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Preface

This user’s guide documents the features in the microcomputer version of the
Arch Dam Stress Analysis System (ADSAS). ADSAS is primarily the trial load
method of analysis. ADSAS was initially developed in the mid-1970's by engineers
at the U.S. Bureau of Reclamation to run on a mainframe computer. With recent
advances in computer technology, the Corps of Engineers adapted ADSAS for use
on a microcomputer.

ADSAS is an engineering tool for the design and analysis of arch dams. It is not
a substitute for sound engineering judgment. Although it has been used for the
solution of many problems and has given satisfactory results, a potential user of the
ADSAS computer program has the responsibility for its proper application to a pro-
posed problem and the correctness of the data preparation. The user of this guide
and of the ADSAS computer program should already have: (1) a knowledge of
general structural analyses; (2) a specific knowledge of arch dams including the
knowledge required to determine critical load combinations; (3) a general computer
proficiency; and (4) the capability of recognizing and interpreting the results from
ADSAS. Assistance in all of these areas should be provided by experienced
engineers.

This guide was compiled and written by the Headquarters, U.S. Army Corps of
Engineers (HQUSACE), sponsored Computer Aided Structural Engineering
(CASE) Arch Dam Task Group. Task group members during the development of
this guide were:

Mr. Byron J. Foster CESAD-EN (Chairman)
Mr. Donald R. Dressler CECW-ED
Mr. Jerry L. Foster CECW-ED
Mr. H. Wayne Jones CEWES-IM-DS
Mr. G. Ray Navidi CEORH-ED (formerly)
Mr. William K. Wigner CESAJ-EN
Mr. David A. Dollar CESAJ-EN
Mr. Larry K. Nuss USBR
Mr. Terry W. West FERC-ARO

The work was accomplished under the general supervision of Dr. N.
Radhakrishnan, Director, Information Technology Laboratory (ITL), U.S. Army



Engineer Waterways Experiment Station (WES), and under the direct
supervision of Mr. H. Wayne Jones, Computer-Aided Engineering Division

(CAED), ITL, WES. The technical monitor for HQUSACE was Mr. Donald R.

Dressler.

At the time of the publication of this report, Director of WES was
Dr. Robert W. Whalin. Commander was COL Robin R. Cababa, EN.

The contents of this report are not to be used for advertising, publication, or
promotional purposes. Citation of trade names does not constitute an
official endorsement or approval of the use of such commercial products.
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Conversion Factors,
Non-SI to Sl Units of
Measurement

Non-ST units of measurement used in this report can be converted to SI units as

follows:
Multiply By To Obtain
Fahrenheit degrees 5/9 Celsius degrees or Kelvins'
feet 0.3048 meters
foot-pounds (force) 1.35518 meter-newton
kips (force) 4.448222 kilo-newton
pounds 4.535924 kilograms
pounds (force) per cubic 0.157087 kilo-newton per cubic meter
foot
pounds (force) per square 47.88026 Pascal
foot
pounds (force) per square | 6.894757 kilo-Pascal
inch
! To obtain Celsius © temperature readings from Fahrenheit (F) readings, use the following formula:
C = (5/9) (F-32)._To obtain Kelvin (K) readings use: K = (5/9) (F-32) + 273.15.
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1 Introduction

This chapter provides an overview of the Arch Dam Stress Analysis System
(ADSAS) program, a computerized version of the trial load method of analyzing
arch dams. ADSAS was developed over many years, beginning in the mid-1970's,
by engineers at the U.S. Bureau of Reclamation (USBR). It has been widely used in
designing and analyzing arch dams. This user’s guide and the ADSAS computer
program contain terminology which may not be common to all engineers or may
have different meanings than those used by other arch dam designers. Therefore,
definitions of the terms as they apply to this guide and to the ADSAS computer
program are furnished in Appendix A.

The ADSAS program assumes linear elastic behavior for the entire dam,
although it does have the capability to do a crack analysis. The assumption of linear
elastic behavior means that the dam is assumed to support the computed tensile
stresses both within the concrete mass and across the monolith joints without
cracking or joint opening. The evaluation of tensile stresses resulting from a linear
elastic analysis of arch dams is discussed in EM 1110-2-2201, “Arch Dam Design.”

It 1s also important to note that ADSAS views arch dams looking upstream.
This methodology will require most engineers of dams to revise their view of dams
since it is more common practice to identify “left” and “right” from a viewpoint
looking downstream.

Trial Load Method

The ADSAS program is based on the trial load method of analysis. A complete
description of the theory of the trial load method can be found in USBR publications
(1938, 1977a), and Ghanaat (1993). Only a brief overview will be presented in this
chapter. :

As the name implies, the trial load method is a method of trial in distributing the
load between the arches and cantilevers until the deflections of the common points
are in agreement. The trial load method divides the structure into 1-ft-wide arch and
cantilever elements. Applied loads are split between these arch and cantilever
elements, and the deformations of each element are determined. The deformations
included in an ADSAS analysis are: (a) radial deflections; (b) tangential

Chapter 1 Introduction
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deflections; and (c) horizontal and vertical rotations. The deformations at the
intersections of the arch and cantilever elements are compared, and the loads are
adjusted until a final distribution of the loads is found which causes equal or near
equal deformation at the intersections of the elements. The procedure requires
several iterations of load adjustments to reduce secondary effects to a minimum.

Once the estimated distribution of load between horizontal (arches) and vertical
(cantilever) elements has been determined, the resulting arch, cantilever, and princi-
pal stresses are calculated. Stresses are calculated at the upstream and downstream
faces of the dam at the intersection of the arch and cantilever elements and at the
arch quarter points.

Appendix B provides the general organization of ADSAS and a summary of the
steps ADSAS uses to accomplish the process discussed above.

While the trial load method is not considered to be as accurate as the finite ele-
ment method, ADSAS can produce results that compare favorably with those of a
finite element analysis with a properly defined mesh. For dams that fit the ADSAS
format, the trial load method does have an advantage over the finite element method
in that the models can be constructed with input taken directly from the layout draw-
ings. In addition, the computation time for ADSAS is usually much shorter than
that with a finite element program. Also, changes or modifications in the arch dam
layout can be made with a minimum number of changes to the input file. These
qualities make ADSAS a logical choice for performing preliminary stress analysis
during the layout process.

Layout Process

Initial Layout

(ADSAS)

Are stresses
and deflections
acceptable?

As shown in Figure 1-1, the
process of designing an arch
dam begins by making an ini-
tial layout based on parameters
identified in Chapter 5 of EM
1110-2-2201. This initial
layout can be analyzed using
ADSAS to compute stresses
and deformations for each of
the load cases. If the calculated
stresses are found to be unac-
ceptable according to the
criteria in EM 1110-2-2201,
Figure 1-1. Flow chart for the arch dam design  the geometry is modified in an

process attempt to improve those
stresses. The new geometry is
analyzed and the new stresses and deformations are evaluated for each load case.
This iterative process is continued until an acceptable stress distribution is achieved
with a minimum volume of concrete.

Go to
next phase

evise
ayout
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Input Requirements and File Structure

As noted earlier, ADSAS was initially developed in the mid-1970's. Like most
programs written in that time frame, the ADSAS program was written when input
files were read using card readers. As a result, the lines in the input file are still
referred to as “cards.” Hereafter in this user’s guide, the word “card(s)” will be
used and refers to certain lines of the input file. In addition, the data on the cards
are in a fixed field format. This makes it critical that the data be organized carefully
to avoid errors in the analysis. As a means of checking the input, ADSAS performs
geometry checks and echoes the input values with descriptors in the output file.

It is also critical that the cards be placed in the proper order within the input file.

The cards must be arranged in the sequence of analytical operations performed by
ADSAS.

The input data required for ADSAS include sufficient geometric parameters to
define the dam, material properties, and loading conditions. In addition, the extent

of the analysis performed by ADSAS and the type and amount of output are con-
trolled by the user by setting “flags” on certain control cards.

Running ADSAS

ADSAS will run on most IBM-compatible computers with DOS version 3.0 or
later. It currently will not run under Windows. ADSAS is not compatible with
some memory drivers and managers such as HIMEM.SYS and EMM386.EXE.

To run the microcomputer version of ADSAS the input data must be contained

in a file called ADSAS.DAT. The program is executed by typing ADSASE and
pressing the «Enter key. The output is contained in the file ADSAS.OUT.

Organization of This User’s Guide

The chapters herein can be divided into several parts as described below:
a. General data requirements (Chapters 2-5).

b. Modeling techniques (Chapter 6).

o

Special layouts and analyses (Chapter 7).
d. Detailed description of the input cards (Chapter 8).

e. Guidance in interpreting ADSAS output data (Chapter 9).

Chapter 1 Introduction 1-3
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The first part describes the general data requirements. In many cases, the
location of information in an ADSAS input file changes depending on the design
requirements. In addition, there are numerous “flags” which tell ADSAS where the
data can be found in the input file, what type of analysis is to be performed, and
what tables to include in the printout. A general description of the various options
is presented in Chapters 2 through 5.

Chapter 6 provides some general guidance on modeling techniques including
grid selection. Chapter 7 contains some special layout capabilities in ADSAS.

Chapter 8 provides the detailed description of the data required for each of the
input cards. As noted earlier, the ADSAS computer program uses a fixed field
format for all input data. It is critical that the data be properly placed on each card
and that changes to the cards during subsequent layouts be made carefully. Most of
the problems that occur in using ADSAS are in accidentally typing or shifting data
out of its specified field (column) when making hurried changes between layout
runs.

Chapter 9 includes some guidance in interpreting the ADSAS output. The
output file from ADSAS can be very large and may appear cryptic to a user who is
not familiar with the trial load method. The information in Chapter 9 is not intended
as guidance on how to evaluate an arch dam. It is included in this guide only to help
the user understand the difference between terms like “TAL/TO” and “TAR/TO” in
the ADSAS printout. Guidance on arch dam criteria can be found in numerous
other publications.

Also included herein are example files (Appendix C) and error messages
(Appendix D). These appendixes should, hopefully, help the user in developing an
input file for ADSAS and locating input errors. Most of the input files shown in
Appendix C are taken from actual projects; but the files have been modified to
demonstrate several of the various features in ADSAS. Appendix E is an index of
the ADSAS input cards and their location in the user’s manual.

Limitations

ADSAS is limited to 4 free cantilevers and a total of 144 arch/cantilever inter-
section points. This number does not include the intersection points with the abut-
ment or foundation. For example, 11 arches and 2 free cantilevers produce
143 intersection points. Ten arches and 4 free cantilevers produce 140 intersection
points.

There are several geometric limitations in the current version of ADSAS.
ADSAS can only accept one-, two-, or three-centered layout(s). The line of centers
for the dam must fall in a straight line. For three-centered layouts, the outer seg-
ments must be parallel to the inner segment. And ADSAS cannot accept filets and
should not be used to model multiple-arch dams.

.Chapter 1 Introduction



ADSAS can perform a pseudostatic analysis (seismic coefficient) and a response
history analysis. However, response history analyses using ADSAS are not gener-
ally recommended, and the details of how to perform these analyses are not included
in this guide. If a dynamic analysis is needed, it is usually preferable to use the
finite element method.

In addition, no preprocessing or postprocessing capabilities currently exist
within the ADSAS program.

Units of Measure

The following are the standard units used in ADSAS:

a.

b.

Chapter 1 introduction

All elevations (el), stations, and distances are in feet (ft).
Material unit weights are in pounds per cubic foot (pcf).

Modulus of elasticity of the concrete and the deformation modulus of the
foundation are in pounds per square inch (psi).

Hydrostatic and silt pressures are in pounds per cubic foot (pcf).
Temperatures are in degrees Fahrenheit (°F).

Moments are in foot-pounds (ft-1b).

Thrusts, shear, and resultant forces are in pounds (Ib).

The final stresses are in pounds per square inch (psi). Computed stresses
prior to the principal stresses are in pounds per square foot (psf).

Radial and tangential deflections are in feet (ft).

Twist rotations are in radians (rad).
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2 Control and Title Cards

ADSAS uses numerous “flags” to control the type of analysis and the amount of
output from the analysis. There are also flags that tell ADSAS where in the input
deck and in what format the material properties and geometry will be included.
These flags are contained on the control cards at the beginning and at the end of
every ADSAS input file. Figure 2-1 shows the typical control cards used in each
ADSAS run. Once the user has set these control cards for a particular dam or
layout, they will not normally change from run to run.

[A NSNS HEN

O

1
51
2
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2
3
4
-
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Figure 2-1. Control cards for a typical ADSAS run. The arrows (“~") indicate the cards containing control
and title data
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In addition to the control cards, a project description can be included in the file.
This chapter briefly describes the control and title cards and their general
purpose. The detailed explanation of the control cards and all other cards used by
ADSAS can be found in Chapter 8.

The MASTERIO card is the master input/output card. This card controls the
type of analysis being performed by ADSAS. The available types include: a
geometry and abutment analysis; an arch analysis; a cantilever analysis; various
adjustments; and a stress analyzer. In most cases, all of the various analyzers within
ADSAS should be run with each ADSAS analysis. Therefore, the MASTERIO
card should always remain identical to that shown in Figure 2-1.

The 1-0 card is the second card shown in Figure 2-1 and is the title card. The 1-
0 card allows the user to input some identification for the dam. Shown in Figure 2-
1 is a test problem with the indication that it is for study number 16, case number
01. For example, the study number could designate the number of layouts that have
been considered, and the case number could be used to designate the loading
combination. The identification number and case number are written on the output
listing.

The 2-0 card is an operational control card. It is used to tell ADSAS if normal
setup is to be used or if a special, user-supplied setup will be furnished. It also
establishes certain internal operations. The flag in column 11 is usually the only
option that the user needs to change. All other control flags should be considered
fixed to the values shown in Figure 2-1 and should not be changed. The 2-0 card
shown in Figure 2-1 has a “0” in column 11 which is for the normal setup. If a“1”
is placed in column 11 of the 2-0 card, then ADSAS will expect to read a 1-1 card
(see below).

The 3-0 card contains three types of information. The first set (columns 11
through 22) are flags which tell ADSAS: the type of analysis being run; the types of
loads to be included in the analysis; the type of layout (one-, two-, or three-
centered); and the type of foundation properties (uniform versus variable). These
flags are shown in the darker shaded area of the 3-0 card in Figure 2-1. Also
contained on the 3-0 card are various concrete and foundation material properties,
the seismic coefficient (for pseudostatic analysis), and the closure temperature.
Descriptions of these other items are included in Chapters 3 and 5.

The 1-1 card (not shown in Figure 2-1) controls a portion of the printout from
ADSAS. Tt also controls where arch properties are computed (at cantilever inter-
sections or at the arch quarter points). The 1-1 card is not normally used and is
only required when the flag in column 11 of the 2-0 card is set to “1.”

The 1-2 card controls the abutment analysis within ADSAS. This includes
options such as whether the user inputs Vogt's (1925) constants or ADSAS
computes them. The 1-2 card also controls the printing of various tables associated
with the foundation such as the x and y coordinates of the contact surface.
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The 1-3 card controls the cantilever analysis within ADSAS. Like the other
control cards it controls the amount of output for an ADSAS run. It can also tell
ADSAS other items such as if additional cards should be read (e.g., the 3-3 and 4-3
cards) and if the moment due to the dead weight of the concrete should be
distributed between the arches and cantilevers.

The 1-4 card controls the printing of various tables from the arch analysis
within ADSAS.

In addition to controlling the printing of various tables, the 10005 card controls
the number of adjustment cycles. It also controls the units for the stresses (pounds
per square inch versus tons per square meter). (Note: The zeros must be input for
the 10005 card.)

The 1-10 card controls whether or not ADSAS will scan and print the maximum
and minimum stresses from the stress analyzer.

The last card in the data file is the *ENDFILE card.

Chapter 2 Control and Title Cards
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3 Material Properties

Concrete Properties

All concrete properties are included on the 3-0 card. There are only four con-
crete material properties used in ADSAS: modulus of elasticity; Poisson's ratio;
coefficient of thermal expansion; and unit weight. The default values for these
properties are shown in Figure 3-1. The modulus of elasticity (E,) is in million psi.
The coefficient of thermal expansion (e) is in millionths per °F, and the unit weight

(yp is in pcf.

Figure 3-1. Concrete material properties

Foundation Properties

Foundation properties are included on the 3-0 card or on a combination of the
3-0 and 7-1 cards. In ADSAS the foundation is approximated by a series of inde-
pendent springs. The elastic constants of these springs are determined from the
Vogt's flexibility coefficients of a semi-infinite isotropic foundation (USBR 1977a,
Vogt 1925). The foundation stiffness (deformation modulus) can be modeled either
as a single value for the entire foundation, or it can be varied by elevation and abut-
ment. If the deformation modulus is uniform throughout the foundation, the modu-
lus is included only on the 3-0 card. Figure 3-2 shows the case where a single
(uniform) deformation modulus has been used. The values shown in Figure 3-2 are
the default values. A modulus greater than 7,000,000,000 psi will simulate a fixed
foundation.

If the deformation modulus is variable between abutments and/or with elevation,
a flag of 1 is set on the 3-0 card and the varying moduli are included on the
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Figure 3-2. Example for case of uniform deformation modulus throughout foundation

7-1 cards. Figure 3-3 shows the case where the deformation modulus is varied by
elevation and abutment.

Figure 3-3. Example of deformation modulus varying with elevation and between abutments
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4 Defining the Geometry

A majority of the cards in the ADSAS input deck are used to define the geometry
of the dam (Table 4-1 and Figure 4-1). The order shown in Table 4-1 is the same
order as that in which the cards should appear in the ADSAS file. These cards are
discussed in general terms in this chapter with a more detailed description given in

Chapter 8.

Table 4-1

Cards Needed to Define the Geometry of an Arch Dam in ADSAS

Card Description of Part of Geometry Defined

3-0 Column 20 flags the type of layout (1-, 2-, or 3- cenneredi)

4-0 Elevation of top and bottom of dam and elevation of top of grout

3-1 Base of dam description

4-1 Base of dam description. (Auxiliary card for 2- or 3-centered layouts

5-1 Crown cantilever and line of centers descriptions

6-1 Top of dam description

7-1 Arch descriptions

8-1 Compound curvature description for 3-centered layouts

9-1 Compound angles for 3-centered layouts. [This card is only needed if the
compound curvature angle (wﬁ) varies with elevation.]

Figure 4-1 shows a complete input file; the cards in the darker shaded area are
those needed to define the dam geometry. Figures 4-2 through 4-11 show the
various features of an arch dam and the ADSAS cards that contain the information
on those features. In Figure 4-2, five different cards are used to describe the crown
cantilever. Figure 4-3 gives an example of those cards. Figures 4-4 and 4-5 show
the information needed for the lines of centers (LOC). Figures 4-6 and 4-7 show
how the angles to the abutments are identified for single-centered and two-centered
layouts. Figures 4-8 and 4-9 show how all angles for the three-centered layout are
defined. Figures 4-10 and 4-11 show how the arch elevations are specified as well
as the base of the crown cantilever and any free cantilevers.
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Figure 4-1. Summary of data file. The darker shaded areas represent cards or parts of cards used to
define the geometry for a three-centered arch dam
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Top elevation

4-0 card

Thickness (projections) at top

6—1 card

Downstream face

5-1 card

Upstream face

5-1 card

Bottom elevation

4-0 card

Thickness (projections) at base

3-1 card

Figure 4-2. Sketch of section through the crown cantilever

Figure 4-3. Cards required to define the crown cantilever
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-~ Axis 4—1 card
3—.1 card Raflius (RAX!S)
Radius (Ryqs) ]

Inner or right Outer or left
line of centers line of centers
5-1 card 5~1 card
] BI
I B2

Crown
Cantilever

3—-1 card ’ -

B2 | 4-1 card

Figure 4-4. Sketch of the lines of centers

Figure 4-5. Cards required to describe the lines of centers
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_—— Reference Plane | .—— Reference Plane
7—-1 card
@,
7—1 card
7—1 card Angle to right
Angle to left &, bp abutment Extrados center 7-1 card
abutment for left side
of arch. |
Extrad Extrados center
Xtrados for right side
of arch.

Single—centered layout Two-centered layout

(NOTE: The “left/right” convention for
ADSAS is defined looking upstream)

Figure 4-6. Pian view of angles to the abutments for single-centered and two-centered layouts

Figure 4-7. Cards required to define angles to the abutments for single-centered and two-centered layouts
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Definitions:
PCC - Point of compound curvature.

R,

— Radius of inner segment.

—~ Radius of left side outer segment.

= Radius of right side outer segment.

~ Angle of compound curvature, left side.
— Angle of compound curvature, right side
— Phi angle, left side outer segment.

~ Phi angle, right side outer segment.

PCC

7-1 card

8—1 card or
9-1 card

7—1 card

Three-centered layout

Figure 4-8. Plan view of angles in a three-centered layout

Figure 4-9. Cards required to define angles in a three-centered layout
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7—-1 cards

7—1 card
/—El of Crest of Dam

N

El Arch

El_Arch
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El Arch
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El Arch

El Arch
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i
t

El Arch

1
1
t
!
|
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T
|
i

El Arch

1
!
1
t
|

Base el of crown cantilever

7—1 card

2

1

Base el of free cantilevers

Figure 4-10. Developed profile showing arch elevations

Figure 4-11. Cards required to define arch elevations
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5 Defining the Loads

ADSAS has the capability to include most of the normal loads associated with
the analyses of arch dams. These loads include:

Gravity (dead weight)

Reservoir

Tailwater

Temperature (uniform and linear)

Silt

Ice

Earthquake

External Loads (initial load modifications)

ADSAS will include the above-listed loads in any combination specified by the
user. EM 1110-2-2201 provides guidance for selecting applicable load combina-
tions for arch dam analyses.

Gravity loads are included by the unit weight of concrete on the 3-0 card. Also
included on the 3-0 card are a series of flags which tell ADSAS what temperature
loads will be considered and if tailwater, silt, and ice loads are included in the
analysis. Figure 5-1 shows an example of the 3-0 card.

Reservoir loads are included as a reservoir level on the 4-0 card. It should be
noted that ADSAS may not run properly if the reservoir level is set below the base
of the dam. For a condition with no reservoir (for example, the construction condi-
tion) the reservoir level should be set equal to the base of the crown cantilever. If no
tailwater is included, it will be assumed to be at the base of the crown cantilever.
Figure 5-1 also shows the reservoir and tailwater elevations included on the
4-0 card.

Temperature Loads

Temperature loads can be very critical in the stress distribution for arch dams.
While the temperature distribution through a concrete dam is nonlinear, for simplic-
ity it is assumed to vary linearly between the upstream and downstream faces.
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Figure 5-1. Example of gravity, reservoir, and tailwater loads. Also flags have been set to read silt, ice,
and temperature loads on separate cards

ADSAS accepts two types of temperature loads, uniform and linear as shown in
Figure 5-2. The “‘uniform” temperature load is the difference between the average
of the concrete face temperatures and the closure temperature (see Appendix A for
closure temperature definition). The “linear” temperature load is the difference
between the face temperatures.

Uniform temperature loads are applied as initial arch deformations and are called
“02" loads in ADSAS terminology. Linear temperature loads are applied as initial
deformations to both arches and cantilevers and are called “03” loads in ADSAS
terminology. Normally, uniform and linear temperature loads are included in the
7-1 cards as shown in Figure 5-3.

The temperatures shown in the 7-1 cards are a function of ambient air, reservoir
temperatures, solar radiation, dam thickness, and the concrete thermal properties.
These temperature loads change by elevation but are assumed to be constant across
the canyon. The temperatures can be estimated by several methods including the
method described in a USBR monograph (USBR 1981). The computer program
TEMPER (X8305) is based on the method shown in that monograph and provides a
direct method to obtain the “02” and “03” temperature loads. A more refined tem-
perature distribution can be obtained from a finite element heat flow model using
any of a number of general purpose finite element programs.

In some very refined analyses or for extraordinary conditions, uniform and linear
temperature loads can be assumed to vary throughout the dam, from the base to the
crest and from abutment to abutment. These temperature loads are called “05”
temperature loads in ADSAS terminology and are included in the 7-3, 6-4, and
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Actual (nonlinear) temperature distribution \
A% N\

Uniform temp. load =£—6-5+—252;5—)—50 = B.75°F

- N e 2
(D/S temp. — U/S temp.) 65 \ 65 h_g
-
Linear temp. load = 65-52.5 = 12.5°F 60 \‘ //)/\1 60 %E
(NOTE: D/S - U/S determines the slope\ - .Eg

of the linear temperature line.) / \ a
55 55 £g&

o

[=]

Closure Temperature 50 50

Upstream Face
Temperature

Figure 5-2. Uniform and linear temperature distributions assumed by ADSAS

Figure 5-3. Example of typical layout when both uniform and linear temperature loads are included
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7-4 cards. If required, this type of temperature distribution for “05” loads can best
be estimated by a three-dimensional finite element heat flow model.

Ice Loads

Ice load is included on the 13-3 card as a force per linear foot across the dam. A
value of 5,000 psf is typically assumed for ice load. Therefore, a 2-ft-thick ice layer
would apply a 10,000 1b/lin ft foot load on the upstream face of the dam. The force
is applied at the elevation of one-half the ice thickness below the reservoir surface.
Figure 5-4 shows an example of a data file that includes ice loads.

Figure 54. Example input for ice and silt loads

Silt Loads

Silt loads can be applied to either face of the dam. The loads are defined by
pressure loads in pounds per cubic foot and the top and bottom elevations of the silt
layer. Silt load data are input on the 14-3 card as shown in Figure 5-4.

Earthquake Loads

ADSAS has the capability of performing a pseudostatic analysis by applying an
acceleration, equal to a constant percentage of the gravitational constant, in the
upstream-downstream direction. The inertia forces include concrete and Wester-
gaard's added mass. A positive acceleration means the ground is moving upstream
along the reference plane. Vertical and cross-canyon earthquake motions are not
available in ADSAS. The inertia forces are resolved into radial and tangential
components according to their angular distance from the reference plane. The
reactions and deformations, computed internally, are applied as initial radial and
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tangential cantilever deflections. As such, the pseudostatic effects are superimposed
on the static loadings with the stress reflecting static and pseudostatic load
combinations.

It should be noted that in the pseudostatic analysis ADSAS does not change the
concrete modulus of elasticity to account for dynamic conditions. If an increased
modulus of elasticity for the concrete, or an increased deformation modulus for the
foundation, is appropriate, the user must manually change these values to account
for dynamic conditions. Figure 5-5 shows how to include the seismic coefficient in
an ADSAS analysis.

Figure 5-5. Typical setup for pseudostatic loading

External Loads (Initial Load Modification)

Additional loads can be added to the ADSAS analysis through a set of
8-3 cards. Load modifications can be added concentrated loads or could be reduc-
tion in loads to account for voids in the dam. If the 8-3 cards are needed, the
1-3 card must first indicate to ADSAS that the 3-3 and 4-3 cards will be included
in the data file. On the 3-3 card a flag must be set indicating that the 8-3 cards will
be included (see Figure 5-6).

A separate 8-3 card must be included for each arch/cantilever intersection point
throughout the dam and at the base of the crown cantilever and any free cantilevers.
Adding external loads to the data file will increase the number of cards by 50 to

'150 cards depending on the number of arches and cantilevers. These cards are
included by cantilever number beginning with the crown cantilever (cantilever 20)
and working toward the left (cantilevers 21, 22, etc.) and then toward the right
(cantilevers 19, 18, etc.). In this way all cards for a cantilever unit are grouped
together and are in the same order that the program processes cantilevers. Fig-
ure 5-6 shows the sequence of flags needed to include the 8-3 cards and shows an
example of a few of the 8-3 cards.
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Figure 5-6. Typical setup for load modification cards

5-6 Chapter § Defining the Loads



6 Modeling Techniques for
Arch Dams

As noted in Chapter 1, ADSAS is limited to a maximum of 144 arch/cantilever
intersection points. This is not considered a severe limitation since usually six
arches and two free cantilevers are adequate to obtain reasonable results. In this
type of grid, the six arches will produce 10 cantilevers (the top arch has no canti-
lever). With the crown cantilever and the two free cantilevers, the resulting grid
produces only 48 intersection points (Figure 6-1).

Cantilever NumberS\

26 25 24 23 22 21 20 19 18 17 16 15 14

|

Arch 6 (13 points)

Arch 5 (11 points)

Arch 4 (9 points)

Arch 3 (7 points)

Arch 2 (5 points)

Arch 1 (3 points)

Six arches and two free cantilevers
roduce 48 intersection points
ffoundation contacts not counted).

Figure 6-1. Typical layout for ADSAS analysis

Chapter 6 Modeling Techniques for Arch Dams



Grid Selection—Elevations of Arches

Selection of arch elevations for a normal arch dam begins by selecting the top
and bottom arches. The crest of the dam will always be the top arch. If a spillway
is located along the crest of the dam, then the next arch below the crest of the dam
should be located at the spillway crest as shown in Figure 6-2. For convenience the
lowest arch is usually the lowest topographic contour but no higher than about
15 percent of the structural height. As a first estimate of the vertical spacing of the
remaining arches, the difference between the elevation at crest of the dam (or spill-
way crest) and the lowest arch elevation is divided by four or five. The result
establishes an even spacing between the top and bottom arches. The number of
arches, the spacing, and/or the elevation of the lowest arch is usually adjusted so
that the final spacing is in multiples of 5 or 10 ft. It may also be convenient to set
the arches at elevations that correspond to contour lines.

i [ ! Arch 6
Spillway (crest of dam)
Crest
ik N Arch 5
(spillway crest)
Arch 4
(1)
<=
AR Arch 3
[=all -]
@ e
7
Arch 2
Arch |
— (lowest topographic
contour)

Figure 6-2. Typical layout of arches with spillway at top of dam

Grid Selection—Cantilevers

The crown cantilever is always located at the maximum section (maximum dam
height). With the exception of the top arch, ADSAS automatically locates addi-
tional cantilevers at the ends of each arch. Cantilevers are numbered by ADSAS
looking upstream. The crown cantilever is always numbered 20. The left-side
cantilevers are sequentially numbered 21, 22, 23, etc. The right-side cantilevers are
sequentially numbered 19, 18, etc., as shown in Figure 6-3.

The cantilever spacing generated from the automatic placement at arch elevation
will usually give noticeably unequal spaces between the cantilevers next to the
crown cantilevers. This unequal spacing can be improved by adding “free canti-
levers™ to the layout. Free cantilevers are cantilevers added by the designer and are
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Cantilever NumberS\ /— Crown Cantilever
26 25 24 23 22 21 20 19 18 17 16 15 14

ey N
T~

Free cantilevers

Figure 6-3. Cantilever numbering (looking upstream) and location of free cantilevers

not based on an arch. Up to two free cantilevers can be placed on each side of the
crown cantilever and are set between the crown cantilever and the abutments of the
lowest arch. Their base elevation must be above the crown cantilever base elevation
and below the first arch elevation.

Adding one or two free cantilevers on each side of the crown cantilever is always
recommended. Analyses with no free cantilevers may produce abnormal stress
distributions along the lower arch abutments.

For single-centered and two-centered layouts the free cantilevers on opposite
sides of the crown cantilever are not required to have the same base elevation.
However, for three-centered arches, the free cantilevers on each side must come in
pairs and their base elevations must be identical.

For two-centered layouts it is sometimes convenient to have one free cantilever
on the short side and two on the long side as noted in Figure 6-4.

On highly irregular foundations, such as shown in Figure 6-5 where equally
spaced arches cause a gap in the cantilever spacing, an additional arch may be added
which will generate a cantilever in this gap. The additional arch will also generate a
closely spaced cantilever on the short side (right side) of the dam. The additional
arch and cantilevers should only have a negligible effect on the stresses in the adja-
cent arches and cantilevers. The stresses on the left abutment where the cantilevers
are closely spaced should not change noticeably.
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/— Crown Cantilever

26 25 24 23 22 21 20

19

18 17

16 15 14 13

Free cantilevers

Figure 6-4. Free cantilevers for two-centered layout at highly unsymmetrical site

/— Cantilever generated
25 by extra arch Crown Cantilever
27 26424 23 22 21 20 19 18 17 16 15 14 13
Added arch

N
L

Free cantilevers

— Cantilever generated
by extra arch

Figure 6-5. Adding an additional arch at a highly irregular site
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7 Modeling Special Features
and Layouts

ADSAS has the capability to model special features such as pads and thrust
blocks and can model special layouts such as gravity dams or straight tangents at
the ends of single-centered arch dams. This chapter discusses a few of these special
features and layouts.

Straight Gravity Dam

Under certain conditions ADSAS can be used to analyze the three-dimensional
effects of a straight gravity dam. This type of analysis is only valid for estimation
of stresses; overturning and sliding stability are not included in the results. In addi-
tion, uplift is not considered in the analysis. Uplift must be considered separately.

To use ADSAS to model a straight gravity dam, the straight crest is approxi-
mated with a circular surface having a 999,999-ft radius. The geometric difference
between the actual flat face and idealized curved face is negligible. For a 500-ft-
long gravity dam, the maximum difference between the chord and the rise at the
center of the curvature is 0.03 ft.

The data required are the same as those for an arch dam: crown cantilever
description and cross-canyon dimensions, material properties, loads, and load
combinations. Angles to the abutments of the arches (beams) are computed from
the equation:

_ 57296 * L
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where
A = the angle (deg)

L = the straight line distance from the crown cantilever to the abutment

)

R = the axis radius (999,999 ft)

Figure 7-1 shows the card setup for the analysis of a straight gravity dam.

Figure 7-1. Card deck for analysis of a straight gravity dam

Straight Tangents on Arch Dams

The same approximation used for gravity dams can also be applied to single
plane of centers arch dams that have straight tangents on the upper portion of either
abutment (Figure 7-2). To model this, the three-centered arch option is used. The
single plane of centers is used to define the inner segment and the straight tangents
are defined by the outer segments. Each of the outer segments will have a radius of
999,999 ft. Angles of compound curvature (8-1 cards) are measured from the
reference plane to the abutments or to the beginning of the straight tangents. Phi
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Straight tangent
PCC //;\<E;:/F_
. | D

cc cc,

Radius = 999,999 ft Radius = 999,999 ft

Figure 7-2. Single-centered dam with straight tangents

(&) angles to the abutment (7-1 cards) for arches that contain straight tangents are
the sum of the angles of compound curvature plus angular equivalent to the tangent
lengths. This angular equivalent is computed by the same equation as that used for
straight gravity dams (Equation 7-1).

Abutment Pads

Pads represent a rapid increase in thickness near the abutments. They are added
to provide a better distribution of stresses on the foundation, much like a spread
footing. Abutment pads can be included in ADSAS with three-centered layouts
only. Figures 7-3 and 7-4 give a general description of abutment pads and the cards
used to define them.

Abutment pads should not be confused with other types of restitution concrete
where weak foundation material is replaced with concrete in order to provide a more
symmetrical or uniform site. The abutment pads discussed in this guide are
restricted to providing additional thickness along the abutment contact. The
description of abutment pads in ADSAS does not extend below the dam/foundation
contact (arch/cantilever intersection).

The 10-1, 11-1, and 12-1 cards are used to provide the pad geometry and the
vertical and horizontal extent on an arch dam as follows:
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Cantilever
Cross—section

Horizontal offset

Options for the upstream 10-1 card

face are the same as
the descriptions for
the downstream face. Top of pad
12—-1 card

Y

— b
= .
a ; QE
b [4] g o] g e kel
Slope S1 e 5 SET
=—4 -] Q)
i 11-1 card S o © 0% ©
1 ,E—‘ :_‘ -~
f a™ g =
= - S8 d
e Cem o
Arch elevation ‘L \ / _ S%
\ . =)
\ \— e
Theoretical face of dam Slope S2
11-1 card
Section A-A

(see Figure 7-4 for locations)

Figure 7-3. Schematic of pad descriptions

a. The 10-1 card is the heading card. It controls the number of 11-1 cards for
either or both faces and defines the top horizontal offset (berm) and maxi-
mum extent of the vertical segment on either face.

b. The 11-1 cards describe each sloping line segment on each face. The
upstream face is given first, followed by the downstream face. Data begin at
the highest line segment.

¢. The 12-1 cards define the top elevation of the pad on each cantilever and the
distances (arc lengths) in from the abutment of each arch. The number and
order of the 12-1 cards are identical to the number and order of the
7-1 cards used in the input file. The top of pad must not be set at an arch-
cantilever elevation intersection but must be moved at least 1 ft above the
arch and to the left or right of the cantilever.

Figure 7-5 shows the plan and section views of the pads designed by the Bureau
of Reclamation for Auburn Dam (USBR 1977b). Figure 7-6 shows the 10-1, 11-1,
and 12-1 cards used to describe the Auburn Dam pads.
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Arch elevation
Arch element \

Top of pad elevation
at cantilever element
(12-1 cards) (see Note 1)

®

Cantilever
element *

NOTE 1: Four (4) values are
required for top of pad
elevations and length along
axis. One (1) for each face
at both left and right
abutment contacts.

NOTE 2: See Figure 7~3 for
section A-A.

3
o8 ¥
«o?®

—®

Length of pad along
dam axis ()12—1 cards)
(see Note 1)

Base of dam (foundation contact)

Figure 7-4. Pad elevation and arc length descriptions
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Figure 7-6. Cards used to define the abutment pads for Auburn Dam
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8 Card Order and Details

The input file for ADSAS is a fixed field format and, as a result, is very struc-
tured. It is critical that the user follow the instructions on each card.

The cards are arranged according to the various segments or “analyses” within
ADSAS. Most of the cards in ADSAS are designated by a pair of numbers. The
second number on each card designation identifies the segment of the program to
which it belongs. For example, the 1-0 card is the first card in “segment” zero.
Likewise the 4-3 card is the fourth card in “segment” three.

To make it easier to locate the card descriptions in this guide the cards are
arranged by segment number. Within each segment the cards are listed by card
number. With a few exceptions, this is the same sequence in which they will occur
in the ADSAS data file. The exceptions include the arch segment (segment 4)
which comes before the cantilever segment (segment 3) in the data file. In addition,
within segment 3, the cards for ice and silt loads (the 13-3 and 14-3 cards) come
before the “05” temperature cards (the 7-3 cards) and the load modification cards
(the 8-3 cards).

Card Order

The following is a summary of the cards listed in the order in which they should
be included in the input deck. Examples of various input decks are shown in
Appendix C.

MASTERIO Card - Master control card.

Basic Information Cards
1-0card  Study identification
240 card  Primary operational controls
3-0card  Procedural controls and basic constants for the study
4-0card  Elevations for the study
§5-0 card Comment cards (optional)

Chapter8 Card Order and Details
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Geometry Segment

1-1card  Input/output control card for the geometry program (optional,
depending on controls set in the 2-0 card)

3-1card  Geometric data at the base of the dam

4-1 card  Auxiliary geometric data card (if needed)

S5-1card  Description of upstream and downstream face of crown cantilever
and all intrados and extrados line of centers (LOC)

6-1card  Geometric data at the top of the dam

7-1 card Arch description cards containing the abutment angles, temperature
loads, and variable foundation deformation moduli

8-1card  Layout card (for three-centered dam only)

9-1 card Compound angles (for three-centered dam only)

10-1 card  Pad description (for layouts with pads)

11-1 card Pad line segment description (for layouts with pads)

12-1 card  Pad elevations and length descriptions (for layouts with pads)

Abutment Segment
1-2 card Input/output control card for the abutment analysis program
(optional, depending on controls set in the 2-0 card)

Arch Segment
1-4 card Input/output control card for the arch analysis program
6-4 card *05” temperature loads
7-4 card *“05” temperature loads

Cantilever Segment

1-3 card Input/output control card for the cantilever analysis program

3-3 card Cantilever program heading card #1 (optional depending on
controls in 1-3 card)

4-3 card Cantilever program heading card #2 (optional depending on
controls in 1-3 card)

13-3 card Ice loading

14-3 card  Silt loading

7-3 cards  For “05” temperature loading only

8-3 cards  For initial force modification only

Complete Adjustment
1-Scard  Input/output control card for the complete adjustment program

Stress Analyzer
1-10 card  Stress analyzer controls

Card Details

The following pages include (1) details of each card in the input deck, (2) an
example of each card, and (3) sketches of various features identified in the cards.
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More detailed definitions and illustrations for many of the input parameters may be
found in the USBR manual (USBR 1977a).

MASTERIO Card - Master Control Card (Figure 8-1)
Columns 1-8. Always set as: MASTERIO

Note: For a standard ADSAS analysis, set columns 11,12,13,15,16,17, 18, and
1910 1. Set column 14 10 0.

Column 11. Geometry program and abutment analysis program
Column 12. Arch analysis program

Column 13. Cantilever analysis program

Column 14. Setto 0

Column 15. Complete adjustment program (data organization)
Column 16. Complete adjustment program (write equations)
Column 17. Complete adjustment program (solve equations)

Column 18. Complete adjustment program (compute stresses)

Column 19. Stress analyzer program

Figure 8-1. Example of MASTERIO card

MASTERIO Card
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1-0 Card - Study Identification Card (Figure 8-2)
Column 1. Setto 1
Column 5. Setto 0
Columns 11-40. Name of dam or project
Columns 41-44. Study number. Optional entry. This number may include

any combination of alphabetic and numeric characters.
Each layout is usually considered a study.

Columns 51-52. Case number. Optional entry. Only numeric characters
can be used. Case numbers usually correspond to the
various load combinations

Figure 8-2. Example of 1-0 card

1-0 Card
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2-0 Card - Operational Control Card (Figures 8-3 and 8-4)

Column 1. Setto2
Column 5. Setto 0
Column 11. Input/output control (IOC) for geometry program (see

Figures 8-3 and 8-4)
Set to 0 for normal setup.
Set to 1 to override normal setup by reading the
input/output 1-1 card.

Column 12. IOC for arch program
Set to 0 for normal setup.
Set to 1 to override normal setup by reading the
input/output 1-2 card.

Column 13. Set to 1 - For the mainframe version of ADSAS this flag
controlled binary tape output. For PC version it must be
setto 1.

Column 14. Set to 1 - Number of copies of the geometrical statistics

page. If set to 0, three copies will be printed.

Column 15. Inactive

Column 16. Setto 1.

Column 17. Setto 1 - If set to 0, ADSAS will expect user-provided
abutment constants.

Column 18. Setto 0.

Columnn 19. Setto 1.

Figure 8-3. Example of typical 2-0 card

2-0 Card
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Figure 8-4. The 2-0 card with override set

2-0 Card
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3-0 Card - Heading Card (Figure 8-5)

Column 1.

Column 5.

Column 11.

Column 12.

Set to 3.

Setto 0.

Analysis indicator (usually set to 3)
Set to 1 for crown analyses.

Set to 3 for complete analyses.

Always set to 0.

(Columns 13-18 are load indicators - Set to 0 if the load is not included. Set to 1

if the load is included.)

Column 13.

Column 14.

Column 15.

Column 16.

Column 17.

Column 18.

Column 20.

Column 21.

Column 22.

Chapter 8 Card Order and Details

Uniform temperature load (02). These loads are
included on the 7-1 card.

Linear temperature load (03). These loads are included
on the 7-1 card.

Combination of 02 and 03 loadings (05). If this loading is
desired, then columns 13 and 14 must be set to “0” and the
6-4, 7-4, and 7-3 cards must be included.

Tailwater load.
Silt load (if set to 1, then a 14-3 card must be included).
Ice load (if set to 1, then a 13-3 card must be included).

Set to O for single-centered dam; set to 1 for two-centered
dam; set to 3 for three-centered dam.

Type of deformation modulus.

Set to 1 for variable deformation moduli (varies with
elevation and/or between abutments). Variable defor-
mation moduli are provided on 7-1 cards.

Set to 0 if a constant deformation modulus is used and is
provided on this card (see columns 52-58).

Stage construction analysis.
Set to 1 if this is a stage construction analysis (stage

construction studies require a 15-3 card).
Set to 0 if this is not a stage construction analysis.

3-0 Card
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Columns 26-32. Modulus of elasticity of concrete divided by 10° in psi
(E.) (default is 3.0).

Columns 33-38. Poisson's ratio for the concrete (n,) (default is 0.2).

Columns 39-44. Coefficient of thermal expansion, per degree Fahrenheit
multiplied by 10° (e,) (default is 5.6).

Columns 45-51. Unit weight of concrete in pounds per cubic foot (D)
(default is 150 pcf).

Columns 52-58. Deformation modulus of the foundation rock divided by
109 in psi (E,) (default is 3.0). If set to a value larger than
7,000 an infinitely rigid abutment will be assumed (i.e., a
fixed foundation restraint).

Columns 59-64. Poisson's ratio for the rock (n,) (default is 0.2).

Columns 65-69. Ratio of acceleration of earthquake to acceleration of
gravity (g). If left blank, Zanger's type of earthquake
loading will not be applied.

[Note: (+) is ground motion upstream and dam inertia
downstream. (-) is ground motion downstream and dam
inertia upstream.] :

Columns 70-75. Grouting (closure) temperature in degrees Fahrenheit (T
(used for summary print only and is not used in any
calculations, i.e., this temperature is not subtracted from
the uniform and linear temperatures).

Figure 8-5. Example of 3-0 card
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4-0 Card - Elevation Card (Figures 8-6 and 8-7)

Column 1. Set to 4.

Column 5. Set to 0.

Columns 11-19. Base elevation of the crown cantilever.

Columns 20-28. Crest elevation of the dam as defined on the plane of
centers.

Columns 29-37. Reservoir water surface elevation (must not be set to zero).

A minimum reservoir elevation should be set to 1 ft above
the crown cantilever base elevation. Maximum over-
topping is limited to 50 ft above crest elevation. Over-
topping can only be used with one- and two-centered
layouts. Overtopping cannot be used with three-
centered layouts.

Columns 38-46. Tailwater surface elevation. If left blank, tailwater will be
set to the base elevation.

Columns 47-55. Elevation of the top of grout. This must be set to an arch
elevation. The default is the crest of the dam.

Columns 56-64. Elevation of the top of concrete (only required for stage
construction analysis). This must correspond to an arch
elevation.

Columns 65-73. Elevation of the bottom of concrete (only required for
stage construction analysis). This must correspond to an
arch elevation.

Figure 8-6. Example of 4-0 card

4-0 Card
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Crest elevation of dam

Reservoir elevation ~a v

Base elevation

Ungrouted
Section

Top elevation of grout
— P g

Grouted
Section

Tailwater elevation
AV /-

e

Figure 8-7. Sketch of items on 4-0 card

4-0 Card

8-10
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5-0 Card - Comment Cards (Figure 8-8)

These are optional cards that can be used to print comments at the top of each
page of the output. These cards are intended to supplement the information con-
tained on the 1-0 card.

Two lines of comments can be printed with a maximum of 264 characters. Text
for the comments is input through four 5-0 cards. Any number up to four cards
may be used. These cards should be inserted directly after the 4-0 card.

Each 5-0 card can contain up of 66 characters. The first two 5-0 cards will
contain the 132 characters needed for the first comment line. An additional two
5-0 cards are required for the second set of 132 characters. Thus, four cards are
required to provide the maximum 264 characters, (See the example below.)

Note: Since column I in the printout is sometime used to control
operation of some printers, it is always advisable to place a blank in
position 1 (i.e., nothing should be placed in column 11 on either the
first or third 5-0 cards).

All 5-0 cards have the same format.

Column 1. Always set as 5.
Column 4. Card number (1 through 4).
Column 5. Can be set as either zero or blank.

Columns 11-76. Comments.
The following rules may be used to help center a comment on a line:
a. If the comment is less than 119 characters, use the following rule:
¢c =70 - nf2 8-1)
where
¢ = the card column at the start of the comment

n = the number of characters in the comment (if n is odd, subtract one
from it)

b. If the comments exceed 119 characters, start the comment in column 12.

5-0 Card
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Figure 8-8. Example of 5-0 card. Note that this example will insert two lines in output file. The first line will
be blank. The second line will read “STANDARD TEST PROBLEM...OVERLAY TAPE."

5-0 Card
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1-1 Card - Input-Output Control Card (Figure 8-9)
(Note: The 1-1 card is only needed when column 11 of the 2-0 card is set to 1)
Column 1. Setto 1.
Column 5. Setto 1.
(Columns 11-70 control when a specific input is provided or when a specific
output format (table) is required. A value of “1” indicates that the option will be
performed. A value of “0” or a blank indicates that the option will not be
performed. Columns 11 through 33 are applicable to all geometries (one-, two-,
or three-centered dams). Columns 34 through 40 are exclusively for layouts with
pads. Columns 41 though 70 are specifically for three-centered dams. )

All Layouts

The following are the operational options for the one- or two-centered geometry
program. The number of the option corresponds to an operational control digit.

Column 12. Print plane of centers data (Figure 9-2).

Column 13. Print table of areas of arches (area in the horizontal plane). This
table is used to compute the dam volume (Figure 9-6).

Column 17. Print cantilever geometric properties (Figure 9-4).

Column 20. Print tables of the geometric properties of the abutments
(Figure 9-5).

Column 23. Print table of controls, phi (¢) angles and temperature loads
(Figure 9-2).

Column 24. Print tables of geometric properties of the arches (Figure 9-3).

Layouts with Pads
Column 34. Summary print of cantilever properties.

Column 36. Print geometric properties of cantilevers with pads (standard
geometric properties table).

1-1 Card
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Column 40. Controls whether or not to include a pad in the description of the
geometry, and prints input data for pad.
0 =no pad.
1 = includes pad.

Three-Centered Layouts

Column 41. Print tables of data by elevation (plane of centers, radii, coordi-
nates, and points of compound curvature (PCC) angles) - only for
three-centered geometry.

Column 42. Print table of data by cantilever number (base angles and
elevations, also the type indicators) - only for three-centered
geometry.

Figure 8-9. Example of 1-1 card

1-1 Card
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3-1 Card - Geometric Data at the Base of the Dam (Figures 8-10 through

8-12)
Column 1. Set to 3.
Column 5. Setto 1.

Columns 11-20. Upstream projection at the base (USP) from axis.
Columns 21-30. Downstream projection at the base (DSP) from axis.

Note: The data in columns 31-60 are for: (1) both sides of a single-centered
layout; (2) the left side for a two-centered layout; or (3) the inner line of centers
Jor a three-centered layout.

Columns 31-40. Distance from axis center to the intrados line of centers at
the base elevation (B2) (Figure 8-11).

Columns 41-50. Distance from axis center to the extrados line of centers at
the base elevation (B1) (Figure 8-11).

Columns 51-60. Axis radius (Figure 8-11).

Columns 61-70. Station at the crown of the arches. The default is 1000. A
positive value causes stationing to increase from left to
right (looking downstream). A negative value will cause
stationing to increase from right to left (looking
downstream).

Columns 71-73. Number of voussoirs (Vi) per section on the lowest arch
(from Table 8-1). Voussoirs are the number of sections
between adjacent cantilevers (Figure 8-12). As the thick-
ness decreases from base to crest the number of voussoirs
within each section decreases by Delta V.

Columns 74-76. Change in voussoirs per section for each arch above the
lowest arch (Delta V) is noted in Table 8-1 for establishing
values for Vi and Delta V.,

Figure 8-10. Example of 3-1 card

3-1 Card
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Axis Radius
f— ﬁ—" Axis Center

Dam Axis i

Extrado|
LocC
B2

A R e

|
|
, Intrados
I Loc
!
l
|

\c:"‘
w0
g

Upstream and
downstream garo;ectxons
at the base.

Figure 8-11. Features identified on the 3-1 card

Table 8-1
Selection of Vi and Delta V
No. of Arches Vi Delta V
4 12 4
5 11 3
6 11 2
7 12 2
[TS 12 2
9 9 1
10 10 1
11 11 1
12 12 1
Nots: The guide does not apply to three-centered arches. When using a three-centered arch,
12 voussoirs/section are used on all arches sections.

3-1 Card
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Adjacent
Cantilever
Elements

Figure 8-12. Typical arch section showing 12 voussoirs between adjacent
cantilever elements

3-1 Card
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4-1 Card - Auxiliary Geometric Data at Base of Dam
(Figures 8-13 and 8-14)

Data required only for two- and three-centered layours.

Column 1. Set to 4.

Column 5. Setto 1.

Columns 11-20. Distance from axis center to the intrados line of centers at
the base elevation (B2).

Columns 21-30. Distance from axis center to the extrados line of centers at
the base elevation (B1).

Columns 31-40. Axis radius.

Figure 8-13. Example of 4-1 card

Dam Axis Axis radius for outer segment (for 4~1 card) ,

Axis radius for inner i Axis Cent ‘l
segment (for 3-1 card) | (;2: 35? f::rd)

Axis Center

/(for 4-1 card)

|
!
!
|
|
i Inner Intrados
|'
|
|

Outer
Intrados Loc
Loc
xtradofp
LocC
I I
SP
Ve o B
Upstream and 3-1 card 4-1 card
downstream projections :
at the base.

Figure 8-14. Features defined by 4-1 card
4-1 Card
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5-1 Card - Plane of Centers Description (Figures 8-15 through 8-23)

For three-centered arch dams, one plane of centers describes the left and right
“center” arcs from the crown cantilever to the points of compound curvature PCC).
The second plane describes the “outer” left and right arcs from the PCC to the
abutment contacts at each elevation.

Column 1.
Column 5.

Column 7.

Setto S.
Setto 1.

Line numbering:

1 = upstream face

2 = downstream face

3 =intrados LOC (see Note)
4 = extrados LOC (see Note)
S =intrados LOC (see Note)
6 = extrados LOC (see Note)

Note: Lines 3 and 4 describe the line of centers for the single-centered layout.
They also describe the line of centers for the left side of a two-centered layout or
the inner line of centers for a three-centered layout. Lines S and 6 are only
needed for a two-centered or a three-centered layout. For a two-centered layout,
lines 5 and 6 describe the line of centers for the right side of the dam. For a
three-centered geometry lines S and 6 describe the line of centers for the outer
portion. See Figure 8-15.

Columns 8-9.

Columns 11-22.

Columns 23-34.

Columns 35-46.

Columns 47-58.

Chapter 8 Card Order and Details

Segment numbser starts with 1 for the lowest segment in
the line; each segment after that is numbered in ascending
order.

Maximum elevation of each segment.

Slope of straight line segment. Slopes are positive
according to standard geometric convention;

+X is downstream,

+Y is vertical

A line segment is indicated to be straight when the value of

the radius, entered in columns 59-70,is 0.

Horizontal distance of center of circle to the axis of the
dam. A positive distance is measured downstream from
the axis of the crown section.

Elevation of center of circle.

5-1 Card
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Columns 59-70. Radius is filled in only for a circular line segment. The

sign given to the radius indicates the side of the circle
relative to the coordinate;

+ is left or upstream,
- is right or downstream.

The next few pages show how the 5-1 cards are used to define each face. In
each case, the figure of the dam shows the details of the face being defined.

Immediately after the figure of the dam is the corresponding input line for the
§-1 card.

Outer or right line of centers
Inner or left line of centers (required for 2- or 3-
(required for all layouts) centered layouts only)

Downstream face
(line 2)

Upstream face
(Line 1)

Intrados LOC

(line 3) Intrados LOC

(line 5)
Extrad Loc Extrados LOC
s Gine o

Figure 8-15. Features defined by 5-1 card

5-1 Card
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EL. 7165.0

RN

EL. 6700.0

— X=772.0°
Y=6874.069*

Figure 8-16. Example of definition for upstream face

Figure 8-17. The 5-1 card defining the upstream face
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EL. 7165.0

J o

.06

EL. 6950.0

Segment 2 (straight line)

R=950.0*

L X=947.3946"

Segment 1 (curved)

T Y=6893.103"

Figure 8-18. Features defined on the downstream face

Figure 8-19. The 5-1 cards that define the downstream face

§-1 Card
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X=-421.5882"
Y=7548.229"

R=-883.4174
. Segment 5 (straight line)
EL. 7165.0 EL. 7165.0~\ r

EL. 7160.0'—/ Segment 4 (straight line)

o EL. 7100.0'—" Segment 3 (curved)
1ol/ EL 7041.622'—" Segment 2 (straight line)

EL 7000.0—"
Segment 1 (curved)
EL. 6700.0

\ X=846.4621'

Y=6598.577

Figure 8-20. Example of intrados line of centers

Figure 8-21. The 5-1 cards used to define intrados line of centers

5-1 Card
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EL 7165.0 EL. 7165.0'\ Segment 3 (straight line)

0.5888
1}{ EL. 7160.0—"

EL. 7103.008'—/

Segment 2 (straight line)

Segment { (curved)

J\\’\ X=1289.338

Y=6544.889*

EL. 6700.0

Figure 8-22. Example of extrados line of centers

Figure 8

-23. The 5-1 cards used to define extrados line of centers

5-1 Card
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6-1 Card - Geometric Data at Top of Dam (Figures 8-24 and 8-25)

Column 1.
Column 5.

Columns 11-21.

Columns 22-32.

Setto 6.
Setto 1.

Upstream projection (USP) at the crest from axis (usually
zero).

Downstream projection (DSP) at the crest from axis.

Data for: (1) line of centers for a single-centered dam; (2) left-side lines of
centers for a two-centered dam; or (3) inner line of centers for a three-

centered dam.

Columns 33-43.

Columns 44-54.

Data for right-side lines of centers, or outer lines if three-centered, at the crest.

Distance from axis center to the intrados line of centers at
the crest (B2). Usually set to zero.

Distance from axis center to the extrados line of centers at
the crest (B1). Usually set to zero.

Required only when two or three planes of centers are used.

Columns 55-65.

Columns 66-76.

Chapter 8 Card Order and Details

Distance from axis center to the intrados line of centers at
the crest (B2). Usually set to zero.

Distance from axis center to the extrados line of centers at
the crest (B1). Usually set to zero.

6-1 Card
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The upstream projection
(USP) is usually zero.

EL. 7165.0"

EL. 6700.0'

Inner
Intrados
LoC

Since the line of centers at the crest
typically start on the axis center, the terms

B1” and "B2” on Card 6~-1 are usually zero.

L%?t:;:dos

Axis Center
/ for i.mger Loc

Axis Cente
/ for ou%gr Il:OC
Intonger
ados
LocC

Figure 8-24. Top of dam descriptions

Figure 8-25. Typical 6-1 card used to describe the top of dam

6-1 Card

8-26
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7-1 Card - Angles and Controls for Arch Description
(Figures 8-26 through 8-30)

Column 1. Setto 7.
Column 5. Set to 1.
Column 6. Procedural control (see Figure 8-26).
0 - Anarch element will be placed at this elevation

with cantilevers based at both abutments.

1 - Base elevation of the crown cantilever (no arch at
this elevation).

2 - Baseelevation of a free cantilever on the left side
(no arch at this elevation).

4 - Baseelevation of a free cantilever on the ri ght side
(no arch at this elevation).

5 - Base elevation of free cantilevers on both sides
(no arch at this elevation).

6 -  Angles provided at this elevation only to aid in the
computation of the volume of concrete (do not use
for ungrouted elevations).

7 - Baseelevation of a thrust block or other break
point in the abutment used to correctly define
angle ¥ (see additional descriptions for
column 7).

Procedure controls 6 and 7 are used solely to better define the angle psi (P) at
the abutment for profiles with irregularities or dams with thrust blocks that cannot
be sufficiently well defined with normal arches. Angle ¥ is used in computation of
arch and cantilever foundation constants and is the wej ghted average of the two
adjacent arch lengths with the arch in question,

Column 7. Supplementary procedure control.
0 - Not used.
1 - Break point is on the left abutment at this
elevation. :
2 - Break point is on the right abutment at this
elevation.

7-1 Card
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7-1 Card

8-28

Column 8.

3 - Break point is on both abutments at this elevation,

Vertical adjustment control,

0 - Sloping abutment on both sides.

1 - Vertical abutment on the left side.
2 - Vertical abutment on the right side.
3 - Vertical abutment op both sides.

Note: If a thrust block Starts at an arch elevation, that arch abutment is not

vertical.

Column 10, Adjustment control.

Columns 11-21.

Columns 22-28.

Columns 29-35,

Columns 50-55.

0 - Cantilever based at this elevation will be adjusted.

1 - Cantilever based at this elevation will not be
adjusted.

Elevation of arch.

Left-side phi angle (¢p) looking upstream. All angles are
positive. Phi (¢) angles are measured as shown in Fig-
ures 8-27 and 8-28. The phi (¢) angle for each side is
measured from the reference plane to the abutment end of
the arch. For full-radial abutments, the abutment point for
phi (¢) measurement is the midpoint of the abutment
thickness. For half-radia] abutments, i.c., abutments with
the downstream half radia to the axis center and the
upstream half converging toward the extrados center, the
approximated abutment radial line is located such that the

Right-side phi angle (¢) looking upstream. The angles
are measured the same as for ¢, discussed in columns 22-
28.

Uniform temperature load (02). The uniform temperature
loads are differences between the expected arch tempera-
ture and the closure temperature. A positive load is one
where the temperature in the arch is above the closure
temperature. The 02-type of temperature load is constant
from abutment to abutment for each arch elevation. (See
Figure 5-2.)
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Columns 56-61.

Columns 62-66.

Columns 67-71.

Linear temperature load (03). The linear temperature load
indicates the expected differences in temperature between
downstream and upstream faces at an elevation. A
positive load is one where the temperature on the upstream
face is lower than that on the downstream face. The 03-
type of temperature load is constant from abutment to
abutment for each arch elevation and is applied to arches
and cantilevers. If expected, the 03- temperature cannot be
set to zero. (See Figure 5-2.)

Modulus of elasticity of rock in pounds per square inch
divided by 10° on the left side. Input only when a variable
modulus is desired.

Modulus of elasticity of rock in pounds per square inch
divided by 10° on the right side. Input only when a
variable modulus is desired.

The value of the variable modulus is increased one elevation by the program for
right-side three-centered layouts only.

26 25 24 23 22

21 20 19 18 17 16 15 14

s

Arch elevation with
cantilevers at each
abutment (PC = 0)

Base elevation of left side
free cantilever (PC = 2 or 5)

Base elevation of right side
free cantilever (PC = 4 or 5)

Base elevation of Crown Cantilever (PC = 1)

Figure 8-26. Description of the procedural control (PC) values in column 6 of the 7-1 card. Sketch shows
the normal symmetrical arch dam (looking upstream)
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7-1 card
Cols. 22-28

Single—-centered layout

Reference Plane

7-1 card
Cols. 29-35

Reference Plane

7-1 card
Cols. 22-28

7-1 card

Extrados for Cols. 29-35

left side
of arch.

Extrados for
right side
of arch.

Two-centered layout

Figure 8-

7-1 Card
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27. Definition for phi (¢) angle measurements for single- and two

-centered layouts for 7-1 cards
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Central angles defined on

PCC 8-1 or 9-1 cards

7—1 card

7-1 card
Cols. 22-28 —~ |_— Cols. 29-35

Three—~centered layout

Figure 8-28. Definition for phi ($) angle measurements for three-centered layouts for 7-1 cards

7-1 Card
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Area | = Excluded area |
Midpoint of Area 2 = Included area
ab}xtment
thickness — Area 1 = Area 2
Area |
Area 1
Area 2 = Area 2
Area 1 Extrados Extrados
Center Center
Axis Axis
Center Center
Full-radial contact Half-radial contact

Figure 8-29. Measurement of phi (¢) angles for full-radial and half-radial abutment contacts

Figure 8-30. Example of 7-1 cards

7-1 Card
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8-1 Card - Heading for Three-Centered Geometry Program
(Figures 8-31 and 8-32)

Column 1..
Column 5.

Column 11.

Column 13.

Column 15.

Columns 20-25.

Columns 26-31.

Chapter 8 Card Order and Details

Set to 8.
Setto 1.

Compounding indicator has four possible settings
(reference Figure 8-32):

1 - Useif angle @, is constant by elevation, and
downstream point of curvature (PCC,) is deter-
mined by where a radial line from upstream point
of curvature (PCC,) cuts through the downstream
face.

2 - Sameas*“1” except @, varies by elevation.
This option requires a 9-1 card for each arch
elevation.

3 - Useif @, is constant by elevation and if &, is
equal to P,

4 - Same as “3” except D, varies by elevation.
This option requires a 9-1 card for each arch
elevation.

Inputs information that the angles of compound curvature

on the right side are the same or not the same as those on

the left side.

0 - Angles are the same.

1 - Angles are different.

Inputs whether or not the top arch has a uniform thickness.

0 - Uniform thickness.

1 - Nonuniform thickness. (If not uniform,
additional information must be placed in
columns 36-55).

The angle to the point of compound curvature on the left
side of the upstream face is constant.

The angle to the point of compound curvature on the right
side of the upstream face is constant and not equal to the
angle on the left side (check column 13).

8-1 Card
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Columns 36-45. Thickness (in ft) of the left abutment of the top arch. Input
only if top arch is not of uniform thickness (check
column 15).

Columns 46-55. Thickness (in ft) of the right abutment of the top arch.
Input only if top arch is not of uniform thickness (check
column 15).

Figure 8-31. Examples of 8-1 card

Igc“ I(D:Cu IDCC
®Ccd ¢CCd
I
QCCu Io ¢CCu El
L
E, E,
Compound Settings Compound Settings
1 and 2 3 and 4

Figure 8-32. Compounding indicators for column 11 of 8-1 card

8-1 Card
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9-1 Card - Compounding Angles Three-Centered Arch Dam
(Figure 8-33)

Note: This card is only required when Dcc, and O, vary with elevation as

defined on the 8-1 Card.
Column 1. Setto 9.
Column 5. Setto 1.
Columns 11-20. Elevation in same order as the 7-1 cards.

The next set of values sets the angles of compounding (angle phi) for the left and
right sides of the upstream and downstream faces. Measured about the extrados
center for the upstream face, and about the intrados center for the downstream
Jace (see Figure 8-32).

Columns 21-30. Upstream face - left side.

Columns 31-40. Upstream face - right side.

Columns 41-50. Downstream face - left side.

Columns 51-60. ©  Downstream face - right side.

Figure 8-33. Example of 9-1 cards

9-1 Card
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10-1 Card - Heading for Pad Description (Figures 8-34 and 8-35)

Concrete pads are additional concrete added to either face along the foundation
contact. A pad acts as a spread footing to reduce the stresses along the contacts.
Pads are described with straight line segments from the top of pad to the base and
are defined on the cantilevers as shown in Figure 8-35. The maximum number of
line segments is 17 per cantilever including arch elevations, top of pad elevations,
and base elevation of each segment for each face. Horizontal offsets on either face
provide a visible separation between the arch dam and the stiffer abutment pad.
They also serve as an immediate increase in thickness for simulating the required
approximation of the abutment rock stiffness.

Columns 1-2. Set to 10.
Column 5. Setto 1.
Column 10. Pad elevation index.
0 - Top of pad elevations are the same for the

upstream and downstream faces.

1 - Top of pad elevations are different for the
upstream and downstream faces.

Columns 14-15. Number of line segments used to describe pad on the
upstream face (do not count the horizontal offset or the
vertical segment at the base).

Columns 19-20., Number of line segments used to describe pad on the
downstream face (do not count the horizontal offset or the
vertical segment at the base).

Columns 26-32. Horizontal offset at top of the pad on the upstream face.

Columns 36-42. Horizontal offset at top of the pad on the downstream face.

Note: If a pad exists on a face and no line segments are 8iven to describe the pad
shape, a vertical segment at the base of the particular face must be given which
exceeds any possible height of pad on that face.

Columns 46-52. Vertical segment at base of upstream face.

Columns 56-62. Vertical segment at base of downstream face,

10-1 Card
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Figure 8-34. Example of 10-1 cards

Downstream horizontal offset
(Columns 36-42)

Upstream horizontal offset
(Columns 26-32)

o

Maximum distance between
cantilever base and top

of pad, downstream face.
(Columns 56-62)

Maximum distance between
cantilever base and top
of pad, upstream face.

(Columns 46-52)

Figure 8-35. Pad features described on the 10-1 card

10-1 Card
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11-1 Card - Pad Line

Segment Description

(Figures 8-36 and 8-37)

Columns 1-2.
Column 5.

Columns 9-10.

Column 15.

Columns 26-32.

Columns 36-42.

‘eam segments

Setto 11.
Setto 1.

Segment number. Starting at 1 for each face (will be
checked for increasing slope numbering from offset
downward).

Face indicator.
1 = upstream face.
2 = downstream face,

Distance from top of pad to the end of the line segment
being considered.

Slope of line segment (Slope = AX/AY; positive slopes
shown in Figure 8-37).

Figure 8-36. Examples of 11-1 cards

11-1 Card

8-38
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Definition of upstream pad axis
similar to that shown for
downstream pad.

axis

Positive slope
Top of pad (downstream face)

(on 10-1 card)

(upstream face)

«—Positive slope

Distance |

to base of
segment #1

I

Distance
to base of
segment #2

; |
Downs‘tream slope #1‘

1

\
Downstream slope #2
\ \

'
1

Figure 8-37. Pad features described on the 11-1 cards

11-1 Card
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12-1 Card - Pad Elevation and Length (Figures 8-38 and 8-39)

Columns 1-2. Set to 12.

Columns 5-12. Elevation of arch.

Columns 13-20. Length of pad on left side of upstream face (LLUS).

Columns 21-27. Length of pad on left side of downstream face (LLDS).

Columns 28-34. Length of pad on right side of upstream face (LRUS),

Columns 35-41. Length of pad on right side of downstream face (LRDS).

Columns 42-50. Top elevation of pad on left side of upstream face (TLUS).

Columns 51-57. Top elevation of pad on left side of downstream face if
column 10 on the 10-1 card is 1 (TLDS). Otherwise,
leave blank.

Columns 58-64. Top elevation of pad on right side of upstream face
(TRUS).

Columns 65-71. Top elevation of pad on right side of downstream face if
column 10 on the 10-1 card is 1 (TRDS). Otherwise,
leave blank.

Note: Top of pad must not coincide with an arch-cantilever intersection; thus,
move at least ] ft away. Pad lengths are measured Jrom abutment to pad on axis
profile.

Figure 8-38. Example of 12-1 cards

12-1 Card
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o1
HE
3
<lo
o

Top of pad elevation \\

at cantilever element \

(TRUS) NOTE: Only right side upstream

face is shown.
Elevation of arch
Arch element \
~ Base of dam (foundation contact)
Top of pad

upstream face

Length of pad along
dam axis &RUS)

\

Profile of Dam, Developed Along
the Axis, Looking Upstream

Figure 8-39. Pad features described on the 12-1 cards

12-1 Card
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1-2 Card - Abutment Controls (Figure 8-40)

Note: The 1-2 card is only needed when column 12 of the 2-0 card is set to ] )
Column 1. Setto 1.
Column 5. Set to 2.

The following is a list of operational options. The number of the option

corresponds to an operational control digit. If this digit is set to 1, the indicated
option will be performed; if set to 0 or blank, the option will not be performed.

Column 13. b/a will be read instead of computed (normally set to 0).
(Page 80, USBR 1977a.)

Column 15. Read in Vogt's constants (normally set to 0). (Pages 74-
82, USBR 1977a.)

Column 17. Compute angle ¥ (normally set to 1).

Column 21. Print the X and Y coordinates of the contact surface
(Figure 9-6). (Page 80, USBR 1977a.)

Column 25. Print Vogt's constants (Figure 9-7).

Column 26. Print table of angle ¥ and functions of ¥ (Figure 9-7).

Normally set to 1. (Pages 74-82, USBR 1977a.)

Column 27. Print the abutment constants (Figure 9-8). (Pages 74-82,
USBR 1977a.)

Column 33. Controls procedure for computing gamma circle prime.
(Page 81, USBR 1977a.)
0 - Use old method.
1 - Use revised method (revised 5/22/68).
Normally set to 1.

Figure 8-40. Example of 1-2 card

1-2 Card
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1-3 Card - Cantilever Controls
Column 1. Set to 1.
Column 5. Set to 3.
The following is a the list of operational options for the cantilever program. The

number of the option corresponds to an operational control digit. If this digit is
setto 1, the indicated option will be performed; if set to 0 or blank, the option

will not be performed.

Column 16. Print of geometric properties and abutment constants of
the cantilevers (Figure 9-4).

Column 27. Print checking data from the earthquake over pressure
routine.

Column 29. Print a table of moments, shears, and weights due to
external forces on the dam (Wc, Mc, Pres, Wvw, Mvw,
Vcir, Vcit, Mci).

Column 32. Print input data for dead-load stresses (for debugging
purposes only).

Column 34. Print summary of dead-load stresses (minimum stress for
each elevation of concrete) for each cantilever
(Figure 9-10).

Column 35. Print a table of shears and moments due to ice loading.

Column 36. Print checking data in the computation of moments and
shears for horizontal water loading.

Column 40. Print all radial initial information (moments, shears, and
radial deflections) and forces for stress computations. If
this control is set to 2, the edited version (less any
pseudoarch elevation data) will also be printed.

Column 41. Print all tangential initial information due to earthquake.

Column 42. Print the summary of radial abutment information.

Column 43. Print the tangential thrusts at the base of a cantilever
(multiplied by tangent of angle psi (P) times the ratio of
R to R)) for each unit load on the cantilever.

Column 44. Print a table of radial, tangential, and twist deflections at
the top of the cantilever only due to each of the unit loads.

1-3 Card
Chapter 8 Card Order and Details 8-43



Column 47. Print moments and shears due to horizontal water load.

Column 48. Print radial deflections due to linear temperature loads and
values of the temperature loads used,

Column 50. Setto 1.

Column 52. Setto 1.

Column 53. Set to 0.

Column 55. Controls whether or not the heading cards (the 3-3 and 4-3
cards) are to be read.

0 - No. Don't read the 3-3 and 4-3 cards
1 - Yes. Read the 3-3 and 4-3 cards
Normally set to 0.

Column 56. Print vertical water forces on the previous stage removed
from this stage.

Column 60. Setto 1.
Column 61, Print moments and shears due to tailwater loading.
Column 64. Distribute the moment due to the weight of concrete

between the arches and cantilevers.

Column 65. Print silt loading check data (debugging).

For most analyses columns 16, 29, 34, 50, 52, and 60 should be set to 1.

Figure 8-41. Example of the 1-3 card

1-3 Card
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3-3 Card - Cantilever Program Heading Card # 1 (Figure 8-42)

Note: The 3-3 card is needed only if column 55 on the 1-3 card is set to 1.

Column 1.
Column 5.

Column 11.

Column 12.

Set to 3.
Set to 3.

Analysis indicator.

1 - Crown analysis

3 - Complete analysis
Normally set to 3.

Symmetry indicator.
0 - nonsymmetrical shape
1 - symmetrical shape

Note: Columns 13-22 are load indicators. Set 10 0 if the load is not included. Set
to I if the load is included.

Column 13.
Column 14.

Column 15.

Column 16.
Column 17.
Column 18.
Column 19.
Colmnn 20.
Column 21.
Column 22.

Columns 27-33.

Columns 37-42.

Chapter 8 Card Order and Details

Uniform temperature load 02).
Linear temperature load (03).

Combination of 02 and 03 loadings (05). Requires a
series of 7-3 eards.

Tailwater load.

Ice load (13-3 card).

Silt load (14-3 card).

Always set to 0.

Initial load modifications (8-3 cards).
Always set to 0.

Stage construction (15-3 card).

Modulus of elasticity of concrete divided by 106 in psi
(E). The default is 3.0.

Poisson's ratio for concrete (). The default is 0.2.

3-3 Card
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Columns 46-51.

Coefficient of thermal expansion for concrete per
degree Fahrenheit multiplied by 108 (e)). The default is
5.6.

Unit weight of concrete in pounds per cubic foot (y,).
The default is 150.

Ratio of acceleration of earthquake to acceleration of
gravity (g). If left blank Zanger's type of carthquake
loading will not be applied.

Figure 8-42. Example of 3-3 card

3-3 Card
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4-3 Card - Cantilever Program Heading Card # 2 (Figure 8-43)

Note: The 4-3 card is needed only if column 55 on the 1-3 card is settol.

Column 1. Set to 4.
Column 5. Set to 3.
Columns 11-21. Reservoir water surface elevation (must not be set to zero).

A minimum reservoir elevation should be set to 1 ft above
the crown cantilever base elevation. Maximum overtop-
ping is limited to 50 ft above crest elevation. Overtopping
can only be used with one- and two-centered layouts.
Overtopping cannot be used with three-centered
layouts.

Columns 22-32. Tailwater surface elevation. If left blank, tailwater will be
set to the base elevation.

Columns 3343, Elevation of the top of grout. This must be set to an arch
elevation. The default is the top of the dam.

Columns 44-54. Elevation of bottom of crown cantilever.
Columns 55-65. Elevation of the top of concrete (only required for stage

construction analysis). This must correspond to an arch
elevation.

Columns 67-76. Elevation of the bottom of concrete (only required for
stage construction analysis). This must correspond to an
arch elevation

Figure 8-43. Example of 4-3 card

4-3 Card
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7-3 Card - Format for 05 Temperature Loading (Figure 8-44)

Note: The 7-3 cards are only read if column 15 on the 3-0 cardissetto l.

Column 1. Setto 7.

Columns 2-4, Card number.

Column §. Set to 3.

Columns 8-9. Cantilever number.

Columns 11-20. Elevation of load. Elevations must be equal to the arch
elevations (card 6-4)

Columns 21-31. Temperature load (linear temperature variable by
cantilever).

Note: The linear temperature load is the straight line difference between the
upstream and downstream face temperatures at an elevation. A positive load is
one where the temperature on the upstream face is lower than that on the
downstream face.

Temperature load cards are positioned in the card deck from the top to bottom of
cach cantilever. Cards for each cantilever are placed beginning with the crown
cantilever and working to the left (cantilevers 20, 21, 22, etc.) then to the right
(cantilevers 19, 18, 17, etc.). All zero loads must be changed to a small valye
(example 0.01 °F).

Figure 8-44. Example of the setup for the 7-3 cards
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8-3 Card - Initial Force Modification (Figure 8-45)

Note: Force modifications are based on a “per foot” basis (cantilever element

width).

Column 1. Setto 8.

Columns 2-4. Card number.

Column §. Set to 3.

Columns 9-10. Cantilever number.

Columns 11-18. Elevation of forces. Elevations must agree with
arch/cantilever intersections or with the base of the
cantilever. Elevation check is 0.01 ft; if difference is less
than 0.01, elevation is OK.

Columns 19-32. Moment modification, in foot-pounds. This modification

is read as an exponential number. The exponent must be
right justified in the field as shown below.

21 29
| !
+X.XXXXXXX+XXX

Columns 33-46. Shear (horizontal) modification, in pounds. This
modification is read as an exponential number. Exponent
must be right justified in the field.

35 43
| !
X XXXXXXX+XXX

Columns 47-60. Weight (vertical) modification, in pounds. This
modification is read as an exponential number. Exponent
must be right justified in the field.

49 57
! !
+X.XXXXXXX+XXX
Note: Cards are stacked by cantilever unit. The first card corresponds to crest

elevation. Fill all spaces with numbers to avoid a space between number and
exponent.

8-3 Card
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Figure 8-45. Example of the setup for the 8-3 cards

8-3 Card
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13-3 Card - Ice Load (Figure 8-46)
Columns 1-2. Set to 13.
Column §. Set to 3.
Columns 12-21. Force/linear foot of ice loading (pounds per linear foot).

For example, at 5,000 psf a 2-ft-thick sheet of ice would
put a 10,000-pif load on the dam.

Columns 23-32. Thickness of ice (ADSAS sets the load positioned at
one-half the thickness of the ice below the water surface).

Figure 8-46. Example of 13-3 card

13-3 Card
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14-3 Card - Silt Load (Figure 8-47)

Columns 1-2,

Column 5.

Columns 11-18.

Columns 19-26.
Columns 27-34.
Columns 35-42,

Columns 43-50.

Columns 51-58.

Set to 14,

Set to 3.

Horizontal pressure on the upstream face (pcf).
Horizontal pressure on the downstream face (pcf).
Top elevation of silt on the upstream face.
Bottom elevation of silt on the upstream face.
Top elevation of silt on the downstream face.

Bottom elevation of silt on the downstream face.

Figure 8-47. Example of 14-3 card

14-3 Card
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1-4 Card - Arch Controls (Figure 8-48)

Column 1.

Column 5.

Setto 1.

Set to 4.

The following is a list of operational options for the Arch program. The number
of the option corresponds to an operational control digit. If this digit is set to 1, the

indicated option will be

performed.

Column 16.
Column 21.

Column 63,

Column 65.

Column 69.

performed. If set to 0 or blank, the option will not be

Number of stages for Stage construction.
Print of uniform loads only.

Controls printing of ID sheet at beginning of common
output.

0 - Eliminate.

1 - Print.

Control to omit note for end of job.
0 - Omit.
1 - Print.

Always set to 1.

Figure 8-48. Example of 1-4 card
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6-4 Card - Heading for Arch 05-Temperature Loads (Figure 8-49)

Column 1.
Columns 24,
Column 5.
Columns 6-7.

Column 8.

Columns 9-10.

Set to 6.
Card number.
Setto 4.

Arch number. Lowest arch is No. 1.

Side indicator.
0- Left side.
1- Right side.

Number of 05-temperature loads used (number of 7-4
cards). The number of temperature loads must be equal to
the number of cantilever intersection points (card 7-3).

Note: One 64 card plus associated set of 7-4 cards comprise 05 -temperature
load cards for each side of each arch.

Figure 8-49. Example of 6-4 cards

6-4 Card
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7-4 Card - 05-Temperature Loads Per Arch Section (Figure 8-50)

Column 1.
Column 5.
Columns 6-7.

Column 8.

Columns 11-21.

Columns 22-32.

Set to 7.
Set to 4.

Arch number. Lowest arch is No. 1.

Side indicator.
0- Left side.
1- Right side.

Temperature load (02). List load at the abutment end of
the section.

Temperature load (03). List load at the abutment end of
the section.

Note: One card for each section, starting at abutment section,

Figure 8-50. Example of 7-4 cards
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1-5 Card - Complete Adjustment Controls (Figure 8-51)
Columns 1-5. Always set as 10005.
(The following is a list of operational options. Except as noted in the

descriptions, if this digit in a column is set to ] » the indicated option will be
performed. Ifit is set to 0 or left blank, the option will not be performed.)

Column 11. Controls print of execution time.

Column 17. Write out sizing parameters..

Column 22. Print individual execution times by subroutine.

Column 26. Controls which procedure to use to obtain the abutment
load:

0 - Linear extrapolation.
1 - Equal to last load adjacent to abutment.

The matrix analyses of each individual adjustment omit the
intersection of the arch and cantilever along the abutment
because the abutment deformation is limited to the arch
abutment deformation. The cantilever base deformation
equals the arch abutment deformation by definition. For
this reason, the arch abutment load is defined by one of
two methods: (a) linear extrapolation from the two
adjacent arch loads, or (b) equal to the next adjacent load.
The normal procedure is by extrapolation. The second
method, equal to the adjacent load, is used whenever the
canyon profile is very irregular or narrow, thus not
permitting good use of the free cantilevers, Selecting the
second method occurs after the stress plots show severe
stress oscillations along the abutment followed by
assessment of the erratic transition of abutments loads.

Columns 50-51. Number of adjustment cycles. An adjustment cycle con-
sists of one radial adjustment, one tangential adjustment,
and one twist adjustment, in that order. One additional
radial adjustment will always be performed. This option
sets the number of iterative adjustment cycles necessary to
reduce the secondary effects to a minimum, Normally 2 to
4 cycles are all that are required. If in doubt, the usual
method is to make several analyses only changing the
number of cycles and comparing the principal stresses
along the abutment. If the stress differences are negligible,

1-5 Card
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Column 61.

Column 62.

Chapter 8 Card Order and Details

select the fewest cycles. Generally, iterating 10 or more
cycles causes divergence of the analyses which show up as
unbelievable stresses. Dams with irregular arch-cantilever
grids should be checked for the best number of cycles.

Print debugging information for the stress program. Nine
tables that will be printed are:

a. Total radial shear force at the base of each cantilever
(multiplied by Raxis/Ra and TAN in pounds per square
inch).

b. Total radial bending moments on cantilevers.

¢. Total tangential shear force on horizontal planes.

d. Shear stresses, Tau XZ in horizontal planes.

e. Cantilever stresses parallel to faces (in pounds per
square foot).

f. Arch stresses parallel to faces (in pounds per square
foot).

&. Shear stresses on rock planes.

h. Maximum horizontal shear stresses.

I. Total arch forces.

Number of copies of normal stress print desired. It is

assumed that at least one copy would always be required

as these tables are the primary reason for running the
programs. The tables printed are as follows:

a. Arch stresses (in pounds per square inch) at the
upstream and downstream faces--both normal and
parallel, as shown in Figure 9-26.

b. Cantilever stresses (in pouhds per square inch) at the
upstream and downstream faces--both normal and

parallel, as seen in Figure 9-27.

¢. Principal stresses (in pounds per square inch) at the
abutment, as given in Figure 9-29.

1-5 Card
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Column 63. Number of copies of stresses tabulated in such a manner as
to correspond roughly with their actual positions on the
dam. Stress maps are very valuable in structural assess-
ment of the applied loads. The maps provide a quick scan
of the upstream and downstream cantilever stresses, as
well as extrados and intrados arch stresses at intersections
of the arches and cantilevers. The scan involves horizontal
and vertical evaluation of stress consistency from intersec-
tion to the next intersection. Stress maps provide the
cantilever and arch stresses, in pounds per square inch, in
the plane tangent to the face, in their relative location,
looking upstream, i.e., by elevation and station. The left-
and right-side maps are printed such that the pages can be
trimmed and matched producing one larger page with
stresses on both sides. For example, note that the title
“Cantilever Stresses Paral” is on one sheet and the
remainder of the title “lel to the Face of the Dam” is on the
companion listing. Elevations and stations are in feet.

Tau is the maximum rock plane shear stress. Samples of
the individual prints of the stress maps are shown in
Figures 9-31 through 9-34.

Column 64. Controls whether or not principal stresses will be printed
for all points on the dam (they are printed for abutment
points) as a matter of course.,

Column 66. Used to indicate in which units of measurement the
stresses (arch, cantilever, and principal) should be
displayed.

a. If set to 0 or 1, the units will be pounds per square inch.

b. If set to 2, the units will be metric tons per square
meter,

Columns 71-72. Cohesion, concrete-to-rock, C/10 in pounds per square
inch. Cohesion is used to compute the shear friction
factors of safety along the abutment. These values are
printed with the “resultant” tables, Unless changed, the
default value is 300 psi.

Columns 73-74. (Tan ¢) x 100. Tan ¢ is used in concert with cohesion.
The default value is 1.0, unless otherwise changed.

(Note: For most analyses, set columns 11, 22,51,61,62,63,and 64 10 ] .)

1-5 Card
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Figure 8-51. Example of 1-5 card

1-56 Card
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1-10 Card - Stress Analyzer Controls (Figure 8-52)

Column 1. Setto 1.

Columns 4-5. Set to 10.

Column 11. Call cracking routines.

Column 12. Scan all stresses for maximum and minimum values.
Column 23. Print cantilever normal stresses.

Column 26. Print maximum absolute arch stress for each arch.

(Note: For most analyses, set columns 12 and 26 to | ).

Figure 8-52. Example of 1-10 card

1-10 Card
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9 Interpretation of Results

This chapter includes some guidance in interpreting the ADSAS output. The
output file from ADSAS can be very large and may appear cryptic to a user who is
not familiar with the trial load method. Definitions and illustrative examples of
terms shown in ADSAS output data may be found in Design Manual for Concrete
Arch Dams (USBR 1977a). The information in this chapter is not intended as
guidance on how to evaluate an arch dam. Guidance on arch dam criteria can be
found in EM 1110-2-2201, “Arch Dam Design.”

The first set of pages in the output file is an echo and a summary of the input
data (Figure 9-1) and allows the user to quickly verify that the data have been read
correctly. ADSAS also performs an internal geometry check and will provide
warnings if the data are incorrect. For fatal errors, the program will print a brief
description of the error.

After the program has determined that the geometry has been adequately defined,
it computes the geometric properties of the arches and cantilevers. The amount of
output from the program is determined by the flags set on the various input/output
control cards. Figures 9-2 through 9-8 show some of the tables typically included in
an ADSAS output file.

The remainder of the output file (Figures 9-9 through 9-35) includes the calcula-
tion of moments, forces, and deformations. These tables are used to evaluate the
design and can also provide useful information to be used in other analyses. For
example, information in table “RESOLUTION OF FORCES AND MOMENTS
ON ABUTMENTS” (Figure 9-24) can be used in foundation stability analysis. In
addition, the cantilever and arch deflection information (Figures 9-17 and 9-18)
predicted by ADSAS can be compared with the measured deflection data for an
existing dam.

Figure 9-36 shows the direction of positive loads, forces, moments, and move-
ments. Figure 9-37 shows the direction of positive movements, forces, moments,
and loads; and also shows direction of forces, moments, and movements due to
positive loads. Both figures are from Design Manual for Concrete Arch Dams
(USBR 1977a).
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Figure g-1. Summary of the design criteria from the input file

The data in the “PLANE OF CENTERS DATA” table in Figure 9-2 serve as a
check on the values from the layout drawings. Note that the crest thickness is
slightly less than the value on the 6-1 card. The value shown in Figure 9-2 is
calculated based on the definitions of the upstream and downstream faces. The
values shown as “DOWNSTREAM LINE OF CENTERS” and “UPSTREAM
LINE OF CENTERS” represent the distance of the line of centers from the axis
center (the B1 and B2 values shown in Chapter 8, Figure 8-14). RE and RI
represent the extrados and intrados radii, respectively, at each elevation.

The data in the “CONTROLS, PHI ANGLES AND TEMPERATURE LOADS”
table in Figure 9-2 serve as a check on the data entered on the 7-1 cards. CNTRL
are controls defined in the 7-1 card. The “PHI ANGLES TO THE WEDGE” part
of the table is inactive and should be ignored.

In Figure 9-4 “RF/Raxis,” “RO/Raxis,” and “RD/Raxis” are ratios of radii

necessary for accurate computation of properties in radial side horizontal cantilever
sections which are “Area,” “LG,” and “L” “LG” is the distance from the upstream
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GEOMETRIC PROPERTIES OF ‘TH

THIS IS A & SECTION ARCH WITH.

THE AVERAGE THICKNESS OF THIS'ARC
THE: UNTFORM TEMPERATURE LOAD: -
THE 'LINEAR TEMPERATURE LOADL

STATION CONTRi
1266.99
1238.3%
1210.85
1178.16
1000.00

CEOMETRIC PROPERTY
TRIS IS A ¢ SECTION ARCH WITH
{ICKNESS OF THI

1 MPERATOURE LOAD:
THE LINEAR TEMPERATURE LOA

Figure 9-3. Typical table of geometric properties of the arches

face to the centroid of the area, and “I” is the moment of inertia about the centroid.
“Phi” (¢) is the angle, measured at the extrados center, from the reference plane to
the cantilever station. “ANGLE BETA” (B) is the angle measured at the down-
stream face between radii from the extrados and intrados center.

Figure 9-9 is' the printout of a standard summary of pertinent geometric values.
Line 8 is the b/a ratio as defined in section 4-30 “Foundation Constants” (USBR
1977a).
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Figure 9-5. Table of the geometric properties of the abutments

. The table below line 8 compares selected parameters for this layout with those
values predicted by empirical equations in EM 11 10-2-2201 or in the Bureau of
Reclamation's Engineering Monograph No. 36, “Guide for Preliminary Design of
Arch Dams” (USBR 1977c).

In the last table in Figure 9-9, “GEOMETRIC PROPERTIES OF THE
ARCHES,” the ratios “TAL/TO” and “TAR/TO” are the ratios of the abutment to
crown thicknesses. These thicknesses can be used for comparison with the values
suggested in EM 1110-2-2201 or the USBR Engineering Monograph No. 36.
“TAVE/RO” is the ratio of the average arch thickness to the radius at the average
thickness of the crown cantilever, The “RISE CHORD” is the ratio of each arch rise
to its chord length. These values can be helpful when comparing different layouts at
the same site to determine whether the arch curvature has increased or decreased.
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Figure 9-6. Table of areas of the arches

Figure 8-7. Summary of Vogt's constants and functions of psi (V)

The information in Figure 9-10 can help evaluate various layouts during the
design process. For example, each reshaping of the dam will change the reactions
carried by each arch element. This means that Arch No. 5 will have a different set
of reactions to a uniform 1-kip load. By comparing the radial deflections between
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. - SUBTENDED: ANGLE ‘AT THE
« AXTS RADIUS= 1379 %

A. AT CREST
B. AT Basg -

Figure 9-9. Summary of geometric statistics

the original and revised layout the desi

gner can determine how the reshaping
affected the loads carried by the arch

The data in the numbered columns in Figure 9-11 are as follows.
(1) Elevation of arches below top of dam.

(2) Concrete weight from t

op of dam down to elevation shown, in pounds; +
is down.
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Figure 9-11. Example of summary of concrete and vertical forces on a typical cantilever
(3) Radial moment of concrete weight about centroid, in foot-pounds; + is
overturning upstream.
(4) Hydrostatic pressure at the elevation shown, in pounds per square foot.
(5) Weight of vertical water column on upstream face, in pounds.
(6) Moment of vertical water column about centroid, in foot-pounds.
(7) Horizontal concrete inertia force in the radial direction.
(8) Horizontal concrete inertia force in the tangential direction.
(9) Moment about elevation shown from the radial inertia force,

In Figure 9-12 the “DSDF” and “USUF” tables show the development of mini-
um stress on either face of each cantilever during construction from base to crest
by arch elevations assuming each cantilever stands alone (note that positive values
indicate compression and negative values indicate tension). When evaluating the

stresses for this condition it is important to keep in mind that the concrete will not
typically have reached its design strength.
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Figure 9-12. Table of cantilever dead load stresses

The moment and dead weight in Figure 9-12 can help evaluate the stability of the
cantilever during construction. This can be done by calculating the eccentricity
(moment/weight) to see if the resultant remains within the base,

In Figure 9-13 the numbered columns show:

(1) Elevations, in feet.

(2) Cantilever load, in kips, removed from the initial load by arch action.

(3) Cantilever deflection, in feet. (+ is toward the right side looking
upstream.)

(4) Arch deflection, in feet. (+ is toward the right side looking upstream.)

Figure 9-13. Typical list of cantilever tangential deflection

Figure 9-14 lists the following information:
Left side (Iooking upstream):

(1) Arch length, in feet.
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Figure 8-14. Typical list of arch tangential deflections

(2) Station along axis, in feet.
(3) Arch load, in kips.
(4) Arch deflection, in feet.
Right side (looking upstream):
(5) Arch length, in feet.
(6) Station along axis, in feet.
(7) Arch load, in kips.
(8) Arch deflection, in feet.
The term “abutment” used in this table is used as an indication of the side.
The following information is shown in the numbered columns of Figure 9-15:
(1) Elevation, in feet.

(2) Cantilever load, in foot-kips, is the load removed from the initial load by
arch action.

Figure 9-15. Typical list of the cantilever twists (rotations)
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(3) Rotation, in radians. (+is counterclockwise.)
(4) Rotation, in radians. (+ is counterclockwise.)
Figure 9-16 shows:
Left side (looking upstream):
(1) Arch length, in feet.
(2) Station along axis, in feet.
(3) Arch load, in foot-kips.
(4) Archrotation, in radians.
Right side (looking upstream):
(5) Arch length, in feet.
(6) Station along axis, in feet.
(7) Arch load, in foot-kips.

(8) Arch rotation, in radians.

The term “abutment” used in this table is used as an indication of the side.

Figure 9-16. Typical list of arch twist (rotations)

Figure 9-17 shows:
(1) Elevation, in feet.

(2) Cantilever load, in kips per square foot, is the load removed by arch
action.

(3) Deflection, in feet. (- is downstream.)
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Figure 9-17. Typical list of cantilever radial deflections

(4) Deflection, in feet. (- is downstream.)
Figure 9-18 shows:
Left side (looking upstream):
(1) Arch length, in feet.
(2) Station along axis, in feet.
(3) Arch load, in kips per square foot.
(4) Arch deflection, in feet.
Right side (looking upstream):
(5) Arch length, in feet.
(6) Station along axis, in feet.
(7) Arch load, in kps per square foot.
(8) Arch deflection, in feet.

The term “abutment” used in this table is used as an indication of the side.

Figure 9-18. Typical list of radial arch deflections
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Figure 9-19. Summary of moments, thrusts, and shears in arches

Figure 9-20 shows:
(1) Elevation, in feet.

(2) Radial bending moments, in foot-pounds per foot of axis, of live load
carried by the arches.

(3) Radial bending moments, in foot-pounds per foot of axis, from
differential cantilever torque.

(4) Radial bending moments, in foot-pounds per foot of axis, from initial
cantilever live loads and concrete weight.

(5) Net radial cantilever bending moments per foot of axis, in foot-pounds.
This is the sum of the ABC columns which are the cantilever moments
used to compute face stresses.

Figure 9-20. Summary of cantilever moments
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Figure 9-21 shows:

ey
2
3)
)

&)

6

)

Elevation, in feet.
Reciprocal of cantilever area, in square feet.
Distance from upstream face to centroid divided by moment of inertia.

Distance from downstream face to centroid divided by moment of
inertia.

Tangential shear, in kips per foot of elevation (see Figure 9-37 for
meaning of sign convention).

Cantilever twisting moment (torque), in foot-pounds per foot of
elevation (see Figure 9-37 for meaning of sign convention).

Shear stresses, in pounds per square foot, on the upstream and
downstream faces.

Figure 9-21. Shear stresses in the horizontal planes

Figure 9-21 is useful to explain tension along the toe, which is caused by torque
and not flexure. The shear stress downstream face of (7) is mitigated by shifting the
cantilever base upstream; the optimum amount is the eccentricity calculated by
dividing (6) by (5) at the base elevation.

Figure 9-23 shows:

0y

Elevation, in feet.
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Figure 9-23. Cantilever stresses parallel to faces

9-14

@
3

@

&)

(6)

Reciprocal of the cantilever area, in square feet.

Section modulus measured from the upstream face to the cantilever
centroid.

Section modulus measured from the downstream face to the cantilever
centroid.

The horizontal angle on the downstream face, in degrees, between a line
to the extrados center and the intrados center.

The tangent the slope on the upstream face makes with the vertical.
(+ is dipping upstream.)
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(7) The tangent the slope on the downstream face makes with the vertical.
(+ is dipping downstream.)

(8) The reservoir hydrostatic pressure on the axis, in pounds per square
foot.

(9) The tailwater hydrostatic pressure on the axis, in pounds per square
foot.

(10) The total weight of the cantilever, including vertical water pressure, in
pounds.

(11) The total moment of the live loads distributed to the cantilevers plus the
dead load, in foot-pounds.

(12) Cantilever stress parallel to the upstream face, in pounds per square
foot.

(13) Cantilever stress parallel to the downstream face, in pounds per square
foot.

“PHIU” and “PHID” are useful in assessing the increase in resolving the normal
stresses to stresses parallel to the plane of the face. The normal stress is multiplied
by SEC? ¢ to compute the increase; note that Tau-XZ is also resolved to the plane
of the face.

Figure 9-24 shows:
(1) Elevation, in feet. These elevations begin at the left side (looking
upstream) crest contact and proceed down to the crown cantilever base

and up to the right side (looking upstream) crest.

(2) The resultant of forces, in pounds, in the XY (horizontal) plane. (+ is
toward the abutment.)

(3) The angle, in degrees, the resultant makes with the tangent (x-direction).

(+ is rotation toward the upstream.)

(4) The resultant of forces, in pounds, in the XZ plane (vertical plane in the
tangent direction). (+ is toward the abutment.)

(5) The angle, in degrees, the resultant dips from the horizontal. (+ is
dipping from the horizontal into the abutment.)

(6) The resultant from the vertical and radial forces, in pounds.

(7) The angle of the resultant from horizontal, in degrees. (+ is dipping
downstream.)

Chapter 9 Interpretation of Restuls
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Figure 9-24. Resolution of forces and moments on abutments

(8) The resultant of forces in the X, Y, and Z directions, in pounds.

(9) The angle from R-XY (horizontal) of the R-XYZ resultant in the
vertical plane, in pounds. (+ is dipping downstream.)

(10) The eccentricity of the resultant from the abutment mid-thickness, in
feet. (+isupstream.) Eccentricity is the arch and cantilever moments
resolved in a plane normal to the abutment divided by the resultant.

(11) The shear friction factor of safety based on an assumed cohesion of
300 psi acting on a 1-ft-wide by abutment thickness area plus the
normal force and tan phi equal one. The sum is divided by the radial
component of the resultant. (+ is upstream.) This local shear friction
factor has no real meaning to the arch dam stability but only serves to
provide an intuitive feeling for the relative effects of sliding stability
around the dam perimeter.

(12) The sliding stability in the direction normal to Q1. (+is down.) The
driving force is the resultant component normal to the radial component
from Q1.

8-16 Chapter 9 Interpretation of Results



Figure 8-25. Shear stresses on rock plane at faces

Figure 9-26 shows:

ey
@

3
“)

&)

(6)

Station along the axis, in feet.

Extrados stress normal to the extrados radius, in pounds per square
inch; (+) is compression.

Intrados stress normal to the extrados radius, in pounds per square inch.

Extrados stress in the plane parallel to the face, in pounds per square
inch.

Intrados stress in the plane parallel to the face, in pounds per square
inch.

Maximum shear stress along the abutment, in pounds per square inch.

Figure 9-26. Summary table for arch stresses
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Arch stresses are computed at each face both normal to a line radial to the
extrados and resolved into the tangent to the curve of each face. The resolution
includes shear stresses and water pressure where appropriate. Normal stresses are
computed from the equation H/A + Mc/L

Figure 9-27 shows:
(1) Elevation, in feet.

(2) Vertical stresses at the upstream face of the horizontal section through
cantilevers, in pounds per square inch.

(3) Vertical stresses at the downstream face of the horizontal section
through cantilevers, in pounds per square inch.

(4) Stresses, in pounds per square inch, in the plane tangent to the upstream
face.

(5) Stresses, in pounds per square inch, in the plane tangent to the
downstream face.

Maximum rock plane shear is the maximum shear stress in the plane of the abut-
ment caused by resolution of both arch and cantilever shear stresses acting on that
plane. Cantilever stresses are computed normal to the horizontal section and in the
plane tangent (parallel) to the face. Stresses parallel to the face include the shear
component Tau-XZ in the resolution of forces.

Figure 9-27. Summary table of cantilever stresses

Figure 9-28. Principal stress by cantilever
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Figure 9-29 shows:

(1
@

3

“)

&)

(6)

)

8

®

Elevation, in feet.

P1 is the major principal stress, in pounds per square inch, on the
upstream face. (+ is compression.)

P2 is the minor principal stress, in pounds per square inch, on the
upstream face. (+ is compression.)

ALPHA is the angle, in degrees and minutes, of the direction the major
principal stress, P1, makes as measured from the vertical. (+) ALPHA
is clockwise on the left side looking upstream and counterclockwise on
the right side looking upstream as shown in Figure 9-25.

CANT NO is the cantilever number where 20 is the crown cantilever;
numbers greater than 20 are on the left side, and numbers less than 20
are on the right side.

Major principal stress, P1, on the downstream face, in pounds per
square inch.

Minor principal stress, P2, on the downstream face, in pounds per
square inch.

ALPHA is the angle P1 makes with the vertical, in degrees and minutes.
(+ is clockwise on the left side and counter-clockwise on the right side.)

Elevation, in feet.

Figure 8-29. Principal stresses parallel to the faces at the abutments

Chapter 9 Interpretation of Restuls 9-19



As shown in Figure 9-30, P2 is 90° from P1. To make all ALPHA values posi-
tive, ALPHA is subtracted from 90°, and the stress values of P1 and P2 are

reversed.
N + Alpha + Alpha
P2 P2
P1 P1
Arch Elevation
Left Abutment Right Abutment
Profile
Looking Upstream

Figure 8-30. Schematic of principal stress orientation of each face along the abutment

Figure 9-31. Left-side cantilever stresses
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Figure 9-32. Right-side cantilever stresses

Figure 9-33. Left-side arch stresses
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Figure 9-34. Right-side arch stresses

Figure 9-35. Summary of maximum and minimum arch, cantilever, and principal stresses
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Figure 8-37. Direction of positive movements, forces, moments, and loads; and direction of forces,
moments, and movements due to positive loads (USBR 1977a)
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Appendix A
Definitions

Concrete arch dam terminology is not common to all engineers and is not
universal. The terms used in this guide are defined below and are furnished to
provide a clearer understanding of their use in the hopes of avoiding ambiguity.

Abutment - In ADSAS terms, the abutments are considered to be the rock
supporting the arch-elements. This is in contrast to the foundation, which is
considered to support the cantilever elements.

Angle of compound curvature (®_) - In three-centered arch dams, the angle
measured at the extrados center and located at the limit of the center segment is
called the @, . The inner and outer circular arcs are compounded at that angle.
Angles may be different on the left and right side.

Arch (Arch unit) - Arch (or arch unit) refers to a portion of the dam bounded by
two horizontal planes, 1 ft 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).

Axis - Vertical reference surface, curved in plan and coincident with the extrados
at the crest elevation. The three-centered arch dam's axis has three separate
cylindrical surfaces.

Axis center - Vertical line(s) downstream from the axis representing the loci of
centers for the axis.

Axis radius - Radius (or radii) of axis is equal to extrados radius (or radii) at
crest elevation.

Base - Bottom surface of cantilever vertical element resting on foundation.

Cantilever (Cantilever unit) - Cantilever (or cantilever unit) is a portion of the
dam contained between two vertical radial planes, 1 ft apart at the axis.
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Central angle - Angle at extrados center formed by lines extended to arch
abutments at the crest.

Closure temperature - The temperature at which there is no temperature stress
in the dam. This is also referred to as the stress-free temperature condition. Typi-
cally the temperature at which the monolith joints are grouted. Also referred to as
the grouting temperature.

Crest - The highest point of the dam capable of carrying loads by arch or canti-
lever action.

Crown cantilever - The maximum vertical section. The “crown” cantilever is
so-named because it is the location of all the arch crowns.

Deformation modulus - The modulus of deformation of the rock mass. The
deformation modulus will vary with the rock type and with the rock quality (RQD,
joint spacing, joint orientation, etc.).

Double curvature - Arch dams which are curved vertically as well as
horizontally.

Downstream projection - The horizontal distance from the axis to the
downstream face (intrados).

Extrados - Curved upstream surface of horizontal arch elements.

Foundation - In ADSAS terms, the foundation is considered to be the rock
supporting the cantilever elements. This is in contrast to abutment, which is
considered to support the arch elements.

Free cantilever - A free cantilever is one which has no corresponding arch at its
base. As such, its base is free to deflect independently of any arch deflections.

Intrados - The concave downstream surface of horizontal arch elements.

Line of centers (LOC) - The vertical reference line which describes the radii for
each face of the various arch elements.

Reference plane - The plane which passes though the line of centers and both
faces of the crown cantilever

Section - The part of the arch bounded by adjacent cantilever elements.

Single-center layout - A layout in which the upstream and downstream arch
faces are each described by one center. If the upstream and downstream faces are
described by the same center, then the arch will have a uniform thickness. If the
upstream and downstream faces are described by different centers, then the arch will
be of variable thickness. ‘
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Single curvature - Layouts in which only the arches are curved; i.e., the
cantilevers are not curved.

Structural height - Vertical distance from crest of dam to base of maximum
section.

Thickness - Horizontal distance between the upstream and downstream faces of
the dam on line normal to the extrados or intrados.

Thickness, uniform - Arches which have a uniform or constant thickness
between abutments at any given elevation.

Thickness, variable - Arches in which the thickness increases from the crown
cantilever to each abutment. A variable thickness layout will increase the arch
stiffness and spread the load from the arches to the abutment rock.

Three-center layout - A layout in which each arch face is described by three
centers. Typically in a three-centered layout, there are three circular arch segments;
a short radius segment and two long radii segments. Thus, each face approximates
an ellipse.

Top arch - The highest arch which is capable of transferring load into the
abutments.

Two-center layout - A layout in which each arch face is described by two
centers; one for the left side and the other for the right side. Both centers are located
on the reference plan. This shape is typically used for nonsymmetrical sites.

Upstream projection - Horizontal distance from the axis to the upstream face
(extrados).

Voussoirs - Each section of an arch is divided into segments called voussoirs.
Voussoirs are equal width sections of different thickness that provide better
approximation of flexibility of variable thickness arches.
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Appendix B
ADSAS Organization

ADSAS is the computerized version of the trial load method of analyzing arch
dams. In ADSAS the following three primary load distribution adjustments
between the arches and cantilevers are performed: (a) radial deflections, (b) tangen-
tial deflections, and (c) horizontal and vertical rotation. Each primary adjustment
produces secondary movements that affect the other two deformations. The total
procedure to arrive at acceptable deformations requires several cycles of radial,
tangential, and twist adjustments until the differential deformations between succes-
sive cycles become sufficiently small. At that time, the solution process is complete
and the total loads are used to compute stresses. The following summarize the steps
used in ADSAS:

a. Compute the geometric properties of each arch and cantilever.

b. Compute the moments, forces, and deformations created by an applied unit
load on each arch and cantilever at their common nodes of intersection.

¢. Reorganize the data into a logical form within the computer.

d. Write out the stiffness matrix for each adjustment.

e. Solve each stiffness matrix for the live loads.

f. Tterate each adjustment until the secondary effects have been minimized and a
load distribution between arches and cantilevers produces equal deformation

at common nodes.

These loads are used to compute forces, moments, and stresses on each arch and
cantilever face. A unit load is 1 kip placed at a node linearly reducing to zero at
each of the adjacent nodes (see Figure B-1).

In ADSAS, abutment movement is not directly computed in the matrix solutions.
At each abutment the cantilever deformation is set equal to the arch deformation.
An exception to this is for the crown cantilevers and the free cantilevers whose
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foundation movements are computed from the distributed load and a linear
extrapolation of loads at arches 1 and 2.

ADSAS is organized into what are called “links,” which are distinct steps in the
computer:

a.

Links 0 and 1 read the input data, check for errors on input, and compute the
arch and cantilever geometric structural parameters.

Link 2 computes the unit foundation deformations for each arch and
cantilever.

Link 3 (cantilever program) computes:

(1) Cantilever load effects which consist of moments, shears, and defor-
mations from the initial loads.

(2) Radial, tangential, and twist reactions and deformations for each unit
load of 1 kip peaking at each selected elevation on each cantilever.

Link 4 (arch program) computes:

(1) Arch load effects which consist of deformations from uniform
temperatures.

(2) Radial, tangential, and twist deformations from the moment, thrust, and
shears from each unit load of 1 kip peaking at all cantilever intercepts on
cach arch and the abutment.

Link 5 reorganizes the data generated in links 3 and 4.

Link 6 writes out the arch and cantilever unit data and initial loads into
matrix-type equations and partially solves the matrices. A standard
equation/load matrix is formed for each primary solution of radial, tangential,
and twist effects.

Link 7 cycles the partial solutions until there is sufficient reduction in pri-
mary and secondary effects on the radial, tangential, and twist adjustments.
Secondary effects are the unbalancing of deformations in the remaining two
matrices due to the solution of the first matrix. For example, the radial solu-
tion will unbalance the tangential, twist arch, and cantilever deformations; the
tangential solution will unbalance the radial and twist; and the twist will
unbalance the radial and tangential deformation. This sequence is an adjust-
ment cycle that is recycled several times until the change in secondary
deflections is minimal.

Link 8 uses the load distribution from link 7 to compute arch and cantilever
moments, thrusts, weights, and shears for horizontal, vertical, and principal
stresses.
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Load for Elevation 600 applied ot
upstream face of contilever _

R pounds per square foot ---~

Unit radiol load --- f . ._600

(a) TYPICAL UNIT RADIAL LOAD

Thrusts opplied at o distance of Y% the
crown thickness from the upstreom face

700--——
[}
600—~— J<-"~Unit tongential load, Elevation 600.
& 500--- <& \“-P, pounds per square foot
©
5400--— =3 .
3 300--—b<ch. = o’fecf/
@ 200 ! 70N e Of
- = («/74 /oo >
100~ -
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(b) TYPICAL UNIT TANGENTIAL LOAD
Moments applied at a distonce of Y% the
crown thickness from the upstream face P & B ad
“¥f=f - -—600
Intensity of twist s S I
load---------~ . i $
b 98 - -4 %
R foot- pounds per square foot: ==\~ —-300 3
oy ——-po0 ™
\
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= =a.- 0

{c) TYPICAL UNIT TWIST LOAD

Figure B-1. Typical unit cantilever loads (USBR 1977a)
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Appendix C
Example Input Files

This appendix contains layout drawings and input files for three arch dams and
one gravity dam. These examples are illustrations of preliminary layouts and not
necessarily the final design layout of the dams. These examples were selected only
to demonstrate how an ADSAS input file is developed from the layout drawings.

Each example contains a plan view, developed profile, section along the refer-
ence plane, and the input file (Figures C-1 through C-16). The singlecentered arch
dam and the gravity dam have uniform thickness at each elevation while the two-

centered and three-centered arch dams have a variable thickness in the lower arches.

Included in the single-centered arch dam is a 2-ft-thick ice load (13-3 card). With
the exception of the two-centered arch dam, all the examples have a spillway in the
center of the dams. In the ADSAS input file these spillways are simulated by
selecting the grout elevation equal to the crest of the spillway.
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MASTERIO 111011111

1 0 SINGLE-CENTERED DAM
2 0 011011101

3 0 30100101001 3.
4 0 1255.0 1455.0

3 1 10.0 22.0

5 111 1455.0

5 121 1455.0

5 131 1295.0

5 132 1450.0 1
5 133 1455.0 0.
5 141 1295.0

5 1 42 1450.0 1
5 143 1455.0 0.
6 1 0.0 10.0

7 11 1255.0

7 15 1275.0 22.54

7 10 1285.0 30.48

7 10 1325.0 38.02

7 10 1355.0 43.77

7 10 1385.0 47 .60

7 10 1418.5 51.35

7 10 1455.0 54.72

1 2 1 1 111

1 4 1

1 3 1

iz 3 10000.0 2.
10005

1 10 1 1
*ENDFILE

0 150.0
1361.0 1270.0 1418.5
223.7434 223.7434 450.0

249.0251 1342.2988

375.8016 1376.5882

318.7195 1216.9131
.25
0

318.7195 1216.9131
25

-9.60
24.56 -9.82
30.03 -10.04
35.82 -10.78
40.32 -12.17
44.17 -13.96
47.91 -16.42
51.14 -20.44
1
1 0 11
2

-.01
273.3406
374.1112
100.0

100.0

WWwwwwwww
COO0OOO0OO0OO0O
WWwwwwwww
[oNeNeoNolNeNoNoNe

1111

11

Figure C-4. Input file for the single-centered arch dam example
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X=95.0258
Y=56120.2219

X=101.8558
Y=5046.4075

-
EL. 4892.0
EL. 47100\ |}

261.466°

EL. 4887.0
EL. 4793.7260
Y
N
RXY
°.

X=467.5852
Y=4279.0326

Figure C-6. Right-side line of centers for the two-centered arch dam example
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Raxis EL. 4892

4880 E.I

4850

:iéfso I
7.0
37.5
4810 E
554810 ]
4770 E
<33770 1
513730 E
L4730 1
219
| 46. N

490 ’,}’}'y¢
O . ,:4
=

Plan View
EL. 4892.0
< EL. 4880.0 7
EL. 4850.0 /

EL. 4810.0 Crown Cantilcver/
EL. 4770.0 / /

/
EL. 4730.0 /

EL. 4710.0

Develoged View

(Looking Downstream)

Figure C-7. Plan view and developed profile for the two-centered arch dam example
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MASTERIO 111011111

1 0 TWO-CENTERED LAYOUT 11

2 0 011011101

3 0 30110000 1000 3.0 .20

4 0 4710.0 4892.0 4882.0

3 1 12.8932 6.1196 240.0855
4 1 261.466 223.25 356.0

5 111 4892. 164.
5 121 4892. 556.
5 131 4849.2225 361.
5 132 4887. 2.500

5 133 4892. 0.0

5 141 4865.7730 414.
5 142 4887. 2.500

5 143 4892. 0.0

5 151 4800.2043 467.
5 152 4887. 95.
5 153 48%92. 0.0

5 161 4793.7260 1.5625

5 16 2 4887. 101.
5 16 3 4892. 0.0

6 1 0. 9.0 0.0

7 11 4710.

7 10 4730. 44.6 29.8

7 10 4770. 49.0 36.5

7 10 4810. 46.7 45.3

7 10 4850. 41.9 51.0

7 10 4880. 37.5 54.1

7 10 4892. 37.0 55.0

1 2 1 1 111 1

1 4 1

1 3 1 1

10005

1 10 1 1

*ENDFILE

5.5
0.
215

4407
8500
8318

3498

5852
0258

8558

150.0
4892.
.3791

4788.
4792.
4598.

4587.

4279.

5120

2.0
0
356.0

8931
3066
5338

2300

0326
.2219

.4075

(=R 3RS oW e Nel

20.
20.
16.
12.

B Wk oONOO:

.20

1111

Figure C-8. Input file for the two-centered arch dam example
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587.2 E.l |
567.2 E.I 1

540.9682 E.1 1

495.0365 E.I

449.1047 1 4
403.173 E ]
357.2414 E 4
403.173 1 1

357.2414 1 1

449.1047 E 1 502

540.9682 E.I

N\
4950365 E.I

449.1047 E
449.1047 1
403.173 \E

357.2414 E
403.173 1

\
357.2414 1

587.2 E.
567.2 EJl
540.9682 E.]

495.0365 E.l

449.1047 E
449.1047 1
403.173 E

t 357.2414 E

403.173 1

357.2414 1

Figure C-10. Plan view for the three-centered arch dam example

Appendix C Example Input Files

C-11



a|dwexa wWep Yose paiejusd-asiy} 8y} Jo sixe Buofe spyoid padojeasg "L 1-0 einbiy

9096°vIE 13

0'¥eE

cliveLse

i

13

€41°80Y

a

[AZN ] 44

!

GO£0'GBY

2806°0%S °

€l

|4

<l

81

L 8l 61 0c Te

Kuaujids

[

2'L96 °

2°LBS
2e

€

e

ge

92 L3

C-12

Appendix C Example Input Files



—

MASTERIO 111011111

1 0 Three-Centered Dam

2 0 011011101

3 0 30100000031 3.1 .16 155.0

4 0] 314.9606 587.2 500.0 567.20

3 1 20.0 20.0 327.3338 249.8251 496.1260 -.01 11 2
4 1 327.3338 249.8251 1316.3360

5 1 1 1 388.2249 -0.11124

5 1 1 2 536.9039 346.0281 429.8502 376.4866

) 11 3 587.2 0.29659

5 1 2 1 587.2 969.4095 479.0967 963.4933

5 1 3 1 435.9022 495.5113 92.9699 395.0

5 1 3 2 515.0 ~92.8411 1122.7453 ~791.0

5 1 3 3 583.9 1.20

S 1 3 4 587.2 0.0

S 1 4 1 515.0 879.5001 -44.2652 728.0

5 1 4 2 583.9 1.20

5 1 4 3 587.2 0.0

5 1 5 1 435.9022 1315.7213 92.9699 395.0

) 15 2 515.0 727.3689 1122.7453 ~-791.0

5 1 5 3 583.9 1.20

5 15 4 587.2 0.0

5 1 6 1 515.0 1699.7101 -44.2652 728.0

5 1 6 2 583.9 1.20

5 1 6 3 587.2 0.0

6 1 0.0 12.0

7 11 314.9606 4.3 2.0 3.0
7 15 324.0 12.5 17.5 4.3 2.0 3.0
7 10 357.2412 30.5 31.0 4.1 2.0 3.0
7 10 403.1730 37.7 35.5 4.8 2.0 3.0
7 10 449.1047 43.5 38.7 4.9 2.0 3.0
7 10 495.0365 49.2 43.0 4.5 2.0 3.0
7 10 540.9682 51.7 47.8 3.9 2.0 3.0
7 10 567.2 52.5 49.2 2.6 2.0 3.0
7 10 587.2 52.7 50.2 5.4 2.0 3.0
8 1 31 30.0 30.0

1 2 1 1 111 1

1 4 1 1
1 3 1 1 1 1 11 1

10005 2 1111

1 10 1 1

*ENDFILE

e

Figure C-12. Input file for the three-centered arch dam example
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MASTERIO 111011111

1 0 Gravity Dam Example

2 0 011101101

3 0 30100000001 3.0 .16 150.0

4 0 2200.0 2404.0 2205.0 2358.0

3 1 0.0 168.0 0.0 0.0 999999.0 -.01 12 4
5 111 2404.0 0.0

5 121 2404.0 -0.75

S 131 2404.0 0.0

5 1 41 2404.0 0.0

6 1 0.0 15.0

7 11 2200.0 7.0 3.0 3.0
7 16 2225.0 0.0087 0.0085 8.0 3.0 3.0
7 10 2250.0 0.0110 0.0101 9.5 3.0 3.0
7 10 2280.0 0.0142 0.0119 13.5 3.0 3.0
7 10 2310.0 0.0159 0.0133 16.0 3.0 3.0
7 10 2340.0 0.0171 0.014s6 20.9 3.0 3.0
7 10 2358.0 0.0182 0.0151 24.5 3.0 3.0
7 10 2380.0 0.0190 0.0154 27.4 3.0 3.0
7 10 2404.0 0.0226 0.0179 27.6 3.0 3.0
1 2 1 1 111 1

1 4 1 1
1 3 1 1 1 11 1

10005 2 1111

1 10 1 1

*ENDFILE

Figure C-16. Input file for the gravity dam example
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Appendix D
Error Messages

Most of the error checking in the ADSAS computer program is primarily con-
centrated on verifying that the data input contains the correct information and is in
the proper order. ADSAS also checks for unrealistic deformation. If such defor-
mations are detected, the analysis will be aborted. Also, a number of diagnostic
prints will be tumned on, and the computations of unit deformations repeated in order
that the cause of the problem might be more easily detected.

If an error is detected, ADSAS will generally print an explanatory message

before it aborts the run. In some cases, it will simply refer to the error by a number.
A list of the numbered errors follows.
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D-2

Error Messages for Geometry Program (Links 0

and 1)

Stop Number Explanation

2 Type 7 card (elevations) was not read when expected.

6 Checking data for the top of the dam was not read when expected. (Program
expects a 6 in Column 1. This card follows the group of cards with 5 in
Column 1). .

7 While scanning the plane of centers data, a discontinuity or a discrepancy
with checking data which exceeded 0.5 ft was found (10 ft at the base of the
line of centers).

9 Procedure control on the first elevation card (type 7) was not 1 (indicating
that this elevation is the base of the crown cantilever).

15 While doing a table lookup on the table of crown elevations, using the grout
elevation as the search argument, it was found that the grout elevation
exceeds all entries in the crown elevation table.

21-26 A type 5 card was not read when expected. (Program expects a5 in
Column 1.) The second digit indicates the line number which was being
processed at the time of failure.

31-36 The wrong line number was read on a type 5 card. The line number is
placed in Column 7. The second digit indicates the line fumber being
processed at time of failure.

41-46 The segment numbers seem to be out of order on the major line whose
number is the second digit. The segment numbers are placed in Columns 8
and 9.

51-56 The elevation on the segment cards for the major line (whose number is the
second digit) does not ascend.

61-64 There are too many line segments on the major line whose number is the
second digit. There is a limit of 10.

71-76 A maximum elevation for a line segment exceeds the elevation which defines
the top of the dam.

Error Messages for Abutment Program (Link 2)

l

Stop Number Explanation
1 10C card not identified by “1” in column 1.
2 Link number was not “2" in column 5.
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Error Messages for Cantilever Program (Link 3)

Stop Number Explanation

2 A problem occurred while reading card input.

3 10C card not identified by -1- in Column 1.

15 The elevation of the top of concrete as read in from Columns 33-43 of the
second heading card exceeds the highest defined elevation on the crown
cantilever.

16 The list of crown elevations exceeds 50 items.

26 Special data card for ice load was not identified by -13- in Columns 1 and 2.

28 Link number was not -3- on IOC card (entered in Column 5).

Error Messages for Arch Program (Link 4)

Stop Number Explanation
7 10C card not identified by "1" in column 1. -
8 Link number was not "4" in column 5.
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Appendix E
Card Index

Card No. Page Numbers Figure Numbers

MASTERIO 2-1,2-2,8-1,8-3 2-1, 8-1

1-0 2-2,8-1,8-4 2-1,8-2

2-0 2-2, 8-1, 8-5, 8-13, 8-42 2-1,8-3,84

3-0 2-2,3-1,4-1,51,8-1,8-7,88,8-48 2-1,3-1,32,3-3,4-1,4-7 4-9,5-1,5-3,
5-4,5-5, 7-1, 8-5, 8-44

4-0 4-1,5-1,8-1,89 4-1,4-2, 4-3, 5-1, 8-6, 8-7

5-0 8-1,8-11 8-8

1-1 2-2,8-2, 85,813 8-4, 89

3-1 4-1,82,815 4-1,4-2,4-3,4-4,4-5,7-1,8-10, 8-11,
814

41 41,82 818 4-1,4-4,4-5,8-13,8-14

5-1 4-1,8-2,8-19, 8-20 4-1,4-2,4-3,4-4, 4-5,7-1,8-17, 8-19,
8-21,8-23

6-1 4-1,8-2, 825 4-1,4-2,4-3,7-1,8-24,8-25

7-1 3-1,4-1,5-2,7-3,7-4,8-2, 8-7, 3-3,4-1,4-6, 4-7, 4-8, 4-9, 4-10, 4-11,5-3

8-27,8-35 7-1, 8-26, 8-27, 8-28, 8-30

8-1 4-1,7-2,82, 833 4-1, 4-8, 4-9, 8-28, 8-31, 8-32

9-1 4-1,8-2,833,835 4-8, 8-28, 8-33

10-1 7-3,7-4, 8-2, 8-36, 8-40 7-3, 7-6, 8-34, 8-35, 8-37

11-1 7-3,7-4,8-2,8-38 7-3, 7-6, 8-36, 8-37

12-1 7-3,7-4, 8-2, 8-40 7-3, 7-4, 7-6, 8-38, >8-39

1-2 2-2,8-2, 85,842 2-1,8-40

1-3 2-3, 5-5, 8-2, 8-43, 8-45, 8-47 2-1, 5-6, 8-41, 8-45

33 2-3,55, 8-2, 8-44, 8-45 . 5-6, 8-42, 8-45

(Continued)
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E-2

Card No. Page Numbers Figure Numbers
4-3 2-3,5-5,8-2, 8-44, 8-47 5-6, 8-43, 8-45
7-3 5-2,8-2,8-7, 8-45, 8-48 8-44

8-3 5-5, 8-2, 8-45, 8-49 5-6, 8-45

13-3 5-4,8-2, 8-7, 8-45, 8-51 5-4, 8-46

14-3 5-4,8-2,87, 845, 8-52 5-4, 8-47

1-4 2-3,82, 853 2-1,8-48

6-4 5-2, 8-2,8-7,8-54 8-49

7-4 5-4, 8-2, 8-7, 8-55 8-50

1-5 2-3, 8-2, 8-56 2-1, 8-51

1-10 2-3, 8-2, 8-60 2-1,8-52
*ENDFILE 2-3
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