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CHAPTER 1

INTRODUCTION

1-1. Purpose and Scope.

a. This manual provides general information, design criteria and proce-
dures, static and dynamic analysis procedures, temperature studies, concrete
testing requirements, foundation investigation requirements, and instrumenta-
tion and construction information for the design of concrete arch dams. The
guidance provided in this manual is based on state of the art in this field as
practiced at the time of publication. This manual will be updated as changes
in design and analysis of arch dams are developed. The information on design
and analysis presented in this manual is only applicable to arch dams whose
horizontal and vertical sections are bounded by one or more circular arcs or a
combination of straight lines and circular arcs.

b. This manual is a product of the Arch Dam Task Group which is a com-
ponent of the Computer-Aided Structural Engineering (CASE) Program of the
U.S. Army Corps of Engineers (USACE). Task group members are from the USACE,
U.S. Bureau of Reclamation (USBR), and the Federal Energy Regulatory Commis-
sion (FERC). Individual members and others contributing to this manual are as
follows: Donald R. Dressler (CECW-ED), Jerry L. Foster (CECW-ED), G. Ray
Navidi (CEORH-ED), Terry W. West (FERC), William K. Wigner (CESAJ-EN), H.
Wayne Jones (CEWES-IM), Byron J. Foster (CESAD-EN), David A. Dollar (USBR),
Larry K. Nuss (USBR), Howard L. Boggs (USBR, retired/consultant), Dr. Yusof
Ghanaat (QUEST Structures/consultant) and Dr. James W. Erwin (USACE,
retired/consultant) .

c. Credit is given to Mr. Merlin D. Copen (USBR, retired) who inspired
much of the work contained in this manual. Mr. Copen’s work as a consultant
to the U.S. Army Engineer District, Jacksonville, on the Corps’ first double-
curved arch dam design, Portugues Arch Dam, gave birth to this manual. Pro-
fessor Ray W. Clough, Sc. D. (Structures consultant), also a consultant to the
Jacksonville District for the design of the Portugues Arch Dam, provided
invaluable comments and recommendations in his review and editing of this
manual.

1-2. Applicability. This manual is applicable to all HQUSACE elements, major
subordinate commands, districts, laboratories, and field operating activities
having civil works responsibilities.

1-3. References and Related Material.

a. References. References are listed in Appendix A.

b. Related Material. In conjunction with this manual and as part of
the Civil Works Guidance Update Program, a number of design and analysis tools
have been developed or enhanced for use by USACE districts. A brief descrip-
tion is as follows:
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(1) Arch Dam Stress Analysis System (ADSAS) (U.S. Bureau of Reclamation
(USBR) 1975). This is the computerized version of the trial load method of
analyzing arch dams developed by the Bureau of Reclamation. ADSAS has been
converted from mainframe to PC and a revised, user-friendly manual has been
prepared. ADSAS is a powerful design tool which has been used in the design
of most modern arch dams in the United States.

(2) Graphics-Bagsed Dam Analysis Program (GDAP) (Ghanaat 1993a). GDAP
is a finite element program for static and dynamic analysis of concrete arch
dams based on the Arch Dam Analysis Program (ADAP) that was developed by the
University of California for the USBR in 1974. The GDAP program is PC-based
and has graphics pre- and postprocessing capabilities. The finite element
meshes of the dam, foundation rock, and the reservoir are generated automati-
cally from a limited amount of data. Other general-purpose finite element
method (FEM) programs can also be used for the analysis of arch dams.

(3) Interactive Graphics Layout of Arch Dams (IGLAD) is an interactive
PC-based program for the layout of double-curvature arch dams. The program
enables the designer to prepare a layout, perform necessary adjustments, per-
form stress analyses using ADSAS, and generate postprocessing graphics and
data. This program was developed by the USACE.

1-4. Definitions. Terminology used in the design and analysis of arch dams
is not universal in meaning. To avoid ambiguity, descriptions are defined and
shown pictorially, and these definitions will be used throughout this manual.

a. Arch (Arch Unit). Arch (or arch unit) refers to a portion of the
dam bounded by two horizontal planes, 1 foot apart. Arches may have uniform
thickness or may be designed so that their thickness increases gradually on
both sides of the reference plane (variable thickness arches).

b. Cantilever (Cantilever Unit). Cantilever (or cantilever unit) is a
portion of the dam contained between two vertical radial planes, 1 foot apart.

c. Extrados and Intrados. The terminology most commonly used in
referring to the upstream and downstream faces of an arch dam is extrados and
intrados. Extrados is the upstream face of arches and intrados is the down-
stream face of the arches. These terms are used only for the horizontal
(arch) units; the faces of the cantilever units are referred to as upstream
and downstream, as appropriate. See Figure 1-1 for these definitions.

d. Site Shape. The overall shape of the site is classified as a
narrow-V, wide-V, narrow-U, or wide-U as shown in Figure 1-2. These terms,
while being subjective, present the designer a visualization of a site form
from which to conceptually formulate the design. The terms also help the
designer to develop knowledge and/or experience with dams at other sites.
Common to all arch dam sites is the crest length-to-height ratio, cl:h.
Assuming for comparison that factors such as central angle and height of dam
are equal, the arches of dams designed for wider canyons would be more flexi-
ble in relation to cantilever stiffness than those of dams in narrow canyons,
and a proportionately larger part of the load would be carried by cantilever
action.
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EXTRADOS (UPSTREAM FACE)
DOWNSTREAM
INTRADOS UPSTREAM
(DOWNSTREAM FACE)

ARCH SECTION

CANTILEVER SECTION

Figure 1-1. Typical arch unit and cantilever unit

Figure 1-2. Schematic profiles of various dam sites

e. Crest Length-Height Ratio. The crest length-to-height ratios of dams
may be used as a basis for comparison of proposed designs with existing condi-
tions and with the relative effects of other controlling factors such as cen-
tral angle, shape of profile, and type of layout. The length-to-height ratio
also gives a rough indication of the economic limit of an arch dam as compared

with a dam of gravity design (Figure 1-2). See paragraph 2-1b for general
guidelines.

f. Narrow-V. A narrow-V site would have a cl:h of 2:1 or less. Such
canyon walls are generally straight, with few undulations, and converge to a
narrow streambed. This type of site is preferable for arch dams since the
applied load will be transferred to the rock predominantly by arch action.
Arches will be generally uniform in thickness, and the cantilevers will be
nearly vertical with some slight curvature at the arch crown. Faces most
likely will be circular in plan, and the dam will be relatively thin. From
the standpoint of avoiding excessive tensile stresses in the arch, a type of
layout should be used which will provide as much curvature as possible in the
arches. In some sites, it may be necessary to use variable-thickness arches
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with a variation in location of circular arc centers to produce greater curva-
ture in the lower arches. Figure 1-4 shows an example of a two-centered vari-
able-thickness arch dam for a nonsymmetrical site.

g. Wide-V. A wide-V site would have a cl:h of 5:1 or more. The upper
limit for cl:h for arch dams is about 10:1. Canyon walls will have more pro-
nounced undulations but will be generally straight after excavation, converg-
ing to a less pronounced v-notch below the streambed. Most of the live load
will be transferred to rock by arch action. Arches will generally be uniform
in thickness with some possible increase in thickness near the abutments. The
"crown" (central) cantilever will have more curvature and base thickness than
that in a narrow-V of the same height. 1In plan, the crest most likely would
be three-centered and would transition to single-center circular arches at the
streambed. Arches would be thicker than those in the narrow-V site.

h. Narrow-U. In narrow-U sites, the canyon walls are near vertical in
the upper half of the canyon. The streambed width is fairly large, i.e., per-
haps one-half the canyon width at the crest. Above 0.25h, most of the live
load will be transferred to rock by arch action. Below 0.25h, the live load
will increasingly be supported by cantilever action toward the lowest point.
There the cantilevers have become stubby while the arches are still relatively
long. The upper arches will be uniform in thickness but become variable in
thickness near the streambed. The crown cantilever will have more curvature
than the crown cantilever in a narrow-V site of equal height. Faces will
generally be circular in plan. Arches will be thin because of the narrow
site. In dams constructed in U-shaped canyons, the lower arches have chord
lengths almost as long as those near the top. In such cases, use of a
variable-thickness arch layout will normally give a relatively uniform stress
distribution. Undercutting on the upstream face may be desirable to eliminate
areas of tensile stress at the bases of cantilevers.

i. Wide-U. Wide-U sites are the most difficult for an arch dam design
because most of the arches are long compared to the crest length. 1In the
lower 0.25h, much of the live load is carried by cantilever action because the
long flexible arches carry relatively little load. In this area, cantilever
thickness tends to increase rapidly to support the increased water pressure.
Arch thickness variation in the horizontal direction may range from uniform at
the crest to variable at the streambed. The transition will most likely occur
at about the upper one-third level. The crown cantilever here should have the
most curvature of any type of site.

j. Reference Plane. As shown in Figures 1-3 through 1-5, the reference
plane is a vertical radial plane usually based in the streambed. The refer-
ence plane contains the crown cantilever and the loci of the central centers
as shown in Figure 1-6. It is from this plane that the angle to the arch
abutment is measured. Also shown are the axis and axis center. The axis is a
vertical surface curved in plan intersecting the crown cantilever at the crest
and upstream face. The axis is developed in plan by the axis radius which is
the distance between the axis and the axis center located downstream. A
method of estimating values for these terms will be described in a later sec-
tion. The reference plane will theoretically consist of one, two, or three
planes of centers. One plane of centers is used to describe arches in a sym-
metrical site as shown in Figure 1-3. Two planes of centers are used to
describe arches in nonsymmetrical sites as shown in Figure 1-4. Three planes

1-4
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Figure 1-5. Plan of a three-centered variable-thickness arch dam
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of centers are used to describe a three-centered arch dam as shown in
Figure 1-5.

k. Crown Cantilever. The crown cantilever is defined as the maximum
height vertical cantilever and is usually located in the streambed. It is
directed radially toward the axis center. The crown cantilever and the arch
crowns are at the same location on symmetrical arch dams. On nonsymmetrical
arch dams, the arch crowns will be offset toward the longer side. Maximum
radial deflections will occur at the crown cantilever of symmetrical dams but
generally between the crown cantilever and arch crowns on nonsymmetrical arch
dams.

1. Single Curvature. Single-curvature arch dams are curved in plan
only. Vertical sections, or cantilevers, have vertical or straight sloped
faces, or may also be curved with the limitation that no concrete overhangs
the concrete below. These types of shapes were common prior to 1950.

m. Double Curvature. Double-curvature arch dams means the dam is
curved in plan and elevation as shown in Figure 1-7. This type of dam uti-
lizes the concrete weight to greater advantage than single-curvature arch
dams. Consequently, less concrete is needed resulting in a thinner, more
efficient dam.

n. Overhang. Overhang refers to the concrete on the downstream face
where the upper portion overhangs the lower portion. Overhang is most at the
crown cantilever, gradually diminishing toward the abutments. The overhanging
concrete tends to negate tension on the downstream face in the upper one-
quarter caused by reaction of the lightly loaded upper arches.

0. Undercutting. Undercutting refers to the upstream face where the
concrete/rock contact undercuts the concrete above it. Undercutting causes
the moment from concrete weight to compress the concrete along the heel and
tends to negate tension from the reservoir pressure. If an exaggerated under-
cutting becomes necessary, an imbalance during construction may occur in which
case several of the concrete blocks may have to be supported with mass con-
crete props placed integrally with the blocks. Each prop width is less than
the block width to avoid additional arch action. The lowest lift within the
prop is painted with a bond breaker to avoid additional cantilever action.
Undercutting is most predominant at the base of the crown cantilever. Gener-
ally, as the crest length-to-height ratio increases so do the overhang and the
undercutting.

p- Symmetrical. 1In addition to the canyon shapes previously described,
the canyon is also described as symmetrical or nonsymmetrical. In general,
sites are not absolutely symmetrical but are considered symmetrical if the
arch lengths on each side differ by less than about 5 percent between 0.15H
and 0.85H. Figure 1-3 shows the plan view of a typical dam in a symmetrical
site.

g. Nonsymmetrical. Nonsymmetrical sites result in dams with longer
arches on one side of the crown cantilever than the other. Dams for such
sites will quite possibly have two reference planes, one for each side but
with a common crown cantilever as shown in Figure 1-4. The short side with
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Figure 1-7. Example of single- and double-curvature dams

the steeper-wall canyon will have shorter radii and exhibit more arch action.
Whereas the longer side, abutting into the flatter slope, will have less arch
action and will be relatively thicker along the abutments. In general, the
maximum deflection at each elevation will not occur at the crown cantilever
but more toward the midpoint of each arch. A different axis radius for each
side will be necessary. To maintain continuity, however, each pair of lines
must lie along the reference plane. 1In some cases the axis radius (R.;) may
be different on each side, and the arches may be uniform or variable in thick-
ness. A region of stress concentration is likely to exist in an arch dam
having a nonsymmetrical profile. In some cases improvements of a nonsymmetri-
cal layout by one or a combination of the following methods may be warranted:
by excavating deeper in appropriate places, by constructing an artificial
abutment, or by reorienting and/or relocating the dam.

r. Lines of Centers. A line in space which is the loci of centers for
circular arcs is used to describe a face of the dam. For uniform-thickness
arches, a single line of centers will describe the extrados and intrados
faces. Variable-thickness arches require two lines of centers. Nonsym-
metrical sites need one or two lines of centers for each side of the dam.
Three-centered arches have three lines of centers as shown in Figure 1-6. It
should be noted in Figure 1-6 that the lines of centers for the outer segments
are identical and only one pair is shown. Also, in Figure 1-6, arches of
variable thickness are used below elevation 515 feet.

s. Constant Center. A constant-center dam has a vertical line at the
axis center to describe the center for all arches. All arches are uniform in
thickness and the crown cantilever is representative of all vertical sections.
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t. Single Center. Single-center constant thickness arches have the
same center describing the extrados and the intrados which means all arches
are uniform in thickness between abutments. Single-center variable-thickness
arches have different centers describing the extrados and the intrados; how-
ever, both lie along the reference plane. The lines of centers need not be
vertical but must be coplanar with the crown cantilever. This arch shape is
applicable to narrow canyon sites such as those with cl:h less than 3:1.

u. Two Centered. 1In two-centered arches, both planes are coplanar with
the crown cantilever. The left plane contains the extrados and intrados lines
of centers required to properly shape the left side of the arches as measured
from the crown cantilever to the abutments. The right plane of centers con-
tains the extrados and intrados lines of centers for the right-side arches.

v. Three Centered. With three-centered arches, only the center segment
is coplanar with the crown cantilever. The center segment and outer segment
are coplanar at an angle of compound curvature as measured from the reference
plane. Three-centered arches approximate an ellipse. Figure 1-5 shows a
typical three-centered arch. A parabola can be approximated by using straight
tangents in the outer segment instead of arcs. Three-centered or elliptical
arches can be used advantageously in wide-U or V-shaped canyons. Elliptical
arches have the inherent characteristics of conforming more nearly to the line
of thrust for wide sites than do circular arches. Consequently, the concrete
is stressed more uniformly throughout its thickness. Because of the smaller
influences from moments, elliptical arches require little, if any, variable
thickness.
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CHAPTER 2

GENERAL DESIGN CONSIDERATIONS

2-1. Dam Site. Unlike a concrete gravity dam which carries the entire load
by its self weight, an arch dam obtains its stability by both the self weight
and, to a great extent, by transmitting the imposed loads by arch action into
the valley walls. The geometry of the dam site is, therefore, the most basic
consideration in the selection of an arch dam. As a general rule, an arch dam
requires a site with abutments of sufficient strength to support the arch
thrust. On special occasions artificial abutments - thrust blocks - may be
used in the absence of suitable abutment (s); see Chapter 3 for additional
discussion on thrust blocks.

2-2. Length-Height Ratio. Traditionally, most of the arch dams in the

United States have been constructed in canyon sites with length-height ratios
of less than 4 to 1. Although the greatest economic advantage may be realized
for a length-height ratio of less than 4 to 1, sites with greater ratios
should also be given serious consideration. With the present state of the art
in arch dam design automation, it is now possible to obtain "optimum design"
for sites which would have been considered difficult in the past. An arch dam
must be given first consideration for a site with length-height ratio of 3 or
less. For sites having length-height ratios between 3 and 6, an arch dam may
still provide the most feasible structure depending on the extent of founda-
tion excavation required to reach suitable material. The effect of factors
other than length-height ratio becomes much more predominant in the selection
process for dam sites with length-height ratios greater than 6. For these
sites a careful study must be performed with consideration given to the diver-
sion requirements, availability of construction material, and spillway and
outlet works requirements. The results of these studies may prove the arch
dam as a viable choice for wider sites.

2-3. Smooth Abutments. The arch dam profile should be made as smooth as
practicable. The overall appearance on each abutment should resemble a smooth
geometric curve composed of one or two parabolas or hyperbolas. One point of
contraflexure in the profile of each abutment will provide for a smooth force
distribution along the rock contact. Each original ground surface may have a
very irregular profile before excavation, but the prominent points should be
removed together with removing weathering to sound rock. Each abutment sur-
face irregularity of peaks and valleys represents points of force concentra-
tion at the peaks and correspondingly less force in the valleys. As can be
readily surmised, design difficulties lead to structural inefficiencies, more
concrete, and increased costs. Thus, it is generally prudent engineering from
the beginning to overexcavate the rock and provide for a smooth profile. At
the microscale, the abutment should be made smooth, that is, rock knobs
remaining after the macroexcavation should, after consensus with the
geologist, be removed. Generally, the excavation lines shown in the specifi-
cations have tolerances such as + 1 foot in 20 feet.

2-4. Angle Between Arch and Abutment. Given a geometrically suitable site,
another important consideration of an arch dam is the rock contour lines, or
the angle which the arches make with the abutment rock contour lines. The
angle o in Figure 2-1 should, as a general rule, be greater than 30 degrees to

2-1
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avoid high concentration of shear stresses near the rock surface. Inasmuch as
this angle is determined only after the results of the stress analysis are
available, the angle B may be used as a guideline during the preparation of
the layout. The arches should be arranged so that B is larger than 40 degrees
in the upper half. Care must be taken in using these guidelines since the
arch thrust, H, is only the tangential component of the total force, and the
other two components, vertical and radial, and their respective orientations,
must also be examined in the more advanced stages of design. Additionally,
the elevation of the arch being investigated should be considered, e.g., an
arch located at or near the top of the dam may not be carrying appreciable
tangential thrust if the continuity of the arch is broken by an overflow
spillway. Observing this criterion - the minimum angle - ensures that there
is sufficient rock mass downstream to withstand the applied loads. In addi-
tion to this requirement, the directions of joint systems in the rock should
be given careful consideration in making the layout to ensure stable abutments
under all loading conditions.

2-5. Arch Abutments. Full-radial arch abutments (normal to the axis) are
advantageous for good bearing against the rock. However, where excessive
excavation at the extrados would result from the use of full-radial abutments
and the rock has the required strength and stability, the abutments may be
reduced to half-radial as shown in Figure 2-2a. Where excessive excavation at
the intrados would result from the use of full-radial abutments, greater-than-
radial abutments may be used as shown in Figure 2-2b. In such cases, shearing
resistance should be carefully investigated. Where full-radial arch abutments
cannot be used because excessive excavation would result from the use of

Lr,f—-AW§MGEHOCKaWWUUH

TANGENT

FOUNDATION ROCK CONTOURS

Figure 2-1. Angle between arch thrust and rock
contours
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Figure 2-2. Arch abutment types

either of the two shapes mentioned, special studies may be made for determin-
ing the possible use of other shapes having a minimum excavation. These
special studies would determine to what extent the arch abutment could vary
from the full-radial and still fulfill all requirements for stability and
stress distribution.

2-6. Foundation. An arch dam requires a competent rock foundation of suffi-
cient strength to withstand the imposed loads from the dam and the reservoir.
Inasmuch as the loads are transmitted to the foundation along the entire dam-
foundation contact area, the abutment must meet the same minimum foundation
requirements as that for the deepest part of the dam, commensurate with the
magnitude of resultant forces at a given arch elevation. Because of its small
dam-foundation contact area, as compared to other types of dams, an arch dam
exerts a larger bearing pressure on the foundation. For the purpose of site
selection, a foundation with a compressive strength sufficient to carry the
load from a gravity dam would also be satisfactory for an arch dam, recogniz-
ing that very seldom are foundations made up of a single type of rock of uni-
form strength and that this is only an average "effective" value for the
entire foundation. Arch dams are capable of spanning weak zones of founda-
tion, and the presence of faults and shears does not appreciably affect the
stresses in the dam provided that the thickness of a weak zone is no more than
about one times the base thickness of the dam. A description of the treatment
of these faults and shear zones is discussed in paragraph 3-5.

2-7. Foundation Deformation Modulus. Deformation behavior of the foundation
has a direct effect on the stresses within the dam. Lower values of founda-
tion deformation modulus, i.e., a more yielding foundation, reduce the tension
at the base of the dam along the foundation and, conversely, a foundation with
high- deformation modulus values results in higher tensile stresses along the
base. It is, therefore, important to determine the deformation modulus of the
foundation at the earliest stage of design. This information becomes more

2-3
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critical when there are indications that the deformation modulus for one abut-
ment may be drastically different than for the other abutment. Having this
knowledge at early stages of design, the structural designer can shape the dam
properly so that excessive stresses are avoided. A foundation should not be
considered inadequate solely because of low values of deformation moduli.
Foundation grouting may improve the deformation behavior of the rock mass and
should be considered in determining the deformation moduli used in the design
of the dam. When deformation values smaller than 500,000 pounds per square
inch (psi) are present, the question of how much a grouting program can
improve the foundation becomes critical, and a thorough stress analysis should
be performed using a reasonable range of deformation moduli. The design is

acceptable if the dam stresses are within allowable stresses under all assumed
conditions.

2-8. Effect of Overflow Spillway. If an overflow type of spillway is used
and is located near the center of the dam, no arch action is considered above
the crest elevation of the spillway. If a spillway is located near one side
of the dam, there may be some arch action above the crest elevation of the
spillway. 1In either case, the upper portion of the dam above the spillway
crest must be designed to withstand the effects of the loading imposed above
the crest by water pressure, concrete mass, temperature, and earthquake.
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CHAPTER 3

SPILLWAYS, OUTLET WORKS AND APPURTENANCES,
AND RESTITUTION CONCRETE

3-1. Introduction. This chapter describes the influence of voids through the
arch dam and structural additions outside the theoretical limits of the arch
dam. Voids through the dam in the radial direction are spillways, access
adits, and outlet works, in the tangential direction are adits, galleries, and
tunnels, and in the vertical direction are stairway wells and elevator shafts.
Often associated with spillways and outlet works are blockouts or chambers for
gate structures. External structures are restitution concrete which includes
thrust blocks, pads, pulvino, socle, or other dental type concrete, spillway
flip buckets on the downstream face, and corbels on the upstream face.

3-2. Spillways. Numerous types of spillways are associated with arch dams.
Each is a function of the project purpose, i.e., storage or detention, or to
bypass flood flows or flows that exceed diversion needs. Spillways for con-
crete dams may be considered attached or detached.

a. Attached Spillways. Attached spillways are through the crest or
through the dam. Through-the-crest spillways have a free fall which is con-
trolled or uncontrolled; OG (ogee) types are shaped to optimize the nappe. In
general, the usual crest spillway will be constructed as a notch at the crest.
The spillway notch can be located either over the streambed or along one or
both abutments as shown in Figure 3-1. A spillway opening can also be placed
below the crest through the dam. Similar to the notch spillway, this opening
can be located either over the streambed, as shown in Figure 3-2, or near one
or both abutments. The location through the dam, whether at the crest or
below the crest, is always a compromise between hydraulic, geotechnical, and
structural considerations. Impact of the jets on the foundation rock may
require treatment to avoid eroding the foundation. Spillways through the dam
are located sufficiently below the crest so that effective arch action exists
above and below the spillway openings.

(1) Spillway at Crest. With this alignment, the spillway crest, piers,
and flipbucket are designed to align the flow with the streambed to cause
minimal possible bank erosion and/or to require minimal subsequent beneficia-
tion. However, the notch reduces the arch action by the depth of the notch,
i.e., the vertical distance between the dam crest and spillway crest which is
normally pure arch restraint is nullified and replaced with cantilever action.
To accommodate this reduced stiffness, additional concrete must be added below
the spillway crest or the entire arch dam must be reshaped, thus complicating
the geometry. Not that this is detrimental, but arch dam shapes work more
efficiently when kept simple and smooth in both plan and elevation. Moving
the spillway notch to either abutment as shown in Figure 3-1 or splitting the
spillway crest length and locating half along each abutment will restore most
of the arch action to the dam crest. Spillway notches through the crest near
abutments interrupt arch action locally, but not significantly, as can be
shown in numerous numerical analysis and scale model studies. The effect of
abutment spillways is structurally less distressful on arch dams in wide
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Figure 3-1. East Canyon Dam with spillway notch near left abutment (USBR)

valleys where the top arch is long compared to the structural height, such as
a 5:1 crest length-to-height ratio, or in canyons where the climate fluctuates
excegsively (+50 °F) between summer and winter. In this latter case, winter
temperature loads generally cause tensile stresses on both faces near the
crest abutment, where the dam is thinnest and responds more quickly and
dramatically than thicker sections. Thus, locating the spillway notches along
the abutments is a natural structural location. The effects of a center
notch, in addition to reducing arch action, are to require that concrete above
the spillway crest support the reservoir load by cantilever action. Conse-
quently, design of the vertical section must not only account for stresses
from dead load and reservoir but meet stability requirements for shear. Tem-
perature load in this portion of the dam is usually omitted from structural
analyses. Earthquake loads also can become a problem and must be considered.
On certain arch dams where the spillway width is a small proportion of the
total crest length, some arch action will occur in the adjacent curved sec-
tions that will improve resistance to flood loads. Usually the beginning of
this arch action is about the notch depth away from the pier. The more recent
arch dams are thin efficient structures that make flood loads above the spill-
way crest of greater concern.
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Figure 3-2. Through spillway below crest on Morrow Point Dam (USBR)
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(2) Spillways Below Crest (thru Spillways). Spillways are constructed
through the arch dam at some optimal distance below the dam crest to reduce
the plunge and provide for additional discharge. The spillway may be visual-
ized as multiple orifices, either round or rectangular, and controlled with
some type of gates. The set of openings either may be centered over the
streambed as shown in Figure 3-2 or split toward either or both abutments.

The set is surrounded by mass concrete and locally reinforced to preserve, for
the analyses, the assumption of a homogenous and monolithic structure. With
this in mind, local reinforcement and/or added mass concrete must be designed
so that the dam as a whole is not affected by the existence of the spillway.
To minimize disruption of the flow of forces within the dam, the several open-
ings should be aligned with the major principal compressive stresses resulting
from the most frequent loading combination. Around the abutment, the major
principal stresses on the downstream face are generally normal to the abut-
ment. This alignment would tend to stagger the openings, thus creating design
difficulties. 1In practice, however, all openings are aligned at the same
elevation and oriented radially through the dam. If necessary, each orifice
may be directed at a predetermined nonradial angle to converge the flows for
energy dissipation or to direct the flow to a smaller impact area such as a
stilling basin or a reinforced concrete impact pad. Between each orifice,
within a set, are normal reinforced concrete piers designed to support the
gravity load above the spillway and the water force on the gates.

(3) Flip Bucket. The massive flip bucket, depending on site condi-
tions, may be located near the crest to direct the jet impact near the dam toe
or farther down the face to flip the jet away from the toe. 1In either case,
the supporting structure is constructed of solid mass concrete generally with
vertical sides. By judiciously limiting its width and height, the supporting
structure may be designed not to add stiffness to any of the arches or canti-
levers. To assure this result, mastic is inserted in the contraction joints
to the theoretical limits of the downstream face defined before the flip
bucket was added as shown in Figure 3-3. The mastic disrupts any arch action
that might develop. For the same reason, mastic is inserted during construc-
tion in the OG corbel overhang on the upstream face. These features protect
the smooth flow of stresses and avoid reentrant corners which may precipitate
cracking or spalling. Cantilever stiffness is enhanced locally but not enough
to cause redistribution of the applied loads. Reinforcement in the supporting
structure and accompanying training walls will not add stiffness to the arch
dam.

b. Detached Spillways. Detached spillways consist of side channel,
chute, tunnel, and morning glory spillways. The selection is dependent upon
site conditions.

(1) Side Channel. The side channel spillway is one in which the con-
trol weir is placed along the side of and parallel to the upper portion of the
discharge channel as shown in Figure 3-4. While this type is not hydrauli-
cally efficient nor inexpensive, it is used where a long overflow crest is
desired to limit the surcharge head, where the abutments are steep, or where
the control must be connected to a narrow channel or tunnel. Consequently, by
being entirely upstream from the arch dam, the spillway causes no interference
with the dam and only has a limited effect on the foundation. Similarly,
along the upstream abutment, any spillway interference is mitigated by the
usual low stresses in the foundation caused by the dam loads. Usually,

3-4
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Figure 3-3. Typical section through spillway of a dam

stresses near the crest abutment are much less than the maximum allowable or,
quite possibly, are tensile stresses.

(2) Chute Spillway. Chute spillways shown in Figure 3-5 convey dis-
charge from the reservoir to the downstream river level through an open chan-
nel placed either along a dam abutment or through a saddle. 1In either case,
the chute is not only removed from the main dam, but the initial slope by

being flat isolates the remaining chute from the eventual stressed foundation
rock.

(3) Tunnel Spillway. Tunnel spillways convey the discharge around the
dam and consist of a vertical or inclined shaft, a large radius elbow, and a
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Figure 3-4. Side channel spillway at Hoover Dam (USBR)
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horizontal tunnel at the downstream end. Tunnel spillways may present
advantages for damsites in narrow canyons with steep abutments or at sites
where there is danger to open channels from snow or rock slides. The tunnel
alignment usually traverses the stressed foundation and consequently should be
at least one abutment thickness from the concrete to rock contact. Any need
for increased spacing would be based on structural height and applied load
combinations. Note that these tunnels are designed to flow up to 75 percent
full, in which case in situ and superimposed stresses from the dam may govern
the design. The corollary is that the tunnel walls must be strong enough to
avoid creating a weakness in the foundation and subsequent stability problems
with the dam.

(4) Morning Glory Spillway. A morning glory spillway such as that
shown in Figure 3-6 is one in which the water enters over a horizontally posi-
tioned lip, which is circular in plan, and then flows to the downstream river
channel through a horizontal or near horizontal tunnel. A morning glory
spillway usually can be used advantageously at damsites in narrow canyons
where the abutments rise steeply or where a diversion tunnel is available for
use as the downstream leg. If a vertical drop structure is to be located
upstream, it should not interfere structurally with the dam. A sloping tunnel
offers the same concerns as previously discussed.

3-3. Outlet Works. Outlet works are a combination of structures and equip-
ment required for the safe operation and control of water released from a
reservoir to serve downstream needs. Outlet works are usually classified
according to their purpose such as river outlets, which serve to regulate
flows to the river and control the reservoir elevation, irrigation or munici-
pal water supply outlets, which control the flow of water into a canal, pipe-
line, or river to satisfy specified needs, or, power outlets, which provide
passage of water to turbines for power generation. In general, outlet works
do not structurally impact the design of an arch dam as shown in Figure 3-7.
The major difficulty may lie in adapting the outlet works to the arch dam,
especially a small double-curvature thin arch dam where the midheight thick-
ness may be 25 feet or less. Taller and/or heavier dams will have a signifi-
cant differential head between the intake and the valve or gate house, and the
conduit may have several bends. All of the features can be designed and con-
structed but not without some compromise. Outlet works should be located away
from the abutments to avoid interference with the smooth flow of stresses into
the rock and smooth flow of water into the conduit. A nominal distance of

10 diameters will provide sufficient space for convergence of stresses past
the conduit.

a. Intake Structures. 1Intake structures, in addition to forming the
entrance into the outlet works, may accommodate control devices and the neces-
sary auxiliary appurtenances such as trashracks, fish screens, and bypass
devices (Figure 3-8). BAn intake structure usually consists of a submerged
structure on the upstream face or an intake tower in the reservoir. Vertical
curvature on the upstream face may result in more than usual massive concrete
components as shown in Figure 3-9 to provide a straight track for the stop
logs or bulkhead gate. A compromise to relieve some of the massiveness is to
recess portions of the track into the dam face. This recess which resembles a
rectangular notch in plan reduces the stiffness of those arches involved not
only at the notch but for some lateral distance, depending on the notch depth.




EM 1110-2-2201
31 May 94

Figure 3-6. Morning glory spillway at Hungry Horse Dam. Note upstream
face of dam in upper right (USBR)
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b. Conduit. The outlet works conduit through a concrete dam may be
lined or unlined, as in a power outlet, (Figure 3-10) but when the conduit is
lined it may be assumed that a portion of the stress is being taken by the
liner and not all is being transferred to the surrounding concrete. The tem-
perature differential between the cool water passing through the conduit and
the warmer concrete mass will produce tensile stresses in the concrete immedi-
ately adjacent to the conduit. 1In addition, the bursting effect from hydro-
static pressures will cause tensile stresses at the periphery of the conduit.
Such tensile stresses and possible propagation of concrete cracking usually
extend only a short distance in from the opening of the conduit. It is common
practice to reinforce only the concrete adjacent to the opening. The most
useful method for determining the stresses in the concrete surrounding the
outlet conduit is the finite element method (FEM) of analysis.

¢. Control House. The design of a control house depends upon the loca-
tion and size of the structure, the operating and control equipment required,
and the conditions of operation. The loadings and temperature conditions used
in the design should be established to meet any situation which may be
expected to occur during construction or during operation. In thin dams, the
floor for the house is normally a reinforced concrete haunched slab canti-
levered from the downstream face and designed to support the valves and
houses. Neither the reinforcement nor the concrete should interfere with
structural action of the arches and cantilevers. Emergency gates or valves
are used only to completely shut off the flow in the outlet for repair,
inspection maintenance or emergency closure. Common fixed wheel gates, such
as shown in Figure 3-11, are either at the face or in a slot in the dam.

3-4., Appurtenances.

a. Elevator Tower and Shaft. Elevators are placed in concrete dams to
provide access between the top of the dam and the gallery system, equipment
and control chambers, and the power plant as shown in Figure 3-12. The eleva-
tor structure consists of an elevator shaft that is formed within the mass
concrete and a tower at the crest of the dam. The shaft should have connect-
ing adits which provide access into the gallery system and into operation and
maintenance chambers. These adits should be located to provide access to the
various galleries and to all locations at which monitoring and inspection of
the dam or maintenance and control of equipment may be required. Stairways
and/or emergency adits to the gallery system should be incorporated between
elevator stops to provide an emergency exit such as shown in Figure 3-13. The
design of reinforcement around a shaft can be accomplished by the use of
finite element studies using the appropriate forces or stresses computed when
analyzing the arch dam. In addition, stresses within the dam near the shaft
due to temperature and other appropriate loads should be analyzed to determine
if tension can develop at the shaft and be of such magnitude that reinforce-
ment would be required. To minimize structural damage to the arches, the
shaft should be aligned totally within the mass concrete and centered between
the faces. However, the necessarily vertical shaft may not fit inside a thin
arch dam. In such a case, the shaft could be moved to the abutment or
designed to be entirely outside the dam but attached for vertical stability to
the downstream face. This solution may not be esthetically pleasing, but it
is functional, because if the shaft emerges through the downstream face it
forms a rectangular notch that diverts the smooth flow of arch stresses and
reduces arch stiffness.
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Figure 3-13.

Flaming Gorge Dam (USBR)
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b. Bridges. Bridges may be required on the top of the dam to carry a
highway over the spillway or to provide roadway access to the top of the dam
at some point other than its end. Design criteria for highway bridges usually
conform to the standard specifications adopted by the American Association of
State Highway Officials and are modified to satisfy local conditions and any
particular requirement of the project. Bridges, regardless of how heavy,
whether of steel or concrete, or with fixed or pinned connections, are not
considered sufficiently strong to transfer arch loads from one mass concrete
pier to the other.

c. Top of the Dam. The top of the dam may contain a highway, mainte-
nance road, or walkway such as shown in Figure 3-14. If a roadway is to be
built across the dam, the normal top of the dam can be widened with corbels
which cantilever the road or walkway out from the upstream or downstream faces
of the dam. The width of the roadway on the top of the dam is dependent upon
the type and size of roadway, sidewalks, and maintenance and operation space
needed to accomplish the tasks required. Parapets or handrails are required
both upstream and downstream on the top of the dam and should be designed to
meet safety requirements. The minimum height of parapet above the sidewalk
should be 3 feet 6 inches. A solid upstream parapet may be used to increase
the freeboard if additional height is needed. The design of the reinforcement
for the top of the dam involves determining the amount of reinforcement
required for the live and dead loads on the roadway cantilevers and any tem-
perature stresses which may develop. Temperature reinforcement required at
the top of the dam is dependent upon the configuration and size of the area
and the temperature condition which may occur at the site. After the tempera-
ture distributions are determined by studies, the temperature stresses that
occur can be analyzed by use of the FEM. If a roadway width greater than the
theoretical crest thickness of the dam is required, the additional horizontal
stiffness of the roadway section may interfere with the arch actions at the
top if the dam. To prevent such interference, horizontal contraction joints
should be provided in the roadway section with appropriate joint material.

The contraction joints should begin at the edge of the roadway and extend to
the theoretical limits of the dam face. Live loads such as hoists, cranes,
stoplogs, and trucks are not added to the vertical loads when analyzing the
arch dam; these loads may weigh less than 10 cubic yards (cu yd) of concrete,
an insignificant amount in a concrete dam.

d. Galleries and Adits. A gallery is a formed opening within the dam
to provide access into or through the dam. Galleries are either transverse or
longitudinal and may be horizontal or on a slope as shown in Figure 3-15.
Galleries connecting other galleries or connecting with other features such as
power plants, elevators, and pump chambers are called adits. Some of the more
common uses or purposes of galleries are to provide a drainageway for water
percolating through the upstream face or seeping through the foundation, space
for drilling and grouting the foundation, space for headers and equipment used
in artificially cooling the concrete blocks and for grouting contraction
joints, access to the interior of the structure for observing its behavior,
access to and room for mechanical and electrical equipment, access through the
dam for control cables and/or power cables, and access routes for visitors, as
shown in Figure 3-16. The location and size of a gallery will depend on its
intended use or purpose. The size is normally 5 feet wide by 7.5 feet high.
In small, thin arch dams, galleries are not used where the radial thickness is
less than five times the width. This gives the cantilevers sufficient section

3-19




EM 1110-2-2201

31 May 94
24"
12" f————— 13- 6" 3" s'———l.é;u.....gis' | i2"
Pipe 2%11 18 € Roadway Py
ndrgil ~—— : :
ggsg‘g 7 }""AXIS of dam & Crone rail —q LE‘_60‘9-|7
A ‘ EL6047.75 /L0687 E60azoo~ [k
ey Elsonoo €1.6047.75 —J
S UTERT : ) CCEET N CEL604s.
RIS s, .:t_s_.: .-'q' R Guﬂer mief R R FEL6045.50
EL6043.00 0l L9 2 61.6043.00
' et % W : J -'.‘-'.“.' .
6 -6 & o-o .__;_..
/ s CI Soci pape drumsg
.4 o

’.

SECTION THRU TOP OF DAM
FLAMING GORGE DAM
{SHOWING ROADWAY AND CRANE RAILS)

i Chamfers \
£1.4896.00 ‘ l'"z 42" Chain-link fabric
o
ot T
3 . WP Fence post
9= Jum 9-0 i8’
E.4892.00 o cueome ‘sl [[1_gerseozrs
4" Wide x 2" high 1 > EECR.
| lg
scupper Consfruchon

o jomf ’ .,, o :

Axis pf _dor!_\.

’”'_.‘Q..""d
DRI L
¥

SECTION THRU TOP OF DAM
EAST CANYON DAM
{SHOWING WALKWAY)

Figure 3-14. Typical sections at top of an arch dam (USBR)




EM 1110-2-2201

31 May 94
High wltoge oad
contrel cable ity
v con ey o ~Accars shaft to grouting

" 1 =,
weitoge coble gelerr ) S| o mprcion uneal

LITC TN A :':
h 4y - -Grouting end
g '1" inspaction funnsl

- . T ,
LSS p
M

e -

gailery ;
B

[ ey i o s e - T Y
acors €Y ‘

iComprona
chember

agit¥o sucteredt
el
trice) TOEASY
Volve e

chomber -
P e e

Filling e gollary=-—-" :-l.' fl ".'»i Vs
! At te
i Seestock | peratest B!
Downstraem e? Akt 1o rrgation. -
foce of dom. - i
Upairsom Lnd e’ [ngunstreom 19
of da! .

cmmm;ﬁnu,_“ o
£1 32079050,

st fo pomp chember
contrel codle gollary

€1 315% ——

Feundotien gol lgqlv'

RIGHT ABUTMENT

Figure 3-15. Gallery system in right side of Yellowtail Dam (USBR)




EM 1110-2-2201
31 May 94

€ L27°6"Fithmg

e gotiery-,
NN
’~-..,
. F rs
N
-

1( $er- 6 laspection geliery (Blocks uu )
1€ 676" Control codie pmty (Block 20,

well Comtroct o
withen ' from slumb,

€78’ adi-

TR L S SR .

| Pymp duse
embedded seet

f hing.

Sar-s Aeeesy
1 edit (Block M only)
““Reoding stolon
t 5174 Fowndotion
poilery,
RN
N $- Pipe Dandrsil--s,
o F L ; -
; A .o .47 3135.00 B
\, . .
< detel grating with
Smbedéed 1eat g

|

»

ll!lﬂﬂ-"::b‘

PLUMB-LINE WELL

OLOCS 1 SNOWN

¢ 5ere’ Inspochion 4 _‘ >
" .. o]

SECTION E-F

Embedded metel
frome ond cover;

€ 5074 Adit - -

SECTION F-F

| Reeding stetion

TYPICAL EXCEPY AS NOTED

P'-€'s 12° e plumbrling
el

SECTION THRY PUMP

" L LGether groting  PUMP SUM,
€ 527-8" Fountetion
"'7v-~-. {8 rts” adie
Tefa . =

SHAFT,

P, AND PUMP CHAMBER

TYPICAL SECTION
ALONE® INGLINED QALLERY

SECTION D-D

Gutter Iragh-
rack siofs

-C :

INLET FOR
14" GRAVITY DRAIN
sLocE 13

Figure 3-16.

Yellowtail Dam (USBER)

(Continued)

Details of galleries and shafts in




EM 1110-2-2201
31 May 94

’ ' .
{ — 1
" ~Gutter
g, greating ¢
P | ..
P j ,{.
iliees" 514, pipe
SECTION A-A o1
SMRAL STAIRS NOT SNOWN 0 .
-
8 65" Dio. stairwelt |
Vertical gutter, w . : IR £

SECTION THRUY
OFFSET STAIRWELL
SPIRAL STAINS NOT SHOWN

€.
..... "ol ".‘ SMCGf_l_,
e Gutter graling . TN W
SECTION B8-8 & T - ~5L"“,-
SPINAL STAIRS NOT SHOWN T, b
k T i
37 & . L-¢*
s\ " Py kY L pe-seefs-ot4p
. '-,. . ‘."
A Py | ®
. a .
' ‘1 2 e I _‘?/
B T 1
/
4
e ! iy TYPICAL SECTION THRU
1 =48 8% 7-6° GALLERY
R & a NORIZONTAL
‘." ‘. »
1§ 1 : €
Trace of gutter” 1 § } S \-seiral ‘. LA )
.. " . steirs .__..'_lr_.l....'._n..:.._
& :
b .
. s 4|
. € b 5500 bes”
13 q
.r - 1] n
: N % Spacers
5 y :,{r. H
h-:, Lr—' 1 t’ lA:.
d == A
. - = 4
¥ TYPICAL SECTION THRY
. . 8'x?-6° GALLERY
L R LI NS 1mcLineo
11023 Deep Fecess

©
TYPICAL STAIRWELL

N 3 i L
L4 N
;ts‘n’-c‘mrm; Regess 10 woil
line gatlery. | where required..
4 " Tooled edges. ""'
. .- Sump grating p Kd
e ot shomm !.'.‘z‘......;:'-fx;-f:-‘
) " A ~le
. . [-Gufter
(~-14" Pipe droin o ., groting
Pm eee-To 30" puma 13chacge line o
SECTION C-C TYPICAL GUTTER

Figure 3-16. (Concluded)




EM 1110-2-2201
31 May 94

modulus to perform as intended. A distance of two diameters on either side of
the gallery provides sufficient thickness to mitigate the high vertical
stresses that concentrate along the gallery walls and to develop the necessary
section modulus. In thin arch dams, access galleries can be designed smaller
than 5 feet wide such as an elliptically shaped gallery 2 feet wide by 8 feet
high that contains lighting across the top, a noncorrosive grating for pedes-
trian traffic, and provides space for drainage.

3-5. Restitution Concrete. Because of topographical and geoclogical features,
all damsites are nonsymmetrical and have an irregular profile; however, during
the design of an arch dam, a significant saving in keyway excavation may be
achieved by building up certain regions of the footprint with mass concrete to
form an artificial foundation and provide a smooth perimeter for the dam. At
a particular site, restitution concrete may be local "dental" concrete, the
more extensive "pad," or "thrust blocks" along the crest. In each case, the
longitudinal and transverse shape is different for different design purposes,
and, accordingly, restitution concrete may be extensive upstream, downstream,
or around the perimeter of the dam. In keeping with the concept of efficiency
and economy, each arch dam design should be made as geometrically simple as
possible; the optimum is a symmetrical design. With this in mind, restitution
concrete can be added to the foundation to smooth the profile and make the
site more symmetrical, and/or provide a better distribution of stresses to the
foundation. Restitution concrete is added to the rock contact either before
or during construction; the concrete mix is the same mass concrete used to
construct the dam.

a. Dental Concrete. Dental concrete is used to improve local geologi-
cal or topographical discontinuities that might adversely affect stability or
deformation as shown in Figure 3-17. Discontinuities include joints, seams,
faults, and shattered or inferior rock uncovered during exploratory drilling
or final excavation that make complete removal impractical. The necessary
amount of concrete replacement in these weak geological zones is usually
determined from finite element analyses in which geologic properties, geo-
metric limits, and internal and/or external loads are defined. For relatively
homogenous rock foundations with only nominal faulting or shearing, the fol-
lowing approximate formulas can be used for determining the depth of dental
treatment:

d 0.002bH + 5 for H greater than or egqual to 150 feet
d = 0.3b + 5 for H less than 150 feet

where

height of dam above general foundation level, in feet

width of weak zone, in feet, and

depth of excavation of weak zone below surface of adjoining
sound rock, in feet

[oT R o gl
o

b. Pad. A concrete pad is added to the foundation to smooth the arch
dam profile, to make the site more symmetrical, to reduce excavation, and/or
to provide a better distribution of stresses on the foundation. To smooth the
profile, pad concrete is placed around the arch dam perimeter, made irregular
due to topography or geology, such as in box canyons or bridging low-strength
rock types. Such treatment is not unique to the United States. The
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additional thickness along the abutment is called a socle in Portugal. Arch
dams in nonsymmetrical sites can be designed more efficiently by constructing
a pad along the abutment of the long side. Reduced excavation is accomplished
by filling in a single but prominent depression with a pad rather than exca-
vating the entire abutment to smooth the profile. The pad, because it is
analogous to a spread footing, will reduce pressure and deformation, espe-
cially on weak rock.

(1) The pad in cross section has the geometric shape of a trapezoid.
The top surface of the trapezoid then becomes the profile for the arch dam.
To develop a smooth profile for the arch dam, the trapezoidal height will vary
along the contact. The size of the footing is a function of the arch abutment
thickness. At the contact of the arch and the pad, the pad thickness is
greater than the arch thickness by a nominal amount of 5 feet, or greater, as
determined from two-dimensional (2-D) finite element studies. The extra con-
crete thickness, analogous to a berm, is constructed on both faces. This berm
provides geometric and structural delineation between the dam and the pad.
Below the berm, the pad slopes according to the canyon profile. The slope is
described in a vertical radial plane. In a wide valley where gravity action
is predominant, a nominal slope of 1:1 is suggested on the downstream side.
In narrow canyons, where arch action is the major structural resistance, the
slope may be steeper. The upstream face may be sloped or vertical depending
on the loading combinations. For example, reservoir drawdown during the sum-
mer coupled with high temperatures will cause upstream deflection and corre-
sponding larger compressive stresses along the heel. Thus, to simulate the
abutment the upstream face should be sloped upstream. Otherwise, a vertical
or near vertical face will suffice. Normally, a constant slope will be suffi-
cient, both upstream and downstream. A pad should be used to £ill depressions
in the profile that would otherwise cause overexcavation and to smooth the
profile or to improve the site symmetry.

(2) The appropriate shape should be evaluated with horizontal and ver-
tical sections at points on the berm. Classical shallow beam structural
analyses are not applicable because the pad is not a shallow beam. For com-
pleteness, check the shape for stress and stability at several representative
locations around the perimeter. Loads to be considered in structural design
of the pad include moment, thrust, and shear from the arch dam, as well as the

3-25




EM 1110-2-2201
31 May 94

reservoir pressure. The load on the massive footing for a cantilever should
also include its own weight. Two-dimensional FEMs are ideally suited to shape
and analyze the various loads and load combinations. Reshaping and reanalysis
then can also be easily accomplished.

(3) Construction of the pad may occur before or during construction of
the arch dam. For example, if the foundation rock is very hard and/or mas-
sive, higher-strength concrete can be placed months before the arch is con-
structed. 1In this way, the pad concrete has time to cure and perhaps more
closely approximate the actual foundation conditions. Or, as with the socle
where a slightly different geometric shape is required at the arch abutment
than at the top of the footing, the more efficient method is to construct the
footing monolithic with the arch dam, in blocks, and lifts. Special forming
details are necessary at the berm; above and below the berm, normal slip form-
ing is sufficient. Artificial cooling and contraction joint grouting is rec-
ommended to avoid radial crack propagation into the dam from future shrinkage
and settlement. As with the arch dam, no reinforcing steel is necessary in
the foundation shaping concrete. Longitudinal contraction joints should be
avoided to prevent possible tangential crack propagation into the dam. If,
during construction, a significant crack should appear in the foundation or
dam concrete and continue to run through successive lifts, a proven remedy is
to provide a mat of reinforcing steel on the next 1ift of the block with the
crack but not necessarily across contraction joints.

c. Thrust Blocks. Thrust blocks are another type of restitution con-
crete. These components are constructed of mass concrete on foundation rock
and form an extension of the arch dam crest. They are particularly useful in
sites with steep side slopes extending about three-fourths the distance to the
top and then rapidly flattening. In such a site, significantly additional
water storage can be achieved by thrust blocks without a proportional increase
in costs. For small and short extensions beyond the neat line, the cross-
sectional shape can simply be a continuation of arch dam geometry as shown on
Figure 3-18; thus, for some distance past the neat line, arch action will
resist some of the applied load. Beyond that distance, cantilever action
resists the water load and must be stable as with a gravity dam. The exten-
sion may be a straight tangent or curved as dictated by the topography, as
shown in Figure 3-19. If curved, the applied load is distributed horizontally
and vertically, in which case the section can be thinner than a straight
gravity section. If straight, the tangent section will exhibit some horizon-
tal beam action, but conservatively, none should be assumed unless artificial
cooling and contraction joint grouting are utilized. For cases where the
thrust block sections are shaped as gravity dams, the analysis approximates
the thrust block stiffness by reducing the foundation modulus on those arches
connected to the thrust blocks. A reasonable value for the crest abutments is
100 kips per square inch (ksi). The abutment/foundation modulus should be
linearly interpolated at elevations between the crest and the first lower arxch
abutting on rock. The reliability of this assumption should be tested by
performing parametric studies with several different assumed rock moduli,
comparing arch and cantilever stresses on each face, and noting the stress
differences in the lower half of the dam. In general, stress differences
should be localized around the thrust blocks.
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CHAPTER 4

LOADING COMBINATIONS

4-1. General. Arch dams are designed for the same loads as other dams with
the exception of the temperature load which has a significant influence in
arch dam design as compared to gravity dam design. The loads for which an
arch dam must be designed are as follows:

a. Dead Load. Dead load is due to the weight of the concrete plus the
appurtenant structures. The unit weight of the concrete is based on the labo-
ratory test results of the mix design; however, for preliminary design a unit
weight of 150 pounds per cubic foot (pcf) can be used. The weight of the
appurtenances is normally negligible compared to the weight of the dam and may
be neglected in static design. 1In the case of a massive, overflow-ogee-weir
spillway or massive outlet works, it may be prudent to include these struc-
tures in the finite element model used for static and dynamic analyses.

b. Temperature Load. The temperature load results from the differences
between the closure (grouting) temperature and concrete temperatures in the
dam during its operation. The closure temperature is the concrete temperature
at the time of grouting of the contraction joints. This temperature, which in
effect is the datum for all the future temperature loading, is determined from
the results of the stress analyses of the dam under different loading combina-
tions. Another way to describe the closure temperature may be to consider it
as a stress-free temperature (only for dams that are grouted). For example,
if an arch dam is grouted at 55 °F, there will not be any stresses due to the
temperature loading in the dam as long as the operating temperature of the dam
remains at 55 °F. However, once the concrete temperature exceeds 55 °F, the
resulting positive temperature loading will cause compressive stresses in the
arches which in turn result in deflection into the reservoir. The opposite is
true when in the winter the concrete temperature goes below 55 °F. In this
case, the arches will experience tension which would cause deflection down-
stream. The selection of the closure temperature usually involves a compro-
mise between the ideal stress distribution in the dam and practical consider-
ations such as the feasibility of achieving the desired closure temperature.
The closure (grouting) temperature is one of the most important construction
parameters in arch dams because once the monolith joints are grouted, the
structure is assumed to become monolithic and the arch action begins. Follow-
ing the determination of the closure temperature, the individual blocks should
be sized to prevent cracking during construction and to provide satisfactory
contraction joint opening for grouting.

(1) The following hypothetical example may help explain the role of the
temperature load - and that of the closure temperature - in arch dams. Con-
sider an arch dam to be designed for a site with uniform air and water temper-
atures of 65 °F, i.e., no seasonal cyclic temperature changes in the air and
reservoir. Neglecting the effect of the solar radiation, the operational
concrete temperature is then the same as that of the air and reservoir:

65 °F. It is further assumed that there is no fluctuation in the reservoir
level, so the dam is subjected to the full reservoir load at all times. Since
the hydrostatic load in this example produces large tensile stresses along the
heel of the cantilevers, the design objective would be to counteract the

4-1




EM 1110-2-2201
31 May 94

tensile stresses by introducing a large temperature load which would cause the
cantilevers to deflect into the reservoir. This objective can be accomplished
by choosing the lowest possible closure temperature - say 35 °F - which would
result in a 30-°F (65 °F - 35 °F) temperature load.

(2) As seen in the simplified example, the closure temperature is a
design parameter which, within certain constraints, can be selected to help
achieve desirable stress distribution in arch dams; thus, it has an effect on
the geometry, i.e., the vertical and horizontal curvatures of the dam. Fig-
ure 4-1 shows the relationship between the closure temperature and the operat-
ing concrete temperatures which comprise the temperature loading as used for
the Portugues Dam, Ponce, Puerto Rico.

¢. Hydrostatic Load. The reservoir load is based on a study of the
reservoir operation. Unlike a gravity dam for which higher reservoir levels
would result in more critical cases, an arch dam may experience higher tensile
stresses (on the downstream face) under low reservoir elevations. Studies of
the reservoir operation should include the frequency of occurrence and dura-
tion of reservoir stages and the time of the year in which different water
stages occur. These data are used in conjunction with the appropriate temper-
ature information as shown in Figure 4-2 (see Chapter 8 for temperature
study) .

d. Earthquake Locad. For arch dams in earthquake zones, two levels of
earthquakes should be used. These are the Operational Basis Earthquake (OBE)
and the Maximum Design Earthquake (MDE). OBE is defined as a ground motion
having a 50 percent chance of exceedance in 100 years. The dam is expected to
respond elastically under the OBE (assuming continuous monolithic action along

the entire length of the dam). MDE is the maximum level of ground motion for
which the arch dam should be analyzed, and it is usually equated to the maxi-
mum credible earthquake (MCE). MCE is defined as the largest reasonable

possible earthquake that could occur along a recognized fault or within a
particular seismic source. If dam failure poses no hazard to life, an MDE
lower than MCE level of motion may be specified. Under the MDE, the dam is
allowed to respond nonlinearly and incur significant damage, but without a
catastrophic failure in terms of loss of life or economics. Close coordina-
tion should be maintained with HQUSACE (CECW-ED) during the selection process
of earthquake ground motions for arch dams.

e. Misgcellaneous Loads. Where applicable, loads due to ice and silt
should be included in the design of an arch dam. In the absence of design
data, an ice load of 5 kips per linear foot of contact along the axis may be
assumed. The silt load should be determined from the results of the sedimen-
tation study for the dam. If these loads are small compared to the other
loads, they can be neglected at the discretion of the designer.

4-2. Loading Combinations. Arch dams are designed for two groups of loading
combinations. The first group combines all the static loads and the second
group takes into account the effects of earthquake. Depending on the proba-
bility of occurrence of the cases in each group, they are labeled as Usual,
Unusual, and Extreme loading cases. It must be stressed that each dam is a
unique structure, and there are many factors to consider when deciding on the
loading combinations. Factors such as climatic conditions, purpose of reser-
voir, spillway usage, operation of reservoir (as designed and anticipated
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actual), and location have direct bearing on the approach taken in determining
and combining the loads and the classification of the loading combinations.
Figure 4-2 illustrates the selection of the loading combinations for the
Portugues Dam, Ponce, Puerto Rico. Tables 4-1 and 4-2 present the static and
dynamic loading combinations which must be investigated as a minimum. The
allowables and factors of safety are discussed in Chapter 11.

4-3., Selection of Load Cases for Various Phases of Design.

a. Reconnaissance. No detailed design is required during reconnais-
sance studies. The study in this phase is limited to the volume computation
as discussed in Chapter 6 for the purpose of comparative studies with other
types of dams. Of course, it is assumed that a suitable site exists for an
arch dam based on the geometry of the site and the type of foundation
material.

b. Feasibility. Limited design work should be accomplished during this
phase of the design. From the results of the basic hydrology study, the pre-
liminary loading combinations should be established and the temperature load-
ing on the dam should be estimated from a study of similar projects. Basic
dimensions of the dam should be determined using the procedure discussed in
Chapter 6 to the extent necessary to obtain the data required for stress
analysis. Only a static design analysis using two opposing loading combina-
tions is required at this time. Based on the results of the stress analysis,
a number of trials and adjustments in the geometry may be required to obtain
acceptable stress distribution throughout the dam.

c. Preconstruction Engineering and Design (PED). Detailed design and
analysis of the dam are to be performed during the PED phase with the results
presented in various Feature Design Memoranda (FDM). The load cases must be

established at the earliest stages of this phase. The temperature loading
needs to be determined from the results of the temperature study which is
initiated at beginning of PED, and the final reservoir elevations, their dura-
tions, and the time of year in which these reservoir stages are expected must
be determined in order to develop the loading combinations as shown in Fig-
ure 4-2. The selection of the loads for the loading combinations should be
given careful consideration. As an example related to Figure 4-2, it is comn-
sidered prudent to select the middle of September for the probable maximum
flood (PMF), although theoretically the PMF could happen at any time during
the 12-month cycle. The rationale is that it is more likely for the PMF to
occur in the middle of the wet season - for this particular site - than any
other time. The significance of the above example is in the "concrete temper-
ature occurring at that time," in accordance with case SEl, Table 4-1. If the
PMF is assumed to happen in April when the mean concrete temperature is at its
lowest, there would be a very small temperature on the dam (as shown by the
closure temperature and the mean low concrete curve in Figure 4-1) which would
result in too much conservatism. The opposite would be true if the PMF is
assumed in November.
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TABLE 4-1

Static Loading Combinations

SUl:

sU2:

SU3:

SUN1:

SUN2:

SUN3:

SEl:

tatic Usual (SU)

Minimum usual concrete temperature.
Reservoir elevation occurring at that time. Dead Load.

Maximum usual concrete temperature.
Reservoir elevation occurring at that time. Dead Load.

Normal Operating Reservoir Condition.
Concrete temperature occurring at that time. Dead Load.

Static Unusual (SUN)

Reservoir at spillway crest elevation.
Concrete temperature at that time. Dead Load.

Minimum design reservoir elevation.
Concrete temperature occurring at that time. Dead Load.

End of construction condition. Structure completed, empty
reservoir. Temperature Load.

Static Extreme (SE)

Reservoir at Probable Maximum Flood (PMF) elevation. Concrete
temperature occurring at that time. Dead Load.

TABLE 4-2

Dynamic Loading Combinations!

DUN1:

DUN2:

DEl:

Dynamic Unusual (DUN)

Operating Basis Earthquake (OBE) plus static load case SU3.
OBE plus static load case SUN3.

Dynamic Extreme (DE)

Maximum Design Earthquake (MDE) plus static load case SU3.

! See Chapter 11 for guidelines for treatment of dynamic response of the dam.
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CHAPTER 5

DESIGN LAYOUT

5-1. General Design Process. Design of an arch dam involves the layout of a
tentative shape for the structure, preliminary static stress analysis of this
layout, evaluation of the stress results, and refinement of the arch dam
shape. Several iterations through the design process are necessary to produce
a satisfactory design which exhibits stress levels within an acceptable range.
The final dam layout that evolves from the iterative design process is then
statically analyzed by the finite element method. "Static analysis" refers to
the analysis performed after a layout has been achieved through the design
process. "Preliminary stress analysis" refers to the method of analysis
performed during the iterative design process to investigate the state of
stress for tentative layouts. The computer program ADSAS (Arch Dam Stress
Analysis System) (USBR 1975) is used for the preliminary stress analysis and
is discussed in more detail in paragraph 5-5. GDAP (Graphics-based Dam Analy-
sis Program) (Ghanaat 1993a) is a special purpose finite element program, spe-
cifically developed for the analysis of arch dams. GDAP is discussed in more
detail in Chapter 6. Preliminary stress analyses are relatively quick and
inexpensive to run compared to the static analysis which is more detailed,
both in its input as well as its output. Although past history has shown that
results from both procedures are comparable, an arch dam layout that reaches
the static analysis phase may still require refinement, pending evaluation of
static analysis results.

5-2. Levels of Design. There are three phases of the life cycle process of a
project for which layouts are developed; reconnaissance, feasibility, and PED.
The degree of refinement for a layout is determined by the phase for which the
design is developed.

a. Reconnaissance Phage. Of the three phases mentioned in para-
graph 5-2, the least amount of engineering design effort will be expended in
the reconnaissance phase. Examination of existing topographic maps in con-
junction with site visits should result in the selection of several potential
sites. When selecting sites during the reconnaissance phase, emphasis should
be placed on site suitability, i.e., sites with adequate canyon profiles and
foundation characteristics.

(1) Reconnaissance level layouts for different sites can be produced
quickly from the empirical equations discussed in paragraph 5-4. Empirical
equations to determine concrete quantities from these layouts are presented in
paragraph 5-6. Alternatively, the structural engineer may elect to base
reconnaissance level layouts on previous designs which are similar in height,
shape of profile, loading configuration, and for which stresses are satisfac-
tory. However, it should be pointed out that most arch dams which have been
constructed to date are single-center. Because the technology exists today
which simplifies the layout of more efficient, multicentered arch dams, most
dams that will be designed in the future will be of the multicentered variety.
Therefore, basing a tentative, reconnaissance level layout on an existing
single-center arch dam may result in conservative estimates of concrete
guantity.
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(2) Topographic maps or quad sheets that cover an adequate reach of
river provide sufficient engineering data for this phase. From this region,
one or more potential sites are selected. The areas around these sites are
enlarged to 1:50 or 1:100 scale drawings. These enlarged topographic sheets
and the empirical formulas in paragraphs 5-4 and 5-6 will produce the geometry
and concrete volume for a reconnaissance level layout.

b. Feasibility Phase. Designs during the feasibility phase are used in
the selection of the final site location and as a basis for establishing the
baseline cost estimate. Feasibility designs are made in greater detail than
reconnaissance designs since a closer approximation to final design is
required.

(1) As a result of the work performed during the reconnaissance phase,
the structural engineer should now have available one or more potential sites
to evaluate during the feasibility phase. Using the iterative layout process
discussed in paragraph 5-4, tentative designs will be plotted, analyzed, eval-
uated, and refined for each potential site until a proposed layout evolves
that provides the best balance between minimal concrete volume and minimum
stress level. Load cases to be analyzed during the feasibility phase are
discussed in Chapter 4. From the sites evaluated and their respective lay-
outs, the structural engineer will select the most economical design, and this
will be carried into the PED phase. A baseline cost estimate will be devel-
oped for the final layout.

(2) The iterative layout process requires a certain amount of topo-
graphic and subsurface information. However, these data should be obtained
with the knowledge that funds for feasibility studies are limited. Aerial
topographic surveys of potential sites are required as well as a few core
borings to determine an approximation of the depth of overburden. Loading
conditions, as discussed in Chapter 4, should be defined.

c. Preconstruction Engineering and Design. Design work during this
phase is presented in the FDM which is also used to develop contract plans and
specifications. The final design layout produced during the feasibility stage
is subjected to further static and dynamic analysis during the PED phase. Any
remaining load cases that have not been analyzed during the feasibility phase
should be analyzed and evaluated at this time. This may require that any
missing data (operating conditions, thermal loads, etc.) be finalized prior to
the analysis. If results from all of the preliminary stress analysis load
cases indicate the final layout is acceptable, design may proceed to the
static FEM analysis. Otherwise, the layout requires refinement.

5-3. Procedure. A single-center, variable-thickness, arch dam is assumed for
the purpose of discussion. The procedure for laying out other types of arch
dams differs only in the way the arches are defined.

5-4. Manual Layout. Although the term "Layout of an arch dam" implies a
single procedure, layout actually consists of an iterative, refining process
involving several layouts, each successive one improving on the previous. The
first of these layouts require the structural designer to assume some initial
parameters which will define the shape of the arch dam. As stated in para-
graph 5-2a(2), a 1:50- or 1:100-scale topographic map of a dam site is
required before layout begins. If possible, the contours should represent

5-2
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topography of foundation rock; however, in most instances, only surface topog-
raphy is available at this stage of design. The structural designer must then
assume a reasonable amount of overburden, based on core borings or sound
judgement, to produce a topo sheet that reflects the excavated foundation.

a. Axis. The crest elevation required for the dam should be known at
this time from hydrologic data and this, in conjunction with the elevation of
the streambed (or assumed foundation elevation) at the general location of the
dam, determines the dam height, H (feet). The structural designer should
select a value for the radius of the dam axis (Rng). For the initial layout
where the engineer would have no reasonable estimate for the value of Ry
from a previous layout, the following empirical relationship has been derived
by the USBR (Boggs 1977) based on historical data from existing dams:

Ryqs = 0.6 Ly (5-1)

where L, represents the straight line distance (in feet) measured (from the
topo sheet) between abutments excavated to assumed foundation rock at the
crest elevation. At this time, the structural designer should also measure
the straight line distance between abutments excavated to assumed foundation
rock at an elevation (el)® 0.15H above the base (IL,). See example in Fig-
ure 5-1. These three variables (H, L,, and L,) are also used to define an
initial shape for the crown cantilever (paragraph 5-4c).
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Figure 5-1.

Determination of empirical values

L, and L,

1 A1l elevations (el) cited herein are in feet referred to the National
Geodetic Vertical Datum (NGVD).
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(1) On a sheet of vellum or transparent paper, an arc is drawn with a
radius equal to R,,, at the same scale as the topo sheet. This arc represents
the axis of the dam. The vellum is then overlaid and positioned on the topo
sheet so as to produce an optimum position and location for the dam crest; for
this position, the angle of incidence to the topo contour at the crest eleva-
tion (B in Figure 2-1) should be approximately equal on each side. As shown
in Figure 5-2, R,y Mmay require lengthening if the arc fails to make contact
with the abutments or if the central angle exceeds 120 degrees.

NS
\
i
:EE%RIE% ! E‘E%?% ;Nr
I
’,
J’ . // .«i:(
\‘ [ o g \
i/ // {
R T

Figure 5-2. Layout of dam axis

(2) The magnitude of the central angle of the top arch is a controlling
value which influences the curvature of the entire dam. Objectionable tensile
stresses will develop in arches of insufficient curvature; such a condition
often occurs in the lower elevations of a dam having a V-shape profile. The
largest central angle practicable should be used considering that the founda-
tion rock topography may be inaccurately mapped and that the arch abutments
may need to be extended to somewhat deeper excavation than originally planned.
Due to limitations imposed by topographic conditions and foundation require-
ments, for most layouts, the largest practicable central angle for the top
arch varies between 100 and 120 degrees.

b. Location of Crown Cantilever and Reference Plane. On the overlay,
locate the crown cantilever at the intersection of the dam axis and the lowest
point of the site topography (i.e., the riverbed). This corresponds to the
point of maximum depth of the dam. A vertical plane passing through this
point and the axis center represents the reference plane (or plane of cen-
ters). On the overlay plan, this plane is shown as a line connecting the
crown cantilever and the axis center. Later, when arcs representing arches at
other elevations are drawn, they will be located so that the centers of the
arcs will be located on the reference plane. Ideally, the reference plane

5-4
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should be at the midpoint of the axis. This seldom occurs, however, because
most canyons are not symmetrical about their lowest point.

c. Crown Cantilever Geometry. The geometry of the crown cantilever
controls the shape of the entire dam and, as a result, the distribution and
magnitude of stresses within the body. The empirical equations which follow
can be used to define thicknesses of the crown at three locations; the crest,
the base, and at el 0.45H above the base:

T, = 0.01(H + 1.2L,) (5-2)

3 e
T, = \10.0012HL1L2(4§0)4°° (5-3)
Tgas = 0.95Ty (5-4)

(1) In addition, upstream and downstream projections of the extrados

(upstream) and intrados (downstream) faces can also be arrived at empirically.
Those relationships are:

USPegger = 0.0 (5-5)
USPgaes = 0.67Ty (5-6)
USP, 4oy = 0.95Ty (5-7)
DSPeesr = Te (5-8)
DSPpez = 0.33T, (5-9)
DSPy 4y = 0.0 (5-10)

(Note: These empirical equations were developed by the USBR and are based on
historical data compiled from existing dams. However, the engineer is not
restricted to using the parameters derived from the empirical equations; they
are presented as an aid for developing initial parameters and only for the
first layout. Sound engineering judgement resulting from experience obtained
in arch dam layout may also be utilized when defining an initial layout or
refining a previous one. Values for subsequent layouts will consist of
adjustments, usually by engineering evaluation of stress analysis, of the
values used in the previous iterations.)

(2) As shown in Figure 5-3, the upstream and downstream projections at
the crest, base, and at el 0.45H above the base can now be plotted in eleva-
tion in reference to the dam axis. This plot is referred to as the "plane of
centers" view. The next step is to define the upstream and downstream faces
of the crown cantilever using a circular arc (or combinations of straight
lines and circular arcs) which passes through the upstream and downstream
projection points as shown in Figure 5-4. With the faces defined in this

5-5
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Figure 5-3. Empirically derived
projections of the crown
cantilever
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Figure 5-4. Definition of
upstream and downstream
faces
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manner, upstream and downstream projections at any elevation can be obtained.
This information will be necessary when laying out the arches.

d. Estimating the Dam Footprint. The axis of the dam on the topo-
graphic overlay corresponds to the upstream face of the dam at the crest. An
arc representing the downstream face of the crest can be drawn with the center
of the arc at the axis center and a radius equal to Ry reduced by the thick-
ness at the crest, T.. On the plan overlay, three points are identified to
aid in laying out the contact line between the foundation and the upstream
face of the dam. Two of the points are the intersection of the axis of the
dam with the foundation contour at the crest elevation at each abutment
(points A and B). The third point is the upstream projection of the crown
cantilever at the base. This point can be plotted in reference to the axis of
the dam based on information taken from the plane of centers view (Fig-
ure 5-5). Using a french curve, a smooth curve is placed beginning at the
upstream face of the crest on one abutment, passing through the upstream
projection of the crown cantilever at the base (point C), and terminating at
the upstream face of the crest at the other abutment (points A and B in
Figure 5-6).

NOTE: POINT b \ <
C" REFERS TO g
THE UPSTREAM ,
PROJECTION AT POINT.
BASE OF CROWM o
CANTILEVER
o
'

> // PONT B

POONT /

no’\

30

J/] ) '\

Figure 5-5. Contact points between dam and foundation at crest
and crown cantilever

e. Layout of the Archeg. Of all that is involved in arch dam layout,
this step is possibly the most difficult. For shaping and analysis purposes,
between 5 and 10 evenly spaced horizontal arches are drawn. These arches
should be spaced not less than 20 feet nor greater than 100 feet apart. The
lowest arch should be 0.15H to 0.20H above the base of the crown cantilever.

(1) Beginning at the arch immediately below the crest, determine, from
the plane of the centers view, the upstream and downstream projections of the
crown cantilever at that specific arch elevation. These projections are then

5-7
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UPSTREAM POINT
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' ’ .“.
AN =~
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AN &

Figure 5-6. Upstream contact line at dam-foundation interface

plotted on the plan view along the reference plane. Using a beam compass,
trial arcs representing the upstream face of the dam at that specific arch
elevation are tested until one is found which meets the following criteria:

(a) The arc center mugt lie along the reference plane.

(b) The arc must pass through the upstream projection of the crown
cantilever as plotted on the plan view.

(c) Both ends of the arc must terminate on the upstream contact line at
a foundation elevation equal to or slightly deeper than the arch elevation.

(2) Locating an arch which satisfies all of these criteria is a trial
and error process which may not be possible with a single-center layout. This
is generally the case when dealing with unsymmetrical canyons where different
lines of centers are required for each abutment (Figure 1-4). Figure 5-7
shows an example of an arch that meets the criteria. Of particular importance
is that the ends of the arch must extend into the abutments and not fall short
of them. This ensures that a "gap" does not exist between the dam and
foundation.

(3) This procedure is repeated to produce the downstream face of the
arch. Similar to what was performed for the upstream face, the downstream
projection of the crown cantilever is determined from the plane of centers
view and plotted on the plan view. The beam compass is then used to locate an
arc that meets the three criteria with the exception that the arc must pass
through the downstream projection of the crown cantilever with ends that ter-
minate on the radial to the extrados at the abutment (Figure 5-7). If the
same arch center is used for the upstream and downstream faces, a uniform
thickness arch is produced. If the arch centers do not coincide, the

5-8
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Figure 5-7. Typical layout of an arch section

arch produced will vary in thickness along its length (variable thickness
arch).

(4) Once a satisfactory arch has been produced, the locations of the
arch centers for the upstream and downstream face are marked along the refer-
ence plane on the plan view. Standard practice is to identify the extrados
(upstream) face with a triangle (a) and the intrados (downstream) face with a
circle (0). The corresponding arch elevation should be identified with each.
See Figure 1-5 for an example. Although these arch centers appear to lie on a
straigh line in plan, they all are positioned at their respective arch eleva-
tions, and it is highly unlikely that they are on a straight line in three-
dimensional (3-D) space.

(5) Arches at the remaining elevations are plotted in similar fashion.
Of particular importance to producing an acceptable plan view is to ensure
that the footprint, when viewed in plan, is smooth and free flowing with no
abrupt changes or reverse curvature. This requirement is usually met by the
fact that a footprint is predetermined; however, endpoints of arches may not
terminate exactly on the footprint. Revision of the footprint is necessary to
ensure that it passes through all actual arch endpoints prior to checking it
for smoothness.

f. Reviewing the Layout. Layout of an arch dam includes the prepara-
tion of three different drawings. The first is the plan view, which begins
with locating a crest and ends with plotting the arches. The second drawing
is a section, in elevation, along the reference plane, called the plane-of-
centers view. This view has been partially produced when the crown cantilever
was created, but it requires expansion to include the lines of centers, as
will to be discussed in paragraph 5-4£(1). The third drawing to be produced
is a profile (looking downstream) of the axis of the dam and the foundation.

5-9
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Proper review includes examining all views for "smoothness," because abrupt
changes in geometry will result in excessive stress concentrations. The term
"smoothness" will be discussed in the following paragraph. Only when the plan
view, plane of centers, and profile demonstrate "smoothness" and are in agree-
ment is the layout ready for preliminary stress analysis. It should be
pointed out that all three views are dependent on each other; when making
adjustments to the geometry, it is impossible to change parameters in any view
without impacting the others.

(1) Creating and Reviewing the Plane-of-centers View. 1In addition to
the crown cantilever, the plane of centers also includes the lines of centers
for the upstream and downstream face. A section is passed along the reference
plane in plan to produce the plane-of-centers view. Each arch center,
upstream and downstream, is plotted in elevation in reference to the axis
center, as shown in Figure 5-8. The lines of centers are produced by attempt-
ing to pass a smooth curve through each set of arch centers (Figure 5-9).
These lines of center define the centers for all arches at any elevation. If
the curve does not pass through the arch centers located during the arch lay-
out procedure, those arch centers will be repositioned to fall on the appro-
priate line of centers. Those particular arches will require adjustment on
the plan view to reflect the change in position of the arch center. The
structural engineer should understand that this adjustment will involve either
lengthening or shortening the radius for that particular arch which will
impact where the ends of the arch terminate on the abutments. Lines of cen-
ters should be smooth flowing without abrupt changes and capable of being
emulated using combinations of circular curve and straight line segments, as
shown in the example on Figure 5-10. The circular arcs and straight line seg-
ments used to define the lines of centers will be input into ADSAS when per-
forming the preliminary stress analysis.

AX[S OF DaM

4 .

)
; AXIS
CENTER O
O &
O A
0 A
ARCH CENTERS
PLOTTED ALONG
0 A REFERENCE PLANE

|
I

CROWN LINES OF CENTERS
CANTILEVER

Figure 5-8. Plotting of arch centers along
reference
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Figure 5-9. Development of the lines of centers

L N
OEF INED BY CIRCULAR ARC
SECTIONS AND SLOPED LINE
AXIS OF DAM SEGMENY {UPSTREAM L INE

/ | NOY DEFINED FOR CLARITY)
RIHS

e of

1

AXIS
CENTER

DOWNSTREAM
» LINE OF CENTERS
,4’9‘)

POINTS OF
TANGENCY

UPSTREAM
LINE OF CENTERS

CROWN LINE OF CENTERS
CANTILEVER

Figure 5-10. Defining the lines of centers
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(2) Developing the Profile View. Once a satisfactory plan view and
plane-of-centers view has been obtained, the profile view is ready to be
created. The profile view is used to examine the amount of excavation that a
particular layout has induced. The profile view consists of a developed ele-
vation of the upstream face of the dam (looking downstream) with the founda-
tion topography shown. It should be noted that this is a developed view
rather than projection of the upstream face onto a flat plane. This "unwrap-
ping" results in a view in which no distortion of the abutments exists. Fig-
ures 5-11 and 5-12 show, respectively, examples of acceptable and unacceptable
profiles.

AM /
'\\\H\ __‘(,--CREST OF D

FOUNDATION GRADE

BASE OF DAaM

Figure 5-11. Example of an acceptable developed
profile view

_\‘ —— CREST OF DAM /

ARCHES DO NOT EXTEND
FAR ENOUGH INTO ABUTMENT

FOUNDATION GRADE

N

BASE OF DaM

Figure 5-12. Example of an unacceptable developed
profile view

(3) Foundation of Dam. In general, the foundation of the dam should be
as the lines of centers: smooth and free flowing with no abrupt changes in
geometry. The base of the dam must also extend into the foundation; other-
wise, an undesirable condition develops in that "gaps" will occur between the
base of the dam and the foundation, requiring foundation treatment. Pro-
nounced anomalies should be removed by reshaping the affected arches until a
smooth profile is obtained.
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5-5. Preliminary Stress Analyses. After a satisfactory layout has been
obtained, a preliminary stress analysis is performed to determine the state of
stress of the dam under various loading conditions. The computer program
ADSAS was developed by the USBR (1975) for this purpose. The Corps of Engi-
neers adapted ADSAS for use on a microcomputer. ADSAS is based on the trial
load method of analysis. A discussion on the theory of the trial load method
is beyond the scope of this document; however, the USBR (1977) addresses this
topic in detail.

a. ADSAS Input. While an exact description of the steps necessary to
prepare an input data file for ADSAS is documented in the operations manual
(USBR 1975) and an upcoming Corps of Engineers’ manual. A brief description
is included here. A typical ADSAS input data file contains four groups of
information: a geometry definition section, material properties, loading
conditions, and output control cards.

(1) Geometry Definition. Critical to the success of obtaining an accu-
rate analysis is the ability to convey to the program the geometry which
defines the shape of the arch dam. This geometry consists of:

(a) Crown cantilever geometry. Base elevation, crest elevation, pro-
jections of the upstream and downstream faces at the crest and the base, X and
Y coordinates, and radii of all circular arcs used in defining the upstream
and downstream faces, and slopes of any straight line segments used in defin-
ing the upstream and downstream faces.

(b) Lines-of-centers geometry. Axis radius, X and Y coordinates and
radii of any circular arcs used in defining all lines of centers, slopes of
any straight line segments used in defining all lines of centers, elevations
at intersections between segments defining lines of centers, and horizontal
distances from axis center to intrados and extrados lines of centers.

(c) Arch geometry. Elevations of all arches, angles to abutments for
all arches, and angles of compound curvature.

All data required for the crown cantilever and lines of centers geometry are
taken from the planes-of-centers view while data required for the arch geome-
try should be available from the plan view.

(2) Materials Properties. ADSAS analysis also requires material prop-
erties of both the concrete and the foundation rock. These data include modu-
lus of elasticity of the concrete and foundation rock, Poisson’s ratio for the
concrete and foundation rock, coefficient of thermal expansion of the con-
crete, and unit weight of concrete.

(3) Loading Conditions. During layout, only static loading conditions
are analyzed. Static load cases are discussed in Chapter 4. ADSAS is capable
of analyzing hydrostatic, thermal, silt, ice, tailwater loads, and dead
weight.

(4) Output Control. ADSAS provides the user with the ability to toggle
on or off different portions of the output to control the length of the report
while capturing pertinent information.
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5-6. Evaluation of Results. Evaluation requires a thorough examination of
all the analytical output. Types of information to be reviewed are the crown
cantilever description, intrados and extrados lines of centers, geometrical
statistics, dead load stresses and stability of blocks during construction,
radial and tangential deflections and angular deformations, loading distribu-
tions, arch and cantilever stresses, and principal stresses. If any aspect of
the design is either incorrect or does not comply with established criteria,
modifications must be made to improve the design.

a. Resultant Components. Evaluation of the arch dam may also include
examination of the resultants along the abutments. These resultants are sepa-
rated into three components; radial, tangential, and vertical. The combined
radial and tangential resultant should be directed into the abutment rock. 1In
the lower arches, that abutment may tend to parallel the surface contours or
daylight into the canyon. Prudent engineering suggests that the resultant be
turned into the abutment. The solution may be a combination of increasing
stiffness in the upper arches or flexibility in the lower arches. The effect
is mitigated by including the vertical component which then directs the total
resultant downward into the foundation.

b. Volume of Concrete. One major factor of a layout that requires
evaluation is the volume of concrete that is generated. ADSAS computes this
volume as part of its output. If a quantity is desired without proceeding
through a preliminary stress analysis (as for a reconnaissance layout), that
value can be arrived at empirically by the following eguation (see para-
graph 5-4a for definition of variables):

(H + 0.8L,)

Vv = 0.000002HL, — %
1 2

+ 0.0004HL, [H + L,] (5-11)

The volume of concrete calculated in ADSAS or derived from Equation 5-11 does
not reflect mass concrete in thrust blocks, flip buckets, spillways, or other
appurtenances.

5-7. Improvement of Design. The best of alternative designs will have
stresses distributed as uniformly as possible within allowable limits combined
with a minimum of concrete. Where to terminate a design and accept a final
layout based on these criteria are difficult in some dams with widely varying
loading conditions, such as with a flood control dam which has periods of low
and high reservoir elevations. The primary means of effecting changes in the
behavior of the dam is by adjusting the shape of the structure. Whenever the
overall stress level in the structure is far below the allowable limits, con-
crete volume can be reduced, thereby utilizing the remaining concrete more
efficiently and improving the economy. Following are some examples of how a
design can be improved by shaping.

a. Loads and Deflections. Load distribution and deflection patterns
should vary smoothly from point to point. Often when an irregular pattern
occurs, it is necessary to cause load to be shifted from the vertical canti-
lever units to the horizontal arches. Such a transfer can be produced by
changing the stiffness of the cantilever relative to the arch.
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b. Reshaping Arches. If an arch exhibits tensile stress on the down-
stream face at the crown, one alternative would be to reduce the arch thick-
ness by cutting concrete from the downstream face at the crown while
maintaining the same intrados contact at the abutment. Another possibility
would be to stiffen the crown area of the arch by increasing the horizontal
curvature which increases the rise of the arch.

c. Reshaping Cantilevers. When cantilevers are too severely undercut,
they are unstable and tend to overturn upstream during construction. The
cantilevers must then be shaped to redistribute the dead weight such that the
sections are stable. Severe overhang will cause tension to develop on the
upper upstream face, contraction joints in the affected area to close, and
prevent satisfactory grouting.

d. Force-stress Relationship. Shaping is the key to producing a com-
plete and balanced arch dam design. The task of the designer is to determine
where and to what degree the shape should be adjusted. Figure 5-13 should be
used to determine the appropriate changes to be made to the structural shape.
If an unsatisfactory stress condition is noticed, the forces causing those
stresses and the direction in which they act can be determined by Figure 5-13.
For example, the equations of stress indicate which forces combine to produce
a particular stress. Knowing the force involved and its algebraic sign, it is
possible to determine its direction from the sign convention shown on the
figure. With that information the proper adjustment in the shape can be made
so that the forces act to produce the desired stresses.

5-8. Presentation of Design Layout. Figures and plates that clearly show the
results of the design layout and preliminary stress analyses should be
included in the FDM. Plates that illustrate and describe the detailed geome-
try of the arch dam include:

a. Plan View. Arches, arch centers, angles to the abutments, axis
center, dam-foundation contact line, and dam orientation angle are some items
that are included in this view of the dam overlaid on the site topography
(Figure 1-5).

b. Section along Reference Plane. This plate includes all the informa-
tion that defines the vertical curvature of the crown cantilever and the
line(s) of centers (Figure 1-6).

c. Cantilever Sections. All cantilevers generated during the prelimi-
nary stress analysis should be shown. Showing the thickness at the base and
at the crest of each cantilever is also recommended as shown in Figure 5-14.

d. Arch Sections. Arch sections generated as a result of the prelimi-
nary stress analysis should be plotted. Appropriate thicknesses at the refer-
ence plane and at each abutment should be shown for each arch as shown in
Figure 5-15.

e. Profile. A profile, developed along the axis of the dam, should be
presented, showing locations of cantilevers and the existing foundation grade
as shown in Figure 5-16.
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CANTILEVER SECTIONS

Figure 5-14. Cantilever sectioms
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Figure 5-17. ADSAS model

f. ADSAS Model. A plot showing the model of cantilever and arch units
generated by ADSAS and the associated cantilever and arch numbering scheme is
plotted and shown in the FDM as shown in Figure 5-17.

g. Stress Contours. Contour plots of arch and cantilever stresses on
the upstream and downstream faces for all load cases are presented in the FDM
as shown in Figure 5-18.

h. Dead Load Stresses. Stresses produced in the ungrouted cantilevers
as a result of the construction sequence should be tabulated and presented in
the FDM as shown in Figure 5-19.

5-9. Computer-assisted Layouts. The procedures mentioned in this chapter
involve manual layout routines using normal drafting equipment. As mentioned,
the iterative layout procedure can be quite time consuming. Automated capa-
bilities using desktop computers are currently being developed which enable
the structural designer to interactively edit trial layouts while continuously
updating plan, plane of centers, and profile views. When an acceptable layout
is achieved, the program generates an ADSAS data file which is input into a PC
version of ADSAS. 1In all, developing these tools on a desktop computer allows
the structural designer to proceed through the layout process at a faster rate
than could be achieved manually, thereby, reducing design time and cost.
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Figure 5-18. ADSAS stress contours
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MINIMUM DEAD LOAD STRESSES (IN PSI) BY CA