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I. I NTROI>l '('TIO:"

'\ prol'I'L!ure ha, hel'1l dl'l eillped for thrIT·L!imensional anal~sis of earthquake response of con

nl'!l' dum, 11,2,,\.4), Thl' dli.'ch of dam-water In'l'raction and of alluvium and sediments, usually

pre\I'llt at thl' h"tom and pll"ihl\ at ,idl'\ of uctual rl'sefloirs. are included in the analysis, As a first

,tl.'p tow;jrlh mn\idaing thc dkct\ or dam-foundation rock interaction. the flexihility of the founda

tilln rod. is cllnSiderl'd 111 tl1<' anah,is hut it, inertial and damplllg effects are ignored, This report is

conn'rnl'd with the computn program b'\CD-JD that impll'ml'nts the analytical procedure,

Thc allal~ \is proccdure undt:fl~ ing the computer program EACD-3D assumes linear hehavior for

thl' IOnLTete dam. impounded \Iater and foundatIOn rock, Thus the possihilities of concrete cracking.

l'OIl\lructioll joint\ of the dam opl'ning during vihration, and water cavitation are not considered,

I hI' computn program L\CD-JD has heen developed to perform three dimensional analysis of

concrt'1I' dams, Thus the earthquake response of arch dams. which must be treated as three

dlllll'nsional \ystems. loan he analy/ed, Concrete gravity dams are traditionally built as a series of

monoliths. usually with straight contraction joints. either grouted or ungrouled. Such joints would

slip and thl' monoliths tend to vihrate independently. as evidenced by the spalied concrete and

lIlcreased .... ater leakage at the joints of Koyna Dam during the Koyna Earthquake of December II.

19(-,7 15), For o;uch dams. a two-dimeno;ional. plane stress idealization of the individual monoliths

appears to he appropriate for predicting their earthquake rcsponse. On the other hand, three

dimensional ideali/ations would Iw usually necessary for concrete gravity dams with keyed contrac

tion Joints. For rolk-rete dams which are built without joints. two-dimensional. plane-strain idealiza

tion may he appropriate if the dam is located in a wide valley; otherwise a three-dimensional idealiza

tion may he necessary, Thn'c-dimensional analyses of gravity dams can be implemented by this com

puter program. For two-dImensional earthquake analyses of concrete or rollcrete gravity dams, a

recently completed computer program EAGD-84 is available [6/. in which a viscoelastic halfplane

idealization is used for the foundation-rock region. considering the inertial, flexibility, and material as

well as radiation damping effects of the foundation rock.
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This report is intended as a user's guide for the computer program EACD-3D. Seit:cted features

of the computer program. which would facilitate its use. are described; idealization of the s~. Sl~m is

dls~:ussed: the required input data are described: the output IS explained: and the response results

from a sample ;lilal~sis are prl.'sented.



Z. SlSTE!\1 :\~J) GROl '~() !\10TlO~

2.1 Concrete I)am

Thl' S~ stt:m ronsidt:red nmsists of J conert:tt: dam supported h~ tlnihlr foundation n)~'k in a

can\on and impounding a ft:sl'r\Oir of watef (figurt: 2.1), :"lote that the x. \. I a:\(~s art: a right

handed st:t \\ith \ horilOnial and pointing upstream. y vertical (upl ilnd I noss-strt:am. Tht: system is

anJI~led under the assumption of Iint:ar ht:havior for the concrete dam, impounded water and foun

datIOn rock.

Tht: dam is idealiled as an assemhlage of hnite dements, In a three-dimensional idealization of

an arch dam. its main part is I cpresented hy thick shell finite clements [7], and the part of the dam

near its junction with fll,:ndation rock represented hy transition ekments [7,X]. deSigned to connect

thick shell clements in the dam to three-dimensional solid elements employed in idealizing the foun

dation rock (Figure 2.2(al]. Three-dimensional solid clements are employed in a three-dimensional

idcaliz.ation of a gravity dam or a thiek :Arch dam, The properties of each finite element an: l'harac

terized hy the Young's modulus I:'" Poisson\ ratio '\. and unit weight II', of the concrete.

The vihrational energy dissipation properties of the dam are characterized hy the constant hys

teretic damping factor '1,. A viscous damping ratio ~. the same for all the natural vihration modes of

dam on rigid foundation rock with an empty reservoir. corresponds to a (Dnstant hysteretic damping

factor of '1, ~ 2~. forced vihration field tests on dams indicate that the viscous damping ratio is in

the range of I to 3 percent, fairly independent of the vihration mode number. A constant hysteretic

damping factor of fI, ~ 0.1. which corresponds to a 5 percent viscous damping ratio in all vihration

modes of the dam, is a reasonable value for much larger, hut essentially linear, response to earth

quake groullcl motion.

3
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Figure 2.2 Finite element models of dam. foundation rock. and fluid domain substructures. (Parts
(a) and (e) adapted from reference [I))
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2.2 Foundation Rod

Relluirl'd III the ~ub~truClure method for anal\\i~ d earthquake n:spome of dams is the

frequcnl'! -lkpendl'nt ~titrne~~ (or impedann:) matnx for the foundation rock. defined at the nodal

puin\'. on the u..m-fuundation rock Interface. This matrix for a viscoelastic half planc was deter

mtnl'd for two-dinll'n~innal anah~i~ of concrete £ra\i,y dams supported on the horilOntal surface of

foundatlllll flll'k [lJ], and i~ utili/cd III computer program EAC,D-R4 [6) liJr two-dimensional analySIS

llf g,ra\ it! dal11\. HlmC\ef. such a foundation mood is inappropriatc for analySIS of arch dams or

gra\ in dalll~ huilt in llarnm canyons with thc dam houndary in contart with the foundation rock

C'l.1l'ndlllg 0\ l'r the height of th,' dam.

\11 alternati\l' approach is to idealize a portion of the foundation rock as a finite element sys

telll and to determine the impedance matrIX for this idealilation. The principal decision required in

ddining this idcali/ation i~ the ntent and boundary conditions (11' the foundation-ux-k region to be

I'lcluueu in the analy"is. For eoncretl' dam sites where typically similar rocks extend to considerable

distances, wan"-transmitting houndaries arc nccessary if the finite siled foundation rork region is to

represent the unbounded extent in the field. Such transmitting houndaries have been developed for

two-dimenSional analysis [10] with seemingly ad-hoc extensions proposed for three-dimensional ana

lyses. The latter. if developed properly. would be computationally expensive perhaps to the point of

being prohihitive for practical problem c
••

For these reasons and hecause it is virtually impossible to rationally specify the free-field earth

quake motions at th ... dam-rock interface in narrow canyons. an extremely simple idealization for the

fuundation rock is used here [11]_ Only the foundation rock flexibility is considered in this investiga

tion; i.e. the inertial and damping effects of the foundation rock are ignored in considering dam

foundation Illteraction effects.

The shape ,)1' the foundation rock is idealized using a procedure that has been adopted in the

computer program ADAP [8J. Basically, this procedure assumes that the dam canyon is prismatic in

the upSlleam direction (x direction). and the volume of the foundation rock is described by a size

parameter R,. With this procedure to define the shape of the foundation-rock region, the size of the
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region depends entirely on R,. This parameter should be chosen to hl large enough to satisfactorily

represent foundation Ilexibility cffel·ts in analysis of the dam. and it has been shown that the ratio of

foundation modulus to dam modulus governs the selection of this parameter [3].

Theoretil.:ally. the shape of the foundation-rock region should he compatible with the geometry

of the dam anJ Impounded water in the finite element system to be analyzed. However. this may

sometimes be ditfkult to achit:\c with the shape of the foundation rock region idealized using the

:lforementioned procedure. S;n':e foundation rock flexibility is represented by the condensed stiffness

matrix defined with rdaencl' to the degrees of freedom at the dam-foundation rock interface. compa

tibility must be satIsfied at this interface hut minor violations at the foundati0n-water Interface may

be acceptable.

As shown in Figure ~.~(b) for arch dams. an apprnpriate portion of the foundation-rock region

is idealized as an assemblage of three· dimensional solid finite elements. The elastic modulus /;", and

Poisson's ratio I', must he ~pecified for each finite clement in the foundation TOl'k idealization.

2.3 Impounded Water

The reservoir behind a dam is 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 finite element idealization was employed to large dis

tances in the upstream direction.

An effective approach emp:oyed in this computer program is to 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 y-z cross section. With this restriction. it i.. possible to efficiently recognize the infinite

extent of the reservoir :n thl~ l:pstream direction.
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For computer analysis. the finite re~ion of irregular geoml'lry IS idealized as an assemhlage of

three-dimensIOnal tinite clements as slumn ;n Figurl' 2.2(c), Each nodal point of the irregular tluid

region on thl' upstrl'am dam face houndary must correspond with a dam node at the dam-water inter-

fan:. Therefore the finite element mesh for dam should he selected to he compatlhle with the design

watcr icvd in the resen oir. For th,' infinite channel of uniform cross section. a finite clement discret-

i/ation of thl' cross section. nlmpatihle with thl' dlsCfl'tization of the irregular region over the com-

1110n cfllss-sl'ction -- the transmitting plane in Figure 2.2(c1 -- comhined with a continuum representa-

tion in the intinite direl'lion provides for the proper transmission of pressure waves. Ph\'sically thIS

tn.-atmmt can oe intnprl'ted as a dislTeti/ation of the fluid domain into suh-channels of infinite

length lFigure ::!.::!kl]. The properties of the impounded water are charactcrizcd hy thc mass density I'

and the \elocit\ of pressure VI aves in water ( '.

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

case. the entire flUid domain is Idcaliled as an assemhlage of finite elements.

2.4 ..\bsurpthc Resenoir Bottom and Sides

Thl: ahsorptiveness of the allu\ ium. silt and other ~edimentary materiah at the hottom and pos-

slhly sides of the resenoir is characteriled hy the wave reflection coefficient r>. which is the ratio of

the amplitudc of the relleeted hydrodynarlic pressure wave to the amplitude of a propagating pres-

sure wave inl'ident normally at the reservoir houndary. n ~ I indicates that pressure waves are com-

pletcly reflected; and " ~ () indicates that the wa\'es are fully absorbed into the reservoir bottom

materials without rellection. The materials at the hottom and sides of the reservoir determine the

value of the wave reflection coeffirient <l an:ording ,0 the following equation:

I - k
I+k

where k ~ I'C / I'r C,. C, ~ \ 1-.', /1',. F r and I', are the elastic modulus and J!1dSS density of the reservoir

bottom-sides materials.
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Becausl' for narrow. stcep l·an)Ons. thl' sediments may I'll.' essentially confined to the reservoir

nO\lom. thl' computer program pcrmits thc option that only a portion of the reservoir houndary is

ahsorptilc. Thl.s non-ahsorpti\l' resef\oir sides \\ith an aht;nrptlve resef\oir hotlam can I'll.' modelled

hy the pmgrarn.

\:0 held data arc prescntl) availahle for the wave reflection coefficient at al'tual reservoirs

hl'hillJ dams. In the <lbSenCl' of sUl'h data " ~ O.l.lO to I is recommended for proposed new dams or

rcccnt dams \\hne sl'dimcnt deposits <Ire meagre; It ~ 0.75 to 0.90 IS recommended for older dams

\\ilh suhqantial sediment deposits.

2.5 Ground :\tntinn

In l"arthquake response analysis of dams hy the suhstructure method, the earthquake input is

spel'lhed as the free-field ground motion at the dam-foundation rock interface (I). This free-field

ground motion was assumed to he uniform across the base in two-dimensional analyses of concrete

gra\ It) dams [I :!]. This approach of specifying the same motion over the entire dam-foundation f(l~k

Jntnfaec is not appropriate in three-dimensional analy~i~ of arch ar gravity dam~ b::~3use the free-

held motion may \ar) significantly across the width and over the height of the river canyon. Non

unit,)rm houndary motions can he induded in finite clement analysis of structures (13). The principal

difficulty. ho\\'cwr. is in rationally defining the variations in motions around the river canyon because

very fe\\'. if any. records have becn ohtained of actual ground motion variations in arch dam loca

tions. Another po~siblc approach is to define the earthquake input as a rigid-body translation of the

hdsc of the comhined finite element model of the dam and a portion of the foundation rock. How

cwr. vcry little is known about earthquake motion at depth because most of the available strong

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

From the pre,'cding discussion it is dear that it is difficult to define a suitable earthquake input

me\:hanism in three-dimensional analysis of arch Of gravity dams. Neither of the two approaches can

he justihcd rationally. thus a much simpler approximation is employed in this computer program.

Specifically. a sufficient portion of the foundation rock is induded to represent only the static
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foundation tlnihility dkcts: the foundation rock is assumed to he massless for the dynamic analysis.

and thl.' I.'arthlluakl' input is specified as spatially-uniform motion of the hasement rock [II). Since

thl'rl.' is no \\an' propagalion mechanism in the massless foundation rock. the specified hasement rock

motion is transmitted without modilication to the dam-foundation rock interface. In the context of

thl' suhstructure method .)1' analysis, thl' aoove mentIOned appmximation is equivalent to specifying

thl' sam,' free-field ground motion throughout the dam-foundation rock interfal'c with thc foundation

rod. assuml'd 10 he masskss in computing the foundation Impedance matrix. The free-field motion is

abel assumed 10 he uniform over the reservoir sides and hottom and in the upstream direction

(\\atc'r-foundation md, intl'lf.ll"l'l. exel'pl as controlled hy the parameter NYZ in the program. With

thiS parameter it is possihle to specify thaI the ground motion is limited to a finite distance in the

upstr'~am direction. The ground al'celeration is defined hy its three components: ,< It) in the

upstream dirl'l'tion, II~ (t) in the cross-stream direction. and u~ (t) in the vertical direction.



,1. Ol'TU~E (n' A:'\iAUTIC\L PROCEI>l'HE

The computl'r program I::\CD-JD impkml:nts thl: analytical procedure dl'\l~lopl'd [JAI f(Jr

thrl'e-diml:nsional analysis of thl: darn-water-foundation rock systl:m, idealized in accordance with the

pn'lTdlllg section. to determine the earthquakc response of nmcrete d;,lns. This procedure is an

l'xtensinn of the earlier analysis [1.2J to consider flexihility of the foundation f(Kk supporting the dam

and to mdude Fourier synthesis of harmonic responses to ohtain the earthquake response of dams.

In addition. the analyti\:al procedure descrihed in Referem:es [~] and [4] has heen extended to include

thl' ctli:cts of hydrostatic pressure at the foundation rock surface on the static response of the dam.

The static analysis considers only the effects of the weight of the dam and hydrostatic pressures. not

the thermal dfeds in the l'onndl" or construction sequence of the dam.

The (l\erall efficiency of the dynamic analysis procedure lies in representing the dam. thl'

impounded water. and the foundation rocl\ as three suhstructures of the complete system. with

appropriate idealilations for each: and in a dramatic reduction in the degrees of freedom hy

transforming the displacements of thl' dam to generaliled coordinates. The earlier analytical pro

cedure [1.~J has heen improved hy incorporating more efficit'nt analytical formulations and computa

tional procedures for evaluating the hydrodynamic terms. Additional efficiency is achieved hy taking

ad vantage of the idea that rational expressions can he used as interpolating functions for the fre

quency response functions for the modal coordinates of a structure, thus reducing the numher of fh·

quency points at which a response function must be computed exactly. As a result of these improve

ments it has been possible \0 reduce the computational costs for analyzing arch dams hy an order of

magnitude.

Thus the resulting analytical procedure and computer program provides an effective tool for

computing the earthquake response of proposed designs for new arch dams and in evaluating th~

seismic safety of existing dams.

11



4. PRO(;R ..\:\I FL\Tl'RES

4.1 Subpro~rams. Problem S~mmelr~·. and Storaae

The cnmputer program is di\,'ided into a main se(tion and scwn subsections. In the main sec

tion. a group of input variahles is read. Includd in this group arc variables that (ontrol which of the

sC\en subsections arc (alicd. A suhsection i, called onl\' h~ the main section. and all information

hesides the input data nceded hy the suhsec,tions is passed \' ia COMMON statements and disk files

(see Tahle 7.1). The main section and sevcn suhs('ctions will I'll' referred to as the Main Program and

Suhprugrams 1.2. . .7 in the remainder of this report.

Suhprograms I. 2 and .~ deal with thl' dam-foundation system. In Subprogram I. the mesh ror

the foundation of the dam is input. and the foundation stiffness matrix is computed and condensed to

the degrees of freedom along thl' dam-foundation interface. In static analysis when the reservoir is

nnt empt~. the hydrostatic' load "ector on the limndation rock is computed and condensed to the

degn:es of freedom aiong thl' dam-foundation interface. The dam mesh IS input in Subprogram 2

"here clement stilfness. mass and strl'SS l'omputation matrices arc computed. Thl' dam stilfness and

mass matril'e, arl' assemhkd in Subprogram :1; included IS the founda'ion stiffness matrix from Sub

program I. Following the assemhly. the l'igenprobll'm of the dam-foundation system is solved for the

natural frequencies and mode shapes (Ihe gen,'ralilec coordinales) in dynamic analysis: while the

selt~weighl load "pctor of Ihe dam is computed for static analysis. Suhprograms 4 and 5 deal with the

tluid domain. defining Meshes I and 2 as w~1I as the three boundary meshes (Meshes 3. 4 and 5):

these arc descrihed in dc-t"i1 in Section 5.1. The Mesh I and 2 matrices are assembled and the Mesh

.2 eigenprohlem (used to construct the transmitting plane matrix) is solved at an excitation frequency

of zero in dynamic analysis. The computations which are perfrrmed with the matrices from the

boundary meshes arc related to the nuid domain load vectors and dam-fluid connectivity. In static

a:lal~·sis. the hydrostatic pressure load vector on the dam is computed. In Subprogram 6, the fre

quency responses of the dam and nuid domain are computed. Included in this computation are Mesh

2 eigensolulions at non-zero excitation frequencies. solution of the Mesh I equations. and solution of

12
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thl' dam l'ql&alions in h:rms of thl' gl'nnalill'd coordinatrs. LIndrr thl' stalic ,olution option. thr

'Ialil' respllm.: of thl' dam is l'Omputrd in Subprogram h. Time histor~ responSl'S of the dam arr

comrutl.'d in Suhprogram 7.

Thl' j;rogram can analYll.' dam-water-foundation systems symmrtnc or non-symmetrir ahout the

\-~ plane. For sll:Imrtril' systrms, the program permits usc of a mrsh \\'hieh eXlends only to onr side

of Ihl' planr of s~mmrtry. Thr proerdurr of running the program for symmrtril' s~slems is descrihed

In Chaptrr 7

Thr program makes efficient usr of matn.' storage. /\11 matril'rs 'Ire slored In a hlank common

i.IlTi.I~ hI Ihe method of dy namic sforage allocation. The array dimension is set at 45000. hut this

I alUl' l'an he IIllTeased if more storage is desirl'd, In rach of thr selen suhprograms. the actual

storage u,ed is printed. or. if current storagl' is insuffil'irnl. the rl'lIuin:d storage is printed. The pro-

gram automatil'ally hlocks the matrices of the dam-fi.wndation system (Subprograms I. 2 and 3) and

Ihe matricrs which contain the fn':lIuenl'Y responses and time history responsrs of the dam (Subpro-

gram h Thl.'rl'forl.'. no storage limitations arc present in these areas of the program. However,

hlo<.-klng is nol used for matrices of the fluid domain. and this may be a limiting factor when Mesh I

of the fluid domain is large. far virtual memory storage computer machines. Ihis storage limitation

is usually not a problem because of the larg~ amount of available memory; but it can be a problem jf

the availahle amount of memory is limited. In thi" case. a lower bound estimate of tnc total storage

required is the storage required by the Mesh I matrices. Thesi.' matrices are stored by the skyline

m<:thod. and the required storage S I is estimated hy

/lIo'J

S I = 3 ~ (i - I min + I)
,~ I

where NEQ = number of equations in the fluid domain mesh and i min is the minimum equation

number connected to equation i (Equation numbers are similar to node numbers except zero pressure

nodes are not counted). All equations on the transmitting plane [Figure 2,2(c)) should be comidered

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

The program "as originall\ de\dllped for a CDC computer hut has now been rewritten for IBM

mamframe computers. It contains t'catun:s "hich facilitate implementation on other computers. One

of these features is the use of standard. basic Fortran throughout. Other features are discussed below.

I. Integcr \ ariahles of thc form MTi are used as unit numbers in READ and WJ<:Jl E statements.

The,,' unit numhers are assigned in the Main Program.

Prcu:ding each READ (MIS. format statement number! statement are free formllt READ (MT5.·) state

ments \\hich appear as comment lines ((' in column one). To change to free format. switch the

c in column one from the fixed READ 10 the free REAl) .

The program is in douhle precision which is usual1y required on IBM computers. Implementa

tion on other computers. e.g. CDC machines. ma~ require only single precision. Implementation on

another computer may also require addition llf the PROGRAM card in the Main Program and r-ossi

hly introducing an malay structure. Because of the way the program is written and the information

is transferred hetwl'en the Main Program and lhe suhprograms. an O\erlay structure is possible 10

sa\c much storage for computer machines with limited a\ailahle amount of memory. In this case. the

Main Program should he changed to the main ll\erlay and each of thc scven suhprograms should he

changed to a suhO\erla~ directl~ helow the Main Overlay. The overlay-structure is produced by intro-

ducing the following statements.

a. The statement OVERLAY(XfILE.O.OI hegins the Main Overlay.

h. The statements OVERLAY(XFtLf"..I,OI and PROGRAM SUBi begin the ith overlay. where

1.2.....7.

c. The ith overlay is called from the Main Overlay by the statement CALL OVERLAY(5HXFlLE.i.O.Ql .
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4.3 \Iesh Generation Pr~ram

In ordn to facilitate the preparation of the input data for finile element meshes of the dam (sec

Chapter ~ - Suhprogram 2). foundation rock (see Chapter !i - Suhprogram I). and reservoir water (see

Chaptn X - Suhprogram 4 l. a mesh-generation computer program is availahle. The input data to this

me"h generation program is kept to a minimum and the output from this program consists of the

nodal point coordinates and clement connecti\'it~ of the finite clement meshes. In this way. the user

can minimi/e the lahorious task of preparing the input data for the .:omputer program. A detailed

description of this mesh generation program and its users' guide is presented in Appendi", A.



5. l>ESCRIPTIO:'li 0"- FINITE F.U~!\1t:l'4TS

5.1 .'Iuid Elements

Finite elements used to discretile the impounded water are deri\ed in the ap;Jendice'> of Refer

ence II). They result from solution of the pressure wa\ e equation and thus haH' only one unknown.

thl' hydrody namic pressure at each node. The following dement types are employed: line, triangular.

rectangular. triangular prism. and rectangular prism. The elements arc shown in Figures 5.) (a) to

5.l(el in their undistorted or parent form. They are Isoparametric and can be mapped into distorted

shapes. The local clement a:o.es~. t. r are also shown: these ar.: area coordinates [14J in the triangular

domains. The nodal numbering indicated is the order in whil-h the actual node numbers must be

input in an element's LM array (see Chapter Ii - Subprogram 4). Quadratic shape functions are

employed: they defJult to linear shape functions where non-corner nodes arc omitted. Element types

are denoted hy the input valu:~ ofNELTY (see Chapter R- Subprogram 4).

The ahO\e-mc'ntioned types of finite clements are used in different portions of the finite element

discrctilatlOn for thl' impounded water. In the finite element model for an infinite reservoir consist

ing of an irregular reg.ion next to the dam and an infinite channel of uniform cross-section. it is con·

\enient to identify fin' meshes. or suh-meshes (Figure 5.2): Mesh I 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 spans the reservoir boltom and sides of the irregular region: and Mesh 5 discretizes the bot

tom and sides of the transmitting plane. It is similarly convenient to identify two types of nodal

points in the finite ('Iement model of the irregular region of an infinite reservoir (Figure 5.2): Type I

includes all nodal points not on t\lt> 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. does not contain Type 2 nodal points nor Meshes 2 and 5. Some comments on the use of the

various types of finit,~ el ments in the five meshes are as follows.

16
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2 3 s

(a) line element
NELTY = I 7

102

6

5 13 4

~~y
I~I7

48

.~ .,..•
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(e) triangular prism element
NElTY = 5

263
I... _I.. -I

I I
(b) n~etangular element

NEITY = 2

2

.r 5

1t
3
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1-- .1,

(e) triangular element
NELTY = 3

16 4

2
12

10

(0 rectangular shell element
NELTY = 6

II

(d) rectangular prism element
NELTY = 4

(g) triangular sheil element
NELTY = 7

Figure 5.1 Finite element types. Elements are shown in undistorted or parent form.



MESH I (VOLUME)

TYPEI
NODAL POINTS

MESH 3
(SURFACE)

MESH 4 (SURFACE)

t<':
MESH 2 WITH TYPE 2
NODAL POINTS (PLANE)

INFINITE UNIFORM
CHANNEL

-00

Figure 5.2 Infinite reservoir domain illustrating Type I and Type 2 nodal points and the

Meshes 1. l.. 3. 4. and 5.
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The line element (NELTY ~ I) is a variahle ::! to 3 node element. Node 3 can be omitted. When

used in Mesh 5 (Figure 5.::!). the element is mappeet onto a y-l plane. and s x x should point inside

the finite element mesh. t Thus. to an observer located downstream of the transmittillg plane. each

element's s ax is should be directed along a counter-clockwise path around the transmitting plane [Fig-

ure 5.3(a)1.

Two-dimensional elements can be tri,lObular or rectangular. The rectangular element (NELTY =

::!' is a variahle 4 to 8 nqde element. Any or all of nodes 5. 6. 7, 8 ran be omitted. The triangular

element (NELTY = 3) is a variable 3 to 6 node element. Any or all of nodes 4. 5, 6 can be omitted.

When used in Mesh 2 (Figure 52), the elements are mapped onto a y-z plane, and s x t should point

in the negative x direction [Figure 5.3(a)J. When used in Mesh 3 or Mesh 4 (Figure 5.2). the elements

are mapped into x. y. z space, and s x t should point outside the finite element mesh. Thus. to an

observer located outside the finite element mesh. the nodes should be numbered counter-clockwIse

[Figure 5.3(b)J.

Three-dimensional elements can be triangular prism or rectangular prism (Figure 5.11. The rec·

tangular prism element (NELTY = 4) is a variable 8 to 20 node element. Any or all of nodes 9. 10. I L

... 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 I (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 re~ating 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.

__ ~oo<a<1800
t This and the subsequent discussion makes use of a vector cross product c ~ a x b to define the orien· b

tation of a new vector C in tenns of two ellisti"l vectors a and b. The new vector c is perpendicular to the
plane containina the vectors a and b and points in the direction given by the riaht hand rule. a

o
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,
~ ,IUPSTREAM)

~3 I

MESH ~ (LINEI,
ELEMENT

-- TRANSMITTING PLANE

fal Proper numbering direction 01 nv~' for Meosh 5 (line) de-ment and Mc~h 1 (2·
dl element

(h) Proper numbenng dlfcTllOn of nodes for Mesh .\ and MC'5h 4 2-d element!

~.
Z

(c) Pro~r numbering direction of nodes for foundatIOn-water inttrfacc 2-d cle
ments

Figure 5.3 Example of proper numbering directir-n of fluid Meshes 2, 3, 4, and 5 elements and
foundation-water interface elements.
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6

Parent Element

7

4

14

40

Mapped Element

LM = <14 14 145738402621 22000493950>

Figure 5.4 Formation of tetrahedral element from triangular prism.
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Table 5.1 -. Usage and restriction on ori.:ntation of the finite element types.

Element

line

lJ~age

Fluid Mesh 5

Restriction on Orientation

s x x points inside the finite element mesh

s x t POints in -~ directIOnPlane,

~._----------------~-~----

FlUid Mesh 2

Rectangle

Tnangle and i flUid Mesh 3 s x t points outside the finite el~ment mesh

I
, FlUid Mesh 4 s x t points outsIde the finite element mesh

I

Water luund,':lan s x t points outside the fluid fintte element

interface mt'sh Into the foundation mesh

3-d Tria-n-g-u-la-r--i-F-1U-'d-M-es-h-'--f-N-o-r'-es-t-n-cl-Io-n-

i Prism and II' Dam I s x t has a componcnt in + x directIOn

i Rectangular Pnsm' Foundation I No restnettoll

I \ I------... --.---~
1

3-d Triangular I 'I

and i Dam s x t has a component in + ~ direction

~ectangular ShellL -I-- _
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5.2 Dam and Foulldation Elements

Finite clements used to discretize the dam and the dam foundation are standard element!>

derived in Reference [14]. The following eleme!lt types are employed: solid elements (figures 5.1 (d)

and 5.1(d]. and shell elements (Figures :i. 1(1) and 5. Hg)). Two-dimensional elements [Figures 5.1 (h)

and 5.1 (el] are also employed to discretize the surface of the foundation rock at the water-foundation

rock interface 10 stitic analysis. The clements are shown in their undistoncd or parent form. They

are isoparametric and can he mapped into distorted shapes. The local element axes s. 1. r arc also

shown; these are area coordinates [14] in the triangular domains. The nodal numbering inuil'3tcu is

the order in wht~'h the actual node numbers must be input in an clemenl's 1M array (see Chapter H.

Subprograms I and 2). Quadratic shape functior.s arc employed: they default to linear shape func

tions where non-corner nodes are omitted. Nodes can he superimposed as described in the previous

section. Element types are denoted by the input value of NEtTY (see Chapter 8 - Subprograms I and

2).

The solid e:cments (Chapters 6. 7 and 8. Reference [14]) are used for discrctizing a three

dimensional dam-foundation system. It has three degrees of freedom per node - the x. y and z trans

lations. The rectangular prism form (NElTY : 4) is a variable 8 to 20 node element. Any or all of

nodes 9. 10 II. " 19.20 can be omitted. The triangular prism form (NELTY = 5) is a variable 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). Solid 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 upstream of the dam, the nodes should be numbered counter-clockwise [Figure 5.6(a)J. 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 I). This two-dimensional

finite element 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 l( t should point into the foundation rock.
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2.1
I
1
I .5
I

/);----.;-
/

/

rectangular prism triangular prism

(a) 3-D Solid Element

.4

t.s

rectangular

t

triangular

(b) 3-D Shell Element

(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 element, the stress locations are at the face i)f the element if that face lies on the upstream face
or downstream f9ce of the dam (see Figure 5.6).
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Table 5.2 •• local ~oordinatesof the Gauss quadrature and
stress output locations for finite elements

(a) 3-d solid element

Gauss
Rectangular Prism Triangular Prism

Quadrature!

Stress

Location s t rt s t rt

Num~r coordinate coordinate coordi"ate coordinate coordinate coordinate I

I -0.5774 I 0.5774 0.5774 0.3333 0.3333 0.5774

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 -0.5774 0.2 0.6

I
-0.5774

8 0.5774 0.577" -0.5774 0.2 0.2 -0.5774

(b) 3-d shell element

C,USS
Rectangular Triangular

Quadraturel

Stress

Location s t S t

Num~r coordinate coordinate coordinate coordinate

I -0.5774 0.5774 0.3333 0.3333

2 -0.5774 -0.5774 0.6 0.2

3 0.5774 -0.5774 0.2 0.6

4 0.S774 0.5774 0.2 0.2

t For :Hi solid element, r • 1.0 for stress 1ocdtions I. 2, 3 and 4 if the surfa~ represented by r. 1.0 lies on the upstre.un face

of the dam; and r • ·1.0 for stress locations S, 6, 7 and 8 if the surface represented by r s -1.0 lies on the downstream face of

the dam (see also Fiaure S.7).
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(a) Solid Element Mesh

x

2

_e-

It t:I I
.:.-~ 3

3

(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 ohsener located outside the foundation rock tinite element mesh. the nodes s llOuld be

numhered c1m:kwi!>c [Figure 5.3lc)].

The !>hell element <Chapter 16. Referencc (14]) i!> u!>ed for discretizing an arch dam. Any foun

~;j'ion region must he discretiled with the solid element. A shell element mesh employs one element

In the thickness direction of the dam. Node!> are located at the mid-surface. Each mid-!>urface node

is associated with two :wxilliary "nodes" - one on tht' upstream face and one on the downstream face.

h is t!,..: aUJiilliary nodes ·.....hose numbers and locations are actually ),)put by the user. Upstream au x

illiary nodes are numbered tirst fullowed by the downstream auxilliary nodes in the same order.

Mid-surface nOGe numl-.er!> are the same as those of the correspon~ing upstream auxilliary nodes.

1 he coordinates of the mid-surface nodes are computed as the average of the coordinates of the

cNresponding upstream and downstream auxilliary 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. y and z translations 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

nate r. 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 variable 3 to 6 (mid

surface) node element. Any or all of nodes 4, 5. 6 can be omitted. Element integra,ions are per

formed by Gauss quadrature in sand t (Figure 5.5. Table 5.2). and are exact in r. Shell elements are

mapped ir.to x. y. z space with the requirement that s x t has a component in the positive x direction.

Thus. to an observer located upstream of the dam. the nodes should be numbered counter-clockwise

[Figure 5.6(bJ). Table 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 solid foundation ele

ment because of the different types of degrees of freedom employed. In order to make this connec

tion, a dam shell element adjal.ent to a solid foundation 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 freedom at the auxilliary node' The first three of these six

degrees of freedom are x. y and z uanslations of the upstream auxilliary node and the last three are x.

y and z translations of the downstr:.:am auxilliary node. This transf<'lfmation is possible be\:ause the

displacements vary linearly through the thickness of the shell element. The transition element is com

putible with the adjacent solid foundation element if the interface side of the latter has its nodes at

the mid-surface locations omitted. Transi~ion elements arl' 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 sh<1wn 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 5.71. Two types of stress components are computed. First are principal stress com

ponents. the orientations of which are output with respect to a local set of axes I. 2. 3 which are

defined at each stre'>s 10l'ation in terms (If the m:lpped s. 1. r axes. Second are local stress components

referred to these same I. 2. 3 axes. A :;tress table i' output in SubpfCIgram 1 which contains the x. y.

l coordinates of each stress location and the x. ~.. l direction cosines of the I. 2. 3 axes at each stress

location in each dam clement.

For solid elements. 3 = s )( t: I = y x 3 or = • 7 if 3 is in the y direction: anct 2 = 3 x I. Six

10l'al stress components are availahle: normal along I. 2 and ~ and shear in the 1-2. 2-3 and 1-3

planes. In this order. the compon"nts are numbered 1 to 6 for use 10 array ISTYPE (see Chapter 8 

Suhprogram 7). When computing the principal stress components and directions. only the normal

stresses along the 1. 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 5.6Ia)

orients I. :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 ctam. The element stress locations are

shown in Figures 5.5(a). 5.7 ar.d Table 5.2(a). They are numbered I 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 upstream or downstream face of the dam (figure 57). In this case. the stress



Stress locations I. 2. 3 and 4 located on
this surface if the surface is on upstream face of dam

.3

r

~S

I
2.'

I
I
I
I
I
I
I
)----
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Stress location;; 5. 6, 7 and 8 located on
this surface if the surface is on downstream face of dam

Rectangular Prism Triangular Prism

3-D Solid Element

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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compom'nt~ Jrl" lirst computed at the Gauss quadrature ll11'atlons in the global x. y. and z axes: then

thl' 5tH'S' CllmpOnl"nls al thl' face of Ihe e1emenl in the glohal x. y. and 1 axes are obtained by linearly

C\trapolating their \alues at the Gauss quadrature locations. and a stress transformation is made to

l)htain the stn'ss wmponl'nts in the local I. ~ and .1 axes.

For shell elements. ~ ~ s x I and is in the trlle normal direction: I = Y x 3 or " - I if 3 is in the

direction: and ~ = 3 x I Ten local stless l'omponents are availahle: normal along I and 2 and

shear ill thl' 1-2. ~- 3 and 1-3 planes at the upstream face followed by the same five at the downstream

face. In this ord.:r. the components are numbered I to 10 for use in array ISTYPE (see Chapter 8 .

Suhprogram 7). The normal stress along 3 is set to zero in the element formulation. Similar to solid

elements. when computing principal stresses. only the normal stres~es along I and 2 and the shear in

the 1-2 plane arc considered. Proper ordering of element node numhering as shown in Figure 5.6(h)

orients I. 2 and ., in the arch. cantiiever and normal directions. respectively. The element stress loca

tions are shown m Figure 5.5(h) and Tahle ''.:!(h). They are numbered I to 4 for use in array INS2

(sec Chapter H - Subprogram 7).

As mentioned earlier. eIther the solid or shell element can he used for disnetizing an arch dam.

and no mixing of elcm':nt lypes is permitted within the hody of the dam. Unless the arch dam is

unusually thld" the shell element will suffice and is recommended. A further recommendation is the

use of shell clements employing ql<adratic shape functions (K-node rectangle. fI-node triangle). Such

el-:ments are more economical than dements interpolated linearly.

The analyst should be aware of two sources of error. althoulIh usually minor. encountered when

using the shell element. First is the approximate representation of shear deformations. While plane

section~ originally normal to the mid-surface are allowed to rotate with respect to the mid-surface.

they are constrained to remain plane. Since most arch dams are thid (relative to the spans involved)

at their bases. some error will be present in this region due to the plane-sections-remain-plane con

straint. Second is the plane stress hehavior 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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die~ nut rapidl) a'.'ay from the 1I11nface

If an arl'h dam I~ unu~uall) thick, then the use of solid elements throughout should he con

~iJt'reJ. O't'r largl' portiof)s of thesl' dams. shearing action causes significanl departure from plane

sections-remain-plane heha\ inr. The through-thickness discretization should he a single solid ekmenl

with quadratic Illterpolation. Of course. as the dam thickness approaches that of a gravity dam. then

a multiple dement disrreti/ation of the thickness will he needed. For reasons of economy. quadratic

Inh:rpolation In the planr of an arch dam is appropriate. Thus. it i~ recommended that unu~ua/ly

thick arch dams he discre:lll:d with 20-node solid elements. with a single element in the thickne~s

direction. lise of solid ekments with linear interpolation in the through-thickness direction (no inte

rior nodes) is not advis~d.

Although the 20-node solid element avoids hoth sources of error mentioned earlier with the ~he:1

element. use of the 20-node solid element for arch dams is limited by two factors. First is the addi

tIOnal expense over the shell element hecause the interior nodal points in the through-thickness ,bec

tion require more degrees of freedom resulting in a more expensive solution. Second. when the 20

node solid element is employed. ill-eonditioning of the stilfness matrix will result at thin sections of

the dam due to the close proximity of the three nodes along a through-thickness 1: lie.



6. SELECTION OF IMPORTANT PARAMETERS COl'iTROLH~G COMPl'TED RESPONSES

To ensure that the computer program gives accurate dynamic response of a dam. the parameters

that govern the response computation must he carefully selected. Thi:; section gi ves guidelines to aid

ill the seiection of the response parameters.

6.1 Fourier Transform Parameters

The FIT algorithm employed by the program is fully desuibed in Reference (15): only those

topics of direct interest to the user are coveleu here. An illustration of the discrete Fourier transform

procedure for response computation appears in Figure 6.1. The parameters used in an FFT analysis

are T. Jot . .\'. /ma. and :il. These parameters arc defined as follows:

T = the period of the computation. In Fourier analysis both the excitation and response arc

periodic: i.e .. the values at times t - 27'. t - 1'. t. t + 1'. t + 2T. in both the excita-

tion and response arc the same.

:it = the time increment and is referred to in the program as TINe. The excitation and response

are discrete functions de,incd at equal time increments Jot: I.e.. at times

O. :it. 2Jot .. T - Jot.

/.... I' / Jot = the numher of discrete time instants in the computation period T.

, m", N /2 T = 1/2Jot = the maximum frequency in Hz that is included in the analysis and is

referred to in the program as FMAX.

:if = 1/1' = the frequency increment In Hz. The frequencies included In the analysis are

O. :if. 2:if • . , ' .I'm•• - a total of N /2 + I frequencies,

Note that selection of any two of the above five parameters determines the other three. The

input section of the program (see Chapter 8 - Main Program and Subprogram 7) requires .l'ma. and ...;.

The selection of .I'm.. is completely determined by the time interval ~I at whieh the given earthquake

record and the resulting responses are dehned. As given above. fma. = 1/2:i(. Earthquake aecelero

grams are processed at standard time intervals. usually .02 or .01 seconds. which result in the fmax

32



33

1-01.....-------- Tp---------l..~I......----- Th ---:II"~I

(a) Earthquake accelerogram

REAL IMAGINARY
PART PART

(b) C/)mplex-valued Fourier transform of accelerogram

w

~ / fmax

:::i 0 ~+--++-t-+-+---Jl-+-~+-+-+------4
~ FREQUE~/2

(c) Complex-valued frequency response function

Tp----------il..-..I......f----- Th---....~I,--

w
o
=>....
::::i 0 1'-+\"'+--i1H-~+-+l:"+--+~f-;f-+-\+-+""""f-~+--#-+Iiri~"'-:;.p-.....
Q.

~
~
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above

Figure 6.1 Discrete Fourier transform procedure for response computation.
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valu?s of 25 Hz and 50 Hz. respectively. Accurate computation of response at frequencies higher

than these values cannot be made hecause they represent upper bounds on the frequency content

infllrmation in the accelerograms. Fortunately. occurrence of significant dynamic response of a con

crete dam is unlikely at frequencies above 25 Hz. and is especially unlikel\ above 50 Hz. Reintcrpo

lation of standard processed accelerograms to a time interval different from the original one is not

advised: thus. the choices for (rna, arc limited to the two values given above

The choice of .\' is made so that T. computed from T ; S ~I. is appropriate. The following

f(lrmula is useful for selecting the rr.inimum value of T:

T = T" .,. 7i,

where T" = the duration of the eanhquake record employed. and 7i, = the time rt'lluired for the dam

response present at the end of the earthquake record to decay to a small relative value. The selection

of Th should be based on the period T, and damping ~I associated with the funclamental resonant

response of the dam-fluid-foundation system: Th = i-Ji I/~I where Ii is 'i constant dependent on the

percent decay in dam re~pon~e over Th desired. t, and ~, can be obtained from the frequency

response output of Subprogram 6. A plot of the frequency response function provides the fundamen

tal resonant period 7'/ and application of the half-power method [13) yil'lds ~ /. The value 13 = .73

yields a 99% decay in dam response over Th and is recommended. As an ex.ample. i3 ~ .73. i, = .3

scrc,l"ds and ~, = .05 results in Ii. = 4.4 seconds. In addition. the choiL' of T should give a small

enough .:if (~I IT) for representing the frequency response functions for the generalized coordinates.

especially near the fundamental resonant peak. For this purpose. it is recommended that T 2 50T,

where T 1 is the fundamental period of vibration of the dam-foundation system with no water.

The possible choices for /II are N = 2MM • LL 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 T ( .:it. A final check on whether Til IS long enough is that the computed time histories

should begin with a smal1 value at time zero and reach smal1 values as r approaches T: i.e.. not

exceeding 1% of the maximum computed response when ~ = .73.
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In order to limit the volume of time history output and reduce cost. the time increment of the

compuh:d time histories is increased to

TtNCK = TINe· 2"

where KK. is input. No approximation in the computed values is involved. Additionally. only

responses in the interqi! from zero second to the input value TEND are out rut and used for computa

tion of the extreme s,ress responses.

6.2 Number of Vibration Modes of the Dam-foundation S)'stem

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 ele

ment system. In general. all the vibration modes that significantly contribute to the earthquake

response of the dam should be Included. A few additional modes should also be included for accu

rate response results 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 earthquake ground motion. In many cases. 15 vibration mCJdes may be sufficient if the

foundation-rock is assumed rigid. and 15 to 20 modes may be sufficient if the foundation-ruck 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 examimllg the change in

the maximum stresses in the dam with af1 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 I'requencies 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 eigenvalue 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 anal)sis

(NWAT = 3: see Chapter 8 - Main Program), the eigenvalues and eigenvectors of the infinite uniform
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channel depend on excitation frequency and need to he defined at each excitation frequency at which

the frequency response function is computed. However. it has heen demonstrated that accurate fre

quency response functions can be efficiently obtained hy nat,tly computing the eigenvalues and eigen

vectors only at widely separated excitation frequencies and obtaining 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 to be more conservative than the recommendation in Reference [3]. Occa

sionally. multiple eigenvalues may occur at anyone excitation frequency. in which case the frequency

interval is subdivided automatically by the computer program to eli minate this occurrence of multiple

eigenvalues,

6.4 Interpolation or Frequenq Response Functions

In order to reduce the computatiolial effort required in analyzing arch dams. the fr~quency

response functions for the modal coordinates are computed exactly at selected frequencies and their

values at other frequencies arc obtained by interpolation. The selection of the frequencies at which

response is exactly computed should obviously dept'nd 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 procedure as well as the selection of frequencies at which the response is

computed exactly is descrihed in Reference [3] and has been incorporated into the computer program

with more conservative v:,.Iues of the selection parameters.



Trl:or~,til'(l!l\. the computer program ::an be l'Xl'l'uted in Lme continuous run for static anal\'sis

and for man~ ~'ases of d~ wLnic anal\sis. HoweYer. owing to the large size of lhe program. the many

diftcrent disk files used. and for reasons of computational effiCIency. one continuous run is not recom

mended for dynami~' analysis or fix static analysis when the foundation rock is flexihle. The gUide

lines in this chapter are intended to assist lhl' uS'~r in selel·ting the best procedure to execute the pro

gram for a parllCular anal\sis prohlem. For convenience, thl' most dire\:l procedure for execution of

the progr;i111. although not necessarily the optimal choice. is outlined first followed hy the recom

I11cndl:d pro~'cdurc which usually in"olves executing the program In pans. Frequent reference to

Tahle 7.1 is made. as it shows the disk file usagl' of the \arious subprograms.

7.1 Static .\nal~sis

In statil' analysis of a dam-water-foundation system. the Main Program can be executed with

one continuous run of Subprograms I. 2. 3. 4. and 6 (Subprograms 5 and 7 are skipped in static

analysis: sec Chapter 8 - Main Program). If the foundation rock is rigid. Subprogram I is skipped: if

the reservoir is empty. Suhprogram 4 is skipped lsee Chapter 8 - Main Program). The static displace

ments and messes for the dam due to its dead weight and the hydrostatic pressure are computed and

output in Subprogram o. If the static stresses are to he added to the earthquake dynamic stresses

computed in a separate dynamic analysis. the static stresses which arc written onto file 7 lsee Table

7.1\ should be saved after the execution of Subl'Jrogram 6 (see also Section 7.3).

If the foundation-rod flexihility is included in the static analysis. Subprogram I for the founda

tion can he run first separately. saving file 2 afterward lIable 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 ..hould be presented here concerning the efficient use of the file 2 after execution of Sub

program I for the foundation rock. For static anal~sis with empty reservoir. or for dynamic analysis

(with empty or full reservoir). the only information needed from the foundation rock is the condensed

stiffness matri", with reference to the degrees of freedom at the dam-foundation interface, and this

37
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Tahle 7.1 .- Input and uutput disk files of the different subprograms.

I
-

Se(\ion Input/Output Files Static Analysis Dynamic Analysis

I Main Input files from
Program prevIous subprograms - -

I Output files needed by
I -

J

I
~ubsequent subprograms

I

Input files fromISubpror.ram I
I -

! pre' \ous subprograms
I

i rOutput files needed b, I
I - file 2 file 2
i subsequent subprograms

f---

I Input files from! Subpror.ram 2 -
;

i preVIous subprograms

I
i Output files needed by

file 99 file 99I
I I subsequent subprograms
I

Subprogram 3 I Input files from file 9Q (from Subpror.ram 2) file 99 (from Subprogram 2)
I pre"ious subprograms file 2 (from Subprogram I) file 2 (from SUbprogram II

i Output files needed by I

I subsequent subprograms
file 8 file 8

Subprogram 4 , Input files from - -previous subpror,rams I
I

Output files needed by
file 3 file 99 Jsubsequent subprograms

! Subprogram 5 Input files from file 99 (from Subprogram 4) I

I prnious subprograms
.

file 8 (from Subprogram 3) I

i /-----

I Output files needed by - i file)
I subsequent subprograms

iSubprogram 6~files from file 3 (from Subprogram 4) file 3 (from Subprogram 5)
. previous subprograms ' file 8 (from Subprogram 3) file 8 (from SUbprogram 3)

Output files needed by
file 7 file 4

subsequent subprograms
Subprogram 7 Input files from file 7 (from Subprogram 6. static analysis)

previous 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 Subpror,ram 6.
symmetric analysis) if x or y r,round motions are
considered; and file I (file 8 from Subprogram 3.
antisymmetric analysis) and iiiI' 10 (file 4 from
Subprogram 6. anlisymmetric analysis) if z
r,round motion is considered.

I
Ouput files for . file 99
post-processing

iiiI' 7 needed only if static stresses due to dead weight of the dam and hydrostatic pressure are to be included," the princi
pal stresses and extreme values of stresses output in Subprogram 7.
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information is slllrl'd in hie 2. Th~r~f(Jre. the file 2. obtained ~fter ('xecution of Subprogram L is

dlr:ctl~ usable for dvnamil' analysis (with empty or full reservoir) and for static analysis with empty

resenoir. Thus. the file 2 saved by Subprogram 1 for one of these three cases can also he used tl' run

the suhsequent subprograms under any of the other twu cases.

However. execution llf Suhprogram I 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 hydrostatic forces on the water-foundation ruck interface) with reference to the

degrees of freedom at the dam-foundation interface. In this case. the force-vector portion of file 2

depends on the reservoir water level. Therefore it needs to be obtained from a separate run of Suh

program I with the appropriate water level. and cannot be substituted by the file 2 saved under one

of Ihe earlier three cases. In contrast. file .2 obtained from static analysis when the reservoir is not

empty can also he used for running the subsequent subprograms under any of the earlier three cases.

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

7.2 Dynamic Analysis

In the earthquake 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 I to 7. with Subpro

gram I skipped for a rigid foundation rock and Subprograms 4 and 5 skipped for an empty reservoir

(see Chapter R - Main Program). The earthquake time-history 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 entire system needs to be analyzed. Upstream (x) and vertical (y) components of

ground motion cause responses symmetric about the plane of symmetry (x-y plane). and symmetric

boundary conditions are therefore imposed on this planr.. 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 I to
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7 (again. Subprogram I is skipped if the foundation rock is rigid and Subprograms 4 and 5 are

skipped if the re..ervoir is empty) to obtain the earthquake !ime-history responses. However. when

the cross-stream (l) 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 separatel) from Subprograms I to 6 in the fol

lowing situati.Jns:

I. When the responses to symmetric -- upstream (x) and/or vertical (y) -- components of ground

motion and the responses to antisymmeric -- cross-stream (l) -- component of ground motion

are to be combined together in Subprogram 7 or computed separately in the same run of Sub

program 7. the complex-valued frequency response functions for the three excitation com

ponents shOUld be obtained first from two separate executions of ~ubprograms I to 6 (~!SYM = 2

for x and y ground motion components and NSYM = I for the z component: see Chapter 8 

MaIO Program I. and saving file i! 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 I to 6. which are now also referred to as

file R and file 4. respectively. in Subprogram 7: and using file 8 and file 4 from the antisym

metric (NSYM = I) run of Subprograms I to 6. which are now referred to as file I and file 10.

respectively. in Subprogram 7 (see Table 7.1).

When only the response to the antisymmetric -- cross-stream (zl -- component of ground motion

is to be computed in Subprogram 7. Subprograms I to 6 should he executed first (NSYM = I: 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 II and file 4 which are now

referred to as file I 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 earthquake response of a dam-water-foundation system. irrespective of its sym·

metry. By saving the necessary files for the ~ubsequent execution of the corresponding subprograms.

Subrrogram I can be executed first for the foundation rock (if it is not assumed rigid). and then Suh

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 5 can be executed ~,'paratdy fi.lr the re~er\lllr water (if it

is not empty). followcd by thc c,\ecution of Subprogram 0 for the frequency response. ::.nd finally the

execution of Subprogram 7 for the larthquake response. Running Suhprogram I separately makes it

possible to make efficient use of file 2 as discussed earlier in Seetion 7.1. Running ether subprograms

in parts will also be computationally efficient if the earthquake responses of the same dam-foundation

system under different cases and conditions are desired. ror example. changing the reservoir condi

tions requires running only Subprograms 4. 5. (-, and 7: changing the earthquake ground c,\citation

requires running only Subprogram 7: changing the wave r('"eetion eoeffil'lcnt II requires running only

Suhprograms (-, and 7; and changing the maximum excitation frequency FMAX in the Fourier

Transform requires running only Subprograms 5. (-, and 7.

ConSider the following example to demonstrate the economy of running the program in parts.

A nonsymmetric system is to :--e anah/cd for an empty. half-full. and full reservoir under two earth

quake excitatiuns. Subprograms I. 2 and 3 are nm tirs' followed hy three runs of Subprograms 4. 5

and 6. one run for each of the three reservoir cundltions. 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 response output. not obtained

previously. is desired.

7.3 Combined Static and Dynamic Analy,,:s

If static stresses are to be added to the dynamic stresses computed in Subprogram 7 (for the

load cases when NCOM~4) ¥- O. see Chapter IS - Subprograr.1 7), Subprogram 7 has to be executed

separately from Suhprograms I to (-, under all conditions. Static analysis of the dam-water-foundation

rock system by executing Subprograms I 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 saved for later use. Subse

quently. the dynamic response of the system is analyzed by one execution of Subprograms I to 6 for a

non-symmetric system (NSYM = 3). and by one or two (symmetric and/or antisymmetric) executions

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

file(s) 8 (referred to as file 8 and/or file I 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 to 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 I to 6 in the

static or dynamic analysis can be carried out in parts. In the static analysis. Subprogram 1 can be

executed first separately if the foundation rock is flexible as described in Section 7.1 above. In the

dy namic analysis. Subprogram I. Subprograms :2 and 3. Subprograms 4 anJ 5. and Subprogram 6 can

be executed separately as described in Section 7.2 above.



8. INPUT DATA OF-SCRIPTION

The computer program can anal:ize 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 conditions can be analyzed:

I. Dam-foundation-reserlloir system

a. symmetric about the x-y plane

h. non-symmetric about the x-y plane

Foundation rock supporting the dam

a. rigid

b. flexible

3. Reservoir domain

a. extent of reservoir

c.

Subprogram 4 -

Subprogram 5 -

Subprogram 2 "

Subprogram 3 -

I. infinite extent

ii. finite reservoir

b. compressibility of water

I. compressibility included

II. compressibility neglected

reservoir boundary (bottom and sides)

I. absorptive (when compressibility is also induded)

II. non-absorptive (or rigid)

d. water level

I. any water level provided the finite clement mesh for the dam is defined to include
nodal points at the water surface

II. empty reservoir

The computer program consists of one main program and s~ven 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 I - The stiffness matrix of the flexible foundation rock is computed and condensed to
the degrees of freedom along the dam-foundation interface. In static analysis w:th
a non-empty reservoir. 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 clement stiffness, mass, and stress matrices of the dam are computed.

The dam stiffness and mass matrices are assembled with the foundation stiffness
matrix from Subprogram I included for a flexible foundation. In dynamic
an~ll\~is, the natural frequencies and mode shapes of vibration of the dam
foundation are computed. In static am: lysis. the self·weight load vector of the
dam is computed.

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

The element matrices of fluid Meshes I 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.

43
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Subprogram 6 - The complex-valued frequency responses of the dam modal c<,ordinate~ are com·
puted in dynamic analysis. In static analysis. the static displacemems and stresses
of the dam are computed.

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

The input 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 formal 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. lb. ft or
N. m). and the output displacements and stresses will also be in the same unit system (e.g. ft. Ib/ft2 or
m. N/m11. .
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I\1AI"I PROGRAM - MASTER CONTROL CARDS

A maximum of nve cards are input in the main program.

Card set I. Control card for subprogram execution (714).

I - 4

5 - 8

9· 12

13 - 16

17·20

21 - 24

25 - 28

NOPTI

NOPT2

NOPT3

NOPT4

NOPTS

NOPT6

NOPT7

= O. rigid foundation or if Subprogram I is skipped.
#- O. flexible foundat;on with e~ecution of Subprogram l.

= O. if Suhprogram 2 is skIpped.
#- O. dam considered with execution of Subprogram 2.

= O. if Suhprogram 3 is skipped.
#- O. dam considered with execution of Subprogram 3.

= O. empty reservoir or if Subprogram 4 is skil'ped.
#- O. reservoir water considered ·.. lIh execution of Subprogram 4.

= O. empty reservoir or if static analysis is performed or if Subprogram 5
is skipped.
#- O. reservoir water considered in dynamic analysis with execution of
Subprogram 5.

= O. no computation of frequency responses in dynamic analysis or static
responses in static analysis; Subprogram 6 is skipped.
#- O. frequency responses (dynamic analysis) or static responses (static
analysis) are computed with execution of Subprogram 6.

= O. static analysis or no computation of earthquake responses; Subpro
gram 7 is skipped.
#- O. earthquake responses are computed with C1I.ecution of Subprogram 7.

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

I - 8

9 - 12

MTOT

NSYM

Maximum size of the blank common storage to be used (S current dimen
sion of array A. which is set at 45.000 but can be changed by the user).

When running Subprograms I to 6. NSYM identifies the symmetry of the
dam-water-foundation system and the components of ground motion con
sidered.
= I for analysis of one-half of a symmt"tric system with antisymmetric
boundary conditions to cross-stream (z) ground motIOn.
= 2 for analysis of one-half of a symmetric system with symmetric boun
dary conditions to upstream (x) and vertical (y) ground motions. or to
static loading (NSD ~ 0; see later part of this card set).
= 3 for a non-symmetric system.

When running Subprogram 7, NSYM also identifies the symmetry of thl:
dam-water-foundation system.
~ 2 for a symmetric system.
= 3 for a non-symmetric system.



13 - 16

17 - 20

21 - 24

25 - 36

IFRIG

NWAT

NSD

FMAX
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= O. for rigid foundation rock.
#- 0 for tkxible foundation rock.

For dynamic analysis (NSD # 0: see next entry).
= O. empty reservoir.
= I. impounded water is assumed incompressible t (n does not apply).
= 2. impounded water is compressible and the reservoir bottom-sides is
rigid (a = 1: (l' is the value REF input in Card set I of Subprogram 6).
= 3. impounded water is compressihle and some parts of the reservoir
bottom-sides is absorptive (a < I).
For static analysis (NSD ~ 0: see next entry).
= O. empty reservoir.
# O. the solutions due to the dead weight of the dam alone. the water
pressure alone. and both dead weight and water pressure are computed.

= O. perform static analysis (final results appear in Subprogram 6).
#- O. perform dynamic or earthquake analysis. whether the static stresses
are combined with the dynamic stresses or not.

Maximum excitation frequency. in Hz. considered in the freQuency
response and earthquake response computations (refer to Section 6.1 for
selection OfFMAX): not needed in static analysis.

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

1 - 4

5 - 8

9 - 12

13 - 16

NDTP

NFD

NNPD

NELD

Parameter identifying the type of finite element used to idealize the dam:
all elements are of the same type,

I for 3-d shell dam element (including transition element).
= 2 for 3-d solid dam element.

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.

Number of nodal points in the dam mesh.

Number of finite elements in the dam mesh.

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

Card set 4. Parameters for the finite element idealization of the foundation rock (314,[12).
Omit this card if the foundation rock is rigid (IFRIG = 0 in Card set 2 of this subprogram I.

I - 4

5 - 8

NNPRF

NELRF

Number of nodal points in the foundation mesh.

Number of finite elements in the foundatilln mesh.

t For incompRSliible water and infinite reservoir. the velocity of pressure waves in water is assigned a
value of 4720 ft/sec (as if water is compressible) in the prosram when detennining the number of infinite
channel eiaenvectors to include; because this results in the same number of eigenvectors as for compressible
wlIter for a giver. FMAX. This value should be changed if other unit system is used (by changing the first
executable statement in subroutines subS and sub6).



9 - 12

13 - 24

NELW

HMAX
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Num~er of surface finite elements in the foundation mesh in contact with
water on the upstream side: needed only if the re~rvoir is not empt:
(NWAT To 0 in Card set 2 of this subprogram) and if static analysis is per
formed (NSD = 0 in Card set 2 of this subprogram).

y :oordinate of the free surface level of the reservoir: needed only if the
reservoir i$ not empty and if static analysis is performed.

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

I - 4

5 - 8

9 - 12

13 - 16

17 - 20

21 - 24

2S - 28

29 - 40

NNPI

NNP2

NEll

NEL2

NEL3

NEL4

NEL5

c

Number of Type I nodal points in the fluid mesh (a Type node is any
node not a Type 2: see next entry).

Number of Type 2 nodetl points in the fluid mesh (a Type 2 node is a
node on the transmitting plane); = 0 if the impounded water is idealized
to extend to finite length in the upstream direction.

Number of finite elements in Mesh I (Mesh I spans the entire irregular
region of the impounded wate~. Leg..1 elements are triangular prism and
rectangular prism dements).

Number of finite elements in Me!'h 2 (Mesh 2 spans the transmitting
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.

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

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

Number of finite elements in Mesh 5 (Mesh 5 spans the bottom and sides
of the transmitting plane. Legal elements are line elements): = 0 if the
impounded water is idealized to extend to finite length in the upstream
direction.

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 I and 2 nodal points and the meshes I. 2. 3. 4 and S for an infinite reser
voir domain. When only static analysis is performed (NSD = 0 in Card set 2 of this subprogram). a
complete fluid mesh or only a mesh 3 at the dam face may be input. For the latter case. NEll = 0,
NEll = O. NEL3 > O. NEL4 = O. NELS = 0: and the mesh 3 nodal points can be classified as all Type I
or Type 2.
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SUBPROGRAM I: FOUNDATION ROCK

No cards are required if tne foundation rock is rigid. in which case NOPTI = 0 (Card set I. Main Pro
gram). IfNOPTt >F O. the following cards should be supplied:

Card set I. Nodal point coordinates (14, 12, 3FIO, 12, 14, 3F10).

I • 4

5· 6

7 - 16

17 - 26

27 - 36

37 - 38

39 - 42

43 - 52

53 - 62

63 - 72

N

NRC

COORI

COOR2

COOR3

NFW

NINC

CINC)

CINC2

CINeJ

Nodal point number.

= 0 if the input values are in rectangular coordinates (x, y, ZI.
~ I if polar coordinates are used in the y-z plane (x, r, fJ).
= 2 if polar coordinates are used in the z-x plane (r, y, fJ).
'" 3 if polar coordinates are used in the x-y plane (r, 8, z).
Figure 8.1 shows the coordinate axes for NRC = O. I. 2 and 3.

'" x coordinate of nodal point N (NRC = 0 or I).
'" r coordinate of nodal point N (NRC", 2 or 3).

= y coordinate of nodal point N (NRC = 0 or 2).
= r coordinate of nodal point N (NRC", I).
= 8 coordinate, in degrees, of nodal point N (NRC = 3).

~ z coordinate of nodal point N (NRC = 0 or 3).
= fJ coordinate. in degrees. of nodal point N (NRC = 1 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 CINC). CINC2,
and CINC3 (see ne.\t four entries).

Nodal point number increment for generated nodal points (can be < 0).

COORI coordinate increment for generated nodal points.

COOR2 coordinate increment for generated nodal points.

COOR3 coordinate increment for generated nodal points.

The nodal points are numbered I to NNPRf (input in Card set 4 of Main Program) and can he 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. F:xed nodal points (2014).

1-80 JFlX(I> Vector of nodal point numbers of foundation nodes on foundation rock
base with l1;red 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). Enough cards should be supplied to read in all fixed nodal points.

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



NRC = 0 (x, y, z)

y

;----~x

2

NRC = I (X, r, 6)
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NRC = 2 (r, y, fJ)

y

)r----~x

r

NRC = 3 (r, 0, z)

y

Figure 8.1 Coordinate axes for NRC -= 0, I, 2, 3 for defining the nodal poinl coordinates.
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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). Er.ougL cards should be supplied to 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 (2014t

I - 80 JRCK(I). JDAM(I) JRCK(I) is the Ith element of the vector of nodal point numbers
of the foundation rol:k nodes on the dim-foundation interface.
JDAM(I) is the Ith element of the vertor of nodal point
numbers of the dam nodes that correspond to the foundation
nodes at the interface. Thus. JRCK(I) and JDAM(I) for any single
I correspond to the same node on the interface. The nodal
point numbers pairs should be input in the order such that the
nodal point number of the dam, JDAM(I), is monotonically
increasing.

When shell elements are used in the dam (NDTP = I in Card set 3 of Main Program) to connect with
3-d solid elements in the foundation, each mid-surface node of the dam io; associated with two nodes
of the foundation, one on the upstream face and one on the downstream face (see Section 5.2). In
this case, JRCK(I) and JDAM(I) for each nodal ccnnection on the interface should be of the form:
NFOUP. NDAM. NFODN. NDAM where NFOl;P and NFODN are the nodal point numbers of the upstream
and downstream foundation nodes, re~pectively. 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 to read in all the nodal points
located on the dam-foundation interface.

Card set S. Material properties sets of the foundation elements.

I. Number of different materia! properties sets (14).

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

2. Material properties sets cards (14. 2E 12).

J - 4

5 - 16

17 - 28

N

EE

PR

Material properties set number.

Young's modulus of elasticity in this material properties set.

Poisson's ratio in this material properties set.

The material properties sets are numbered I 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 tt' specify
all the material properties sets.

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

I. Element data and properties (414).

I - 4

5 - 8

9. 12

N

NELTY

NMAT

Element number.

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

Material properties set number defining the properties of this element (a
number between I and NUMMAT; see Card set 5 above).

2. Element connectivity (2014).

I - 80 Vector (1= I. NENI) 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 S.

If the Ith element nodal point is to be omitted (allowed only for non-corner nodes). LM(IJ = O. To
combine nodes, omit :r,·between nodes and repeat the comer node in the LM vector (see Section 5.1).

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

Card set 7. Boundary ~ondition modification cards.

I. Number of nodal points to be changed (14).

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

2. If Ie" > O. Ie" cards should be supplied after card I with the format and input data for each card
as follows:

Boundary condition cards (414).

I - 4

5 - 16

N

(IOCH(I), l~ I. 3)

Nodal point number (between I and NNPRf) of the foundation
node whose fixity condition is to be altered.

Ve<:tor of the fixity conditions of the three degrees of freedom
of the nodal point with number N. IOCH(l) = 0 if the lth
degree of freedom is fixed, # 0 if the IIh degree of freedom is
free. I = I. 2, and 3 for the x, y, and z degrees of freedom.
respectively.

Card set 8. Surflift elemeDts iD coDtad with waler.

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; however. 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 i< 0 in Card set
2 of Main Program). The elements are numbered I to NELW and can be input in any sequence.

I. Element data (314).



I • 4

5 - 8

N

NELTY
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Element number.

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

2. Element connectivity (2014).

I - 80 LM(I) Vector (I-I, NENI) of nodal point numbers of the element nodes. Refer to
Figure 5.1, Figure 5.3(c) and Table 5.1 for proper ordering of nodes. NENI

is the maximum number of nodal puints per element. NENI = 8 and 6
respectively for NELTY =0 2 and 3.

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



53

SlJBPROGRAM 2: DAM

If NOPT2 "# 0 (Card set I. Main Program). the following cards should be supplied:

Card set I. Nodal point coordinates (14, 12, 3FIO, 12, 14. 3F10).

I - 4

5 - 6

7 - 16

17 - 26

27 - 36

37 - 38

39 - 42

43 - 52

53 - 62

63 - 72

N

NRC

COORI

COOR2

COORJ

NFW

NINC

CINCI

CINCZ

CINC3

Nodal point number.

= 0 if the input values are in rectangular coordinates (x. y. Z).
= I if polar coordinates are used in the y-l plane (ll. r. 0).
= 2 if polar coordinates are used in the Z-ll plane (r. y. /I).
= 3 if polar coordinates are used in the x-y plane (r. 8. z).
Figure 8.1 shows the coordinate axes for NRC = O. I. 2 and 3.

= x coordinate of nodal point N (NRC = 0 or I).
= r coordinate of nodal point N (NRC = 2 or 3).

= y coordinate of nodal point N (NRC = 0 or 2).
= r coordinate of nodal point N (NRC = I).
= 0 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 = 1 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 CINO (see next four entries).

Nodal point number increment for generated nodal points (can be < 0).

COORI coordinate increment for generated nodal points.

COOR2 coordinate increment for generated nodal points.

COOR3 coordinate increment for generated nodal points.

Fm a 3-d solid element mesh (NDTP = 2 in Card set 3 of Main Program), the nodes are numbered I
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 = I in Card set 3 of Main Program), it ill the coordinates of the 2
x NNPD auxjJJiary nodes on the dam's upstream and downstream faces which are input (in any order).
These nodes are numbered I to NNPD on the upstream face and are numbered NNPD + 1 to 2 x NNPD
on the downst~am 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-llurface nodes are those of the upstream
auxilliary nodes. and coordinal::s 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 generation program to prepare this card set.

Card set 2. Fixed nodal points (2014).
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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 blank). Enough cards should be supplied to read in all fixed nodal points. If
shell elements are used. only the numbers "f the mid-surface nodal points {the number.; 1 te- NNPD
(input in Card sei 3 of Main Progm:iIj corresponding 10 the upstream auxiIliary nodes] should be
used A. blank card should bl' ~upplied even If there are no fixed dam nodal points.

Card set J. l'Ilodal points on plane of symm"try (2014).

I - RO JSYM(I) 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) ah ro>ad in 20 at a time. and the sequence must be ter
minated by a zero (or blank). Enough cards should be supplied to read in all the nodal points locrted
on the plane of symmetry. If shell elements are used, only the numbers of the mid-surface nodal
points [the numbers I to NNPD (input in Card set 3 of Main Program) corresponding to the upstleam
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).

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

2. Material properties sets cards (14. 3E 12).

1 - 4

5 - 16

17·28

29 - 40

N

EE

PR

RHO

Material properties set number.

Young's modulus of elasticity in this material properties set.

Poisson's ratio in this material properties set.

Mass density in this material properties set.

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

Card sei 5. Element properties and definition cards.

Two cards ilrc required for each of the NELD (input in Card set 3 of Main Program) dam elements,
The elements are numbered I to NElD and can he input in any sequence.

I. Element data and propert'es (614).

I - 4 N [It.llent number.
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9 - 12

13 - 16

17 - 20

NELTY

NMAT

NUPSM

NDNSM

55

Element type identifier.
= 4 for 3-d rectangular prism element.
= 5 for 3-d triangular prism element.
= 6 for 3-d rectangular shell element.
= 7 for 3-d triangular shell element.

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

Needed only for 3-d solid element (NOTP = 2 in Card set 3 of Main Pro
gram);
= I if a face of the element is on the upstream face of the dam. This face
must be that at r = + I (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 (NOTP = 2 in Card set 3 of Main Pro
gram):
= I if a face of the element is on the downstream face of the dam. This
face must be that at r = -I (Figure 5.7).
= 0 if none of the faces of the element is on the downstream face of tl'e
dam.

2. Element connectivity (2014).

I - 80 lM(I) Vector (1= I. NEN!) of nodal point numbers of the element nodes. Refer to
Figure 5.1. Figure 5.6 and Table 5.! for the proper ordering of nodes.
/IIENI is the maximum number of nodal points per element. NENI = 20.
15.8.6 respectively for NELTY = 4. 5.6, 7.

If the IIh element nodal point is to be omitted (allowed only for non-corner nodes), LM(I) = O. To
combine nodes. omit in-between nodes and repeat the comer 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 NONSM cannot be generated by this mesh generation pro
gram and therefore have to be input manually



56

SlJBPROGRA:\1 3: DAM

If NOPT3 10 0 (Card set I. Main Program). the following cards should be supplied:

Card set I. Boundary condition modification cards.

I. Number of nodal points to be changed (14).

I - 4 tCH Number of dam nodal points whose fixity conditions are to be altered.

1. If ICH > O. ICH cards should be supplied after card I with the format and input data for each card
as follow:

Boundary condition cards (714).

1 - 4

5 - 28

N

IOCH(I)

Ncdal point number, hetween and NNPD) of the dam node whose fixity
condition is to be altered.

Vector (1= I. NDPN) of the fixity conditions of the NDPN degrees of freedom
of the nodal point with number N.

IOCH(I) = O. if the Ith degree of freedom is fi)(ed.
#- O. if the Ith degree of freedom is free.
NDPN = 3 for a 3-d solid element node with DOF ordered as x. y. 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
auxilliary node.
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SllBPROGRAM 4: WATER

:"110 cards arc required if the reservoir is cmpty. in which case NOPH ~ NOPT5 ~ 0 (Card set I, Main
r.·ogr.lm). IfNOPT4 ~ O. the following cards should be supplied:

Card set L T)'pe f and 2 nodal point coordinates (14. 12. 3"'10, 12, 14, 3FIO).

I - 4

:; - 6

7 • 10

17- 26

27 - 36

37 - 310\

39 - 42

43 • 52

53 - 62

63·72

N

NRC

COORI

COOR2

('OOR3

NFW

NINC

nNC!

CINn

nNC3

Nodal point number.

= 0 if the input values arc In reclangular coordinates (x. y. 1).

~ I if polar coordinates are used in the y·z plane (x. r. (II.
= 2 if polar coordinates are used in the z-x plane (r. y. (I).

= 3 if polar coordinates are used in the x-y plane (r. fl. z).
Figure X.I shows the coordinate axes for NRC ~ 0, I, 2 and 3.

~ x coordinate of nodal point N (NRC ~ 0 or I).
= I coordinate of nodal point N (NRC = 2 or 3).

= Y lflordmate of nodal point N (NRC ~ 0 or 2).
= r co,lrdinate 0: nodal point N (NRC ~ I).
~ Ii coordinate. in degrees. of nodal point N (NRr ~ 3).

= z coordinate of nodal point N (NRC ~ 0 or 3).
~ H coordinate. in degrees. of nodal point N (NRC ~ I 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 surcessively by NINe. and the coordinates by ClNCI, CINC2,
and C1NC3 (see next four entries).

Nodal point number increment for generated nodal points (can be < 0).

('OORI coordinate increment for generated nodal points.

COOR2 coordinate increment for generated nodal points.

('OOR3 coordinate increment for generated nodal points.

The Type 1 nodal points should be numbered first from I to NNPI (input in Card set 5 of Main Pro
gram) and the Type :. nodal points (if any) should be numbered from NNPI + I to NNPI + NNP2
(input in Card set 5 of Main Program). The nodal points can be inp.!t in any sequence. The above
card needs to be repeated until all NNPI + NNP2 nodal point coordin..:"s are defined. See Aflpendix A
for using the available mesh generation program to prepare this card set.

Card set :4. Free surface nodal points (2014).

I - 80 JFIXII) 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 to read in all free surface nodal
points.

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



I • gO JSYM(I)

58

Ve~'lor of nodal point numbers of fluid nodes located on the plane of sym·
metry of the dam-water-found,,!ion system (the x-y plane). Free surface
nodes need not he 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 (0. blank) Enough cards should he supplied to read in all nodal points located on
the plane of ~ymmetry. ,.\ hlank card should he supplied even if there is no plane of symmetry in a
nonsymmetric system.

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

I . tlO JF3(1). JDAM(I) JF3(1) is the Ith element of the vector of nodal point r.umbers of
the fluid mesh 3 nodes (Figure 5.2). JDAM(I) is the Ith element of
the vector ('f nodal point numbers of the dam upstream far.e
nodes that correspond to the fluid mesh 3 nodes. ThuS JF3(1) and
JDAM(I) for any single I correspl.nd to the same node on the inter
face.

The nodal point numbers (2 in one pair) are read in 20 (10 pairs) at a time in any order. and the
sequence must be terminated by a 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).

I - 80 JF4(I) Vector of nodal pelOt numbers of Mesh 4 (Figure S l) nodes.

The nodal point numbers (in any order) arc 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 St't 6. Nodal points on tbe bottom and sides of tbe transmitting plane (20J4).

I - 80 JF5(1) Vector of nodal point numbers of Mesh 5 (Figure 5.l) nodes.

The nodal point numbers (in any order) arc read in 20 at a time. and this sequence must be ter
minated by a zero (or blank). Enough (ards should be supplied to read in all nodal points on the bot
tom and sides of the transmitting plane.

Card set 7. Mesh I element cards.

No cards are required if l>tatic analy~is is performed (NSD = 0 in Card set 2 of Main Program). Oth
erwise. two cards for each of the NEll (input in Card set 5 of Main Programl Mesh I elements (Figure
5.2) need be supplied. The elements are numbered I to NEll and can be input in any sequence.

J. Ekment data (314).

I • 4

5 - 8

N

NELTY

Element number.

Element type identifier.
= 4 for 3·d rectangular prism element.
= 5 for 3-d triangul:\f prism element.

2. Element connectivity (2014).
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Vector (1= I. NENII 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 Ith clement nodal point is to be omitted (allowed only for non-corner nodes), LM(I) = O. To
combine nodes. omit in-between nodes and then repeat the corner node in the lM vector (see Section
5.1).

See Appendix A for using the available me~h generation program to prepare this card set.

Card set 8. Mesh 2 element cards.

~o 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 NEU
Mesh 2 elements (Figure 5.2) need be supplied. The elements are numbered I to NEll and can be
input in any sequence.

I. Element data (314).

I - 4

5 - 8

N

NELTY

Element number.

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

2. Element connectivity (2014).

I ·80 LM(I) Vector (1= I. 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 to be omitted (allowed only for non-comer nodes), LM(I) "" 0.

Cud set 9. Mnh 3 element cards.

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

I. Element data (314).

I - 4

5 - 8

N

NELTY

Element number.

Element type identifier.
" 2 for 2-d rectangular element.
= 3 for 2-d tria'lgular element.

2. Element connectivity (2014).



I - 80 LM(I)

60

Vector (1= I. !'IENI) of nodal point numbers of the element nodes. Refer to
Figure 5. i. 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 Ilh eJemt:nt nodal point is to be omitted (allowed only for non-corner nodes). lM(I) = O.

Card set 10. Mesh 4 element cards.

No cards are required if static analysis is performed (NSD = 0 in Card set 2 of Main Program). Oth
erwise, the Mesh 4 elements (Figure 5.2) are numbered I to NEL4 (input in Card set 5 of Main Pro
gram) and the following cards should oe supplied.

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

1 - 80 JSIOE4(I) Vector of element numbers of Mesh 4 elements at which no wave
absorption takes place. that is. the wave reflection coefficient n equals
to 1.0.

The element numbers (in any order) are read in 20 at a time. and the sequence must be terminated by
a zero (or blank). Enough cards shou:d be supplifd 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 mtersects the transmitting plane at Mesh 5 (Fig
ure 5.2): therefore the specification of rigid Mesh 4 elements here has to be consister.t with the
specification of rigid Mesh 5 elements (see first card in C9rd set 11 below) at the reser.. oir bottom
side boundary of the transmitting plane. This input has meaning only when wave absorption is con
:>ioc:rtd in some pans of the reservoir bottom-sides (NWAT = 3 in Card set 2 of Main Program) in
dynamic analysis. When the entire reservoir bottom-sides is assumed rigid (NWAT = 2) or when the
impounded water is assumed incompressible (NWAT = I). this input is ignored and a blank card is al1
that is needed here.

2. Element cards.

Two cards are required for each of the NEl4 Mesh 4 elements. The elements can be inpul in any
sequence.

a. I::.lement data (314).

I - 4

5 - 8

N

NELTY

Element number.

Elc:ment type identifier.
= 2 f(lr 2-d rectangular element.
= 3 for 2-d trian~ular element.

b. Element connectivity (2014).

I - 80 LM(I) Vector (I = I. NENI) of nodal point numhers 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 orr'tted (allowed only for non-corner nodes), LM(I) = O.

Card set 11. Mesh 5 element cards.



61

No cards are required if there are no Mesh 5 elements (NELS = 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. the Mesh 5 elements (Figure 5.2)
are numbered 1 to NEU and the following cards should be supplied.

I. Rigid bottom and sides Mesh 5 elements (2014).

I - 80 JSIDE5(1) Vector of elenlent numbers of Mesh 5 elements at which no wave
absorption tilkes place. thal is. the wave reflection coefficient It equals
to 1.0.

The elem'.nt numbers (:n any order) are read in 20 at a time. and the sequence must be terminated by
a zer(' (or bl.. .). Enough cards should be supplied to read in :l\1 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 dements. For an infinite reservoir. Mesh 5 intersects Mesh 4 at the transmitting plane (Fig
ure 5.2;: therefore the specification of rigid Mesh 5 elements here has to be consistent w;th the
specification of rigid Mesh 4 elements (see first card in Card se~ 10 above) at the reservoir bottom
side boundary of the transmitting plane. This input 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
dynamic analysis. When the entire reservoir bottom-sides is assumed rigid (NWAT = 2) or when the
impounded water is assumed incompressible (NWAT = I). this input is ignored and a blank card is all
that is needed here.

2. Element cards.

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

a. Element data (314).

I • 4

5· 8

N

NELTY

Element numb~r.

Element type identifier.
= I tor line element.

b. Element connectivity (2014).

J - 80 LM(/) Vector (1= I, 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 = 3 for NELTY
= I.

If the 3rd element nodal point is to be omitted, LMO) = O.
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SUBPROGRAM 5: WATER

No cards are required in this subprogram. whether NOPT5 = 0 or 'I- 0 (Card set I, Main Program).
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SUBPROGRAM 6: .'REQUENCY RESPONSES Of DAM MODAL COORDINATES

If NOPT6 '" 0 (Card set I. Main Program). the following cards should be supplied.

Card set I. Some system parameters and properties.

I. If static analysis is performed (NSD = 0 in Card set 2 of Main Program), the following card is sup
plied'

System properties (2EI2).

I - 12

13 - 24

RHOF

AG

Mass density of the impounded water; needed only if the reservoir is not
empty (NWAT ¥- 0 in Card set 2 of Main Program).

The acceleration due to gravity.

2. If dynamic analysis is performed (NSD '" 0 in Card set 2 of Main Pro{-ram). the following card is
supplied:

System parameters and properties (JEI2. 214).

I - 12

13 - 24

25 - 36

37 - 40

41 - 44

DR

RHOF

REF

NANAL

NYZ

Constant hysteretic damping factor for the dam.

Mass density of the impounded water; needed only if the reservoir is not
empty (NWi\T # 0 in Card set 2 of Main Program).

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 = 3 in Card set 2 of Main Program).

> O. to print the absolute values of the frequency responses.
< O. to print the real and imaginary components of the frequency
responses.

Needed only for infinite fluid domains.
= 0, if full vertical or cross-stream ground motion is considered along the
entire reservoir bottom al1d sides.
= I. 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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StTBPROGRAM 7: EARTHQUAKE RESPONSES

IfNOPT7 # 0 (Card set I, Main Program). the following cards should be supplied.

Card set I. Control parameters (714).

1 - 4

5 - 8

9 - 12

13 - 16

17 - 20

21 - 24

25 - 28

NeASE

NQO

NQS

NEXS

NOUT

NDA

NTS

NUl"'hl'r of load cases (ground motion combinations and static contribu
tIOn) to be induded (see Card srt 2 below).

Number of time histories of dam nodal dynamic relative displacement
components (NDA = 0: see later part of this card set) or absolute accelera
tion compo·;~nts (NDA # 0) for each load case: S NNPD (input in Card set
3 of Main Program) x 5 (x. y. z. radial and tangential components). The
static displacements are not included in these time histones.

Number of time histories of dynamic local stress components of the dam
for each load case: S 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.

'" O. computes and prints the extreme values of local stress components
and principal stresses and their times of occurrence at each of the stress
locations in each dam element for each load case,
= O. no extreme stress computation.

= I. print time history responses only.
= 2, write time history responses onto file 99 only.
otherwise. print and write time history responses. NOI'T applies only to
the NQD ~ NQS time history responses described above.

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

> O. equals the number of time instants at which the principal str(~ses at
each of the stress locations in each dam element for each load case are
computrd and printed (see Card set 3 below).
= O. no principal stresses at particular time instants are printed.
< O. 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 ofNOUT.

Card set 2. Ground motion combination and static contribution (414).
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NCOMB( I). NCOM8(2). NCOM8(3) correspond respectively to the
upstream (x). vertical (y) and cross-stre'am (z) ground matiun com·
ponents. For each of these three parameters, ~ I. add ground
mol ion component contribution to the total responses; ~ O. omit
contribution; = -I. subtract contribution.
NCOM8(4) controls the static contribution to the stresses; = O. no
static stress contribution: # O. 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 extreme values of
stresses (NEXS "" 0 in Card set I above) and the stress results com
puted under the NTS < 0 or NTS '> 0 option (see Card set I above).

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

Card set 3. Time instants for principal stresses (JOF8).

Required only ifNTS '> a (see Card set I above).

I - 80 TIMS(I) Vector (1~I. NTSl of time instants. in seconds. at which tile principal
stresses al each of the stress localions in each dam element for each load
case are l'Omputed. The time instants should he multiples of TINCK =

TINe x 1KK and less than or equal to the ending time instant determiiled
by TEND (see Card set 6 below), and the time instants should be inpu! in
the order such that they are monotonically increasing.

Enough cards should be supplied to read in all NTS time instants.

Card set 4. nltm displacement or acceleration responses (4(214. EI2».

Required only ifNQD > () (see Card set I above).

I - 80 (IND l(t).IND2(1). ANGlI). 1~ I. NQD)

INDI(I) = nodal point number of the dam node at which the Ith displacement or acceleration
time history is desired.

IND2(1) = I 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(I) (see the next entry).

ANG(I) = angle. in degrees. defining the direction of the component of response ~esired;

needed only if IND2(1) = 4 (see the previcus entry). It is measured c1ockwist. ~iarting

from the + x axis (pointing in the upstream direction) to the direction of the com
ponent in the l-X plane. This input data can be used to define. e.g., the radial and
tangential components.

Enough cards should be supplied to read in data for specification of aU NQD responses,

Card set S. Dam stress responses (2014).

Required only ifNQS > 0 (see Card set 1 above).
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(INSI(I). INS2(1). ISTYPE(1). 1= I. NQS) INSI(I) = dam element number in which the Ith stress
quantity time history is desired.
INS2t1) = stress location number within the dam ele
menl at which the Ith stress Quantity time history is
desired.
ISTYPE(1) = local stress component number of the Ith
stress Quantity time history in element INSI(I) al loca
tion INS2(1): = I to 6 for 3-d solid element. 1 to 10 for
3-d shell element (refer to Section 5.2 for descriptior
of the local stress components and the stress locations
of the dam elemrnts).

Enough cards should be supplied to read in data for spe<.ification of all NQS responses.

Card set 6. FFT and time histories output parameters (EIZ. 314).

Refer to Section 6.1 for criteria for selection of FFT parameters.

1 - 12

13 - 16

17 - 20

21 - 24

TEND

MM

lL

KK

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 extreme stress values are computed and output. Ending
time instant = the smallest multiple of TfNCK (see later part of this card
sell which is ~ TEND. TEND has to be :S N 1(2xFMAXI: N is related to MM
and II as described below in this card set while FMAX is input in Card set
2 of Main Program.

Determines the number of discrete lime instants in the FFT computation,
N.
N = 2MM x ll.

MM IS a positive integer and lL = 2 or 3.

Integer ~ 0 such that all the responses are output at time increments of
T1NCK = TlNC x 2KK , where TINe = I 1(2xFMAXl.

Card seC 7. Earthquake ground motion records.

For each of the three component~ of ground motion (x, y. and z), the followiilg cards are supplied in
the order upstream (x) component. vertical (yl component and cross-stream (z) component. The first
card is supplied even though a certain component of ground motion does not contribute in any of the
NeASE (input in Card set I above) load cases.

I. Control parameters (214).

I - 4

5 - 8

NPTEQ

NOUTE

Number of points itime instants) to define the component of ground
motion. :S N (see Card set 6 above).
= 0 if the component is not includ~d in any of the NeASE load cases
according to NCOMB (input in Card set 2 above).

= 0, no output of the earthquake component.
= I, print the time function of the earthquake ccmpOilent only.
= 2, write the time function of tht· earthquaJ...e component onto file 99
only.
otherwise, print and write the time function.

2. Earthquake acceleration ret.'Ord (IOF8).
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Required only if NPTEQ > 0 (see I. above).

I - 80 EQ(I) Vector (1= I. NPTEQ) of earthquake accelerations of the component at
equally spaced time intervals ofTINC [~ I /(2 x FMAX)].

Enough cards should be supplied 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 8. 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

I. Nodal point coordinates 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

flJr water of unit weight.

5. Actual blank common storage used in Subprogram I.

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

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

Subprogram 2
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Actual hlank wmmon storage used in Suhprogram 2.

l\odal point coordinates of the dam.

In the case of dam transition elements. the numher of pairs of nodal points connected to the

foundation rock in each transition element is printed.

4. A stress table listing the dir.:ction cosines of the local stress directions and the global coordinates

of caL'h stress location in each element of the dam.

Subprogram 3

I. Glohal t.'quation numbers of the degrees of freedom of each nodal point in the dam.

2. Half-bandwidth of the dam stiffness and mass matrices. number of equations per block and the

numher of blocks.

J. Actual blank common storage used in Subprogra:r> 3.

4. For dynamic analysis. there is output from the subspace iteration algorithm to obtain the dam

mode shapes and frl·quencies. The mode shapes are printed in the x. y. and z components. The

modal inertial forces due :0 the ground motion components and the natural frequencies are also

printed.

Subprogram 4

I. Nodal point coordinates of the Impounded water.

2. Actual blank common storage used in Subprogram 4.

3. Fluid domain loads over Mesh 3. Mesh 4. and Mesh 5 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 to static pressure of unit weight fluid are printed.

Subprogram 5

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

the following information is printed:
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I. Global equation numbers of the pressure nodal points in the tluid.

2. InformatIon on the fluid matrices stored in active columns.

3. Output from the secant iteration algorithm to obtain the eigenvectors and eigenvalues of the

infinite uniform channel cross section at zero e~citation frequency. The eigenvectors. eigen

values and the square roots of the eigenvalues are printed.

4. Actual blank common storage used in Subprogram 5.

Subprogram 6

I. Actual blank common storage used in Subprogram 6.

2. For static analysis. the static displacements 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.

3. 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 infinite

reservoir of compressible water with absorptive n:scrvoir houndary are printed. Then the fre

quency responses of the dam generalized coordinates due to the unit harmonic ground accelera

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

Subprogram 7

I. Blocking information. actual blank c,)mmon storage used in Subprogram 7. and time increments

and time interval of all printed output.

2. Time histories of the different compunents of the earthquake acceJeratiol' record included in the

analysis.

3. Time histories of the specified components of dynamic relative displacements or absolute

acceierations at specified nodal points.

4. Time histories of the specified dynamic local stress components at specified stress locations.

5. The principal stresses at the specified time instants and the extreme values of principal stresses

and local stress cl}mponents and their times of occurrence at the stress locations in each dam

element are printed. For the extreme values of the principal stresses, for each stress location in
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each 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 princillal 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 printed as the minimum of

the maximum principal stress 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 maximum 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 stress 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. to 5. above is printed for each load case of the analysis.

OIllPut on .file 11, .from Suhprogram 1

File II after execution of Subprogram I contains the nodal point coordinates and element 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 II is saved after executinR the

program. can be used for plotting or other post-analysis processing. File II is an unformatted 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:

I, RECORD I: NNPRF,NELRF,NElW

Next NNPRF records:

2. Nodal point roordinate records.

Each record is of the form: J. COOR(I,Il, COOR(I,2), COOR(I,31 where I is the

nodal point number, COOR(I,k) denotes the x. y, and z coordinates of nodal

point I for k = I, 2. 3. I increases from 1 to NNPRF.

3. Connectivity records for foundation elements.



Next NELRF records:

Next NELW records:

Next MNPD records:

Next NELD records:
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Each record is of the form: I. NENI. (LM(J). J a I. NENI) where I is the element

number between I and NELRF.

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

o

Each record is of tne form: I. NENI, (LM<Jl. J = 1. NENll where I is the element

number between \ and NELW.

OutPllf on .lile 11. from SuhproKrum 2

File II 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 I and 2 are run continu

ously in one run. the followmg logical records are written immediately after the previous records writ

tcn in Suhprogram I. Otherwise. the first record written is the first logical record in file II.

1. First record written in Sabprogram 2: MNPD. NELD

MNPD is the total number of nodal points needed to define the dam mesh; it is equal to NNPD when

3-d solid elements (NDTP = 2) are used to discretize the dam. but is equal to NNPD x 2 when 3-d shell

elements (NDTP = !) arc used.

2. Nodal point coordinate records.

Each record is of the form: J COOR(I.I). COOR(I.2). COOR~J,3) where I is the nodal

point number. COOR(I.It) denotes the x. y. and z coordinates of nodal point I

for It = I, 2. 3. I increases from I to MNPD.

3. Element connectivIty records.

Each record is of the form: I. NENI. (LM(J), J a I. NENI) where I is the element

number between I and NELD.

Output (HI file 1J. from Subprogram 3

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

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

lowing logical records are written irllmediately after the previous records written in Subprograms I



!'lext record:
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Next record:
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and/or 2. Otherwise. the first record written is the first logical record in file II.

I. First record 'Nritten in Subprogram 3: NNPD. NFD

2. x c()m~onent of the mode shapes.

((AMODEO, Jl, I ~ I. NNPD). J ~ I. NFDI where AMODE(I , J) is the x component of the

Jlh mode shape at nodal point I.

1 y l'oO'ponent of the mode shapes.

((AMODEO. J). I ~ I, NNPD). J ~ I. NFD) where AMODE(I, J) is the y component of the

Jlh mode shape at nodal point I.

4. 1 COOl,,~!'''nt of the mode shapes.

((AMODElI. ;:. 1 ~ I. NNPD). J ~ I. NFD) where AML'OE(I, J) is the z component of the

Jlh mode shape at nodal poi ..: ,

If 3-d shell clements are used to discretize the dam. the mode shapt~ ~re computed at the NNPD mid

surface nodal points; except if a nodal point is on the dam-foundation interface ;;: a transition ele

ment. the mode shape values written in the above records are for the upstream auxiliary node,

Oll1pll/ ol1ji/e JJ, from S'ihproxram 4

File I I after execution of Subprogram 4 contains the nodal point coordinates of the fmite ele

ment model of the impounded water and the element connectivity vectors of Meshes 1,2, 3. 4 and 5.

If anyone of Subprograms I to 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

11n;t record written is the first logical record in file 11.

I. First record written in Subprogram 4:

NNPF. NEll, NELl. NEL3. NEL4. NELS

where NNPF = NNPI + NNP2 is the total number of nodal points in the finite element model of the

impounded water.

2. Nodal point coordinate records.
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Each record is of the form: I. rOOR(1. 1). COOR(1. 2). rOOR(I. 3) whul' I is the

nodal point number. rOOR(1. k) denotes the x. y. and z coordinates of nodal

point 1 for k ~ I. 2. 3. I increases from 1 to NNPf.

3. Mesh I element connectivity records.

\lext NEll records: Each record is vf the form: I. NENI. (LM(J). J = J. "'ENIl where 1 is the Mesh 1

ellment number hetween 1 and NELL

:"Jext NEL2 records:

Next NEU records:

Next NEL4 records:

4. Mesh 2 element connectivity records: exist only ifNEL2 > O.

Each record is of the form: I. NENI. (LM(J). J I. NENll where I is the Mesh 2

element number between I and NEL2.

5. Mesh 3 element connectivity records.

Each record i~ of the form: I. NENI. (LMUl. J J. NENIl where J is the Mesh ~

element number between I and NEL3.

6. Mesh 4 element connectivity records.

Each record is of the form: I. NENJ. (LMfn J = I. NFNI) where I is the Mesh 4

element number between I and NEL4.

7. Mesh 5 element connectivity records: exist only if NELS> O.

Next NEL5 records: Each record is of the form: I. NENJ. (LM(Jl. J ~ I. NENl) where J is the Mesh 5

element number between I and NELS.

Ou/pul on .Iiie 4. from Sllhprograrn 6

File 4 after execution of Suhproglam 6 contaius the c'lmplex-valuecl frequency response func

tions for the generalized coordin~tes of the dam-foundation. If file 4 is saved aft~r program execu

tion. tile freqm'ncy response functions can be plotted: and if the mode shapes. which are written on

both lile II and file 8. are saved after e,centing Subprogram 3. the frequency reo;ponse functions of

the displacement and acceleration at It..: dam nodal poi,us can be computed. File 4 is an unformat

ted FORTRAN file with logica: records that are contI" • '1 by the input data NFD and NSYM. There is

om: logical record corresponding to each excitation frequt'ncy at which the frequency response:; ..:e
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computed in Subprogram 6. Each of these records is of the form:

FREQ. (TYEe(/). I : I. NLEN)

where FREQ is an excitation frequency at which the frequency responses are computed. TVE(" is a

complex-valued array 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 TYEe are the complex-valued frequency responses of the NFD generalized

coordinates of the dam-foundation. These NFD elements of TVEe are repeated NSYM times for the

different components of groul'd motion (NSYM ~ I 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 to a ficticious excitatior. frequency of 999999. with the same frequency responses in

TVEC as the frequency responses 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.

OIilPUI on file 99, from Suhprogram 7.

File 99. as output from Subpmgram 7, contains the time histories for the earthquake records.

dynamic nodal displacements or accelerations, and dynamic 1<.;cal stress components: various vari

ables and parametel s are also written onto this file for purpose of Identifying the earthquake records

and time histories results. In addition. ifNTS <: O. the time histories of all the local stress components

and principal stresses at each stress location in each dam element are written onto file 99. These dcta

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 i!l the

records are part of the input data described in Chapter 8. others are defined here below:

l. RECORD I: NL. TINCK. TBEG. TEND, NPTR. NQO. NQS, NOUT, NO..., NTS, NeASE, «NCOMBI,I, J),

J:14),I:I. NC...SE), NSPL NDTP
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NL is the total number of stress locations in the whole dam = NELD x (number of stress locations per

element. = 1 for 3-d shell element. = 8 for 3-d solid element).

TBEG = O.

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

time instants that are multiples ofTiNCK from TBEG to TEND.

NSPL is the numb.:r of local stress components per stress location in the dam: 6 for 3-d solid ele-

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

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

Next record:

Next record:

Next record:

Next record:

NOUTE for x comronent

upstream (x) component of earthquake acceleration ifNCOM8(I, I) ¥- 0 for some I

from I to NCASE. and if NOUTE for x component", 0 and", I.

NOUTE for y component

vertical (y) component of earthquake acceleration if IKOMB<I. 2) '" 0 for some I

from I to NCASE. and ifNOtlTE for y component", 0 and ~ I.

NOUTE for l component

cross-stream (l) component of earthquake acceleration if NCOM8(1, 3) '" 0 for

some 1 from I to NCASE, and if NOUTE for 7. component", 0 and", 1.

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

taining the NPTR values of earthquake a"derations. No records are written here ifNOUTE = 0 cr I.

Next record:

Next record:

3. Displacement (or acceleration) and stress records.

Next record: (INDI(I), INOlm, ANG(I).I .. I. NQD) ifNQD > O.

Next record: (INS1(l),INS2(1).ISTYPE(I).I~I,NQS) ifNQS > 0 and NOA '" O.

Next NQD records: Dynamic relative displacement (NOA = 0) or absolute acceleration (NDA oF 0)

time history responses. Each record corresponds to each combination of node

number and component defined by INDI(I). IND2(1) and ANG(I). and 1 increases

from I to NQD.



Next NQS records:

Next NPTR x NL records:
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Each of the above NQD records is of the form: (D(I). 1= I. NPTR) where D is a one-dimensional array con

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

NOUT ~ I.

Dynamic local stress componer.t time history responses. Each record

corresponds to each combination of dam element. stress location and com·

ponent defined by INSI(I). INS2(1). and ISTYPE(ll: and I increases from I to NQS.

Each of the above NQS records is of the form: (5(1). 1= I. 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 = 1.

NPTR records of local stress components and principal stresses at one

stress location: each record corresponds to a time instant which increases

in increments ofTINCK from TBEG to TEND

NPTR records above are repeated NL times: each set of NPTR records

corresponds to a global stress location numher which increases from I to

NL. A global stress location number is given by: (element number - I)

$times$ 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:

(5(1),1= I. NSPL). PSI. PS2. ANG for 3·d solid dam elements. or

(S(I), 1- t. NSPL), UPSt. UPS2. UANG, DPSI, DPS2, DANG for 3-d shell dam elements.

where s is a me-dimensional array containing the NSPL local stress component values; PSI, PS2. ANG

are respectively the maximum principal stress. minimum principal stress. and the angle of the m!lX

imum principal stress direction (measured in a counter-clockwise direction. when looking down

stream. from the local stress direction I axis in the 1-2 plane). F(lr 3-d shell elements, UPSI. UPS2. and

UANG are respectively the upstream face values of PSI. PS2. and "NG: while DPSI, DPS2, and DANG are

the downstream face values. No records are written here if NTS $> =$ 0 or NDA $! =$ o.

This set of records described above for group 3 is repeated NeASE time$; ea~h set corresponds to a

combination of ground excitation and static contribution defined by (NCOMR(I. 11. J= 1.4) and I increases

from I to NeASE.



10. EXAMPLE EARTlIQlJAKlo: RESPONSE A:'IlAU'SIS Of' MORROW POINT DAM

To demonstrate the use of the program EACD-3D. an eanhquake response analysis of a 3-d

arch dam. Morro\.\ Point Dam. due to the Taft ground motIOn IOcluding static effects is presented

here. The selection of the important response parameters. lhe input data card deck. and some of the

output response results are descrihed and presented in this ;:hapter.

10.1 Morro" Point Dam and Ground !\lotion

Morrow Point Dam is a 465ft high. approximately symmctric. ~ingle centered arch dam located

on the Gunnison River in Colorado. A detailed description of the geometry of the dam is availahle

in References [3] and t4J. For the purpose of dynamic analysis. the dam is assumed to he symmetric

about the x-y plane with the dimensions averaged from the two halves. The foundation and fluid

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 system needs he anaIY1.ed. The response to upstream

(x) or venical Iyl components of ground motion. which is symmetric about the x-y plane. is deter

mined by analyzing one-half the system with symmetric boundary conditions on the x-y plane. The

response to cross-stream (z) ground motion. which is antisymmetric ahout ~he x-y plane. is deter

mined by analyzing one-half the system with antisymmetric boundary conditions on the x-y plane.

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 major part of the dam and ~ transition elements in the

pan of the dam near its junction with foundation rock. with a total of 6\ 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 2~4 degrees of freedom for antisymmetric

(z component) ground motion. The mass concrete in the dam is assumed to be homogeneous. isotro

pic and linearly elastic with the following propenies: Young's modulu~ = 4.0 million psi. unit weight

78
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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 (e) adapted from r~ference [1))
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'" ISS pcf and Poisson's ratio 1', ~ 0.2. A constant hysteretic damping factor T/x = 0.10, which

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

The portion of th~ foundation rock induded in the analysis to represent its static flexibility

effects is shown in Figure 10.1 (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 I , which is selected as 3 times the height II, of the dam (3). The three-dimensional finite ele

ment idealization wnsiqs of 131l solid finite elements with :!36 nodal points: and has 556 degrees of

freedom for symmetric (x and y components) ground motion or static anal.vsis and 530 degrees of

freedom for antisymmelric (I component> ground motion. The foundation rock is assumed to he

homogeneous, isotropic. and linearly clastic with the following properties: Young's modulus = 4.0

million psi. and ?oisson's ratio "1 ~ 0.2.

For computational v'onvcnicn.:e. the water level is assumed to be at the crest level in this

anal~sis. The finite element idealization of the fluid region (Figure 10.1 (c)) consists of 27 three

dimensional tinite elements for the irregular fluid region with 189 nodal points: and has 157 pressure

degr~es of freedom for symmt'lric (x and y components) ground motion and 132 degrees of freedom

lor antisymmetric (z component) ground motion. Special equilibrium and compatibility conditions

arc ir!lposl'd on the transmitting plane e-f-g-h-e [Figure IO.I(cl] connecting the irregular region with

the infinite channel. to represent the upstream transmission of the hydrodynamic pressure waves.

The following properties are assumed for the impounded water: velocity of pressure waves C ~ 4720

fUsee and unit weight = 62.4 pcf.

Th~re arc no data available for the alluvium and sediments at the bottom and sides of the reser

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

coefficient It '" O.S 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 :ross

stream ground motion components; a:(r), a;(r). and a~(t): in the analysis are chosen as the S69E,

vertical. and 511 W 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. i.e..~.

204/1 (MM = 10. LL = 21. ~( (TINe) = 0.02 sec.. T = 40.96 sec. (sle Section 6.1). In the input Taft

ground motion. a duration of r" = (NPTEQ - I )*T1NC = 20 sec. is employed for the earthquake record:

thert'fore. approximately the last half-number of the 2048 time steps corresponding to a Th = 20.96

sec forms a grace band of zero ~xcitation to reduce the aliasing error in the FFT calculations. For

this dam-wate:·foundation system with the selected a value. O. 73 td~ I = 1.29. 1.27. and 5.45 sec.

respectivl:!y for upstream. vertIcal. and cross-stream ground motions (Section 6.1). Therefore. this

value of lit is long enough for the dam response present at the end of the earthquake record to decay

to a small relative value. hased on the period and damping associated with the fundamental resonant

response of the dam-water-foundation system (see Section 6.1). The maximum frequency at which

the frequency responses arc computed in Subprogram 6. FMAX. is 25 Hz in this analysis based on a

j,( value of 0.02 sec (see Section 6.1) For this example. 18 (the value of NFD) vibration modes of the

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

10.3 Procedure Lsed in ~unning the Program

A complete analysis of the response of the dam due to its weight. the hydrostatic pressure and

the simultaneous :lction of the three components of Taft ground motion was carried out using the

computer program EAC'D-3D. The hydrostatic pressure acting on the foundation rock at the water

foundation rock interface is included in the static analysis. unlike the results presented 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):

I. Subprogram 1 was run first. separately for symmetric static analysis and antisymmetric dynamic

analysis. ~aving the results on file 2.

2. Using the stored file 2 from the symmetric static run of Subprogram I. S!.Ibprograms 2 to 6 were

run for static analysis (NSD = 0), saving the results on file 7.

3. Using the corresponding file 2 from the symmetric static and antisymmetric dynamic run of



83

Suhrrogram I. Suhprograms 2 to h were run. separately for symmetric and antisymmetric dynamic

anal\sis. sa\mg the results on file Xand file 4.

4. Using the stored liks X and Iiles 4 from the symmetric and antisymmetric runs of Subprograms 2

to Aand 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 histury of radial. vertical, and tangential displacements at nodal

points 44 and 60 located at the dam cresl. and at nodal points I 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 glohal stress locations 4 and 19 and on the downstream face at global

stress locations 22 and 61 [Figure 10.1 (al). Figure 10.5 shows the distribution of envelope values of

the maximum arch and cantilever stresses on the upstream and downstream faces of the dam (max

imum tension is positive). Such stress results aid in identifying areas in the dam that may cra':k dur

ing an earthquake.

The computation time required for a complete earthquake analysis (excluding the time for static

analysis) of this 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

effects of impounded water, foundation rock and the reservoir bottom-side materials. The computa

tion times shown are for an earlit!r "ersion of tb·: 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 degrees of freedom at the dam-foundation rock interface. and the larger number of general

ized coordinates required. In earlier analyses [11, 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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Figure 10.3 Displacement response of Morrow Point Dam on flexible foundation rock with full reser
voir and absorptive reservoir boundary (u = O.~) due to upstream. vertical, and cross-stream com
ponents, simultaneously, of Taft ground motion.
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Figure 10.4 Stress response of Morrow Point Dam on flexible foundation rock with full reservoir and
absorptive resen-oir boundary (a ; 0.5) due to upstream, vertical. and cross-stream components,
simultaneously, of Taft ground motion,
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Figure 10.5 Envelope values of maximum arch and cantilever stresses (in psi) in Morrow Point Dam
on flexible foundation rock with full reservoir and absorptive reservoir boundary (a = 0.5) due to
upstream, vertical. and cross-stream components, simultaneously, of Taft ground motion. Initial
static stresses are included.
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Table 10.1 .- Computation Times for Complete Analysis of

Morrow Point Dam to Upstream. Vertical and Cross-stream Components.

Simultaneously. of Taft Ground Motion

~~O"',,jOO Reservoir No. of Central Processor

~~k
Water Boundary Generalize<I Time" (sec)

:: 1-::::
Coordiml/es

empty - 12 47

fuJI rigjd l2 152

J rigid full absorptive 12 IIJ

I4 flexible\ empty . 18 113

5 fleXIble! full rigid 18

I

7.49

I
,,

6

i

Ilexil>k'! full ab$Orptivl' 18 '04

•CDC 7S00 Computer

t Foundation rock region shown In Figure 10.I(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 to include this elfect without any increase

in the computational effort. which actually decreases (Table 10.1: Section 3.5 in Reference [3]).



Input Data Card Decks (or Eumple Analysis

I. Subprogram) run -- static analysis (symmetric)

1 (\ 0 0 0 0 0
16 11 6 .'50r(; 1 1 3 1

.. 6'i.OI)O(1(\ 30J.b" 100 1 HI H 16
4"J"i.QOOOC 311.61~OO '36 pp
460;.1)000C 30f,.63300 J28 tl Z7 16 ]6 11 64 72C.
_61.67"11 ~J2. ""'013
464.Hll~ 301'.21704
.60.91701 311.S643"l
.62.67411 317.PCJ073
.!I"S .:>'lO()(\ 'lCf.63:'l1'l1)
."".OI)OOC 301- • .,3 ·'00
<I~) .MH 7 3 Q ".7098'5
411.'29"iC ""'C.76237
.. 11 •• 7.~r;Q 4~(,.762'H

43).8qIl>7 3Q~. 709"0;
4 ~" • ')r)0 0(" 30,..f,3~OO

.6"S.DOOOC 301'. n 300
~6Q.77t"f' C:f.;.~lflq4

:\10. 0 7.<1 0 4 121.1"674
:no.nll"l4 121.1t>t74
",,,q. 77" 31' '5t7.P?"9"
.. ,,"S.oo('OC 30t. /',3300

1 000 0
~GOOO 2 1 3
1 61 If

7?~ 13f' ~o.~...
J1P 6J n It

J -J7J.O"~OO

1 -16t'l.3PQOO
3 -17CJ.7_1(10
<I -17CJ • 1ft1(10
iii -IH.Of'5CO
~ -166.]'U~OO

1 -1">9.71300
II -1">9.11:1'0
Q -?~ 1.-':'3('0

10 -300.~1!lt-3

11 -21Cl.!lP7B
11 -llCJ.H-f37
13 -3R.97P37
14 -R.O~ 1("(\

to; -to H .7171'0
If, -"40;.QI9"'(I
17 -~lJ.~I~tlO

1P -26.0?<lIO
J~ 11'l6.H"ClO
20 ;Clo; • Z13('0

•

o
o

o 4- For antisymrnetric dynamic analysis. the first 5 records should read:

"217 l1'i.1Pt~O-1!1.4~.17 C.
l)P 210;.2"400 O. c.
llQ -4o;6.4fOOO O. c.
710 -367.O;Q190-273.3Z0). C.
72) -13~.OQ?QO-.42.Z412P o.
721 1"S1.2c2ClO-442.2412P o.
113 ~~4.7~2~O-273.31014 c.
?14 473.60COO O. c.
21~ -o2J.40COO o. c.
11f -74J.7~~~0-~46.6402P c.
?21 -21~.78~~O-PA4.'~25t o.
?2P 2~~.~P~~O-P~••4~25~ r.
129 760.~~~PO-~46.6402P o.
230 Q3A.6CCOO o. c.
l~J -J386.4COO o. c.
132 -JI1Q.c7P7-AIQ.96043 C.
2~3 -4Z2.47f71-1'2~.'23P c.
234 <l1Q."7f71-JJ26.723P c.
2~~ IJ,1.17P71-P19.Q60.3 O.
;"to 140".6C("NI o. c.

Reproduced Irom
besl avaolable copy 89
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17 Zf 2Q ~O 31 32 61 t-7 "3 6~ 1-'5 66 1l'5 Ilf, °7 C?P 00 100 lZIl no
1"'1 132 l"'1 D4 163 1M 1 f>1'; I" t> 167 161' 1.,,7 198 pill 200 201 201 ZJl 1~1 n3 ?H
7;1!, l3f
:'(\0: ?Of 207 7~P lOll 1I0 211 217 213 214 11'5 716 Z17 11P 219 no 211 221 111 ?Z4
220: l2t> 117 2'lP nil BO

? 1 1 1 34 1 33 2 36 3 :-'5 3 68 4 67 " 70 '5 til '5
1(It' t 101 6 1')4 7 10~ 7 136 P 13'5 R 13" 9 137 II 170 10 1M 10
J7? tJ 171 11 204 It' 203 12 20f, 13 ?0'5 13

1
lIii7HOI)OOQ. .2
1 • 1
1 ~ " .. )1'; 37 311 '9 33
2 " 1
2 I .. to 36 3 Iii ~o ~o 34 3:"
3 " 1
p 2 6 7 42 3f 40 41 34
4 4 1
3 C) 10 4 H 43 44 38
0: • 1
4 Ie 11 Iii ]P 44 4'5 '0
f, 4 1
0: IJ 12 6 'll 4", ." .0
7 " 1
t- 12 13 1 .". 4' 41 41
F • 1
1 I? 14 fI 41 47 4I'! 41
q • 1
9 10: 16 10 .:- 4«1 0;0 4'-

H' • 1
10 H 11 11 44 0;0 "I 4'"

1~ • 1
1.... 191 I11Z 1"6 219 22C, 126 llO
no • 1
IPt> Ill? 193 11'7 no 22t- 217 III
1~1 4 1
If117 1113 1«14 IPf' 221 221 22P 222
n2 • 1
IPFI I'" 19'5 11'0 222 :'2' Ho 213
133 .. 1
1PC1 n~ 11}6 190 223 229 230 224
134 4 I
1"1 19"1 1ge 1°1 125 2)1 231 2U
J"l5 4 1
1112 19~ 1'l9 len n" 211 2~3 717
1:"6 4 1
l a 3 1CJO 2'.)0 19. 221 213 23. n"
137 • 1
1C4 200 201 1°'5 128 234 23'5 1Z9
13f' 4 1
1°'5 201 202 19'- nil 13'5 236 230

0
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I 1
7 3t 47 P H
1 7
fl 47 .." l'
:3 2

14 ., "i' 70
• 7

<'0 'iolt 60 ?&

'" '1
U e.c 66 37

f. 2
~6 70 76 "2 b8

7 7
42 n !IlZ .~

P 2
4f' 82 '''' 0;'

Cl 7
"It ,.,. q. foO
10 2
"'0 94 100 f6
11 ?
70 10- 110 7" 101
Iii' 2
n lie 116 P7
13 2
'7 11t In 1'/14
14 2

" Hii' llq 0"
1" -; For antisymmetric dynamic analysis, these records may be omitted.q41 12f' 13' 100
If- 2

101 13f1 IH no 116
11 2

110 14. 1'il) 1l()
IP ;

116 1'5(1 1'56 122
1«1 7

]ll 1'5f- 162 128
2(' 2

17P 162 ]"8 ]3'
11 7

131" 177 17" 141t 170
12 7

H' 17e 1" 10;0
23 7

}"'(\ 1flit lQO 1"'6
21t 7

p,t llle lCJb 162
2'" 2

IH lq~ 102 Hfl
26 2

112 20t lU n~ 20\
Z1 '1

17" l12 Z18 184
lP 2

HI" 218 ZZ4 I~O

29 7
lClC ZZ' ZlO 19tt

30 2
let- 230 236 202
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2. Subprograms 2 to 6 run - st.tic .n.lysis

0 1 1 1 0 1 0
.. 50CO 2 1 3 0
1 61 Ib

236 13B 30,.65.
121t bl 21 Ib Ib 11 b

1 0 -lbb. ';69 'It)5. Hl.bl9
2 0 -1\0.532 US.'; 300.31b
j 0 -U6.bll 372. Z85. /t tI~
/t 0 -93.501 325.5 2e8.771
'> 0 -11.401 279. i'>O.2b7
b 0 -55.564 232.5 2H.ll
7 0 -41.262 ib6. 21b.131
Ii 0 -28.85 139.5 197./j'tl
9 0 -lB.7It9 93. 111.t2

10 0 2.1 "'b.'; Db.539
11 0 15.b55 O. 'il.'Jbl
12 0 2'J.bl't o. H.eOl
u 0 j/t./t 27 l' • 0.
1" 0 -123.34 1 "b5. 27t'. t.t!
1., 0 -94.387 ) 72. 2b7.'f~b

Ib 0 -11./t09 3Z5.5 ,50.4(t.l
17 n -3B.288 279. 118.b6J
18 0 -2lt.H';Z llit. 100.13IJ
19 0 -13.017 139.5 IbO. It ltd
20 0 9.blt5 9'; • 139.1U

103 0 -1.92't IBb. /t';.HI
104 0 2.578 1"0. O.
105 0 -50.139 "tl5. 161.'fl
lOb 0 -50.095 /tH.5 101.991
107 0 -31.791 372. 12~.Oll
101:! 0 -15.15 279. li't.7~3

109 0 1.788 232 .5 o.
110 0 -lb.328 32':1.5 84.'56
111 0 -4.455 219. 1t3.031
III 0 -33.b21 "65. 123.409
113 0 -1'.B16 312. tl4.106
114 0 -.8' 279. o.
115 0 -21.6113 't65. b3.2
116 0 -19.625 " 18.5 tl3.btl
117 0 -9.287 372. 42.'16
118 0 -3.b3 32'5.5 0.
119 ° -14.42' 465. "I.tlt!
120 0 -b.4" 372. o.
121 0 -12. 'tl5. o.
122 0 -9.21 1t18.5 o.

1>0 61 59 ')7 53 1t8 It3 -,tl H 22 13
1
1516000000. .2 '.U59
1 6 1



93

~\ .,2 ~'1 bO ~'5 ~b 61 5~

.2 6 1
'52 H '53 '59 .. 9 ')0 57 5t.

3 0 1
"1 30 H 53 H lI2 lI8 50

\ b 1
36 29 31 \3 H 30 38 "'5 C 1
29 11 13 31 II 12 12 30

b b 1
...... H 52 'H \5 \6 "-'5 .>1

1 b 1
H 26 _1 0;2 3\ ~o 1t9 #f6

tl 6 1
2b 2b 30 ... 1 n 35 ... 1 \"q 0 1
Zet 9 29 3b 1'1 20 31 35
10 1 1

9 11 ~q 10 21 20
11 0 1
23 25 33 H 2\ 32 1t5 3'1
12 6 1
25 '5 2b H 10 17 H Jl.
13 b 1

5 1 213 10 6 18 27 11
lot 1 1

1 q 26 tI 19 18
)') 0 1

1 3 25 23 2 15 Z\ H
16 1 1

3 5 £5 \ 10 15
0
1 O. '16'5.0000 O.
.2 31.5000 "'6'5.COOO O•
3 -2.">0\0 "'0'5.00CO \3.:.16'10
\ -9.9830 H,'S.OOOO 85. «;500
5 32.5090 '165.0000 92.91')0
6 -22.3360 'tb";' 00 (jC lZ1.\t-~C

1 55.0000 \05.0000 150.0000
8 -39.\000 'Ib5.0000 161.3""'0
'1 -2.2000 "b~ .0000 UH.6blO
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•
•
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180 15.0000 93.0000 ~O.(jOOO

181 15.0000 93.0000 100.COOO
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88 .. 2 89 36 91 30; 93 21l 97 18 99 7 10..t 38 10" 31 105 19 107 8

10'i 31 III 30 112 29 11't 20 116 ~ 120 22 121 21 122 10 1H 13 1Z6 12
121 11
20 21 22 23 30 31 0;1 ')2 ')J "" 61 62 16 71 7& 19 tI" 8'5 99 100

101 102 101 108 116 117 118 119 III 113 12" lZ"i Ilo ll7 128 131 1"2 151 1'56 163
161 11" 118 163 18b 187 188 !t19
131 1"2 1'51 156 163 101 11ft 11t1 un Itl6 181 188 la9

1 Z
1 32 3'5 " 2" 3" 20; j

2 Z
32 b3 bb 35 ':>'5 b'5 '56 3"

.3 Z
63 86 b9 btl tlD b8 Ell 6':>

t. 2
80 109 112 1)9 103 III 10.. b8
~ Z

109 1H 121 112 120 lZb 121 111
b 2

• 3S 39 8 25 37 2b 6
7 Z

30; 6" 70 39 56 68 57 31
8 2

b6 89 93 70 81 ~1 82 bts
9 1

119 III 116 93 10" IH 105 '''1
10 3

112 121 lIb 121 122 IH
11 1

8 39 ,,, U 26 It) 28 1£
J2 2
39 10 1. '5 51 l' 5'9 H
13 Z
10 93 '19 76 82 97 8" 7.
lit .3
93 116 941 105 107 97
n 2
lit ,~ 51 20 28 n 30 18
16 3., 1ft 51 59 tll .9
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3. Subprograms 2 to 6 run - symmetric dynamic analysis

16 11 64720.
450('(\ 1 !I 12'5.46'5. :HI.619

418.'5 300.316
372. 1~'5.46"
32'5.0j UP.171
279. Z"0.267
nZ.1Ij 1~1I.22

186. 116.732
139.5 191.f' 41
93. 111.62
46.'5 136.'539

o 1 1 1
4"'000 2 1
1 If 61 J6

nfJ IJP
JZB 61 17 16

J 0 -166.~PtJ

2 0 -140.'532
3 0 -116.fJlJ
4 f) -91.11;01
"0 -11.401
6 0 -0j'5. ~64
1 I) -41.262
P I) -2".P5
II 0 -1".749

10 0 2.7

1
3

1 0
t?~. 4-- For a!ltis}'mmetric dynamic analysis, this record should read:

113 0 -H.PIt-, 312. '4.106
1]4 0 -."4 27fJ. o.
1]~ 0 -21. flf-~ 46'1. f?2
1]6 () -19.t ~w; 41ll.'5 P?68
111 0 -Cl.lfll '312. 112.1176
JlI' 0 -3.63 32'5.'5 o.
11':1 0 -14.4211 46l1;. 41. flR
lZ0 0 -6.4: HZ. o.
121 0 -17. 46'5. o.
122 0 -fJ.ll 418.'5 o.

fO 61 ~9 "'7 "3 4P 113 31' 31 22 13
1
1"\76000000. .2 11.815'9
1 f I

~4 '52 '59 flO 55 56 61 "'(1
? f 1

"'2 47 53 59 49 '50 "57 '56
3 f 1

47 1f> 43 '53 4J 42 4" 50
4 f 1

~6 29 :n 43 37 10 3" 112

l3 ~ 1
~ 7 28 26 6 18 27 11

I" 7 1
7 9 28 8 19 Ie

15 f 1
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I :3 l~ n l 1'5 Z4 I.
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"6 47 ".. 40 70 26 74 17 76 ~ eo 48 P.l U ez 27 1'4 6 86 43
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4. Subprogram 7 lun - ,·.rthquake nalysis

0 0 0 0 0 0 1
""0(,0 <' 1 1 12 1l •

1 1" 61 16
23f- 1311
12" 61 n 16 16 11 f-" 110.

1 12 8 1 J 0 0
1 1 1 1

fO J 60 Z 60 4.0. 13 1
1:' 1 13 4~C. ... 421-.' U 2
44 4116. !5 1 45t.2 1 2 1 ''1''6.2

1 4 I 1 4 <' '5 :!l 1 Il 3 2 6 Z 6 6 1 7 16 1
6 16 1 7

10;. 10 2 0
lCO} 1

-.2014 -.Ot2! .1312 .lZ4f1 .1706 -.00'8 -.13711 -. OC-19 .0394 .1739
.12AO -.0984 -.27'" -.27"0 -.1~6q -.0162 -.OO4M -.C066 .1312 .3445
• 311H> .213' .1..4 .07"55 .('689 .0623 -.1280 -.2428 -.0361 .1903
.OqlC) -.33"" -.3707 -.1~42 • 160l' .0328 -.1312 -.t'fl20 .1903 .1362

-.213:3 -. :'0"510 .1050 .1j1j45 .,",24" -.1 ~7tS -.2133 .11A l .1476 -.0919

..
-.lIoe -. 1~e2 -.~66} -.peel] -.13"2 -."6C1l .0164 .~24q 1.10n 1.2828
J.r.2t)3 .P2~f1 .721P .5906 .3f139 .lfl70 .1~42 • 2 iii Ii4 .21592 .1640

.0"20 -.('II~1 - .160fl -.:H07 -.42"" -.26'57 -.1'-08 -.oo~1 .O'll .3609

.'1412 .144" -.OQ"51 -.3'510 -.~1j"5 - .""iEO -.2461 -.2061 -.!<643 -.84Q7
-1.041'.f

10('1 1
.I"7Q3 -.lfNI .1093 -.oclli~ -.1110; .216~ .7152 ."~1" .430 6 -.1640

_.Cll).p -1.19CQ -.67"1 .000 t- • 74tH) 1.04(10 .6365 .r131 -.72ln -1.1352
-.7612 -.1706 .""118 1.0649 .f-234 .0558 .0321' ."5(\20 1.0663 1.1"42
1.111111" 1.113" .2""2 -.fiI02" -1.P143 -1.033'5 .262'5 1.'5115 1.2fJCl2 .'5741

.4134 .)f04 -. '5741 -.6037 -.2264 .2362 -.3904 -1.0136 -.0'547 -.e268

•

-.2723 -.321'1 -.Z~~7 -.2231 -.2690 -.3"4S -.\~6't .... _69t -.4626 -.436"
- .1'J;'O -.eIl1Q .0210 .oe9ft -.1'542 -.337fJ -.21156 -.Ofl'56 - .02'" -.lOU'
-."'~77 -.7C187 -.5"40 -.)051 -.0164 .0492 .OJ 31 .1181 .3018 .~2~2

• ~ 11(1 .2~5'9 -.04Q1 -.1"44 .0"84 .1712 -.OC33 -.11\1' -.1312 -.06"}6
-.070;'"

1COl 1
••O3~ -.CO::!3 .OUI -.Oliffll4 -.134~ -.06e9 -.ot13 - .nel .0'52"> .2001
.0122 -.(1(110 -.101t1 .0r'9! -.0066 -.0492 -. tJ 48 -.octI9 -.04~'9 .1870
• ~61· .43'6 .)~n .2713 .Ofl8'9 -.1870 -.1903 -.1'50fJ -.1345 -.1541

-.21'9(1 -.4757 -. "299 -.flt9' -.4790 -.1411 .24 Q 3 .4331 .2'61 .0'525
-.1312 -.1'342 -.0591 .O~25 .1789 .2986 .1"42 -.0230 -.1706 -.06'56

•

·-1.4"95 -1.fl701 -1."116 -1.3641' -.P661 -.344'5 .1903 .45676 .'5971 .~7'1

.15 381 .4"13 .203' -.1608 -.4692 -.5709 -.4167 -.1214 .1'903 .3740

.4Hl .4~o6 .4068 .3773 .3'12 .3117 .2723 .2M1 .3.45 .4(1Z3

.1S7~ .391" • IJ~I) .'j32fl .3~81 .6'5'94 .51151 -.02110 - ....714 -1.1483
1.34"4

ReprOCluced from --0
be~l "v"i1"ble copy-
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APPENDIX A: MESH GENERATION PROGRAM TO PREPARE

INPUT DATA TO EACD-3D

A.l Introduction

The mesh generation program to prepare input data to EACD·3D is an adaptation (If 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 to meet new design modification.

The PMG computer program is written in Fortran 77 and has been originally developed on vir

tual m:mory VAX computers operating in the UNIX system. It features special algorithms to optim.

ize the storage (by avoiding generation of already existing data 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:

I. 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 man~! complex problems feasible and effective.

The PMG program has been developed by Charbel Farhat, Department of Civil Engineering,

University of California, Berkeley. It has been specialized to generate finite element 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 conwnience of the user.

A.2 General Concepts

The purpose of a mesh generator is to generate the large 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 P\fG, these required data can be generated with a relatively small amount of input.

As mentioned in Section A.I, the mesh generation program is an adaptation of one of the four

modull's of PMG. Since the rest of this presentation is concerned with the mesh generation program.

for convenience, it is hereafter also referred to as PMG.

The basic idea behind PMG is to divide the three-dimensional system to 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.I). 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 is 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 se\'eral

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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with the EACD-3D program for convenience of the user.

A.2 General Concepts

The purpose of a mesh generator is to generate the large 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 rdatively small amount of input.

As mentioned in Section A.t, the mesh generation program is all adaptation of one of the four

modules of PMG. Since the rest of th:s presentation is concerned with the mesh generation program.

for convenience, it is hereafter also referred to as PMG.

The basic idea behind PMG is to divide the three-dimensional system to 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.I). The input data to PMG basically consists of the coordinates of the

"points" (see Section A.3.t) 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.

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 blocb 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 information 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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BLOCKS

GENERATED
FINITE ELEMENTS

Figure A.I Basic idea of Practical Mesh Generator.
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freely sdected in each of the thr.:c parametric directions of the block. and weighting parameters can

also he specified to achieve a weighted sUbdivision in any parametric direction. Furthermore. ele

ment of different orders (number of nodes per finite elemerit). e.g. 8-node. 16-node. 20-node element.

are available in the element library to specify the type of element generated in each block (all ell'

~ents generated in one hlock must be of the same order). Some special types of elements are avail

able to ensure compatibility of elements at the interfaces of hlocks of different element orders. All of

the aforementioned features of PMG are described next.

A.3 Features or PMG

A.3./ E\sentiai Termino[ogl'

The basic terminology essential for the user is listed below:

POINT

A "point". which is identified by a positive integer number, is a point located on a -line" (see

below) or at the boundary of a block; it 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 unrt:ated 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 two ends. It is identified b}- 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 lh,: '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 that is modelled with finite ele

ments. The three-dimensional system is comprised of sevel ..l block~ 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.

A.3.31

A.J.? Gen,'ration Capahilities

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:

POI'\lTS

A "point" can be defmed 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 ~an be used to identify a particular "point" provided different "points" are numbered

differently (the numbering system for all the "points" does not need to be in sequence starting from

I).

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 inclurles: straight line

(using the 'line' command; see Section A.4), circle (and circular arcs) lusing the 'eirc' command),

ellipse (ant:! elliptica! arcs) (using the 'elli' command), parabola (using the 'para' command). spline

(r.-.odified piecewise cubic Hermite) (using the 'spli' command). The cubic spline is especially recom

m.:nded for modelling the boundary of a system that does not have a particular forr.'. whereas other

types of line can be usee tC' model boundaries that are of or.e of those forms.

n~o operations un 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 hy the

specified or generated "points" that are located. before mapping. on the edges of the cube. using the

'isop' command (see Section A.41. 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 comer ·p;)ints· must be

specified (some may be identical for degeneration into a triangular prism block), wnereas the mid-side

"points" are optional. The orientation of the block is defined by the I. J, K parametric directions of

the cube (Figure A.21, which may not be straight after mapping from the cube to the block.

More than one block may be defined wit!\ one single 'isop' command by specifying a Oag, pro

vided that the numbers of the "points" of one block differ from the corresponding numbers of the

corresponding "points" of the nfOxt block all by a single constant increment (see Section A.4). It is the

connectivity information of the ·point~" uefining the blocks that is generated with th.: 'isop' com

manu; these "poilIts" defining the blocks have fO be spe('ified or generated prior to calling the com

mand.

A.3.3 Semi- and Full.v-AulOmatic Options

Two options are available in PMG to 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 divid~d 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 I. J, K parametric directions) and the connectivity of the

blocks can be specified or generated in any c;equence of the blocks. Each block is subdivided into

finite elements by specifying the number of subdivisions in each of the J, J. and K parametric direc

tions in the 'iscp' command input record that defints 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 wi~hin that block is 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-nOO dements), there are two element orders (I O-node

and 12-nOOe elements; see the 'isop' command in Section AA) that are available only in the semi-
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BLOCKS IN ANY
PATTERN

J

(a) Semi-automatic option

-----BLOCKS IN
IIGR10" 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 eiempnts 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

informa~ion 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 t!lan eilC node number will be assigned to anyone 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 AA).

With the fully-automatic cptio:l, the system has to be divided into blocks in a "three

dimensional grid-like" manner [Figure A.3(b»). The orientation of all the blocks must be the same or

~. nila,' in the sense that each of the I, J, and K parametric directions of anyone bloc:. points in the

same general direction as the corresponding direction of the adjacent blocks. Thus. three global

parametric directions I. J. K (not necessarily straight) can be constructed for the entire system by

"connt'cting" respectively the I. J and K directions of the blocks [Figurt'\.3(b)). The connectivity

information of the blocks has to be specified or generated with the 'is()l" command following the

sequence of the blocks: first in the global I direction. then in the global J direction. and then in the

global K direction [Figure A.3(c»). The blocks are subdivided into finite elements in a way such that

a three-dimensional grid results for the generated mesh. Thus, the numbt'r 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 'conf 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

planel. first following the global I direction then the global J direction. going from one mesh layer to

the ne~t 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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.-l.J 4 (irarlmx and Refinement

The finite element mesh grading and refinement can be achieved in several ways in PMG.

Firstly. division of the system into blocks of different sizes can be used by appropriately selecting the

locations of the "points" defining the blocks. Weighting parameters are available in the "lines" com

mand to generate unequally spaced ·points" on thl,; ·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 weigl1ting 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 same weighting parameters family. The weighting in one direc

tion is controlled by a parameter W whose value lies within the closed interval (-I., I.]. The analyti

cal procedure behind this is to re-evaluate the natural coordinate in a given direction (which also lies

within the closed interval [-I., I.]J according to the following equation:

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 = O. the weighting has no effect.

Aj,5 Errors

PMG first reads all the input data and checks both the syntax and the compatibility of each

data. If no error hal> 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 AA.

.1.3.6 OutPIII

PMG outputs two files in addition to the usual output ;lle 6: file II which is called the echo file

and file 13 which is calkd the fern (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: (I) 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 ll\~ echo file can be suppressed

using the 'nopr' comm:tnd (SectiJn A.4) if it is not needed (except for error messages).

The fern 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 computer program tACD·3D.

lt is this file that the user should retain ar d use as part of the input data to EACL>-3D (see Section

A.5A).

.-\.4 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 hy one comma. Some commands

require a set of input records that terminate with a blank record (see example ir. 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 plac"d anywhere and any number of times in the input file with the follow

ing exceptions: (I) 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. eire. cont. elJi. end. isop. line. nopr. para. poin. rota. semi. spli. tie. tran

Comment card:; are identified by a 'fI' (without the' 'J in column I. 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' ') \\-ill write automatically in the echo file all the generated
elements with an aspect ratio less than the specified lower limit (Iolim) (1).

Value name

F

Note Description

lower limIt of aspec: ratio for generated elements

Notes
(1) PMG displays the identity vI' the elem.:nt and its aspect ratio.

auto
If the fully-automatic oplion of PMG is desired, this command must be input as the 6r5t com

mand in the input file (except 'or comment cards).

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

Value name

nstart

narc

~inr

xbeg
ybeg
zbeg

xcen
ycen
zeen

unor
vnor
wnor

angle

weight

Type

F
F
F

F
F
F

F
F
F

F

F

Note

(I)

(2)

(3)

Description

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

number of arcs to bf' generated on the circle or circu
lar arc (the portion of of line between two adjacent
'points" defines an arc)

number increment for generated 'points' on the circle
or circular arc

coordinates of the first 'point"
defining the circle or circular arc

coordinates of the center of the
circle or circular arc

components of the normal to the plane
containing the circle or circular
arc (not necessarily normalized)

total angle between the first "point' and the last
"point" generated on the circle or circular arc (> 0)

weight for repartition of the generated "points'

NOles
(I) nine c?n 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.
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(3) angle is specified in degrees.

cont
nsp, nblock, nesno, nesel ( I)
or
nsp, nbli, nblj, nblk (2)
isub(n), n = I, nbli
jsub(n), n = I. nblj
Ksub(n). n ~ I, nblk
wi(n), n = I. nbli
wj(n), n = I, nblj
wk(n), n = I, nblk

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 avaiiable.

Value name

nsp

nblock

nesnu

nesel

nbli

nblj

nblk

isub(n), n I. nbli

jsub(n), n = I, nblj

ksub(n). n = I, nblk

wi(n). n ~ I, nbli

wj(n), n = I, nblj

Type Note

(3)

(1)&(4)

(1)&(5)

(1 )&(5)

(2)

(2)

(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 I direc
tion

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

total number of layers of blucks in the global K direc
tion

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

Notes
(I) For semi-automatic option.
(2) For fully-automatic option.
(3) Not to be confused with number of finite element nodes; may be an upper bound.
(4) May be an upper Nund.
(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:) a':oid tt.e
user counting the mesh nodes and elements he is generatlllg.

elli
nstart. narc. nine, xc, yc. lC. xa. ya. za. xb. yb. zb. ang. stang. weight
<repeat ... , terminate with a blank record>

Value name

nstart

narc

Type Note Description

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

number of arcs to be generated on the ellipse or ellipti
cal arc (the portion of line between two adjacent
"points" defines an arc)

nine (I)

xc F
yc F
lC F

xa F
ya F
la F

xb F
yb F
zb F

ang F (2)

stang F (2)

weight F

Notes
(I) Can be negative.
(2) In degrees.

end

number increment for generated ·points" on the ellipse
or elliptical arc

coordinates of the center
of the ellipse or elliptical arc

coordinates of the ·point"
defining the major axis of the
ellipse or elliptical arc

coordinates of the "point"
defining the minor axis of the
ellipse or elliptical arc

total angle between the first "point" and the last
"point· generated on the elljps~ or elliptical arc (> 0)

angle between the first ·point" on the ellipse or ellipti
cal arc and the major axis

weight for repartition of the generated ·points·
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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, gllag. negen. inc. (node(i), i ~ I. 20), isub. jsub. ksub. noel. wi, wj, wk (1)
or
nelty, matnu, noel, gllag. negen. inc. (node(i), i = I. 20) (2)
<repeat until all blo~ks 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 bl"ck defined by the
'isop' 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 A.2. The eight comer "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 redul'ing the concept of a block to a single element (with no subdivision,', this command pro
vidf"s a manual mesh element definition (by specifying the element connectivity) with possibility of
ele···.ent generation.

V.due name

nelty

matnu

gllag

negen

inc

node(i), i = 1, 20

isub

jsub

hub

fioel

Type

1=-1

Note

(3)

(4)

(5)

(5)

(5)

(6)

(I)

(I)

(I)

(7)

Description

type of elements generated witn this record

material number to be assigned to all generated ele·
ments with this record

lIag for generation of more than one hlock with this
record; = -I if generation is desired

total number of blocks to generate with this record

number increment for block 'points' when going from
one block to the next block in the sequence of block~

generated with this record

·point" numbers for first block defined with this record
(see Figure A.2 for the proper order of numbering)

number of subdivisions in the I direction to be
assigned to all blocks generated with this record

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

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

number of nodes per element for each element gen
erated in each block with this record
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wj

wk

F

F

F

(I)

(I)

(I)

J 19

weight for subdivision in the I direction to be assigned
to ear.h block generated Wilh this record

weight for subdivision in the J direction to be assigned
to each block generated with this record

weight for subdivision in the K direction to be
assigned to each block generated with this record

Notes
( I) for semi-automatic oi'tion.
(2) For fully-automatic option.
(3) nelty ~ 4. 5. 6. and 7 respectivelv for rectangular prism, triangular prism, rectangular s~elJ, and
triangular shell elements. See Chapter 5 and Section AoS for tbe selection of the type of element in
different substructures of the dam-water·foundation system. For triangular prism or triangular shell
elements, the~ 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" I and 4, 17 and 20, 5 and 8
correspond to the same 'point" numbers. Also, there should not be subdivisions in both th(' I and the
J directions of the block, and the command 'tie' must be included in the input data.
(4) malnu needs to be arbitraril~ specified for generating finite elements for the impounded water sub
structure, though this information will not be used in EACD-3D; see Section A.5A.
(5) Omit this data if generation "f nore than one block with this record is no~ desired: generating
more tnan 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) = ~ for each optional block "point" not specified.
(7) The current available library is: 8. 16, 20 for fully-automatic option; ~, 10, 12, 16, 20 f(lr semi·
automatic option. When noel = 12 ~r 10. it is necessary that ksub = 1 (i.e.• no subdivision in the K
direction of block); set· figure A.5 for the location of the nodal points of a generated element as deter
mined by the orientation of the biock. When generating triangular prism elements, noel = 20, 16. 8
respectively for IS-node, 12-node, and 6-node triangular prism element~. 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).

linc
nstart. xstart, ystart, zstan:, nstop. xstop, ystop. zstop, nine. weight
<repeat ... , terminate with a blank record>

Value name

nstart

xstart
ystart
zstart

nstop

xstop
ystop
zstop

Type

F
F
F

F
F

Note

(I)

(1)

Description

number of the first 'point" on the straight line gen
erated with this record

coordinates of the first "point"
on the straight line

number of the last •point .. on the straight line

coordinates of the last "point"
on the straight line
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Figure A.5 location of nodes for 12- and IO-node generated elements with respect to the orientation
of the block.
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weight F

(I)
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numher increment for generated "points" on the
straight \jlle

weight for repanition of the generated "points"

Notes
(I) nine can be negative if nstart > nstop.

nopr

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

para
nstart, nstop. nine, (def(i,j). i = 1.3), j = 1.3). weight
<repeat .... terminate with a blank record>

Value name

nstan

nstop

def<i,j). i = 1.3
j = 1.3

weight

Type

F

F

Note

(I)

(I)

(I)

Description

number of the first "point" on the parabola generated
with this record

number of the last "point" on the parabola

number increment for generated "points" on the para
bola

coordinates of the three
points defining the parabola

weight for repartition of the generated ·points·

Notes
(()nionc can be negative if nstart > nstop.

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

Value name

num

xeoor
ycoor
leoor

Type

F
F
F

Note Description

specified number of the ·point" generated with this
record

specified coordinates of the ·point"

rota
ninstart, ninstop. ninine, noustart, noustop. nouine, xc, ye. le. u. v, w, ang
<repeat ..., terminate with a blank record>

Value name Type Note Description



ninstart

ninstop

ninine

noustart

noustop

nouine

xc
yc
zc

u
v
w

ang

F
F
F

F
F
F

F

(I)

( I)

(I)

(I)

(I)

( I)

(3)
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number of the first "point" on the "line" (2) to be
rotated with this record

number of the last "point" on the "line" (2) to be
rotated

number increment for the "points" on the "line" (2) to
be rotated

number of the first "point" on the rotated "line" (2)

number of the last "point" on the rotated "line" (2)

number increment for the "points" on the rot~ted

"line"

coordinates of a point through
which the axis of rotation
passes

vector components of the axis
of rotation
(not necessarily normalized)

angk of rotation (degrees)

Notes
(I) n( )inc can be negative if n( )start > n( )stop; ( ) stands for 'in' or 'ou'. If the "point" numbers in
the "line" to be rotated are de5ired in the "point" numbers in the rotated "line", r.instart = noustart,
ninstop = noustop, and nininc = nouinc.
(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, nine, weight
(spcoor(i), i = 1,3)
repeat last 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 boundary 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

npsp

Type Note

(l)

Description

number of points defining the spline (points of inter
polation)
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nstart number of the first "point" on the spline generated
with thi~ command

nstop (2) number of the last "point" on the spline

nine (2) number increment for generated "points" on the spline

weight F weight for repartition of the generated "points"

F coordinates of one of the interpolation points defining
the spline

One spline is Jefined by one 'spli' command. If more than one spline are desired. repeat the
command ·spli'.

spcr ',Ii' j). i = I.3

Notes
(I) 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) nine 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 'tie' (without the' ') command should be used to
merge these nodes and modify the element connectivity so that the mesh is uniquely defined. Node
nurnbering is consequently modified.

tran
ninstart, ninstop, nininc. noustart, noustop, nouinc, (trans(i), i = 1,3)
<repeat ... , terminate with a blank record>

Value name Type Note Description

ninstart (I) number of the first "point" on the "line" (2) to be
translated with this record

ninstop (I) number of the last 'point" on the "line" (2) to be
translated

nininc (I) number increment for the ·points" on the "line" (2) to
be translated

noustart

noustop

nouinc

(I)

(I)

(I)

number of the first "point" on the translated "line" (2)

number of the last 'point" on the translated "line" (2)

number increment for the "points" on the translated
"line" (2)

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

Notes
(I) 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, ninstan =
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noustart, ninstop = noustop, and nininc = nouinc.
(2) "line" stands for any parametric curve (not necessarily straight) (Section A.3.1).
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Error !\Iessages

The sys!:m is very strict hut relatively generous in error messages. These messages are al"'lost
alw3~s self·c\planatory. For more information sec helm,.:

.... FIRST COMMAND SHOULD BE AUTO OR SEMI·..• FIrst command has to be 'auto' or
'semi' since it selects the nrtion of PMG .

.... SECOND COMMAND MUST BE CONTROL •••• Second command has to be 'cont' since it
allocates the dynamic storage.

•••• MAXIMUM STORAGE CAPACITY EXCEEDED •••• Self explanatory. Incre~se the allocated
storage of the computer system .

•••• YOU HAVE EXCEEDED THE DECLARED # OF SPECIFIED POINTS •••• One (or more) of
the specified "points" or generated "points" (not to 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 ..:ommand ·cont' .

•••• "xxxx" IS NOT A VALID COMMAND .... Check proper spelling of the commands and also
for the blank records required at the end of certain commands.

U •• 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 n = xxxxx.

•••• ERROR EITHER IN ISOP OR IN CONTROL: NODE xxxxx IS > # SPECIFIED POINTS
•••• Check for mistyping of the "point" number xxxxx in 'isop' command or increase nsp in 'cont'
command .

•••• "LINE' STARTING AT N = xxxxx IS 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 .

•••• 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 "point" are not compatible with the number increment for
"points" on that "line" .

•••• TRANSLATION OF LINE STARTING AT N = xxxxx IS BADLY DEFINED: ERROR IN
THE TRANSLATED LINE •••• For the defined t~anslated "line", number assigned to starting "point"
and number assigned to last "point" are not compatible with the number increment for "points" on
that "line" .

•••• ROTATION OF LINE STARTING AT N = xxxx IS 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 "Ime" .

•••• 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 to last "point" are not compatible with the number increment for "points" on that
"line".
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•••• TRANSLATION OF LINE ST'\RTlNG AT N = )(Xxx IS BADLY DEFINED: TRANSLATED
LINE DOES NOT HAVE THE SAME. OF POINTS AS INPUT LINE .... Self explanatory.

•••• ROTATION OF LINE STARTING AT :-i = xxxx IS BADLY DEFINED: ROTATED LINE
DOES NOT HA VE THE SAME # OF POINTS AS INPUT LINE .... Self explanatory.

•••• ERROR 1:-.1 POINT NUMBERING OF SPLINE STARTING AT N = xxxxx •••• numbers
assigned to "points" on output "line" arc not compatible.

•••• ERROR IN SPLINE DEFINED WITH xxxxx POINTS: ONLY UP TO 50 POINTS DEFIN
ING ONE SPLI:-.IE ARE ALLOWED •••• There is no limitation on the number of ·points· to be
generated on a splir.~ but up to only 50 points can define a spline!

•••• ERROR IN SPLINE DEFINED WITH xxxxx POINTS: AT LEAST 4 POINTS HAVE TO
DEFINE A SPLINE •••• Self explanatory.

•••• ERROR IN CONTROL COMMAND: GENERATED NODES = xxxxx REQUE~TED

STORAGE FOR ONLY xxxxx NODES .... Self explanatory: incrca~ nesno in 'cont' commana.

•••• ERROR IN CONTROL COMMAND: GENERATED ELEMENTS = xxxxx REQUESTED
STORAGE FOR ONLY xxxxx ELEMEN rs •••• Increase nesel in 'cont' command.

•••• ERROR IN CONTROL COMMA:-.ID : DECLARED # OF BLOCKS EXCEEDED •••• Increase
nblock in 'cont' command,

•••• PARABOLA STARTING AT N = XXXl<.X IS BADLY DEFINED •••• Check compatibility of
numbers of the "points" identifying the parabolic line.

•••• MORE BLOCKS ARE INPUTED THAN DECLARED IN CONTROL ( NBLI • NBU • NBLK
) •••• Check your blocks input or the values of nbli. nblj, nblk in 'cont' command.
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A.5 Application of PMG 10 a Three-Dimensional Dam-Water-Foundation System

The following sections describe how to use PMG to genera~e the finite element meshes of the

dam. impounded water. and foundation substructures that ,ire: input to the .;omputer program

FACD-3D. Because of certain restrictions of numbering the norial points an~ orienting the finite ele

ments (Chapter 5), the shape of the foundation-rock region recommended (Chapter 2), the i:harac

teristies of a three-dimensional dam-water-foundation system, I'nd the way that PMG works, there are

some pain,' that the user should take note of in using PMG correctly and effectively; these are

described below.

A.5.1 Dam Sub.ltru('(ure

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 'cire' would be very useful (Section A.4). As mentioned in

Section 5.2, there are two types of element that can be used to discretize a dam: solid elements and

shell elements. If solid elements are selected to discretize a dam, these elements 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 elements, respectively) and noel .. 8 or 20 (for linear and qua

dratic shape functions, respectively); see Section A.4 for description of tr1l5 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 selectir.g the sequence of input of the blocks (note that

,he presence of a foundation substructure causes coupling of all the degrees of freedom of the dam at

the dam-foundation interface), whereas the latter ger.erates a mesh. with easily-identified node and ele

ment numbers (Section 1\.3.3). Because of the restriction of the orientation of the solid elements

(Table 5. I), that s x I (or r) should have a component in the +x direction. the block.s should be

oriented with the K direction havi;lg a companellt in the +x direction (Figure A.2), as the r direction

of each solid element generated within a block points toward the K direction of that block. This

should be Jbserved for both semi- and fully-automatic options of PMG.
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If shell elements are selected to disrretize a dam, these elements can be generated using PMG by

subdiw'iding the blocks into finite elements with the command 'isop' with nelty = 6 or 7 (for rectangu

lar .!nd triangular shell elements, respectively) and noel = 8 or 16 (for linear and quadratic ~hape

functions. respectively); see Section A.4 for description of this command. For shell elements, noel =

20 is never used because only the upstre..m and downstream auxilliaf) nodes are input to 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 blocks) opposite to the x direction (Figure A.2). this restriction on node

numbering would be autom?tically satisfied. In addition. ~he 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 I

and J global parametric directions would result in a favorable bandwidth if the foundation rock is

assumed rigid (when coupling of all the degrees of freedom at dam-foundation interface does not

occur).

AS.? impounded Water SuhstTllc/ure

The coordinates of all the nodal points (Type I and Type 2; see Section 5.1) in the impounded

water can be generated using PMG; however. only Mesh I element data and connectivity 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 5. 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 a mesh with easily-identified noJe and element numbers; and. with proper

choice of the I, J. K directions (Figure A.2), the fully-automatic option generates a mesh with a favor

able bandwidth. Since there is no restriction on the orientation of Mesh I elements (Table 5.1). the
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blocks can be oriented in any directIOn under either option. IIlthough certain orientation under the

fully-automatic option may give a smaller ban.~,width for the system as mentioned above. In order to

ensure compa'ibility of the generated meshes of th~ dam and of the impounded water at the dam

water interface. for these two substructurl"S. same "points" should he used to define the interface

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

A, 5, J hmndUiion Suh.\"!rUClI/rl'

The shape uf the foundation-rock region and the pattern of discretization are idealized using a

procedure described in Refertnces (3J and [8J. The geometry of the semi-circular Inclined plane of

the foundation (Section 2.6.3 in Reference [3]) can be easily deEned 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 used in the dam. for compatibility between the dam and foundation elements, 20-node (noel '"

20) or 16-nodc ('lOl'l = 16) solid elements are respectively used in the layer of foundation elements

next to the dam-foundation interface. l2-node (noel = 12) and lO-node (noel = 10) elements arc also

available to conn';ct 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 IO-node elements. there should be no subdivision in tlit' K direction of the block; see Section

A.4). The orientation of these 12-node alld IO-node connecting elements has to be correctly selected

so that compatibility with the adjacent foundation elements is achieved (see Figure A.5 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 IO-node elements are available only ill the semi-automatic

option. By appropriately numbering the ·points" of the blocks, the connectivity of the blocks between

different inclinl'd planes along the dam-foundatiun interface can be automatically generated with tht

command 'jsop' with gflag = -I (see the example in Section A.6). In order to ensure compatibility of



130

the generated meshes of the dam and of the foundathn at the dam-founclation 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).

.4.5.4 Use afthe Output from PMG

As mentioned in Section A.3.6. the fern (finite element) file (file 13) output from PMG consists

of the nodal point coordinates and element connectivity of the finite eleme-nt mesh generated. For

the dam substructure. the fern file from PMG provides only for Card set I and Card set 5 of the input

data to Subprogram 2 (Chapter 8). The user still has to prepare the other card sets in Subprogram 2

and the card set in Subprogram 3 to run the program EACD-3D for the dam substructure. In 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 NVPSM and NDNSM needs to be prepared for Card set 5 of Subprogram 2 by identifying

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

For the impounded water substructure, the fern file from PMG provides only for Card set I and

Card set 7 (for Card set 7, the material type number for each Mesh I element is also generated by

PMG: howevtf. this information is not needed for fluid elements) 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

EACO-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. Fmthermore, the Meshes 2.

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

For the foundation substructure, the fern file from PMG provides only for Card set I and Card

set 6 of the input data to Subprogram I (Chapter 8). The user still has to prepare the other card sets

in Subprogram I to run the program EACO·30 for the foundation substructure. In particular, the

nodal point num~~rs of fixed nvdal 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 al1d of the dam nodes that are on the dam-
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foundation intt:rfaCl nt:ed to be identified from the generated meshes of the foundation and dam.

A.6 Examples

The following examples demonstrate the use of PMG to gem',ate finite element meshes for the

dam sub;tructure. 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 fern file

arc pre!,ented ; the generated finite element meshes for the three substructures are shown in Figures

A.6. A 7. and A.8.

As shown in Figure A.6(a), the entire dam is divided into two layers of blocks in the global I

direction. two layers in the global J direction, and one layer in the global K direction. The fulIy

automatic option of PMG is used. For the impounded water, as shown in Figure A.7(a), it is divided

into twO 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 fuBy-automatic option of PMG is used. However, for the foun

dation, the send-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 mterface.

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 = -I in the 'isop' command records; see the input data in the folIowing

pages).
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Input D.ta to PMG for fhi' Examples

I. Dam substrur.ture
auto
cant
100.2.3.1
2.2
2.2.1
1
O•• 0.
0 •• O••0.
o.
eire
1 1.-12••465 ••0 •• -37'; •• '65 ••0 ••0 •• -1 ••J •• 56.2.1J.
f> 1.0 •• 465 •• 0 •• -375 •• ' 65 ••0 •• 0 ••-1 •• 0 •• 56.2.0.
11.'.1.-6.42.372 •• 0 •• -322.5.372 ••0 ••0 •• -1 ••0 •• 5••92.0.
16.'.1.28.905.372•• 0•• -323.9.372 ••0 •• 0 ••-1 ••0 •• 54.01.0.
21.2.1.-0.8'.279 ••0 •• -258.8.279 •• 0 ••0 •• -1 •• 0 •• 56.10.0.
2'.2.1. '6. 3. 279 • •0 • •-276.6.279 •• 0 •• 0 •• -1•• 0 ••50.38.0.
27.'.1.2.578.186•• 0 •• -7.08.2.186 •• 0 ••0 •• -1 •• 0 •• 58.53.0.
32.'.1.52.91 •• 186 ••0 •• -2.3.6.186 ••0 •• 0 ••-1 •• 0 •• 46.91.0.
37.2.1.-2.68 •• 93 ••0 •• -17 ..... 93 •• 0 ••0 •• -1 •• 0 ••58.07.0•
... 0.2.1 .... 9.007.93 •• 0 •• -217.7.93 •• 0 •• 0 •• -1•• 0 •• '1.76.0.
43.4.1.-17.2~7.0•• 0 •• -1~3.8.0••0 ••0 •• -1 •• 0 •• 35.0••0.
48.4.1.3•• 427.0 •• 0 •• -200 •••0 •• 0 ••0•• -1 ••0 •• 23.06.0.

I sop
0.1.16.29.27 .... 3 ....5.3 .... 32 ....8.50.2~.37 ...... 38.33••0.49 1,0.0.0.0
6.1.16.31.2' ••5 •• 7.36.3... ,50.52.30.38.40'39.35 •• 1.51 2.0.0.0.0
6.1.16.13.11.27.29.18.1~.32.3•• 12.21.28.Z2.17.2•• 33.25.0.0.0.0
6.1.16.15.13.29.31.20.18.34.36.1 .... l2.30.2J.19.25.35.26.0.0.0.0
6.1.16.3.L.Ll.13.8.6.16.18.2.0.12.0.1.0.17.0.0.0.0.0
6.1.16.5.3.13.15.10.8.1e.20, ....0.1 .... 0.9.0.19.0.0.0.0.0

end

135



2. Impounded water substructure 136

auto
cont
ICO.2.).1
2.2
2.2.1
2
O•• 0.
0 •• O••0.
o.
eire
1.,.I,O"'b5 ••0 •• -37~ ••_b~ ••0 •• O••-I ••0.,~b.2.0.
6,lt ,1,28,905 ,372 • •0. ,-323.9,372 ••0. ,0. ,-I.,O.,')~.01,0.
11,Z,2"6.3,279.,O •• ·27B.6,279 •• 0 •• 0 •• -1••0 •• 50.3~,O.
16,~,I.')Z.91•• 186.,O •• -2'3.6,1&6.,O •• O.,-I.,C •• \6.91,O.
21,2,2.'9.007,93 •• 0 •• -211.7,93. ,u •• O. ,-I. ,0 •• 41.76,0.
26.\.!.3'.'27,O.,O.,-200.it.0.,O ••0.,-I.,O.,23.0b,O.

1ine
31,75"'6~.,O•• 3~.75 •• it65.,400.,2,O.
36,75.,372.,O •• '0.7~.,372•• 3~O•• ~.O.

'1,75.,IB6.,O.,'5,75.,16b.,2~O•• 2.0.
'6.75.,0 ••0 ••50,15.,0.,100.,2,0.
51,75.,93•• 0 •• 55.75 •• 93.,200,.2.0.

poln
56,-55 •• '65 ••360.
51.-30•• 372 •• 335.
58.15 •• 186 •• 2'5.
59,it5.J27.0.,95.993

Isop
4.I,20.18,16,26,ze.it)"I.it6,4e.l1.Ll.27,23,O.51,O,53,O,0,0.0
4,1,20.20.18.28,30,\5,\3.\8,50,19,23.29,25,0.53.0,55,5B.O,O.~9

•• 1.Z0.~.b.16.18.38.)6"1,4).1.11,17,13,O,O.O.0.0.O,O.0
'.I,20,10.a,18,20,40,)8,'3,45.9.1~.19,15.0.0.0.0.57,o.0,58

',1,20,3.1,6.8.33.31.36,3e,2,O.1.0.0.0,O.O.0.O,O,O
'.1.20,5,3.8.10.35,33,38,'0.it.O,9,O.0.0.0.0.56.0.0,51

end



J. lioundation substructure

sem i
eent
ZOO,100,l~OO,l50
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• define th~ ·points· on the tir~t plane
poin
1,-166.389.~65.,311.619

9.-l13.065.~65.,301.6~1

11,-159.113,~65.,306.633

51,-179.1~1.'65.,306.633

l~.-159.713,'65.,313.309

~~.-179.7~1.~65.,31~.~09

33.-1b6.3b9,~65•• 318.628
~1.-173.065.~b5.,30?~9

eire
lq,~.8.18b.~33.~b~•• 30b.b33.-1b~.1l7,~b~••106.633.0•• -1.,0.,180••0.
127.5.8,12Z5.27.~65•• 30b.633.-1b~.121.4b5•• 306.633.0 •• -l.,O•• lbO •• O.

• define the ·points· on the neAt plane
pcin
65.-1'1.~83.'18.5.298.540

12.-15b.9~4.418.5.280.156

2.-116.516.312 •• 285.~61
10.-1~O.d'3.372•• 258.664
18.-92.351.312 ••212.0665
5R.-165.J19,312.,212.0b6~

It,-92.j51,l12.,Z9b.311
50.-165.119,312.,296.321
3'.-116.611,372.,310.14
'2.-1'O.865.312.,2~1.901

eire
80.5.8.247.3,372 •• 11Z.0665,-12b.138,J72.,272.0btJ.0.,-1.,a.,1€O.,o.
liB,5,8,IZbb.2b2,37l.,272.0b65.-l2d.738,312.,212.06b5.0.,-l.,O •• ldO ••O.

, define the ·points· on the ne~t plane
poin
bb,-92.11b,J25.5.261.b55
13,-12b.901.315.5.23~.223

3.-71.414.279.,250.268
11,-115.1~e,219.,214.2bl

19.-27.112.219.,232.26
59,-158.779.219 •• 232.26
27,-27.712.279 ••275.949
51.-158.779,279.,275.949
35.-71.~Ol.279••295.305
43.-115.09,219.,256.593

eire
81,5.8,30~.b5~,279••232.26.-93.~~b,119.,Z32.2b.O.,-1••0 ••180.,0.
129,5.8,1301.75.~79••232.26.-93.2~6.279•• 232.26.0.,-1.,0 •• 180 ••0.

• define the ·polnts· on the ne~t plane
poin
67.-54.462.232.5,233.299
14.-105.561.232.5,195.776
4,-41.264.1b6.,216.751
12,-98.163.186.,179.175
20,15.b45.18b.,198.25~

60.-155.016,186 •• 1~8.25~
Z8.15.6.5,1~6.,255.161

52.-155.076.186.,255.161
36.-41.262.186.,274.921
44.-98.169,186.,235.395
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eire
8Z.~.8.3\3.0~~.18b•• 19~.2~_.-t9. jlb.lbb •• 198.2~••0 •• -1 •• 0 •• leO•• O.
130.5.8.1325.28_.1~b•• 19S.25~.-e~.71b.186•• 19b.Z5',O •• -1.,O •• ltO •• O.

• define the ·points· on the ne~t plane
~oin

68.-31._96.139.5.203.001
1~.-94.109.1J9.5,lb6.6bO

5.-18.7~Z.9J•• 177.b3
13.-83.39••93 •• 1_5.395
21._5.888.93 •• 1bl.~Ob5
bl.-148.023.93 •• 161.5065
Z9.~5.868.93•• 1Zb.l\_
~3.-1_8.0Z3.9J•• Z2b.l~.
37.-18.749.93•• 2~~ ••07
.5.-83.386.93•• 207.R8

eire
~3.5.8,370.399.~3•• 1bl.5065.-51.~6~.93•• 1b1.50b5,O •• -1 •• 0 •• leO •• O.
131.5.8,1343.932.93 •• 161.50b5,-~1.0bA.93•• 161.50b5.0 •• -1 •• 0 •• 1bO ••0.

• define the ·polnts· on the next plane
~cin

69,-3.033,46.5.140.621
70.-60.010.46.5,115.919
b.l~.b6~.0•• 91.981
1_.-.1.~~1.0•• 78._13
lZ.73.283.0•• 85.20~
bl.-99.tOl.0 ••85.2C2
30.73.283.0•• 142.83
54.-99.601.0 •• 1~2.~3
38.15.655.0•• 155.868
~6.-'1.97J.O•• 129.792

eire
84.5,8.400.~lJ.O••8~.ZOl.-13.1~9.0••85.20Z.0 •• -1 •• 0 •• 180••0.
132,5.8.13~1.8'1.O•• b5.20Z.-1J.159.0••85.202.0 •• -1 •• 0 •• ltiO •• O.

J define the ·polnts· on the next plane
poin
70.Z3.810.0••6~.81Z
77.-31.343.0 •• 60.469
7.29 .•88.0 •• ~6.938
15.-23.562.0 •• ~1.11~
13.82.Q38.0•••••026
63.-16.tiI2.0 •• 4~.02b
Jl.82.938.0•• 97.Z76
~5.-16.812.0•• 97.276
39.29.688.0•• 100.188
~7.-~3.~62.0••9 •• J6'

eire
85.5.8 •• 11.119.0••••• 026.3.063.0 •••4.026.0 •• -1 •• 0 ••180•• 0.
133.5.8.1]98.063.0 •••••026.3.063.0••• 4.026.0 •• -1 ••0 •• 1eO••0.

• define the ·points· on the last pl.ne
poin
71.J3.239.0 •• 23.588
18.-18.M20.0 ••20.800
8.3••427.0 •• 0.
16,-17.227.0 ••0.
Z4.86.081.0••0.
64.-68.881.0 ••0.
32.86.0Ml.0••~1.65'
56.-68.881.0 •• 51.65.
'0.34.417.0•• 51.654
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eire
86.~.8.~I~.'bl.~•• O•• d.b,O •• O•• O••-I•• 0 •• 1aO ••0.
1)4.S.ij.l~03.b,0••O.,8.b,O ••O.,O ••-1 ••O•• leO ••O •

• rot.te the -lines· to the inclined positions
ret.
127,167.8.121.1bl.8.0 ••4b~•• )Ob.b33.1 •• 0.,0.,ZO.39
i9.119.8.19,119,8.0 •• 4b~ •• 30b.b3),1 •• O••O.,20.39
11.~1,8.11.S7.8.0•• 'b~ •• 30b.bJ3.1 •• 0 •• 0•• Z0.39
lZ8.1b8.8.128.1b8.B,O •• 31Z ••272.066~.1••0.,0 •• 2J.7
80.120.8.80.1Z0.&.O.,372 •• 111.0bb~.1••O•• O•• 21.1
16.S6,8,le.58.8.0 •• 37Z •• 272.0bb~,1.,O•• O•• 21.7
129,lb9,8.1l9,lb9.8.0 •• 279 ••232.lb.l •• 0 •• 0 •• 21.~1
81,IZI.~.61,IZ1.8.0•• Z19 •• l32.Zb.l.,0.,0.,21.~Z
19,59.e.19,59.S.0•• Z79•• Z32.Z6.1 ••0.,O.,21.SZ
130,170.8.130,110,8.0 ••1eb •• l~b.~~~,1•• O•• O••ZO.8
8l,IZ2.6.BZ,121.8.C.,18b •• l~8.Z".1•• 0 ••0 •• 20.8
20.bO,8.10.~O.8,O.,18b•• 198.Z5'.I •• 0 •• 0 •• Z0.&
131,111.8.131.171.e.O.,93.,lbl.~U~~,I•• 0••0 •• l8.08
83,IZ3,B.~3,123.6.0•• 93. ,lbl.506~.I.,0.,0•• Z8.08
Zl,bl.8.21.bl.8.0 ••93 ••161.5C6~.1•• 0••0.,28.08
132.112.8.13Z.172,8,0 ••0 ••65.Z02.1.,0.,O••~8.b'
64.1Z4.B.84.124.b.O •• O.,8~.2DZ.l.,O•• 0 ••58.6'
22,bZ,8.22.bZ.@.O.,O ••6~.202.1•• o•• 0•• ~8.6'
133.173.~.133.173,8.0•• 0 •• ,~.026.1.,O•• Q••~O.
8~.12~.8.b~,115.ij,O.,O•• 4•• 0~t,I •• 0 •• 0.,90.
23.b3.d.23.b).8.0 •• 0 ••~~.OZb,1•• ~.,O•• 90.
13'.17••8.13',174,8,C.,O.,O •• I.,C.,O•• 90.
8b,llb.8,bb,12b.8.0.,0.,0.,&.,U ••O••90.
14,6••8.2~.6~,8,O.,O••O.,1.,O ••O••qO.

Iwp
.,J.-l.~.1,3'.33,l,2.Z6.Z~.17,18.0,O.6~.O,O,0,O,O,O.O,0.0.1.1.1.10,0.,0.,0•
• ,I,-1.2.1,39.38,6,7.31.30.ZZ,23,O.0.10.G,0.O.O.O,O.0.0.0,2,1.1.16.0 ••0 ••0.
'.I.·1,~,1,42,'1.q.lO,34,33,1.2,O.O.12.0.0.0,65.0.0,0.0.0,1.1.1,10.0••0.,0 •
•• I,-I,2,1 •• 7••6,1 ••15.39.38,6,1.0.0.77.0,0,0.10.0.Q,0,0,0.2,1,1,16,0.,0••0.
'.I,-I.~,l.50"9.~,,58"Z,~I.~.10,O.0.0,G.0,0,lZ.0.0.0,0,0.1.1.1,16,0.,0•• 0.
',I.-1,Z.I,~S.5••62,bJ,.1.'6.1,.1~,O.O.O.O,O,O,11,O.0.0.0,O,Z.I.1,lb,O••0.,0.
'.I,-1,5,1.Z6,Z5.17.18.88.87.7~.~O.0,0,O.0,u.0,0,O.O,0,0.0.1,1.1,12.0•• 0 ••0.
,.I,-1,2.1.31.30,2Z,23.~3.92.b.,85,0,0.0.O.O.0.0.0.0.o.0.0,Z.1.1.12,0.,0••0 •
••I.-1.~,1,3',33,Z~,26,96.95,el,eb,O.O.O.O.o,o,O,O.O,O.0,0.1,1.1.10.0.,0•• 0 •
•• I.-1.Z.1.39.Jb.30.31,101.100.91,~j,0,0.0.0.0,0.0,0.0,0.0,o,~.1.1.10.0••0.,0.
~,1.-1.5.1"2"1.33.3,.lO•• 103.9~.96.0,O,0,0.0.O,O,0,0,0.0,0,1.1.1.10.0.,0.,0.
',I,-I.Z.1"7••0.38,39,109.108.100.101.0.0.0.Q.0,0,0.0,0,0.0,0,2,1,1,10,0.,0••0 •
•• I,-1.5.1,50 ••9"I,.2,IJ2,IJl.103.10',0.0,0,0,O,O,0.0,0.0.0,0,1.1,1.10.0.,0••0 •
• ,I.-1.2.1.5S.5','6,~1,111,116.1t8.109,0.0.0.0.0,0,O,O.0,0,0.0.2,1,1.10.0.,0.,0 •
• ,I,-I,5,1.58.51.'9.~0.120.119.111.112.0.0,0,O.O.0.0.0.0,0.0,0,1,1,1.12,0.,0.,0.

4,1.-1,Z.I,63.62,5'.55,125.1Z',Jl0.111.0.0.0.0,0,0.0,0,0.0.0.C,2.1,1.1Z.0.,0.,O.
',I.-1,5.1,81.19,80,88.13~.lZ1,12e,llb.0.0,~.0,O.O.0.0,0.0.0.0.1.1,3,8.0.,0••0.
'.I.-1,2,1.9Z.84.85.93.140,132,133,1.1.0.0,0,0.0.0.0,0.0.0.0,0,1,2,3,8.0.,0••0.
,.1.-1,~.1,9',87,88,96,1'3,135,lJ6,1'••0.0,0.0.O.0.0,o.0,0,0.0.1,1,3,8,0.,0 •• 0•
• ,I,-1,2.1.100.92,93,IUl.148.1.0.1'1.\~~.0.O,O,0,O,O,0.0,O.0.O,O.I.2.3,ti.O ••O•• O.
4.1,-I.S.1.1C3,95.96.104,151,143,1•• ,15Z.0,O.O,O,0,C.0,0.0,0.0.0.1.1.3.8,0.,0.,0•
••I.-1,2.1.108.100.101.109.156.1'8,1'9.~1,O,O.0,0,0,0,0,O,0,~,O,0.1.2,3.8,0••0 ••0 •
••I,-1.5.1,lI1.103.104.1Jl.159,1~1.15l.160.0.0.0.0.0.0.0.0,0.0.0.0,1.1,3,8.0.,0.,0.
~,I,-I,Z.I.11~,108.109,111.16.,156,151.165,0.0.0.0,0,0,0.0,0.0.0.0.1.2,3.8,0••0.,0.
',I,-1.5,1.119.111.11Z.120,lbl,159,lbO.168,O.0,0.0.0,O.0,0,0.0,0.0.1,1,3.8.0.,0 ••0 •
•• I,-I.Z.1,IZ4,116.117.12S,J12.16',16S,113.0.0.0.0.0,O.O.o.o,O,a.O.l,2.3.8.0.,O ••0.

tie
end



Fem Files Output from PMG for the Examples

I. Dam substructure

1 3~"270 O. O.
2 3ft.l28b O. 11.t-.U8
3 33.2393 O. 23.':lb80

" 31.1592 O. 3~.2~26

5 29.b882 O. 46.CJ315
b 21.0325 O. !l8.4630
1 23.8091 O. b9 .fl12 1

" 20.0199 O. 60.98'6
9 15.6632 O. 91. 9flO!l

10 0.0511 46.0;000 O•

•
149 -1~6.9!)31 418.50(,0 260.1~5ts

150 -12.0000 "b5.0000 O.
151 -H.79bl '65.0000 "'.121b
152 -22.8594 465.0000 e& .1250
153 -36.1900 41~~ .oooc 130.2103
154 -':l4.1879 116".0000 1 ;0.9113
I" '> -18.3166 46".0000 209. 110!J
156 -105.8153 46'" .0000 2ft~.""9lS
157 -IH.4512 ft65.0000 21ft. 4~Cj!l
1~8 -H3.0M1 'lb5.00GO 301.t4H

1 6 I
1 15 11 3 10 16 11 1
1 b I
J 11 19 'J 11 18 12 4
3 6 1
') 19 21 1 12 20 13 6.. 6 1
1 21 2l 9 13 21 U t;

5 6 I
15 29 31 11 24 10 25 10

•

16 6 1
.9 63 6') 51 55 b4 "b !>o
11 6 1
57 11 13 59 66 1l 61 58
18 6 1
59 1) 1') bl 61 14 tB 60
n u 1
b1 75 17 63 68 16 69 tl2
20 6 1
bl 11 19 6t; 69 78 10 04

140



2. Impounded water substructure

141

1
;.
3..
!»
6
7
B
9

10

1':>.0000
7':>.0000
7':>.0000
75.0000
75.0000
15.0000
15.0000
15.0000
15.0000
15.0000

o.
o.
o.
o.
o.
o.
o.
o.
O.
"6.~000

o.
12. ')000
2,.0C/OO
31.')000
!>O.OOOO
6Z.'}OOO
1., .COOO
e7. 'iOOO

100.0000
o.

ltH! -11I1."~27 HI:! .5000 298. ""03
289 O. "65.0000 O.
290 -2.8885 "65.0(100 "6,2000
291 -11.218" "b5.00()0 91.0382
292 -llt.9&91 Itb').OOCO 13it. ~ Jlt 7
l'n -'tit. zoZ't 1t6S .0000 11b.o<!o,I!J
294 -Mi.51l2 '!f.,'i.ooco 216.(;,,32
295 -96.9786 465.00CO 2'H .t"Z1
29b -12~.tO'6 "0').0000 283.~lbl

291 -166.3092 "65.uocO 311.092
1 It 1

12 It 110 112 126 15 1 3 11 a~ bO 81 86 119 111 120 12., 10 2 11 It!
2 • 1

Il6 112 11" 128 17 3 S 19 86 81 82 87 120 113 121 127 11 • 12 18
3 .. 1

128 II' 116 130 19 ~ 1 21 87 82 83 88 121 115 122 119 12 6 13 20
It it 1

BO lib lltl HZ 21 1 9 2J 08 b) 8. 89 122 111 123 131 13 8 U 22., II 1
138 1211 126 HO 29 15 11 H 90 85 86 91 133 125 134 139 2• 16 25 10

•

36 • I
281 2b1 269 283 172 158 160 11' £12 207 208 l13 zn 268 l7" 282 16' 15~ 165 113

31 \ 1
289 21~ 211 291 180 166 Ib8 181 21'4 209 210 215 184 216 285 .lCJO 115 107 116 181

311 ,. 1
191 211 119 Zen 152 11»8 110 Hl\ 215 210 211 216 265 115 286 292 116 169 111 183
J9 • 1

293 279 281 295 18. 170 112 186 216 111 212 211 286 28(1 '-31 L9. 117 l71 118 185.0 • 1
295 181 283 291 186 112 11\ 180 d1 212 213 218 281 202 leEs 296 178 173 179 181



3. Found.tion substructure
142

1
2
3
~

!)

6
7
8
9

10

-159.7130
-126.0350

-92.3570
-1!l9.7130
-92.3570

-1!l9.1130
-126.0350
-92.3570

-166.3890
-141. ~830

~b5.00c;O

"18.5000
372.000(/
"63.8370
367.51t0
HI2.bHO
"l2.8!l30
303.C320
II 6').0000
He.50eo

306. ClBO
2ts'l. H9tS
272.0605
309.1618
2'-3. H""
312.l:'lO 7
303. Ho"
29,.I:Oll
311.0190
298.!lltOO

1123 -10b3.155b 0.0001 Itlt.ClbO
"211 -1072.0871:l 0.0001 tlt.tlltO
"2~ -731t.37"3 0.0001 1I1t.l;"bO
"20 -7H.127lt C.OOOI b".tHO
It21 -13Mb.1I000 0.0001 -0.0000
"2C! -1389.1b8b 0.0001 U. .013G
'29 -1057.020" 0.0001 -0.0000
HO -10bO.01l81 0.0001 22.0130
"31 -727. MOb 0.0001 -0.0(100
1t32 -131.007') C.OOOI 22.0130

1 " 1
lit 9 11 10 b 1 3 t 0 0 0 0 12 10 13 1!> " 2 5 7

2 " 1
16 11 23 20 8 3 18 21 0 0 0 0 13 22 1" 25 !l 17 19 20

3 " 1
26 23 33 36 21 18 28 31 0 0 0 (l 2" 32 3" 3') 19 27 29 30

" " 1
36 33 ItJ .,6 31 28 38 "1 0 0 0 0 31t "2 "" "., 29 31 39 itO

OJ " 1
"6 It3 53 56 'tl 38 "8 51 0 0 0 a 4't 52 !lit 55 39 '17 "9 !)O
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23 , 1
167 lb. 109 112 119 116 121 12. 0 0 0 0 Ib~ 108 110 171 117 120 122 123
2' , 1

172 109 17' 180 lZ' 111 126 III 0 0 0 0 110 113 171 179 122 125 129 131
2~ • 1
1~0 17. 116 182 132 lZo 128 J3' 0 0 0 0 117 115 118 181 129 121 130 133
26 , 1

182 116 18' 190 13' 128 13b 1_2 0 0 0 0 118 183 181 189 130 135 139 1.1
27 • 1

190 18' 186 192 1'2 136 138 1__ 0 0 0 0 187 185 188 191 139 131 1.0 1'3
28 • 1

b 1 3 8 195 193 19' 196 0 0 0 0 , 2 5 7 0 0 0 0
29 , 1

8 3 lB 21 196 19. 197 198 0 0 0 0 5 11 19 20 0 0 0 0
30 , !
21 Id 2~ 31 19~ 191 199 200 a 0 0 0 19 27 29 30 0 0 a 0
31 ~ 1
31 28 38 'I 200 199 ~01 202 0 0 0 0 29 31 39 _0 0 0 0 0
32 • 1
'1 38 .8 51 202 201 203 20' 0 0 0 0 39 '7 '9 50 0 0 0 0
33 , 1
51 '8 58 b' 20' 203 205 201 0 0 0 0 .9 51 61 63 0 0 0 0
3' • 1
6' 58 60 66 207 20~ 206 208 0 0 0 0 61 59 62 65 0 0 0 0
35 _ 1

66 bO 18 8' 208 206 209 211 0 0 0 0 62 11 81 83 0 0 0 0
3b • I
8' 78 80 86 211 209 210 212 0 0 0 0 81 19 82 85 0 0 0 0
37 • 1
I' 6 ~ 16 213 195 196 21' 0 0 0 0 0 1 0 15 0 0 0 0
38 • 1
16 8 21 26 21. 19b 198 215 0 0 0 0 0 20 0 25 0 0 0 0
39 , 1
26 21 31 36 215 198 200 21b 0 0 0 0 0 30 0 35 0 0 0 0
'0 , 1
36 31 '1 .6 216 200 202 211 0 0 0 0 0 .0 0 '5 0 0 0 0
.1 , 1
'6 '1 51 56 211 202 20' 218 0 0 0 0 0 50 0 55 0 0 0 0

•

59 4 1
161 119 12' 112 237 221 228 2)~ 0 0 0 0 0 123 0 111 0 0 0 0
60 , 1

172 124 132 180 238 128 229 239 0 0 0 0 0 131 0 119 0 0 0 0
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o 181 191 Its U!5

o 165 111 110 108

o 1"9 156 155 153

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o °

o 0

o 0

o 0

o 0

o 0

o 0

o °

o 0

o 0

o 0

o °

o 0

o 0

o 0

o 0

" 0

o

o

o

o

o

o

o

o

o

o

o

o

°

o

o

°

°

o 0

o 0

o 0

° °

o I)

o

o

o

o

°

o 110 119 111 113

o 0

o 0

o 0

o 118 189 181 183

o 0

o 117 1ijl 118 11,

o 0 133 0 181

o 155 161 160 15ij

o 160 Ibb 165 163

o 0 1'3 0 191

o 1'8 151 149 Ilt6

° 0

o 0 0

o 0 0

000

o 0 0

000

000

000

000

000

000

000

000

000

000

000

000

000

61 ,. 1
180 132 13. 182 23~ 229 230 2.0

62 , 1
182 13~ 1~2 190 240 230 231 ~'1

63 ,. 1
190 1'2 1.' 192 2'1 231 232 2.2

6" " 1
1'5 150 152 1'1 2'3 233 23' 2'"
65 ,. 1

1'1 152 151 15. 2'" 23,. 235 2'~

66 " 1
1,~ 157 162 159 2'5 235 13b 2"6

to 7 ~ 1
159 162 167 16. 2.6 236 231 2"
68 ~ 1

16. 107 172 169 2'1 231 238 2'6
69 ~ 1

169 112 180 11. 2.8 238 239 2,.9
10 , 1

11. IbO 182 176 2'9 239 2.0 250
11 • 1

116 182 190 l8. 250 2.0 2'1 251
12 • 1

18' 190 192 180 251 2'1 2,.2 252
73 " 1

259 257 258 260 2~5 253 25' lS6
H • 1

263 261 262 lb. 2~9 257 25~ 260
15 • 1

193 19,. 196 195 263 161 262 26.
76 • 1

2':>7 201 268 25& 253 265 20b 2""
11 • 1

261 209 210 262 251 261 268 256

•
203 , 1
393 '00 "30 '21 391 398 "28 '21
20' " 1
'02 .01 '31 .32 '00 399 '29 ~30

105 " 1
395 '02 '32 .25 393 "00 '30 "23
206 , 1
Z'1 Z"2 252 251 "02 .01 '31 '32
201 , 1
Z"O 2"1 251 250 395 "02 '32 "25

00000 0 0 0 0 000

o 0 0 ° 0 0 0 0 000 0

o 0 0 0 0 0 0 0 0 000

o 0 0 ° 0 ° 0 0 ° 000

o 0 0 000 0 0 000 0
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