 82,364 ft* of sand, 132,000 pounds of bentonite,
and 418,000 pounds of calcium chloride. Looking at just the cement and sand
grout materials, the above figures equate to about 4.9 ft* per foot of drill hole, or
an increase of over 50 percent compared to the initial grouting done at Fontenelle
Dam. Beneath the zone 1 core, the rock foundation surface was cleaned using air
and water jets and some open joints and cracks in the bottom of the key trenches
and the cutoff trench were treated by installing pipes and grouting with a grout
slurry, or by filling with specially compacted zone 1 material. Surface grouting
stopped at elevation 5205.3* The instrumentation installed at Teton Dam consisted
of surface settlement points and strong motion accelerographs; there were no
piezometers installed in the dam embankment or foundation. Reclamation’s
embankment dam design engineers made only two visits to the damsite during
construction; the construction liaison engineer made six visits during construction.

Data on the dam obtained during subsequent investigations were
summarized in the paper “Teton Dam: Summary of Technical Investigations”
by D. J. Duck, R. W. Kramer, and L. W. Davidson that was presented at the 13™
ICOLD Congress in New Delhi, India, in 1979.% The zone 2 chimney filter
and drainage blanket located downstream from the core was intended to: filter
the zone 1, prevent water from attacking the zone 3, reduce seepage pressures,
and transmit seepage flows to the downstream toe. The permeability of the
zone 2 material was not tested prior to construction. The zone 2 contained 2 to
12 percent silt fines, average 4.5 percent; had been placed at a relative density
ranging from 80 to 120 percent, average 94 percent; and had a permeability that
ranged from 0.7 to 39.3 x 10 cm/s, average 9.4 x 10 cm/s. The zone 1 silt
had a mean horizontal permeability of 5 x 10 cm/s, which was just a bit lower
than the average for the zone 2 material.*® These permeability numbers indicate
that the zone 2 filter/drain material was nearly as impervious as the zone 1 core
material. According to Peter Aberle, Field Engineer on Teton Dam construction,
when it rained during construction, the water would pond on the zone 2 surface.”’
It appears that the as-constructed zone 2 did not have sufficient permeability to
function as the intended blanket drain.

First filling of the 288,000 acre-foot reservoir commenced in October 1975
with the reservoir at elevation 5060. The design considerations required that the
reservoir not be filled faster than 1-foot per day above elevation 5200. In early
March 1976, with the reservoir 135 feet deep at elevation 5170, the filling rate
limit in the design considerations was “relaxed” and filling rate of 2 feet per day
was “allowed” to accommodate the high reservoir inflows from a large snowmelt
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runoff. However, they had no other option but to relax the reservoir filling rate
limit and accept the 2-foot-per-day rate of rise—the river outlet works weren’t yet
operational! By early May 1976 the reservoir was 185 feet deep. The decision
was “made” (note once again the inoperable river outlet works) around May 13™
to fill the reservoir to the spillway crest, which led to an average filling rate of
about 3 feet per day, and a maximum rate of 4.3 feet per day. Teton Dam failed
catastrophically on June 5, 1976, when the reservoir had reached the spillway
approach channel at elevation 5301.7. The failure of this embankment dam

killed 11 people, left 25,000 people homeless, inundated partially or completely
an area of about 300 mi? that extended 80 miles downstream, and did property
damage estimated at about $400 million. This dam failure changed the Bureau

of Reclamation in many, very significant ways. The construction of Teton Dam
therefore completes Period IV. The failure of Teton Dam will be discussed further
in the Period V section.

During Period IV, Reclamation’s engineers continued to enjoy national
and worldwide acclaim as they helped to advance the new field of geotechnical
engineering and its sub-specialty of embankment dams by conducting research
and publishing reports and professional society papers. Reclamation continued to
develop and make available information on its engineering work. A total of 6,000
copies of the “tentative edition” of Reclamation’s Earth Manual were printed and
distributed in 1951, followed quickly by another 28,000 copies of the “first formal
edition.” The Earth Manual was a huge success worldwide and was in great
demand. A First Edition—Revised, Second Printing was printed and distributed
in 1968 with 783 pages. The Earth Manual combined and revised three earlier
manuals: the Earth Materials Laboratory Test Procedures, the Field Manual for
Rolled Earth Dams; and the Earth Materials Investigation Manual. The Earth
Manual was prepared by Reclamation’s engineers in the Earth Dams Section,
Dams Branch, Division of Design, and in the Soils Engineering Branch, Division
of Research, with editing and coordination performed by John (Jack) W. Hilf of
the Earth Dams Section. Reclamation’s Design of Small Dams was published and
distributed in 1960, with a Second Edition released in 1973.

Reclamation’s instrumentation for and monitoring of embankment
dams continued to be improved during Period IV. During the 1950s, several
modifications were made to the piezometers used on Reclamation’s embankment
dams. The tubing used between the hydraulic piezometer tip and the embankment
surface was updated to polyethylene tubing. In the 1960s, the tubing was updated
again to polypropylene. Reclamation researched and developed the use of
carborundum disks in the hydraulic piezometer tips in the 1950s for improved
measurement of porewater pressures. In 1959 the use of ceramic filter disks in
the piezometer tips was first attempted by Reclamation at Steinaker, Sherman,
and Merritt Dams. The first strong-motion earthquake instrument was installed at
Hoover Dam in 1937, and Cachuma (Bradbury) Dam was the first embankment
dam to have one installed in 1954. There are now over 20 embankment dams
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instrumented with such devices. As noted earlier, Reclamation seems to have cut
back on the amount of instrumentation installed in its dams during Period I'V.

During Period IV, the variety of equipment available for the construction
of embankment dams continued to improve in size, power, speed, and efficiency.
As already mentioned, the wheel excavator used at San Luis Dam produced
4,000 yd® per hour, and the earthfill haul trucks used there were 100-ton capacity
bottom-dump wagons. The versatile front-end wheel loader with a bucket of up
to 12 yd? capacity was added to the construction equipment available. Earthfill
compaction rollers and scrapers became self-propelled instead of having to be
towed behind a Caterpillar bulldozer or tractor. After its initial use at Cougar
Dam, the vibratory roller, both the smooth drum and later the tamping pad-foot
varieties, became available for improved compaction of earthfill and rockfill
materials.

Period V (1976-2002)—Reclamation’s History of Embankment Dam
Design and Construction

At the start of Period V, the failure of Teton Dam on June 5, 1976, began a
chain of events during which Reclamation’s design and construction organizations
changed dramatically. As already mentioned, the first filling of the reservoir was
very rapid, due to the earlier-than-usual high inflows from a heavy snowpack in
the mountains upstream. The reservoir inflow peaked at around 4,000 ft*/s in mid-
May. It should be noted again that Teton Dam’s main river outlet works in the left
abutment, with a full-pool capacity of 3,400 ft*/s, was not yet operational because
the regulating gate had not yet been received from the manufacturer. Only the
auxiliary outlet works in the right abutment, with a capacity of only 850 ft'/s,
could be used to control the rate of reservoir filling, or to lower the reservoir water
surface in the event of a Fontenelle Dam type of emergency drawdown situation.
Hence, even if the main river outlet works had been operational, the releases from
the combined outlet works would have been about equal to the inflows and would
not have been able to drop the reservoir pool as had been the case at Fontenelle
Dam.

On June 3", with the reservoir at about elevation 5300, two small seeps
flowing about 60 and 40 gal/min were found 1,300 and 1,500 feet, respectively,
downstream of the dam at the base of the right abutment. On June 4™, a small
seep was found flowing about 20 gal/min at the base of the right abutment about
150 to 200 feet downstream from the toe of the embankment. At about 7:00
AM. on June 5™, a survey party observed a leak coming from the right abutment
at the top of a berm at elevation 5045. It was immediately reported to one
of the field engineers who drove to the dam, and at 8:15 am. he estimated the
leak to be flowing 20 to 30 ft*/s. At about 9:10 am., a slightly muddy leak was
observed exiting from the right abutment at elevation 5200, flowing about 2
ft¥/s. The lower leak at elevation 5045 was estimated to be flowing 40 to 50 ft*/s
at about 9:30 Am. Between 10:00 and 10:30 am., a wet spot was observed on
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the downstream slope of the dam at elevation 5200 and about 15 to 20 feet from
the right abutment. The wet spot quickly increased to a flow of 10 to 15 ft*/s

and was eroding the material on the downstream slope. At about 10:30 am,, a
loud sound (roar) was heard, followed by the sound of rapidly running water. At
about 11:00 a.m., a whirlpool formed in the reservoir about 150 feet from the right
abutment and its diameter rapidly began to expand. By about 11:20 am., attempts
to bulldoze rockfill into the opening (as had been done at Fontenelle Dam) proved
futile (see 2.15).

2.15. Teton Dam: Downstream sinkhole at about 11:20 Am.

A sinkhole developed on the downstream slope shortly before the
embankment crest collapsed at 11:55 am. (see 2.16), and the dam was breached
two minutes later at 11:57 am. (see 2.17). This sequence of observed new
seepage, wet spots, erosion, sinkhole, whirlpool, crest collapse, and embankment
breaching took only five hours from start to finish and the complete release of
the reservoir followed. By 5:00 to 6:00 pm. that same day, the reservoir had
completely emptied.

On June 8, 1976, just three days after the failure of Teton Dam, the
Under Secretary of the Interior, D. Kent Frizzell, established the Department
of the Interior Teton Dam Failure Review Group (IRG) that was formed to
examine the causes of the dam’s failure and to make recommendations as
appropriate to prevent the recurrence of such failures. The IRG was directed
to “review the following aspects of the failure: geologic, engineering, design,
construction, hydrologic factors, and all other pertinent background information
and testimony.” The IRG was composed of representatives from several Federal
Government agencies, such as the Soil Conservation Service, the Tennessee
Valley Authority, and the U.S. Army Corps of Engineers. The Secretary of
the Interior, Thomas S. Kleppe, and the Governor of Idaho, Cecil D. Andrus,
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2.16. Teton Dam: Crest collapsed at 11:55 Awm.

2.17. Teton Dam. Dam completely breached.

empowered another review group of experts not associated with the Federal
Government, who were referred to as the “Independent Panel to Review Cause
of Teton Dam Failure” (Independent Panel). The IRG and the Independent Panel
operated simultaneously from June to December 1976, with field investigations
coordinated and the results shared by the two groups. The Independent Panel’s
report Failure of Teton Dam was published in December 1976.%® The IRG’s
Failure of Teton Dam—A Report of Findings was published in April 1977,*
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and its Failure of Teton Dam, Final Report was published in January 1980.%
The reports/conclusions of the IRG and the Independent Panel were in general
agreement, concluding that the failure of Teton Dam had been caused by:

1. Internal erosion (piping) of the core of the dam deep in the right
foundation key trench, with the eroded soil particles finding exits through
channels in and along the interface of the dam with the highly pervious
abutment rock and talus, to points at the right groin of the dam;

2. Seepage moving through openings that existed in inadequately sealed
rock joints, and that may have developed through cracks in the core zone
in the key trench;

3. Once started, piping progressed rapidly through the main body of the
dam and quickly led to complete failure; and

4. The design of the dam did not adequately take into account the
foundation conditions and the characteristics of the soil used for filling the
key trench.

Regarding Cause No. 1 above, it should be noted that the apparently
impervious zone 2 blanket drain material probably confined the seepage flows
and eroded zone 1 core material within the abutment channels, joints, fractures,
and cracks all the way to the right groin downstream, and prevented the safe,
proper interception and collection of the seepage flows. The nature of the damsite
geology, the design of the dam embankment, the treatment(s) of the foundation
bedrock surface and open joints (or lack thereof), the characteristics of the
embankment materials, the defensive measures taken to control seepage and
piping erosion, and the construction practices at Teton Dam were all too similar
to those involved on Fontenelle Dam. The IRG and the Independent Panel both
recommended that Reclamation should take certain specific measures to prevent
the recurrence of another dam failure:

1. An independent board of review should be convened for each major
dam project to review both design and construction at frequent intervals;

2. Design decisions should be formally documented;

3. Design personnel should remain involved with a project during
construction, including frequent scheduled site visits; and

4. Major dams and their foundations should include an instrumentation

program to monitor construction and post-construction behavior.
Instrumentation data should be promptly interpreted and evaluated.
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In a July 20, 1976, letter, the Comptroller General of the United States
was asked by U.S. House of Representatives’ Environment, Energy, and Natural
Resources Subcommittee to examine the dambuilding procedures and practices
used by the Bureau of Reclamation and the Corps of Engineers. The resulting
report Actions Needed to Increase the Safety of Dams Built by the Bureau of
Reclamation and the Corps of Engineers was published on June 3, 1977.4° The
Comptroller’s report discussed several concerns involving the dam designers,
recommending that

We recommend that the Secretary of Interior direct the Bureau of
Reclamation to establish written procedures to better ensure that design
intent is achieved. In so doing the Bureau should: (1) evaluate and
implement ways to improve the clarity of instructions, specifications, and
drawings; (2) evaluate and implement ways to better ensure that onsite
personnel fully understand the intent of the designers, and (3) develop
and implement policies and procedures calling for more frequent onsite
inspections by designers during construction.*!

The Comptroller’s report also noted the comments made in the paper by Chief
Engineer Bellport about the lessons learned after the near failure of Fontenelle
Dam, and recommended that

Thus, by averting a disaster at Fontenelle, the Bureau had seemingly
learned a valuable lesson regarding reservoir filling. Yet, at Teton Dam,
over 10 years later, the lesson was not applied.

and

We believe that the failure of Teton Dam and the near failure at
Fontenelle Dam should clearly illustrate to dambuilders the importance
of (1) a slow, controlled filling rate during first filling to closely monitor
the behavior of the dam and (2) an operable outlet of sufficient size to
release enough water to lower the reservoir level when emergencies arise
affecting dam safety.*?

Reclamation’s organization and its state-of-the-practice in embankment
dam design and construction at the beginning of Period V, which were thought
to have been developed to as high a degree of capability and sophistication
as any dam-building organization in the World, were immediately put under
the proverbial microscope. In April 1977 President Jimmy Carter ordered all
Federal agencies that build, maintain, or operate dams to review their dam safety
practices. Reclamation Commissioner R. Keith Higginson named a team to
review Reclamation’s dam design and construction procedures, and charged
the team “to review expeditiously all factors relevant to safety of dams in the
Bureau’s plan-design-construct-operate process and to develop recommendations
which would assure that Bureau procedures follow acceptable standards...” On
March 31, 1977, the Department of the Interior contracted with W. A. Wahler
& Associates to conduct a program entitled “An Emergency Study of Seven
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Completed Bureau of Reclamation Dams.” All seven dams were recently
completed structures, both earthfill and concrete dams. The seven dams studied
by W. A. Wahler & Associates were: Crystal, Mountain Park, Mt. Elbert Forebay,
Nambé Falls, Pueblo, Ririe, and Soldier Creek Dams.** On November 29,

1977, Commissioner Higginson announced a reorganization plan in which

the decentralized field structure was retained, and the Denver Office became
Reclamation’s center for technical review and support. On November 6, 1979,
under Commissioner Higginson, Reclamation changed its name to the “Water and
Power Resources Service,” but changed it back to the Bureau of Reclamation on
May 20, 1981, under Commissioner Robert N. Broadbent.

Reclamation’s Chief Engineers (now with different titles, which began
as Director, Office of Design and Construction) during Period V were Harold
G. Arthur, Robert B. Jansen (title was changed to Assistant Commissioner for
Engineering and Research on February 1, 1978), Rodney J. Vissia, James Cook
(acting for 3 or 4 months in 1982), Darrel W. Webber, Felix W. Cook, Sr. (the title
was changed once again in October 1994 to Director, Technical Service Center),
and by Michael J. Roluti.

While Reclamation still had many dams and projects in its “pipeline”
awaiting funding and construction at the start of Period V, environmental “clouds”
had been gathering on the horizon in both numbers and power and they wanted
to put a halt to the continued construction of new dams. The embankment dams
that Reclamation designed and constructed during Period V generally involved
even more difficult and complex damsites than had been built on before, and the
resulting designs were more complex. Part of this increased design complexity
was a direct result of the findings and recommendations by the IRG, the
Independent Panel, and the Comptroller on the failure of Teton Dam.

The Wahler Reports on seven of Reclamation’s recently constructed
dams presented some fairly alarming conclusions and recommendations. For
example, on Soldier Creek Dam, the Wahler Report concluded that “there may
be significant risk of serious distress and/or failure associated with filling the
reservoir behind Soldier Creek Dam.” And on Pueblo Dam, the Wahler Report
concluded that “the reservoir behind Pueblo Dam should not be permitted to rise
significantly above its present level until certain supplementary investigations
and/or actions have been completed.” After the findings of the Wahler Reports
were presented to the Department of the Interior (and Reclamation), Reclamation
responded by beginning its own reevaluation of these seven dams, which
included field and laboratory investigations, new evaluations of the design and
construction, etc. With the conclusions and recommendations resulting from the
two Teton Dam failure reviews needing to be implemented, Reclamation made
dramatic changes in its design and construction organizations.

In 1978 Reclamation instituted its new Safety Evaluation of Existing
Dams (SEED) Program under the Division of Dam Safety and reporting directly

121



to the Assistant Commissioner —Engineering and Research (ACER). The
SEED Program began a comprehensive review of dam design, construction, and
operation records; analysis of material data; field inspections; and study of any
apparent deficiencies. The Denver Office’s engineering staff was increased to
handle the enlarged program. A Technical Review Staff, also reporting directly
to ACER, was added to the Denver Office and was tasked with independently
reviewing all new dam and major structure designs, modifications to existing
dams and major structures, and the SEED Program. Reclamation also hired
independent consulting engineers and other professionals to review and approve
Reclamation’s dam design and construction work.

The work by the Denver Office to respond to the embankment dam
concerns raised in the Wahler Reports included field investigations that produced
embankment and foundation samples, which needed laboratory testing to develop
information on their engineering properties. This additional engineering workload
and the laboratory testing workload for projects already planned led to an increase
in the size and capability of the Denver Office Laboratory. Improved electronics
and computers were involved with the upgrading of the Laboratory’s capability.
New testing equipment was needed in a few cases because of the nature of some
of the dam foundation problems encountered and for testing new materials such
as synthetic geomembranes and geotextiles. For example, the weak clay seams
in the foundation shale at Pueblo Dam required testing for residual shear strength,
which Reclamation had never done before.

During Period V, Reclamation continued to design and build some notable
embankment dams in the West. These Period V embankment dams included: Mt.
Elbert Forebay, Twin Lakes, Palmetto Bend, Funks, Wintering, Red Fleet (Tyzak),
Stateline, Choke Canyon, Sugar Pine, Ridgway, Calamus, McPhee, McGee Creek,
San Justo, Brantley, Davis Creek, Jordanelle, New Waddell, and Buckhorn Dams.
The Period V embankment dams generally had upstream slopes that ranged
from 2:1 to 3.5:1 and downstream slopes that ranged from 2:1 to 1.5:1, with the
steepest slopes at Jordanelle Dam.

These dams were built on a variety of foundations, but after the foundation
problems that in part caused the failure of Teton Dam, the foundation treatments
constructed during Period V were more aggressive and more “complete” than
those previously constructed. This included design details and features such as:
more aggressive cleanup and mapping of foundations, foundation shaping to
flatten steep slopes and remove bedrock overhangs, more dental concrete backfill
to shape abutments, lean cement (slush) grouting of surface joints, thorough
blanket grouting in the upper 20 to 30 feet of the foundation-core contact zone,
more lines of curtain grouting, and removal of more poor-quality bedrock in the
foundation. The concrete grout cap used at Fontenelle and Teton Dams was also
eliminated, grouting from the rock surface, removing any damaged surface rock,
or using a reinforced concrete slab so that grout pressure can be applied to near-

122



surface rock. Blanket grouting is then done after the curtain grouting has been
completed.

The embankment dam designs changed in several important ways during
Period V. The chimney filter/drains placed between the core and the downstream
shell material were revised to use processed materials instead to ensure the
prevention of internal erosion/piping. A processed transition/filter zone was used
between the core backfilling the cutoff trench and the downstream alluvium.
Blanket drains were used against the downstream foundation. Processing of
borrow soils or the use of imported soil materials to supply the filter gradation(s)
necessary was used more aggressively in the chimney filter/drains and the blanket
drains. These filters included 1, 2, or even 3 zones of different soil sizes and
gradations where necessary to prevent potential internal erosion/piping. These
filter/drain systems were interconnected and drained by a perforated toe drain pipe
with emphasis on monitoring seepage flows. There was also more emphasis on
inspection manholes and monitoring devices in the toe drain system, and more
emphasis on the use of relief wells for deeper seepage collection. The design
of the embankment constructed adjacent and around concrete structures such
as outlet works and spillways changed, eliminating the seepage collars around
conduits to facilitate compaction by the tires of heavy equipment rolling next to
the conduit instead of regular compaction equipment such as tamping rollers.
Processed filters and drains were also placed around the downstream section of
the conduits. New synthetic materials such as geomembranes and geotextiles
were used in modifications constructed at several embankment dams. Several of
the embankment dams noted above, including San Justo and Jordanelle Dams,
were constructed close to major “active” earthquake faults in California and
Utah, respectively. Starting with the early work by Esmiol, 2 Reclamation has
continued to investigate and develop appropriate design requirements for its
embankment dams in the earthquake-prone western U.S. that have been used by
many others worldwide.

Like other dam-safety programs nationwide, the results of Reclamation’s
Safety Evalualtion of Existing Dams (SEED) Program and the reevaluation of
the existing dams determined that quite a few existing embankment dams needed
to be modified to improve their condition and to ensure their continued safe
operation. A partial list of Reclamation’s modified embankment dams includes:
Jackson Lake, Helena Valley, Soldiers Meadow (not built by Reclamation),
Fontenelle, Navajo, Casitas, Soldier Creek, Pueblo, Lost Creek, Twin Buttes,
Twin Lakes, San Justo, Horsetooth (modification under construction), and
Pineview (modification being designed) Dams. Reclamation has also been
involved with the analysis, design, and construction of modifications to several
Bureau of Indian Affairs (BIA) embankment dams, including Black Lake, Pablo,
and McDonald Dams on the Flathead Indian Reservation in Montana, and dams
belonging to the National Park Service.

Red Fleet (Tyzak) Dam, completed in 1978 with a maximum height of
145 feet above streambed, was one of the first embankment dam designs started
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by Reclamation after the failure of Teton Dam. Its design cross-section included
the new defensive features: a two-stage transition zone and chimney filter/drain,
a transition/filter zone between the core backfilling the cutoff trench and the
downstream alluvium, and a processed sand and gravel drainage blanket beneath
the downstream shell.

Mt. Elbert Forebay Dam, completed in 1980 with a maximum height of
92 feet above the stripped foundation, was built above Twin Lakes as part of a
pumped-storage hydroelectric project. The original forebay reservoir was lined
with compacted earthfill, but excessive leakage was detected and it could have
triggered an ancient landslide, endangering the powerplant at the edge of Twin
Lakes Reservoir below. The design was changed to add about 290 acres of 45-
mil-thick reinforced chlorinated polyethylene geomembrane liner covered by 18
inches of earthfill.

Pueblo Dam was identified in the Wahler Report as needing certain
supplementary investigations and/or actions while restricting its reservoir level.
Field investigations were performed and samples of the Graneros shale and
bentonite clay seams were obtained for laboratory testing, along with work to
resolve several other concerns. Soil testing was performed to determine the
residual shear strength of the bentonite clay and the test data were used to re-
analyze the stability of the left embankment. The analysis results indicated the
downstream slope stability was inadequate and the left embankment had to be
modified to increase its stability. An earthfill berm 2,500 feet long and
35 feet high was constructed along the downstream toe of the left embankment
in 1980-1981. Subsequent analysis of the concrete buttress dam section and a
concern about the low strength shale seams in part of its sandstone foundation
resulted in some recent (1999-2000) modifications to improve its resistance to
sliding along the shale seams.

Soldier Creek Dam was identified in the Wahler Report as having certain
deficiencies that individually or in combination could jeopardize the safety of the
dam. Field and laboratory investigations were conducted and Soldier Creek Dam
was re-analyzed by Reclamation. The results confirmed that several concerns
raised by the Wahler Report were sufficiently serious that modification of the dam
embankment was justified. A lack of instrumentation made it difficult to evaluate
the performance of the dam embankment, which led to the installation of over
25 piezometers in the embankment and foundation. The foundation bedrock
surface preparation and the lack of proper treatment with lean cement (slush)
grout placed in surface cracks, shaping, and dental concrete were of concern.

The single-row grout curtain also caused concern. The nature of the zone 1 core
material and the fact that it was placed directly against the untreated foundation
bedrock caused concern. The permeability of the unprocessed zone 3 chimney
filter/drain and blanket drain material caused concern, as did the fact that the
chimney filter/drain and the toe drains did not extend all the way up to the full-
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reservoir water surface. Embankment and foundation drainage modifications
were constructed in 1983-1984 to address these problems.*
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2.18. Fontenelle Dam: Section of embankment with diaphragm wall.

Fontenelle Dam continued to have seepage and internal erosion/piping
problems after it was supposedly fixed by the additional abutment grouting
performed in 1966. Instrumentation monitoring data in 1983 indicated that a
potential dam safety problem was developing, and the decision was made to
modify the dam by installing a continuous concrete diaphragm wall through

2.19. Fontenelle Dam: Diaphragm wall construction.
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the dam and into the foundation. There were several aspects of the existing
Fontenelle Dam embankment’s design that were judged to have been partly
responsible for the failure of Teton Dam, such as vertical to overhanging abutment
cliffs, extensive joints and cracks in the abutments, no processed material placed
as a chimney to filter the erodible silty zone 1 core as protection against internal
erosion/piping, and silty core material placed directly against open, unsealed
bedrock joints, cracks, and crevices. Only one solution was judged to be capable
of alleviating all of these potential problems, and construction of a concrete
diaphragm wall from the crest of the dam down through the embankment and the
upper highly-fractured bedrock was selected as the appropriate modification (see
2.18). The concrete diaphragm wall had to avoid damaging the river outlet works
near the middle of the embankment and the spillway on the right abutment. The
concrete diaphragm wall modification was constructed between 1987 and 1989.
2.19 and 2.20 show the rockmilling equipment used to excavate embankment and
rock for the diaphragm wall at Fontenelle Dam.

Black Lake,
Pablo, and McDonald
Dams are BIA dams
on the Flathead
Indian Reservation in
Montana; Reclamation
had designed and
constructed Pablo
and McDonald Dams
between 1905 and
1920. At BIA’s
request, Reclamation
investigated and
prepared Safety
Evaluation of Existing
Dams (SEED) reports
on these three dams,
along with the other
14 dams on the
Reservation. Under
a contract with the
BIA, the Confederated
Salish and Kootenai
Tribes entered into an
agreement with the
TSC for Reclamation
to perform field
investigations,
laboratory testing,
and engineering

2.20. Fontenelle Dam: Hydromill rock excavator for dia-
phragm wall.
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evaluations to determine the adequacy and safety of the dams on the Reservation.
Starting with the dam of greatest initial concern, the investigation and analysis of
Black Lake Dam indicated it needed to be modified to prevent a piping/erosion
failure. The original Black Lake Dam had failed by internal erosion/piping in
1967, and the replacement embankment dam was judged to have several serious
deficiencies that could result in another piping/erosion failure. Black Lake Dam
was modified in 1992 by the construction of a geomembrane liner installed along
the upstream right abutment, across the upstream slope of the embankment,

and as a liner beneath part of the reservoir upstream of the dam. A downstream
drainage berm is scheduled to be constructed in the near future and will hopefully
remediate the current situation.

Pablo Dam was investigated and analyzed next, and it was determined that
the upper portion of the embankment was susceptible to seepage, internal erosion/
piping, and potential failure. The upper portion of the dam was more pervious
because two embankment raises had been constructed and had used more pervious
earthfill material than the original embankment. A geomembrane liner was
constructed in 1993-1994, covering the upper embankment to control/prevent the
seepage that had been percolating through it.

McDonald Dam was the third embankment dam investigated and
analyzed. It was located about 2-mile upstream of the Mission fault, which
had experienced a major earthquake about 7,700 years ago, and which was
judged capable of producing a magnitude 7’2 earthquake at any time. The dam
embankment had been constructed by Project Manager/Engineer Frank Crowe
(Honorary Member, ASCE) using dumped and sluiced earthfill, with a puddled
core created by sluicing the dumped earthfill (see 2.21). The embankment
and an outwash foundation beneath part of the dam were judged susceptible to
liquefaction and excessive deformation. Various alternatives were developed
and evaluated, with the final decision reached to completely replace the existing
dam embankment, spillway, and outlet works. These modifications were
designed by Reclamation which also provided the construction management
services. It should be noted that the Construction Engineer for McDonald Dam

2.21. McDonald Dam: Original dam in 1920.



Modification was on the Design Team. The new McDonald Dam embankment
was a completely different embankment design. The new embankment cross-
section included: a textured geomembrane covered by earthfill and riprap on the
upstream slope, an impervious earthfill zone behind the geomembrane, followed
by an inclined processed chimney filter/drain, all of which rest against a large
miscellaneous earthfill zone that sits on top of a blanket drain consisting of
processed drainage material sandwiched between two layers of the processed
filter material. The instrumentation consisted of piezometers in the embankment
and foundation, embankment measurement points, and weirs to monitor seepage
flows. These McDonald Dam modifications were constructed in 1994-1995

and 1999-2000 (see 2.22), after which its behavior during resumed filling of the
reservoir in 2000 and beyond went very well.

2.22. McDonald Dam: New dam in 2000.

At the beginning of Period V, the failure of Teton Dam and the results
of the IRG, Independent Panel, and Comptroller reviews resulted in many
organizational changes as already discussed. Several of Reclamation’s
embankment dam design engineers retired, leaving a small cadre of experienced
engineers to work with the new staff of engineers then being hired to work on
Reclamation’s new dam safety program and on the embankment dam design work
already in the “pipeline.” That work has been going on for over 20 years now and
is expected to continue for some time. Reclamation’s current dam safety program
includes conducting in-depth reviews, referred to as Comprehensive Facility
Reviews (CFR), which are performed mostly by in-house senior engineers every
six years. The CFRs include an examination of the dam and evaluations of:
the dam’s design, analysis, and construction; its structural behavior; its seismic
and hydrologic hazards; its potential failure modes; its failure consequences; a
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risk analysis; and its performance parameters. Reclamation has continued to
develop, revise, and make available information on its engineering work. The
Earth Manual is now in its third edition, with Part 2 published in 1990 and

Part I published in 1998." Part I of the Earth Manual (now containing 1,270
pages) includes updated information on properties of soils, field and laboratory
investigations and test procedures, construction quality control testing of

earthfill materials used as foundations and for dams, canals, and other types of
structures built by Reclamation. Part 2 (now containing 329 pages) includes
updated information on properties of soils, field investigations, and control

of earth construction. Reclamation’s Design of Small Dams was revised and
published as a “revised reprint” in 1977 and was revised again and published

as the Third Edition in 1987.2 In the 1980s, Reclamation developed its Design
Standards, with Design Standards No. 13—FEmbankment Dams® covering all of
the embankment dam design issues and concerns; they are all continually updated.
Reclamation has continued to make its technical publications available to the
public. Reclamation has recently embarked on a new program, generally referred
to as risk-based analysis of existing structures, to help with its decision-making
process.

Reclamation’s instrumentation for and monitoring of embankment dams
continued to be improved during Period V. Since their first installation at Fresno
Dam in 1939, almost 2,800 hydraulic twin-tube piezometers have been installed
at Reclamation’s embankment dams. Pneumatic piezometers have more recently
been used to measure porewater pressures and vibrating-wire piezometers are
now the piezometer of choice installed at Reclamation’s embankment dams. In
addition to piezometers, other instrumentation often installed at Reclamation’s
new and modified embankment dams includes: observation wells, seepage weirs,
embankment measurement points, strong-motion accelerographs (in earthquake-
prone areas), and inclinometer casings with inclinometers to monitor known slide
areas. One important aspect of current instrumentation is the use of automated
monitoring systems at Reclamation’s dams, allowing timely monitoring of
embankment dams in remote locations where winter access can be a problem.
Such automated monitoring systems also allow the data to be used by early
warning systems. The monitoring data are collected by the TSC’s Structural
Behavior and Instrumentation Group which automatically interprets and evaluates
the data in a timely manner and alerts the appropriate design groups if any of the
instrumentation data cause concern. Reclamation published its Embankment Dam
Instrumentation Manual in 19874

As usual, during Period V, the variety of equipment available for the
construction of embankment dams continued to improve in size, power, speed,
and efficiency. For example, 2.23 and 2.24 show the construction of New
Waddell Dam (1986-1992) and the size of the equipment currently used to
construct embankment dams. Compare the end-dump truck in 2.24 and its 35
yd? capacity to the train of 4 yd® side-dump cars used to construct Belle Fourche
Dam in 1909 shown in 2.7. Also compare the large excavator in 2.24 and its
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2.24. New Waddell Dam: Construction equipment.
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12 yd® bucket with the steam shovel at Belle Fourche Dam with its 2}2-yd®
bucket shown in 2.7. During Period V, synthetic materials such as high-density
polyethylene (HDPE) and polypropylene were developed into new products, such
as corrugated pipe, geomembranes, and geotextiles, that were promptly put to

use on embankment dams where judged appropriate. New types of equipment
related to these new materials and products were developed, and quality control
tests, testing equipment, and detailed test procedures were developed, with
Reclamation’s significant participation in these developments.

Conclusion

The information presented in this paper has summarized the U.S. Bureau
of Reclamation’s embankment dam design and construction history. During the
past century, Reclamation has designed and built some of the most significant
embankment dams in the West. Reclamation and its dam engineers produced
many successes and a few failures during that period. Reclamation and its
civil engineers, through the study of both success and failure and the sharing
of the knowledge gained with all professionals worldwide, have indeed played
a significant role in the evolution of embankment dam design and construction
during the past century. Starting before World War 11, Reclamation has provided
technical assistance to more than 80 countries and has trained more than
10,000 international colleagues. It is hoped that the lay reader of this paper has
gained some appreciation of Reclamation’s history and just how remarkable
the evolution of embankment dam design and construction has been. It is also
hoped that the design and construction engineers reading this paper have gained
some understanding of Reclamation’s embankment dam design and construction
history, and of the reasons for doing all embankment dam work with the utmost
knowledge, care, and caution. One of the most important lessons learned from
the failure of Teton Dam involved the need for embankment dam designers and
construction engineers to work as a team, with their primary concern being the
need to design and build the very best and safest dam possible.

Richard Lyman Wiltshire, P.E., recently retired as a Civil Engineer

and Principal Designer in the Geotechnical Services Division, at the
Technical Services Center of the Bureau of Reclamation in Denver,
Colorado. He is a fellow of the American Society of Civil Engineers
(F.ASCE) and serves on its History and Heritage Committee. He is also
a member of the U.S. Society on Dams (USSD).
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Historical Development of Durable Concrete for the
Bureau of Reclamation

By:
Timothy P. Dolen

Introduction

Bureau of Reclamation infrastructure stretches across many different
climates and environments in the seventeen western states. Many of the dams,
spillways, pumping plants, power plants, canals, and tunnels are constructed
with concrete. These structures were built from Arizona to Montana, across
the plains and in the mountains and deserts. Concrete structures had to remain
durable to resist both the design loads and the natural environments of the western
climate zones. Many natural environments can be quite destructive to concrete
and the earliest Reclamation projects were faced with a variety of durability
problems. The state-of-the-art of concrete construction advanced from hand
mixing and horse and wagon transporting operations to automated mixing plants,
underwater canal construction, and pumping and conveyor placing. This paper
first overviews the challenges facing concrete construction in the beginning of
the twentieth century. It then traces the Bureau of Reclamation’s role in the
development of durable concrete to resist the environments of the west.

What is Concrete?

Before we begin, we must first understand what is concrete, the most
versatile building material. The American Concrete Institute defines concrete as

a composite material that consists essentially of a binding medium
within which are embedded particles or fragments of aggregate, usually a
combination of fine aggregate and coarse aggregate; in Portland-cement
concrete, the binder is a mixture of Portland cement and water.'

The earliest concretes date at least as far back as early Roman times including
the aqueducts and the historic Pantheon in Rome. These concretes did not
use Portland cement as a binder. Rather, they used combinations of lime and
pozzolanic sands mixed with broken rocks and shards of pottery.

Most twentieth century concretes are composed of about seventy-five
percent aggregates by volume and about 2 percent “portland cement paste.”
The paste is the binder and contains cementitious materials and water. The
cementitious materials include primarily Portland cement and sometimes an
additional cementing material such as a pozzolan. Pozzolans are finely ground,
calcined (heated to a high temperature) materials that react with lime to form
compounds similar to Portland cement. Natural pozzolans are heated by events
like volcanoes. Artificial pozzolans are calcined in a kiln or furnace, such as fly
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ash. The ratio of water to cementitious materials is about 1.5:1 by solid volume
or 1:2 by weight. The individual components are mixed wet for about 5 to 10
minutes, then placed in forms to harden into their final shape.

The chemical process that turns the wet concrete into a hardened mass
is called “hydration,” a reaction between the cement and water that forms
strong chemical bonds. Concrete does not get hard by drying like some clay
bricks and lime mortars. It must retain the moisture to allow the cement to
chemically hydrate; usually for about one month. The best concrete is one that
stays continuously moist at a temperature of about 40 to 70 degrees Fahrenheit,
such as the center of a mass concrete dam. The strongest concrete contains just
sufficient water to chemically react with the available cement, about 25 to 40
percent water to cement by weight. The weakest concretes are those that contain
excess water or prematurely dry out, stopping the reaction from continuing.
Pozzolanic materials do not naturally harden through hydration with water; they
must have added calcium hydroxide, or lime, to allow the reactions to take place.
Fortunately, one of the chemical by-products of cement hydration is calcium
hydroxide. Thus, added pozzolan when combined with cement and water makes
for even stronger and often more durable concrete. Cement hydration also
generates heat and can lead to temperature cracking when the interior mass wants
to expand while the exterior contracts as it cools. Thus, any means of reducing
the cement content reduces the potential for cracking.

The durability of concrete depends on the durability of its constituents:
cement paste and aggregates. A concrete with strong paste may not be durable
if combined with poor aggregate, and vice versa. One of the most important
parameters is the “porosity” of the paste, which is a function of the amount of
water relative to the cementitious materials. Excess water can dilute the cement
paste leaving a more porous medium. This can be attacked more easily by
deleterious substances and physical processes. The climate is a significant factor
influencing the long-term durability of concrete structures. One of the reasons
the ancient structures have survived is because they were constructed in relatively
dry, temperate climates.

Early Obstacles to Durable Concrete

The turn of the twentieth century presented numerous obstacles to
constructing durable concrete structures, one of which was population expanding
across America into harsh climate zones. The quality of concrete was impaired
by limitations of the quality of the materials and the methods of construction. In
some instances, limitations on the quality of the basic concrete materials: cement,
sand, and gravel, and the proportioning of ingredients impaired quality concrete
construction under the severe exposures and harsh climates of the West. In other
instances, the methods of batching, mixing, placing, and protecting the concrete
limited the rate of construction and the overall quality of the structures. Lastly,
the methodology behind concrete design and construction was just developing
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and was not well documented or distributed throughout the industry. A number
of significant events and innovations during the twentieth century contributed to
the development of concrete as a durable engineering material resulting in what
is now considered “modern concrete.” First, let’s look at durability environments
and then the state-of-the-art developments related to constructing durable
concrete.

Mechanisms of Deterioration in the Western United States

There are about a half dozen environments that aggressively attack
Portland cement concrete. These include the following:

* Sulfate environment

* Alkali-silica or alkali-carbonate environment—*“alkali-aggregate
reactions”

* Freezing and thawing environment

* Acid environment

¢ Chloride (corrosion) environment

» Wetting and drying environment

Concretes that remain durable under these conditions were proportioned in some
way to withstand the elements, either accidentally or purposely. Some advances
in the development of durable concrete resulted from observations of concretes
that essentially used chemically resistant cements or “accidentally” introduced
beneficial admixtures, and comparing them with those that rapidly fell to pieces.

The three most critical natural deterioration mechanisms affecting
Reclamation structures are sulfate attack, alkali-silica reaction, and freezing-
thawing attack. These three mechanisms are described in the paragraphs that
follow. In many cases, concrete deterioration is caused by a combination of
aggressive environments, such as wetting and drying in concert with sulfate attack
in some California desert climates or freeze-thaw attack and alkali-silica reaction
in the northwest. Here, micro-fractures caused by one destructive element
allow moisture to more easily penetrate the paste and contribute to a secondary
reaction. One environment common to United States highways and bridges is
chloride/corrosion of reinforcing steel and the resulting deterioration. It was not
a major deterioration mechanism for Reclamation concretes due to the absence
of chlorides, that is, until some rather dramatic failures of precast, prestressed
concrete pipe in the 1990s.

Sulfate Attack

Sulfate attack is a chemical degradation of cement paste caused by high
concentrations of sulfates in soils and groundwater. Sulfate attack is caused by
chemical interactions between sulfate ions and constituents of the cement paste.
The disintegration appears to be caused by chemical reactions with cement
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hydration products and the formation of a secondary compound, ettringite,
accompanied by a large volumetric expansion and cracking of the concrete.
Sulfate attack was also known as “cement corrosion” in the early 1900s and is
very common in the white “alkali flats” of the arid western states and in seawater,
particularly tidal zones. Sulfate attack was noted in Reclamation structures on
the Sun River Project in Montana
in 1908, shortly after the formation
of the U.S. Reclamation Service.?
3.1 shows the disintegration of a
concrete canal lining in the Central
Valley Project only five years after
construction.® Early observations
in these failures identified certain
cement brands as being more
resistant to deterioration in these
environments than others. “Bad”
cements were less resistant and
avoided if possible in favor of more 3.1. Concrete canal lining on the Central Valley
resistant “good” cements. Project.

Alkali-aggregate Reactions

Alkali aggregate reactions (AAR) are the chemical reactions between
certain specific mineralogical types of aggregates (either sand or gravel) and the
alkali compounds (generally less than 2 percent of the cement composition) of
cement in the presence of moisture.

Typical manifestations of concrete deterioration through alkali-silica
reaction are expansion; cracking, which frequently is of such nature the
designation “pattern” or “map” cracking; exudations of jelly-like or hard
beads on surfaces; reaction rims on affected aggregate particles within
the concrete; and sometimes popouts.*

The reaction products have a swelling nature, leading to tensile stresses that cause
cracking within the concrete. The
cracking may allow moisture to
more readily be absorbed by the
silica gel or accelerate freezing
and thawing damage.

Alkalies in cement can
react with certain “glassy,”
siliceous aggregates such as opals,
chalcedony, cherts, andesites,
basalts, and some quartz; termed
alkali-silica reaction or ASR,
and certain specific carbonate
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aggregates called alkali-carbonate reaction.” Alkali-silica reaction, shown in 3.2,
was probably first experienced by Reclamation at American Falls Dam in Idaho,
completed in 1927. However, extensive freezing and thawing deterioration

and poor quality construction practices masked ASR as a primary cause of
deterioration at American Falls Dam. Some structures, such as Parker Dam and
Stewart Mountain Dam, suffered early rapid expansion and distress, and then
became relatively stable after a few years as the available alkalies and reactive
aggregates were consumed early in the process. Other structures, such as
Seminoe Dam, are showing continued expansion and resulting distress even 50
years after construction.®

Freezing and Thawing Deterioration

Freezing and thawing (FT) deterioration is the deleterious expansion of
water within the cement paste resulting in destruction of the concrete. Water
present in the cement paste expands about 9 percent upon freezing. When
confined within a rigid, crystalline micro-structure, the expanding ice crystals can
exert pressures far exceeding the tensile capacity of the paste, causing cracking
and ultimately failure of the concrete. The concrete must be nearly saturated
when it undergoes the freezing for this form of deterioration to take place.
Repeated cycles of freezing and thawing are common in Reclamation water
conveyance structures. Areas subject to cyclic freezing, such as the spillway
shown in 3.3, and particularly those in fluctuating water surface levels, or in
splash or spray zones are the most susceptible to deterioration.” Freeze-thaw
deterioration is most pronounced in more porous concrete having a high water
to cement ratio and those concretes without purposely entrained, air bubbles;
the very same concretes commonly used in early twentieth century construction.
Freeze-thaw deterioration was first identified early in Reclamation history under
the general term of durability
of concrete without specific
causes or solutions. This form
of damage is present in the
colder and mountainous regions
and non-existent in the desert
southwest. A mixture placed on
the All-American Canal would
have no problems, but, the very
same concrete placed on the
Yakima Project would be severely
affected.

3.3. A spillway showing results of cyclic
freezing and thawing.

Developing the State-of-the-Art of Concrete Technology

Even with quality materials, durable concrete could not effectively be
mixed and placed in the larger Reclamation structures without new construction
practices and equipment. The historical development of durable Reclamation
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concrete can roughly be divided into four generations with regard to both
materials and methods of construction. Each generation contributed to the
knowledge base of the developing state-of-the-art. The first generation of
Reclamation concrete technology covers from its inception in 1902 until about
World War 1. These practitioners were the first “pioneers” of Reclamation
concrete construction. The next generation, from 1918 until the late 1920s, began
developing concrete as an engineering material. The Boulder/Hoover generation
began in the late 1920s and continued up to World War II. This generation solved
many of the fundamental problems encountered in massive concrete construction
and developed many of the standardized quality concrete construction practices.
They uncovered the mysteries of sulfate attack, alkali-aggregate reaction, and
freezing and thawing durability, leading to the first truly engineered, modern,
durable concretes. The postwar generation incorporated the basic concepts of
modern concrete to a multitude of applications for dams, pumping and power
plants, canals, and tunnels under a variety of differing site conditions. This is the
first long-lasting, concrete infrastructure.

The Early Years—The Concrete Pioneers (1902-1918)

The first generation of concrete practitioners developed the technology
largely through trial and error and continued observation. The earliest concrete
was composed of poorly manufactured cements, unprocessed aggregates,
and was mixed by hand or small mixers. The materials themselves; cement,
sand, and gravel were subject to great variability. The concrete mixture was
proportioned by “recipe” based on previous experience, not necessarily as an
engineered material. Many early Reclamation projects were somewhat isolated
geographically and there was less communication beyond regional boundaries.
A change in location or structural design was not necessarily followed with an
appropriate change in concrete mixture design, resulting in spotty performance.
Labor was cheap, equipment and cement were expensive. The resulting
mixtures contained the least amount of cement necessary to meet low strength
requirements, at least by today’s standards. Concrete was largely transported by
wheelbarrows and compacted in place by manual tamping, spading, and rodding.
The production rates were very slow, resulting in frequent “cold joints” or
unplanned flaws that allowed seepage and subsequent deterioration.

A major change in building technology, the introduction of steel-
reinforced, concrete structures, at first did not improve concrete quality. Pre-1900
structures were more massive and used a stiffer concrete that was tamped into
place. The resulting concrete was less permeable and somewhat more resistant
to the elements due to its low porosity; water simply had difficulty entering the
matrix to cause damage. Reinforced concrete structures took advantage of the
tensile strength capacity of the steel and the sizes of structural members were
reduced. In addition to thinner structures, the reinforcing steel interfered with
the placing and tamping practices. As a result, water was added to the concrete
mixture to make it more fluid and thus easier to place. However, more cement
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was not necessarily added, and the weaker more porous concretes started
falling apart in the field in only a few years.® The favorite phrase of concrete
construction workers “add more water” likely came about during this era and a
century later concrete technologists still shudder at the request!

The earliest Reclamation construction projects did not have the benefit
of a developed methodology and specific equipment for concrete construction.
Construction practices gradually improved during the first Reclamation
construction era. Many structures fortunately utilized techniques that have
helped them resist degradation. Theodore Roosevelt Dam in Arizona utilized a
masonry facing and cyclopean concrete methods: large “plum stones” were placed
followed by smaller cobbles and boulders and then the concrete was added to
fill the remaining voids. This construction technique left large stones across the
construction joint surface that reduced shear planes. The mixtures had a low
cement content on a per cubic yard basis that reduced thermal cracking and the
cost.’

One construction advance called “chuting,” shown in 3.4, resulted in poor
quality concrete. An “improvement” over the back-breaking manual hauling by
buckets, long chutes were used to transport concrete to the forms. This permitted
a centralized concrete batching and mixing location and larger batches could be
fed to sometimes intricate, gravity-fed, chute systems. Water was added to make
the concrete flow down relatively flat sloping chutes. The extra water diluted
the cement paste in the concrete. These mixes were much weaker and had poor
durability. To discourage this practice, engineers finally specified that the slope of
the chutes could not be flatter than about 35 degrees from horizontal."

The developing state-
of-the-art had a few “hiccups”
along the way. “Sand-cement”
was introduced to reduce the
cost of cement by inter-grinding
crushed rock flour during the
manufacturing process.!" The
finely ground rock flour was
introduced as a “pozzolan”
to react with the cement for
increased strength, and indeed, the
sand-cement mixtures had higher
7- and 28- day compressive
strengths compared to the control
mixtures. However, the compressive strength development did not continue
much after 28 days as is more typical of Portland cement plus real pozzolans.
Thus, the problem was the finer ground sand-cement reacted faster, but did not
act as a pozzolan because the rock flour was not calcined. Arrowrock Dam, in
Idaho, constructed using sand-cement in 1915, was rehabilitated with a higher

3.4. “Chuting” of concrete resulted in poor quality
concrete.
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strength concrete facing in the mid-1930s to stop continued freezing and thawing
damage."?

First generation Reclamation concretes were vulnerable to sulfate attack, ASR,
and FT deterioration. In spite of these problems, some concretes seemed
remarkably durable. Engineers and scientists began examining concrete materials
to try to improve the quality. Studies conducted at the Lewis Institute in Chicago
beginning in 1914 shed new light on the engineering properties of concrete.

The Abrams Generation (1918-1928)

The first major advance in concrete technology during the twentieth
century occurred about 1918 with the publication of Duff Abrams’s “Design of
Concrete Mixtures.”"* Abrams improved on the recipe proportioning methods
through deliberate design practices with proportioning methods and mix design
tables. Abrams’s classic research and his “water to cement ratio law” provided
the foundation of concrete mix design still followed today. He found concrete
strength and thus quality could be controlled by the relative proportions of water
and cement. He also found it was possible to design mixes for the same strength
using different materials. Concrete mixes could be designed and proportioned
to meet a variety of conditions and structural requirements. Stronger concretes
were developed to resist deterioration by the environment. Researchers began
investigating the fundamental physical-chemical reactions that were needed
to advance the state-of-the-art. One of the first inroads to developing durable
concrete took place with the identification of the chemical reaction products
of cement hydration, and development of a method to compute the relative
proportions of each constituent in cement by Bogue in 1927.'* This important
step was necessary to formulate different compositions of cement. Without the
knowledge of its composition, it was not possible to purposely change materials
and manufacturing processes to enhance the performance of Portland cement.

Concrete manufacturing methods also improved during the 1920s,
including centrally batched and mixed concrete plants and systems to haul and
transport concrete to the site, as
shown in 3.5. The daily output
of concrete plants increased,
resulting in fewer cold joints.
The horse and wagon was being
replaced by the locomotive
and trucks. Larger projects
were constructed, and more-
mechanized processes were
developed. Still, the process
of consolidating concrete was

left to the common laborer 3.5. Delivery of concrete by truck from a
through rodding and spading. centrally located concrete plant.
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The first methods to consolidate concrete with mechanical equipment were

just being developed. Better treatment of cold joints was developed during

this time, improving the continuity between adjacent placements. For the first
time, control tests were used to design and monitor concrete mixtures within
specific parameters. Abrams’s generation of concrete technologists provided the
foundation of knowledge for the next generation, beginning with the decision

in December 1928 to construct Boulder (Hoover) Dam on the mighty Colorado
River.

Boulder Dam / The “Hoover Generation” (1928-1945)

In 1928, the Boulder Canyon Act ratified the Colorado River Compact
and authorized construction of Hoover Dam.!* The size of Hoover Dam required
a completely new technology for large-scale concrete design and construction.
The Hoover generation raised concrete materials technology, design methods,
and concrete construction technology to unprecedented heights. This generation
of concrete technologists formulated large-scale research and development
programs of special cements to meet the specific engineering properties for
massive concrete structures. They answered some fundamental questions about
cement chemistry and the effects on mass concrete. Solving these questions
required close cooperation and communication between government agencies,
manufacturers, contractors, and private and academic research institutions. The
application of scientific methods to solve complex durability problems led to what
we now know as “modern concrete.”

One of the first steps required for concrete for Hoover Dam was to
investigate the composition of cement to reduce the amount of heat generated as
it hydrated. Extensive research on cement composition resulted in developing
a low-heat cement for mass concrete, now known by the American Society of
Testing and Materials (ASTM) as Type IV cement. The hydration product “tri-
calcium aluminate,” abbreviated in a simplified form as “C,A,” was found to be
one of the principal compounds that generates heat during the hydration process.
Reclamation specified the chemical composition of cement supplied to Hoover
Dam in 1933 to assure a low heat of hydration. The low-heat cement also had
improved durability because the low C,A cements had better resistance to sulfate
attack. This improved resistance to sulfate attack was the basis for specifying
less than 5 percent C,A for cement used on the Kendrick Project in 1938; another
forerunner of the ASTM Type V (sulfate-resisting) cement.'¢

Construction of such large projects as Hoover and Grand Coulee Dams
could not have been accomplished without advances in concrete aggregate
processing, concrete manufacturing, transporting, and placing. The use of
block construction techniques, shown in 3.6, and artificial post-cooling reduced
the potential for thermal cracking. Specialized concrete batch plants with rail
transporting and “high-lines” or cableways, were used to transport and place large
quantities in round-the-clock operations. One of the underappreciated advances
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in concrete quality developed

by eliminating the back-

breaking “tamping” techniques

of consolidation with the high-
frequency, mechanical concrete
vibrator shown in 3.7."7 Vibrators
allowed a lowered unit water
content of the mixture and thus
lowered the cement content. The
concrete generated less heat and
became less porous, while costing
less.

3.6. Block construction techniques reduced the

The size of Hoover Dam potential for thermal cracking.

required not only significant
advances in construction equipment
and materials processing but

also in construction project
management and process quality
control techniques. The designers
and constructors of Hoover and
Grand Coulee Dams were diligent,
meticulous, and to some degree
lucky. Fortunately, one of the
chemical processes that could
cause expansion, cracking, and
deterioration of concrete; alkali- 3.7. The use of vibrators allowed a
aggregate reaction, was avoided onvered unit water content of the concrete
at Hoover Dam. The cements mixture.

furnished to the dam had a high

alkali content and fortunately, the concrete was mostly free from potentially
reactive aggregates; though not by design, because the alkali-aggregate
phenomena had not yet been identified and studied.'

Two of the indirect products of the Hoover generation were the founding
of the Concrete Laboratory in Denver, Colorado, in 1931 and the first printing of
the Concrete Manual in 1936. The Concrete Laboratory and Concrete Manual
grew out of the need for a better understanding of the behavior of concrete and the
control of concrete construction. Over 100,000 copies of the Concrete Manual
have been printed in nine editions and at least four languages. “Concrete schools”
were developed for training engineering and field personnel, and have continued
to this day. Reclamation concrete technologists were active participants in ASTM
and ACI, serving as both committee chairmen and as president. This commitment
to voluntary standards organizations continues today.
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As the United States entered World War II, the last two pieces of the
durability puzzle were identified and finally corrected. Alkali-aggregate reaction
was encountered by Reclamation at American Falls Dam, and about 150 miles
downstream of Hoover Dam at Parker Dam. While American Falls Dam was
undergoing rehabilitation from a variety of causes, Parker Dam was just being
completed in 1937. Within two years, cracks appeared in the dam." The cracking
at Parker Dam was severe enough to warrant a large scale research investigation
and a blue ribbon panel of consultants. In the end, the chemical reactions between
certain altered andesites and rhyolites in less than 2 percent of the aggregates
and the alkalies in the cement fostered a deleterious, expansive reaction called
alkali-silica reaction, known as ASR?°. First observed in Pennsylvania in the
early 1920s at the Buck Hydroelectric Plant, ASR became a noticeable problem
throughout the country in the 1930s and early 1940s.2! The solution to ASR was
to use petrographic techniques to identify those aggregates with the potential
for expansion and to specify a 0.6 percent limit of alkalies in the cement.?
Reclamation quickly instituted the low-alkali limit for concrete with potentially
reactive aggregates by April of 1941.23

The last major advance in developing durable concrete was the result
of both accident and observation in 1938. In New York State certain highway
pavements were observed to have superior performance when a particular brand
of cement was used in the concrete. The highway departments began specifying
this particular brand of cement for all their highway construction without fully
understanding the reason for superior performance. Microscopic examination
of the concrete revealed a paste structure containing tiny, entrained, air bubbles
brought about by using beef tallow in the cement kilns during manufacturing.*
This produced the first “air-entrained” cement, accompanied by significantly
improved freezing and thawing resistance compared to other cements. The
microscopic air bubbles absorbed the expansive forces of freezing ice crystals
within the paste, preventing micro-cracking. Though not a direct player in the
initial identification of entrained air, Reclamation began testing concrete for
freeze-thaw durability in the mid-1930s. This included evaluating concrete,
aggregate quality, and other additives, some of which may have accidentally
entrained air. The perceived superior durability of Grand Coulee Dam concrete
in the 1930s may have resulted from specifications allowing grinding aids during
cement manufacturing that may have entrained some air.”> Anecdotal evidence
points to other accidental introductions of air in concrete in the United States as
early as the 1920s. These concretes were quickly rejected due to lower density
and compressive strength! Higginson even refers to the possibility of forms of
entrained air in stucco specified by Marcus Vitrivius Pollio in the first century
AD*® Reclamation quickly changed their specifications and changed to air-
entrained concrete by 1942.2” By the end of World War II, Reclamation had
finally overcome the three primary causes of concrete durability problems in the
West, resulting in what is considered “modern concrete;” an engineered concrete
capable of resisting the physical and chemical forces of nature.
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The Post-War Generation: “The Constructors” (1945-1990)

The post-war generation of concrete technologists applied the
fundamentals of modern concrete to “customize” it for a variety of new
applications and over a wide range of different environments. This generation
began as post-war citizen soldiers returned to the United States and continued
through the cold war. These people were the constructors. During the fifties
and sixties Reclamation was completing “a dam a year.” Large, thick arch
dams became high-strength, double curvature, thin arch dams. Projects were
constructed across the desert and through 14,000 foot high mountain ranges.
Some of the largest water development and distribution systems were completed
during this era, the Central Arizona and Central Utah Projects. The concretes
used new additives to achieve greater durability, economy, and performance.
These concretes should remain durable through the next century.

One of the most significant contributions of this generation improved
durability and also made concrete less expensive. The purposeful addition of
natural pozzolans in the early twentieth century was done somewhat as a cost-
saving measure and later to reduce the temperature rise of mass concrete. The
Bureau of Reclamation began investigating a power plant by-product, fly ash,
in the 1930s and 1940s as a substitute for natural pozzolans in mass concrete.
The first large-scale specified use of fly ash was at Hungry Horse Dam in
1950.2 Reclamation continued research on fly ash, yielding other benefits such
as improving the sulfate resistance of concrete. In the 1970s cement shortages
prompted Reclamation to begin using fly ash in normal structural concrete and
canal linings to save cement. The U.S. Environmental Protection Agency’s
implementation of the Resource Conservation Recovery Act, beginning in
1980, strongly encouraged the reuse of recycled materials, including fly ash in
concrete.”’ The long-term benefits of using fly ash will continue for generations
as these concretes are less porous and more resistant to sulfate attack and alkali-
silica reaction, even more than with sulfate-resisting, low-alkali cements.*

The advances in construction equipment design dramatically increased
concrete production during this time. Large-size canal linings are now placed
at ten times the rate as in the early days. Instead of adding water to increase
fluidity, superplasticizers are now added to make concrete flow like water, yet
be twice the strength of its predecessors. Concrete linings were even placed
under water to reduce leakage in unlined canals.’ Concrete vibrators capable of
consolidating 25 to 50 yd® of concrete per hour were replaced by 10-ton, vibratory
rollers capable of placing 500 yd* per hour in roller-compacted concrete (RCC)
dams.*? It is interesting to note that the earliest Reclamation concretes were of
such a consistency that they had to be manually “rammed” into place. The era of
Reclamation concrete dam construction concluded at Upper Stillwater Dam using
RCC of such consistency that was mechanically “rammed” into place!
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The Present Generation and Beyond (1990- )

By about 1990, the last large dams were being completed and a new era
was underway. Most of Reclamation’s construction program is now devoted
to rehabilitation of existing structures. The Reclamation Safety of Dams Act
of 1978 provided the Secretary of the Interior with the authority to construct,
restore, operate, and maintain new or modified features at existing Federal
Reclamation dams for safety of dams purposes.®* As the inventory of dams was
closely examined, it became apparent that many dams were in need of attention.
The safety of dams program recognized dams constructed prior to changes in
the state-of-the-art in dam design and construction were candidates for funding
under this act. In addition to dam safety needs, many aging Reclamation
structures were in need of some type of repair due to the ravages of time. An
example is Tieton Dam, 3.8,
constructed in Washington in
1925. The concrete lined spillway
suffered from serious freezing
and thawing deterioration. It was
first rehabilitated in the 1970s and
again in 1999 with operations and
maintenance funding. Concrete
canals, power and pumping plants,
and appurtenant structures are also
being rehabilitated throughout the
West. The present generation of
concrete technologists benefited
from four generations of research
and development. They must
continue to apply the hard won
practical knowledge of their
predecessors to maintain the
existing infrastructure well into the
twenty-first century.

F ¥

3.8. Tieton Dam spillway rehabilitated in 1999.

Conclusions

This paper reviewed the most significant causes of concrete deterioration
and Reclamation’s role in improving the technology to the current state-of-the-art.
Without durable concretes, Reclamation could not have developed the western
water resources infrastructure we enjoy today. The development and rapid
implementation of these advances kept Reclamation at the forefront of the state-
of-the-art through the twentieth century. This has extended the long-term service
life of our infrastructure well into the twenty-first century. 3.9 summarizes many
of the steps encountered in developing durable, modern concrete. Although the
list of accomplishments is long, the author nominates the following as the “top
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Bureau of Reclamation

Time-line for Major Improvements of Durable
Concrete

3.9. Timeline for major improvements in concrete quality and the development of
Reclamation durable concrete.

five” contributions to durable concrete in the twentieth century (in chronological
order):

I. Abrams’ design of concrete mixtures and “water-cement ratio
law”—Abrams applied engineering practices to concrete mixtures
and he was the first to institutionalize control of the water content
to improve concrete quality.

2. Development of special cements to improve concrete quality, such
as low-heat and sulfate resisting cements.

3. Development of the internal vibrator to consolidate concrete—this
equipment significantly reduced the water content of concrete,
making it less permeable.

4. Determining the causes of and solutions to alkali-aggregate
reaction and freezing and thawing attack—using scientific methods
such as petrographic mineralogical examination and long-term
testing to identify the parameters which affected the durability of
concrete under these conditions.

5. Incorporating fly ash in Reclamation concrete construction—fly
ash improved concrete workability, decreased the porosity of the
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cement paste, and improved its resistance to sulfate attack and
akali-silica reaction.

The modern concrete of today incorporates all of the advances of the
past century. An example of 1 cubic yard of modern concrete will include the
following ingredients and their proportions:

Table 1. Bureau of Reclamation “modern concrete” - one cubic yard of concrete.
Vol-
Ingredient Mass ume | ASTM Comment
EECCNt | (biyd®) | (/¥ | Specification | O
yd)
Air-entraining admixture for freezing and thaw-
Air Spercent [1.3 [C260 ing durability
Water * 220 35 |C9% Sufficient for 3 inch slump
Type 11, moderate sulfate resisting with less
" . . o
Cement 390 20 |c 150 than 9.6 percent alkalies to resist alkali-silica
reaction
Class F, “R Factor” less than 2.5 for improved
Pozzolan * | 100 07 lcels sulfate resistance, and decreased potential for
ASR
Sand 1080 6.6 [C33 Fineness Modulus of 2.75
Coarse Ag-
gregate 2120 129 |1C33 1-1/2 inch maximum size aggregate
Total 3910 27
* Water to cement plus pozzolan ratio = 0.45 for superior durability in sulfate
and freezing and thawing environments. Water reducing admixture included.

The Author’s Closure:
The Challenge for the Twenty-first Century—Identify, Protect,
Preserve

Reclamation must now face the critical task of maintaining the existing
infrastructure to meet the needs of the twenty-first century. The aging of concrete
structures will require a major investment for continued operation. The most
immediate needs are to protect concretes constructed before the “big three”
durability issues were solved. Unfortunately, this only narrows the field down to
about the 50 percent of our inventory constructed before World War II. Of these
structures, those constructed before about 1930 are in need of the most urgent
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attention. A decision support system for aging concrete is under development to
evaluate the earliest structures and present information on their long-term, service
life potential.** With this information, Reclamation intends to present the status
of our concrete infrastructure on a time-line to prioritize funding for protection
before deterioration processes damage these facilities beyond repair.

I was fortunate to have as a mentor one of the great Reclamation concrete
technologists of his time, Mr. Edward Harboe. Whenever I had a question, I
would stop and talk to Ed because I knew he either had the answer or knew where
to find it. Within a couple of hours, Ed would stop by after digging through his
files to come up with the results of a long-ago study. In my opinion, many of our
questions have already been answered by our predecessors. We must continue
to preserve and to pass on the knowledge base that is our history. I would like
to dedicate this paper to Ed and the many pioneers of Reclamation concrete
construction, with special recognition the late Mr. G. W. “Bill” DePuy, my old
boss, who passed away on January 3, 2002.

Timothy Dolen is a Research Civil Engineer and Senior Technical
Specialist for the Bureau of Reclamation, Materials Engineering and
Research Laboratory. He has been employed for 30 years as a civil
engineer with the Reclamation Concrete Laboratory.
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History of Drainage in the Bureau of Reclamation:

A History of Subsurface Drainage in the Bureau of

Reclamation

By:
Rodney G. TeKrony, Glen D. Sanders,
and Billy Cummins

Abstract

In the early days of the Reclamation Service, the criteria for irrigability
of lands generally consisted of two elements: 1. Is water available?, and, 2.
Can we get it to the land? Within a few years, many of the early projects were
experiencing reduced agricultural productivity and reduced ability to repay
construction loans because their soils were becoming waterlogged and saline.
By 1915 construction of subsurface drainage facilities had been initiated on
several projects. However, at the time, subsurface drainage was more of an
art than a science. Much of the world’s experience with agricultural drainage
had been gained in humid areas which are quite different than arid areas. With
no standards and limited knowledge of ground water movement, these early
drainage efforts met with varying degrees of success.

Faced with large areas of nonproductive land, several irrigation districts
requested and were granted deferments in their repayment contracts. Congress
responded over a period of some 30 to 40 years by passing a series of laws that
progressively attempted to correct the deficiencies in Reclamation’s project
formulation procedures. The Fact Finders’ Act of 1924 initiated the economic
land classification in which lands were charged according to their potential
productivity. The Omnibus Adjustment Act of 1925 reduced the repayment
obligations for several districts due to nonproductive lands. The Reclamation
Act of 1939 provided for periodic reclassifications to adjust classifications
based on current productivity. The Interior Department Appropriation Act of
1954 required the Secretary of the Interior to certify sustainable productivity
of the lands by means of irrigation. This law provides that the Secretary of the
Interior must certify to the Congress that lands to be developed for irrigation are
suitable for sustained productivity under irrigation. This means that the lands
must be drainable at a cost that is economically feasible within the limits of the
repayment capacity of the lands.

To meet this challenge, Reclamation drainage engineers developed
scientific methods for conducting soil and water investigations and mathematical
procedures for the design of subsurface drainage facilities. Reclamation first
adopted existing steady-state methods for drain design and later developed the
more accurate transient state procedures that are in use today. The methods and
procedures developed by Reclamation have proven to be successful not only in
correcting problems that develop on irrigated lands but also in predicting the
drainage requirement before water is applied to the land.

Reclamation drainage engineers were also involved in the development
of modern construction practices and in the development of modern materials
such as corrugated perforated plastic pipe which is used in drain construction
today.
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Even armed with the legal authority and the technical knowledge to
develop sustainable irrigation projects, good drainage practices were not always
followed. Political decisions that run counter to the best available technical
knowledge have contributed to such actions as the Riverton Third-Division
buy-back and subsequent resale, and the utilization of Kesterson Reservoir as
a terminal storage facility for return flows. Agriculture in California’s fertile
Central Valley remains in jeopardy because the planned outlet drain has never
been constructed. The curtailments on the Oahe and Garrison Diversion Projects
were in part due to misconceptions regarding drainage. While these decisions
did not make use of the best technical expertise, they are nonetheless an integral
part of Reclamation’s drainage history.

By the 1950s, Reclamation had gained recognition as a world leader
in the field of subsurface drainage. Reclamation drainage engineers have been
responsible for the construction of several thousand miles of subsurface drains
that maintain the productivity of over a million acres of irrigated land in the
western United States. They have also been actively engaged in successful
drainage projects in many countries around the world.

This paper includes brief discussions of how the need for drainage
helped to shape Reclamation law as we know it. It also summarizes the
development of scientific methods to ensure success. Some of the early projects
that suffered drainage problems, and the challenges and successes in providing
drainage, are also discussed. Reclamation has introduced these methods to
solve irrigated drainage problems at the international level. We will address the
international experience, and how the same methods and procedures are now
being used to design corrective drainage facilities for dams and other major
structures and to support environmental enhancement programs.

Introduction

Drainage of irrigated lands by the Bureau of Reclamation began shortly
after the passage of the Reclamation Act in 1902. However, not until the
late 1940s and early 1950s did engineers in the Bureau of Reclamation begin
pioneering efforts to develop the technology of drainage of irrigated lands into a
modern engineering science. (USBR 1993)

In the early days of Reclamation, the criteria for bringing land under
irrigation were quite simple. If water was available and if it was economically
feasible to get it to the land, the land was irrigable. Within a few years of
development, waterlogging and salinity became serious problems for some of the
irrigation districts. Beginning in 1911 the Huntley Project on the Yellowstone
River in Montana constructed subsurface drainage systems that were very
successful in returning the lands to full productivity. However, subsurface
drainage was more of an art than a science at the time. Much of the world’s
experience with agricultural drainage had been gained in humid areas which are
quite different than arid areas. A lack of standards and limited knowledge of
ground water movement led to early drainage efforts which met with varying
degrees of success. Huntley is located on coarse alluvial deposits that drained
easily and were very forgiving if the drain was not placed in exactly the right
location, orientation, and depth. For other projects, such as Belle Fourche in
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western South Dakota, the solutions were more difficult. Attempts at drainage
met with limited success at best and in many cases they were completely
unsuccessful.

Faced with large areas of nonproductive land, several Irrigation Districts
requested and were granted deferments in their repayment contracts. Over the
years, Congress passed various acts aimed at developing a sustainable irrigated
agriculture in the western United States.

In order to ensure development of lands that could be kept in production
within economic limits, Reclamation drainage engineers realized that they needed
better methods of measuring soil permeability, a better understanding of soil
salinity factors, and better drain spacing procedures. Working in cooperation
with the U.S. Salinity Laboratory and other researchers who were struggling with
the same issues, they adopted state-of-the-art standards for soil salinity, sodicity,
and toxicity to various trace elements. Various in-situ permeability tests were
developed and perfected. They adopted the steady-state drain spacing formula or
ellipse equation as it is often called. Although several authors have published the
same formula in different forms, Reclamation typically uses William Donnan’s
version which was published in 1935. While the Donnan formula is generally
considered acceptable in the industry, it does not account for variations in
irrigation practices nor does it account for specific yield, the natural water storage
capacity of soils. To address these deficiencies, Reclamation engineers developed
transient state procedures that more accurately defined the required spacing and
provided for risk analyses of drain systems. The first version of the transient state
procedure, published in 1953, underwent various modifications for about the next
15 years.

When the Chief Engineer’s Office was established at the Denver
Federal Center in 1948, it included the Drainage Engineering Section. This
marked the first centralized effort to address drainage issues in Reclamation.
Design standards were developed in order to achieve consistency of methods
throughout Reclamation. The location, depth and orientation of pipe drains were
designed to achieve the greatest system efficiency. Materials used and gradation
and placement of envelope materials were controlled by standards, as were
construction deviation tolerances. The standards were generally monitored and
enforced by the Denver Office drainage staff.

Within the organizational framework of Reclamation, the drainage
discipline has been unique in that it has been intimately involved in every phase of
irrigation projects, from the preliminary planning through design and construction
and, finally, operation and maintenance (O&M). The office originally designated
Drainage Engineering Section later became the Drainage and Ground Water
Division, and later still the Drainage and Ground Water Branch of the Engineering
and Research Center. From 1953 to 1994, the Reclamation Instructions required
each Regional Director to have a Regional Drainage Engineer on staff. This

155



person was to ensure that the Drainage and Ground Water organization in the
Region was properly staffed and that Reclamation drainage policy was followed.
On the organizational charts of that period, the Drainage and Ground Water
Branch was located in the Planning Division in two of the seven Regions, in the
Construction Division in one Region, and in the O&M Division in four Regions.
The functional statements were nearly identical in all of the offices. There has
never been a Drainage Office in Washington, D.C., but for many years there was a
Drainage Liaison position in the Planning Division.

Construction techniques have evolved over the years, sometimes in
response to Reclamation design standards. Contractors developed new and better
ways to handle envelope materials and to maintain grade within the limits of
specifications.

In the late 1960s, the plastic pipe industry developed corrugated
polyethylene and polyvinyl chloride tubing for use in agricultural drains.
Reclamation’s Open and Closed Conduit Systems (OCCS) research program was
deeply involved in writing corrugated flexible plastic pipe standards.

From the 1950s, through the 1980s, Reclamation’s drainage program was
heavily involved in irrigation and drainage projects all around the world. The
methods and procedures developed for use in the western United States proved
to be useful wherever we went, and the experience gained in other countries was
used to modify and bolster the domestic program.

In 1978 the Drainage Manual containing “the engineering tools and
concepts that have proven useful
for planning, construction, and
maintaining drainage systems for
successful long term irrigation
projects” was published as a
Department of the Interior water
resources technical publication.

In recent years, the
methods and procedures that were
developed for agricultural drains
are gradually being accepted for use

in control of seepage from dams, gine pulled an Austin elevating grader

slope stabilization, and other non- digging drainage ditches on the Milk River
agricultural applications. Project near Malta, Montana.

4.1. In October 1913 a Pioneer traction en-
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Legislation
Fact Finder’s Act (December 5, 1924), (ch. 4, 43 Stat. 672)

The status of some Federal Reclamation projects of the western United
States in the early 1920s was dire. Waterlogging and salinity problems were
widespread and such conditions had not been anticipated. Lands were failing,
farmers were failing, and costs for corrective measures were far greater than the
costs originally anticipated. The U.S. Government decided to take action in the Fact
Finder’s Act of 1924, which charged the Secretary of the Interior, the cabinet official
responsible for federal irrigation development, that irrigable lands shall be classified
with respect to their capacity to support a farm family and pay water charges. The
Secretary was also empowered in that act to apportion equitably the total costs
assessed against the irrigable lands so that they all would pay in accordance with
their productivities. Thus, a federal irrigation development would be composed of
lands having varying productivities and payment capacities, but all would have to be
able to support a farm family and pay operation and maintenance costs.

Omnibus Adjustment Act (May 25, 1926)

This act adjusted water right charges on specified projects (Belle Fourche,
South Dakota; Boise, Idaho; Carlsbad, New Mexico; Grand Valley, Colorado;
Huntley, Montana; King Hill, Idaho; Klamath, Oregon; Lower Yellowstone,
Montana-North Dakota; Milk River, Montana; Minidoka, Idaho; Newlands,
Nevada; North Platte, Nebraska-Wyoming; Okanogan, Washington; Rio Grande,
New Mexico-Texas; Shoshone, Wyoming-Montana; Sun River, Montana; Umatilla,
Oregon; Uncompahgre, Colorado; and Yakima, Washington.) The adjustments
were deductions from the total repayment of projects’ costs because of unproductive
lands determined by land classification. Lands that were found to be permanently
unproductive, generally due to waterlogging and salinity, were excluded from the
projects.

Reclamation Project Act of 1939 (August 4, 1939) (ch. 418, 53 Stat.
1187)

This act provides that the Secretary of the Interior is authorized to require
provisions in Reclamation water contracts for proper accounting, to protect the
condition of project works, and to protect project lands against deterioration “due
to improper use of water.” The contracts will also require advance payment of
adequate operation and maintenance charges. This act requires the classification or
reclassification of project lands from time to time but not more often than at 5-year
intervals “as to irrigability and productivity those lands which have been, are, or
may be included within any project.” The reclassification is to be done only at the
request of the water users association or other authorized representatives of the water
users.
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Interior Department Appropriation Act, 1953 (July 9, 1952) (ch. 597, 66
Stat. 445)

This was the first law that requires the Secretary of the Interior to certify to
the Congress that an “adequate soil survey and land classification has been made
and that the lands to be irrigated are susceptible to the production of agricultural
crops . . .” before any appropriation for any of the construction items for a project is
available. This requirement was repeated in the Interior Department Appropriation
Act of 1954 and is generally cited under that law.

Interior Department Appropriation Act, 1954 (July 31, 1953) (ch. 298, 67
Stat. 261)

This act provides that no appropriation for any of the construction items for a
project is available until the Secretary certifies to the Congress that an adequate soil
survey and land classification has been made and that the lands can be successfully
irrigated.

Drainage and Minor Construction Act (D&MC) (June 13, 1956) (ch. 382,
70 Stat. 274)

The so-called D&MC Act provides for funding up to $200,000 per year for
irrigation districts to correct minor deficiencies that developed after the transfer of
facilities to the district for operation and maintenance. The district enters into a
contract with the United States to construct or repair minor facilities not to exceed
$200,000 per year. One of the more common deficiencies is inadequate subsurface
drainage. The law allows districts to construct drainage facilities as the need
develops over time. In some instances, it has been used in conjunction with a much
larger rehabilitation and betterment (R&B) contract in order to get the most benefit
from the dollars spent. The D&MC loan is repayable at the rate established by the
district’s primary repayment contract and usually is tacked on to the end to extend
the time of repayment rather than increasing the amount of the payments.

Food Security Act of 1985 (99 Stat. 1354; 16 U.S.C. 3801-3862)

The Food Security Act of 1985, otherwise known as the Swampbuster Act,
makes producers ineligible for certain U.S. Department of Agriculture farm program
benefits if they convert wetland and use it to produce agricultural commodities after
December 23, 1985. The problem then becomes determining what constitutes a
“jurisdictional” wetland. The USDA Soil Conservation Service (renamed National
Resources Conservation Service) was charged with making that determination
on a case-by-case basis. Rules for making the determination were published in
the Federal Register on September 17, 1987, and by October 1, 1987, wetland
determinations had been made on about 750,000 acres on 34,000 farms. (Schnepf)
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The Swampbuster Act did not have a profound impact on Reclamation’s
drainage program because our mission is to maintain agriculturally productive lands
in a productive state, rather than draining jurisdictional wetlands. Nevertheless,
it changed the process in that every proposed drainage project is now subject to
Swampbuster rules and we must be vigilant in avoiding incidental drainage of
wetlands.

Garrison Diversion Unit Reformulation Act of 1986 (May 12, 1986) (100
Stat. 418)

This Act requires that Reclamation conduct investigations and provide an
estimate of any trace elements or toxic substances which may be present in return
flows from irrigation. In order to make this estimate, it is necessary to explore the
entire soil profile through which the drainage water from the project will flow.

Federal Reports Elimination Act of 1998 (November 10, 1998) (112 Stat.
3280)

This act eliminated the certification of land classification requirements by
striking pertinent language of the 1953 and 1954 Appropriations Acts and Section
10 of the Garrison Diversion Unit Reformulation Act. Reclamation may seek to
reestablish the certification through legislation.

Development of Transient State Drain Spacing Procedures

The Bureau of Reclamation used a steady-state equation known as the ellipse
equation to determine spacing between drains until the early 1950s. An adjustment
to the equation is made to account for dissimilar flow conditions where drains are
placed directly on an impermeable soil layer (“on barrier”) rather than at some
distance (“above-barrier”). The validity of the drain spacing obtained by use of the
ellipse equation is dependent upon the assumed steady recharge of water to the water
table. The steady-state assumptions seldom represent the conditions produced by
intermittent irrigation applications nor do they account for water storage capacity of
the soil profile.

Reclamation drainage engineers believed that more precise drain spacings
could be computed using an equation that reflected the typical pattern of irrigation
applications with alternate drain-out periods and would also account for storage
capacity. Reclamation drainage staff embarked on an initiative to develop a drain
spacing procedure which would be applicable to widely varying soil and ground
water conditions.

During the 1940s and 1950s drainage field personnel were making many
drainage investigations of soils across the western United States. The information
collected during these investigations included the capacity of the soils to transmit
water; the amount, source, movement, and chemical characteristics of the water
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to be transmitted; and the available hydraulic gradients. The data they were
accumulating were sent to the Chief Engineer’s Office and were used by Drainage
Division staff to develop the transient state spacing procedure.

Ray Winger initially conceived the transient state spacing theory and
recruited Robert E. Glover to develop the mathematics. (Winger 2001) Glover had
previously worked on the heat flow formulas that were used to cool the concrete at
Hoover Dam. (Cunningham) Because the physics of heat flow is very similar to
the physics of ground water movement, Glover was able to adapt the heat transfer
formulas for cooling a flat slab with initial uniform temperature distribution to the
problem of ground water movement to a drain.

In 1953 the transient state procedure used an initial flat water table for drains
above the barrier and second degree curve for drains on the barrier. (Dumm 1953)
Winger and Glover worked together to adjust the shape of the curve based on field
data from the Redfield Research Farm on the Oahe Unit in South Dakota. William
Ryan installed and monitored wells on the drainage research plots at the Redfield
farm to determine the water table response to various recharge and drawdown
events. (Winger 2001)

In 1959 the Office of Drainage and Ground Water Engineering sent a
memorandum to all Regional Directors presenting new formulas which redefined
the initial shape of the water table between drains to more closely match conditions
found on functioning drains in the field. (Maierhofer) This description of the initial
water table condition for the drain spacing solution is important because it more
accurately predicts the height of the water table than the formula with a flat initial
water table and relates the behavior of the water table to time, physical subsurface
characteristics, and drain spacing. The validity of this new concept of water table
shape over a subsurface drain was checked extensively using data from Australia,
Canada, and the western United States. Good correlation was found between the
computed and measured values. (Dumm 1962)

In 1966 W. T. Moody wrote a computer program that used a stable finite-
difference formulation to solve the nonlinear differential equations for various
depths to barrier from zero to infinity and a fourth degree parabola initial water table
condition. This is the first time the fourth degree parabola initial water table shape
was applied to the drain on barrier case. This is the basis for the drain-out curves
that were published in the Drainage Manual. (Cunningham) The curves serve as
a tool for designers, eliminating the need to slog through the rigorous mathematics
for each new drain spacing effort. The intermediate curves have largely been
underutilized by the drainage community although recent authors are discovering
this important work.

The success of the development of the transient state formula in design of
drains is due to the flexibility of the drainage engineers at that time. They were
willing to apply the theoretical to the practical and use the results to refine and
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redefine the theoretical. Glover, Maierhofer, Dumm, Winger, and Moody were
also willing to look at field results and revamp the formulas for transient state drain
spacing.

Development of Design Standards

It has been said that drainage is as much an art as a science. As quaint as this
sounds, as long as it was true failure to achieve satisfactory results would always
be a probable outcome of building complex drainage systems. On the Shoshone
Project, for instance, many drains were placed at 12 to 14 feet below ground,
depending on how deep the contractor could bury them. This was done in the early
1950s in the belief that deeper was better without regard to scientific examination of
the soil profile. The problem was that the shale barrier was at 8 to 10 feet—above
the drain—in most locations. As a result, the drains are painfully inefficient.
Although the drains do seem to work as well as they would at the barrier depth, the
spacing is too wide, because it was based on the deeper depth.

Reclamation adopted the attitude that failure was unacceptable. The cost
was just too great. With this motivation, Reclamation set out to establish design
standards that would be as close to fail-safe as good science and responsible
economics would permit.

The Function Statement of the Drainage Section, Chief Engineer’s Office, in
1948 charged the Section with the task of developing Reclamation-wide standards
for drainage. Design standards were needed to establish consistency and to protect
the taxpayers and the water users from spending large sums of money for facilities
that offered a low rate of success. Over the years, Reclamation’s policy toward
ground water control has evolved to a stated policy that . . . drainage construction
is an integral part of all irrigation projects.” Typically, projects must demonstrate
favorable cost-benefit ratio before they are funded for construction. The cost/benefit
factor includes costs for providing subsurface drainage.

The collector drains have always been considered a project cost, but
the relief drains are not always so. In 1951, a general Reclamation Policy was
established that . . . construction of project drains on farm should be precluded or
definitely restricted and that the land owner should assume responsibility for such
construction the same as for other on farm development.” (USBR 1954) This
policy was reviewed and modified in 1963 to allow the cost of drains to . . . be
considered, depending upon the circumstances, as a project, or a farm cost.” (USBR
1963) Since that time, on farm drainage costs are decided during the planning stage
of all projects. Since subsurface drainage problems tend to indiscriminately cross
property lines and are usually contributed to by the distribution system, drainage is
nearly always considered to be a project cost.

Among the original set of design standards was the placement of a graded
sand-gravel envelope around all pipe drains. While gravel envelopes were used as
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early as 1911, their use was inconsistent and there was no specific gradation. Design
criteria for envelope design, based on hydraulic flow properties as well as filter
properties, were published in 1970. (Winger and Ryan) The resulting envelope
enhances the flow of ground water into the drain while excluding soil particles
which would clog the drain pipe. Along with the advent of plastic pipe came a
plethora of synthetic envelopes that were cheaper and easier to install. Beginning in
the 1970s, Reclamation tested many of these envelope materials. Every attempt to
replace the sand-gravel envelope with synthetic geotextiles, fabrics, beads, or mats
has resulted in inferior performance or complete failure of the drains. Each research
effort concluded that the sand-gravel envelope, even with the greater cost compared
to synthetics, is very inexpensive insurance.

The emergence of corrugated plastic pipe for use in subsurface drains
represents the most significant change in design standards since the standards
were developed. In 1968 the first test sections of 6-inch-diameter plastic pipe
were installed in the Kansas River Projects and in the Columbia Basin Project in
Washington. Within 4 years, plastic had become the most popular material for small
diameter drains and, within 20 years, sizes up to 42-inch-diameter were available.
Concrete pipe is still used in some instances, but clay tile has all but vanished,
and asbestos cement was eliminated when asbestos was classified as a hazardous
substance.

The advent of plastic pipe allowed for curvilineal design of drains to better
fit topographic features and eliminated the need for certain manholes. It also
speeded the construction process as pipe is laid as a continuous unit rather than in
3-to-5 foot segments. It also opened the door to high-speed trenchers, which at the
time were not large enough to handle rigid pipe sections.

The Reclamation drainage community is concerned with protecting the
resources that Reclamation develops. If we develop flourishing irrigation enterprises
only to see them deteriorate into salt beds and low value marshes, we have failed in
our mission. Reclamation’s design standards and procedures, as described in 1977,
(Frogge and Sanders) have remained nearly unchanged since that time.

Evolution of Construction Practices

The construction of drains over the last century has taken as many forms as
contractors and engineers could conceive. The following discussion is by no means
a complete history of the evolution of construction techniques for drainage, but
includes what the authors are familiar with or could find in the literature.

When the first drainage problems developed on Reclamation projects,
the solution was to excavate open ditch drains using a horse-drawn earth-moving
implement sometimes called a “tumblebug.” The tumblebug was pulled by 4 or 6
horses or mules. As it was pulled along, it would scrape up about 1/3 of a cubic yard
of earth. When it was full, the operator moved a lever to raise the blade for transport
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to the waste area, usually the drain bank. To unload, the operator pulled another
lever and the implement tumbled to an upside down position, spreading its load over
a short distance.

Some early subsurface tile drains were laid in an open trench and backfilled
to make a subsurface drain. One such undertaking on the Huntley Project on the
Yellowstone River just east of Billings, Montana, in 1912 lasted 4 months, from
June 1 through September 30. The Contractor was paid $2,618.40 while his costs
were $2,602.64 leaving a profit of $15.76. (USBR 1912) However, even in that
time better methods were available. The ancestor of modern trenching machines
was introduced on the Huntley Project in 1912. It was an Austin trenching machine
that excavated a trench up to 8 feet in depth. It was joined a year later by a Parsons
trenching machine with similar capability. Construction of 2500 feet of tile drain in
one month’s time was considered good progress. Neither machine carried a shield
for laying the pipe, so where trench walls would not stand, shoring was constructed
behind the machine. Where the grade line was deeper than 8§ feet, laborers dug the
last increment by hand, 2 to 4 feet in places. (USBR 1913)

In the summer of 1913 laborers were hard to find, so the wage rate was
raised from $2.50 a day to $2.75 and rubber boots were furnished. The construction
crew consisted of 30 to 40 men and from 2 to 8 teams of horses or mules. (USBR
1913)

Another early mode of excavation was the steam shovel, the precursor of
modern backhoes. By the 1950s most open drains were excavated by modern drag
lines which are particularly well suited to ditch excavation.

Subsurface pipe drains were first installed by digging an open ditch, laying
a bedding for the pipe, placing the pipe by hand, covering it with a gravel envelope,
and finally backfilling the ditch. Often the bedding consisted of wooden cribbing
placed in the trench to support the pipe. The wooden cribbing was later replaced
by coarse gravel material which will stabilize a trench that displays quicksand
conditions. Surprisingly, open ditch methods of construction are still used in many
cases, although the excavation equipment has generally changed to large backhoes.

In 1951 a trenching machine appeared on the Delta-Mendota Canal in the
Central Valley Project. This machine towed a sled-mounted shield for laying pipe
and gravel envelope. The forward movement of the trencher was assisted by a
cable winch with a block and tackle arrangement hooked to a deadman dozer. This
avoided slippage of the tracks which would quickly dig into the boggy ground
and the trencher would become stuck. Similar arrangements were used to assist
trenchers to move over boggy ground as late as the mid-1970s. In 1955 trenching
machines were working in the Gila Project in Arizona and the Heart Mountain
Division in Wyoming. Both machines were ladder-type excavators and had shields
for placing the gravel envelope and pipe. The Cook and Butler machine on the Gila
Project was mounted on a halftrack with large steel wheels on the front. The wheels
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made traversing boggy ground nearly impossible. Another design problem was that
the shield was rigidly attached to the machine, which prevented separate control of
the shield and the trencher. The machine was still in use as late as 1969. The Heart
Mountain machine was a Parsons model 310. It was track-mounted and the shield
was completely separate from the trencher, having its own set of tracks and being
towed rather than carried.

The Jetco wheel trencher was developed specifically for conditions on the
Columbia Basin Project where rock-like caliche layers must be excavated. The
wheel was 16 feet in diameter and could excavate a trench to a depth of 12 feet. In
the Republican Valley of Nebraska and in California’s Imperial Valley, quicksand
conditions presented the most difficult conditions. There, Buckeye trenchers with
ladder excavators and wide floatation tracks were developed. The Buckeye machine
with its trench shield attached was 50 feet long and weighed 50 tons. It could place
drains in fairly boggy conditions at a depth of 10 feet. It carried two large diesel
engines, one to move the machine forward and run the digging mechanism and one
to run the hydraulic pumps to adjust the depth of the digger and the shield.

Both the Jetco and the Buckeye carried a trench shield in which the concrete
or clay tile sections were placed by hand. A hydraulic lift was used to lower 2.5-foot
lengths or “joints” of pipe into the shield where a man placed it in position on a
set of steel rails. A hydraulic ram pushed the pipe tight against the preceding joint
and held it there as the machine moved forward. When the machine had traveled
the length of the pipe joint, the man in the shield sounded a horn and the operator
stopped the machine to allow another joint of pipe to be lowered into place. The
machine moved a pace of about 50 feet per hour, including the stops. Later a dual
ram apparatus was introduced which allowed continuous forward movement as the
joints were handled. The pace accelerated to a dizzying 300 feet per hour.

Besides the rails, the hydraulic ram and cramped quarters for a man to work
in, the shield contained a chute for placing the gravel bed for pipe to lie on and
another chute to place gravel around and over the pipe before it left the shield and
was subject to trench wall caving. Often there was a spool mounted on the back
of the shield to dispense a continuous sheet of plastic or asphalt saturated felt along
the top of the pipe. This so-called blinding was thought to prevent soil from being
washed into the pipe along with the drain water. That practice was discontinued
when the hydraulics of the system became better understood. Most shields also
carried a hopper for gravel material so that a continuous feed of gravel was made
as the pipe was laid. With the advent of plastic drain pipe, there was no longer
a need for a laborer to ride inside the shield. The man and machinery inside the
shield were replaced by a chute through which the continuous pipe is fed so that the
pipe and gravel envelope emerge from the rear of the shield as a single unit. The
machines were not manufactured for placement of a gravel envelope around the
pipe as Reclamation standards require. Contractors typically found it necessary to
modify their new machines by attaching shields, strengthening bearings and shafts,
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and adding special controls before the new machine ever went to the field. This
procedure is still common in the industry.

In 1970 a German-made Hoess Machine was introduced in the Republican
Valley. The Hoess was a smaller, lighter weight machine with a high-speed chain
digger. Although the machine could not lay solid pipe joints, it could lay continuous
4-, 6- and 8-inch plastic tubing at 7 feet deep at a pace of 1200 feet per hour.
Several more years would pass before larger-diameter plastic pipe was approved for
use. Many contractors preferred to stay with their old machines rather than have
two large machines on the job. By the end of the 1970s plastic pipe was approved
in diameters up to 18 inches. The need for greater depth and larger shields to
accommodate the larger pipe meant that many contractors simply converted their old
machines rather than investing in the new smaller ones. During this time, several
European companies introduced the larger high-speed trenchers that are now in use.
Forward speeds of 2,000 feet per hour are now common.

In addition to the accelerated rate of construction, field drainage engineers
found that trenching machines provided a superior product when working in unstable
soil conditions. (Frogge and Sanders) In 1974 the first drains for which a trenching
machine was required by the construction specifications were constructed down the
center of a primary street in Loup City, Nebraska. The purpose of this requirement
was to ensure that the gravel envelope was placed in direct contact with undisturbed
soil to form a strong hydraulic connection between the soil profile and the drain.
Construction specifications requiring the use of trenching machines that excavate the
trench, lay the pipe and the gravel envelope are becoming a common practice where
construction costs are high and the consequences of failure unacceptable.

A longstanding problem for contractors building subsurface drains is
operating heavy equipment on wet ground. In many cases, the drains are designed
to remove excess water from land that has become perpetually marshy. A drain
contractor in the Kansas River Projects solved this problem by constructing
through such areas in midwinter when there was a foot or more of frost. Using a
concrete saw, two cuts were made through the frost layer, one foot on each side of
centerline. The blocks of frozen soil were removed with a backhoe making a slot
for the trenching machine to work through. This operation required great caution to
avoid placing frozen chunks in the backfill, which is forbidden by the specifications.
Another solution was the use of flotation tracks. In the early 1980s, a Hollanddrain
trencher having tracks that were 4 feet wide was used on the Riverton Project. It
could easily trench through ground so soft that walking was difficult.

With the early trenching machines, grade control was done one pipe joint
at a time and the digger was adjusted as needed. As speed increased, contractors
began using a string line which the operator tried to follow (with varying degrees of
success) to maintain grade. Another approach to grade control was a line of targets.
This line of targets was set up in the field at an exact elevation above the grade
line. The operator sighted on these targets and lined up two targets attached to the
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digging apparatus with the line of targets in the field. The targets were more reliable
than the string lines, but still required a skilled operator to maintain an acceptable
grade on the drainpipe. Along with the high-speed trenchers came laser-controlled
grade where the operator adjusted the machine according to a red laser dot that was
aimed at the control panel. Often the laser beam would be warped by the heat of
the trenching machine’s engine, making the dot much larger than the permissible
deviation from grade. Sometimes the dot would disappear entirely. That system
was quickly replaced by laser planes that project a plane of laser light on the correct
slope over the entire field by a revolving laser sending unit. The plane is intercepted
by sensors on the trenching machine; the sensors signal the hydraulic controls
several times per minute to adjust the digger and the shield up or down as needed.
Interference from engine heat has been overcome by placing the sensors on masts,
several feet above the machine.

The September 1955 issue of Intermountain Industry Magazine featured a
machine developed by Sumner G. Margetts & Company of Salt Lake City, Utah,
claiming it was “The only machine of its type in the world (government approved).”
The manufacturer was not identified and photos appear to be different from any of
the machines discussed earlier in this writing, indicating that at that time there were
at least 4 such machines in existence. However, as revolutionary as these giant
machines were they never became common construction industry equipment. A
total of 12 machines were reported to be in operation in 1977, (Frogge and Sanders)
and in the United States, there are currently less than 10 operable machines with a
depth capability greater than 8 feet.

Operation and Maintenance

As noted earlier, the Drainage and Ground Water function organizationally
resided in the Operation and Maintenance (O&M) Division in four of the seven
Regions for nearly 50 years. This was due in part to the reality that drainage
problems usually arose after the projects had been transferred to the O&M Division.
However, regardless of their position on the organizational chart, the maintenance of
drains after construction was the responsibility of the Regional Drainage Engineer
with the support of the Projects Office Drainage Branches.

The same observation well network that is used for planning and design is
used to monitor the effectiveness of drain systems after they are built. Usually, the
records of ground water fluctuation are maintained by the same drainage personnel
who installed the wells. Most drainage offices in the 1950s, 1960s, and 1970s
maintained handwritten or typed records of all the well readings within their project
area. The wells were measured 2 to 12 times a year, depending on the relative need
for detail. Hand-drawn hydrographs of the measurements were updated annually
and kept in three-ring binders for ready access. In more recent times, the records are
usually kept electronically, and, thanks to modern software, hydrographs are printed
as needed. The hydrographs are used to forecast emerging drainage needs in time
to plan and execute corrective measures before they became a serious economic
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burden on the landowners or the irrigation district. The hydrographs are also useful
in diagnosing deficiencies in existing drainage works.

In projects where drainage was a major factor, drainage personnel typically
participated in scheduled reviews of maintenance along with the distribution system
O&M experts. When problems developed in drainage systems, the drainage staff
advised O&M forces on methods of repair and, in many cases, actively participated
in the repair, as they still do. Through the years, these kinds of activities have aided
in verification of design criteria and methods.

Early Experience

Many of the first wave of Reclamation projects experienced severe
drainage problems within a few years. Efforts to correct drainage deficiencies met
with varying degrees of success. The experiences of some of these early projects
are recounted here.

Belle Fourche Project

The Belle Fourche Project was among the first Reclamation projects to
be developed. The project was initiated with studies in 1903 and authorized
in 1904. By 1910 many of the facilities were in place and water was being
delivered. However, by 1912, seeped areas totaling 1,420 acres were scattered
over most of the project. By 1914 the seeped areas had grown to 2,500 acres and,
by 1917 they were estimated to be 35,000 acres. Small drainage districts were
formed and managed to get several thousand acres relieved of water charges.
Notes from a landowners meeting in 1920 state, “It begins to look like the only
way to accomplish drainage of the project would be to have an order from the
Secretary of the Interior with provision that the costs be charged to Operation
and Maintenance of the Project.” (USBR 1920) The district requested and was
granted a delay in the repayment contract. The 1926 Omnibus bill provided an
adjustment to water charges due to drainage deficiencies.

From 1917 to 1930 a drainage construction program was carried out
to correct the problems. Some 230 miles of drains, mostly open ditch, were
constructed. Over the years, the Soil Conservation Service constructed buried
pipe drains on many of the fields. Even that effort was not fully successful in
relieving the drainage problems. Improved irrigation practices have helped. In
1984 the District entered into a Rehabilitation and Betterment (R&B) contract
with Reclamation. Work done under the R&B put most smaller irrigation
laterals in pipe and lined many of the larger ditches, thus eliminating many
sources of seepage. In the1990s a land reclassification placed some of the more
unproductive lands into class 6 (nonirrigable). All of these actions have improved
the overall situation, but parts of the district suffer from unresolved drainage
problems to this day.
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Huntley Project

Huntley Project was authorized in 1905 and many of the facilities were
completed by 1908. As was the case on the Belle Fourche Project, within a
few years serious waterlogging problems developed—but with a much happier
outcome. In 1911 there were
160 acres of waterlogged land
and “another 40 farms where
seepage has shown up.” (USBR
1911) Even as drains were being
constructed and successfully
relieved seepage problems, the
problems continued to grow. In
1914 there were 1,426 acres
“waterlogged” and 8,000 acres
“threatened” (USBR 1914), but
by 1920 construction had caught

up with demand and the problem 42 An Austin trencher digging a drain on the
was well under control. North Platte Project in 1917.

P VY g/

From 1911 to 1920 some 65 miles of drains were constructed, most of
which were clay tile. Eventually, the total drainage on the project reached 186
miles. (USBR 1981) The manholes or “trap boxes” as they were called, were 3
feet square, made of creosote-treated wood, with 6-inch by 6-inch vertical timber
corners and sides consisting of 2-inch planks. Some of these manholes have been
replaced by corrugated metal pipe, but many of them are still in use. As to the
effectiveness of the drains, they were nearly 100 percent successful and continue
to function with minimal maintenance.

Newlands Project
The USBR Dataweb provides the early project history:

The United States Geological Survey (USGS) began
investigations into possible irrigation projects in the Truckee and Carson
River Basins in the late 1880s. In 1902, the newly organized United
States Reclamation Service took over investigations. On March 14,
1903, the Secretary of the Interior authorized the Truckee-Carson Project,
making it one of the first projects authorized for construction by the
Reclamation Service.

Work on the Truckee-Carson Project began in mid-1903. The
original plan proposed reclamation of over 300,000 acres of land in
western Nevada. (Eventually the service area included about 73,000
acres. (USBR 1981))... The first water deliveries to project settlers
began in February 1906. ...
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As early as 1908 it had been recognized that there were serious
problems throughout the project. In spite [of] the Reclamation Service’s
belief that soils would support a wide variety of crops, that sufficient
water would be available to farms, and that markets existed for produce,
many entrymen soon discovered that a forty-acre farm was too small to
produce an adequate income, that irrigation water did not drain properly,
and that little water was available during the later part of the irrigation
season. By 1912, large areas on the project were saturated and unusable,
and farm prices were much lower than expected. Drainage ditches
excavated in 1906 did not sufficiently drain irrigated fields, and the water
table was very near the surface, saturating the root zone.

Lack of adequate drainage was a significant impediment to
successful farming in the region. Area water users formed an informal
organization and began to demand that the Reclamation Service
provide a solution to the drainage problem. Conflicts over who was
responsible delayed resolution of the situation. The water users claimed
that the Reclamation Service had promised adequate drainage, while
the Reclamation Service contended that the problem was due to over-
irrigation and that the farmers should assume the cost of constructing
a drainage system. Offers by the Reclamation Service to correct
the drainage problems with the costs paid by the water users were
overwhelmingly rejected.

In 1916, after several years of resisting the formation of a
formal water users organization, the Reclamation Service proposed to
begin work on a drainage system as soon as an irrigation district could
be formed that could contract for payment of the costs of the drainage
system. In March 1917, the Nevada Legislature passed a bill approving
formation of the irrigation district, and on November 16, the Truckee-
Carson Irrigation District (TCID) was created by a vote of nine-to-one in
favor of organization.

A contract for construction of a drainage system was not
approved until 1921, and a second contract had to be approved in 1924.
By 1928, when work under the contracts was complete, more than 230
miles of drains had been excavated. ...

Following World War I, conditions on many Reclamation
projects had become so bad with many farmers unable to fulfill their
payment obligations that the Secretary of the Interior appointed
a fact finding commission to investigate the situation and make
recommendations. The commission determined that by 1926, $7,899,479
had been spent on the Newlands Project. Of that amount, the
commission determined that $4,437,820 had been spent without proper
cause and that the water users should not be responsible for repayment
of that amount. The Omnibus Adjustment Act of 1926 relieved the water
users of that amount and gave them forty years to repay the remaining
$3,281,999. (USBR Dataweb)
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Although the drainage system was considered complete upon completion
of the contracts in 1928, drainage work continued at a slower pace. In a trip
report dated October 28, 1964, Ray J. Winger, Jr., reported “. . . a total of about
335 miles of open drains.” Winger also noted that they observed several small
areas of 100 acres or so that needed additional drainage for good production. He
was told that the farmers do not want drainage because they believed they were
benefiting from subirrigation. He noted that, “Under these circumstances, the
lands are becoming salinized. Without drainage they will eventually become
sufficiently saline to limit or preclude crop production.” (Winger 1964) His
conclusion was apparently acted on because a 1985 land classification report
by Reclamation says, “A maze of nearly 400 miles [additional 65 miles] of
open drains and 4 miles of closed drains presently serve the Newlands Project.”
(USBR 1985)

A unique feature of the Newlands Project is the concept of so-called
“bench and bottom lands” based primarily on subsurface drainage characteristics
which were not clearly defined until some 60 years after the concept was initiated.
In 1925, following a series of legal actions and hearings that began in 1913, a
temporary restraining order was issued. Under the restraining order farmers on
the project were to receive, after transportation losses, 3.5 acre feet of water per
acre for bottom lands and 4.5 acre feet of water per acre for bench lands. The
restraining order neither defined nor identified project bench and bottom lands. In
1944 a final decree simply restated the restraining order. Legal actions continued
through the years and a 1986 Court Order directed the Secretary of the Interior to
prepare and submit a “revised initial designation of Bench and Bottom lands in
the Newlands Project.” The new map was to be based on two criteria, including
waterholding capacity of the soils and the “seasonal high water table.” In 1990,
Reclamation drainage personnel produced a “final draft” report which included
detailed maps and legal descriptions of the designations.

Challenges Met

Examples of early Reclamation drainage history are too numerous
and varied to include them all in this paper. A few of the more outstanding
experiences are presented here.

Riverton

The Riverton Project consists of three divisions. Construction began

on the first and second divisions in 1921, and first water was delivered in 1925.
Drainage problems developed on some of the lands almost immediately. In the
1930s and 1940s, a few open drains were constructed along farm boundaries but
were largely ineffective in controlling the seepage because the spacing was too
wide. In the 1950s additional open drains were constructed midway between
the original drains, but still the spacing was too wide because the open drains
were constructed to keep crop producing areas at an optimum. All of this was
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done prior to the development of the transient state drain spacing procedures.
Meanwhile, construction began on Third Division in 1947, and public notice
number 26 opened 55 farm units for homestead. An additional 50 farm units
were opened in 1950, and 54 units were opened in 1951. Since certification
of irrigability was not yet law, no drainage studies were conducted prior to
settlement.

As newcomers, mostly returning veterans from World War II, colonized
the First and Second Divisions in greater numbers, Reclamation heard some bad
news about the Third Division. The Third Division, a foundation of promise for
post-war homesteaders, had a false bottom. A 1951 soil survey reclassified large
areas of shallow soil in the Third Division as Class 6-nonirrigable. This acreage
drained poorly and was susceptible to waterlogging and salinity severe enough
to prevent cultivation. Congress passed Public Law 258 in 1953 permitting
homesteaders on inadequate farms to amend their existing properties with vacant
lands on the same project. Public Law 258 also allowed farmers to exchange their
units for land on other Reclamation projects. Every landowner on a Reclamation
project in the West could file a claim under Public Law 258, but the law
specifically helped farmers working unproductive acreage on the Riverton Project.
(USBR Dataweb) Within a few years, all or parts of every farm unit in Third
Division were suffering from waterlogging and salinity problems. The problem
was attributed to poor irrigation practices as well as natural drainage deficiencies
of the land. Many of the farms were located downslope from other farm units, so
they had to deal with return flows from neighbors as well as their own irrigation
applications.

Another problem faced by Riverton farmers and by drainage engineers
trying to correct problems was sodium in the soils. Some of the lands contained
high levels of sodium, which can cause the soil structure to break down leaving
the land impossible to drain adequately. Although the problem may develop on
any project in semiarid climates, the Riverton Project seemed to be particularly
susceptible.

Enactment of Public Law 258 resulted in many farmers leaving Wyoming.
Those who relocated under the provisions of Public Law 258 settled on the
Columbia Basin Project in Washington, the Minidoka Project in Idaho, and the
Gila Project in Arizona. Those staying in Riverton added vacated land to their
existing acreage. Public Law 258 stabilized the Riverton Project as remaining
homesteaders increased the size of their units and subsequently improved
themselves financially. Those determined to farm the Third Division formed an
irrigation district in August 1957. By the dawn of the 1960s, a Bureau “Project
History” lamented their decision: “The ratio of operating expenses to prices
received for crops and livestock continued unfavorable.” (USBR Dataweb)

By the early 1960s, the situation on the Third Division required the
Government to make a hard decision. Reclamation proposed to buy out the
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homesteaders and write off most of the $20.5 million on the Federal books.

A congressional delegation came to Riverton in October 1961 to hear local
grievances. The testimonials the delegation heard “were adverse and favored
abolishing the project.” Reclamation responded by threatening to shut off water
to the Third Division if growers refused to sign a repayment contract. One
farmer, Marvin H. West, stated to a Denver newspaper in 1962, “10 to 12 years
should prove the feasibility of these places. We have not made a living or showed
any repayment ability in that time.” (USBR Dataweb)

The growers’ anger was enough to persuade the government in 1964 to
pass Public Law 88-278 authorizing Federal purchase of Third Division lands.
The Bureau bought back 78 units totaling about 22,000 acres. Farmers from
the Midvale Irrigation District leased certain sections of the land over the next 6
years. In September 1970 Public Law 91-409 consolidated the three divisions of
the Riverton Project. Besides employing power sales to pay rehabilitation costs
on project works, the bill restored 8,900 irrigable acres of the Third Division to
private ownership, with provision that no further Federal funds would be provided
for drainage works. In January 1971 the Third Division Irrigation District ceased
operations. The following month, the Government auctioned 43 units to farmers
of the Midvale Irrigation District. By spring, the farmers petitioned the 43
units into Midvale. In December the Government executed a new amendatory
repayment contract with Midvale. (USBR Dataweb)

In 1976, the Midvale Irrigation District entered into a Rehabilitation and
Betterment (R&B) contract with Reclamation to upgrade certain facilities and to
provide adequate subsurface drainage for the First and Second Division lands.
Over the next 10 years, some 200 miles of subsurface drains were constructed.
Many of the original open drain ditches, which had eroded to several times their
design width, were replaced with more effective subsurface drains and backfilled,
reducing maintenance costs and increasing the tillable acreage. In an odd twist, a
provision of the law authorizing the R&B contract precluded expenditures of any
of the funds for drainage works on Third Division lands.

A reclassification of
the Midvale Irrigation District
in 1999 confirmed that for the
most part, the entire project was
experiencing good productivity.
Although small scattered parcels
of land were placed in a non-
irrigable class due to the sodium
content of the soil being too high
to permit economical drainage,
waterlogging and salinization are

o . 4.3. A CCC enrollee painting a pipe siphon
under control within the project across an open drain on the Gem Irrigation
lands. District, Owyhee Project, during February 1939.
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Kansas River Projects

A series of irrigation projects in the Republican River Valley from Trenton
in southwest Nebraska to south of Courtland, Kansas, were completed around
1960. By 1965 waterlogging was becoming prevalent in many areas along this
200 mile reach of the river. Drain construction began in 1966 and more than 200
miles of drains had been constructed in the Republican River Valley by 1975.

The Bostwick Division, Kansas, is a 40,000 acre project located mostly
on uplands around the town of Courtland. On July 3, 1967, a field review of
drainage needs was conducted by representatives of the Chief Engineer’s Office,
the Region 7 Office, and the Kansas River Projects Office. During that review,
Mr. Lee Dumm of the Chief Engineer’s Office noted that the water table was in a
delicate state of dynamic equilibrium and that sooner or later a spell of unusually
wet weather would probably upset the balance, creating serious problems. His
prediction came true sooner rather than later. The fall of 1968 brought heavy
precipitation that continued through the winter and into the summer of 1969. By
August 1969 fully 90 percent of the 27,500 acres under irrigation were seriously
affected by high water tables, and about 2,000 acres were not farmed. In 1970, a
12-person office consisting of an investigations crew, a survey crew, an engineer,
and a construction inspection crew, was opened in Superior, Nebraska, with the
specific purpose of constructing drains on the Kansas-Bostwick Unit and the
lower half of the Nebraska-Bostwick Unit. By 1981 when the Superior Field
Engineering Office closed, more than 250 miles of pipe drains and 50 miles of
open ditch drains had been constructed on the Kansas-Bostwick Unit.

In order for this small group to accomplish this effort in a span of 10
years required some innovative measures. Ground water depth probes were
made from “-inch iron pipe lined with 's-inch plastic tubing. Water level was
read by hooking an ohmmeter to the pipe and inserting a wire connected to the
other terminal into the plastic tubing. When the wire reached the water surface, it
completed the circuit. The probes were easily inserted to a depth of about 5 feet
wherever the water table was less than 2 or 3 feet below land surface, which was
almost everywhere. The probes allowed a 2-man crew to create ground water
surface maps in about one-third the time needed to do it with augers.

Soil profiles were logged using a variation of split tube sampler that was
developed by the Superior Office. It was driven directly into the ground without
benefit of the hollow stem augers that are usually used. While the tube increased
production of the soil logging operation by four to five times, it was specific to the
Kansas upland soils and was never successful in other areas of the country or even
other areas of the Kansas River Projects.

Another first for the Superior Field Engineering Branch Office was the
hiring of Reclamation’s first women as field technicians, whose duties included
operating small drill rigs. In 1973, Naomi Fritson, a Nebraska farm girl, and

173



Mary Torpin, daughter of a Hollywood film director, were Engineering Tech
students at Curtis Community College in Curtis, Nebraska. They were hired as
summer employees. Their 4-month employment with Reclamation constituted
one semester of their required curriculum. At the time, it was a significant enough
event to rate a spot on the evening news of the Nebraska Television Network.

Columbia Basin Project

The Columbia Basin Project in eastern Washington is the most extensive
drainage construction that Reclamation has undertaken in our first century
of existence. About 540,000 acres has been developed of what was initially
envisioned as a 1-million acre project. The first water was delivered in 1948, and
water tables began to rise almost immediately. By the early 1950s the need for
artificial drainage was becoming evident. Water table levels rose steadily until
they reached a point where drainage was needed on large areas of land to maintain
productivity. By 1968 the water table had risen an average of 150 feet over the
entire project. (Monteith and Myers)

The extensive need for drainage had not been recognized in the original
project formulation, and it was not until 1960 that a large-scale construction
program was initiated. (Christopher and Campbell) The Columbia Basin
Drainage staff was established in 1954 and, during the peak drain construction
period of 1971 to 1976, the staff numbered around 60 full-time drainage
personnel. Innovative approaches to field investigations were initiated in an
attempt to increase productivity without increasing staff. In the geologic setting
of the Columbia Basin, 20 feet was the depth of most drainage borings. The
need to increase productivity and lower engineering costs led to the modification
of the drill rigs used in field investigations. The small rigs were fitted with a
mast and a 20 foot long continuous auger so that 20 foot holes could be drilled
without stopping to insert and remove the standard 5-foot auger sections. Seismic
equipment was used to locate caliche layers so that borings could be farther apart.

The first drains to be constructed were open ditches to be used as outlets
for the pipe drains. In 1961 construction of pipe drains began with a 3-mile
segment. This would increase fairly steadily until the peak in 1974 when 195
miles of drains were constructed. By 1979 more than 2,200 miles of drain had
been constructed and, by 1995, the total was 2,845 miles. (Hubbs)

Drainage of the lands was complicated by the existence of caliche layers
underlying most of the project lands. Caliche is a form of solidified calcium
deposit which occurs at depths shallower than the design depth of the drains.
Construction equipment was often unable to excavate the caliche until it was
blasted with dynamite. The large wheel trenching machines were designed for
this type of construction and were quite successful in reducing or eliminating the
need to blast.
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Drain depths on the Columbia Basin Project are typically 8 to 9 feet,
which is 1 to 2 feet deeper than on most Reclamation projects. This decision was
based largely on the capability of the local contractors’ equipment, although the
depth of the outlet drain and the depth to a favorable drain zone in the soil profile
may control the depth locally. (Brohl)

Central Valley Project

The Central Valley Project was authorized by Congress in 1937. First water
was delivered from the Contra Costa Canal on August 16, 1940. Water deliveries
began on the Delta-Mendota service area in 1950 and the first tile drains were
constructed on the Grasslands area in the early 1950s. The drains discharged into
wetlands. (Most of the following was paraphrased from written communications
provided by Michael Delamore, South-Central California Area Office, USBR, and
Joel Zander of the Mid-Pacific Regional Office, USBR)

In 1956 the California State Department of Water Resources recommended
the state study a “comprehensive master drainage works system” indicating
that drainage problems were beginning to develop on a significant scale. Also,
Reclamation submitted a feasibility report on the San Luis Unit to Congress. The
report included a 300 cubic feet per second earth-lined interceptor drain as part of
the “distribution system and drains.” On-farm drainage on the San Luis Unit was
the responsibility of the landowner, but Reclamation was to provide an outlet drain
that could be accessed by irrigators through irrigation district facilities. Construction
of the San Luis Drain began in 1968, and Reclamation acquired 5,900 acres of land
for Kesterson Reregulating Reservoir. The reservoir was to be operated according
to a cooperative agreement with U.S. Fish and Wildlife Service for the conservation
and management of wildlife, subject to the primary use of the lands for regulation of
drain flows. Water was to be held in the reservoir until final discharge permits were
acquired for the drainage water.

On July 1, 1969, U.S. Fish and Wildlife Service (FWS) began managing the
lands acquired for Kesterson Reservoir under terms of the agreement. Construction
of the reservoir began a year later. In 1972 construction of the first phase of the
reservoir and the adjacent drain were completed. However, by February 1975,
funds had run out, and construction was stopped with about 40 percent (85 miles)
of the drain and the first stage of Kesterson Reservoir complete. Four months later,
the first contract for collector drains on Westlands Water District was awarded and
construction began on a collector system, encompassing about 42,000 acres of
irrigated lands.

In 1977 Public Law 95-46, the 1978 appropriation, increased the ceiling
for distribution and drainage systems on the San Luis Unit. Construction was
not reinitiated at least in part because discharge criteria had not been established.
Attempts to address this critical issue were unsuccessful as the State Water
Resources Control Board (SWRCB) had the authority to set discharge requirements
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but was “not in a position to do so at this time.” A March 20, 1978, letter from
Reclamation’s Regional Director to SWRCB explained Reclamation’s position and
hinted at the urgency of having discharge criteria established.

In 1978 use of Kesterson Reservoir as interim evaporation ponds for
subsurface agricultural drainage flows from Westlands Water District began. The
proportion of subsurface drainage flows to surface flows increased yearly until
inflows to Kesterson were principally subsurface drainage water in 1981.

In May 1979 FWS began expressing reservations about the quality of the
drainage water from San Luis Drain and the possible effects of toxic constituents
on receiving waters. A year later, they would notify Reclamation that such effects
would need to be evaluated in a Fish and Wildlife Coordination Report and there
were concerns over completion of the San Luis Drain.

In 1981 Reclamation began studies to identify any potential toxic
constituents in the drain water. The studies found high concentrations of selenium
in San Luis Drain and Kesterson Reservoir. Reclamation imposed a moratorium on
additional farm drainage connections to San Luis Drain because Kesterson Reservoir
was reaching capacity and the outlet had not yet been constructed. Existing farm
drains continued discharging through local wetlands to the San Joaquin River.
Meanwhile, Reclamation was developing detailed plans for completion of San Luis
Drain and, at the same time, reevaluating possible alternatives such as in-valley
evaporation, desalinization, discharge to San Francisco Bay rather than Suisun Bay,
and no action. Through the early 1980s, Reclamation and several cooperating state
and federal agencies and universities spent about $4 million gathering information
needed to obtain the discharge permit.

In 1982 FWS found high selenium concentrations in fish at Kesterson
Reservoir and discovered higher-than-normal waterfowl mortalities and deformities
a year later. Reclamation took action to minimize waterfowl attraction at Kesterson
Reservoir by reducing the number of ponds and providing additional water to
neighboring wetland areas. In September 1984 a hazing program was started to keep
the birds off Kesterson Reservoir. A number of techniques were tried, including
periodic shotgun blasts and chasing birds with ATVs. At the same time, 15,000 acre
feet of clean water was provided to alternate habitat sites.

In February 1983, because of high rainfall, Reclamation filed an application
with the Central Valley Regional Water Quality Control Board (CVRWQCB)
for a discharge permit from Kesterson to the San Joaquin River. CVRWQCB
responded by acknowledging the need to discharge excess water from San Luis
Drain and Kesterson Reservoir and requiring Reclamation to immediately begin
a sampling program and submit reports. On January 13, 1984, Reclamation
notified CVRWQCB that high rainfall amounts combined with drainage water were
threatening the dikes and warning that failure would mean uncontrolled flooding.
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On February 2, the application was approved for limited discharge to prevent failure
of the dikes, but large discharges were not allowed.

On April 8, 1983, Reclamation requested SWRCB approve a schedule for
preparation of a technical report to accompany the application for the discharge
permit to Suisun Bay and for the board to act on the application by November
1984. The Board responded on May 4 saying the schedule could not be met but that
December 1984 was workable only if the report met acceptance by the scientific
community, the SWQCB, and National Pollution Discharge Elimination System
(NPDES) permit conditions.

In March 1985 the Department of the Interior announced plans to close
Kesterson Reservoir and San Luis Drain and to terminate deliveries to 42,000 acres
in Westlands Water District because of concern of violation of the Migratory Bird
Treaty Act. A month later the Department reached an agreement with Westlands to
continue delivering water to all of the lands in the district, but the drain remained
closed. This was followed quickly by landowners filing lawsuits against the United
States for taking of their property by seepage of drainage water from Kesterson
Reservoir. In November Westlands Water District filed a draft EIR on plans for
on-farm management, water recycling and plugging of the farm drains if necessary.
By May 1986 Westlands completed plugging of the drains to prevent drainage water
from entering San Luis Drain.

On December 30, 1986, the United States and Westlands Water District
reached a compromise settlement known as the “Barcellos Judgment” filed in United
States District Court as a court judgment. The judgment, among other things,
required the Federal Government to develop a plan for drainage service facilities by
December 31, 1991. The Judgment stipulates that the drainage facilities shall have

sufficient capacity and capability to transport, treat as necessary, and
dispose of the annual quantity of subsurface agricultural drainage water
from the District (not less than 60,000 acre feet and not more than 100,000
acre feet) required to be disposed of by December 31, 2007 ...

To help finance construction of the drainage service facilities, the District was
required to make annual contributions to a trust fund established under the judgment.
These funds were released to the District in June 1992 when the court ruled that the
Government had failed to meet the terms of the Barcellos Judgment.

In January 1988, after considerable controversy, Reclamation began
dewatering Kesterson Reservoir in preparation for cleanup. The dewatering was
completed on April 12 and by November low-lying areas of Kesterson Reservoir had
been filled with dirt. However, this did not end the life of the San Luis Drain.

In 1996 the San Luis Drain was reactivated as part of the Grassland Bypass
Project. Drainage water from 97,000 acres of agricultural land in the Grasslands
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Basin that historically drained to the San Joaquin River is transported through the
lower 28 mile segment of the drain. The drain water contains lower concentrations
of selenium than did the original drain water that flowed to Kesterson reservoir.
The drain carries the water around the Grassland Conservation District to the
terminal structure of San Luis Drain and returns to the San Joaquin River through
Mud Slough. The selenium load is monitored for compliance with agreed-upon
monthly and annual load limits. Fees of $25,000 to $250,000 are levied against the
participating irrigation districts when the limits are not met. (Quinn, et al.)

One of the many entities involved in the drainage problems surrounding the
fertile Central Valley lands was the San Joaquin Valley Drainage Program (SJVDP).
Public Law 96-375 passed in 1980 authorized the San Joaquin Valley Drainage
Investigation feasibility study. In August 1984 Governor Deukmejian and Secretary
of the Interior William Clark established the SJVDP as a cooperative effort of
the U.S. Bureau of Reclamation, U.S. Fish and Wildlife Service, U.S. Geological
Survey, California Department of Fish and Game, and California Department of
Water Resources. The purpose of SIVDP was to conduct comprehensive studies
to identify the magnitude and sources of the drainage problem, the toxic effect of
selenium on wildlife, and what actions needed to be taken to resolve these issues.
By the end of 1990 funds totaling $50 million had been appropriated to support the
Program.

In April 1987 SJIVDP issued a draft report which discussed ocean disposal
possibilities. Public reaction was so strongly adverse that the STVDP Management
Committee narrowed the focus of the program to exclude any disposal of
agricultural drainage water or brine outside the San Joaquin Valley. In September
1990 SJIVDP issued its final report titled “A Management Plan for Agricultural
Subsurface Drainage and Related Problems on the West Side San Joaquin Valley.”
In December 1991 four federal agencies, including Reclamation, and four state
agencies signed a Memorandum of Understanding for Implementation of the San
Joaquin Valley Drainage Program’s Recommended Plan. The major components of
the plan are to (1) reduce the amount of irrigation water applied to the field, (2) reuse
drainage water, (3) store drainage water in evaporation ponds, (4) cease irrigating
lands that have high selenium levels in the subsurface, (5) pump ground water to
lower the water table, (6) discharge to the San Joaquin River, and (7) protection,
restoration, and provision of substitute water supplies for fish and wildlife habitat.

The controversy over the trace element selenium and how to handle drainage
waters containing elevated concentrations has sparked numerous research efforts
and other spin-off activities. In September 1986 the Westlands Water District Board
approved a $6.6 million drainage treatment plant and a prototype deep well injection
unit. After 18 months, the research project was indefinitely postponed because it
did not appear to be economically feasible on a large scale. However, in October
1989 the District entered into an agreement with state and federal agencies and
universities to begin work on a treatment research center to be located in the district.
At about the same time, Panoche Drainage District began construction of a prototype
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facility to remove selenium from water using an iron absorption process. In June
1989 Westlands began drilling on an 8,100-foot-deep prototype injection well to be
used for disposal of drainage water.

Several treatment methods were employed in an effort to reduce selenium
in the soil, including field testing of a biological cleanup plan using selenium eating
fungi.

The problems associated with high concentrations of selenium in the
drainage water at Kesterson Reservoir were the primary reason why the Department
of the Interior launched the Irrigation Drainage Program in 1985 with an inventory
of more than 600 irrigation projects in the western United States to discover the
extent of toxic trace elements in drainage water from the projects. (Department of
the Interior, NIWQP website)

In 1992 Reclamation announced that it would award Challenge Grants for
demonstration projects of innovative approaches to advance water conservation
and address agricultural drainage problems in the Mid-Pacific Region. Challenge
Grants addressing drainage problems would be accepted only for the SJVDP
study area. Six Challenge Grants investigating various methods of treatment or
management of selenium rich drainage water were executed in 1994.

Central Utah Project

In the middle to late 1960s the Central Utah Project (CUP) was one center
of activity for Reclamation’s drainage forces. Detailed drainage investigations
covering nearly 250,000 acres were completed in anticipation of development of
the project, which would provide a full water supply to about 33,000 acres and
supplemental water to the remainder. The bulk of these lands lay in the Uintah
Basin, which is tributary to the Green River, in Emery County in east central
Utah, and in the Sevier Basin, a closed dry lake bed in southwestern Utah. The
CUP was one of the primary proving grounds for the auger hole permeability test,
which has become a standard test for permeability of saturated soils. Several
thousand auger hole tests were conducted, some as deep as 25 feet, and a number
of minor modifications to the test procedure were initiated. Observation well
networks were installed on about a 1-mile grid and monitored weekly. The
wells generally consisted of a galvanized downspout with holes punched by a
geologist’s pick and an endcap for a lid.

For the most part, drainage field crews across Reclamation at the time
were mobile. The CUP crews would make a brief visit to the Provo Office
each Monday morning to get their assignment for the week, turn in time sheets
and conduct any necessary personnel business. They would make the 2- to
4-hour drive back to Provo on Friday evening, on their own time. A CUP
field crew generally consisted of 10 to 20 people, including a lead engineer,
several subordinate engineers and technicians, and a group of 90-day temporary

179



laborers. The lead engineer’s office was a pickup truck containing all the tools
and equipment needed for the investigations and briefcases containing reference
materials, test forms, and personnel files for the engineer and his crew.

The summer and fall of 1965 found enough Reclamation drainage
personnel in the small t