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1. INTRODUCTION

A procedure has been deseloped for three-dimensional analyvsis of earthquake response of con-
crete dums [1.2.3.4]. The effects of dam-water inreraction and of alluvium and sediments. usually
present at the Bottom and possibly at sides of actual reservoirs, are included in the analysis. As a first
siep towards considering the celieets of dam-foundation rock interaction, the flexibility of the founda-
ton rock 18 considered i the anahvsis but its inertial and damping effects are ignored. This report is
concerned with the computer program EACD-3D that implemenis the analviical procedure.

The analysis procedure underlying the computer program EACD-3D assumes linear behavior for
the concrete dam. impounded water and foundation rock. Thus the possibilities of concrete cracking.

construction juints of the dam opening during vibration. and water cavitation are not considered.

1he computer progrum EACD-3D has been developed to perform three dimensional analysis of
concrete dams.  Thus the carthquake response of arch dams, which must be treated as three-
dinmensional svstems. can be analyzed. Concrele gravity dams are traditionally built as a series of
monoliths. usually with striajpht contraction joints. either grouted or ungrouted. Such joints would
slip and the monoliths tend (o vibrate independently. as evidenced by the spalled concrete and
increased water leakage at the joints of Koyna Dam during the Koyna Earthquake of December (1,
1967 |5]. For such dams. a two-dimensional, plane stress idealization of the individual monaliths
appears to he appropriate for predicting their earthquake response. On the other hand, three-
dimenstonal 1dcalizations would be usually necessary for concrete gravity dams with keved contrac-
tion joints.  For rollerete dams which are built without joints, two-dimensional. planc-strain idealiza-
tion may be appropriate if the dam is located in a wide valley: otherwise a three-dimensional idealiza-
tion may he necessary. Three-dimensional analyses of gravily dams can be implemented by this com-
puter program. For two-dnunensional carthquake analvses of cencrete or rollcrete gravity dams, a
recently completed eomputer program EAGD-84 is available [6], in which a viscoelastic halfplane
idealization is uscd for the foundation-rock region. considering the inertial, flexibility. and material as

wel as radiation damping cffects of the foundation rock.



This report is intended as a user’s guide for the computer program EACD-3ID, Seiccted features
of the computer program. which would facihtate its use. are described. idealization of the sysicm is
discussed: the required input data gre described: the outpui is explained: and the response results

from a sample sialysis are presented



1. SYSTEM AND GROUND MOTION

2.1 Concrete Dam

The svstem considered consists of a concrete dam supported by fleaible foundation rock in a
canvon and tmpounding a reservoir of water (Figure 2.1). Note that the x. v, 7z axes are a right-
handed set with « horizonal and pointing upstream. v vertical (up) end z cross-siream. The system s
analy zed under the assumption of inear behavior for the cancrete dam. impounded water and foun-

dation rock.

The dam is idecalized as an assemblage of hnite elements. In a three-dimensional idealization of
an arch dam. its main part 1s iepresented by thick shell finite elements [7], and the part of the dam
near 1ts junction with fuendation rock represented by transition elements [7.8]. designed to connect
thick shell elements in the dam 1o three-dimensional solid ¢lements emploved in idealizing the toun-
dation rock {Figure 2.2(a)]. Three-dimensional solid elements are emploved in a three-dimensional
wdealization of a gravity dam or a thick urch dam. The properties of each finite element are charac-
terized by the Young's modulus F, . Paisson’s ratio #,. and unit weight w, of the concrete.

The vibrational energy dissipation properties of the dam are characterized by the constant hys-
teretic damping factor n,. A viscous damping ratio £. the same for all the natural vibration modes of
dam on rigid foundation rock with an empty reservoir, corresponds to a constant hvsteretic damping
factor of », = 2¢. Forced vibration ficld lests on dams indicate that the viscous damping ratio is in
the range of 1 to 3 percent, fairly independent of the vibration mode number. A constant hvsteretic
damping factor of », = 0.1. which corresponds to a 5 percent viscous damping ratio in all vibration
modes of the dam. is a rcasonable value for much larger, but essentially linear, response 1o earth-

quake ground motion,



y
X
INFINITE z
UNIFORM
CHANNEL ®
\\ \1/
\
IRREGULAR AN
REG!ON S
\\\\ /// \\\ 7
L \ ~ e Ry s
~ ‘(/ ~
~ P
\\ "
~ | IMPOUNDED
N , | WATER

1\\*FOUNDAT1ON

ROCK

Figure 2.1 Arch dam-water-foundation rock system.
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2.2 Foundation Rock

Required 1in the substructure method for analvsis of carthguake response of dams s the
frequeney-dependent stiflness (or impedance) matniy for the foundation rock. defined at the nodal
pomts on the dam-foundation rock interface. This matrix for a viscoelastic half plane was deter-
mined for two-dimensional anahsis of concrete graviiy dams supported on the horizontal surtace of
foundation rock [9). and s utihized 1o computer program EAGD-84 [6] for two-dimensional analvsis
of gravity dams. However. such a foundation modael is inappropriate for analysis of arch dams or
gravity dams built v narrow canvons with the dam bhoundary in contact with the foundation rock

extending over the height of the dam,

An alternative approach 1s 10 idealize a portion of the foundation rock as a fnite element sys-
tem and to determine the impedance matry for this ideatization.  The principal decision required in
defiming this idealization as the extent and boundary conditions of the foundation-rock region to be
included in the analysis. For concrete dam sites where typically similar rocks extend 1o considerable
distances, wave-transmitting boundaries are necessary if the finite sized foundation rock region 1s 1o
represent the unbounded extent in the field. Such transmitting boundarics have been developed for
wo-dimensional analvsis [10] with seemingly ad-hoc extensions proposed for three-dimensional ana-
Ivses. The latter. if developed properly. would be computationally expensive perhaps to the point of
being prohibitive for practical problem-.

For these reasons and because it is virtually impossible to rationally specifv the free-field earth-
quake motions at the dam-rock interface in narrow canyons, an extremely simple idealization for the
foundation rock is used here [11]. Only the foundation rock flexibility is considered in this investiga-
tien; i.c. the nertial and damping effects of the foundation rock are ignored in considering dam-

foundation interaction effects.

The shape of the foundation rock is idealized using a procedure that has been adopted in the
computer program ADAP [8]. Basically, this procedure assumes that the dam canyon is prismatic in
the upsteam direction (x direction). and the volume of the foundation rock is described by a size

purameter R,;. With this procedure 1o define the shape of the foundation-rock region. the size of the



region depends entirely on R, . This parameter should be chosen 10 t larpe enough to satisfactorily
represent foundation flexibility effects in analysis of the dam. and i1 has been shown that the ratio of
foundation modulus to dam modulus governs the selection of this parameter [3)].

Theoretically. the shape of the foundation-rock region should be compatible with the geometry
of the dam and impounded water in the finite ¢lement system to be analyzed. However, this may
sometimes be difficult to achieve with the shape of the foundation rock region idealized using the
aforementioned procedure. Since foundation rock exibility is represcnted by the condensed stiffness
matrix defined with reference to the degrees of freedom at the dam-toundation rock interface. compa-
tibility must be satishied at this interface but minor violations at the foundation-water interface may
be acceprable.

As shown in Figure 2.2(b) for arch dams. an appropriate portion of the foundation-rock region
is idealized as an assemblage of three-dimensional solid finite clements. The elastic modulus £, and

Poisson’s ratio ¢, must he cpecified for each finite element in the foundation rock idealization,

2.1 impounded Water

The reservoir behind a dam s of complicated shape, as dictated by the natural topography of
the site. Typically the impounded water extends to great distances, up to a few tens of miles. in the
upstream direction. Finite element idealizations are necessary to properly represent the complicated
geometry of the impounded water. But such an idealization would be exorbitantly expensive. to the
point of becoming impractical. if the standard finitc element idealization was employed to large dis-

tances in the upstream direction.

An effective approach emploved in this computer program is 1o idealize the fluid domain as
shown in Figure 2.1, with a finite region of irregular geometry adjacent to the dam connected to an
infinite uniform channel -- a region that extends to infinity along the upstream direction (x axis) with
uniform v-z cross section. With this restriction. it is possible 1o efficiently recognize the infinite

extent of the reservoir in the vpstream direction.



For computer analysis. the inite region of irregular geometry is wdealized as an assemblage of
three-dimensional finite clements as shown o Figure 2.2(¢). Each nodal point of the irregular tluid
region on the upstream dam Face boundary must correspond with a dam node at the dam-water inter-
face. Theretore the finite element mesh for dam should be selected o be compatible with the design
water level in the reservoir. For the inhinite chaanel of uniform cross seetion, a finite element discret-
ization of the cross section, compuatibte with the discretization of the irregular region over the com-
mon cross-section -- the transmitting plane in Firgure 2.2(¢) - combined with a continuum representa-
tion in the infinite direction provides tor the proper transmission of pressure waves, Phvsically this
treatment can be nterpreted as a diseretzauon of the fluid domain into sub-channels of infinite
length [Figure 2.2ic)]. The properties of the impounded water are characterized by the mass density p
and the veloenty of pressure waves m owater €.

The computer program can also handle impounded water extending to a finite distance. In this

case. the entire fluid domain 1s idealized as an assemblage of finite elements.

2.4 Absurptive Reservoir Bottom and Sides

The absorptiveness of the alluvium, silt and other sedimentany matenals at the bottom and pos-
sibly sides of the reservoir is characterized by the wave reflection coefficient «. which is the ratio of
the amplitude of the reflected hydrodynaric pressure wave to the amplitude of a propagating pres-
sure wave incident normally at the reservoir boundary. « = | indicates that pressure vaves are com-
pletely reflecied: and « = (0 indicates that the waves are fullv absorbed into the reservoir bottom
materials without reflection. The materials at the bottom and sides of the reservoir determine the

value of the wave reflection coefficient « according so the following equation:

where & =00 /p, (. C, = \VE, /p,. E, and p, are the elastic modulus and mass density of the reservoir

bottom-sides materials.



Buecause for narrow, steep canyons. the sediments may be essentiallv confined to the reservoir
hottom, the computer program permits the option that only a pertion of the reservoir boundary is
absorptive. Thus non-absorptive reservoir sides with an absorptive reservoir bottom can be modelled
by the program.

No held daa are presenthy available for the wave reflection coetficient at actual rescrvoirs
behind dams, In the absence of such data ¢ = (0,90 1o 1 1s recommended for proposed new dams or
recent dams where sediment deposits are meagre: o« = .75 10 0.90 1s recommended for older dams

with substantial sediment deposits.

2.5 Ground Motion

In carthquake response analvsis of dams by the substructure method. the earthquake input is
specihied as the free-field ground motion a1 the dam-foundation rock interface [1]. This free-field
ground motion was assumed to be uniform across the base in two-dimensional analyses of concrete
gravity dams [12], This approach of specifying the same motion over the entire dam-foundation rock
interface is not appropriate in three-dimensional analvas of arch or gravity dame bocause the free-
ticld motion may vary sigmficantly across the width and over the height of the river canyon. Non-
untform boundary motions can be included in finite clement analysis of structures [13]. The principal
difficulty, however, is in rationally defining the variations in motions around the river canyon because
very few. if any. records have been obtained of actual ground motion variations in arch dam loca-
tions. Anocther possible approach 1s 1o define the earthquake input as a nigid-body translation of the
base of the combined finite element model of the dam and a portion of the foundation rock. How-
ever, very little i known about earthquake motion at depth because most of the avatlable strong

motion records are from accelerographs located at the ground surface or in basements of buildings.

From the preceding discussion it is clear that it is difficult to define a suitable earthquake input
mechanism in three-dimensional analysis of arch or gravity dams. Neither of the two approaches can
be justihied rationally, thus a much simpier approximation is employed in this computer program.

Specifically. a sufficient portion of the foundation rock is included to represent only the static



foundation flexibitity effects: the foundation rock is assumed to be massless for the dynamic analysis,
and the carthquake mmput s specified as spatiadly-uniform motion of the basement rock [11]. Since
there is no wave propagation mechanism in the massless foundation rock. the specified hasement rock
motinn is transmittied without modrheation 1o the dam-foundation rock interface. In the context of
the substructure method of analvsis, the abose mentioned approximation is equivalent 10 specifving
the sante tree-ficld ground motion throughout the dam-foundation rock interface with the foundation
rock assumed to be massless in computing the foundation impedance matrix. The free-field motion is
also assumed w0 be uniform over the reservoir stdes and bottom and in the upstream direction
(water-toundation rock anterface). except as controlled by the parameter NYZ in the program. With
this parameter 1t Is possible to specify that the ground motion is limited to a finite distance in the
upstream direction.  The ground acceleration 1s defined by its three components: (1) in the

upstream direction. ¢, (1) in the cross-stream direction, and «, (¢) in the vertical direction.



3. OUTLINE OF ANALYTICAL PROCEDURE

The computer program EACD-3D implements the analvtical procedure developed [3.4] lor
three-dimenstonal analvsis of the dam-water-foundation rock system. idealized in accordance with the
preceding section. to determine the earthquake response of concrete dioms. This procedure is an
extension of the carlier analbvsis {1.2] to consider fiexibility of the foundation rock supporting the dam
and o include Fourier svnathesis of harmonie responses 1o obtain the earthquake response of dams,
In addition. the anab tical procedure described in References [3] and [4) has been extended 1o include
the effects of hydrostatic pressure at the foundation rock surface on the static respanse of the dam.
The static analysis considers only the effects of the weight of the dam and hydrostatic pressures. not
the thermal cffects in the conerete or construction sequence of the dam,

The overall efficieney of the dynamic analvsis procedure lies in representing the dam. the
impounded water. and the foundation rock as three substructures of the complete system. with
appropriate idealizations for each: and in a dramatic reduction in the degrees of freedom by
transforming the displacements of the dam 1o generalized coordinates. The earlier analstical pro-
cedure {1.2] has been tmproved by incorporating more etheient anahical formulations and computa-
tional procedures for cvaluating the hvdrodynamic terms. Additional efficiency is achieved by taking
advantage of the idea that rational expressions can be used as interpolating functions for the (re-
guency response functions for the modal coordinates of a structure. thus reducing the number of frc-
guency points at which a response function must be computed exactly. As a result of these improve-
ments it has been possible 1o reduce the computational costs for analyzing arch dams by an order of

magnitude.

Thus the resulting analytical procedure and computer program provides an effective tool for
computing the earthguake response of proposed designs for new arch dams and in evaluating the

seismic safety of existing dams.
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4. PROGRAM FEATURES

4.1 Subprograms, Problem Symmelry, and Storage

The computer program is divided into a4 main section and seven subsections, In the main sec-
tion. a group of input variables is rcad. Included in this group are vanables that control which of the
seven subscctions are calied. A subsection is called onlv by the main section. and all information
besides the input data needed by the subsections is passed via COMMON statements and disk files
(see Table 7.1). The mamn section and seven subsections will be referred 1o as the Main Program and

Subprograms 1.2, - - - .7 in the remainder of this report.

Subprograms . 2 and 3 deal with the dam-foundation systems. In Subprogram 1. the mesh for
the foundation of the dam is inpul. and the foundation stitfmess matrix is computed and condensed to
the degrees of freedom along the dam-foundation intertace. In static analysis when the reservoir 18
not empty. the hydrostatic load vector on the foundation rock is computed and condensed 1o the
degrees of freedom ajong the dam-toundation interface. The dam mesh 1s input in Subprogram 2
where element stiffness. mass and stress computation matrices are computed. The dam stiffness and
mass matrices are assembled in Subprogram 3: included is the foundarion stiffness matrix from Sub-
program {. Following the assembly, the eigenproblem of the dam-foundation system 1s solved for the
natural frequencies and mode shapes (the gencralized coordinates) in dynamic analysis: while the
self-weight load vector of the dam 1s computed for static analysis. Subprograms 4 and 5 deal with the
fluid domain. defining Meshes 1 and 2 as well as the three boundary meshes (Meshes 3. 4 and 5).
these are described in detuil in Section 5.1, The Mesh 1 und 2 matrices are assembled and the Mesh
2 cigenproblem (used to construct the transmitting plane matrix) is solved at an excitation frequency
of zero in dvnamic analysis. The computations which are perfcrmed with the matrices from the
boundary meshes are related to the fluid domain load vectors and dam-fluid connectivity. In static
analvsis. the hvdrostatic pressure load vector on the dam is computed. In Subprogram 6. the fre-
guency responses of the dam and fluid domain are computed. Included in this computation are Mesh
2 cigensolutions at non-zero cxcitation frequencics. solution of the Mesh | equations. and solution of

12



the dam equations in terms of the generalized coordinates. Under the static solution option. the
static response of the dam s computed in Subprogram 6. Time history responses of the dam are
computed in Subprogrum 7.

The jrogram can analyvze dam-water-foundation systems symmetric or non-symmetric about the
-y plane. Far sstametrie systems. the program permits use of & mesh which extends onlv to one side
of the plane of ssmmetry. The procedure of running the program for symmetric systems is described
in Chapter 7.

The program makes efficient use of matrix storage.  All matrices are stored in 2 blank common
array by the method of dynamic storage allocation. The array dimension is set at 45000, but this
value van be increased f more storage is desired. In each of the seven subprograms. the actual
storage used is printed. or. if current storage is insuflicient. the required storage is printed. The pro-
gram automatically blocks the matrices ot the dam-foundation system (Subprograms [, 2 and 3) and
the matrices which contain the frequency responses and time history responses of the dam (Subpro-
gram 7). Therefore, no storage hmitations are present n these areas of the program. However,
blocking is not used for matrices of the fluid domain, and this may be a limiting factor when Mesh |
of the flutd domain is large. For virtual memory storage computer machines, this storage limitation
is usually not a problem because of the large amount of available memory. but it can be a problem if
the available amount of memaory is limited. 1n this case. a lower bound estimate of the total storage
required is the storage required by the Mesh | matrices. These matrices are stored by the skyline
method. and the required storage S is estimated by

NEQ

S1=3 2 li~tmat!)

where NEQ = number of equations in the fluid domain mesh and iy, is the minimum equation
number connected to equation 7 {Equation numbers are similar 10 node numbers except zerc pressure
nodes are noi counted). All equations on the transmitting plane (Figure 2.2(c}] should be considered

coupled to each other because of the transmitting plane matrix {1].
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4.2 Implementation on Other Computers

The program was originally developed for @ CDC computer but has now been rewritten for IBM
mamframe computers. (U contaims features which facilitate implementation on other computers. One
of these features is the use of standard. basic Fortran throughout. Other features are discussed helow.

. Integer variables of the form MTi are used as unit numbers in READ and WKNE statements.

These unit numbers dare assigned in the Main Program.

12

Preceding each READ (MTS, format siatement number) stalement are free format READ (MTS.*) state-
ments which appear as comment hings ( C in column one). To change to free format. switch the

C n column one from the fixed READ 10 the free READ .

The program is in double precision which is usually required on IBM computers. Implementa-
tion on other computers. e.g. CDC machines. may require only single precision. Implementation on
another computer may also require addition of the PROGRAM card in the Main Program and possi-
bly introducing an overlay structure. Because of the way the program is written and the information
15 transferred hetween the Main Program and the subprograms. an overlay structure is possible to
save much storage for computer machines with imited available amount of memory. In this case, the
Main Program should be changed to the main overlay and cach of the seven subprograms should be
chunged to a suboverlay directhy below the Main Overlay. The overlay-structure is produced by intro-
ducing the following statements.

a.  The statement OVERLAY(XFILE.0.0) begins the Main Overlay.

b, The statements OVERLAY(XFILF.0) and PROGRAM SUBi begin the 1th overlay. where 1 =

.20

¢.  The ith overlay is called frorn the Main Overlay by the statement CALL OVERLAY(SHXFILE..0.0) .



4.3 Mesh Generation Program

In order to facilitate the preparation of the input data for finite ¢lement meshes of the dam (see
Chapter 8 - Subprogram 2). foundation rock (see Chapter 8 - Subprogram 1). and reservoir water (see
Chapter B - Subprogram 4), a mesh-generation compuler program is available. The input data 10 this
mesh generation program is kept to a minimum and the output from this program consists of the
nodal point coordinates and element connectivity of the finite element meshes. In this wayv. the user
can minimize the laborious task of preparing the input data for the computer program. A detailed

description of this mesh geperation program and its users’ guide is presented in Appendix A.



5. DESCRIPTION OF FINITE ELEMENTS

&.1 Fluid Elements

Finite elements used to discretize the impounded water are derived in the appendices of Refer-
ence [t They result from sodution of the pressure wave equation and thus have only one unknown.
the hydrodynamic pressure at each node. The following ¢lement types are emploved: hine. triangular.
rectangular. triangular prism. and rectangular prism. The elements are shown in Figures 5.14a) to
S.1te) in their undistorted or parent form. Thev are jsoparametric and can be mapped into distorted
shapes. The local clement axes s, 1. 1 are also shown: these are area coordinates [14) in the triangular
domains. The noedal numbering indicated is the order in which the actual node numbers must be
input in an element’s LM array (see Chapter 8 - Subprogram 4). Quadratic shape functions are
emploved: they default to lincar shape funcuions where non-corner nodes are omitted. Element ivpes

are denoted by the input value of NELTY (s¢e Chapter & - Subprogram 4).

The above-mentioned types of finite clements are used in different portions of the finite eloment
discretization for the impounded water. In the finite element model for an infinite reservoir consist-
ing of an irregular region next w the dam and an infinite channel of uniform cross-section. 11 is con-
venient to tdentify five meshes. or sub-meshes (Figure 5.2): Mesh [ discretizes ihe entire irregular
region of the reservoir: Mesh 2 spans the transmitting plane -- the plane connecting the irregular
region with the infinite uniform channel: Mesh 3 discretizes the dam-water interface of the reservoir:
Mesh 4 spuns the reservoir bottom and sides of the irregular region: and Mesh 5 discretizes the bot-
1om and sides of the transmitting plane. It is similarly convenient to identify two tvpes of nodal
points in the finite element model of the irregular region of an infinite reservoir (Figure 5.2): Type |
includes all nodal peints not on the transmitting plane. and Type 2 includes all nodal points on the
_transmitting plane. The finite element model for a finite reservoir, consisting of only an irregular
region. dees not contain Type 2 nodal points nor Meshes 2 and 5. Some comments on the use of the

various types of finitz el ments in the five meshes are as follows.



(a) line element
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{b) rectangular element
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{c) triangular element
NELTY = 3

| 16 4

(d) rectangular prism element
NELTY = 4

(e) triangular prism element
NELTY = 5

(f) rectangular shell element
NELTY = 6

(g) triangular sheil element
NELTY = 7

Figure 5.1 Finite element types. Elements are shown in undistorted or parent form.
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The line element (NELTY = 1) is a variable 2 to 3 node element. Node 3 can be omitted. When
used in Mesh 5 (Figure §.2). the element is mapped onto a y-« plane. and s x x should point inside
the finite element mcshﬁr Thus. to an observer located downstream of the transmitting planc. cach
element’s s axis should be directed along a counter-clockwise path around the transmitting plane [Fig-

ure 5.3(a)}.

Two-dimensional elements can be triangular or rectangular. The rectangular element (NELTY =
2V is a variable 4 to 8 nnde element. Any or all of nodes 5, 6. 7. 8 can be omitted. The triangular
element (NELTY = 3) is a variable 3 to 6 node element. Any or all of nodes 4. 5. ¢ can be omitted.
When used in Mesh 2 {Figure 5.2). the elements are mapped onto a y-z plane. and s x t should point
in the negative x direction {Figure 5.3(a)]. When used in Mesh 3 or Mesh 4 (Figure 3.2). the elements
are mapped into X, y, z space, and s x 1 should point outside the finite element mesh. Thus. 10 an
observer located outside the finite element mesh, the nodes should be numbered counter-clockwise

[Figure 5.3(b)].

Three-dimensional elements can be triangular prism or rectangular prism (Figure 5.1). The rec-
tangular prism element (NELTY = 4) is a variable 8 10 20 node element. Any or all of nodes 9. 10. 11,
... 19, 20 can be omitted. The triangular prism element (NELTY = 5) is a variable 6 to 15 node ele-
ment. Any or all of nodes 7, 8,9, ... 14, 15 can be omitted. These elements are used in Mesh | (Fig-

ure 5.2) and are mapped into x, y. z space in any orientation,

Other element shapes can be constructed by superimposing 2 or more corner nodes. This
entails repeating the actual node numbers in an clement’s LM array. Before superimposing corner
nodes, the in-between mid-side nodes should be omitted An example is shown in Figure 5.4. Table

5.1 contains a summary of the usage of the different fluid elements and the restriction on their orien-

tation.
¢ 0°<a<igo°
t This and the subsequemt discussion makes use of 3 vector cross product ¢ = a X b to define the orien- b
tation of a new vertor ¢ in terms of two existing vectors a and b. The new vector ¢ is perpendicular 1o the
plane containing the vectors 2 and b and points in the direction given by the right hand rule. a
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Figure 5.3 Example of proper numbering directicn of fluid Meshes 2, 3, 4, and 5 elements and
foundation-water interface elements.
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Table 5.1 -- Usage and restriction on orientation of the finite element types.
r T
i Element 1 Usage Restriction on Orientation
L 1 o
' me Fluid Mesh § s x A points inside the finite element mesh
Plane, Fluid Mesh 2 s x 1 points in -x direction

Triangle and

Rectangie

Fluid Mesh 3
Fluid Mcsh 4

Waier toundesion

s
|
|
|

x t points outside the finite elzment mesh

o

x 1 poimts outside the finite element mesh

w

s x 1 poimts outside the fluid finite element

' interface mesh into the foundation mesh ;

} ;

! '
3-d Triangular Fluid Mesh 1 No restnciion !

F Prism and Dam s x 1 has a component in +x direction

| Rectangular Prism’ ; Foundation No restnction

b

. 3-d Triangular

and

Rectangular Shell

\
l
|
|
.
|
|
L

. s x 1 hasa component in +x direction
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5.2 Dam and Foundativon Elements

Finite elements used to discretize the dam and the dam foundation are standard elements
derived in Reference [14]. The following element types are employed: solid elements [Figures S.1(d)
and 5.1(e). and shell elements [Figures 3.1t} and 5.1(g)). Two-dimensional elements [Figures 5.1(b)
and S.1(¢)] arc also employed to discretize the surface of the foundation rock at the water-foundation
rock interface in static analysis. The elements are shown 1n their undistorted or parent form. They
are isoparametric and can be mapped into distoried shapes. The local clement axes s, t. r are also
shown: these are area coordinates [14] in the triangular domains, The nodal numbering indicated is
the order in which the actual node numbers must be input in an element’s IM array (see Chapter 8,
Subprograms | and 2). Quadratic shape functiors are emploved: they default to linear shape func-
tions where non-corner nodes are omitted. Nodes can be superimposed as described in the previous
section. Element 1ypes are denoted by the input value of NELTY (se¢ Chapter 8 - Subprograms | and

)

The solid eiements (Chapters 6. 7 and 8, Reference [14)]) are used for discretizing a three-
dimensional dam-foundation system. It has three degrees of freedom per node - the x. v and 2 trans-
lations. The rectangular prism form (NELTY = 4) is a variable 8 to 20 node element. Any or all of
nodes 9. 10. 11. ... 19, 20 can be omitted. The triangular prism form {NELTY = 5) is a vaniable 6 to
15 node element. Any or all of nodes 7. 8, 9. ... 14, 15 can be omitted, Element integrations are per-
formed by Gauss quadrature (Figure 5.5, Table 5.2). Sofid elements are mapped into x, y, z space
with the requirement that s x t has a component in the positive x direction. Thus, to an observer
located, upsiream of the dam, the nodes should be numbered counter-clockwise [Figure 5.6(a)]. In
static analysis when the reservoir is not empty, two-dimensional elements to discretize the surface of
the foundation rock at the water-foundation rock interface are needed to compute the hydrostatic
pressure on the top of the foundation rock (see Chapter 8 - Subprogram 1). This two-dimensional
finite clement mesh is naturally selected as the mesh at the water-foundation rock interface resulting
from the three-dimensional discretization of the foundation rock. These two-dimensional elements

{NELTY =2 or 3} are mapped into x, y, z space, and s x t should point into the foundation rock.
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(for clarity, thickness of element is not shown)

Figure 5.5 Numbering scheme for element Gauss quadrature and stress output locations. For 3-d
solid clement, the stress locations are at the face of the element if that Face lies on the upstream face
or downstream face of the dam (see Figure 5.6).
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Table 5.2 -- Local coordinates of the Gauss quadrature and
stress output locations for finite elements

{a) 3-d solid element

Gauss
Rectangular Prism Trnangular Prism
Quadrature/
Stress T —
Location s t o s 1 r+
Number coordinate | coordinate | coordinate | coordinate | coordinate | coordinate
1 -0.5774 0.5774 0.5774 0.3333 0.3333 05714
2 0.5774 0.5774 0.5774 0.6 0.2 0.5774
3 0.5774 -0.5774 0.5774 0.2 0.6 0.5774
4 0.5774 0.5774 0.5774 0.2 0.2 0.5774
5 -0.5774 0.5774 0.5774 0.3333 0.3333 -0.5774
6 0.5774 -0.5774 -0.5774 0.6 0.2 -0.5774
7 0.5774 -0.5774 £.5774 0.2 0.6 0.5774
8 0.5774 0.5772 -0.5774 0.2 0.2 0.5774

{b) 3-d shell element

Gauss
Rectangular Triangular
Quadrature/

Stress j
Location $ 1 s t

Number coordinate | coordinate | coordinate | coordinate

i 0.5774 0.5774 0.3333 0.3333
2 0.5774 0.5774 04 0.2
3 0.5774 0.5774 0.2 0.6
4 0.5774 0.5774 0.2 0.2

tror 3-d solid element, r = 1.0 for stress locations 1, 2, 3 and 4 if the surface represented by r = 1.0 lies on the upstream face
of the dam; and r = -1.0 for stress locations 5, 6, 7 and 8 if the surface represented by r = -1.0 lies on the downstream face of

the dam {sce also Figure 5.7).



{a) Solid Element Mesh

(b} Shell Element Mesh

Figure 5.6 Example of proper direction of node numbering; also shown are the directions of local
stress axes.
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Thus. to an observer located outside the foundation rock hnite element mesh. the nodes should be
numbered clockwise {Figure 5.3(¢)).

The shell clemem (Chapter [6. Reference [14]) ss used for discretizing an arch dam. Any foun-
dation region must be discretized with the solid element. A shell element mesh employs one element
in the thickness direction of the dam. Nodes are located at the mid-surface. Each mid-surface node
is associated with two auxilliary “nodes” - one on the upstream face and one on the downstream face,
It s the auxilliary nodes ‘vhose numbers and locations are actually iaput by the user., Upstream aux-
illiary nodes are numbered first followed by the downstream auxilliary nodes in the same order.
Mid-surface node numbers are the same as those of the corresponding upsiream auxilliary nodes.
The coordinates of the mid-surface nodes are computed as the average of the coordinates of the
corresponding upstream and downstream auxilbary nodes. Degrees of freedom in a shell element
mesh are associated with the mid-surface nodes. Each mid-surface node has five degrees of freedom:
x. v and z transfations and two rotations of the "norma!” which connects the upstream and down-
stream auxilliary nodes. Note that this normal is in the mapped direction of the local element coordi-
nale 1. The two rotational degrees of freedom of the normal are about an axis a = y x r and an axis
b = r x a. The rectangular form (NELTY = 6) is a variable 4 to 8 (mid-surface) node element. Any or
all of nodes 5. 6. 7. 8 can be omitted. The triangular form (NELTY = 7} is a vanable 3 to 6 (mid-
surface) node element. Any or all of nodes 4, 5. 6 can be omitied. Element integraiions are per-
formed by Gauss quadrature in s and t {Figure 5.5, Table 5.2}, and are exact in r. Shell elements are
mapped into X. v, Z space with the requirement that s x { has a component in the positive x direction.
Thus. to an observer located upstream of the dam, the nudes should be numbered counter-clockwise
[Figure 5.6(b)]. Tabie 5.1 contains a summary of the usage of the different dam and foundation ele-

ments and the restriction on their orientation.

A connection cannot be made directly between a dam shell element and a sotid foundation ele-
ment because of the different types of degrees of freedom employed. In order 10 make this connec-
tion, a dam shell element adjacent 10 a sohid foundalion element is transformed to a transition ele-

ment by transforming the five degrees of freedom for each shell mid-surface node on the dam-
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foundatiu:: interface to six degrees of frecdom at the auxilliary node<. The first three of these six
dcgrees of freedom are X. v and z t-anslations of the upsiream auxilliary node and the last three are x.
v and z translations of the downstream auxilliary node. This transtormation is possible because the
displacements vary lingarly through the thickness of the shell element. The transiiion element is com-
patible with the adjacent solid foundation element if the interface side of the latter has i1ts nodes at
the mid-surface locations omitted. Transition elements are automatically formed from shell elements

by the program where needed.

An output for the finite elements of the dam mesh is stresses at element locations which are the
Gauss quadrature locations shown in Figure 5.5 and Table 5.2 However. for solid elements. the
stress locations are on the face of the element if the face is on the upstream or downstream face of the
dam (Figure 5.7). Two types of stress components are computed. First are principal stress com-
ponents. the arientations of which are autput with respect to a local set of axes 1, 2. 3 which are
defined at ecach stress location in terms of the mapped s, t. r axes. Second aie local stress components
referred to these same 1. 2. 3 axes. A stress table is output in Subprogram 2 which contains the x, v.
2 coordinates of cach siress location and the . v, z direction cosines of the 1. 2. 3 axes al each stress

location in each dam ¢lemeni.

For solid elements. 3 = s x t. | =y x 3or=-zif 3isin the y direction. and 2 = 3 x 1. Six
local stress components arc available: normal along 1, 2 and 3 and shear in the 1-2, 2-3 and 1-3
planes. In this order, the componcents are numbered | to 6 for use n array ISTYPE (see Chapter 8 -
Subprogram 7). When computing the principal stress components and directions. only the normal
stresses along the t. 2 and the shear in the 1-2 plane are considered as in a plane stress situation.
Discretizing an arch dam with proper ordering of element node numbering as shown in Figure 5.6(a)
orients 1. 2 and 3 in the arch. cantilever and normal directions. respectively, and the principal stress
components will be in a plane parallel to the surface of the dam. The element stress locations are
shown in Figures 5.5(a). 5.7 and Table 5.2{a). They are numbered 1 to 8 for use in array INS2 (see
Chapter 8 - Subprogram 7). As mentioned above, the stress locations are on the face of the element if

the face is on the upstrezm or downstream face of the dam (Figure 57). In this case, the stress



Stress locations |, 2. 3 and 4 located on
this surface if the surface is on upstream face of dam
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Stress locations 5. 6, 7 and 8 located on
this surface if the surface is on downstream face of dam
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Figure 5.7 Stress locations of 3-d solid element when the r = 1.0 face of the element lies on the
upstream face of the dam or when the r = 1.0 face of the element lies on the downstream face of the
dam.
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components are irst computed at the Gauss quadrature locations in the global x. v, and z axes: then
the stress components al the face of the element in the global x. ¥, and z axes are obtained by linearly
extrapolating their values at the Gauss quadrature locations. and a stress transformation is made 1o

vbtain the stress components in the local 1.2 and 3 axes.

For shell elements, 3 = s « t and is 1n the troe normal direction: 1 = v x 3 or = - 2 if 34511 the
v directon: and 2 = 3 x | Ten local stiess components are available: normal along | and 2 and
shear in the 1-2, 2-3 and 1-3 planes at the upstream face followed by the same five at the downstream
face. [n this order, the components are numbered | to [0 for use in array ISTYPE (see Chapter § -
Subprogram 7). The normal stress along 3 is set 10 zero in the element formulation. Similar to solid
elements. when compfning principal stresses. only the normal stresses along 1 and 2 and the shear in
the 1-2 plane are considered. Proper ordering of element node numbering as shown in Figure 5.6(b)
oriems . 2 and 3 in the arch. cantiiever and normal directions. respectively. The element stress foca-
tions are shown in Figure 5.5(b) and Table 5.2{b). They are numbered | 10 4 for usc in array INS2

{sce Chapter 8 -~ Subprogram 7).

As mentroned earlier, either the sohd or shell element can be used for discretizing an arch dam.
and no mixing of clem:nt types is permitted within the body of the dam. Unless the arch dam is
unusually thick, the shell element will suthee and is recommended. A Turther recommendation is the
use of shell clements employing quadratic shape functions (8-node rectangle. 6-node triangle). Such

elements are more economical than elements aterpolated linearly.

The analys! should be aware of two sources of error, although usually minor. encountered when
using the shell element. First is the approximate representation of shear deformations. While plane
sections originally normal 1o the mid-surface are allowed to rotate with respect to the mid-surface.
they are constrained to remain plane. Since most arch dams are thick (relative to the spans involved)
al their bases. some error will be present in this region due to the plane-sections-remain-plane con-
straini. Second is the plane stress behavior of the shell element: i.e.. no normal stress is developed
perpendicular to the plane of the shell. Some error will occur at the foundation interface where the

restraint provided by the foundation rock produces stress normal to the plane of the shell. This effect
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dies out rapidly away trom the inwerface.

If an arch dam s unusually thick. then the use of solid elemients throughout should be con-
sidered. Over large portions of these dams, shearing action causes significant departure from plane-
sections-remain-planc behavior. The through-thickness discretization should be a single solid element
with quadranic interpolation. Of course, as the dam thickness approaches that of a gravity dam. then
a multiple element discretization of the thickness will be needed. For reasons of economs. quadratic
interpolation 1n the plane of an arch dam s appropriate. Thus, it 15 recommended that unusualy
thick arch dams be discretized with 20-node solid clements. with 4 single clement in the thickness
direction.  Use of solid elements with linear interpolation in the through-thickness direction (no inte-

rior nodes) 1s not advised.

Although the 20-node solid element avoids both sources of error mentioned earlier with the she!ll
clement. use of the 20-node solid clement for arch dams is limited by two factars. First is the addi-
tioral expense over the shell element because the interior nodal points in the through-thickness Jdirec-
tion require more degrees of frcedom resulting in a more expensive solution. Second., when the 20
node solid element is employed. ili-conditioning of the stiffness matrix will result a4t thin sections of

the dam due 1o the close proximity of the three nodes along a through-thickness l:ue.



6. SELECTION OF IMPORTANT PARAMETERS CONTROLLING COMPUTED RESPONSES

To ensure that the computer program gives accurate dynamic response of a dam. the parameters
that govern the response computation must be carefully selected. This section gives guidelines to aid

in the seiection of the response parameters.

6.1 Fourier Transform Parameters

The FFT algorithm emploved by the program is fully described in Reference {15]: onlv those
topics of direct interest to the user are covered here. An illustration of the discrete Fourter transform
procedure for response computation appears in Figure 6.1. The parameters used in an FFT analvsis

are T. Ar. N, fmy and A These parameters are defined as follows:

T = the period of the computation. In Fourier analvsis both the excitation and response arc
periadic: i.e., the values at times -+ ¢ -37_ ¢ -T_ 1.t +T_1+2T_ - in both the excita-

tion and response are the same.

Af = the time increment and is referred to in the program as TINC. The excitation and response

are discrete  functions deaned at  equal time ancrements Af;  le. at times

0.7, 25, - - T -Ar,

N = I'/Af = the number of discrete time instanis in the computation period 7.

Smax = N/2T = 1/25t = the maximum frequency in Hz that is included in the analysis and is
referred to in the program as FMAX.

A/ = 1/T = the frequency increment in Hz. The frequencies included in the analysis are

0. A, 207, - fmax - @ total of N/2 + 1 frequencies.

Note that selection of any two of the above five parameters dectermines the other three. The
input section of the program (see Chapter 8 - Main Program and Subprogram 7) requires [ ma, and N.
The selection of /., Is completely determined by the time interval 27 at which the given earthquake
record and the resulting responses are defined. As given above. [, = 1/2a7. Earthquake accelero-

grams are processed at standard time intervals, usually .02 or .01 seconds. which result in the /.,
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Figure 6.1 Discrete Fourier transform procedure for response computation,
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valuss of 25 Hz and 50 Hz. respectively, Accurate computation of response at frequencies higher
than these values cannot be made hecause thev represent upper bounds on the frequency content
information in the accelerograms. Fortunately, occurrence of significant dvnamic response of a con-
crete dam 1s unlikely at frequencies above 25 Hz. and is especially unlikely above 50 Hz. Reinterpo-
lation of standard processed accelerograms to a time interval differem from the original one is not

advised: thus, the choices for /', arc limited to the two valucs given above,

The choice of NV is made so that 7. computed from 7" = N A, is appropriate. The following

formula is useful for selecting the minimum value of 7
' =T, 71,

where T, = the duration of the earthquake record emploved. and 7), = the ume required for the dam
response present at the end of the earthquake record 1o decay to a small relative value. The selection
of T, should be based on the period f. and damping £, assaciated with the fundamental resonant
response of the dam-fluid-foundation system: 7, = 3T ,/¢; where 8 is 1 constant dependent on the
percent decav in dam response over T, desired. ’f‘, and £, can be obtained from the frequency
response output of Subprogram 6. A plot of the frequency response function provides the fundamen-
1al resonanm pernod 7", and application of the half-power method [13] viclds 2,. The value 8 = .73
vields a 99% decay in dam response over T, and is recommended. As an example. 8 = .73. 7, = .3
serapds and £y = .05 results in 7, = 4.4 seconds. In addition, the cnhoic: of T should give a small
enough Af (=U/T) for representing the frequency response functions for the generalized coordinates.
especially near the fundamental resonant peak. For this purpose. it is rccommended that T = 507,

where 7', 1s the fundamental period of vibration of the dam-foundation system with no water.

The possiblc choices for N are A = MM =3 where MM is a positive integer and LL = 2 or 3 (see
Chapter 8 - Subprogram 7). Once T is selected. N is chosen as the minimum of the possible values
which exceed 7/Ar. A final check on whether 7}, is long enough is that the computed time histories
shouid begin with a small value at time zero and reach small values as r approaches T ie.. not

exceeding 1% of the maximum computed response when 8 = .73.
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In order to imit the volume of time history output and reduce cosl. the time increment of the

computed time histories is increased to
TINCK = TINC*2M

where KK is input. No approximation in the computed values is involved. Additionally. only
responses in the interva! from zero second to the input value TEND are output and used for computa-

uon of the cxtreme siress responses.

6.2 Number of Vibration Modes of the Dam-foundation System

The number NFD (see Chapter 8 - Main Program) of vibration modes required to represent the
earthquake response of a dam is much less than the number of degrees-of-freedom in the finite cle-
ment system. In general. all the vibration modes that significantly contribute to the carthquake
response of the dam should be included. A few additional modes should also be included for accu-

rate response resuits at the high-frequency end of the frequency range.

The number of vibration modes required depends on the particular dam-water-foundation sys-
tem and carthquake ground motion. In many cases. 15 vibration modes may be sufficient if the
foundation-rock 1s assumed rigid. and 15 to 20 modes may be sufficient if the foundation-rock flexi-
bility is included, with the iarger number of modes required for increasingly flexible foundation-rock.
The user should check whether enough vibration modes were included by examining the change in
the maximum stresses in the dam with ar increase in the number NFD of modes included. If the
stresses remain essentially unchanged, then the number NFD used in the previous analysis and the

corresponding response results are satisfactory.

6.3 Frequencies at Which the Fluid Mesh 2 Eigenproblem Is Solved

If the impounded water is infinite consisting of an irregular region and an infinite channel of
uniform cross-section, there is an cigenvalue problem of the fluid Mesh 2 at the transmitting plane
that needs to be solved (Figure 5.2) {2.4]. When water compressibility is considered in the analysis

{(NWAT = 3: see Chapter 8 - Main Program), the eigenvalues and eigenvectors of the infinite uniform



36

channel depend on excitation frequency and need to be defined at each excitation frequency at which
the frequency response function is computed. However. it has been demonstrated that accurate fre-
quency response functions can be ethciently obtaned by exactly computing the eigenvalues and eigen-
vectors only at widely separated excitation frequencics and aobtaining them at intermediate frequen-

cies by linear interpolation [3.4].

The excitation frequencies at which the eigenproblem is exactly solved are determined automati-
cally by the computer program with the frequencies separated over a constant frequency interval,
This interval was chosen 1o be more conservative than the recommendation in Reference [3] Occa-
sionally. multiple eigenvalues may occur at any one excitation frequency, in which case the frequency
interval is subdivided automatically by the computer program 1o eliminate this occurrence of multiple

cigenvalues,

6.4 Interpolation of Frequency Response Functions

In order 10 reduce the computational effort required in analvzing arch dams. the frequency
response functions for the modal coordinates are computed exactly at selected frequencies and their
values at other f'réquencics are obtained by interpolation. The selection of the frequencies at which
response is exactly computed shouid obviously depend on the rapidity with which the response varies
with excitation frequency: i.e.. these frequencies should be closely spaced in the frequency range

where the response varies rapidly and widely spaced if the response varies slowly.

The interpolation procedure is based on the concept of representing the dam response. over a
sub-range of frequencies, by the response function considering only the two vibration modes contri-
buting significantly. This precedure as well as the selection of freguencies at which the response is
computed exactly is descriked in Reference [3] and has been incorporated into the computer program

with more conservalive volues of the selection parameters.



7. PROCEDURE TO USE THE PROGRAM

Theoretically, the computer program can by executed in one continuous run for static analvsis
and for many cases of dsnsinic analysis. However. owing to the large size of 1he program. the many
different disk files used. and for reasons of computational etficiency, one continuous run is not recom-
mended For dynamic analvsis or for static analvsis when the foundation rock is flexible. The guide-
hnes in this chapter are intended 10 assist the user in selecting the best procedure to execute the pro-
gram fur a particular analvsis problem. For convenience. the most direct procedure for execution of
the program, althoueh not necessarily the optimal choice. is outlined first followed by the recom-
mended procedure which usually involves executing the program in parts. Frequent reference to

Table 7.1 is made. as it shows the disk file usage of the various subprograms.

7.1 Static Analysis

In static analvsis of a dam-water-foundation system. the Main Program can be executed with
one¢ continyous run of Subprograms I, 2. 3. 4. and 6 (Subprograms 5 and 7 are skipped in static
analysis: see Chapter 8 - Main Program). [f the foundation rock is rigid. Subprogram 1 is skipped: if
the reservoir is emply. Subprogram 4 is skipped (sec Chapter 8 - Main Program). The static displace-
ments and stresses for the dam due to its dead weight and the hydrostatic pressure are computed and
output in Subprogram 6. If the static stresses are to be added 10 the earthquake dynamic stresses
compuled in a secparate dynamic analysis. the static stresses which are written onto file 7 (see Table

7.1) should be saved after the execution of Subyrogram 6 {see also Section 7.3).

If the foundation-rock flexihility is included In the static analysis. Subprogram | for the founda-
tion can be run first separately, saving file 2 aficrward (Table 7.1), Then, Subprograms 2. 3, 4 and 6

can be run, using the saved file 2 to compu'e the static dam response,

A note should be presented here concerning the efficient use of the file 2 after execution of Sub-
program | for the foundation rock. For static analvsis with empty reservoir, or for dynamic analysis
{with empty or full reservoir), the only information needed from the foundation rock is the condensed

stiffness matrix with reference 1o the degrees of freedom at the dam-foundation interface, and this
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Table 7.1 - Input and output disk files of the different subprograms.

['7 Section [ [nput/Cutput Files T Static Analysis - Dynamic Analysis
Main
" Program

Inpot files from
previous subprograms

' Output files needed by
| subsequent subprograms -

5 Subprogram | | lnput files from
: previous subprograms

4

; Ontput hles needed by

. subsequent subprograms file 2 file 2
N
| Subprogram 2 | Input files from . .
: I previous subprograms
i Output files nesded by file 99 file 95
i subsequent subprograms
Gubprmram 3 | Input files from file 99 (from Subprogram 2) | file 99 (from Subprogram 2)
: Lprevious subprograms file 2 (from Subprogram 1) file 2 (from Subprogram 1)
I .
QOutput files needed by
; J subsequent subprograms | file 8 file 8
_Subprogram 4 I Input files from } )
LDWV]OUS subprograms
- o
Output bies needed by file 3 file 99
subsequent subprograms
| Subprogram 5 | Input les from i file 99 (from Subprogram 4) j
| previous subprograms file 8 (from Subprogram 3} ‘
Ourput files needed by .
- file 3
subsequent subprograms

[ Subprogram 6 | Input files from file 3 (from Subprogram 4) file 3 (from Subprogram 5}
. previous subprograms file 8 (from Subprogram 3) file 8 (from Subprogram 3}

[L
Output files needed by file 7 file 4
subsequent subprograms
Subprogram 7 | Input files from file 7 {from Subprogram 6. static analysis)
previcus subprograms If NSYM = 3 file 8 {from Subprogram 3) and

file 4 (from Subprogram 6)

If NSYM = 2 file 8 (from Subprogram 3, sym-
metric analysis) and file 4 (from Subprogram 6,
symmetric analysis) if x or y ground motions are
considered: and hle 1 {file 8 from Subprogram 3,
antisymmetric analysis) and file 10 (file 4 from
Subprogram 6, anlisymmetric analysis) if z
ground motion is considered.

Ouput files for

. . file 99
post-processing

file 7 needed only if static stresses due to dead weight of the dam and hydrostatic pressure are (¢ be included in the princi-
pal stresses and exireme values of stresses output in Subprogram 7.
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mlormation s stored in hle 2. Therefore. the file 2, obtained after execution of Subprogram 1. is
direetly usable for dvnamic analysis (with empty or full reservoir) and for static analysis with empty
reservoir. Thus. the fle 2 saved by Subprogram 1 for one of these three cases can also be used 1o run

the subsequent subprograms under any of the other two cases.

However. execution of Subprogram | for static analysis with impounded water in the reservoir
generates file 2 which contains. in addition to the condensed stiffness matrix. the condensed force vec-
tor (arising from hyvdrostatic forces on the water-foundation rock irterface) with reference 10 the
degrees of freedom at the dam-foundation interface. In this casc. the force-vector portion of file 2
depends on the reservoir water level. Therefore it needs to be obtained from a separate run of Sub-
program | with the appropriate water level. and cannot be substituted by the file 2 saved under one
of the earlicr three cases. In contrast. file 2 obtained from static analysis when the reservoir is not
empty can also be used for running the subsequent subprograms under any of the earlicr three cases.

i.e. for dynamic analysis or for static analysis when the reservoir is empty.

7.2 Dynamic Analysis

In the carthquake analysis of a dam-water-foundation system non-symmetric about the x-y
plane. the Main Program is executed with one continuous run of Subprograms 1 10 7. with Subpro-
gram | skipped for a rigid foundation rack and Subprograms 4 and 5 skipped for an empty reservoir
(sece Chapter 8 - Main Program). The earthquake time-histary displacement and stress responses and

the extreme stress values are computed and output in Subprogram 7.

In the earthquake analysis of a dam-water-foundation system symmetric about the x-y plane,
only one-half of the ¢ntire system needs to be analyzed. Upstream (x) and vertical (y) components of
ground motion cause responses symmetric aboul the plane of symmetry (x-y plane), and symmetric
boundary conditions are therefore imposed on this plane. Cross-stream (z) ground motion causes
responses antisymmetric about the plane of symmetry, and antisymmetric boundary conditions are
therefore imposed on this plane. When only upstream (x) and/or vertical {y) ground motions are con-

sidered as the excitation, the Main Program is executed with one continuous run of Subprograms | to
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7 (again, Subprogram 1 is skipped if the foundation rock is rigid and Subprograms 4 and 5 are

skipped if the reservoir is empty) to obtain the earthquake time-history responses. However. when

the cross-stream (z) component of ground motion is considered as the excitation or as one of the com-

ponents of the excitation. Subprogram 7 has to be run separately from Subprograms 1 to 6 in the fol-

lowing situations:

t2

When the responses to symmetric -- upstream (x) and/or vertical (y) -- componenis of ground
motion and the responses (0 antisymmeric -- cross-stream (z) -- component of ground motion
are to be combined together in Subprogram 7 or computed separately :n the same run of Sub-
program 7. the complex-valued frequency response functions for the three excitation com-
ponents should be obtained first from 1wo separate executions of Subprograms | 10 6 (NSYM = 2
for x and v ground motion components and NSYM = | for the z component: see Chapter 8 -
Main Program). and saving file 8 and file 4 after the execution of Subprogram 6 in each of the
separate runs (see Table 7.1). Subsequently Subprogram 7 can be executed using file 8 and file 4
from the symmetric (NSYM = 2) run of Subprograms | to 6, which are now also referred to as
file 8 and file 4, respectively. in Subprogram 7. and using file 8 and file 4 from the antisym-
metric (NSYM = 1) run of Subprograms | to 6. which are now referred to as file | and file 10.

respectively. in Subprogram 7 (see Table 7.1).

When only the response to the antisymmetric -- cross-stream (z) -- component of ground motion
is to be computed in Subprogram 7, Subprograms | {9 6 should be executed first (NSYM = 1. see
Chapter 8 - Main Program). and file 8 and file 4 should be saved. Subsequently, Subprogram 7
is run (NSYM = 2: see Chapter 8 - Main Program} using the saved file 8 and file 4 which are now

referred to as file 1 and file 10, respectively. in Subprogram 7 (see Table 7.1).

The computer program: can also be run in parts, for reasons mentioned in the beginning of this

chapter, to obtain the carthquake response of a dam-water-foundation system. irrespective of its sym-

metry. By saving the necessary files for the subsequent execution of the corresponding subprograms,

Subprogram | can be executed first for the foundation rock (if it is not assumed rigid). and then Sub-

programs 2 and 3 can be executed for the dam to obtain the vibration frequencies of the dam-
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foundation system. Then Subprograms 4 and S can bhe executed separately for the reservoir water (if it
is not empty). followed by the execution of Subprogram 6 for the frequency response. wnd finally the
execution ol Subprogram 7 for the carthquake response. Running Subprogram | separately makes it
possible 10 make efficient use of file 2 as discussed carher in Section 7.1. Running cther subprograms
in parts will also be computationally ethcient if the carthquake responses of the same dam-foundation
syvstem under different cases and conditions are desired. Tor example, changing the reservoir condi-
tions requires running only Subprograms 4. 5. 6 and 7; changing the carthquake ground eacitation
reguires running only Subprogram 7: changing the wave reflection coethicient « requires running only
Subprograms 6 and 7. and changing the maximum excitation frequency FMAX in the Fourier

Transtorm requires runmng anly Subprograms 5, 6 and 7.

Consider the following example to demonstrate the economy of running the program in parts.
A nonsymmetric system is to be analvred for an empty, half~full, and full reservoir under two earth-
guake excitations. Subprograms 1, 2 and 3 are run first followed by three runs of Subprograms 4. §
and 6. one run for each of the three reservoir conditions. Finally, six runs of Subprogram 7 are made
to obtain the dam responses for each of the three reservoir conditions under the two earthquake exci-
tations. Additional runs of Subprogram 7 could be made if additional respanse output, not obtained

previously. is desired.

7.3 Combined Static and Dynamic Analys's

I static stresses are to be added to the dynamic stresses computed in Subprogram 7 (for the
load cases when NCOMB(4) # 0. see Chapter 8 - Subprograra 7), Subprogram 7 has to be executed
scparately from Subprograms | to 6 under all conditions. Static analysis of the dam-water-foundation
rack system by executing Subprograms 1 to 6 is carried out first and file 7 containing the static
stresses due to the dead weight of the dam and the hydrostatic pressure is savad for later use. Subse-
quently. the dynamic response of the system is analyzed by one execution of Subprograms | to 6 for a
non-symmetric sysiem (NSYM = 3), and by one or two (symmetric and/or antisymmetric) executions

of Subprograms | 10 6 for a symmetric system (see Section 7.2 above), with file(s) & and file(s) 4 saved
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in either case. Tinallv, Subprogram 7 is executed. using file 7 (which is now also referred to as file 7),
file(s) 8 (referred to as hle 8 and/or file 1 in Subprogram 7. see Section 7.2 above) and file(s) 4

(referred to as file 4 and/or file 10 in Subprogram 7: see Section 7.2 above).

In addition 10 a separate execution of Subprogram 7 in which the static stresses are combined
with the dynamic stresses of the dam as described above. the execution of Subprograms | 10 6 in the
static or dynamic analysis can be carried out in parts. In the static analysis, Subprogram | can be
exccuted first separately if the foundation rock is flexible as described in Section 7.1 above. In the
dynanic analvsis. Subprogram 1. Subprograms 2 and 2. Subprograms 4 and 5. and Subprogram 6 can

he executed separately as described in Section 7.2 above.



8. INPUT DATA DESCRIPTION

The computer program can analvze three-dimensional dams with different assumptions for the
dam. foundation-rock and reservoir. With the specification of the input data, the following cases of
dam. foundation-rock. and reservoir condiions can be analyzed:

1. Dam-foundation-reservoir system

a.  svymmetric about the x-y plane
b.  non-symmetsic about the x-y plane

2. Foundation rock supporting the dam

a. ngd
b.  flexible

3. Reservoir domain

a. extent of reservoir

i infnite extent

il.  finite reservoir

b.  compressibility of water

1. compressibility included

n.  compressibility neglected

¢.  reservoir boundary (bottom and sides)

1. absorptive (when compressibility is also included)

ii.  non-absorptive (or rigid)
d. water level

I, any waler level provided the finite elemnent mesh for the dam is defined te include
nodal points at the water surtace

1. empty reservoir

The computzer program consists of one main program and seven subprograms. Parameters input
to the main program direct and control the execution of the seven subprograms. The primary func-
tions of each of the seven subprograms are listed below:

Subprogram | -

Subprogram 2 -
Subprogram 3 -

Subprogram 4 -

Subprogram 5 -

The sufiness matrix of the flexible foundation rock 1s computed and condensed 10
the degrees of freedom along the dam-foundation interface. In static analysis with
a non-empty reservois. the hydrostatic force vector on the surface of the founda-
tion rock is computed and condensed to the degrees of freedom along the dam-
foundation interface.

The element stiffness, mass, and stress matrices of the dam are computed.

The dam stifiness and mass matrices are assembled with the foundation stiffness
matrix from Subprogram 1 included for a flexible foundation. In dynamic
anulvsis, the natural frequencies and mode shapes of vibration of the dam-
foundation are computed. In static anclysis, the sell-weight load vector of the
dam 1s computed.

The five fluid meshes are defined. and in dynamic analysis, the element “stiffness”.
“mass”, and "damping” matrices of fluid Meshes | and 2 are computed. In static
analysis, the hydrostatic pressure load vector on the dam is computed.

The element matrices of fluid Meshes ! and 2 from Subprogram 4 are assembled
and the Mesh 2 eigenproblem of an infinite uniform channel is solved at an exci-
tation frequency of zero in dynamic analysis. The load vectors of the fluid
domain are also computed.

4]
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Subprogram 6 - The complex-valued frequency responses of the dam modal coordirates are com-
puted in dynamic analysis. In static analysis, the static displacemenis and stresses
of the dam are computed.

Subprogram 7 - The earthquake time-history responses of the dam are computed.

The tnput data for the different subprograms are described in this chapter. A line of input will
be referred to as a card in a card set. The format of each line is described by fields which are denoted
by Iw (integer). Fw (floating point} or Ew (exponential). where w is the field width. Inclusive card
columns for each input variable are also given. Integer values must be right justified in the Iw field
and in the optional exponent portion of the Ew field.

The weight and the length dimensions in the input data can be in any unit system (e.g. [b. ft or
N. m). a;nd the output displacements and stresses will also be in the same unit system (e.g. fi. 1b/ft? or
m. N/m*).
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MAIN PROGRAM - MASTER CONTROL. CARDS

A maximum of dve cards are input in the mamn program.
Card set 1. Control card for subprogram execution (714).

1- 4
5- 8
9-12
13-16
17 - 20
21-24
25.28

NOPT!

NOPT2

NOPT3

NOPT4

NOPTS

NOPT6

NOPT7

= 0, rigid foundation or il Subprogram 1 is skipped.
# 0, flexible foundat‘an with execution of Subprogram 1.

= 0, if Subprogram 2 is skipped,
# 0, dam considered with execution of Subprogram 2.

0. if Subprogram 3 is skipped.
0. dam considered with execution of Subprogram 3.

= (), empty reservolr or if Subprogram 4 is skipped.
0. reservoir water considered “.1th execution of Subprogram 4,

= 0. empty reservoir or it static anatysis is performed or if Subprogram 3
1s skipped.

# 0. reservoir water considered in dynamic analysis with execution of
Subprogram 5.

= {), no computatian of frequency responses in dvnamic analys)s or static
responses in static analysis: Subprogram 6 is skipped.

# 0. frequency responses (dynamic analysis} or static responscs (static
analysis) are computed with execution of Subprogram 6.

= 0, static analysis or no computation of earthquake responses. Subpro-
gram 7 is skipped.
# 0, earthquake responses are computed with execution of Subprogram 7.

Card set 2. General Control Data (18, 414, E12).

|- 8

9-12

MTOT

NSYM

Maximum size of the blank common storage 10 be used (< current dimen-
sion of array A. which is set at 45,000 but can be changed Ly the user).

When running Subprograms | to 6. NSYM identifies 1the symmetry of the
dam-water-foundation system and the components of ground motion con-
sidered.

= 1 for analysis of one-half of 2 symmetric system with antisymmetric
boundary conditions to cross-stream (z) ground motion.

= 2 for analysis of one-half of 2 symmetric system with symmetric boun-
dary conditions to upstream (x) and vertical (y) ground motions. or 10
static loading (NSD = 0: sec later part of this card set).

= 1} for a non-symmetric system.

When running Subprogram 7, NSYM also identifies the symmetry of the
dam-water-foundation system.

= 2 for a symmetric system.

= 3 for a non-symmetric system.



46

13-16 IFRIG = 0. for rigid foundation rock.
# 0 for fluxible foundation rock.

17.20 NWAT For dynamic analysis {NSD # 0. see next eniry),
= 0. empty reservoir. R
= 1. impounded water is assumed incompressible * (« does not apply).
= 2, impounded water 1s compressible and the reservoir battom-sides is
rigid (o = 1: o 1s the value REF input in Card set 1 of Subprogram 6).
= 3. impounded water is compressible and some parts of the reservoir
bottom-sides is absorptive (o« < ).
For static analysis (NSD = 0: scc next entrvh
= (0, empty reservoir.
# 0. the solutions due to the dead weight of the dam alone, the water
pressure alone, and both dead weight and water pressure are computed.

21-24 NSD = 0, perform static analysis ({final results appear in Subprogram 6}.
# 0. perform dvnamic or earthquake analysis. whether the static stresses
are combined with the dynamic stresses or not.

25-36 FMAX Maximum excitation frequency. in Hz, considered in the f{requency
response and earthquake response computations (refer to Section 6.1 for
selection of FMAX): not needed in static analysis.

Card set 3. Parameters for the finite element idealization of the dam (414).

1- 4 NDTP Parameter identifying the type of finite element used to idealize the dam:
all elements are of the same type.
= | for 3-d shell dam element {including transition element).
= 2 for 3-d solid dam element.

5-8 NFD Number of vibration modes of the dam-foundation system included in
dynamic or earthquake analysis (2 x NFD and NFD + 8 must not exceed
the total number of degrees of freedom in the dam mesh: refer to Section
6.2 for selection of NFD). not needed in static analysis.

9-12 NNPD Number of nodal points in the dam mesh,

13-16 NELD Number of finite elements in the dam mesh,

If the 3-d shell dam element is used (NDTP = |}. NNPD is the number of mid-surface nodal poinits in
the dam mesh (sec Subprogram 2. Card set | in this chapter for numbering the nodal points for sheit
element).

Card set 4. Parameters for the finite element idealization of the foundation rock (314,E12).
Omit this card if the foundation rock is rigid (IFRIG = 0 in Card set 2 of this subprogram).

1-4 NNPRF Number of nodal points in the foundation mesh.

5.8 NELRF Number of finite elements in the foundation mesh.

+ For incompressibic water and infinite reservoir, the velocity of pressure waves in water Is assigned a
value of 4720 fi/sec (as if water is compressible) in the program when determining the number of infinite
channel eigenvectors to include; because this results in the same number of cigenvectors as for compressible
water for a giver FMAX. This valuc should be changed if other unit sysiem is used (by changing the first
exccutable statement in subroutines subS and sub6).
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9-12 NELW Numover of surface finite elements in the foundation mesh in contact with
water on the upstream side: needed only if the reservoir is not empty
(NWAT = 0 in Card set 2 of this subprogram) and if static analysis is per-
formed (NSD = 0 in Card set 2 of this subprogram).

13-24 HMAX v coordinate of the free surface level of the reservoir; needed only if the
reservoir is not empty and if static analysis 1s performed.

Card set S. Parameters for the finite element idealization and the property of the impounded water (714,
E12).
Omit this card #f the reservoir is empty (NWAT = 0 in Card set 2 of this subprogram).

(-4 NNPI Number of Type | nodal points in the fluid mesh (a Type | node is any
node not a Type 2: see next entry),

5- 8 NNP2 Number of Type 2 nodal points in the fluid mesh (a Type 2 node is a
node on the transmitting plane). = 0 if the impounded water is idealized
1o extend to finite length in the upstream direction.

9-12 NEL1 Number of finite elements in Mesh | (Mesh 1 spans the entire irregular
region of the impounded wate;. Legal elements are triangular prism and
rectangular prism elements).

13-16 NEL2 Number of finite elements in Mesh 2 (Mesh 2 spans the transmilting
plane. Legal elements are triangular and rectangular plane elements); = 0
if the impounded water is idealized to extend to finite length in the
upstream direction.

17 - 20 NEL3 Number of finite elements in Mesh 3 (Mesh 3 spans the boundary of the
impounded water in contact with the dam. Legal elements are triangular
and rectangular plane elements).

21 -24 NEL4 Number of finite elements in Mesh 4 (Mesh 4 spans the reservoir bottom
and sides. Legal elements are triangular and rectangular plane elements).

25-28 NELS Number of finite elements in Mesh 5 (Mesh 5 spans the bottom and sides
of the transmitting plane. Legal clements are line elements), = O if the
impounded water is idealized to extend to finite length in the upstream
direction,

29 -40 C Velocity of pressure waves in water; needed only in dynamic or earth-
quake analysis when the impounded water is compressible (NWAT = 2 in
Card set 2 of this subprogram).

Figure 5.2 illustrates Type 1 and 2 nodal points and the meshes 1. 2, 3. 4 and 5 for an infinite reser-
voir domain. When only static analysis is performed (NSD = 0 in Card set 2 of this subprogram), a
compiete fluid mesh or only a mesh 3 at the dam face may be input. For the latter case, NELI = 0,
NELZ = (, NEL3 > 0, NEL4 = (), NELS = 0; and the mesh 3 nodal points can be classified as all Type |
or Type 2.
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SUBPROGRAM 1: FOUNDATION ROCK

No cards are required if the foundation rock is rigid. in which case NOPT1 = 0 {Card set 1. Main Pro-
gram). If NOPT1 # Q, the following cards should be supplied:

Card set 1. Nodal point coordinates {14, 12, 3F10, 12, 14, 3F10).

1-4

5-6

7-16

17-26

27- 36

37-38

39.42
43 - 352
53-462

63-72

N

NRC

COOR1

COOR2

COOR3}

NFW

NINC

CINC1

CINC2

CINC?

Naodal point number.

= 0 if the input values are in rectangular coordinates (x, vy, z).
= | if polar coordinates are used in the y-z plane (x, 1, 8).
= 2 if polar coordinates are used in the z-x plane (r, v, ).
= 3 if polar coordinates are used in the x-y plane (r, 8, z).
Figure 8.1 shows the coordinate axes for NRC = 0, |, 2 and 3.

x coordinate of nodal point N (NRC = O or 1).
r coordinate of nodal point N (NRC = 2 or 3).

#

L}

= y coordinate of nodal point N (NRC = 0 or 2).
r coordinate of nodal point N (NRC = 1),
= § coordinate, in degrees, of nodal point N (NRC = 3).

[

= z coordinate of nodal point N (NRC = 0 or 3).
= 8 coordinate, in degrees, of nodal point N (NRC = | or 2).

Number of following nodes for which coordinates are to be automatically
generated by this card. The nodal point numbers of these NFW nodes are
incremented successively by NINC, and the coordinates by CINCI, CINC2,
and CINC3 (se¢ neat four entries).

Nodal point number increment for generated nodal points (can be < 0).
COOR! coordinate increment for generated nodal points,

COOR? coordinaté increment for generated nodal points.

COOR3 coordinate increment for generated nodal points.

The nedal points are numbered | 10 NNPRF (input in Card set 4 of Main Program) and can be input
in any sequence. The above card needs to be repeated until all the NNPRF nodal point coordinates are
defined. See Appendix A for using the available mesh generation program to prepare this card set.

Card set 2. Fixed nodal points (2014).

1-80

JFIX(D)

Vector of nodal point numbers of foundation nodes on foundation rock
base with fixed boundary conditions.

The nodal point numbers (in any order) are read in 20 at a time, and the sequence must be ter-
minated by a zero {or blank). Encugh cards should be supplied 1o read in all fixed nodal points.

Card set ). Nodal points on plane of symmetry {2014).
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NRC = 0(x, v, 7) NRC = 2(r, v, #)
y y
X X
2]
r
Z z
NRC =1 (x,1,0) NRC = 3(r, 4, z)
y y
rh\ 8 r
]
g X X
F 4 Z

Figure 8.1 Coordinate axes for NRC = 0, 1, 2, 3 for defining the nodal point coordinates.
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1 -80 JSYM(D) Vector of nodal point numbers of foundation nodes located on the plane
of symmetry of the dam-water-foundation system (the x-y plane). Fixed
nodes need not be included.

The nodal point numbers (in any order) are read in 20 at a time, and the sequence must be ter-
minated by a zero (or blank). Erougl. cards should be supplied 10 read in all the nodal points located
on the plane of symmetry. A blank card should be supplied even if there is no plane of symmetry in
a nonsymmetric system.

Card set 4. Nodal points on dam-foundation interface (2014).

1-80 JRCKI(I), JIDAM(D) JRCK( 1s the Ith element of the vector of nodal point numbers
of the foundation rock nodes on the dim-foundation interface.
IDaM(I} is the [th element of the vector of nodal point
numbers of the dam nodes that correspond to the foundation
nodes at the interface. Thus, JRCK() and IDAM(I) for any single
I correspond to the same node on the interface. The nodal
peint numbers pairs should be input in the order such that the
nodal point number of the dam, JDAM(), is monotonically
increasing.

When shell elements are used in the dam (NDTP = ] in Card set 3 of Main Frogram) to connect with
3-d solid elements in the foundation, each mid-surface node of the dam i< associated with two nodes
of the foundaiion, one on the upstream face and one on the downstreain face (see Section 5.2). In
this case, JRCK(l) and 1DAM() for each nodal ccnnection on the interface should be of the form:
NFOQUP. NDAM, NFODN, NDAM where NFOU? and NFODN are the nodal point numbers of the upstream
and downstream foundation nodes. respectively, and NDAM is the nodal point number of the
corresponding dam mid-surface node. Fixed nodes need not be included.

The nodal point numbers (2 in one pair) are read in 20 (10 pairs) at a time, and the sequence must be
terminated by a zero (or blank). Enough cards should be supplied 1o read in all the nodal points
located on the dam-foundation interface.

Card set 5. Material properties sets of the foundation elements.
1. Number of different materia! properties scts (14).

1- 4 NUMMAT The number of different material properties sets used in the finite element
idealization of the foundation.

2. Material properties sets cards (14, 2E12).

- 4 N Material properties set number.
5-16 EE Young's modulus of elasticity in this material properties set.
17 -28 PR Poisson’s ratic in this material properties set.

The material properties sets are numbered 1 to NUMMAT (input in the first card of this card set above)
and can be input in any order. A total of NUMMAT cards should therefore be supplied here to specify
all the material properties sets.

Card set 6. Element properties ard definition cards.
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Two cards are required for each of the NELRF (input in Card set 4 of Main Program) foundation ele-
ments. The elements are numbered 1 to NELRF and ¢an be input in any sequence.

1. Element data and properties (4[4},

- 4 N Element number.

5- 8 NELTY Element type identifier.
= 4 for 3-d rectangular prism element.
= 5 for 3-d triangular prism element.

g.12 NMAT Material properties set nomber defining the properties of this element (a
number between | and NUMMAT; see Card set 5 above).

2. Element connectivity (2014).

1-80 LM Vector (I1=1, NEND of nodal point numbers of the element nodes. Refer to
Figure 5.1 for proper ordering of nodes. NENI is the maximum number of
nodal points per element. NENI = 20 and 15 respectively for NELTY = 4
and 5.

[f the Ith element nodal point is 10 be omitted (allowed only for nen-corner nodes), IMt) = 0. To
combine nodes, omit :1.-between nodes and repeat the corner node in the LM vector (see Section 5.1).

See Appendix A for using the available mesh generation program to prepare this card set.

Card set 7. Boundary condition modification cards.
1. Number of nodal points to be changed ([4).

-4 ICH Number of foundation nodal points whose fixity conditions are 10 be
altered.

2. Il 1cH > 0. ICH cards should be supplied after card 1 with the format and input data for each card
as fotlows:

Boundary condition cards (414},

-4 N Nodal point number (between | and NNPRF) of the foundation
node whose fixity condition is to be altered.

5-16 (IDCH(I, t=1, 3} Vector of the fixity conditions of the taree degrees of freedom
of the nodal poim with number N. IDCH® = 0 if the Ith
degree of freedom is fixed, # 0 if the Ith degree of freedom is
free. 1 =1, 2, and 3 for the x, y, and z degrees of freedom,
respectively,

Card set 8. Surface elements in contact with water,

Two cards are required for each of the NELW {input in Card set 4 of Main Program) surface founda-
tion elements in contact with water; hawever, no cards should be input here if the reservoir is empty
(NWAT = 0 in Card set 2 of Main Program) or if dynamic analysis is performed (NSD # 0 in Card set
2 of Main Program). The elements are numbered | to NELW and can be input in any sequence.

1. Element data (314).
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1-4 N Element number,

5-8 NELTY Element type identifier,
= 2 for 2-d rectangular plane element.
= 3 for 2-d trniangular plane element.

2. Element connectivity {2014).
1-80 LM(I) Vector (I=1, NEND of nodal point numbers of the element nodes. Refer to
Figure S.1, Figure 5.3(c) and Table 5.1 for proper ordering of nodes. NENI

15 the maximum number of nodal points per element. NENI = B and 6
respectively for NELTY = 2 and 3.

If the Ith element nodal point is o be omitted (allowed only for non-corner nodes). LMy = 0.
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SUBPROGRAM 2: DAM
IfNOPT2 # 0 {Card set |, Main Program). the following cards should be supplied:
Card set 1. Nodal point coordinates (I4, 12, 3F10, 12, 14, 3F10).

i- 4 N Nodal point number.

5-6 NRC = 0 if the input values are in rectangular coordinates (x, y. z).
= | if polar coordinates are used in the y-z plane (x. r. 9).
= 2 if polar coordinates are used in the z-x plane {r, v, 8).
= 31f polar coordinates are used 1n the x-y plane (r, 8, z).
Figure 8.1 shows the coordinate axes for NRC = 0, 1. 2 and 3.

7-16 COORI = X coordinate of nodal point N (NRC = Q or 1).
= r coordinate of nodal point N (NRC = 2 or 3).

|

17 - 26 COOR2 = y coordinaie of nodal point N (NRC = 0 or 2).
= r coordinate of nodal point N (NRC = 1).
= @ coordinate, in degrees. of nodal point N {NRC

3).

27 - 36 COOR3 = z coordinate of nodal point N (NRC = 0 or 3).
= # coordinate, in degrees, of nodal point N (NRC = | or 2).

37 - 138 NEFW Number of following nodes for which coordinates are to be automatically
generated by this card. The nodal point numbers of these NFW nodes are
incremented successively by NINC, and the coordinates by CINCI, CINC2,
and CINC3 (see next four entries).

39-42 NINC Nodal point number increment for generated nodal points (can be < 0).
43 - 52 CINCI COOR1 coordinate increment for generated nodal points.
53 - 62 CINC2 COOR2 coordinate increment for generated nodal points.
63-72 CINC} COOR3 coordinate increment for generated noedal points.

For a 3-d salid element mesh (NDTP = 2 in Card set 3 of Main Program), the nodes are numbered 1
to NNPD (input in Card set 3 of Main Program) and can be input in any order. The above card is
repeated until all the NNPD nodal point coordinates are defined.

For a 3-d shell element mesh (NDTP = | in Card set 3 of Main Program), it is the coordinates of the 2
x NNPD auxilliary nodes on the dam’s upstream and downstream faces which are input (in any order).
These nodes are numbered | to NNPD on the upstream face and are numbered NNPD + | t0 2 x NNPD
on the downstreamn face in the same order. (Number of downstream node = NNPD + number of
corresponding upstream node.) The above card is repeated until all the 2 x NNPD auxilliary nodal
point coordinates are defined. Node numbers of the mid-surface nodes are those of the upstream
auxilliary nodes. and coordinaizs of the mid-surface nodes are computed by the program as the aver-
ages of the coordinates of the upstream and downstream auxilliary nodes.

See Appendix A for using the available mesh gencration program to prepare this card set.

Card set 2. Fixed nodal points (2014).
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1- 80 IFIX() Vector of nodal point numbers of dam nodes on dam base (if foundation
rock is rigid) with fixed boundary conditions.

The nodal point numbers (in any order) are read .n 20 at a time. and the sequence must be ter-
minated by a zero (or hlank). Enough cards should be supplied o read in all fixed nodal points. If
shell elements are used. only the numbers of the mid-surface nodal points {the numbers | toc NNPD
{input in Card sci 3 of Main Prograni) corresponding 10 the upstream auxilliary nodes] should be
used A blank card should be supplied even 1f there are no fixed dam nodal points.

Card set 3. MNodal points on plane of symmetry (2014).

1-80 ISYM(D) Vector of nodal point numbers of dam nodes located on the plane of sym-
metry of the dam-water-foundation system (the x-y plane). Fixed nodes
need not be included.

The nodal point numbers (in any order) a.. r~ad in 20 at a time, and the sequence must be ter-
minated by a zero (or blank}t. Encugh cards should be supplied to read in all the nodal points loceted
on the plane of symmetry. If shell elements are used. only the numbers of the mid-surface nodal
points [the numbers 1 to NNPD (input in Card set 3 of Main Program) corresponding to the upsticam
auxilliary nodes] should be used. A blank card should be supplied even if there is no plane of sym-
metry in a nonsymmetric system.

Card set 4. Material properties sets of the dam elements.
1. Number of different material properties sets (14).

1- 4 NUMMAT The number of different material properties sets used in the finite element
idealization of the dam.

2. Material properties sets cards (14, 3E12).

-4 N Material properties set number.

5-16 EE Young's modulus of elasticity in this material properties set.
t7-28 PR Poisson’s ratio in this material properties set.
29 .40 RHO Mass dcnsity in this malerial properties set.

The material properties sets are numbered 1 to NUMMAT (input ir: the first card of this card set above)
and can be input in any order. A total of NUMMAT cards should therefore be supplied here to specify
all the material properties sets.

Card se: 5. Element properties and definition cards.

Two cards are reyuired for each of the NELD (input in Card set 3 of Main Program) dam elements.
The elements arec numbered | 1o NELD and can he input in any sequence.

|. Element data and properties (614).

-4 N Fle.nent number.



5- 8 NELTY
9.-12 NMAT
13-16 NUPSM
17-20 NDNSM
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Element type identifier.

= 4 for 3-d rectangular prism element.
= 5 for 3-d triangular prism element.
= 6 for 3-d reclangular shell element.
= 7 for 3-d triangular shell element,

Material properties set number defining the properties of this element {a
number between 1 and NUMMAT; see Card set 4 above).

Needed only for 3-d solid element (NDTP = 2 in Card set 3 of Main Pro-
gramy);

= 1 if a face of the element is on the upstream face of the dam. This face
must be that at r = +1 (Figure 5.7).

= 0 if none of the faces of the element is on the upstream face of the dam.

Needed only for 3-d solid element (NDTP = 2 in Card set 3 of Main Pro-
gram).

= | f a face of the clement is on the downstream face of the dam. This
face must be that a1 r = -1 (Figure 5.7).

= 0 if none of the faces of the element 15 on the downstream face of the
dam.

2. Element connectivity (2014).

1-80 LM(D)

Vector (1=1, NEND of nodal point numbers of the element nodes. Refer to
Figure 5.1. Figure 5.6 and Table $.! for the proper ordering of nodes.
NENI is the maximum number of nodal points per element. NEN| = 20,
15, 8, 6 respectiveiy for NELTY = 4. 5, 6, 7.

If the lth element nodal point is 1o be omitted (allowed only for non-corner nodes). LMih = ¢. To
combine nodes. omit in-between nodes and repeal the corner node in the LM vector (see Section 5.1).

See Appendix A for using the available mesh generation program to prepare most of the input data
for this card set. The input data NUPSM and NDNSM cannot be generated by this mesh generation pro-
gram and therefore have 10 be inpul manually.
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SUBPROGRAM 3: DAM
IfNOPT3 # O (Card set 1, Main Program). the following cards should be supplied;
Card set 1. Boundary condition modification cards.
1. Number of nodal points to be changed (14).

1- 4 ICH Number of dam nodal points whose fixity conditions are to be altered.

2. IfIcH > 0. ICH cards should be supplied after card | with the format and input data for each card
as foltow:

Boundary condition cards (714).

1- 4 N Ncdal point number between | and NNPD) of the dam node whose fixity
conditian is 10 be altered.

5-28 IDCH(I) Vector (I=1. NDPN) of the fixity conditions of the NDPN degrees of freedom
of the nodat point with number N.
IDCH() = 0, if the Ith degree of freedom is fixed.
# 0. if the Ith degree of freedom is free.
NDPN = 3 for a 3-d solid element node with DOF ordered as x. v. z.
= 5 for a 3-d shell element node not on the dam-foundation interface with
DOF ordered as x, y, z. rotation about axis a, rotation about axis b (see
Section 5.2):
= 6 for a shell element node on the dam-foundation interface with DOF
ordered as x, y, z at upstream auxilliary node. and x. y, z at downstream
auxijliary node.



57

SUBPROGRAM 4: WATER

No cards are required if the reservoir is empty. in which case NOPT4 = NOPTs = O (Card set 1, Main
Trogram). If NGPT4 # (), the following cards should be supplied:

Card set 1. T'ype | and 2 nodal point coordinates (14, 12, 3F10, 12, 14, 3F10).

|- 4 N Nodal point number.

5- 6 NRC = 0 if the input values are in rectangular coordinates (x., v, 7).
= | if polar coordinates are used in the y-z plane (x. r, #).
= 2 if polar coordinates are used in the z-x plane (r, y. #).
= 3 if polar coordinates are used in the x-y plane (r. 8. 2).
Figure 8.1 shows the coordinate axes for NRC = 0. [, 2 and 3.

7-16 COORI = x coordinate of nodal point N (NRC = Q or |).
= 1 coordinate of nodal point N {NRC = 2 or 3).

17-26 COOR?2 = v ¢onordinate of nodal point N (NRC = 0 or 2).
= r conrdinate of nodal point N (NRC = 1).
= # coordinate. in degrees. of nodal point N (NRC = 3),

27-36 COOR3 = 7z coordinate of nodal point N (NRC = Q or 3).
= # coordinate. in degrees. of nodal point N (NRC = | or 2).

37 -8 NFW Number of fcllowing nodes for which coordinates are to be automatically
generated by this card. The nodal point numbers of these NFW nodes are
incremented successively by NINC. and the coordinates by CINCL, CINC2,
and CINC3 (see next four entries).

39-42 NINC Nodal point number increment for generated nodal points (can be < 0).

43-.52 CINC) COOR! coordinate increment for generated nodal points.

53-62 CINC2 COOR2 coordinale increment for generated nodal points.

63-72 CINC3 COOR3 coordinate increment for generated nodal points.

The Type ! nodal points should be aumbered first from ! to NNPI (input in Card set 5 of Main Pro-
gram) and the Type 2 nodal points (if any) should he numbered from NNP1 + | to NNPI + NNP2
(input in Card set 5 of Mam Program). The nodal points can be input in any sequence. The above
card needs to be repeated until all NNPL + NNP2Z nodal point coording:es are defined. See Appendix A
for using the available mesh generation program to prepare this card set.

Card set 2. Free surface nodal peints (2014).

| -80 JFIX() Vector of nodal point numbers of free surface nodes.

The nodal point numbers {in any order) are read in 20 at a time, and the sequence must be ter-
minated by a zero (or blank). Enough cards should be supplied 10 read in all free surface nodal

points.

Card set 3. Nodal points on plane of symmetry (2014).
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- 80 JSYMID Vector of nodal point numbers of fluid nodes loca'ed on the plane of sym-
metry of the dam-water-foundation system (the x-y plane). Free surface
nodes need not be included.

The nodal point numbers {in any order) are read in 20 at a time. and the scquence must be ter-
minated by a zero (o7 blank). Enough cards should be supplied to read in all nodal points located on
the plane of symmetry. A blank card should be suppiied even if there is no plane of svmmetry in a
nonsymmetric system.

Card set 4. Dam-water interface nodal points (2014).

| - RO JF3(I3, JDAM) JF3D is the Ith element of the vector of nodal point rumbers of
the fluid mesh 3 nodes (Figure 5.2). 1DAM(D) is the Ith element of
the vector of nodal point numbers of the dam upstream face
nodes that correspond 1o the flud mesh 3 nodes. Thus JFiD) and
JpaM) for any single T correspend to the same node on the inter-
face.

The nodal point numbers (2 in one pair) are read in 20 (10 pairs) a1 a time in any order. and the
sequence must be terminated by 4 zero (or blank). Enough cards should be supplied to read in all
dam-water interface nodal points.

Card set 5. Nodal points on the bottom and sides of the irregular fluid region (2014).

1-80 IFHl Vector of nodal point numbers of Mesh 4 {(Figure 5.2) nodes.

The nodal peint numbers (in any order) are read in 20 at a time. and this sequence must be ter-
minated by a zero {or blank). Enough cards should be supplied to read in all nodal points located on
the reservoir bottom and sides,

Card set 6. Nodal points on the bottom and sides of the transmitting plane (2014).

1 - 80 JES(D Vector of nodal point numbers of Mesh § (Figure 5.2) nodes.

The nodal point numbers (in any order) are read in 20 at a time. and 1his sequence must be ter-
minated by a zero (or blank). Enough cards should be supplied 1o read in al! nodal points on the bot-
tom and sides of the transmitting plane.

Card set 7. Mesh 1 element cards.

No cards are required if static analysis 1s performed (NSD = 0 in Card set 2 of Main Program). Oth-
erwise, iwo cards for each of the NELI (input in Card set § of Main Program! Mesh [ elements (Figure
5.2) need be supplied. The elements are numbered | 10 NEL! and can be input in any sequence.

}. Elvment data (314).

1. 4 N Element number.
5- 8 NELTY Element type identifier.

= 4 for 3-d rectangular prism element.
= 5 for 3-d triangular prism element.

2. Element connectivity {2014),
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1-80 LMD Vector (I- |, NEND of nodal point numbers of the element nodes. Refer to
Figure 5.1 for proper ordering of nodes. NENI is the maximum number of
nodal points per element. NENI = 20 and 15 respectively for NELTY = 4
and 5.

If the lth clement nodal point is to be omitted (allowed only for non-corner nodes), LM(I) = 0. To
combine nodes, omit in-beiween nodes and then repeat the corner node in the 1M vertor (see Section
5.1).

See Appendix A for using the available mesh generation program to prepare this card set.

Card set 8. Mesh 2 element cards.

No cards are required if there are no Mesh 2 elements (NEL2 = 0 in Card set 5 of Main Program) for
an impounded water idealized to extend to finite length in the upstream direction, or if static analysis
is performed (NSD = 0 in Card set 2 of Main Program). Otherwise, two cards for each of the NEL2
Mesh 2 elements (Figure 5.2) need be supplied. The elements are numbered | to NEL2 and can be
[nput in any sequence.

|. Element data (314).

1- 4 N Element number.

5-8 NELTY Element type identifier.
= 2 for 2-d rectangular plane element.
= 3 for 2-d triangular plane element.

2. Element connectivity (2014).

I-80 LMD Yector (I-1, NENI) of nodal point numbers of the element nodes. Refer to
Figure 5.1, Figure 5.3(a) and Table 5.1 for proper ordering of nodes. NENI
is the maximum number of nodal points per element. NENI = 8 and 6
respectively for NELTY = 2 and 3.

If the Ith element nodal point is o be omitted {allowed only for non-comer nodes), LM(I) = 0.

Card set 9. Mesh 3 element cards.

Two cards are supplied for each of the NEL3 (input in Card sel 5 of Main Program) Mesh 3 elements
(Figure 5.2). The elements are numbered 1 to NEL3 and can be input in any sequence.

1. Element data (314).

[-4 N Element number.
5- 8 NELTY Element type identificr.

= 2 for 2-d rectangular element.
= 3 for 2-d triangular element.

2. Element coanectivity (2014).



60

| - 80 LM(I) Vector (I=1, NENI} of nodal point numbers of the ¢lement nodes. Refer 10
Figure 5.1, Figure 5.3(b) and Table 5.1 for proper ordering of nodes. NEN]|
is the maximum number of nodal points per element, NENI = 8 and 6
respectively for NELTY = 2 and 3.

If the Ith element nodal point is to be omitted (allowed only for non-corner nodes). LMty = 0.

Card set 10. Mesh 4 element cards.

No cards are required if static analysis s performed (NSD - O in Card set 2 of Main Program). Oth-
erwise, the Mesh 4 elements (Figure 5.2} are numbered 1 to NEL4 (input in Card set 5 of Main Pro-
gram) and the following cards should ve supplied.

1. Rigid bottom and sides Mesh 4 elements (2014).

1 - 80 JSIDE4(]) Vector of element numbers of Mesh 4 elements at which no wave
absorption takes place. that is. the wave reflection coefficient « equals
to 1.0

The element numbers {in any order) are read in 20 at a time. and the sequence must be lerminated by
a zero (or blank). Enough cards shouid be supplied to read in all Mesh 4 elements at which a rigid
condition for wave reflection is assumed. A blank card should be supplied even if there are no rigid
Mesh 4 elements. For an infinite reservoir. Mcsh 4 intersects the transmitting plane at Mesh 3 (Fig-
ure 5.2} therefore the specification of rigid Mesh 4 clements here has 10 be consistert with the
specification of rigid Mesh 5 elements (see first card in Card set 1! below) at the reservcir bottom-
side boundary of the transmitting plane. This input has meaning only when wave absorption is con-
sidered in some pans of the reservoir bottom-sides (NWAT = 3 in Card set 2 of Main Program) in
dynamic analvsis, When the entire reservoir botiom-sides is assumed rigid (NWAT = 2) or when the
impounded water is assumed incompressible (NWAT = 1), this input is ignored and a blank card is all
that is needed here.

2. Element cards.

Two cards are required for each of the NEL4 Mesh 4 elements. The elements can be inpur in any
sequence.

a. tlement data (314).

1- 4 N Element number.

5- 8 NELTY Element type identifier.
= 2 for 2-d rectangular element.
= 3 for 2-d triangular element.

b. Element connectivity (2014).
[-80 LM(D) Vector (1=1, NENI) of nodal point numbers of the element nodes. Refer to
Figure 5.1, Figure 5.3(b) and Table 5.1 for proper ordering of nodes. NENI

is the maximum number of nodal points per element. NENI = 8 and 6
respectively for NELTY = 2 and 3.

If the ith element nodal point is to be om‘tted (allowed only for non-corner nodes). tm() = G,

Card set 11. Mesh 5 element cards.
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No cards are required if there are no Mesh S elements (NELS = 0 in Card set 5 of Main Program) for
an impounded water idealized 10 extend to finite length in the upstream direction. or if static analysis
1 performed (NSD = 0an Card set 2 of Main Program). Otherwise, the Mesh 5 elements {Figure 5,2)
are numbered | to NELS and the following cards should be supplied.

i. Rigid bottom and sides Mesh § elements (2014).

1 - 80 JSIDES(I) Vector of elerient numbers of Mesh $ elements at which no wave
absorption tukes place, thai is, the wave reflection coefficient a equals
e 1.0,

The elem.nt numbers {in any order) are read 1n 20 at a time, and the sequence must be terminated by
a zero {or ble. ). Enough cards should be supplied to read in all Mesh 5 elements at which a rigid
condition for wave reflection is assumed. A blank card should he supplied even if there are no rigid
Mesh 5 clements. For an infinite reservoir. Mesh § intersects Mcsh 4 a1 the transmitting plane (Fig-
ure 5.2 therefore the specification of rigid Mesh 5 elements here has to be consistent with the
specification of rigid Mesh 4 elements {see first card in Card sei 10 above) at the reservoir bottom-
side boundary of the transmitting plane. This inpul has meaning only when wave absorption is con-
sidered in some parts of the reservoir bottom-sides (NWAT = 3 in Card set 2 of Main Program) in
dyvnamic analysis. When the entire reservoir bottom-sides is assumed ngid (NWAT = 2) or when the
impounded water is assumed incompressible (NWAT = 1), this input 1s ignored and a blank card is all
that 1s needed here.

2. Element cards.

Two cards ard required for each of the NELS Mesh 5 elements. The elements can be input in any
sequence.

a. Element data (314).

1- 4 N Element number.

5- 4 NELTY Element type identifier.
= 1 for line element.

b. Element connectivity (2014).

1 - 80 LM(I) Vector (=1, NENI} of nadal point numbers of the element nodes. Refer to
Figure 5.1, Figure 5.3(a) and Table 5.1 for praper ordering of nodes. NENI
is the maximum number of nodal points per element. NENI = 3 for NELTY
= 1.

If the 3rd element nodal point is 1o be omitted, LMy = 0,
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SUBPROGRAM 5: WATER
No cards are required in this subprogram, whether NOPTS = Q or # 0 (Card set 1, Main Program).
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SUBPROGRAM 6: FREQUENCY RESPONSES OF DAM MODAL COORDINATES
If NOPTé # O (Card set 1, Main Program). the following cards should be supplied.
Card set 1. Some system parameters and properties.
1. If static analvsis is performed (NSD = 0 in Card set 2 of Main Program), the following card is sup-
phied:
System properties (2E12),

I-12 RHOF Mass density of the impounded water: needed only if the reservoir is not
empty (NWAT # 0 in Card set 2 of Main Program).

13- 24 AG The acceleration due lo gravity.

2. If dynamic analysis is performed (NSD # 0 in Card set 2 of Main Program), the following card is
supplied:

System parameters and properties (3JE12. 214).
1-12 DR Constant hysteretic damping factor for the dam.

13-24 RHOF Mass density of the impounded water; needed only if the reservoir is not
empty {NWAT # 0 in Card set 2 of Main Program).

25- 36 REF Wave reflection coefficient « of the absorptive parts of the reservoir
bottom-sides; needed only if wave absorption is considered in some parts
of the reservoir bottom-sides (NWAT = 31n Card set 2 of Main Program).

37 -40 NANAL > 0, to print the absolute values of the frequency responses.
< 0, to print the real and imaginary components of the frequency
responses.

41 - 44 NYZ Needed only for infinite fluid domains.

= 0, if full vertical or cross-stream ground motion is considered along the
entire reservoir bottom and sides.

= 1, if the vertical or cross-stream ground motion is considered only along
the reservoir bottom and sides of the irregular region, i.e., between the
dam and the transmitting plane, but not beyond the transmitting plane.
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SUBPROGRAM 7: EARTHQUAKE RESPONESES

1f NOPT? # 0 (Card set 1, Main Program). the following cards should be supplied.
Card set 1. Control parameters (714).

1-4
5- 8
9-12
13-16
17-20
21-24
25- 28

NCASE

NQD

NQS

NEXS

NOUT

NDA

NTS

Number of load cases (ground motion combinations and static contribu-
tion) 1o be included (see Card set 2 below).

Mumber of time histories of dam nodal dynamic relative displacement
components (NDA = 0: see later pant of this card set) or absolute accelera-
tion compoients (NDa # 0) for each load case: < NNPD {input in Card set
3 of Main Program) x 5 (x. y. 2. radial and tangential components). The
static displacements are not included in these time histories.

Number of time histories of dvnamic local stress components of the dam
for each load case; < NELD (input in Card set 3 of Main Program) x
number of stress locations per element (=4 for 3-d shell element: = 8 for
3-d solid element) x number of stress components per stress location (=
10 for 3-d shell element: = 6 for 3-d solid element). The static stresses are
not included in these time histories.

# 0, computes and prints the extreme values of local stress components
and principal stresses and their times of occurrence at each of the stress
jocations in each dam element for each load case.

= 0, nu exireme stress computation.

= |, print time history responses only.

= 2, wrile time history responses onto file 99 only.

otherwise, print and write time history responses. NOUT applies only to
the NQD + NQS time history responses described above.

= 0, dam dynamic relaiive displacements are computed.
# 0, dam absolute accelerations are computed (no stresses of any kind will
be computed in this case even if asked for),

> 0. equals the number of time instants at which the principal sticsses at
each of the stress locations in each dam elemeni for each load case are
computed and printed (see Card set 3 below),

= 0, no principal siresses at particular time instanis are printed.

< 0, time histories of the local stress components and principal stresses at
each of the stress locations in each dam element for each load case are
computed and the results written onto file 99. This output occurs in this
case regardless of the value of NOUT,

Card set 2. Ground meotion combination and static contribution {(414).



65

| - 16 {(NCOMBII), 1=1, ) NCOMB(1). NCOMB(2). NCOMB(3} correspond respectively to the
upstream (x), vertical (v) and cross-stream (z) ground motion com-
ponents. For cach of these three parameters, = |. add ground
molion component contribution to the total responses: = (. omit
contribution; = -1. subtract contribution.
NCOMB(4) controls the static contribution to the siresses: = 0, no
static stress contribution: # 0, add static stresses due to dead
weight and hydrostatic pressure resulting from a previous separate
static analysis (file 7; see Table 7.1) to the exireme values of
stresses (NEXS # 0 in Card set | above) and the stress results com-
puted under the NTS < 0 or NTS > O option (see Card set | above).

A total of NCASE (input in Card set | above) cards should be supplied here to read in all NCASE load
cases.

Card set 3. Time instants for principal stresses (10F8).
Required only if NTS > 0 (see Card set | above).

1 - 80 TIMS{!) Vector (=1, NTS} of time instants, in seconds, at which the principal
stresses at each of the stress locations in each dam element for each load
case are computed. The time instants should be multiples of TINCK =
TINC x 2XK and less than or equal to the ending time instant determined

by TEND (sec Card set 6 below), and the time instants should be input in
the order such that they are monotonically increasing.

Encugh cards should be supplied to read in all NTS 1ime instants.

Card set 4. Dam displacement or acceleration responses (4(214, E12)).
Required only if NQD > 0 {see Card set 1 above).

1 - 80 (IND (L), IND2(IY, ANG(I), 1=1, NQD)

INDI(I) = nodal point number of the dam node at which the Ith displacement or acceleration
1ime history 1s desired.
IND2(1) = ] for x component of response,

= 2 for y component of response.

= 3 for z component of response.

= 4 for the component of response at the angle defined by ANG(D) (see the next entry).
ANG() = angle. in degrees, defining the direction of the component of response desired;

needed only if INDXI) = 4 (see the previcus entry). It is measured clockwisc siarting

from the + x axis (pointing in the upstream direction) to the direction of the com-

ponent in the z-x plane. This input data can be used to define, ¢.g., the radial and

tangential components.

Enough cards should be supplied to read in data for specification of all NQD responses.

Card set 5. Dam stress responses (2014).
Required only if NQS > 0 (see Card set | above).
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1 -80 (INSHI), INS2(1), ISTYPE(D), 1=1, NQS)  INSI{) = dam element number in which the Ith stress
quantity time history is desired.
INS2() = stress Jocation number within the dam ele-
ment at which the Ith stress quantity time history is
desired,
ISTYPE(IY = local stress component number of the Ith
stress quanlily fime history in element INS){]) a1 loca-
tion iNs2(1y. = 1 to 6 for 3-d solid element. | 10 10 for
3-d shelt clemem (refer to Section 5.2 for descriptior
of the local stress components and the stress locations
of the dam elements).

Enough cards should be supplied to read in data for specification of all NQS responses.

Card set 6. FFT and time histories output parameters (E12, 314).
Refer to Section 6.1 for criteria for selection of FFT parameters.

i-12 TEND Determines the ending time instant. in seconds. of the time interval for
which the earthquake motion is output and for which the time history
responses and exireme stress values are computed and output. Ending
time instant = the smallest multiple of TINCK (see later part of this card
set) which is = TEND. TEND has to be < N /2xFMaX) N is related to MM
and LL as described below in this card set while FMAX is input in Card sct
2 of Main Program.

13-16 MM Determines the number of discrete time instants in the FFT compulation,
N.
N o= MM oL

17-20 L1 MM 15 a positive integer and LL = 2 or 3.

21-24 KK Integer > €} such that all the responses are outpul at time increments of

TINCK = TINC x 28K, where TINC = [ A2 xFMAX).

Card set 7. Earthquake ground motion records.

For each of the three components of ground motion (x. v. and z). the followiag cards are suppiied in
the order upstream (x} component, vertical (y) component and cross-stream (z) component. The first
card is supplied even though a certain component of ground motion docs not contribute in any of the
NCASE (input in Card set 1 above) load cases.

|. Control parameters (214).

1- 4 NPTEQ Number of points {time instants) to define the component of ground
motion, < N (see Card set 6 above),
= 0 if the component is notl included in any of the NCASE load cases
according 10 NCOMB (input in Card set 2 above).

5-8 NOUTE = 0, no output of the earthquake component.
= 1, print the time function of the earthquake ccmpoaent only.
= 2, write the time function of the earthquake componcnt onto file 99
only.
otherwise, print and write the time function.

2. Earthquake acceleration record {10F8).
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Required only if NPTEQ > 0 (see 1. above).

1-80 EQM]) Vector (1=1, NPTEQ) of earthquake accelerations of the component at
equally spaced time intervals of TINC [= | /{2 xFMAX)].

Enough cards should be supplicd so that all NPTEQ values are read in.



9. OUTPUT DESCRIPTION

Printed Output

All input data to the main program and subprograms described in Chapter 8 are printed in the
corresponding main program or subprograms including the names of the variables and the values read
in by the program, Thus the user of the program can verify the correctness of the input data. In
addition to the input data. the printed output includes the following information in the different sub-
programs. Some output in Subprograms 6 and 7 for the frequency and time history responses is con-

trolled by the input data.

As mentioned in Chapter B, the output displacements and stresses are in the same unit system

as the input data.

Main Program

No other information is printed in addition to the input data.

Subprogram |

I.  Nodal point coordinaies of the foundation rock.

2. Global equation numbers of the degrees of freedom of each nodal point in the foundation rock.

3. Half*bandwidth of the foundation stiffness matrix. and blocking and number of equations infor-

mation.

4.  In static analysis with a non-empty reservoir, the hydrostatic pressure load vector with non-zero
terms at the nodal points on the water-foundation rock interface is printed. The data is printed

for water of unit weight.
5. Actual blank common storage used in Subprogram 1.

6. In static analysis with 2 non-empty reservoir, the hydrostatic pressure load vector condensed to

the degrees of freedom along 1the dam-foundation interface is printed.

Subprogram 2

68
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Actual blank common storage used in Subprogram 2.
Nodal point coordinates of the dam.

In the case of dam transition elements, the number of pairs of nodal poims connected to the

foundation rock in cach transition element is printed.

A stress table listing the dirsction cosines of the local stress directions and the global coordinates

of cach stress location in each element of the dam.

Subprogram 3

Global equation numbers of the degrees of freedom of each nodal point in the dam,
Half_bandwidth of the dam stifiness and mass matrices. number of equations per block and the
number of blocks.

Actual blank common storage used in Subprogram 3.

For dynamic analysis. there is output from the subspace iteration algorithm to obtain the dam
mode shapes and frequencies. The mode shapes are printed in the x, v, and z components. The

modal inertial forces due :o the ground motion components and the natural frequencies are also

printed.

Subprogram 4

Nodal point coordinates of the impounded water.
Actual blank common storage used in Subprogram 4.

Fluid domain loads over Mesh 3, Mesh 4, and Mesh § due to unit rigid accelerations in the x. y,
and z directions for dynamic analysis. For static analysis, the x. y, and z components of dam

loads over Mesh 3 due 1o static pressure of unit weight fluid are printed.

Subprogram 5

No output is prinited in this subprogram if static analysis is performed. For dynamic analysis,

the following information is printed:
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Global equalion numbers of the pressure nodal points in the fluid.
Information on the fluid matrices stored in active columns.

Output from the secant iteration algorithm to obtain the eigenvectors and eigenvalues of the
infinite uniform channel cross section at zero excitation frequency. The eigenvectors, eigen-

values and the square roots of the eigenvalues are printed.

Actual blank common storage used in Subprogram 5.

Subprogram 6

ra

Actual blank common storage used in Subprogram 6.

For static analysis. the static dispiacements of all nodal points are printed, followed by the static

local stress components and principal stresses at each stress location in each element of the dam.

For dynamic analysis. the actual number of the infinite channel eigenvectors included is printed.
The square roots of the Mesh 2 eigenvalues at different excitation frequencies for an infinitc
reservoir of compressible water with absorptive reservoir houndary are printed. Then the fre-
quency responses of the dam generalized coordinates due 1o the unit harmonic ground accelera-

tions in the appropriate directions at each excitation frequency are printed.

Subprogram 7

1.

Biocking information, actual blank common storage used in Subprogram 7, and time increments

and time interval of all printed output.

Time histones of the different components of the earthquake acceleratior record mcluded in the
analysis.

Time histories of the specified components of dynamic relative displacements or absolute
acceierations at specified nodal points.

Time histories of the specified dynamic local stress components at specified stress locations,

The principal stresses at the specified time instants and the extreme values of principal stresses
and local stress components and their times of occurrence at the stress {ocations in each dam

element are printed. For the extreme values of the prinvipal stresses, for each stress location in
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cach dam element. the maximum of the maximum principal stress and the minimum of the
minimum principal stress and the two time instants of occurrence are printed. However, the
minimum of the maximum principal stress and the maximum of the minimum principal stress
which are also printed have not much meaning physically because usually they are not the
extreme values of stress in the principal direction. Hence, the value primed as the minimum of
the maximum principal siress actually corresponds to the minimum principal stress at the
instant when the maximum of the maximum principal stress occurs. Likewise, the value printed
as the maxtmum of the minimum principal stress actually corresponds to the maximum princi-
pal stress at the instant when the minimum of the minimum principal stress occurs. The values
printed as the maximum and minimum of the angle correspond respectively to the angles of the
maximum principal siress direction at these two time instants when the maximum of the max-
imum principal stress and the minimum of the minimum principal stress occur,
Output 3. 10 5. above is printed for each load case of the analysis.
Ouput on file 11, from Subprogram |
File 11 after execution of Subprogram 1 contains the nodal point coordinates and ¢lement con-
nectivity vectors of the finite element model of the foundation rock, and element connectivity vectors
of the surface elements in contact with water. This information, if file /1 is saved afier executing the
program, can be used for plotting or other post-analysis processing. File 11 is an unformatied FOR-
TRAN file with the following logical records; some variables in the records are part of the input data

described in Chapter 8. others are defined here below:
l. RECORD i: NNPRF, NELRF, NELW
2. Nodal point roordinate records.

Next NNPRF records:; Each record is of the form: 1. COOR(1,1). COOR(l,2), COOR(1,3} where 1 is the
nodal point number, COOR(Lk) denotes the x, v, and z coordinates of nodal

point! fork = 1. 2, 3. 1 increases from | to NNPRF.

3. Connectivity records for foundation elements.
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Next NELRF records; Each record is of the form: I. NENI, (LM{}), J = 1. NEND) where 1 is the element

number between | and NELRF.

4. Connectivity records for surface elements in contact with water: exist only if NSD = 0 and NWAT #

0.

Next NELW records: Each record is of the form: I, NENIL (LM}, § = 1, NEND) where [ is the element
number between 1 and NELW.
Output on file 11, from Subprogram 2
File 11 after execution of Subprogram 2 contains the nodal point coordinates and element con-
nectivity vectors of the finite element model of the dam. If Subprograms 1 and 2 are run continu-
ously in one run, the following logical records are written immediately after the previous records writ-

ten in Subprogram |. Otherwise, the first record written is the first logical record in file 11.
1. First record writien in Subprogram 2.  MNPD, NELD

MNPD is the total number of nodal points needed 1o define the dam mesh; it is equal to NNPD when
3.d solid elemenis (NDTP = 2) are used to discretize the dam, but is equal 10 NNPD x 2 when 3-d shell

clements (NDTP = ) arc used.
2. Nodal point coordinate records.

Next MNPD records: Each record is of the form: ) COOR(L.1), COOR(L2), COOR:I,3) where I is the nodal
point number, COOR{Lk) denotes the Xx. v, and z coordinates of nodal point |
fork = 1,2, 3. I increases from 1 to MNPD.

3. Element connectivity records.

Next NELD records: Each record is of the form: 1, NENI, (LM(J), J = 1, NEN]) where I is the element
number between | and NELD.,

Ouiput un file 11, from Subprogram 3

File 11 after execution of Subprogram 3 contains the mode shapes of the dam-foundation sys-

tem. If Subprograms | and/or 2 are run together with Subprogram 3 in one continuous run, the fol-

lowing logical records are written nnmediately after the previous records written in Subprograms |



73

and/or 2. Otherwise, the first record written is the first logical record in file 11,
1. First record 'written in Subprogram 3:  NNPD, NFD
2. x component of the mode shapes.

Next record: HAMODE(L J). 1 = 1|, NNPD). J = |, NFD) where AMODE(L, J) is the x component of the

Jth mode shape at nodal point 1.
3. v component of the mode shapes.

Next record: ((AMODE(L J). 1 = 1. NNPD), } = |, NFD) where AMODE(, J) is the y component of the

Jth mode shape at nodal point 1.
4. z companent of the made shapes.

Next record: (tAMODE(, 33,1 = |, NNPD). J = 1, NFD) wherc AMCDE(L J) 15 the z component of the

Jth mode shape at nodal poiut

If 3-d shell elements are used to discretize the dam, the mode shapes are computed at the NNPD mid-
surface nodal points; except if a nodal point is on the dam-foundation interface iz a transition ele-

ment. the mode shape values writlen in the above records are for the upsiream auxillary node.
Ouiput on file 11, from Subprogram 4

File 11 after execution of Subprogram 4 contains the nodal point coordinates of the finite ele-
ment model of the impounded water and the element connectivity vectors of Meshes I, 2, 3, 4 and 5.
If any one of Subprograms 1 1o 3 is run together with Subprogram 4 in one continuous run, the fol-
lowing logical records are written immediately after the previously written records. Otherwise, the
first record written is the first logical record in file 11,

1. First record written in Subprogram 4;
NNPF, NELI, NEL2, NEL3, NEL4, NELS
where NNPF = NNPI + NNP2? is the total number of nodal points in the finite element model of the

impotunded water.

2. Nodal point coordinate records.
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Next NNPF records: Each record 1s of the form: I COOR(L 1), COOR(, 2), COOR(. 3 where T is the
nodal point number, COORJ. k) denotes the x, v. and z coordinates of nodal

pointifork = 1. 2. 3. 1incrcases from 1 1o NNPF.
3. Mesh | element connectivity records.

I. NEND where T is the Mesh 1

Next NEL! records: Each record is of the form: I. NENI, (LM{J). )

elcment number between 1 and NELI.
4. Mesh 2 element connectivity records: exist only if NEL2 > O,

Next NEL2 records; Each record is of the form: 1. NENL (LM(J), J = |. NENI) where I is the Mesh 2

element number between | and NEL2,
5. Mesh 3 element connectivity records.

Next NEL3 records: Each record is of the form: I NEN1 {LM{J), } - 1. NEND) where 1 1s the Mesh 3

element number between | and NEL3.
6. Mesh 4 element connectivity records.

Next NEL4 records: Each record is of the form: 1. NENL (LM(J). J = 1. NEND where I is the Mesh 4

f

element number between | and NEL4.
7. Mesh 5 element connectivily records: exist only if NEL5 > Q.

Next NELS records: Each recorc is of the form: I. NENL (LMdJ) J = 1. NENI) where I is the Mesh §

element number between 1 and NELS.
Owpt on fiie 4. from Subprogram 6

File 4 after execution of Subprogiam 6 contains the complex-valued frequency response func-
tions far the generalized coordinetes of the dam-foundation. If file 4 1s saved after program execu-
tion. tne frequency response funciions can be plotted: and if the mode shapes, which are written on
both file 11 and file &, are saved after execnting Subprogram 3. the frequency response functions of
the displacement and acceleration at th.e dam nodal poiats can be computed. File 4 is an unformat-
ted FORTRAN file with logica. records that are contr - - 4 by the input data NFD and NSYM. There is

onc logical record corresponding to each excitation frequercy at which the frequency responses wre
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computed in Subprogram 6. Each of these records 1s of the form:

FREQ. ({TVEC(), 1 = 1. NLEN)
where FREQ is an excitation frequency at which the frequency responses are compuled. TVEC is a
complex-valued arrav of dimension NLEN containing the complex-valued frequency responses at that
excitation frequency FREQ; and (see Chapter 8 - Main Program)

NLEN = NFD x NSYM

The first NFD elements of TVEC are the complex-valued frequency responses of the NFD generalized
coordinates of the dam-foundation. These NFD elements of TVEC are repeated NSYM times for the
different components of grourd motion (NSYM = | for z ground motion, = 2 for x and y ground
motions. = 3 for x. y. and z ground motions).
In addition to the above logical records, the last record in file 4 is a record of the same form
corresponding o a ficticious excitatior frequency of 999999, with the same frequency responses in
TVEC as the frequency respenses in the immediately preceding logical record (the record correspond-
ing to the largest excitation frequency at which the frequency responses are computed). This ficti-

cious frequency marks the end record of file 4.
Owutput on fite 99, from Subprogram 7.

File 99, as output from Subprogram 7, contains the time histories for the earthquake records.
dynamic nodal displacements or accelerations, and dynamic lccal stress components; various vari-
ables and parameteis are also written onto this file for purpose of identifying the earthquake records
and time histories results. In addition, if NTS < 0. the time histaries of all the local stress components
and principal stresses at each stress location in each dam element are written onto file 99. These dzta
may be used for plotting and other post-analysis processing if file 99 is saved after program execution.
File 99 is an unformatted FORTRAN file with the following logical records; some variables in the

records are part of the input data described in Chapter B, others are defined here below:

|. RECORD I: NL. TINCK, TBEG. TEND, NPTR, NQD, NQS, NOUT, NDA, NTS, NCASE, ((NCOMB(. J,

1=1.4), 1=1, NCASE), NSPI, NDTP
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NL is the tota! number of stress locations in the whole dam = NELD x {number of stress locations per

clement. - ! for 3-d shell element, = 8 for 3-d solid element).

TBEG = (.

NPTR is the total number of vaiues output tor each of the time histories: these values correspond to

time instants that are multiples of TINCK from TBEG to TEND.

NSPL is the number of local stress components per stress location in the dam: = 6 for 3-d solid ele-

ment. and 10 for 3-d shell element frefer to Section 5.2 for further description).

2. Earithquake acceleration records that are written on file 99:

Next record; NOUTE for x component

Next record: upstream {x) component of earthquake acceleration if NCOMB(, 1) # O for some |
from | to NCASE. and if NOUTE for x component # 0 and # 1.

Next record: NOUTE for y component

Next record: vertical (y) component of earthquake acceleration if HCOMB(, 2) # 0 for some 1
from 1 to NCASE, and if NOUTE for y component # O and # 1.

Next record: NOUTE for z component

Next record: cross-stream (z) component of earthquake acceleration if NCOMBil, 3) # 0 for
some | from | 10 NCASE, and if NOUTE for 7 component # 0 and # 1.

Each of the records above is of the form: (EQ(D. 1=1, NPTR), where EQ is a one-dimensional array con-

taining the NPTR values of earthquake a.ccicrations. No records are written here if NOUTE = Q or 1.

3. Displacement (or acceleration) and stress records.

Next record; (INDI{D. IND2{1). ANG(I), =1, NQD) if NQD > 0.

Next recorg: (NS D), INS(D), ISTYPE(), 1=1, NQS) if NQS > () and NDa = 0.

Next NQD records:  Dynamic relative displacement (NDA = 0) or absolute acceleration (NDA # 0)
time history responses. Each record corresponds to cach combination of node

number and component defined by INDId). INDXI) and ANG(I), and 1 increases

from 1 to NQD.
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Each of the above NGD records is of the form: (D(), t=1, NPTR) where D is a one-dimensional array con-

taining the NPFTR values of displacement or acceleration. No records are written here if NQD = 0 or

NOUT = 1.

Next NQS records: Dynamic local stress component time history responses. Each record
corresponds to each combination of dam element. stress location and com-
ponent defined by INS1(f), INS2(1), and ISTYPE(I); and ! increases from | 1o NQS.

Each of the above NQS records is of the form: (S(1). 1:1, NPTR) where S is a one-dimensional array con-

taining the NPTR values of stress. No records are written here if NQS = 0 or NDa $!=$% 0 or nOUT = |

Next NPTR x NL records:  NPTR records of local siress components and principal stresses at one
stress location: each record corresponds to a ime instant which increases
in increments of TINCK from TBEG to TEND
NPTR records above are repeated NL times. each set of NPTR records
corresponds to a global stress location number which increases from | to
NL. A global stress location number is given by: (clement number - 1)
$times? NSPL + local stress location number in that element, where NSPL

is defined above in the first record of file 99.

Each of the above NPTR x NL records is of the form:

(S(1), I= 1, NSPL), PS1, PS2, ANG for 3-d sohd dam elements, or

(S(I), 1-1, NSPL), UPS1, UPS2, UANG, DPS1, DPS2, DANG for 3-d shell dam elements.

where S is 1 2ne-dimensional array containing the NSPL local stress component values; PSt, PS2. ANG
are respectively the maximum principal stress, minimum principal stress. and the angle of the max-
imum principal stress direction {measured in a counter-clockwise direction, when looking down-
stream, from the local stress direction 1 axis in the 1-2 plane). For 3-d shell elements, UPSI, UPSZ, and
UANG are respectively the upstream face values of PSt, PS2, and ANG: whilc DPS1, DPS2, and DANG are
the downstream face values. No records are written here if NTS $> =% 0 or NDA $!=8 .

This set of records described above for group 3 is repeated NCASE times; each set corresponds to a

combination of ground excitation and static contribution defined by (NCOMR(L, J), J=1, 4) and I increases

from 1 10 NCASE.



10. EXAMPLE EARTHQUAKE RESPONSE ANALYSIS OF MORROW POINT DAM

To demonstrate the use of the program EACD-3D. an carthquake response analvsis of a 3-d
arch dam. Morrow Point Dam. due 1o the Taft ground motion including static effects 15 presented
here. The selection of the important response parameters. the input data card deck. and some of the

output response results are described and presented in this chapter,

10.1 Morrow Point Dam and Ground Moetion

Morrow Point Dam is a 465 ft high. approximately svmmctric, single centered arch dam located
on the Gunnison River tn Colorado. A detailed description of the geometry of the dam is available
in References (3] and [4]. For the purpose of dvnamic analysis. the dam is assumed 1o be symmetric
about the x-y plane with the dimensions averaged from the two halves. The foundation and flmd
domains are also assumed symmetric about the x-y plane. with the fluid domain extending to infinity

in the upstream direction.

Since the dam. fluid domain. and the foundation rock are assumed symmetric about the x-y
plane. only one-half of the dam-fluid-foundation svstem needs be analyzed. The response 10 upsiream
(x) or vertical {y} components of ground motion. which is symmetric about the x-v plane. is deter-
mined by analyzing one-half the system with symmetric boundary conditions on the x-v plane. The
response to cross-stream (z) ground motion, which is antisymmetric about the x-y plane. is deter-
mined by analyzing one-half the system with antisymmetric boundary conditions on the x-y planc.
The finite element idealizations of one-half of the arch dam. foundation rock and the impounded
water are shown in Figure 10.1. The finite element idealization of the dam, shown in Figure 10.1(a).
consists of 8 thick shell finite elements in the mapor part of the dam and 8 transition elements in the
part of the dam near its junction with foundation rock. with a total of 61 nodal points. When
foundation-rock flexibility is considered. this idealization has 296 degrees of freedom for symmetric
{x and y components) ground motion or static analysis and 284 degrees of freedom for antisymmetric
(z component) ground motion. The mass concrete in the dam is assumed 10 be homogeneous, 15otro-

pic and linearly elastic with the following properties: Young's moduius = 4.0 million psi, unit weight
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Figure 10,1 Finite element meshes of one-half of the Morrow Point Dam-water-foundation rock sys-
tem. (Parts (a) and (c) adapted from reference [1]}
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= 155 pcf and Poisson’s ratio », = (.2. A constant hysteretic damping factor n, = 0.10. which

corresponds to five percent damping in all natural vibration modes of the dam. is selected.

The portion of the foundation rock included in the analysis to represent its static flexibility
effects is shown in Figure {0.1(h) with its external boundaries assumed fixed. The shape of the foun-
dation rock region is defined according to Reference [8]. and its size is described by a radius parame-
ter R;. which is sclected as 3 times the height /4, of the dam [3]. The three-dimensional finite ele-
ment idealization consists of 138 solid finite elements with 236 nodal points: and has 556 degrees of
freedom for symmetric (x and v components) ground motion or static analvsis and 530 degrees of
freedom for amisvmmetnic {7 component) ground motion. The foundation rock is assumed to be
homogeneous. isotropic, and linearly elastic with the fellowing properties: Young's modulus = 4.0

million psi. and Poisson’s ratio ¢, = 0.2.

For computational convenience. the water level is assumed to be at the crest level in this
analvsis, The finite element idealization of the fluid region (Figure 10.1{c)} consisis of 27 three
dimensional finite elements for the irregular fluid region with 189 nodal points: and has {57 pressure
degrees of freedom for symmetric {x and v components) ground motion and |32 degrees of frecdom
tar antisvmmetric {z component) ground motion, Special equilibrium and compatibility conditions
are tmposcd on the transmitting planc e-f-g-h-e [Figure 10.1(c}]} connecting the irregular region with
the infinite channel, 1o represemt the upsiream transmission of the hydrodvnamic pressure waves,
The foliowing properties are assumed for the impounded water: velocity of pressure waves ¢ = 4720

ft/scc and unit weight = 62.4 pcf.
There are no data avatlable for the alluvium and sediments at the hottom and sides of the reser-

voir impounded by Morrow Point Dam, or for that matter at any other dam. A wave reflection

coefficient « = 0.5 is arbitrarily selected for this analysis.

The ground motion recorded at the Taft Lincoln School Tunnel during the kern County. Cali-
fornia earthquake of 21 July 1952 is selected as the excitation. The upstream vertical, and Cross-
stream ground motion components: ag{r). al(r), and a;(r). in the analysis are chosen as the S69E,

vertical. and §21W components of the recorded motion. respectively (Figure 10.2).
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Figure 10.2 Ground motion at Taft Lincoln School Tunnel, Kern County, California, Earthquake, 21
July 1952,
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10.2 Response Parameters

In the Fast Fourier Transform (FFT) computations. 2048 time steps of 0.02 sec. are used. ie. N

= 2048 (MM = 0. LL = 2). A¢ (TINCY = (.02 sec.. 7

40.96 sec. (ste Section 6.1). In the input Taft
ground motion. a duration of 7. = (NPTEQ - 1)*TINC = 20 sec. is cmploved for the earthquake record:
therefore. approximately the last half-number of the 2048 time steps corresponding to a 7), = 20.96
sec. forms a grace band of zero excitation to reduce the aliasing error in the FFT calculations. For
this dam-water-foundation system with the selected o value, 0,73f',/£. = 1.29. 1.27. and 5.45 sec.
respectively for upstream, vertical. and cross-stream ground motions (Section 6.1). Therefore, this
value of 7, is long enough for the dam response present at the end of the earthquake record to decay
10 a small relative value. based vn the period and damping associated with the fundamental resonant
response of the dam-water-foundation svstem (see Section 6.1). The maximum frequency at which
the frequency responses are computed in Subprogram 6. FMAX. is 25 Hz in this analysis based on a
At value of 0.02 sec. (see Section 6.1) For this example, 18 {the value of NFD) vibration modes of the

dam-foundation svstem is found to be sufficient 1o obtain accurate responses (Section 6.2).

10.3 Procedure Used in Running the Program

A complete analysis of the response of the dam due to its weight, the hydrostatic pressure and
the simultancous action of the three components of Taft ground motion was carried out using the
computer program EACD-3D. The hydrostatic pressure acting on the foundation rock at the water-
foundation rock interface is included in the static analysis, unlike the results presenied in References
(3] and [4]. The procedure used in running the program to obtain the response results is summarized
here below (see the corresponding input data card decks):

1. Subprogram 1 was run first, separately for symmetrc static analysis and antisymmetric dynamic
analysis, saving the resuits on file 2.

2. Using the stored file 2 from the symmelric static run of Subprogram !, Subprograms 2 to 6 were
run for siatic analysis (NSD = 0), saving the results on file 7.

3. Using the corresponding file 2 from the symmetric static and antisymmetric dynamic run of
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Subprogram . Subprograms 2 to 6 were run. separately for symmetric and antisymmetric dynamic
analvsis, saving the results on hle ¥ and file 4.

3. Using the stored hles & and fles 4 from the symmetric and antisymmetric runs of Subprograms 2
10 6 and the stored file 7 from static analysis, Subprogram 7 was run, saving file 9% for plotting of the

response results,

10.4 Response Results

Figure 10.3 shows the time history of radial, vertical, and tangential displacements at nodal
points 44 and 60 located at the dam crest. and at nodal points | and 13 located at the dam-
foundation rock interface [Figure 10.1{a)). Figure 10.4 shows the time history of arch and cantilever
stresses on the upstream face at global stress locations 4 and 19 and on the downstream face at global
stress Incations 22 and 61 [Figure 10.1{a)]. Figure 10.5 shows the distribution of envelope values of
the maximum arch and cantilever stresses on the upsiream and downsiream faces of the dam (max-
imum 1ension is positive). Such stress results aid in identifying areas in the dam that may crack dur-

ing an earthquake.

The computation time required for a complete earthquake analysis (excluding the time for static
analysis) of 1his selected dam is shown as Case 6 in Table 10.1. Also included in Table 10.1 are the
computation times required for response analyses of the dam under alternative assumptions for the
effecis of impounded water, foundation rock and the reservoir bottom-side materials. The computa-
tion times shown are for an earlier version of th: program executed on the CDC 7600 computer. The
additional computation time required to consider dam-water interaction is significant because of the
complications associated with the evaluation of hydrodynamic terms for three-dimensional fluid
domains. Also consideration of foundation rock flexibility in the analysis increases the computational
time because of the additional effort required for computing the foundation-rock stiffness matrix, the
additional degrces of freedom at the dam-foundation rock interface. and the larger number of general-
ized coordinates required. In earlier analyses [1], the computational effort increased by a factor of 7

to 8 to include wave absorption at reservoir bottom and sides. However, the efficient evaluation of
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static stresses are included.
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Table 10.1 -- Computation Times for Complete Analysis of
Morrow Poini Dam 10 Upsiream. Vertical and Cross-stream Components.

Simultaneously. of Taft Ground Motion

! Foundation Reservoir Np. of Central Processor
Water § Boundary | Generahized Time' (sec)
Coordimates
|
! f ngid empty | - 12 a
1 2 rigid full rigid i2 152
3 rigid full absorplive 12 113
‘ 4 flexible! Iemply - 18 113

5 | flexible! l full rigid 18 249

6 i flexibict | ful) [absorplivc 18 204

* CDC 7500 Computer

¥ Foundation rock region shown in Figure 10.1¢b) with R, = H,
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hydrodynamic terms developed in this work. the interpolation of the frequency response functions.
and more efficient computer programming make it possible 1o include this effect without any increase

in the computational effort. which actually decreases {Table 10.1: Section 3.5 in Reference [3)).
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For antisymmetric dynamic analysis, these records may be omitted.
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2. Subprograms 2 to 6 run — static analysis
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3. Subprograms 2 to 6 run - symmetric dynamic analysis
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APPENDIX A: MESH GENERATION PROGRAM TQO PREPARE
INPUT DATA TO EACD-3D

A.1 Intreduction

The mesh generation program to prepare input data to EACD-3D is an adapiation «f one of the
four program modules of the Practical Mesh Generator (PMG), which is a general purpose mesh gen-
eration program for both two- and three-dimensional problems. PMG is designed for practical appli-
cations including those in which frequent modifications of the finite element mesh are made to refine

the mesh or t¢ meet new design modification.

The PMG computer program is written in Fortran 77 and has been originally developed on vir-
tal m2mory VAX computers operating in the UNIX system. It features special algorithms to optim-
ize the storage (by avoiding generation of already existing datla like boundaries common to adjacent
substructures) and selection of algebraical procedures rather than iterative methods to increase the

speed of computations, The program consists of the following four modules:
1. pmg {batch mode and interactive)
2.  assemble
3. duplicate
4. propagate
Mesh generation is basically centered around the pmg module. A large choice of grid generation
and a general element library are available to help the user to construct a solution strategy which best

meets his specific need. The three other modules together form a global mesh editor which makes

mesh generation for many complex problems feasible and effective.

The PMG program has been developed by Charbel Farhat, Department of Civil Engineering.
University of California, Berkeley. 1f has been specialized tc generate finite clement meshes for
analysis of three-dimensional dam-water-foundation systems by the EACD-3D program. This special-

ized program, which is implemented on VAX computers operating in the UNIX system, is included
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with the EACD-3D program for convenience of the user.

A.2 General Concepts

The purpose of a mesh generator 1s to generate the Jarge amount of finite element data needed
in analysis of three-dimensional dam-water-foundation rock systems with a minimal amount of input.
The nodal point coordinates and element connectivity are the usual data required in finite element
analysis. Using PMG, these required data can be generated with a relatively small amount of input.
As mentioned in Section A.l, the mesh generation program is an adaptation of one of the four
modules of PMG. Since the rest of this presentation is concerned with the mesh generation program.

for convenience, it 1s hereafter also referred to as PMG.

The basic idea behind PMG is to divide the three-dimensional system (o be modelled into a few
relatively larger blocks and then subdivide gach block into a number of finite elements that are used
in the analysis (Figure A.l1). The input data to PMG basically consists of the coordinates of the
"points” (see Section A.3.1) and connectivity of these "points” defining the blocks. Since the number
of blocks is much smaller than the number of finite elements in the final idealization of the system,
the amount of input data required to define the blocks i1s much less than that necessary to define the

finite elements.

In addition to the block concept as mentioned above, PMG has several features that facilitate
the generation of the block information and provide different ways of subdividing the blocks into
finite elements. Different geometrical curves like circle, ellipse, parabola and cubic spline are avail-
able to represent the boundaries of a system so that the coordinates of the "points” defining the blocks
of the system can be generated easily. In certain cases, the connectivity iniormation for several
blocks can be automatically generated with one command, further reducing the amount of input data.
The desired grading and mesh refinement can be achieved with the several features available in PMG.
Blocks of different sizes can be achieved by appropriately selecting the locations of the "points”
defining the blocks; these locations may be automatically generated using certain commands with

weighting parameters. The number of subdivisions (or finite elements) within each block can be
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modules of PMG. Since the rest of this presentation is concerned with the mesh generation program,

for convenience. it 1s hereafter also referred to as PMG.

The basic idea behind PMG is to divide the three-dimensional system 10 be modelled into a few
relatively larger blocks and then subdivide each block into a number of finite elements that are used
in the analysis (Figure A.1). The input data to PMG basically consists of the coordinates of the
“points” (seéc Section A.3.1) and connectivity of these "points” defining the blocks. Since the number
of blocks is much smaller than the number of finite elements in the final idealization of the system.
the amount of input data required to define the blocks is much less than that necessary to define the

finite elements.
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the generation of the block information and provide different ways of subdividing the blocks into
finite elements. Different geometrical curves like circle, ellipse, parabola and cubic spline are avail-
able to represent the boundaries of a system so that the coordinates of the "points” defining the blocks
of the system can be generated easily. In certain cases, the connectivily information for several
blocks can he automatically generated with one command, further reducing the amount of input data.
The desired grading and mesh refinement can be achieved with the several features available in PMG.
Blocks of different sizes can be achieved by appropriately selecting the locations of the "points”
defining the blocks; these locations may be automatically generated using certain commands with

weighting parameters. The number of subdivisions (or finite elements) within each block can be
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Figure A.1 Basic idea of Practical Mesh Generator.
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freely selected in each of the three parametric directions of the block. and weighting parameters can
also be specified to achieve a weighted subdivision in anv parametric direction. Furthermore, ele-
ment of different orders (number of nodes per finite element). e.g. 8-node. |6-node. 20-node element,
are avatlable in the element library to specify the type of elememt generated in each block (all ele-
ments generated in one block must be of the same order). Some special types of elements are avail-
able 10 ensure compatibility of elements al the interfaces of blocks of different element orders. All of

the aforementioned features of PMG are described next.

A.3 Features of PMG

A.3.1 Essential Terminology
The basic terminology essential for the user is tisted below:
POINT

A “point”. which is identified by a positive integer number, 1s a point focated on a “line” (see
below) or at the boundary of a block; 1t is used in defining the geometry of the “line” or block. The
“points” are not directly related to the generated finite element mesh nodes (though a “point” may
coincide with a generated mesh node). and the numbering of the “points” is totally unrciated to the

numbering of the mesh nodes.
LINE

A “line” is any straight line or curve in the three-dimensional space. defined by its end "points”
and perhaps also by some “points” on the “line” in between its 1wo ends. It is identified by a set of
three integer numbers. These numbers are respectively: number of the first "point” on the “line”,
number of the last "point” on the "line”, and increment of the numbers of th: “points” on the “line”.

“Lines” are used to model or define the boundary of a block.
BLOCK

A block is a three-dimensional solid component of the system thai is modelled with finite ele-

ments. The three-dimensional system is comprised of several blocks with no overlapping or gaps
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between them. It is from a block that subdivisions are made to generate finite elements (Sections A.2,

Al3
A.3.2 Generation Capabilities
PMG has different commands available to the user for efficiently constructing the blocks of a

system. These commands specify or generate the "points” and “lines” for constructing the blocks, and

define or generate the connectivity of the blocks. These features are described below:
POINTS

A “point” can be defined by explicitly specifying its three cartesian coordinates using the ‘poin’
command (see Section. A 4) or generated by a “line” command (see the paragraph on LINES below).
Any number can be used to identify a particular "point” provided different “points™ are numbered
differently (the numbering systcm for all the “points” does not need 1o be in sequence starting from
1).

LINES

A “line” can simply be defined by a sequence of specified "points” or it can be generated by cer-
tain commands which generate the "points™ defining the "line”. These commands are generally named
after the types of line they generate. The current available library of line type includes: straight line
(using the ‘line’ command; see Section A.4), circle (and circular zarcsj (using the ‘circ’ command),
ellipse (and elliptica! arcs) (using the ‘elli' command), parabola (using the ‘para’ command), spline
(raodified piecewise cubic Hermite) (using the ‘spli’ command). The cubic spline is especially recom-
mended for modelling the boundary of a system that does not have a particular form. whereas other

types of line can be used to mode! boundaries that are of ore of those forms.

T'wo operations on the “lines™ are available: arbitrary translation of a “line” (using the ‘tran’
command), and arbitrary rotation of a "line” (using the ‘rota’ command). Any block boundary can be

efficiently modelled by the “lines™ with the commands that operate on it.

BLOCKS
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A block is developed from an isoparametric curvilinear mapping of a cube; it is defined by the
specified or generated “points” that are located. before mapping. on the edges of the cube. using the
‘isop’ command (see Section A.4). The proper order of numbering these “points’ (connectivity) on
the cube as used in the *isop” command is shown in Figure A.2. The eight corner “points” must be
specificd (some may be identical for degeneration into a triangular prism block), whereas the mid-side
"points” are optional. The orieniation of the block is defined by the I, J, K parametric directions of

the cube (Figure A.2). which may not be straight ufter mapping from the cube 10 the block.

More than one block may be defined wit)y one single ‘isop’ command by specifying a flag, pro-
vided that the numbers of the “points” of one block differ from the corresponding numbers of the
corresponding “points” of the next block all by a single constant increment (see Section A 4), It is the
connectivity information of the "points” defining the blocks that is generated with the ‘isop’ com-
mand: these "pouts” defining the blocks have to be specified or generated prior to catling the com-

mand.

A.3.3 Semi- and Fully-Automatic Options

Two options are available in PMG 10 construct the blocks of a system and to subdivide the
blocks into finite elements. These are the semi-automatic and fully-automatic options. With the
semi-automatic option, the system can be divid2d into blocks in any pattern as long as all the blocks,
without overlapping. together fill up the entire system [Figure A.3(a)]. Each block can be constructed
in any orientation (characterized by the 1, J, K parametric directions) and the connectivity of the
blocks can be specified or generated in any <equence of the blocks. Each block is subdivided into
finite elements by specifying the number of subdivisions in each of the 1, ), and K parametric direc-
tions in the ‘iscp’ command input record that defines or generates the connectivity of that block (Sec-
tion A.4). Any number of subdivisions in each of the three parametric directions can b selected for
a block as long as the resulting finite element mesh within that block i5s compatible with the meshes of
adjacent blocks. In addition to the element orders that are available in both the semi- and fully-
automatic options (8-node, 16-node, and 20-nod .<lements), there are two element orders (10-node

and 12-node elements; see the ‘isop” command in Section A.4) that are available only in the semi-
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Figure A.2 Proper numbering of nodes of a block which is shown as a cube before mapping.
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BLOCKS IN ANY
PATTERN

(a) Semi-automatic option

BLOCKS IN
"GRID" PATTERN

(b) Fully-automatic option

{c) Input sequence of blocks at a K level for fully-automatic option

Figure A.3 Blocks in semi- and fully-automatic options of PMG.
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automatic option and not in the fully-automatic option. In the semi-automatic option. the generated
mesh nodes and eiemenis are numbered starting with the block whose connectivity is first specified
with the ‘isop’ command, then following the same sequence of the blocks in which the connectivity
information is specified or generated. Within each block, the numbering follows first the i direction.
then the J direction. and then the K direction of the block. In this way, for the nodes on the interface
of any two blocks. more than cac node number will be assigned to any one of these nodes. There-
fore, the ‘tie’ command has to be included in the input data for semi-automatic option to eliminate

this situation {Section A.4),

With the fully-amtomatic cption, the system has o be divided into blocks in a "three-
dimensional grid-tike” manner {Figure A.3(b)]. The onientation of all the blocks must be the same or
3. nilas in the sense that each of the 1, J, and K parametric directions of any one bloc!. points in the
same general direction as the corresponding direction of the adjacent blocks. Thus. three global
parametric directions 1, J. K (not necessarily siraight} can be constructed for the entire system by
“connecting” respectively the I, J and K directions of the blocks [Figure A.3(b)]. The connectivity
information of the blocks has to be specified or generated with the ‘isop’ command following the
sequence of the blocks: first in the global | direction, then in the global J direction, and then in the
global K direction [Figure A.3(c)]. The blocﬁs are subdivided into finite elements in a way such that
a three-dimensional grid results for the generated mesh, Thus, the number of subdivisions in a
parametric direction (I or J or K) is the same in all the blocks that are at the same position along that
global parametric direction (or that form a layer transverse to that global parametric direction).
These numbers of subdivisions in each of the three parametric directions in different layers of blocks
of the system are specified in the ‘cont’ command (Section A.4). The generated mesh nodes and ele-
ments are not numbered sequentially in each block but sequentially in each global mesh layer (K-
plane), first following the global 1 direction then the global J direction, going from one mesh layer to
the next mesh layer following the global K direction. This numbering scheme of the finite element
nodes results in a favorable bandwidth for the system and also makes it easy for the user to identify

any particular node and element.
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A.3 4 Grading and Refinemeni

The hnite element mesh grading and refinement can be achieved in several ways in PMG.
Firstly, division of the svstem into blocks of different sizes can be used by appropriately selecting the
locations of the "points” defiming the blocks. Weighting parameters are available in the “lines™ com-
mand to generate uncqually spaced “points” on the “lines”. Secondly, subdivision of a block into
finite elements of different sizes can be used. The latter can be achieved in two ways. The first way
of achieving weighted subdivisions is to locate the mid-side “points” of a block away from their neu-
tral position (at mid-side for the isoparametric mapping. see Figure A.2). The second way is the use

of weighting parameters in subdividing the block.

Generating unequally spaced “points™ on a “line” and unequally subdividing a block into finite
elements are both achieved with the samc wecighting parameters family. The weighting in one direc-
tion is controlled by a parameter W whose value lies within the closed interval [-1., i.]. The analyti-
cal procedure behind this is 1o te-evaluate the natural coordinate in a given direction (which also lies

within the closed intervat [-1., 1.]) according to the following equation:

E=E+W(E-D2
where £ is the natural coordinate in a given direction and ¢ the re-evaluated natural coordinate in the
same direction.

Figure A.4 indicates the trend of the discretization with different values of W: the discretization
concentrates around the initial "point” if W is positive, and around the final “point™ if W is negative.

If W = 0, the weighting has no effect.

A.3.5 Errors

PMG first reads all the input data and checks both the syntax and the compatibility of each
data. If no error has been encountered. mesh generation is activated. Otherwise execution is stopped
at the reading input level and a message is sent to the echo file (Section A, 3.6) showing where an error

has been found and what is its type.
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A list of error messages and their explanation is presented in Section A 4.

A 3.6 Output

PMG outputs two files in addition to the usual output ale 6: file 1! which is called the echo file
and file 13 which is called the fem (finite element) file; these names are used to refer these files
because of the nature of the contents of these files. The echo file basically consists of the following
information: (1) echo of all activated commands with their input: (2) error messages if error encoun-
tered: and (3) echo of defined "points” and blocks. The output of ik echo file can be suppressed

using the 'nopr’ command (Section A.4) if it is not needed (except for error messages).

The fem file consists of the nodal point coordinates and element connectivity of the finite ele-
ment mesh generated. It is in the same format as the input data to the compuier program FACD-3D.
[t is this file that the user should retain ard use as part of the input data to EACD-3D (see Section

A.5.4)

A4 Input Data Description

This section is intended to provide a brief users guide to the PMG program. The following
pages describe the specific function and the input data required for each of the available commands
in the program. The input data is in free format: F stands for floating point number and I stands for
integer. Adjacent numbers on a record of input are separated by one comma. Some commands
require a set of input records that terminate with a blank record {see example in Section A.6). The

error messages are listed at the end of this section.

PMG is run in batch mode with file 5 as the input file. The "command cards™ (command and
its required data) can be placed anywhere and anv number of times in the input file with the follow-
ing exceptions: (1) the first command in the input file must be either *auto” or *semi’ (except for com-
ment cards); (2) the ‘cont’ command must be the second in the input file (except for comment cards);
and (3) the ‘end’ command must be at the end of the input file. The first four characters are sufficient

to identify each of the commands which listed in alphabetical order are:
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aspe. auto, circ. cont, elli, end. isop. line. nopr. para, poin, rota, semi, spli, tie, tran

Comment cards are identified by a ‘# {without the * ") in column |. They are used in the input

file to provide reference and comments to the user.

The function and use of each of the commands is described next:
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aspe
lolim

The command ‘aspe’ (without the * *) will write automatically in the echo file all the generated
elements with an aspect ratio less than the specified lower limit (lolim) (1).

Value name Type Note Description
lohm F lower limii of aspect ratio for generated elements
Notzs

(1) PMG displays the identity of the element and its aspect ratio,

auto

If the Fully-automaiic opdon of PMG is desired, this command must be input as the first com-
mand in the input file (except for comment cards).

cire
nstart, narc, ninc, xbeg, ybeg, zbeg, xcen, ycen, zcen, unor, vnor, wnor, angle, weight
<repeat .... terminate with a blank record>

Value name Type Note Description

nstart i number of the first "point” on the circle or circular arc
generated with this record

narc I number of arcs to be generated on the circle or circu-
lar arc (the portion of of line between two adjacent
"points” defines an arc)

ainc [ () number increment for generated “points” on the circle
or circular arc

xbeg F

ybeg F coordinates of the first "point”

zbeg F defining the circle or circular arc

xcen F

vcen F coordinates of the center of the

zcen F circle or circular arc

unor F components of the normal to the plane

vinor F (2) containing the ciscle or circular

wnor F arc (not necessarily normalized)

angle F 3 fotal angle between the first “point” and the last
"point” generated on the circle or circular arc (> 0)

weight F weight for repartition of the generated "points”

Noles

(1) ninc can be a negative integer.
(2) Direction of the normal is determined from the direction of the circle or circular arc using the
right-hand rule.



(3) angle is specified in degrees.

cont

nsp, nblock, nesno, nesel

or

nsp. nbli, nblj, nblk
isub{n). n = I, nbli
Jsub{n), n = ), nblj
ksub(n), n = |, nblk
wi(n), n = |, nbli
wi(n), n = |, nblj
wk(n), » = 1, nblk

(1)
2)
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This command has to be in the second position after either the command ‘auto’ or ‘semi’
{except for comment cards), since it governs the dynamic storage allocation. Note that two options

are avaliable,

Value name
nsp
nblock

nesno

nesel

nbli

nblij

nblk

isub(n). n = 1, nbli

]

jsub(n), n = 1, nblj
ksubi{n), n = I, nblk

1. nbli

wi(n). n

wj(n), n = !, nbly

Type
I
|

I

Note
(3
{(1&(4)
(D&(5)

(1)&(5)

(2

(2)

(2)

(2)

(2)

@

(2)

@

Description
total number of specified "points” in the system
total number of defined blocks in the system

an estimated total number of mesh nodes generated in
this run

an estimated total number of mesh elements generated
in this run

total number of layers of blocks in the global 1 direc-
tion

total number of layers of blocks in the global J direc-
tion

totai number of layers of blucks in the global K direc-
tion

number of subdivision in the 1 direction for the nth
layer of blocks in the global 1 direction

number of subdivision in the J direction for the nth
layer of blocks in the global J direction

number of subdivision in the K direction for the nth
layer of blocks in the global K direction

weight for subdivision in the I direction for the nth
layer of blocks in the global I direction

weight for subdivision in the J direction for the nth
layer of blocks in the global J direction
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wk{n). n = 1. nblk | (2) weight for subdivision in the K direction for the nth
laver of blocks mn the global K direction

Nates

(1) For semi-automatic option.

(2) For fully-automatic optlion.

(3) Not to be confused with number of finite element nodes; may be an upper bound.

(4) May be an upper bound.

(5) May be an upper bound. If the specified value is not large enough, PMG will catch it, display it
with the exact required value and ask the user to rectify his estimate. This is intended 3 avoid the
user counting the mesh nodes and elements he is generating.

elli
nstart. narc. ninc. x¢. y¢. ZC. xa. ya. za. xb, yb, zb, ang,. stang. weight
<repeat ..., terminaie with a blank record>

Value name Type Note Description

nstan 1 number of the first "point” on the ellipse or elliptical
arc generated with this record

narc I number of arcs 10 be generated on the ellipse or ellipti-
cal arc (the portion of line between two adiacent
"points” defines an arc)

nin¢ I (1) number increment for generated "points” on the ellipse
or elliptical arc

{3 F coordinates of the center

yc F of the ellipse or elliptical arc

zc F

xa F coordinates of the "point”

ya F defining the major axis of the

za F ellipse or eiliptical arc

xb F coordinates af the "point”

yb F defining the minor axis of the

zb F ellipse or elliptical arc

ang F ) toial angle between the first “point” and the last
"point” generated on the ellipse or elliptical arc (> 0)

stang F 2) angle between the first "point” on the ellipse or ellipti-
cal arc and the major axis

weight F weight for repartition of the generated "points’

Notes

(1) Can be negative.
(2) In degrees.

end
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The presence of this command at the end of the input file is necessary. Any data written below
it will be ignored by PMG.

isop

nelty, matnu, gflag, negen, inc. (node(i), i = 1, 20), isub, jsub, ksub. noel, wi, wj, wk (1)

or

nelty, matnu, noel, gflag, negen. inc, (node(i). i = |, 20) (2)

<repeat until all biocks of the system are specified or generated; terminate with a blank record>

Each record of the “isop’ command is used to generate one or several blocks (by specifying the
connectivity information) which are then subdivided into finite elements. Every block defined by the
‘1sop’ command is developed from an isoparametric mapping of a cube. The proper order of
numbering the "points” on the cube is specified according to Figure A2, The eight corner “points” of
the cube must be specified (some may be identical for degeneration to a triangular prism block), the
mid-side "points” are optional.

See Sections A.3.3 and A.3.4 respectively for the proper sequence of specification or generation
of the connectivity information of the blocks under the fully-automatic option and for the ways of
getting unequal subdivisions of a block.

By reducing the concept of a block to a single element (with no subdivision}. this command pro-
vides a manual mesh element definition (by specifying the element connectivity) with possibility of
ele-uent generation.

V4lue name Type Note Description
nelty 1 (3) type of elements generated witn this record
matnu i (4) material number to be assigned tc all generated ele-

ments with this record

gflag I=-1 5 flag for generation of more than one block with this
record; = -1 if generation is desired

negen ] (5) total number of blocks to generate with this record
inc I (5) number increment for block “points” when going from
one block to the next block in the sequence of blocks

generated with this record

nodedi), i = 1, 20 | 6) “point” numbers for first block defined with this record
(see Figure A.2 for the proper order of numbering)

isub | 1 number of subdivisions in the [ direction to be
assigned to all blocks generated with this record

jsub 1 (1) number of subdivisions in the J direction to be
assigned to all blocks generated with this record

ksub 1 (1 number of subdivisions in the K direction to be
assigned to all blocks generated with this record

noel 1 N number of nodes per element for each element gen-
erated in each block with this record
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wi F (n weight for subdivision in the [ direction 1o be assigned
10 each block generated wiih this record

w) F (1) weight for subdivision in the J direction 1o be assigned
10 ¢ach block generated with this record

wk F () weight for subdivision in the K direction 10 be
assigned to cach block gencrated with this record

Notes

{ 1) For semi-autoinatic option.

{2) For fully-automatic option.

(3) neity = 4. 5. 6. and 7 respectively for rectangular prism, triangular prism, rectangular skell, and
triangular shell elements. See Chapter S and Seciion A.5 for the selection of the type of element in
different substructures of the dam-waier-foundation system. For triangular prism or trianguiar shell
clements. they are generated from a triangular prism block, which is numbered in the same way as in
Figure A.2, except that “points” 12 and 16 are not specified and "points™ [ and 4, 17 and 20, 5 and 8
correspond 10 the same "point” numbers. Also, there should not be subdivisions in both the ! and the
¥ directions of the block, and the command ‘tie” must be included in the input data.

(4} matnu needs 10 be arbitrarily specified for gencrating finite elements for the impounded water sub-
structure, though this information will not be used in EACD-3D; see Section A.5.4.

{5) Omit this data if generation »f riwore than one block with this record is no: desired: generating
more than one block with this record is possible only if the corresponding block "point” numbers are
all in a single constant increment (the value of inc) when going from one block to the next block.

{6) node(i} = 2 for each optional block "point” not specified.

(7) The current available library is; 8. 16, 20 for fully-automatic option: R, 10, 12, 16, 20 for semi-
automatic option. When noel = 12 or 10, it is necessary that ksub = 1 (i.e., no subdivision in the K
direction of block); see Figure A.5 for the location of the nodal points of a generated elemen: as deter-
mined by the orientation of the biock. When generating triangular prism elements, noel = 20, 16, §
respectively for {5-node. 12-node, and 6-node triangular prism elements. When generating triangular
shell elements, noel = 16 and 8 respectively for 6-node and 3-node (mid-surface) triangular shell ele-
ments {see Chapter 5 and Section A.5).

line
nstart, xstart, ystart. zstart, nsiop. xstop, ystop. zstop, ninc, weight
<repeat .., terminate with a blank record>

Value name Type Note Description

nstart 1 (N number of the first "point™ on the straight line gen-
erated with this record

xstart F coordinates of the first “point”

ystart F on the straight line

zstarnt F

nstop I 0 number of the last "point” on the straight line
xstop F coordinates of the last "point”

ystop F on the straight line

zstop F
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ninc i n number increment for generated “points” on the
siraight line

weight F weight for repartition of the generated "points”

Notes
{1) ninc can be negative if nstart > nstop.

nopr

The use of the *nopt’ (without the * ') command will switch off the output on the echo file (ex-
cept for error messages).

para

nstart, nstop. ninc, (def(ij). i = 1.3), 5 = 1.3). weight

<repeat .... terminate with a blank record>

Value name Type Note Description

nstart i (0 number of the first "point” on the parabola generated
with this record

nstop | n number of the last “point” on the parabola

nine I (i) number increment for generated “points” on the para-
bula

deftiijp).i= 1.3 F coordinates of the three

1=13 points defining the parabola
weight F weight for repartition of the generated “points”
Notes

(1) ninc can be negative if nstart > nstop.

poin
num, xcoor, ycoor, zcoor
<repeat ..., terminate with a blank record>

Value name Type Note Description

num i specified number of the “point” generated with this
record

xcoor F

ycaor F specified coordinates of the "point”

zZCoor F

rota

ninstart, ninstop, nininc, noustart, noustop, nouinc, xc, yc, z¢. u. v, w, ang
<repeat ..., lerminate with a blank record>

Value name Type Note Description
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nipstart 1 (1) number of the first “point” on the “line” (2} t¢ be
rotated with this record

ninsiop 1 () number of the fast "pnint” on the “hine” (2} to be
rotated

nininc 1 (1) number increment for the “points” on the “line” {2) to
be rotated

noustart I (1) number of the first "point” on the rotated “line” (2)

noustlop i H number of the last "point” on the rotated "line” (2)

nouing I () number increment for the “poinis™ on the rotated
“line”

xc F coordinates of 2 point through

ve F which the axis of rotation

F1e F passes

u F vectar components of the axis

v F (3) of rotation

w F (not necessarily normalized)

ang F anglc of rotation (degrees)

Nates

(1) n{ }Jinc can be negative if n{ )start > n( )stop; { ) stands for ‘in’ or ‘ou”. If the "point” numbers in
the "line” to be rotated are decired in the "point” numbers in the rotated "line”, ninstant = noustart,
ninstop = noustop, and ninine = nowinc.

(2) "line” stands for any parametric curve (not necessarily straight) (Section A.3.1).

{3) Direction of the vector representing the axis of rotation determines the direction of rotation by
the right-hand rule.

semi

If the semi-automatic option of PMG is desired, this command must be input as the first com-
mand in the input file (except for comment cards).

spli
npsp, nstart, nstop, ninc, weight
(spcoor(i), i = 1,3)
repeat iast record npsp times

Many structures have boundaries that do not have a particular form and often we are given
only design curves modelling them. Measurements can be taken from these curves and then used to
define a cubic spline which will fit the data on the houndary and “look smooth”. The command ‘spli
(without the * °) generates a piecewise-cubic Hermite spline. However in practice it is often difficult
to acquire the needed derivatives, therefore the mathematical formulation of Hermite spline is
slightly modified with an appro:imation of the derivatives by Bessel interpolation.

Value name Type Note Description

npsp [ (1} number of points defining the spline (points of inter-
polation)
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nstart I (2) number of the first "point” on the spline generaied
with this command

nstop I (2) nurnber of the last "point” on the spline

nin¢ 1 2) nuraber increment for generated “points” on the spline

weight F weight for repartition of the generated "points”

speoocti), 1= 1.3 F coordinates of one of the interpolation points defining
the spline

One spline is defined by one “spli’ command. If more than one spline are desired, repeat the
command "spli’.

Notes

(1) npsp is limited to a maximum value of 50, but it has to be greater than or equal to 4 because at
least 4 points are needed to define a cubic spline.

(2) ninc can be negative if nstart > nstop.

tie

A mesh can be generated in PMG in which there is more than one node (with different node
numbers) corresponding to the same coor-inates (e.g. under the semi-automatic option, or when tri-
angular elements are generated). In these cases, the ‘tic’ (without the * °) command should be used to

merge these nodes and modify the elemem connectivity so that the mesh is uniquely defined. Node
numbering is consequently modified.

tran
ninstarl, ninstop. nining, noustart, noustop, nouing, (trans(i), i = 1,3)
<repeat ..., terminate with a blank record>

Value name Type Note Description

ninstart 1 () number of the first "point” on the “line” {2) to be
translated with this record

ninstop 1 (n number of the last "point” on the “line” (2) to be
translated

nininc I (1} number increment for the “points” on the “line” (2) to

be translated

noustart | ) number of the first “point” on the translated “line” (2)

noustop 1 (1) number of the last “point™ on the translated “line” (2)

nouinc 1 (1) number increment for the “points” on the translated
“line” (2)

trans{i),1 = 1.3 F components of the translational vector

Notes

(13 n{ )inc ¢can be negative if n( )start > n( )stop; ( ) stands for *in’ or ‘ou’. If the “point” numbers in
the “line” to be translated are desired in the “point” numbers in the translated line, ninstart =
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noustart, ninstop = noustop. and nininc = nouing,
{2) “line” stands for any parametric curve (not necessarily straight) (Section A.3.1).



Error Messages

The syst:m is very strict but relatively generous in error messages. These messages are alimost
alwavs self-evplanatory. For more information see below:

##4¢+ FIRST COMMAND SHOQULD BE AUTO OR SEMI **** Fyrst command has to be “auto’ or
‘semi’ since it selects the eption of PMG.

seex SFCOND COMMAND MUST BE CONTROL **** Second command has to be ‘cont’ since it
allocates the dynamic storage.

wer MAXIMUM STORAGE CAPACITY EXCEEDED **** Self explanatory. [ncrease the allocated
storage of the computer svstem.

*s2+ YOU HAVE EXCEEDED THE DECLARED # OF SPECIFIED POINTS **** One (or more) of
the specified “points’ or generated “points” (not 10 be confused with finite element nodes) has been
assigned a number greater than the declared total number of specified “points” in the ‘cont’ com-
mand. Check for mistyping or increase nsp in the command “cont’.

e ik’ IS NOT A VALID COMMAND **** Check proper spelling of the commands and alse
for the blank records required at the end of certain commands.

sses CIRCLE STARTING AT N = xxxxx IS BADLY DEFINED **** (Check circle definition and
especially your normal vector.

***+ ELLIPSE STARTING AT N = xxxxx IS BADLY DEFINED **** Check the definition of your
ellipse starting at “point” number o = xxxax.

***+ FRROR EITHER IN ISOP OR IN CONTROL : NODE xxxxx IS > # SPECIFIED POQINTS
**x¢ Check for mistyping of the “point” number xxxxx in ‘isop’ command or increase nsp in “cont’
command.

sx2x L INE" STARTING AT N = xxxxx 1S BADLY DEFINED **** Number assigned to starting
“point” and number assigned to last “point” on the straight line are not compatible with the number
increment for “points” on the line.

s=++ TRANSLATION OF LINE STARTING AT N = xxxxx IS BADLY DEFINED : ERROR IN
THE LINE TO BE TRANSLATED **** For the "line” to be translated, number assigned to starting
"point” and number assigned to last “poinl” are not compatible with the number increment for
“points” on that "tine”.

setr TRANSLATION OF LINE STARTING AT N = xxxxx IS BADLY DEFINED : ERROR IN
THE TRANSLATED LINE **** For the defined translated "line”, number assigned to starting "point”
and number assigned to last “point” are not compatible with the number increment for "points™ on
that "line".

s ROTATION OF LINE STARTING AT N = xxxx 15 BADLY DEFINED : ERROR IN THE
LINE TO BE ROTATED **** For the defined “line” to be rotated, number assigned to starting
"point” and number assigned to last "point” are not compatible with the number increment for
"points” on that "line”.

*4s» ROTATION OF LINE STARTING AT N = xxxx IS BADLY DEFINED : ERROR IN THE
ROTATED LINE **** For the defined rotated “line”. number assigned to starting "point™ and
number assigned 10 last “point” are not compatible with the number increment for "points” on that
“ling”.
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*+%+ TRANSLATION OF LINE STARTING AT N = xxxx 18 BADLY DEFINED : TRANSLATED
LINE DOES NOT HAVE THE SAME # OF POINTS AS INPUT LINE **** Self explanatory.

*¥¢* ROTATION OF LINE STARTING AT N = xxxx IS BADLY DEFINED : ROTATED LINE
DOES NOT HAVE THE SAME # OF POINTS AS INPUT LINE **** Sclf explanatory.

*+#* ERROR IN POINT NUMBERING OF SPLINE STARTING AT N = xxxxx **** numbers
assigned to "points” on output 'line” are not compatible.

#++¢ FRROR IN SPLINE DEFINED WITH xxxxx POINTS : ONLY UP TO 50 POINTS DEFIN-
ING ONE SPLINE ARE ALLOWED **** There is no limitation on the number of "points” to be
generated on a splin2 but up to only 50 points can define a spline!

**s2 FRROR IN SPLINE DEFINED WITH xxxxx POINTS : AT LEAST 4 POINTS HAVE TOQ
DEFINE A SPLINE **** Self explanatory.

*=s* FRROR IN CONTROL COMMAND : GENERATED NODES = xxxxx REQUESTED
STORAGE FOR ONLY xxxxx NODES **** Self explanatory: increase nesno in ‘cont’ command.

*+++ ERROR IN CONTROL COMMAND : GENERATED ELEMENTS = xxxxx REQUESTED
STORAGE FOR ONLY xxxxx ELEMENTS **** Increase nesel in ‘cont’ command.

*t++x FRROR IN CONTROL COMMAND : DECLARED # OF BLOCKS EXCEEDED **** Increase
nblock in ‘cont’ command.

ssas PARABOLA STARTING AT N = xxxxx IS BADLY DEFINED **** Check compatibility of
numbers of the "points” identifying the paraholic line.

*s+s MORE BLOCKS ARE INPUTED THAN DECLARED IN CONTROL ( NBLI * NBLJ * NBLK
j *=#* C"heck your blocks input or the values of nbii, nblj, nblk in *cont’ command.
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A8 Application of PMG to a Three-Dimensional Dam-Water-Foundation System

The following sections describe how to use PMG to generaie the finite element meshes of the
dam, impounded water, and foundation substructures that are input to the computer program
FACD-3D. Because of certain restrictions of numbering the nodai points and orienting the finite ele-
ments (Chapter 5), the shape of the foundation-tock region recommended {Chapter 2), the charac-
teristics of a three-dimensional dam-water-foundation system. #nd the way that PMG works, there are
some poim: that the user should take note of in using PMG correctly and effectively; these are

described below.

A.5.! Dam Substructure

The geometry of a dam can be easily defined using the commands of PMG that specify or gen-
erate "points” (Section A.3.2); e.g.. if parts of the upstream and downstream faces of the dam are
described by circular arcs. the command ‘circ’ would be very useful (Section A.4). As mentioned in
Section 3.2, there are two types of element that can be used to discretize a dam: solid elements and
shell elements. Hf solid elements are selected to discretize a dam, these clements can be generated
using PMG by subdividing the blocks into finite elements with the command ‘isop’ with nelty = 4 or
5 {for rectangular and triangular prism clements, respectively) and noel = 8 or 20 (for linear and qua-
dratic shape functions, respectively), see Section A.4 for description of this command. Either the
semi-automatic or the fully-automatic option of PMG may be used; the former has a better control
over the bandwidth of the mesh generated by selectirg the sequence of input of the blocks (note that
ihe presence of a foundation substructure causes coupling of all the degrees of freedom of the dam at
the dam-foundation interface), whereas the latter gererates a mesh with ¢asily-identified node and ele-
ment numbers {Section A.3.3). Because of the restriction of the orientation of the solid elements
{Table 5.1). that s = L (or r) should have a component in the +x direction, the blocks should be
oriented with the K direction haviag a componeat in the +x direction (Figure A.2), as the 1 direction
of each solid clement generated within a block points toward the K direction of that block. This

should be Lbserved for both semi- and fully-automatic options of PMG.
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If shell elements are sclected to discretize a dam, these elements can be generated using PMG by
subdividing the blocks into finite elements with the command “isop’ with nelty = 6 or 7 (for rectangu-
lar and triangular shell elements, respectively) and noel = 8 or 16 (for linear and quadratic shape
functions, respectively): see Section A.4 for description of this command. For shell elements, noel =
20 is never used because only the upstrem and downstream auxilliary nodes are input 1o define the
geometry of the dam (Section 5.2). Only the fully-automatic option of PMG should be used to gen-
erate shell elements for the dam. because of the restriction that the upstream auxilliary nodes of the
finite element mesh are numbered first followed by the downstream auxilliary nodes in the same order
(Section 5.2, Chapter 8 - Subprogram 2). By orienting the global K parametric direction of the dam
(or K directions of tne blacks) opposite to the x direction {Figure A.2), this restriction on node
numbering would be automatically satisfied. In addition, ihe restriction on the orientation of the
shell elements (Table 5.1), that s x t (or r) should have a component in the +x direction, would also
be satisfied because the r direction of each shell element generated within a block points opposite to
the K direction of that block. Using the fully-automatic option with appropriate selecticn of the |
and J global parametric directions would result in a favorable bandwidth if the foundation rock 1s
assumed rigid (when coupling of all the degrees of freedom at dam-foundation interface does not

occur).

A.5.2 Impounded Water Substructure

The coordinates of all the nodal points (Type 1 and Type 2: see Section 5.1) in the impounded
water can be generated wsing PMG, however, only Mesh 1 element data and comnectivity are gen-
erated. The element cards for Meshes 2, 3, 4, and 5 have to be prepared manually (Section A.5.4),
Three-dimensional rectangular and triangular prism elements can be generated with the command
‘isop’ with nelty = 4 or §, respectively, and noel = 8 or 20 (for linear and quadratic shape functions,
respectively). see Section A.4. Either the semi- or the fully-automatic option of PMG may be used,
though the latter generates 2 mesh with easily-identified node and element numbers; and, with proper
choice of the 1, J, K directions (Figure A.2}, the fully-automatic option generates a mesh witk a favor-

able bandwidth. Since there is no restriction on the orientation of Mesh [ elements (Table 5.1). the



blocks can be oriented in any direction under either option, although certain orientation uncer the
fully-automatic option may give a smaller ban’width {or the system as mentioned above. In order to
ensure compatibility of the generated meshes of the dam and of the impounded water at the dam-
water interface, for these two substructures, same “points™ should be used to define the interface

which is subdivided in the same manner (see example in Section A.6).

A.5.3 Foundaiion Substructive

The shape of the foundaton-rock region and the pattern of discretization are idealized using a
procedure described in References [3] and {8]. The geometry of the semi-circular inclined plane of
the foundation (Section 2.6.3 in Reference [3]) can be easily defined using the commands ‘circ’ and
‘rota’ of PMG (see the example in Section A.6). Eight-node three-dimensional solid elements are usu-
ally used to discretize this substructure. These elements can be generated using PMG by subdividing
the blocks into finite elements with the command ‘isop” with nelty = 4 (since only rectangular prism
elements are used) and noel = 8 (Section A.4). If 20-node solid elements or 16-node shell elements
are wsed in the dam. for compatibility between the dam and foundation elements, 20-node (noel =
20) or 16-node {noel = 16) solid elements are respectively used in the layer of foundation elements
next 1o the dam-foundation interface. 12-node {noel = 12) and 10-node (noel = 10) elements are also
available to connict these 20-node or 16-node solid foundation elements to the eight-node solid ele-
ments in the rest of the foundation away from the dam-foundation interface (wh.n generating 12-
node or 10-node elements, there should be no subdivision in the K direction of the block; see Section
A.4). The orientation of these 12-node aad 10-node connecting elements has to be correctly selected
so that compatibility with the adjacent foundation elements is achieved (see Figure A.S and example
in Section A.6). Only the semi-automatic option of PMG should be used for the foundation substruc-
ture because the pattern of discretization does not permit a "grid-like” pattern of blocks (Section
A.3.3). and because the 12-node and 10-node elements are available only in the semi-automatic
option. By appropriately numbering the "points” of the blocks, the connectivity of the blocks between
different inclined planes along the dam-foundation interface can be automatically generated with the

command ‘isop’ with gflag = -1 (see the example in Section A.6). In order to ensure compatibility of
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the generated meshes of the dam and of the foundatisn at the dam-foundation interface, for these two
substructures, same “points” should be used to define the interface which is subdivided in the same

manner {see example in Section A.6).

A.5.4 Use of the Ourput from PMG

As mentioned in Section A.3.6, the fem (finite element) file (file 13} output from PMG consists
of the nodal peint coordinates and element connectivity of the finite element mesh generated. For
the dam substructure. the fem file from PMG provides only for Card set } and Card set S of the input
data to Subprogram 2 (Chapter 8). The user still has 10 prepare the other card sets in Subprogram 2
and the card set in Subprogmm 1 to run the program EACD-3D for the dam substructure. 1n partic-
ular, the nodal point numbers of fixed nodal points and nodal points on plane of symmetry need to
be identified from the generated mesh. In addition, if solid elements are used to discretize the dam,
the input data NUPSM and NDNSM needs to be prepared for Card set 5 of Subprogram 2 by identifving

those elements with a face on the upstream or downstream face of the dam.

For the impounded water substructure. the fem file from PMG provides only for Card set | and
Card set 7 (for Card set 7. the material type number for each Mesh | element is also generated by
PMG: however, this information is not needed for fluid clements) of the input data to Subprogram 4
{Chapter 8). The user still has to prepare the other card sets in Subprogram 4 to run the program
EACD-3D for the impounded water substructure. In particular, the nodal point numbers of nodal
points on the free surface, on the plane of symmetry, and on the dam-water interface. and Mesh 4
and Mesh 5 nodal points need to be identified from the generated mesh. Fnrthermore, the Meshes 2,

3, 4, and 5 element cards need to be prepared from the generated mesh.

For 1the foundation substructure, the fem file from PMG provides only for Card sct | and Card
set 6 of the input data to Subprogram | (Chapter 8). The user still has 1o prepare the other card sets
in Subprogram 1 to run the program EACD-3D for the foundation substructure. In particular, the
nodal point numbars of fixed nodal points and nodal points on plane of symmetry, and the surface
elements in contact with the impounded water need to be identified from the generated mesh. Furth-

ermore, the nodal point numbers of the foundation nodes and of the dam nodes that are on the dam-



131

foundation interface need to be identified from the generated meshes of the foundation and dam.

A.6 Examples

The following examples demonstrale the use of PMG to generate finite element meshes for the
dam substructure, impounded water substructure, and foundation substructure for the Morrow Point
Dam-water-foundation system. For each substructure, the input data to PMG and the output fem file

are presented . the generated finite element meshes for the three substructures are shown in Figures

A6 A7 and AR

As shown in Figure A.6{a), the entire dam is divided into two layers of blocks in the global |
direct:on. two layers in the global J direction, and one layer in the global K direction. The fully-
automatic option of PMG is used. For the impounded water, as shown in Figure A, 7(a), it is divided
into 1wo layers of blocks in the global I direction, three layers in the global J direction, and one layer
in the global K direction. Again, the fuily-automatic option of PMG is used. However, for the foun-
dation, the semi-automatic option of PMG is used. As shown in Figure A.8(a), the foundation is
divided into seven layers of blocks with eight semi-circular planes along the dam-foundation interface.
The "points” of the blocks are numbered such that there is a constant difference of one between the
numbering of corresponding "points” in any two adjacent layers of blocks along the dam-foundation
interface. This makes the automatic generation of the connectivity information of the blocks possible
along this interface (with gflag = -1 in the ‘isop’ command records; see the input data in the following

pages).
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Figure A.6 Using PMG to generate finite element mesh of the dam substructure of Morrow Point
Dam-water-foundation system.
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Figure A.7 Using PMG to generate finite element mesh of the impounded water substructure of Mor-
row Point Dam-water-foundation system.
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Figure A.8 Using PMG 1o generate finite clement mesh of the foundation substructure of Morrow
Paint Dam-water-foundation svstem.



Input Data to PMG for the Examples

1. Dam substructure

auto

cont

100.2,3,1

242

24241

1

0.;0.

0.30.,0.

o.

circe

1096) 4~12a 0860501003750 1865090.00as=1laads+56.240.

Ga o) 404 p805.,0.9=375.9805490.9003"1.4y0.¢56.2,0.
1}-‘.10’6-‘2.372.no-.-322-5|372-|°.|°.y'l-'0.;5~092|°-
16".1'28.905.372- 0o '-323.9'372. 10ep0ap=1. .0-.5‘-01.0-
2112110'0-8‘ l279' .0-.'258-8|279. .DI '0..“1 I'00’56.16'°l
2‘.2.1.‘ﬁ.3.2?9-.0. =278 16.279. '0. .0- .'1- N |50.38’°.
2To8,1,42.578,188.90¢,=208.231864.30.304)"1c,0.,58:.53,0.
32:841552+9084,186,,00¢"2%3,641Bbu0e900p*1.40.,46.97,0,
37421 9=20608,93, 500017421924 ¢0+30.5=14s0, 158-01|0.
40,2,1+49,007,93,404922 7719343040009~ las0srtl1:76,0,
’3"'1'-17l2£7l0. 0 0a "lE 3.8.0-,0-100'-1 .y Qe |35.0~'00
4B,8,1,34,427,0,,0:9=200,4+04240c5009=14+3504423.06,0.

isop

621316629427 083005434432,48,50028:37:64438+33,40,%9441.0,0,0.0
6313163319 29045:847336,34450,52,30+384%639:35,41,51,42,0,0,0,0
Gelelb6sl3s11:27029038415,532,34,12:21028922417924¢33,254040,0,40
Gelslbs15013,2931,20+18¢36,36019422030:2391992%435526404+0,0,0

BoelolboeIslell 13,846,164 18,2,0432:047,0,17,0,040,0,0
6ol pl6s593913,15,10,8,18,20,9,0,14,0,9,0419,0,0,0,0,0

end
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2. Impounded water substructure 136

auto

cont
1060,2,3,1
242

24¢2H)

2

0«20,

Q0as 0440,

0-

circ

l-~lll°o|‘b§nr°-|°315.|Qb5-0°c.0-u‘l-.0-.56.2.0-
Gs%9]328.905,372.40.,-323.94372¢40440e3-14+90.354.01,0.
1’0212"6l31279-l0-v‘278-6’2?9|lO-vo-"lol°°'50¢3E|°-
163441,52:914,186.+0,+=2683,04258,4+02004¢=101Cer%6,97,0,
210202+99.0074930904,4=21701493,30090, 471 v0asélal640.
26"|!.3‘-.270°-.0-.’200-..0-00.'0-"l-|°-|23-06000

line

317548065, ,0.,35,75,4865.9400.52¢0,
3697593720 000%00,75.4372.4350., 2,0.
QI.?S..IB&-.O-.§5.75..166..250--210-
469 79¢900¢00 150575 :0441004,2,0,
51.75..93-'00155v75o'93n|20°!I2'01

poin
$6+~55. 44065, 4380,
57-'3o~;372-r335-
58915.1186.4245,
59445.32740.,95,993

isop

810200180164 25,)28043,8]1 ,8406,848,17:21427423,0:451,0,53,0,0,0,0
4,1420:,20,1B428,30,65,43,48,50,19:23+29¢2510+53¢04+55,58,0:0,59
€41 420,896,16018,38436,81,3%3,T31191741300+90:040,0.0,0.0
431420,10:8,18,20,%40,38,63,485,9,15.19+15,040:0,0,57,0,0,58

491 ¢2033416:8:33:31336938929047:0:04040,0,0,0,0.0
431¢20,5¢3s8,510,35,33,38,00,4,0,9+0,05040,0,56,0,0,57

end



3. Foundation substructure 137

semi
cent
200,100,1%00.250

# cdefine the Ypoints* on the first plane
pcin

11'166-389l~5500311¢619
9,=17T3.065,4965.,301.647
173-159.713,465.,3006.032
573=179.741,485,,306.633
255=159.713,865.,313,309

49,-179,.741 ,465,.,3]13.309
33,-166.369,%65.4318,628
41,-173.065,%65.,307.99

circ
79.508.186-533v“b5-|306-°33l'1b91727'~°5--306-533.0."!.00-91800.0.
L2745+84122542T»405.¢300.6324-109.7273406545306.633,0.,214,0.,150.,0.

# define the "points* on the heaxt plane
pcin
65,-141.453,418.5,298.540
T2,=156.954,418,5,280.156
2.’!16-5?5.3120 2289401
10,=1%0.043,372.,258.6064
18.°92.357.372..272.0005
GHy~165.119,372.4272.00665%
264-92.397,372.,290.32)
50,~169,119,3712.,4296,321
30, -116.611:372.4310.7¢
42:-1%0.8654372.4281.901

circ
BOv5e89 2847337249 272:00065:=12007380372.9272.06¢,009=149049180.,0.
1eB 19 eBol20bedb23372e0272:00054=128e738437222272.060%5300r=1e90491504404

# define the "points® on the nexi plane
poin
6b3~92.11b,325,5,267.0655
739=126+9075225.5423%.2272
3s=71e41%,279:4250.268
11,-115.148,279.,214.281
194-27.712,279.5232.26
59,-158.7794279.4232.28
279=27.7124279.,275.949
51.‘15807?9.279-]275.9‘9
359=-T71.401,279.,295.305
43,-115.09,279.+2586,593

circ
Bl1:5,8,3080,054,279.04232:¢264°93.¢80,279.4232e264049~)¢:0e,180,,0.
129I5IBI1301075|2790!2320260'93-2~b.279-'232.26'0"-lIIOIIIBOIloa

# define the "points* on the next plane
poin
6Te=5%.462,232.5,232.299
TH,-105,567,232.5,195.778
48] ,264,1806.4216.75)
12,-98.163,186,4179.775%
20,15.645,1B8b,.4198.254
60,-155,076,186,,198.25%
2By 19 .645,186.,255.161
52¢=-155.076,4186,¢255,161
36,-91:262:186.4274,927
44,-98.16%,186.,235,395
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circ
B245e89343.05%%501604+198,258,-69, 1)l021B0 .4 198,25%4,0,2=1¢,40+180,,0.
130:54¢8,1325.288,1806.9198.254,-65,7101186¢+198,254,02+=1ey0e31t0,:.0,

¥ deftine the “points® on the next plane
gein
bB.'3l.Q9b.l39.5.203.007
75¢"9441094139.5,1066.660
5,=18:4792493.+177.03
13,-83.394,93,,145,2355
21+45.588,93.,1851.5065
61,-148.023,93.,161.5065%
29+995,8088.:93.4,226.144
53,-148.023,93.,226.14%
37.'16-7~9.93¢.2‘§.“01
.50’83-386.93-0207;88

circ
B349985370.3994%3,.9161.50654-51,068¢93,,106145069¢0,9=10404,1E0.40.
1310503pl3‘3p932l93-|lbl-50&5!'51-068|93:plbl-5065.°on’l..0.|lbo..0-

¢ define the "points® on the neat plane
pcin
59,73.033,46.5,140,621
Tos*b0.0lE,%6.5,115%.979
6415807 ,0.,91.981
leay=41.%¢1,0.,78.413
22473.,283,0.,85.202
62,=99,L01+00+8%.2C2
30,73.28340.¢142.83
54,-99,0601,0,,1%2,83
38,154655,0.,155,868
864=41:.973,0¢,129.792

circ
B435,8¢4000923504+s859.702,7134159404¢8%.202,000=1¢400180.,0.
l32p5.8.1381.8i1|0..b5.202.'13.159.0..85.202.0..’1..0..180..0.

¥ define the "pcints® on the next plane
poin
70:23.810,0.+67.812
174-31.343,0.,60.409
7429 . 668,0.196.938
159=23¢562+00101.k1%
23:82.938,0.,48.020
634~76.812,0.,4¢8.020
31,82+938,404,,97.278
58, ~T6e881240.,97.2706
39,29.688,04,100.148
470="3.562,0.,90.304

circ
BS15180411.719:0.:+44.02643.06340.,%9.026904v~1¢:005180.40.
133.5.8.1398.063.0..§4.026.3.063.U..ﬁi.oZb.O..-l..0--180.-0.

% define the ®"points® on the last plane
poin
71533,239,0.¢23.588
18,~18:,82040.:+20,800
8434.427,0.,0.
164=17:227+04,0.
Z2%,86.081,04+0.
04,4-68.081,0.,,0.

32 -Bb.o&l .0- I51 .b5l
56|'ﬁ°0581001051nﬁ54
40434,427,0.+51.054
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$8,-17.227404351,0%4

circ
BO3918,815 806140440409 8:6,004000049=1s90+2180.,0.
134 ,5,8,14034640,4350498:6300¢002043~1.30.5180.,0.

# rotate the "lines® to the inclined positions
rcte

1271679851279 16748,40,4496%5.:,3006.633,1440.0.,20.39
T90119,8579011948,0,3885.,306.63341.40.40.420.39
l7l51i811,157I6l00l“ﬁbo'300«633!1:00-.0..20-39
128,168¢8,128,16084840.0372.4272.0665%:14404)0.,21.7
80212048380, 1206+009372 4+4272.0066%31,4,04,0042141
18458 +8218,:584B8300:+372,4272.006%30.,0.30a¢21.7
129:169+8,1294109:830442794023222601440440.,21.%2
Blol2leBeb8lsl21eB800av2T940123242640040440.421.52
19659:8,19:59:840422794+232.2641040,40,,21.5%2
130,170+8,130,170,8,0. 1 EBb+lS0.0%4,04,04,0.,20.H
62.122.8.82.122.8.0.-1&0..198.2:§,l..0.'0.‘20.5
20.60.8.?0;&0.8.0..lﬂb.-1980250.1..0..0..20.8
131+1713+8,131,171,8,0.3923.35100:500%,1.,50440,,28.08
830123)8483,123,4840.993,,161.5005,1,+0,¢0.928,08
zlibl -8.2).61;8-0. .93' .lﬁl 05065' I'l°' .0-.28-08
132,17248,132:0172,840.,0.¢85.202,14:0450s¢58.0%

B8 124, Bl 120484 0u00.38%.20241,904902:58.064
22.62:8:22962;@.0-.Qa.85.202glu00v70-'58-5.
133,17348,1334]173,840.:04,94.028,0¢40¢10s3904
85.125yup55.125.5.0-’0-'~~-Olbulch:oOo!’U-

23003 48023463¢840.+0.,44,026+10900204:90.
134-l?icﬁ.13§.171.8o9-,0-.0c01-oCcrU-;90-
BE2126,By86,126s8,0.:0.p0,904 100404490,

24356438, 24,6838,0,30400¢le904404,90.

isop
‘ol-'1o5-1.3~o13-102.26-25.1?-18.0.0.65.0,0.0.0.0.0.0.0.0.1.1.x.lb.o..o..o.
8151424 1439:385847¢310300220234020070504040,0¢0,0,04000,2,141016204,0.,04
Q'l--l.5-1-§2'51.9-10.3i.33.1.2,0.0.72.0.0;0.05.0,0.0,0.0n1.l.1-10.0..0-.0.
‘llv'l|201:ﬁ?t‘brl~315p399380607|0-0.77.0’0|0,70;0;0.0.0.0'2.l.l.lbyO..O-pO-
‘-1"109t10500’9'5ltsunﬁZQQIUgQJOQO.O-OUO'OCOQ72.0.0-0.0'0.ltl.l.lb.ﬂ.'O.QO-
‘ol0'13201’55t5*vbzvbivﬂ7t*6;1§u151000;019|°,°.7790.0.0;0pﬂ.Z.]o].lboO..O..O-
00 0=19541¢260025,17:18,88,87,79¢¢090403,0,00040,000¢0004040513121002¢0440.40.
"lt-llelI31I30122'23’93.92'5‘.85.0.0.0.0.0'0'030.0’030'0'2|1.1.‘2,00.0010.
4.1--1.5.1.3#.33-25.26.96.95.87;85.0.0.0.0.0.0.0.0.0,0,0.0.1.1.1.10,0..0..0-
‘.l|'1|2,lo3973303°'31|101-100.91.93.0,0,0:0,0QO.O.O.O;O.O;Og&gl11010|0-g0.'0.
ﬂul;'lt5vl9‘2,5!l33u3‘010§0103.95'96.0.0‘0;0.0|0.0'°.0'0.0g0.1'111310300300|°v

Qul.'ll?ll|§7o‘¢l33039|109!l08v1000101|01000'°'0'°!0'0-°'0|0!°tz-l'lu10100.°¢00-
$ule=1v591950+69,81542,11251)31,1039104,00000,0,0504000:0,0¢0+C515101¢10¢02:0¢300
Sole=1c2:1095¢50546:87,1375206,3C8,109400040,040404050,0,050,0525151410:0,4+0.,0.
2500-13501,5B8+579%99,50,120511951112132000020004040¢000040:C0+0:0313)0131240030430.
®ple=10200463002054055,0255128410601174000+0,040,0000020,0:09C92s12121250030¢400

$310=13501987079,80,88,135,127,126,136,0,040,0,0,0,050,0,0s0,0,1,103,8,0.40.,0.
$0l01c201+92:84:85,93,140,132,133,192,0+040,0,0:00000,0,0:03041425348,0.00a40.
$als=13501¢954E874BB,96,143,135,136,144,0,0,0,0,0,05000,0,0,0¢001500348,0.,0.40.

$0l9-142014100492493,101 ,148,140,141,149,0:40,0,0,0,0,0,0,0,0:s0e05102¢3,8,0.40.,0.

ﬁ.l.-1.9-1.]c3.95.9o.100.151,103.190.152.0.0.0,0.0.0.0;0.0.0.O.O.IoleS.G'O--0-o0-

h.l.-l.2.1.100.&00.101.109,)56.1i8.1#9-157-0.0.0.0-0-0.0.0.0.0.0;0-1.2.3.8.0..0..0.
‘OlO'l05.lilllil°30l0‘1112l159'151!151|150'0.0|°!0'°|°l0'°'0’°|°‘0|1'1'3’8.0.'0..0.
*Il"IIZIlpllﬁcloalloqbll'vlchlﬁby157.165-0.0:0.0-0-0-0.0oOpOpOoOol.2.3'800..0.,0.
‘.l.‘lysolvll9|‘ll'l12'120'161'l59'1b°|155'0.0.DQOQOQOQO'OQD'O.QpOalnlpjvaoo-vo-rot
$31071,2914124:316:117:125,172,1064,265,173,0,040¢0¢0+04000350¢Ce0s001s243¢8404+0.4504

tie
end



1. Dam substructure
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27.0325
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15.6632
43.0511

~156.9537
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Fem Files Output from PMG for the Examples

46.5000

$18.5000
“5%,0000
«65.0000
465,0000
A65.000C
465.0000
46%,0000
465,00G0
465,0000
465,0000
10 18

11 18

12 20

13 22

FLT ]

55 &4
66 1z
67 T
68 76

69 78

0.
Il.c238
23,5880
35,2%2¢6
46,9379
58,4630
69,0121
60 .98%8
91,9605
0.

280. 1558
0.
4. 0210
86.12%0
130,.210)3
Li0.9773
209.110%
243.5998
214 ,.4455
301.¢6474
il 2
12 4
13 [
14 t

25 1o

%6 50
&7 S8
t8 60
69 o2

70 o4



2, Impounded water substructure
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g€
289
290
91
292
293
294
295
294
297

124
126
128
130

138

W
s # & 8 ¢ v s ¢ w u 8

[\
w®
-~ =

289

Y]
L
N ]

293
40
295

7%.0000
15.0000
15,0000
75,0000
15.0000
15.0000
75.0000
75.0000
75. 0000
75.0000

~lel,4827

4
110
)
112
4
ils
'y
Llb
'S
125

b7
2715

&
21
279

281

0.

-2.888%
-11.2184
-{4,9697
=%4,202%
~66,5112
-96.97806

=129.€60%0
=1&6.3892

1
112
1
114
1
116
H
f1g
l
126

1
269
217
219
281

283

12e
18
130
132

140

283
2921
293
295

297

C. 0.
[ 12.5000
0. 25.0000
Ca 37.5000
0. 50,0000
Q. 62+5000
0. 79 +¢000
0. 87.5000
a. 100.0000
46.%000 O.
41B,.5000 268.%%03
4465.,0000 Q.
465.00400 46,2000
465,0000 91.0382
405.0000 134.5147
465.0000 176.0295
409,00C00 216.0432
865.,00C0 291.¢527
469.0000 263.%lwl
465.00C0 311.¢£192
15 1 ] 17 B
17 3 S 19 8&
19 5 7 21 81
21 7 9 23 od
29 15 17 31 90
172 158 160 17e /12
180 166 168 182 21%¢
182 168 170 188 215
164 170 172 186 216
186 172 174 186 <17

141

50
81
82
b3

85

207
209
210
211
212

81
82
83
a4

a6

f08
2l0
211
212
213

Bs
87
88
a9

91

<13
215
216
217
218

119
120
121
122

133

21
284
265
286
287

111
113

k15

125

268
276
28
280
282

120
121
l22
123

134

27
285
286
237

2886

125
ie7
129
131

139

282
<90
292
294

296

1o
i1
12
13

24

164
175
176
117
174

16

159
le7
169
171
173

il
12
13
14

2%

165%
176
1
178
179

le
18
20
22
39

173
18}
183
185
187



3. Foundation substructure
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528
429
430
431
432

~1%9.7130
~126.0350

-92.3570
-1%9,7130

-92.,3570
=159.7130
-126.0350

-92.3570
~186.36890
~181,4830

~1063.1556

~10712,08178
~734,3743
~744,1274
-13H6,4000

-1389,1686

=10%7.0204
=1060,088]
~727.6%006
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