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The computer program SAP IV for the ststic snd dynamic analysia

of linear structural systems is presented.- ' - C ) SRR

‘. The report is divided into three parts. In'the first part the
reader is introduced to the -logical construction of the program,. the
dynawic high'spegd storage allpcation, the znalysis capabilities,-the

finite element librery and the pumericsl techniques used. Typical
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sample analyses are described." These problems have been selected as
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standard problems whose solutions are provided with the program. In
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DESCRIPTION OF sAp IV




1, INTRODITTION

The development of an effective computer program for structural
analyais requires a knowledge of three scientific diséinl;nes -
atructural mechanics, nu;ericul analysis_and Enmputer application.
The development of accﬁrate and efficient structural elementxs requires
® Dodern backgynund in structural mechanics. The efficigncr of a
pragrae depends largely on the numerical techniques employed and on’
their effective computer implementation., With regard to prng;amming

techniques, an optimum allocation af high and low specd stﬂragu is

BeCessary.

A most important aspect of a geheral_purpuse COompuler Progran
1l.ﬁomever.the ease with which it can be mndifx;d, uxtendué and up-
dated ; othervise, it may very well be that the program 1s ohsoletle
within a few years after completion. This is because new structuoral
elements are developed, better numerical procedures are available, or
new cobputer equipment which requires new coding techniques is produced.

The structural analysis program SAP was designed to be modified
and extended by the user. Additional options apd new elements may
easily be added. The program has the ¢anacity to analyze very large
three-dimensional systems; however, there is no loss in EffiCiﬂnEy
in the solution of smaller problems. Also, from the complete program.
smaller special purpose programs cah easily'be assembled by simply
uning only those subroutines which are actually nceded 1n the exevu-
tion. This makes the prﬁgram particularly usable on small size

computers.



The current program version SAP IV for the static and ﬂinnntc :nllyiin
oaf lipear structural systems is the result of seversl yesrs' research and

developoent expe;icnce. The progrea ﬁns proven to he 3 very flexitple and
lificient-analysis tecl, The program 1s cn;td in FOFT&AH IV and nperates‘u
-Iithnut modifications on the CDC 6400, &600 and 7800 cé;puters. The ;1r5t
-yarsion of progran SAP was published in S;pfen;er 1970 [28]. An improved -
static spalysis pragran, namely SOLID SAP, or 5AP 1I, was presented in 1971
[29]. Work was then-startEd on a nev¥ static and dynamlc snalkysis progream,
. The program SAP iII for static and dynnuié analysis was peleased towards .
the end of 1972, but only to thase agnnéies which supported ocur research.
In felatinn to SAP.III, the current verslon SAP IV has ipprovements
Lthr;ughnut, and in parcticulsr has available 3 pew.variable-pumber-nodes
tﬁiék shell and three-dimensional element, and cut-of-core dircarg
integration for time histn;y analysls:

The atructural systems to be analyZed may be composed of combinatians
af & number of different structural elemeénts. The program presently
conteins the following element type;:

{a) three-dimensional truss element,

{b) three-dimensional beam element,

{¢) plane atress gnd plane strain element,

{d) two-dimendlonol axisymmeiric solid,

{(e) three-dimensional solid, . '

(f) wveriable-number-nodes thick shell and three-dimensional element,

- {g) thin plate or thin shell element,

{b} boundary element,

{1} plpe element (tangent and bend),



Thes; structural elements can ﬁe used in a atatic or dynamic snalysis,
The capacity of the program depends mainly on the total number of nodal
pointa in the systenm, thel;Umﬁer of elgetnvaluea peeded in the dynamic

) analy=is ;nd the computer used. There ls practically no reatriction

on the number of elements used, the number of load caéeﬁ or the order
ated bandwldth of the atiffness mat}ix. Each nodal point in the system,
can have from zero to six displacemént degrees of freedom. The element’
atiffness prd mass matr%tes are aassechled in condensed turﬁ; therefore,
the program is equally erriéien; in the analy=sis of Dne-._twn; or threg-
dimensional ayatems.

The formation of the structure malrices is carried out in the sanme
way Iin a static or dynamic apalysis. The static analysis As sontinued
by soclving the equations of equilibrium followed hy tnr compulation of
gleneqt :treaues. In a dynamic analriis Ehu choice is5 betwgen

1. frequency calculations only,

4. frequency caICuIat#ons followed by response history analysis,

3. frequency calculations followed by response spectrum analysis,

4. ;t:pnnse history anzlysis by direct intepgration.

To obtein the f[requencies and vihratiun mode shapes solution routines
are used which calculate the required eigenvalues and eigenvectors
directly without a transformation of the structure stiffness matrix and
mass WAatrlix to o reduced form, In the direct integration an uncondi- ’
tionally stable integration scheme is used, which alsoc operates on

the original structure stiffness matrix and mass matrix. This way I

Program operation amnd necessary input data for a dynamic analysis is

a simple addition to what is needed for a atotlc analysais,
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*The purpose ln this part of the report 1s to present briefly the -

general program organization, the current element library snd the
nunerical techriquens used, The different options available for static

- and dynamic analyseca are described and typical running £1mcs are
given. In the prgsentation..emphasia is di;ec£ed to the practical
llpecis of the program. Fer infnrﬁntinﬁfan the Eevelupment of th;
. atructural elementis and the numerical techmiques used the reader is

referred to appropriate references,



-Z2. THE EQUILIARILM EQUATIONS FOR COMPLEX STRUCTURAL SYSTEYS

2.1 Element to Structure Matrices

4

The codal point e;:[uil ibrium equationg for s linesr system of structural
#lements can he derived by several different approaches [171 [2] [2) [15]
{23] {34]. All mathods yield a set of*linear equaticns of the fcllﬁwing

form

v

v *

Kii +Cu +Ku =R : 1)

where M 15 the maas matrix, € 1s the damping matrix and K 15 the stiff-
fess matrix of the element assemblage; the vectors u, i, U and R are
the nodal displacements, velacitlies, accelerations and generalized loads,

reapectively, The structure matrices arg formed by direct addition

af the elcment matrices; for example

-
K= ) K {2}

o

where Kn iz the stifiness matrix ﬁr the m'th element. Although Km
is formally of thé same order as K, only thu?e terms in Hm which pertain
to the element degreesa of freedom ;re nonzero., The addition of the
element matrices can therefore be performed b} using the e#lemont malrices
in :qnpact form together with identification arraye which relate element
to atructure degrees of freedom, The algoriths used in the program 1%
described ln Section 3,3.

In the program the structure stiffnpess matrix and a diagoral moass
mairix are pssembled. Therefore, a lumped mass analysis {is assumed,
where the structure mass is the sum of the individual clement mass

matrices plus additicnal conceptrated masses which are specified at



melectcd degrees of freedom. The damping is assumed to be proportional
and is srnecificd in form of amodaldamning facter . The assumptions
used in lumped mass analyses and in the use of proportionsl damping have

been discussed at various occasions [9] [11] [17] [a33l.

2.2 PRoundary Conditions

If a displacement component is zerop, the correcsponding equation
is not retained in the structure equilibripm equations, Eg. (1), and
the corresponding element stiffncsy and mass terms are disreparded.

If 2 non-zero displacement is to by specified at a degree of freedom i,

say u; ='x, the equation

is added into Egq. {1}, where k >> kii . Therefore, the sulution of
Eq. {1} must give u, = x, Fhysiecally, thi= can bs inlerpreted as
edding at the degree of freedom "1" a spring of large stiffness L and

specifying a load which, because of the relatively flexible structure

at this degree of frecdom, produces the required displacement x.



3, PROCRAM ORCANIZATION FOR CALCULATION ﬁF THE

STRICTURE STIFFNESS MATRIX AND MASS MATRIX

The calculation of tha structure stiffness matriz send mass oetirix is

accocmplished in three distinct phaies: .

T

1, The nodal point input data 1is read and generated Yy the progran,

In this phase the equation numbers for thé ac;ive degrees of
' freedom at each nodal point are e%tahlished.

2. The element stiffness and mass matrices are calculated together
with their connection ar;ays; the arrays are stored 1n sequence on

tape {(or other low-speed storage),
. p .
3. The structure atiffness matTix and mass matrix are formed by .'

addition of the element metrices and stored in block form unR tape.

-

It need be noted that these hasic steps are indencndoent of [he '
element type uscd atd are the same for either a static or dynamice

snplysis,

3.1 HNodal Polnt Input Data and Degrees of Freedom

The ceapacity of the program is controlled by the number of nodal
points of the structural aystem, For each nodal point six boundary
condition codes {(stored in the array IDY, three coardinates {stored
in the arrays X,Y,2).and tke nodal peint temperaturca{stored in the array
T) are required (gencration cacabillty is provided}. All nodal pelnt daca
im retained in high speed s=torage during the formation of the element
stitfrness pnd mass motrices., Since the required high speed storage
for the element subroutlines 1s-relatiuely small, the minimum required

storage for a given problem 1s a little larger than ten times the
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from the 1D matrix and the specified structure nodal putnt; pertaining

4

to the element, The connection array for a typical element of the

truss element 1s shown in Fig. 3. °~ . - ' ' .
The elepent matrices are caleculated in groups, 1.e., always all

wlepenta in ore group together, t&ui calling the corresponding element

- :ubruutln; anly once for each elemé;t group. After all elecent mairices

have been established, the ID and X,Y,2 arrays are not neaded any more,

and the cdrrespunding storage area 1a used for the formaticn of the

structure matrices and later far the soluticn of the eguations of

equilibrius,

A.3 Formation of Structurc Stiffness nnd Mass

The stiffness matrix and mass matrix of the structure ar: formed
in blocks, as shown-in Fig. 4 for the truss-examploe, The number of
equations per block depends on the available high speed storace and
is calculated in the program as indicated inm Fig. 5. It 15 noted
that o reasonable size computers very large systems can be analyzed
for static and dynamic response. With the number of uqu;tions per
block known, the stiffrness and mass matrix are assembled two hlocks at
a time by direct addition of the element matrices. In this process
it im necessary tulpass through the clement matrices which are stored
on tape. In order to mipimize tape redding, in each pass elemont
astrices which pertain to the next feveral blocks are written on
lnnfher tape. This way the tape reading nccessary f;r the fermation
of these blocks i3 reduced significantly.

A flow diagram of the program organization fur the calculation of

the structure stiffoess matrix and mass matrix is shown in Fig. 6.
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With the matricesa stored in block form on tape elther a static or s {5'

dynanic analysis can now be carried out,

4, THE ELEMENT LIBRARY

_ ~ Y
The elemant lidbraryof SAPIV consiafs of eight differcent elemcent

types. These slements c¢an be used in either a static or dynamic

lnliysis. They are shown 1in Fig. 7 and are briefly described bhelow,

4,1 Three Ppimensional Trusa Elegent _ “ .
The derivatlion of the truss element stiffnoss is given in Roels.
(23] [22]. The element can be,subjected to a uniform temperature

change.

4,2 Three-Dimensional Aoam Eleopent

The beam element included in the program considers torsion,
bending about two axes, axial and shearing deformations. The clement
is prismatic. The development of its sti1ffness proportics 1s standard
aed 13 giveon in Rel'.. [23]. Inertia luading 1n three directions and
specified fixe&—end-fnrces furm the clement load cases. Forcos faxial
and shear) and moments (hending and toersion} are calculated in the
beam local co-ordinate system,

A typical beam.element 15 shown in Fig. 'Th. A planc which definuvs
the principal bending axis of the beam is specified by the planv 1, j, k.
Only the geomctry of nodal point k is needed; therefore, no additional
degrees of frecdom for nodal point k are used in the computer program.
A unlque option of the bBeam member 15 that the ends of the beam can
be geometrically constrained teo a master node, Zlave degrees of
frecdorn at the end of the beso ere eliminated from the forrmulatyon

atnd replaced by the transfoimed degrees of freedom of the master node

[18] [ 29). This technigue reduces the totel number of joint equiiibrium
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sguations in the system (while possibly imcreasating the bandwidth} and
lrtltly reduces the posalbility uf numuricul seuai:ivitiez in many
trpas ur atructures. Also, the method can be used to spucity rigid

floor diaphragmsa in bullding analysis.

4.3 Plana Stress, Plane Strain and Axisvemetric Elements

A plane stre:q quadrllateral znr1t;1angular} elepent with artho- -
trnpié material propertiea is a#atlab%e. Each plape stress element
may be of different Lhickne;s and may be locaced in an irbi:rary plane
Ii?h respect to the three—dimensional ccordinate syshﬂmf The plane
strain and axisymmetric elements are ;estric:ed to the ¥=2z plaﬁe.
Gravity, lnertia and temperature.lnadinés may be considered. Stresses
may be computed ntlﬁhe'center ;f the element and at the center of each
.8ide, The element is based on an lsoparametric formulation f19} [34].
Incompatible displacement modes can be included in order to improve

the bending properties of the element [26] {29] [32].

4.4 Threc=Dimensional Sclid Element

A general eight nodal point "brick” element, with three transla-
tional degreces of freedom pernodal point can be used, Fig, 7d., lsotro-
ple materlal properties are assumed and element loading consists of
temperature, surface pressure and lnertia loads in three directions.,
Stresses {six.cnmponentsl mdy he Ccomputed at Lthe center of the element

and &t the center of each face, The element employs incompatible modes,

which can bo vory effective if rectangular vlements are used [26].

4.3 Yariable-Number-Sodes Thiék Shell ond Throe-Dimensional Element

A genceral three-dimensional isoparametric or sitbparametric element

which may have from 8 to 21 nodes can be used for three-dimensicnal.
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or thick shell lnalyiis, Fig. 7= {Ti {8]. General orthotropic
pateriel progerties_ﬁdﬁ e ls;tznhd to the element, The loading may
énnsist af applied sﬁriaga pressure, bydrostatic loads, 1nerti; loads
in thf&a direﬁtions, and thermal loads. Six global stresses are

ocutput at up i seven locations within 2o element,
L]

4.6 Thin Plate and Shell Element

The thin shell element available in the prcgr:mris 2 quadrilateral
of arbitrary geometry formed from four compatible triangles, The
bending and plane stress properties of the element_ are described in
references [12] [14]. The shell elément uses the constant strain
ériangie nnd‘the LCCTé elempent (O represent ihé mepbrane and hending
behaviar, re5pe¢t1vely.. The central node is located at the average ot
the coordinates of the {our corner nudesr The element hn; 31X lnterior
degrees of freedom which are Eliminate& at the elément tevel prior . -
tn-lssembly; therefore, the resulting quadrilateral elemant has twenty-
four degrees of freedom, i.e., #3lx degrees of freedom pur node 1t the
global coordinate systen.

In the analysis of flat plates the stiliffness assoclaced with the
rotatlcon normal to the shell surface 15 not defined: therviore, the
rotation normal degree ;f freedom must oot bhe ingluded in the analysis,
For curved shells, the normal rotation hEed be included as an extra

degree of freedom, In case the curvature is very small, the degree

15



" . - + .

of freedom should be restrsined by the addition of a “Boundary Element’
with a seall normal rotational stiffness, say of less or about 10% of

the element bending stiffness [13] [34].

4.7 Boundary Element

The boundary element, shown 1in Fig. 7f, can be used for the

- . - L

following:
1. in the idealizaticn of an extetnal elastic support-at a node;
2. in therldealization of an inclined roller suppart;
A, to specify a displacement, or
4, to eliminate }hu pumerical ﬁifficulty associated with the
'stxth' degree of frecdom in th; analysis of nearly flat
.lhella.
The element is onc-dimensional with an axial or torsional stiffness.
The element stiffness coefficients are added dircctly 1o the totul

ptiffnecss patrix (see Section 2.2).

- 4.8 Plpe Element

The pilpe element {Flg. 7g} can represcnt a straight segment
(tangent} or a circularly‘curvcd segrnent (bend); both elements require
» uniforn section and uniform material propertics., Eiemunts can by
directed arbitravily in space. The member stiffness matrices aceount
{for bending, tersional, nxi?l and shearing deformations, 1In addition,
the effoct of internnl pressure on the stiffness of curved pipe eclements
ia ;onsidéred.

The pres of structure loads contributed by the nipe elements

include gravity loading in the global directions. and loads due to thermal

distartinnsanddbfarmntinns1nducedbylntvrnalpressuro. Forces and moments



lcéin; at the peober fnds (1,3) and at the center of each bend are
calculated in coordicate systems aligned with the ;ember'a cross
‘section. | |

- . The pipe elementlitiffness mntri; i; formed by first evaluating
the flexibility matroix corresponding‘ta the six degrees of freedom at
end ] ws given hy Poley [22]. Wwith Qhe corresponding stiffness matrix, -
the equilibrium transformations outlined by Hall et al [18] are used
to form the complete element stiffness matrix. Distorticons due (o

¢#lepent loads are premultiplied by the stiffness matrix to compute

restrained nodal forces duc to thermal, pressure or gravity loads,
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3. STATIC AWALYS!S

A static snalysis involves the solution of the equilibrium

squations

Ku =§R . f4)
followed by the calculation of element ikresses.

5.1 Sclution of fquilibrium Equations

The locad vectors R have been assembled ;t the same time as the
structure stiffness matrix and mass matrix were formed, The salution
of the equaticns is obtained using the large capacity linear sQuatiun
solver SES0OL [ 311, This subroutine uses Gauss el:imination on the
positive-defipite symmetrical system of oquations.  The algnfithm
performs a minimum nueber of gperations, i,e, there are DD ORGFIT LGOS
with zero clements, In the program, tho LTDL decempositian of K iy

used, hence Eq, {4) can be written as

L'y = R (5

and

v = DLu C(6)

where the solution for v in Eq. (5) is obtained by a reducticm of thu
laoad vectors; the displacement vectors U are then calculated by oo
back-substiitution.

In the solution, the lpad vectors are reduced at the same time a2
K is decomposed, In all gperations it is necessary to have at any one

time the required matrix elerents in high-gpecd storage. in the
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meduction, two hlocks sre in high speed storsge {23 was also the cgsc

in the formation of the stiffhess matrix-and mEsy matrir} l.e., the
“leading block, which finally stores the elements of L and D, and 1n
succession those blocks which are lffected by thao deéompnsitiun of they

"leading” block, Table 1 gives some typical solutian times.

. -
5.2 Evaluation of Element Stresses

After the podal point displacements have been evaluated, sequen-
tually the element stress—displacement matrices are read from low

speed storage and the element stresses are calculated.

. a<v
TABLE 1  SOLUTION OF EQUATIONS USING SESOL.
NUMBER OF HALF CENTRAL COMPUTER
EQUATIONS BANDW IDTH PROCESSOR USED
. SEC
8036 344 1786" ¢DC 6600
2696 188 1240 CDC 66U
i
1214 205 31 £he 7540

The 1nner DY -

loop 1n the factorization of the stiffness

matrix has been coded in machine language for this aolution,



8, CALCULATION OF FREQUENCIES AND MODE SHAPES

The dynamlc analysis of a structural uyafen usihg made aypetr-

4

position requires as the first atep the zolution of the genernlize&

‘sigenvalye problenm

ko= u % ' m

Ihernhw and ; are free vibration IrequenFy and mode ahape, reapectively.
Ax wWan descriheé in Section 3.3 the pragram atores the séirfness and
-:sllnltrix in blocks on tape, Fig. 4. The mass matrix i5 diaganal

with partly zero diagoenal elementa. The program as;umes that o;ly

‘the lowest p eigenvalues and corresponding eigenvectora are nceded.

The solution of Eg. .{7)} can therefore be written as

Kt = mil {:}

where f? is & diagonal matrix with the p smallest eigenvalues,

i - 2 ' iog ¥
i.». = diag(wij, and ¢ stores the corresponding M-orthonpormalized
]

elgenvectors % , Two different solution procedures are

1’ @2,...
used In the program, ; determinant search technique or a subspace
iteraticon sclution. The determinant search solution is carried out
when the stifiness matrix can be contained in high-speed sterage in
one Block, Therofore, for systems of large order and bandwidth the
Iubsﬁace iteration method is used, TDoth solution techniques solve

the generalized eigenvalue oroblem directly without a transforration

to the standard form [3].
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8.1 The Determinant Seerch Solutiaon

The determinant search technique is best suited for the analysis
of large systems in which X and M have szall handwidths [4) . Basically,
the soclution algorithm combines triangular factorization and v;ctur
inverae iteration 1? AN nntlm;m ;anner to calculazte the reguaired
wigenvalues and eigenvectors; these are obtained in sequence starting
from the least dominant eigenpair u§ ¢ ® - An eflicient accelerated
secant iteration procedure which operates on the characteristic

pelyromial

p{uF] & det(k - u?ul (9}

is used to obitain a shift near the next uoknown cigenvaluc, The eigon—

value separatlion theorvm (Sturm sequence pronerty} i1s used 1n this

iteraticen, Each determinant ecvaluation requires 3 triangular fagtouriza-
i 2

tion of the matrix K - o M. Once a shaift near the unknown ergenva luc

has been obtalned, inverse iteration 1s used to calculate the eigen-

vectar; the oigenvalue iz obtained by adding the Rayleigh quoticnt

caorrection to the shift value, Table 2 shows typical solution times,

6.2 The Subspace Ileration Solution .

Whan the system is too large to he complotely contained an high
speed storage, i.c. more blocks theo one 'are used, the subspace 1teration
solution is carried out, The iteration can be interpreted as a re-
peated application of the Ritz method [51 191, 1n which the computed
migenvectors [rom one step are used as the trial basis vectors for thoe

next 1teration until convergence to the required p elgedvaloes amd
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TABLE 2

CALCULATION OF FREQUENCIES AND MODE SHAPES
USTNG DETERMINANT SEARCH METHOD

MAXTML HLAMIIER QF CENTHRAL
SYSTEM HALF RAND REQ'D, FREGN, COMPUTER PROCESSOR
SYSTEM ORDER N WI1DTI AKD MOOE SHAPES p USED SEC
PlANE 207 30 3 CDC 6400 40
FHAME '
IPIN
PIPING 566 12 7 coc 660D 11
SYSTEM
RBUILDING 340 3z T ChC as0d 20
CONTAINER 2685 G5 B} e TEIn hd




eigenvectors is obtained.

The asolutiaon is carried out by 1ter;tlnz1aimu1;aneau:13 with g
lipearly 1ndependenf vectors, shere q > p. 1o the k'}h iteration
tﬁ-.véctnrs span the q—di;enstonal subspace ;k antd "hest’ eigenvalue
and sigenvector appraxipations are calculated; i.e; when the veét?rs
apen the p-dimensiconal least dnminnnt'sub;pace, the required elgen-
walues and eigenuecinra are obtained, }

Lat ?n store the atarting vectors, then the k'th %teratian is

deacribed as follows:

Sclve for vectors ?k which span Ek
KV, =NV i {10)

Calculate the projections of K and X unio Ek (1.e. the generalirod

stiffpess motrix and mass matrix corresponding to Ek}

- K = ?: KV, (11)
M, = ?: :ﬁk | (12)

Sol;e for the elgensysten of Kk and :.H(
By @ = 1 9 fi (t3)

end calculnte the k'th improved approximation to the eigenvectors

=V 14
\rh vk Qk (14)



Provided that the starting subspace is not orthogonal to any of the

r'qui;ed.elgeqvectnrs, the iteration cun;ér:us to the deslrud result,
Ll.n:-ia?and*.'k-ii.ask-v-_ '
;he number of vectors q.used in the tteration is }iken_gruater
.th:n the desired pusber of gigenvectnrn ia omder ta accelerate the
canvergence of the prncess."Thc nuéhur uf lterations required to
schieve satislactory convergence depends, of co;rnn, on thé quality nf{
the starting vnctnr;'vn. nless requesteﬁ otherwise (see Section §.3).
the program generates q starting vectors wherp g = min{(2p, porH}, whieh
has proven to be effective in geoeral applications. At conver-

gence a éturm hequnnce check can be roquestied to verify that lhu.luuu#l
p vigenvaluces have been found, .

Tuble 3 lists a few typical solution times ustng the program peneratid

atarting vectors,

£.3 Dynamic Optimization

The solution of the cigenvalue problem may e e ced when oo
good estlmaie of the reguired wipensystem is alreads Riown, such s
in dypamic oplimization, [z this cuse the subspace iteration meblual
in ideally suited tor solution, The nwsber of iteration vocines 4
and the vecturs ru together with Lhe maximem number ol Llerablons can
kn this case be specilied by the user,  Also, in case the number ol
vigenvalues and vectors required is nercased. the alecwdy colealuted
ﬂlgu;ruuturs Tun b sﬁuc:rird da part of the starting rlerat tuan weviors

In vider to accelerate cutivergoence.
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TABLE 3

CALCULATION OF FREQUENCIES AND MODE SHAPES

USING SURSPACE ITERATION METHOD
. MAX T MM NUMDER OF : | CENTRAL
SYSTEM SYSTEM HALF fAND REQ'D. FREQN, COMPUTER PROCESSOR
ORDER n WIDTH AND MODE SIAPES p USED SEC
PLANE 297 30 3 " CDC 6400 28
FHAME
PIPING 586 12 24 CDC 6600 142
SYSTEM .
BLDG, WITH 1174 138 A5 cDC BROD 890
FOUNDAT 10N
3-BIM _ -
nnG, 468 156 4 Cpe 6400 160

FHAUE




T. DYNAMIC ANALYSES

In dynanic response analysis the solution of the equations

) _ " MU +CG +Ku = R() , S as

is required, where R{t} can be a vecEPr of arbitrary time varying loads
or of effective loads which result from ground motlon. Specifically,
in the case of ground motion, Llf it L3 essumed that the structure is

umiformly subjected to the ground acceleration ﬁg[ﬂ}, the equilibrium

squationd ¢onsidered are

MG +Cd4 +Ku =-HMu (163

where ur is the relative displacerment of the structure w»21th respect

to the ground, i.e. ur Ty - u

The program can carry out a histery apalysis for solution of
Eqa. {1%) or (16}, or a response spectrum analysis for solution of
¥q. (16). The history analysis can be carried out usihg pade super-—
position or direct intekraticn. The response spectrum analysis
uqéessitntes. o! course, firat the solution of the required cigen-

aystem.

7.1 Hesponse History Analysis by Mode Superposition

In the mode superposition analysis, it is5 asswmed that the
structural response cun be described adequately by the p lowest
vibraticn modes, where p ¥< n. Using the transformation u = ¢X,
where the columns in § are the p M-orthonormalized nigenVﬂEtO;S-
Eq. (l53) can he written as

¥ s gk » Px = &R C (11

n



where

4 = diag (2w, 51} P of = diag l‘.u.i] - (18)

In Eq. {18) it i3 assumed that the dampiog matrix C satisfies the

modal orthogonality condition |

. T
i

- .
Ce -0 (1 £ 1) ' {19)

Equation {17) therefore represents p uncoﬁpled second order differcn-
tial equations. These are aclved in the prukram using thu.w1lsun
g-eethod, which is an qncaAditianally atahle step-by-5tup intunrntinn
scheme [6]. The same time step is used in the integrotiun u; all
esquations to sipplify the culculation of stress components at pre-
- gelected tines.

In the caose of prescribed ground motion u_= X and in Eg. (17
the right hand =ide is given by -¢T11EE. where the graung acceleration
is considered as the sum of the components in the x, ¥y and z direc-

tions s described in Section 7.3,

7.2 RAesponsc History Analysis by Direct Integration

The solytion of the egquations of motien, Eqs., {15) and {16}, vcan
be pbtained by dircect integration {6]. 1n the program the Wilson
fmethod is used, which 15 unconditionally stable. The alporithm
cmplnyﬁd is summarized in Table 4. 1t noed be moted that Ravleigh
damping is assumed, i.e. € = aM + gK [11). This form of damping is
aasily takepn accoupnt u! in the analysis, because po storage and no

multiplications for .a damping motrix are required.
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2. Form effective stiffness matrix K= = ¥ + a M. I
‘ . . - R ;;L - ) Do, i )
a. Trigpgularize K - .« " : i ~ . «
- . r A \
For Each Time Increment - o -_- T - ke _ " .
.‘_ ) ) [ . : . . - =
1. Form-effective load vector Rt . T -
! N .
e .o : * - o
R, = + - - sMleu, + a0 + ail . .
¢ =Ry : B8R, vhe” Ry ) LInl ¢ oV _'3“1.]
_' A . Fou * - -
2. .Solve for effective displacement vector ilt*, e e
™ * _ [ ] - ™ - N LIt I )
Y- T . .

veclors,



7.3 PResponse Spectrum Analysis .
In this onalysis the ground sccelerstion vector in Eg. {16} is

written as

i =g + U + 4 . (20)

where U, 1i and U are the ground accel®rations in the x, ¥ and
Ex EY EZ .
z directions, respectively. The evgQuation for the response in the

r'th mode 15 therefore -

" . 2 N
X +2€ u x_+u x_ =7 + 7 +r (21)
r rrr r'r rx ry re.

where x is the r'th elcoent in X and

r = -8 MU 3 r =-00 MO ;r =0l M{ - (22)

Using the definition of the spectral displacement [10), the maximum
ebsolute modal displacements of the structure subjected to an gogelera-

tion intu the x direction are

w2 oo 16T Wr )s. (e (23)
X r r X X r

where Sx(u}} is the spectral displacement into the x direction
caorresponding 1o the [roguency u} and Ix is a null vector except-
that thosc elements are equal to one which correspend o the x-
tréhslufional degrees of frcecedom. Similarly, f[or the respoanses duc

to & ground acceleration into the y and z-dircetions

{max)
u
ry

{max)
4] =

. ]
= :r|arulr] Sytu}] . .

s JeTuM1_| 5. (e (24)-
r'r A F r

34



L -_a".'”* : e e - . R I T
- e v . _: T - ':- _‘r o1 . i ‘1 .'1- . .I . a - . dam .. - . LI R
. Y ;o ImnxL- {nnx} (oex) + {max). .. __:3 2 L

. o P T =y + u PO T - . T = -
oot T, T rx Ty rz S <R e

. N - - . ot - K
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-
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. L -t D - .,_‘I L R - - - - . . v, -. _; at

. R T lnvest mgdes, where the spectr- [displicements or nccrlerntinns] 1nto'

- - -
- . - ...-ll . .

the x, y and z-directions .are nssumed to he prnportiunn! to ench other. ;.

" 3
- e o - d . . STt
= E + b i ! id -

. The tutnl Tesponse Ior displncementa ‘and stress resultunts ls calculated
ot . N . T . S e . 277 A g T
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ey N
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-’
' ‘, -

e ¢ lun‘";L"thEtrequirEd ‘eigensystem-has-been.solved .far,. it ‘can.be used;tu.unalyzqﬁ....n -

.- . . ~*r the structure for different locadingrconditiona..” Alsc, 1n a design -- -

‘+ ¥.procews the history or spectrum.;anslysis for the'same lpading.can be
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—r+ o vlriable%'reqﬁired-fur-:-respoﬁse histary or response npecg;uu‘p?alysis
4. = + .together with ;he-frEQuéncien and mode shapes are written.on 1uf';;ce$_ .
- |i'r$L:-;-h storage. The program execution may be s;nppeé.atlthlsi;tagc nn;:thﬁ .
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- mr "““;“':*eigensysté;'nn‘the“tape; it~“is decided éh-t"mnre"frequEncies"und—mcdeti S
) 'E H e . nhapea need be c;ltulated.?;he information on the tape can, be gsed to
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raduce the cost of the new eigensystem sclution 88 described in

Section 6.3,

7.5 Mode Superposition Versus Direct Integration
- For apn effective response history onolysis the user must decide
sppropriately whether to-use mode superposition or dircct integration.

. ) . .
It should be realized that the direct integration is eguivalent to a

" mode superposition enalysis in which all the eigervalues and vectors

have been calculated and the uncoupled equations in Eq. (17} with p=n
are integrated with o common time step ot. Nnturallﬁ, the interration
can only be sccurate for those modes for which M 1s smaller than a
ccrtain fraction of the period T. Using the Wilsoen €algorithm the
integration errnrs elfcectively "Filter” the high mode response, for-
which ;tﬁT ts larpe, out of the solution. Th?s Iilturinﬁ ig due Lo
the amplitud:." duray ohserved in the numerjcal solntion when 2T 1%
lurgu.. As an cxample, Fig. & shows the amplilude decay fer the initial
value problem indicated [6]. .
The ufchtiwu thlterving of the high [requency response from the
snlutinn may be benefdcial., Inlegralion svcuracy cannot Boe obtainoed
in the response of the podes for which L, T is large and Lhe filtering
process allows une (6 obluin a total sysiem salutiun 1o which the
law m;au rosponge b8 awcurately obscreved,

It iz therefore noted thot the direct integratien s quile .
cquivalent (o 2 mode superposition nnnlysiﬁj tn’which anly Lhe lowest
mones of the system, but a =ullicient number to Lake propuer accouant ol
the applied loading, are considercd., The exocl number ol meeles el Fee-

tively included in the analysis depends on the time step size poooml

the distribution ol the perims,

JE
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&8
The advantages of mode superposition are essentially that

" +frequencies and mode shapes ;re obiained and thet a variety .of

reaponse history and respnnzé spéctrumlnnnlyses can be carried cut with

r#latively'smnll'additinnal coat, Also, if the structure is slightly

changed or ﬁore eigenvalues and vectors mre reﬁui:fd. i.e.; the

frequency domain to ée considered shall 1@ pxtended, the eipensystom

solved for already can be used to reduce the cost of the new eligen-

syatem sulutiﬁn {5ee-5ectiun T.4}.

IThe direct step~by-step lntcegration, however, is more e?fectiue.
when many modes need be included In the analysis and thé response 15
required over relatively few time stops, such as.in shock prohlems.

It should be noted that the tape reading required in the direct intue=
gration analysis of large out-of-core systems can be custly bocause
in tﬁe solution for the response in cech timé step %he tria;gulariZud

effective stifiness matrix must be taken into high speed storage.

39

: B, DATA CHECH RUN:

In the nnalygiq of large astructures it is important to be able to
check the data read and genernted by the program, fbr this purpase an
option is given in which the preogram simply rcﬁds and generates ull.
data, prints it and also writes:the Jull data on low speed storage.

At completion of data-rend gnd gencration the information on low speed
Atorage <an be copied to ; physical tape,- This tape may then be used

to plot the finite elemknl mesh,
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matrix and main steps in the solutlon cof the cquations of motion, namely,

the suld;iﬂn of Xu = K, the solution of the gnnernlized-eigénvnlue problem

2 .
K = w Mé and in the direct integration the solution of the effective

L]
. displacements u, {soc Table 4), These caleulations need primarily be

performed in double precision because of truncation errora cccurring when
too few digits are used, which can cause large errers in the solutiop and
numerical instahilities [20] [25].

With regard to the use af back-up Storage, to keep the program

-

systeém lndependent scquential accessing is used throughout. Therefore,
since no advantege 1s taken of efficient buffering and direct access

technigues, i; heed be noted that the use of secondary storage cuan

be much improved when tailored to a spocific s¥sien. .

1l1-



"= PART B -

SAMPLE ANALYEES




b

- .
" T LT b _'31- " :_ :‘, b
- In this pnrt'bf-the fépurt hrief p nblem descriptinns Iur a set* £f.2""
: " L - .
L c < SRz PP S
.atandnrd dnta cages. nvniluble with program snplﬁ’nre given,, Hnturnlly, ¢xi
PR T . S
- vt AT .- - . ﬁ'j_—’-._-._-. C e '.n,~*‘..__..-”;.r_1_
" the few llmple nnnlyses cnn nnly demunstratﬂ to a smnll dEErEE the. < -r‘.*
. a - 1]* - —y :v LI .‘i‘ --: L. '_' - K . . < -
cnpabilities nf the progrnmfﬁrln general,, detui]ed problem deacr:ptiuns :%5-
N S T LN AU S ey - A S P ; AL
a cnn be found inithe referencas frcm which the snmp]e analyses have ookl By
- . ld:"-' - . - e i - Y el
. N -k;\ﬁ.p :; - L "I v :“ H “-1\..1" " "__ _.._.I ' c 1._!-‘1 -‘_: :_! "'"?:" . '
been.tnken ,z'*'A - Lt R M :
. R T T A p?‘ Ty ‘ et T
T T" I s N 5 o
Wt - i ‘ . o il
1, Static Analysil of Pipe Hntwur ’f_f . .;Tf3 e T
- . - B TS G, e ~-
- i T -ﬂ- 1.,._1..- T oa mib T Y - T '+
. The pipe network 5hnwn in Fig. B cnrrespcnds to a sample pruhlem W‘*‘
"r*_ 1“ ) - . B ' oo T ‘i‘ !"'. -.._:"':ﬂ . _"'é:i:' _f; [ '-',-I ‘:,_.h_“!.‘ .. “r):-
solutiun presented 1n the User % Hxnual far- the ADLPIFE Diping - ?*
o e T - . T"; " - . " r R
'nnalyaiu cnmputer code [a5], ‘“The purpose uf this analysiﬁ 15 to pre- Pl
. 1 . - s - - «" - 1 .-'.. " "-|. f . L4 L vt L)
“dict- the static ruspunse af‘the system under the cumhznud ufchts of* SFr o
kT .“-" "".." . . P FLE -
. ' . i - "iv . -
- {1) cnm’.‘entrnted luads L ) :"g.*-y;wh‘:;--'-"_’ ' T . . ) a .
{2) -verticnl (v~ direft1nn} Eravity lﬁnds ;. = . _' = -
- L] R . TR A - N
{(3) uniform temperature 1ncrepseu'w- Lo TR T s
-0 (41"nnn—zeru displacements imposed pt_ one squort ‘point - el "
= . - ‘ ' ) - .'
s w7 Table 5Jcnmpures the rengticns'printed in the SAP and ADLPIPE. o
.snlutinns: The 1wo sulutinns are in Iair-agreument the .S5AP +»?-£ . ‘fl
] . . . LI . , r . . 4
results satisfy equilibrium te all six_digits,.appeuring in the . ". i
printed output. :In the table of ppplied 1dlds, a totgl weight of . .
- =—G284.03 lbs -resulta-from 950:686 inches of pipe weighing-6.61-1bs -
. per ipch_ ) - . . T ) E
2.  Static Shell Analysis e W et Coeea
.The clamped apherical shell shown Iin Fig, 10 45 analyzed for R

stresses: produced hy » uniform prensure-npplind on.its outside surface. i

The SAP model represents a five degree Iedgt of thu shell with cighteen
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TADLE 5 FORCE EQUILIBRIUM SUMMARY
(SAP AKALYSIS OF ADLPIPE EXAMPLE 1)
A. REACTIONS
nODE | SAP ADLPIPE
FX ry FZ FX Y FZ
9 5643, 51 . va 5659. ) ]
11 . | -4044.55 . ] ~q052 . ;
12 T 2350.08 4023.01 | -4950.70 2351, 4026, -4966
13 F10993.59] 4505.61 | 2960,70 [|-11021. 4509, 2966
TOTAL] -2000.00 | 4484.03 | -2000. 00 “ -3001, 4483, T -2000. "
B, AFPLIED LOADS
C N
LOADING TYPE " Pl1RECTIO
CONCENTRATED:
at node 3 . 1000, 00 .
at node 4 v =200, 00
at nodo B 3000, 1000, 00 2000,
DISTRIBUTED
WE IGIT: -628B4.03
TOTAL 2000, -4484.03 2000.
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thin shell elements along the thirty-nine degreé meridisn. The curves

drawh ip Fig.'lﬂaré plots Pf meridian {¢) and circumferential (8)
direction surface Et}élﬁeﬁ predicteg by the SAP nrogram Bt the element
centroids.

= The ;olutinn of this prohklem 1s giventin the text by Timoshenko [ 27],
'.whére the stress distribution of Figflﬂnm} be found for comparison.

It uhﬁﬁld be noted thet program SAP calculates membrane stresses (force

per unit area) and bending resultants {(momgnt per unit length) from

which the surface gtresses in the figure have been evaluated.

a, Frequency and Mode Shape Analysis of plane Frame

The lowast three frequéncies and corresponding mode shapes of the
plene frame shown in Fig. 11 are calculated. The resulls can he
compared with the selutions published in referénres [4] [5]. %:.1¢ that
depending on the high speed storage available cither a determinant
search or 8 subspace 1turat;un solution may be performed. The thruee

lowest vibration periods of the frame are glven in Table 6.

-

4, - Response Snectrum Analysis of Pipe Network

»

A response spectrum snalysis of the pipe assemblage shown in Fig. 12
.. 18 egrried out, This 1s example 1 in the User’'s Manual fov the "PIPDYS'
Computer program [351._ Good correspondunce between the SAP and PIFDYN
solutions is obtained., Teble 7 compares local z-direction member end

moments calculated by the two progrzms. In the analysis the lowest

five modes are considered, Both, horizontal and vertical (proportinnal)

apectra ere simultanvously specified,

47
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TABLE & PERIODS OF PLANE FRAME
MOOE ~ FERIOD
NUMBER (SEC)
1. 8.183 -
. 2,73
3 1.547
TABLE 7 COMPARISON OF MOMENT PREDICTIOQONS

' {SAP ANALYSIS OF PIPIYN EXAMPLE 13}

'ELEMEKT

MONENT MZ {Kaip in) IN ELEMEXT LOCAL
COORDINATES (at element onds 1, sae

: Ref. 29 pp. 51
NIMBE R |

: SAP FIPDYN
1 376.9 377.0
2 30.67 30,68
a 152.9 152.9
q 100.6 100.6
] ., B3.27 B3.27
& = 46.17 46,19
T 1.081 1.082
8 21,59 2z1.a1
9 7.052 7.038
10 7.537 7.571
11 160,3 160.4 .
12 78.07 78,09
13 26,08 25,80
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5. Mode Superposition. Tipme History Response Analysis of Cantilever

The cantllever beam shown in Fié, 13 is pnalyzed for thé ground
lccelgrntiun shown it the same figure, The aolution to this prqbluﬁ
15 obtained ;ndependently uzsing the "DRAZ? computer cndé l21), This
progran calculates the dynamic response by direct integration of the
{coupled) equations of motion using the Wilson B-algerithm [6].

The response history of the beanm model is evaluated in SAP uzing
mode stperposition including all eight flexural modes deuuloped_in the
cantilever; Table B lists the pericds of these cight modes CDMpuked'
by SAP. Figure 14 5ho;s the variation of the transverse displacements

,and of the fixkd—end momang ca}culnted by SAP. The DRAZ nredaictions
‘agree with the SAP regults to 5 or more dipgits and, conseqQuently, arpe

not shown for comparison,

6, Mode Supermosition Time History Hesponse Analysis of Cyliodrical ‘Tube

. The response of the 5iﬁp1y sUppbrted cylindrical tube shown in ng.la
for a suddenly zpplied losd i5 celculated by mode superpositican, Using sym-
metry one half of .the tube is idealized as an asserblage of axisymmetric
elements with & total of 611degrees of freedom, In the pode superposi-
tiop analysisonly the lowest twenty modes are considered; some of the
vihrﬁtiun pericds are listed in Tahle 9. Figure 13 shows a comparisan

of the radial displacements calculated by the program with a Timoshenko-

Love solution {24].
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TRAMSVERSE DISPLACEMENT {IN

BENDING MOMENT {LBS -IN.)

. 100,000

80,000 |-~

60,000 I~

40,000 -

20,000 —
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] 4 & a . 12 ia 6 " 18
TIME { SEC)

(a) TRANSVERSE DEFLECTIONS
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30
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2 4 6 B 10 12 14 16 18
TIME (SEC)

(b) MOMENT AT NODE 1
{FIXED END OF CANTILEVER)

FIGURE 14: CANTILEVER RESPONIE
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1. Direct Inteeration Time Histoapy Hespnnsé Analysis of Cylindrical

Tube

The reaponse of the sieply sypparted tube shown in Fig, 15 fﬁr the
applied load 13 cal:ulatud by direct integration. The same-finite
slepent idealization and time step At 8s in the mode superposition is

used. Figure 1% shows the radial displacements as calculated by the

4

program,
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ATPERDIX — DATA 1INPUT TO SAP IV

I. HEADING CARD {12a8)
notes columng variable entry

(1) 1 - 72 HED(12) Enter the heading informetion to Le
printed with the outpul

NOTES/

f13 HBugin cach new data ease with a new heading card,



11.
notrg

(1)

(E

(4]

)]

{fa)

(7

(&)

NOVES.'

MASTER CONTROL CATD (213)
columns variakle entry'

1 - 3 CNUMND Total number of padal points {joints)
in the podel

& - 10 NELTYP Sumpger ol elementl groups

11 = In LL Numbuer of structure lood onges:
GE. P static analy=is
EQ.0; dynamic ahalysis
la = 20 NF Number of frequoncies to tae [ound
in Lho oigenvalue snlution,
EQ.O; static nnaly=1s
' GE.L; dynamic analysis
21 - 25 NDYN. Analys1s 1ypoe code:
EQ_ 13- statlic analysiy
EQ.Ll. eiponyn lun Sfvepctor solution
E&. 2 Faorced dynumic responsc hy
EDde Supurposition
EQ.3; response specirnm analyaas
EG.1; direct stop-by-step intopration
26 = 0 Monrx Program oxecul i modoe:
EQ.{ prablem solution
EQ.1; data chueck unly
31 - 35 XaDb Total number ol vociors to be used

ip u SUTSPACE INTEMRATION sulurion tor

oipgenvilues voglors:

EQ.O0; defaultl set tu;
MIN{2eXF,NF+8 }

G =40 KEQR Number of dogrees of frecdom
. {fequations) por block of storoge:
EQ.D. calculated automatically

by the propgram

{17 Newtes are labeled with iotepers ranging Crom "1 o
the total pumber nf moafes 1o the system, RETRTET S
Thye program cX1Is with no digpnostie mes=ape 1§
NUAMSP is orers (0, Thux, two blank coards are used
to end the last.doats vase 10 a run; i.e., ane blunk
homling card {Section Y und ene bBlook cand Jor
this section,

2] For each diflferenl element type (TRALSS, BEAM, »10l.1 5
new clement group necd be defined.  Elements within
ErOlps are assigned  ponteger igbels rangiuz em "
o the tetal number of clements o Sy grolp.,
Elvment groups are inpul in dection 1V, below,

..

I1.1



It. MASTER CONTROL CARD (continued) .

Element numbering must hepin with one (13 in cach di fferont
group. it 1s pnssible to use more Lhan one group tar ahn
element type, Frer cxample, all columps (vertical boeams) of
a buildirg may be considerced one group and the girders
{(horizontal beams) may be considered another group,

(3 At least one (1) lpad condition pust be specified for a
static {(XDYMN.EQ.0) analvsis. |[If the data case calls forancof
the dynamic analysis options (NDYN,EQ.1, 2, 3, or 4), no
load cases can he requested {i,e,, LL ts input as "0y,
The program aluays prucesses . Scotions ¥ (Cuncentraled
Load/Mass Data)] and ¥I {Elemenl load Multipliers) and
expects to road some data.  For the ¢ase of a dynamic
analysis (NDYM.GE.1l) only mass ceelficlents can be 1ppul
in Section ¥, and onc (1) hliank element load sultiplier
card is cxpect«sd In Section V1. A Y

() For a static apalysis, XF.EQ.0, 1 SbhYN EQ.I, 2 nr 3, the
lowest NF eclgenvalues are detormined by the PTOEram. Kot
that a dynamic solution may o pre-starled after cipgenvalue
extraction {providing a'previnus clpgenvalue solution for
the model woas saved on tope as dedgeribed in Appombix A).
NF for the original and re-start runs must be the snpe,

{(5) 1t NDYN . EQ.2 or NDY¥N.EQ.3 the program first solves [or NF
eigenvaluea/vectors and then performs the forced respansg
solution {or the respaonse spectrum analysis). -+ Thus, the
program expects to read the control card governing the
eigensolution (Scction ¥I1,A) befoare roading dota in
either Scctions VIILB or YI1.C. For the case NDYN,EQ.1,
the program solves for AF vigenvalucs//vectors, prints the
results and proreeds to the next data case.  The reaulis
for the elpgenvalue solution phase (NDYN.EG.l) moy Le
saved for leter use in autumatice re-start (Appendix A
list= the control cards that are reguired to affect this
save operationh i.e. a dynamic solution may be resiarted
without repeating the solution for modes and frequencies.
If this data case is a re-start Job, sct XDYN_FQ.-2 for a
forced responsce solution, or set NMWHN.EQG.-3 {for a response
spectrum analysls, Nute that the aclution may be ro=ainried
a multiple oof times (to ven difforent ground spoctrp o
difforent tine=dependent [oreing functions] Lecauso e
program does tob destroy the contents of the re-start tape,

{t NDVN.EQ.4 the program perloris the response solution by

direct stup-by-step tntegratien and mo eagenvalue solution
conirol card should be provided.

Ir.2



IT. MASTER CONTROL CARD {continued)

£6) In the doata-check-only mode (MODEX.EQ.!l), ihe program
writes only one {ile, "TAPEE', and this file may be
saved for use as 1nput to special purpose programs =uch
as mesh plotters, ete. TAPEB contains all data ipput
n 115 completely generated form. I{ MODEX . EQ.1, mosc
af the expensive calculations required during nermal
(MIDEX.EQ.0} execurion gre passed, TAPEE, however, is
net written durlng normal preblem solution.

Nate that a negative value for NDYN ("'=-2" or "-3""},
when exccuting in the datu=-check-only mode, dooys not
cause the program 1o regd the re-start tape which
contains Lhi eigonsolution in[urmatibn; instead, Lhe
program jumps directly rom this cord 0 Sccpiop VIT O
{or Section VIL.C} wml continues reading and checking
data cards without performing Lhe solution, -

(7) If the program is to solve for cigenvalues u-sing 1he
SUBSPACE ITERATION ulgorithm, Lhe enisy in oo 31-33
coh be used Lo change the total- number ol iteration
veclors v be usid [rom the default minimum of 2-5F
or NF+B (whivhever {5 smaller) to the value “xAD7 .
The effoct of increasime NAD over the debtault vualoe
15 to acoceleraiv convergence in the calculat 19ns tor
the lowest KF eigenvalues, NAD i» principolly o pro-
Erom tesbing pacrometer and should normally e lefl blonk,

(B) KEQB is a pregram testing parametcr which allows the
user to test mulitipla equation block scolurions wsing
amall dota cases which would otherwise be one block
problems. KEQD 1s normally left blank,

[L.7%



I11.  XODAL POINT DATY  {Al, 14 ,615,3F10.0,15%,F10.0)

notes columny variable entry
il 1 oT Symbol describing coordinate sysiom
. for this mode
EQ. ; {blank}) cartesian (X,Y,4)
EQ.C; cylindrieasl (R,Y,E)
(2} 2 - 5 X Node numbed
-+
(3} £ - 1o IX{N,1} X-translati1on houndary copndition code
11 - 15 IX{N.2) Y-translation boundary condition codo
s - 20 IN(N, 3 Z-translativn boundary condition code
21 - 25 IXI(N.4) X-rotation boundary ¢undition code
45 - 20 IX(N,5) T=retatlon boundary cotglition cede
31 - 35 IX{N,B} Z-rotation boundary vandotion el
£ER.0; free  (loads allowed)
EQ.1; fizxed fpo luatd allowed)
GT.1: mAHtor node numlop {honm nodey
only)
{d4) 36 - 495 X (N} X (or BY ~urdinatu
46 — 55 TN Y —rdinag e
56 - B5 ZiN) - Z (nr 8) —ordinate [Weprees)
[5]‘ tihy — TFO Kk Mode nurber incromonptl
{6) 71 - Hi} T(»] Nodal tempurature
KOTES/

(1) A special cylindrical coordinate system is pllowoed
for the global deseription of nodal point locations, IT
a 'c" is entered tn card column one (1), then the ontries
given in oo J6-65 are taken to ho references to n
global {R,Y,8) system rother than te the standard
(X,Y,2} syster. The program ¢onverts cvlindrical
coardinate teforences to cartesian coomlingties using
the formulav: '

L

= R sing
v
= H cuosh T

i

b e
|

Cylimirical voordinate nput is merely o ser cvamyeni-
cnce for lacating podes in the standarmd (0,071 ==,
and no othet referconces (o Lhe eyvlindeical sv=tem are
ieplicd; 1.0, boundary copdition specilicallons, ut-
put displacerent compofents, oto, are peloerciced o
the (X, Y,2Z} sysiem. - )

(2 XNodul point data must be defined for oll (HLMSPY nodes,
N gfota may be jnput directly {(i.o,, coth e on
its ven individual cand) or the peoeration apiion

may bhe wvsodd LF appllcuble (sov npote 5, belowd

Itr.1



I1I. NODAL pPOINT DATA (continued)

Admissible podal point sumbers pange from 17 to the total
pumher of nodes [SUMNP”.  Illepal retferences are:
N.LE.O or N,OT.NUWNP,

{1) Boundary condition codes €an anly be assigned the
following values (M = 1,2,.,..,8); ’

H

IX(%,M) = 0; unspecified {free} displacement
(or rotation) corponent

IX (N, M) i deletid (fixed) displacenent

{or reotation) component

node number KT (1 < K u SOMNP

and K £ N} 1s the "master node

1o which the Mth degree of reo-

dom at node "X is a slave’

1
]

1X (N, M}

1l
-

An unspeci fimd (IX(N,MY = Q) degros of freedom s [roo
to translate or rolate as the selution diclates,
Concentrated [orces (or momenls) may be applivd (Scction
Vv, below) in this degree of froedem.  One 1) system
cquilibrium equation s reqUlecd fore ecach upspoctied
degree of frocdom in the medel . The maximum number

of wvquilibriun equations is slways less Lthan six {H]
times the total pumber of nodes in the model,

Deleted (IX(N,M) = 1) degrees of freedom are removerd
from the Final set ol equilibeium equations. Deloted
degrees of frecdom are tixed {points of repctiond, aml
any loads applied in theise duegrees of freocdom are
ignored by the program. Nodes that are uscd for
geometric reference only (i.e,, nodes not assigned

1o any element) must have all six (6) degrees ot freoe-
dom deleted, Nodal degrees of [reedom hoving unde [ ined
atiffness (such as rotations ip an all THUSS model,
cut-of-plane cowponents in 8 two-dimensicnal planar
mudel, ete,) should be deleted, Deleiions huve Lhe
bencfictal cffect of reducing the size of the set of
gquations that mas1 be solved,  The table below lisls
the types of degrees ol freddom that are deflined Iy
cach different vlement Lvpe. The table was preparcd
asauming that the clument has general orisntation in
(X,Y,2} spave,

DEGREES OF FREEDOM % 1TH DEFIXED STIFFSESS
ELEMENT TYME X Ay 7 £ 9\; L E,‘. & E,z
1. TRUSS x x x
2. DEAM x X x X X x
A, MEMBIASE X x X
4. 2DAQUADRILATERAL x X
5. 3D BRICK X % x
F. PLATE/SBIKILL x X x x

. BOTXNDA Y X x % x

* (11,2



111, NODAL pOINT DATA (continued}

[

DEGREES COF FREEDOM WI1TH DEFINED STIFFNESS

ELEMENT TYPE £ by 8z &8y, ﬁaY bﬁz
B. THICK SHELL x . ox " x
X X X X x x

S. 3D/PIPE

{4)

Hence, for an all 3B/BRICK model, only the X,Y,%
translations are defined ot the noede, and ths number

of equaticns can be cut in half by deleting the three

{1) rotational components ot every node. I1f a node

in common t¢o two or more different olement types, theno
the pnon-trivial dogrees of freedom are found by cvombi-
nation. For exaeple. all six (&) l’.‘l}m};ﬂﬂﬂ'nlﬁ are possible
at g node common to both PEAM and TRUSS vlements; i.e.,
the BEAM governs,

A "master/alave’ option is allowed toc model rigid

linpks in the system. For this Coase, IX(N M) = K moans

that the Mth depree of freedom at pode 50 1s  slave'

to (dependent on) the same (Mih) degrew of irecdom aft

node "K'"; node "K' is said to be the master node to

which node N is slave. HNote that no actual beam nheed to run

from nodc K ta node X, howover the followlng restrictions hold:

{a) Node one (1) cannot be a master node; i.e.,
K #1.
(b} Nodes "N and "K' must be beam-only nodes;
i.e,, no other element tvpe may be connectod
to ejther node N ar K,
(¢) A node "N" can be slave to oniy one master node. K';
multiple nodes, however , can be slave to the samo masler.
(d) If the beam from N to 'K 13 to bu a
rigigd link arbitrarily oriented in the
X,Y,Z space, then all six (6) degrens of free-

dom at node N must be made slaves to node "

bisplacement/ratntion compenents for slave degrers of
freedom at node N are not recoyvered for printing:
i.e., zeroes appear as cutput for slave degrees of
freedom. '

When CT (Col. 1) is equal to the character 'C', the values
input in CC 36-85 are interpreted as the cylindrical Ry, B
coordinates of hode "K'. ¥ is the axis of symmetry, H is:
the distance of a point from the Y-axis. The angle £ is

measured clockwige from the posltive T-nxils when looking in lhy
positive ¥ direetion., The cylindrical cogrdinate values are
printed as entered on the card, but immediately after printing the

rIr.2



TII1I1. NODAL POINT DATA (continued)

global cartesian values are computed fromthe input entries,
Kote that boundary condition codes always refer to the
the {X,Y,Z) system even If the node happens 1o be located
with cylindrical coordinates,

{5) Xodal point carls need not be input in node-order sequence;
eventually, however, all nodes in the 1nteger set {1, NUMNP!
must be daefined. Joint fdata for a series of nodes

[Ny ) N+l X KN, Ni+Z x KN,,...,K,}
may be generated from information given on two-{2) cards
"in sequence:

Cﬁm 1 .r"Hlnlx'fﬂlj-l]:-.-:Ixf“lrﬁl,:’;(HI)J...sKNI:fol}f
f* ’ s Wl .
CARD 2/ N, IX{N,.1), ... IX{N,,8) X {N2] . ,th‘.T(hE)f

KN_. is the mesh generation parﬂmﬂter Elven on Lhe setond
card of a svguence. The [irst gencrated node s

Hy+l xKN,{ the second guncrated node is Ny+2 «KN,, etc,
Geparation continues until node number Hz-HNE is
eatablished. Sote that the node difference ”2 -5 must
be evenly divisihle by KN,. Intermediels motdus hetwooen
Hl and N2 are lovated atl equal intervals along the .
atreight line botween the itwo points, Roundary conditlon
codes for the gonerated data are set egual to the valuesw
glven on the ftirgt card., Node temperaturcs arc found by
lipear interpnfatiun between T{NI} and T(N,). Coordinatun
generation i1s always performed in the (X,Y,Z) system, and
no generation 1g performed if KNg is zero (blank),

(6) Modal temperatures describe the actual (physical}
temperature distribution in the structure. Average
¢ lement temperaztures established from the nodal valucs
are uzed to select material propertics and to compute
thermal sirains in the model (static analysis only).

I11.4



IV. ELEMENT QATA -

TYPE 1 - THREE-DIMENSIOSAL TRUSS ELEMENTS

Truss elements are identified by the number 1, Axial faotces and
stresses are calculated for each tember. & usiiform temperature
change and inertia loads in three directions can he considered
as the basic element load conditions. -The truss elemcnts are
described by the following sequence of cards:

A, Control Card (315) "

Colupns 1l - 5 The number 1
6 - 10 Total number of truss elemonts -
11 - 15 Number of material property cards

B. Materiel property Cards (I5,5F10.0)

There need be as many of the following cards as are
necessary to define the properties listed below for each
eleoment in the structuro. “

Colucns 1 - 5 Material identification number
6 -~ 15 MNModulus of clasticity
16 = 23 Coeffivient of thermal expansion
26 - 35 Mass density {used to caleulate mass Fatrix)
36 - 45 Cross-sectional area
46 - 55 Weight density {used to calculate gravity .
loads) '

C. Element larad Factors (FLO.0) Four cards

Three cards specifying the fraction of gravity {im each
of the three global courdinate directions) tg be pdded
to each vlement load case.

Card 1; Multiplier of graviiy lead ipn the +X dircction

Columns 1 - 10 Elemont load case
11 - 20 Element load case
21 - 30 Elem:nt load case
31 - 40 Element load case

=R I~

Card 2: As above for gravity In the +¥ direction
Card 3: Az 2bove for gravity in the +Z direction

Card 4: This indicates the [raction of the thermal load
to be Bdded tn each of thi element load codes.

) b, Elepent Data Cards {41I5,F10.0,15) .

One card por element in ihcruasing numerical order.starting
with one,

Columna 1 - 5 Element number

I¥.1.1



Iv.

NOTES /

ELEMEST DATA {continued)

(1}

(2)

Columns 6 10 Node number I
11 - 15 ©Node number J
16 - 20 Material property number
21 - 30 Reference temperature for zeTo Stress
31 ~ 35 Optional parameter k ysad for automatic
generation af element datae.

If a serics ofelements exist such that the element numbeor,
Hi’ is one greater than the previous element number (i.c,
Ny =N, + 1} and the nodal point number ¢an be given oy

i a1 ! k

Ttk
then only the first elemont in the series need be provided,
The elemcnt fdentification number and the tomperature for
the gencrated evlements are set cequal to the values on the
first card. If k {given on the first card) is input as
zakra it 18 sect to 1 hy the program.

The element temperature 1ncrease AT used Lo czleulate
thermal louds is given by

AT = (T, + T.,3/2.0 - T
1 r

J
where (T, + T.}/2.0 is the averare of the nodal temperatures
5pecifie& on {he nodal point data cards for nodes i oand 3;
and T, ts the zero stress reference temperatuce specified

on the element card, For truss olemonts 1t is generally
mgre cohvenlent to set T,1 a T; = 0.0 such that 5F = T,
(note the minus sign). Other types of mombor loadings

cat be sproelfied using an equivalent AT, I 2 truss

member has an initial lack of fit by an amount d (positive
if too long) then AT =d¢/{pL) . If an initial prestress
force P {(po%itive if tensilue) is appliecd tuv the merher

ends that is released after the member is connected to

the rest of the structure then 3T = - PS{aAE). In the
above formulos A = cross section area, L % mombor length
and o = coeffivient of thoeermal cxpansion,

bl
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IV,

ELEMENT DATA (continued)

TYPE 2 - THREE-DIMENSIONAL NREAM ELEMENTS

Bean elements are identified by the nuﬁhuf 2. Forces {axial and .
shear) and moments {bending and torsipn) are caleculated {10 the
besam local coordinate system) for fach beam,  Gravity loadings

Iln epch coordinate direction end specified fixed end forces form
the basic elcment load conditions. b

The beam elements are described by the following sequence of
cards:

A, Contral Card (51I5)

Columnsa 1l - 5 The number 2
6 - 10 Total number of boam elements

11 - 15 HNumber of elomnpt propoerty cards
16 - 20 Number of filixed emd force sets
21 - 25 HNumber of material propurty cards

B. Material Property Cards (15 ,3F10.11)

Columns 1 - 5 Material identification numher .
6§ - 15 Young's modulus
16 - 25 poisson's ratio
26 = 25 HWass depsity fused to caleulato mass matrix)
36 - 45 wWeight density {used to calculate gravity
loacs)

C. Element Proporty Cards (I5,68Fl0,0)

Columns 1 - 5 gGeometric proporty number

6 - 15 Axial area

15 - 25 Shepr are3a asgociated with shear [orces in
local 2=-direvction

26 - 35 Shrar area associated with shear forces in
local 3-direciion

36 - 4% Torsional inertis

46 65 Flexural irertis about local 2-axis

53 - §5 Flexural ipercip about loval J-oxis

One card is required for each unique set of pruperlics.
Shear areas need he spreified only if shear deformation:
are to be included in the analysis,

Iv.2.1



I¥. ELEMEKT DATA (contipued)

HOTE: .
) K IS ANY NODAL POINT
WHICH LIES N THE LOCAL

1-2 PLANE {NOT ON THE 1-4XIS)

LOCAL COORDINATE SYSTEM FOR BEAM ELEMENT

Eloment Laad Faclars (P10}

o,

Noedal peeint loads

Card 1:

Celumns

Card 2:
Card 3

(oo momonts) due Lo gravity are compuled.
Three cards necd be supplicd which apecify the fraction of these
loads {in wvach of the throe global coordinate directions) to hbe
added 1u each element load casc,

Multiplicr of gravity load in the +X directton

1
11

2]
31

As
As

above

above

10
24
30
40

Element load case A
Element lowd case B
Elepent load case C
Element load vase D

for gravity in the +Y directien

for gravity in the +2 direction

Flxpd=End Forces (I3,8F10,0/15,G6F10,0)

Twa cards are required for evach unigue set af fixed-end forces
occcurring io the anoalysis,
can be specified using the [ixed-end Forces.,

Card I

Columns

1

1§
26
1)

96

Fixvd-end
FiXxed-end
Fixed-end
Fixed-cnd
Fixvd-ond
Fixed—end
Fixed-end

Distributed loads und thermal londs

force pumber

force in Yool l-dircetion at Nodo I
force in local 2-direcrion at Node 1
force in local 3=-gdircction at Nodo I
moment about local l-dircection at Koude
roment aboul lacal Z-direction at Noiie
moment about local 3-direclion at Nodo

iv.z2.,2 .
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1¥. ELEMENT DATA (continued)

*

Card 2:
Columns

1

B
16
28
36
46
S5

5
15
25
is
45
55
63

Blank

Fixed-eond force in local l-direﬁtiun at Node J
Fixed-end force in local 2-direction at Node J
Fixed—epd force in local 3-direction at Node J

Fixed-end moment about local l-direction at Xode J
Fixcd-ond moment about local 2-direction at Nexle J
Flxed-end moment about local I-direction at Node J

F

Note that values igput are literally fixed-end values.
CTorrectlons due to hinges and rollers ore performed within the

DMrections 1, 2 and 3 indicate principal directions in
tha locel beam coordinates

program,

F. Peoesm Data Cards (10I5,216,18)

Columns

1

5
11
16
21
26
31
J&
41
16
51
a7
63

5
10
15
240
25
30
a5
+0
135
50
56
62
TO

Element number -
Node numbgr I
Node nymber J

Sode numher K = sew acCompanmnying figure
Material property numbor
Element property numbey

A
A
c
b

Fixed-vnd force

End r¢lense codo

al nemlie T

End release code at node J
Optinnal parameter kK uscd fur automatic

generation of element data.

identafication for
elomont load cases A, I3, C, and D
respirclilively

described below under a separate heading,

the option is not used, the fiteld is left blank.

This option jis

It

The end release code at cach node iz a 5ix digit number of ones
, Bth digits respeeljvely
correspond Lo the force components RI, H2, RD, Ml, M2, Wi at

pnd /or zZeras.

egch node.

If any one of the above element «pd

The 1st, 2Znd, .

(hinge or paller),

R One.

NOTES /

forces is kKknowh

to he Zuro
the digit cortesponding toe that comporent

(1) 11 a series of elements occurs in which each cvlement number NE, is one

Ereater Lhan the previous number NE1

1.e.,

only the elemunt data card for the first element ip the series need be given

ss8 input, provided

XE

i

-1

= ;El—l +

Iv.2.3
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(2)

1¥. ELEMENT DATA (continued)

(1)

and the

23
(2)

(4) -

(3}
(6)

The end nodal point numbers are Hli. 11

il
W
-
+
x

N BN+ K

material property number

element property number a

fixed-end force jdentification numbers for each element load case
element release codo

erientation of local Z-axis

are the same for each element in the seriecs.

The wvalue of k, if left blank, is taken to be one. The elcement data card
for the last be2m element must always be givin,

When succegsive beam elements hnve the same stiffnesa, oricntation
and element loading, lhe program automatically skips recomputation ol 1ne

stiffness,

Note this when numbering the beams to obtnin maximum cffacaigney.

I¥v.2.4



I[v. ELEMENT LATA (ocont inwmed)

TYPE 3 — PLANE STHRESS MNENBEANE ELEMENTS

Quadrilateral fand triangular)elements can be used lor planme
stress membrane elements of Specified thickfess which are oriented 1n
an arbitrary plape. All celerents have tempersturc-depondont griBotropic
material propurties.  Incompetible displacemeont modes can Le anelodoerd at
the vlement level in order to amprove the honding propertios of the
elements, '

A gengral quadrilateral clement is shown below:

A local e¢lement coordinate aystem is definoed by @ u-v sy¥ystem,  The v-axis
coincidos with the t-J side of the olement,  The u axis 18 normal to the
v-axis and is 1n the plane defined by nodal points 1, J and L. Node K
must be in the same plane if the vlement stiffness caleculations are to
he corrpct. The Ffollowing sequence of cards define the toput data for

a sl of TYPE 3 elements.

A. Tontrol Card {(B13)

Colurns 1 - 5 The number 3 .
& - 10 Total pumber of plane stress elements
11 - 1% HNumber of materiel property cvords
1 = 20 Maximum pumboer {.'f_f temperaturne points tor any
one material: sev Section B below,

30 Non-zero numcerical punch will suppress the
introguctinn of iocompatible displacement
Merde s,

B. Matvrial Property Infurmation

Orthotropic, temperature-dependent material properiivs are
pesasible,  For each differcnt meterial,the following proup of
cards must be supplied.

) 1v.s. L



IV, ELEMENT DATA (conbtinued

1, Material Prope

)

rey

W

Card (215,2F10.0)

Coluzns 1 -
.E__

11 -

2]l -

5

14

20

3G
40

Material identification nubber

Humber of different temperatures for which
properties are given, TF this field is

left blank, the npumber {5 taken as one,
Weight density of material (used to
calculate gravity loads)

Hass.density'{used to calculate mass matrix)
Angle B in degrees, meagsured counter-
clockwise from the v-axis to.the n-axis.

K

The n-s axes are the principal axes for the, orthetropic material.
Weight and mass densities need be listed only 1f gravity and
inertia leuwds are to be considered,

2., Two cards for each tempurature:

Card 1: {aFl10.0)

Columns 1 -~ 10 Temporaturuy
11 - 20 Modulus of Elasticity - E
21 - 30 Modulus of Elasticity - E,
31 - 40 modulus orf Elastivity Ht
4]l - 50 Strain Ratio - s

. 51 - 60 Stratn Ratio - Vit

6l - 70 strain Ratio — Vgt
71 - 80 SBhear Modulus - Gy

Iv.3.2 )



I¥, ELEMENT DATA (continurd)

Card 2: (3FLD.Q)
Columns 1 - 10 Coefficient of thermel expansion - o
11 - 20 Coefficient of thermal coxpension -~ QE

21 - 30 -Coefficicent of thermal expansion - oy

All material constants must always be specified, For plane
stress, the program modifies the constitutive relations to
satisfy the condition that the normal stress <; equals zero.

€, Element load Factor= {5F10,0) -

Four cards are used to define the element load cases A, B, ©
and D as fraction of the basic thermal, pressure and aceeleration
loads.

First card, load vase A: Sccund card, load case [, ote,

Lalumns 1 - ) Fraction of thoermal load
11 - 20 Fraction of pressure load
21 - 30 Fractiaon af gravity 10 ¥-direction
31 - 40 Fraction of gravity in ¥Y-diroction
41 - 50 Fraction of gravity in Z-direction

D, Elopent Cords {615,2F10.0,215, F1Q.Q)

tme card per element must be supplied (pr generated) with the
following information:

Columns 1 - 5 Element number

6 - 10 Node I

11 - 15 Node J

16 - 20 FKodo K

2]l - 25 ©Node L (Node L must evqual Node K faor
triangular zlemunts}

26 - A0 Material identification numbevr

31 - 40 Refwerence temperaturs for roero slressces
within elcment -

41 - 50 XNormal pressure on 1-7 side of oloment

51 - 55 Stross cvaluation option 1

36 - 60 Elemont data penerator "

6l - 70 Elumont thickness

NOTES/
(1) Element Data Generastion - Element carqs must be in element number
sequence, 1§ carmds are omitted, data for the omitted elemonts will

be pgenerated, The nodal numbers will bhe gencerated with respect ta the
first card in the series as faollows:

1“ =1“_1 + K

Jn = Jn-l vk

I¥.3.3



IV,  ELEUENT DATA fvontipued)

= + kK
Kn Hn-l

= rk
Ln Ln~1

All wther olement ipformatiorn will ke sot eqgual to the inloeemation on
the last card read. The data generatiun parameter k' is Specificd
on that card. *

{(2) Struss Print Option - Sce clement type 4

{3} Thermal Data - Scee element lype 4

(1) use of Triangles - See element type 4

(5) Usc of Incompatible Modes - See olement type 4

v, a1
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IV¥. ELEMENT DATA {continued)

TYPE 4 - TWO-DIMENSIONAL FINITE ELEMENTS

Quadrilateral &nd triangularielements can be used ag:

{1) Axisymmetric solid vlements symmetrical about the Z-pxis.
The radial direction is spucified as the Y-axis, Caru must
ba axercised in combining this element with other types of

a#lements,
-

{11) Plene strain elements of unit thicknoss in the Y-Z plane.
(i1i) Plane stress elements of specified thickness in the ¥Y-Z plane.
All elements have temperature-dependent orthotropic material
properties, Incompatible displacement mades can be included at the

elepent level in order to improve the bending propertlies aof the slement.

A greneral quadrilateral element is shown bolow:

A. Control Cord (oIS}

Columns 1 - 5 The numher 4
6 - 10 Total! nurber of eluments !
11 - 15 HNumber of different caterials
16 - 20 Maximum number of lemperature cardy for . any onc
metuerial - ace Section O below.,
0 for axisympetric analyals
254 1 for plane strain analysis
2 for plane stress pnalysis
30 Non=gzero numerical punch wi1ll suppress the
intreduction of incompatible displocement modes,
Incomnpatible modesa cannot be used for triangular
elements and are automatically suppresscd.

Iv.4.1



IV.

ELEMENT DATA (continued)

Material Property Information

Orthotropic, temperature-dependent material properties are
possible. For each different material the following group
of cards must be supplicd.

1. Material Property Card (215,3F10.0}

Columns 1

[

11

21
31

o

10

20

J0
40

Material identification number

Mumber of different temperaturc for which
propertivs are given. If this field is

left blpnk, tho numbeor 15 taken as one.
Woight density of material {(used to calecu-
late gravity losds)

Mass denwity {used to calculate mass metrix)
Angle B in degrees,; measured counter=
clockwise from the v-axis to the n-axis,

K

4‘ J
Y.v

1 >

PRINCIPAL MATERIAL AXES .

The n-s5 axes are the principal axes for the orthotropic

mhterial.

Welght density is nceded only if gravity ond
inertia loads ara

to be considerod.

2. Two cards for eadh temperature:

Cord 1: (AF10.0)

Columns 1
11
21
al
41
51
&l
71

10
20
o
a0
30
60
70
80

Temperature
Modulus of elasticity - En
Moedulus of vlasticity - Eg

Modulus of elasticity - E,

Strugn rut}n - }hu
Strain ratio - it
Strain ratio T
Shear modulus - Gns

IV, 4.2



I¥. ELEMENT DATA f{rontinued)

Card 2: (3F1Q.0)

Columns l - 10 Coefficient of thermal expansion - g
11 - 20 Coefficient of thermal expansion - qg
21 - 30 Coefficient of ]

All material constants
the program modifies the constitutive

thermal expansion - oy

must #lways be specified.

relations to sptisfy the

condition that the norwal stress Ty equals zero.

-

C. Element

Load Factors

Four ¢ards are used to defline the element load cases A, B, C

and D as fraction of the basic thermal,

tion loads.

First card,

Calumns 1
11
21
a1
41

LY

load case A;

10
20
30
40
50

and occelera-

pressure

Sccond card, load case B etco.
thermal load
prussure load
pravity in X-dirceetion
graviity in Y-direction
gravity in Z-direction

Fractiaon of
Fraction of
Fracliion ol
Fraclion of
Fraction of

D. Element Cards (6I5,2F10.0,215,F10.0;)

Une card per clement must be supplied (ur generated)] with the

following information;

Columns 1
a
11
16
21

26
31

41
51
56
6l

KOTES/

3
10
15
20
25

a0
40

50
5%
G0
70

Element number

Node 1

Node J

Node K

Wodu L {Node L must egqual Node K for
triangular elements)

Material identificetion nurhoer

Aoference tomperature [orf zero streg:es

within element

Xormal pressure on I-J side’ of element

Stress cvaluation option ''n'

Element data generator K

Element thickness (¥or plane stirain set

equal to 1.0 by program}

(1} Element Data Generation - Element cards must be in element number

sequunce,
generated,

[f cards are omitted the omitted ¢lement data w11l be
The nodal numbers will be geperated with respoect to the

first card in the series as follows:

I¥v.4.3 .
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IV, ELEMEXT ATA (cont jnued] - »

K =K + K
L =1L + k *

All other element information will be set vgual to thoe information
on the last card pread. The data generation parameter K 15 given on Ltha:
rard.

(2) Stress Print Optiont - The following description of the stresgs proint
opticn applies to both element types 3 and 4, The value of the stress
print option "n" can be given us 1, 0O, H, 16 or 20,

t Tf
L * K=L
4
_-l-"hh-h K
2 ]
v
o t o .
l
S
2 J
3
4 3 J 1
0 = vrigin of natural s-t enordinates (Pig. 52). Point= 1, 2, 3 and
4 arv midpoints of sides. The points ot which stresses are output
depoml on the volue of Boas degevibed 1o the Tolluwing table,
Stressos oulpur it
1 Mo
0 L
M g, 1
15 o, 1, *, 3
20 g, 1, 2, 3, 4

"
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IV. ELEMENT DATA {continued)

The stresses at O are printed ip a local y-z Coordinate syetem.
For element type dJ, side T-J defines the local y-z axes 1n the
plane of the element. For clemoent type 4 the local v=2 axcs are
parallel to the global ¥Y-¥ axca,

j__gfzsaa
- 3‘ Sl

-

!

STRESSES AT
0 FOR ELEMEMT

TYPE 3

Y ¥
1 LOCAL y-z
COORDINATES
GLOBAL
COORDINATES
L K
Tsaz
— . 5|2
e

STRESSES AT
0 FOR ELERENT
TYPE 4

LOCAL AND GLOBAL
Y-2Z

v.1.5



IV. ELEMENT DATA {continued}

For btoth element types 3 and 4 the gtresses at cach edge midpoint are.
output in a rectangular n-p coordinate system defined by the outward
normal to the edge {n axis) and the edge (p axis). The positive p
axis for points 1, 2, 3 and 4 is from L to I, J to K, 1 to J and K to L
reapectively (positive direction is counterclockwise about c¢lement).

—p—
—— ——
— ——

COORDINATE SYSTEMS
) FCR OUTPUT OF
p EDGE STRESSES

POSITIVE STATE
OF STRESS AT

THE MIDPQOINT

OF A SIDE

Iv.4.6



{3)

1¥. ELEMENT {ATA {continued)

The stresses far an elegment are output under the following headings:
5§11, s22, 812, 533, S5-MAX, 5-MIN, AKGLE, The nurmal stresses Sll
and 522 and thoe shoar stress 512 are as describoed asbove., 5-MAX and
8-MIN pre the principal stresses in the plane of the element and 533
im the third principal stress acting @n the plane ¢f the element.
ANGLE ig the angle in degrees from (1) the local y axis at point O,
or (2} the n axis at the midpoints, to the axis of the mlgebraicelly
largest principal stress. )

For triangular elements the struss prant option is as de=criboed
above excopt that n =20 is not valid, If m=20 is input, n will
be set to 16 by the program. :

Thermal Data - Nodal temperatures as specified on the nodal point data

cards aore used by elemynt types 3 and <4 in the following two ways:

{1} Temperaturc-dependent material propertics are approximated hy
interpolating {(or extrapulating) the input material propurtius
at the tempurature T correspunding to the grigin of the local
g-t coordinate system (see¢ Fig, 5.2 for description of local.
element coordinates), The material propuert jes througebout thos
element are assumed constant corresponding 1o this rompernlure,

| : '
K T#TﬁTK +T,. =1
To s
L 4.0 5
QORIGIN
= —h 5 J
CFIGIN
- (1]
1 5 1 ‘

{2) PFor corputation of nodal loads due to thermal strains in the
clement a bilinear interpolation expansion for the temperatupe
_chenge AT {s,t} i5 used.

q
:t = - ] -
8T (s,t) 151 hlfﬁ t) Tl 'Tr

bl

where Ti are the nodal temperatures specified on the joint
data cardsg, T, 15 the reference stress fovo lemperature and
hy {s,t} are the interpolation functtons given by Eg. 3.7.

¥ . 4.7



(4)

(5)

Iv¥. ELEMENT DATA ({continued}

Use of Trisngles - In general, the elements are most effective when
they are rectangular, i.e. the elements are not distorted. There-
fore, .regular and reciangular element mesh leyouts should ba-used as
much as possible, In particular, the triangle used is the constant
atrain trianglé; and it should be avolded, since lts accurgcy is

not sptisfactory. |

Use of Incompatible Modes - Incompatible displacement modes have
been found to be eifective only when used in rectangular elemcncs.
They should always be employed with cere. S5ince ilncompatible modes
are ujed for all elements of a group it is recommended to use
separate element groups for elements with incompatible modes and
elenments without incompatible modes, respectively. {See Sectiom II,
note (2)). .

Iv.4.8



IV, ELEMENT DATA (continued?

TYPE 5 = THREE-DIMEXSIONAT SOLID RLEMLENTE  (EIGHT SODE HETCHD

Genersl Lthree-dimensilonol, eighti-node, lsopsrometric elements with
threc transiationsl degreses of freedom per hode sre identified by Lhe nuemlep
5, Isotropic materiul propertics are issumed, Thue element Lol cases (A,

B, C and D) are defined us a combination of surliace pressure, hydrostatbic
loads, itnertia losds in three directlons and thermal loads. The six com-
poneénts 0f siress ard threco principsl stresses ore computed at the center

of each element. Alse, surface stresaes are pyvaluated., Nine incompotible
displacement modes gre assumed in the formation of clement sSstitloes malcicos,
For 8-uode elements without incompatible modes use element type &,

A. fConirgl Card {415)

Columns 1 - & The numbuar 5
* 6 = 10 Xupher of B=nodie solid elements
11 - 15 Number of different naterials
16 = 20 Kumber of vlement distributed load sola

B, Material Pruperty Cards (I3, 01O One card for cach
differenl material

Columns 1 -« 5 Materlal {dentificoption numiner
6 = 15 HModulus of vlaslicity {only elastic,
isotropiy moteriales are considered)
16 - 25 Poisson's ralio
. 26 - 25 _weight densily ol material (for caleulation
of graviLy luads or mass malrix)
35 - 45 Coefficient ol thermol oxpansion

C. Distributed Surface [oads (2[5,2F10,.2,15) One card 15 requioed
for each unique set of untformly distributed surface lowds
and for each reference [luid level for hydrostatically varying
prussure loads. See notes (1) -and (5)for sign convention.

Columns 1 - 5 Load set identificatilon number

6 - 10 LT (luad typu)
LT =1 if this eprd specifios 3 uniformly
distributed laad,
LT = 2 1f thiy vard spewifies a
hydrostativully varving prossune,

11 - 20 P
1t LT =1, P 18 the magnitwle of the
untfuraly distebnted lood
1 I = 2, P 1% the werght densaty of Lhe
fluid causing the hydrostatie prossure

21 - 30 ¥
If LT 1, lenve blank
It LT =2, ¥ 15 the plobal ¥V coordibate
of the aurface of fluld causinyer hyvdrostatice
pressure loading

11 - 35 Element face number on which surface loead
acts. Face numbers are (rom 1 ta 6 as

[+
(=

iv.



I1¥. ELEMENT DATA {continucd}

deseribed in note (5) for uniformly
distributed loads and can be only f[aces
2, 4 er 6 for hydrostatically varying
pressures,

D, Acceleration due to gravity (F10.2)
- )
Columns 1 - 10 Accelerstion due to gravity {for calculation
of mass matrix)

E. Element (oad Case Nultipliers (5 cards of 4F10.2)

Multipliers on the eloment load cases are sceling factors
# in order to provide flexibility in modifying applied loads.

Card 1: Columns 1 - 10 paA
H - 20 Fo Pressure load
21 - 10 RrC g
91 - 40 PO j multipliers

FA is & fuctor used to scale thoe complete set of distributed
gurfuce loads, This scaled set of loads is assigned to
olament lopd cose 4, Note that zero 15 a valid multiplier.
PB, PC and P} arw aimilor to P4 except that scaled loads

are assigned to olement load cases B, C© and D respectively.
For the majority of applications these factors should be

1.0
Card 2: Cnlumnﬁ 1 - 10 TA
11 - 20 TR Thermal load
21 - 30 TC multiplicrs
al - 40 To

I

TA is5 a factor used to scale the complete set of thermal
loagds. The staled set of loads are then assigned te element
lead case A, TB, TC and TD are similar and refer 1o elument
load casvs B, C and D respectively,

Card 3: Columns 1 - 10 GXA

11 - 20 Gxp Gravity leoad
21 - 30 (Xxc multiplicrs For + X
3l - 40 GXD global direction

Card 4! Columps 1 - 10 Gya
11 - 20 OGYB
21 - 3¢ GYC
31 - 40 GYD

Gravity load
multipliers for + Y
glunhal direction

Card 5: Columns 1 -:10 GZA
11 - 20 GEZRB
21 -390 GIC

31 - 4D GrD

Gravity load
multlpliers for + Z
glabal direction’

H-——Vﬂ-—; — —
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1V, FELEMENT DATA (continUed)

Gravity loads are computed from the woelpht density of ol
material and from the peometry of the elemunpt., GNA is a
multiplier ahich reflects the locatien of the gravity axis
and any luvad factors used. The progrom conputes Lhe woeight
of the element, multiplies it by GXA and assighs Lhe
resultiner leads teo the + X direction of elepent load case A,
Cansoquently GXA is the preodw:t of the component ol gravily.
along the + X global axis {(from - 1.0 to 1.0) and any desired
load factor. GXB, GXC apd GXD are sipilar to GXA and refcer

+ to wlement load cases B, C and D respectively. GYA and G4
refur to the globul ¥ and Z directions respeotively,

F. Element Cards {(12[5,412,211,F10.2}

Columnz 1 - 5 Elvment numher
6 - 10 1
11 - 15 Glohal nodo point 2
lg - 20 numbirs. cortespond ing a
21 ~ 25 to ¢lement nodes 4
if : gg (Seer noto {3Y) :
A5 - 40 7
41 - 45 a
48 - 50 Integration Qrder
51 - 55 Malerial Number
. 56 - 60 Gencration Parametoer {INC)
61 - 62 IL5A ISA is the distributed suriace
63 - 64 LsSD load st ideptification mishbor
65 - Gb [3C of the distributed load avting
67 - BB LsD oo this element to be assiphed
to elument load oase A, 18R, LS5O

and LSD refor to element load cases

B, £ and D respectaively
8% - 70 PFace numbers for stress ocutput
71 - B0 Stress—-free element tomperature

NOTES S

(1) Element Generation

1. Elvment vards must boe 110 ascending order
2. peperation is possible as follows:
1f a serics of vlement ¢ards are omitted,

n. Nednl poant npumbors are penerated by adding IANT e
thowe of Lhe preceding vlement. (I omittedd, FNC
in set equal to 1.)

b. Eam+ material proportics are used as for the
preceding olement.,

c. Same temperature is used (or succeedipg clements,

iv.5.3



. 1¥. ELEMEKT DATA (continued)

d. 1f on first card for the series the integration
order is:
e Same value is uwsed for succeedinip elements.
=0 A pew element stifiness is not formed.
Elemont stiffness is assumed 1o he identical
. te that of the preceding ¢lement,
<0 Abselute value 1s used for the [irst clemont
af the seriea, and the same element stifliness
is used for succecding elements.
e, If on first card for the series, the distributed
load number {(for any load case) is:
>0 Same load 18 awpplied to succeeding clements.
<0 The load case {5 wpplivd to this element but
not to succoeding eclements in the serivs.

3. Element card for the last clement must be supplied,

(2) Integration Opdor

[

Computation time (for elomont stif(ncss) 1ncreases with
the third power of the integration order. Therefare, the
smallest satisfactory nrder shiguld he vsed. This is Lound
to be:
2 for rectangular element
3 for skewed clement _
4 may be used if element 18 extremely distorted in shoe,
but not recommended,
Mesh should be selected to give 'rectangular’ elements usg far
R8s possible,

fl

(3) Element Coordinatie Systcm

Local element coordinate system is g natural system faor
this olement in which the element maps contoe a cube.  local
elemunt numbering is shown 1n the diagram bhelow:




-

Iv.

ELEMENT DATA (continued)

(4)

{5}

Identification of Element Faces
Element faces are numbercd as follows:

1 corresponds fto + a direction Faces 1,3,5 are
2 correapends to - a direction prsitive faces
3 corresponds te +*h direction

4 corresponds to - h direction
3 corresponds to + C direciion
o ¢

0 e

Face

Faces 2,4.8 are
negative faces

corrcsponds to - direction
corrpsponds to the centor of the element

Distributed Surface Loads

Tw#o types of surface loadings may be specificed; load
type 1 (LT = 1}, uniformly distributed surface luad and
load type 2 (LT = 2), hydrostatieally varving surfacve
pressure (but not surface iension)., Both loading types are
for loads normal to the surface and do net invlude surtace
shears. Surface loadings thual do not tall into thos:
categories must be input as hodal lpads on the
concentrated load data cards (see Section V),

(1) LT = 1: A positive surface load acls on the divee=

tian of the outward normal of a positive element face and
along the inward normal of a negative olepent fave as
shown in the following diagram,

h

—3» o 0RbBORC
AX15

™ ol

NEGATIVE ) (F’OEITWE
FACES 2,4,6 FACES 1,3,5

L b

L

POSITIVE SURFACE LOADING P

If the unifornly distributed sorface loading P oas inputl as
a positive guantity then i1 deseribes pressure loading on
taces 2, 4 or 6 and tensile leading on faces 1, 3 or 3,

If P is input as a nepative Quantsty then it deseribes
tensile loading on Faces 2, 4 or 6 and pressure on faces
1, 3 or 5.

Iv.5.9
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V.

ELEMEKNT DATA {continued)

{(Z) LT = 2: A hydrostatically varying surface prussurn
on element faces 2, 4 ar 6 can be specified by a referonce
fluid surface and a fluid weight density v as input. Only
ohe hydrostatic surface prcssure card need be inpul 1n
order to specify a hydrostatic loading on the complete
structurce, The consistent mulal loads are caloulated
by the program as follows, At sech numerical integration
peint "1" on amn eclement surface the pressure Py is calcu-
lated from

By =¥ Y, - Yref] '
whe re Yi is the global Y coordinats of the polnt In question
end ¥, ., Specifies lhu fluid surface assuming gravity acts
along the =Y axis

———F-X

Irp, = U0, carresponding Lo surface tension, the contri=
bution ig ignored. I an element face 18 such that

Yy ™ ¥, for all 1 (16 integralion points are Msed by
program) thep nonodsl loads %111 be applicd to Lhe olement,
If some P >0 and some F'.1 w D forr a particular face, Lhen
gpproximate nodanl loads are obtained for the partially
loaded surtac.e,

Iv.,5.6



IV, ELEMENT DATA {C_ﬂntinued]

(6). Thermal loads

Thermal lcads are computed assuming a constant
temperature increase Al throughout the element.

AT =T - T

T = the.auernge of the & nodal point
avg i
temperatures spucified on nodal
peint daota cards

T = stress free element temperature
apecifivd on the element card.

{7}. Elvment load Cases

Element load case A consists of all the contributiung
from distributed loadings, thermal loadings and gravity
loading for all the elements taken collectively. .

Load case A = L (PA - pressupre loading
+ TA - thoermal loading
+ GXA < gruvity 5 loadieg
* GYA * gravity ¥ loadigg
+ GZA & gravity ¥ loadang)

Element load casc A for the setl of three dimensional solid
elogents is added to element load cose 3 for the aother
element typus in the analysis, The treatmoent ol olement
load cases B, C and D 18 analopous to that of elemont

lgad case A. The loadinpg cases for the structure are
obtained by adding Iingar combinativns of clement load
cases A, B, C and b to the nodal loads speoilicd

on the joint data cards,

{B) Qutput of Klement Strosses

1, At the centroid of the elemant, stressces zro referred to
the glubal axes, ‘throe principal stresses are glso
orosontod,

2, At the coenter of ap ¢lement face, strosses are refoprred
to a set of local axes {x,v,z). Those local uxes
are individually defined for eaclh face as follows:
et nodal points I, J, K and L be the four cornors
of the ¢loment face., Then )

% is specifivd by L1 — JE, where L1 ard JKE are midpointis
of sides I~-I and J-K,

z is normal to x and to the line jeining midpoints 1) and
KL.

¥ 15 normal to x and z, to complete the ripht-handed system.
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1v.

ELEMEST DATA {continued)

-

The corresponding nodul points I, J, X and L i cach [aco
are given in Lthe table.

FACE NODAL POINTS |

I J K L
1 1 2 & 5
2 1 2 7 8
3 3 7 6 .
4 1 8 5 1
5 & 5 £ 7
§ 1 1 2 3

Twe durface principal @0resses amd the angle elsoen the
algvbhruically largest principal stress and the loval x

axis are pranted with the ovtpul, It is aplional to choose
ote ur two locations of an elpement where slresses are to
be vomputed. In the nutput,'?ncu FOTG typgimnales the
centraid of the element,
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IV. ELEMENT DATA {(continued)

TYPE 6 - PLATE AND SHELL ELEMENTS (QUADRTLATERAL}

A, Control Card {3I5)

Columns

1 -
& -
11 -

5.

10
15

The number
Number of s

& -
haell elements

Number of different materials

material Property Infeormation

Anlsotropic material properties are possible., For
each different material, two cards must be supplied.

Card 1:

Coluzms

Card 2:

Columns

Element

Material identification number

¥

Thermal expansion coefficlent o
Thermal expansion coefficient o
Thermal expansion coefficlent uiy

elemont C
uX
eloment C
x
element C

Elasticity element g*s
Flasticirty element c¥
Elasrfeicy elemant Gi;

Card 1:

Columns

Caxd 2:

Columns

Card 23:

Columns

lateral load
laternl lpad
lateral load
lateral load

multiplier for load case
oultiplier for load case
rultiplier for leoad case
multiplier for lopad case

Aceceleracion
accelervation
acceleracion

{Ilﬂ.ZﬂX,ﬁFlﬂ.ﬂ}

l1-10
11 - 40 Maags densit
41 - 50
51 = &0
6l = 70

(6FLO.O)

1 - 10 Elasticiry
11 - 20 Elasticity
21 - 30 Elastieity
il - 4D
41 = 50
51 = 60

Load Multipliers {5 cards}

{4F10.0

1 - 10 Distributed
11 - 20 Distributed
21 - 30 Distributed
31 - 40 Distribuced

(4F10. 0)

1 - 10 Temperature
11 - 20 Temperature
21 - 30 Temperature
31 - 40 Temperaturc

f4F10.0)

1 - 10 X-direction
11 = 20 X-direcction
21 = 10 X-directicon
L - 40

X-direction

accelerarton

Iv.6.1

Floments in plane stress

material macrix [CF

33 C C
K XY XS

a C
Yy ¥¥ ¥s8

T C G
x5 Y8 XV

mulitiplier for load
multiplier Eor load
multiplier for lead
mulciplier for load

COom e

for load casue A
for load case B
for load case C
for lead cose D

Case
case
cdase
case

[ = - B

e



IV, ELEMENT DATA {coantinucd)

NOTES/

Card 4: {4F10.0) Same as Card 2 for yY-dircction
Card 5: (4F10,0) Same as Card 3 for Z-direction

Element Cards (B8[5,Fl0.0)

One card for each element

Columns 1l = 5 Elempent numher

6 - 10 Node I

11 - 1§ VKode J

16 - 20 Node K

21 - 25 Node L

26 = 30 Node O

31 - 35 Material identification (if left blank,
takan as ono)

36 - 40 Elemcnt data gehorator B

41 = 50 Elcment thickness "

51 - 60 Distributed luteral load (pressure)

61 - 70 Mean tumpcrntufu variation T {rom the referoncy
level in undeformed positiun )

71 = BO Mean tomperature gradignt JUC T across bl
shell thickness {a positivee Lumpprratare
gradient prodiies a negolive vurvature).

(1) wodal foaints and Coordinule Svsicms

The nodal point numbers I, I, K and . are in schuence 1000
counter-clockwise direelion aropund the clement. The lwowaol
element coordinnte system (%, y, 2} is dofined as follows:

x Specified by LI - K, where LI and JK are midpoints of
sides L-1 and J-K.
z NKormal to x and to the line joining midpoints [J and KL.
y Normal to x and z Lo complete the right-handed system.
This system is used to capress oll phvsoeal and kinematie
shell propertics {strosses, strains, material law, cte.),

cxcept 1that the body force denszity is refeered to the
globzl coardinate system (X, Y, Z).

Iv.6.2
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IV, ELEMENT DATA {(continurd}

J

For the analys~s of shpllow shells, retational censtroints normal
to the surface may be impascd by the addition ot boundory olements at
the nodes (element type &7).

2] Node 0O

wWhen columns 26 - 30 are left blank, mud-nude propereiles
. are computed by averaging the four nodes.

. (3 Elemunt Data Generatiun

Element cards must be in element numbor sequence,. If
element cards are omitted, the program outomatically
generptes the omitted informotion as follows:

The ineremont for eloment number is one

' .o NE = NE, 4+
1.c WE1+1 Nhl H
The corrvaponding incerement for nodal number is Hn
.2, : =N
l.e hli+1 I1 + Hn
N = NJ, +
Ji+1 Ji Kn

NKi-rl = HHi * Hn

iL = NI, 4+
N 1+1 I1 Hn

Materipl ldentification, element thickness, distributed
lateral load, femperature and temporature gradient for
generated olements are the same, Always lnclude the
complete last «lement Card,

IV, i '



IV, ELEMENT DATA {continued)

{4) Elcment Stress Calculatilons

OQueput are moments per unlt length and membrane stressos.

Av.6.4 '



IV, ELEMENT DATA (continued)

TYPE 7 - BOUNDARY ELEMENTS

This elepent ia used to constrain nodal displacomonts to specified
values, to compute support roactigns and to provide linear elastic
supports to nodes. 1f the houndary condition code for a particular
degree of froedom is specified as 1 onm the struciure nedal point daca
cards, the displacement corresponding to that degres of fruoedom 1s
zero and 00 Support resctions are obtained with the printouat, Altorna-
tively, B boundary element cap be used to accomplish the same offect
except that support reactions are obtained since they are qual 1o the
member und forces aof the houndary elements which are printod. In
addition the boundary eclement can be used to sprcify nen-rerv nodal
displacements in any direction which is not possible using the nodal
point data cards. .

The boundary element i3 defined by a stngle directed axis through
@ specificd nodal peint, by a linear extensicnal sty finess along the
axis ©or by a lincar rotational stifiness ochont the axis,  The houndary
element is essentially a spring which cap have ax:al displacvzent
stiffness and axial rotational stiffpess. There is po limit to the
number of boundavy clements which can hbe applicd to any joint to produce
the desired offects. Boundpry clements have no effcet an Lhy s12e of
the stiffness matrix.

INPLT DATA

A, Control Card (2T3H)

Columns l - 5 The number 7,
6§ — 10 Total number of boundary viemenls,

B, Element Load Multiplicrs {1Fl0D.D}

Columns 1 = 10 Multiplier for load casce A
11 - 20 Mulriplier for load case B
2] - 3 Multiplier fur load case C
31 - 40 Multiplier ltor lood case 3

C. Element Cards (BIS,3F1D,0)

. One card per element {(in ascending nodal point order} oxcept
where automatic element generation is used.

Columns 1 — 5 Node N, at which the element is placed
& 10 Kodis 1
11 - 15 XNode J Leave columns 11 - 35 bBlank
16 — 20 Node K if only ndde I 18 neodoed,
21 - 25 Node L
26 - 30 Code for displacement
31 - 39 Codo for rotation
36 - 40 pata geonorator Ky
41 - 50 Specified dizplacement along clement axis
51 - 60 Specificd rotation about vlement axis
6l - 70 sSpring stiffnuvss (set to 1010 1r lert blank)
for hoth vxtension and rotation,

v, 7.1



I¥, ELEMENT DATA (continuec)
NOTES/

(1 Direction of boundary element

The direction of the boundary element at node N is specified
in one of two ways,

{1} A second nodal point I defines the direction of the
element from node N to node I,

{ii} Four nodel points I, J, K and L gpecify the directicn v
¢f the wlomnnt as the normal to the plone defined by two
intersecting straight lines (vegtors a and b, see Fig! below},

I3
1}

(=]
h

I

ROTATIONAL CONSTRAINT
IN THIN SHELL ANALYSIS

The four points I, J, K nnd L newd not e unique. A useiul
application for tho analydis of shallow thin shells employs
the boundary clement to approximate rotational consilraint
Bbout the surface normal as shown above,

n is given by the vector cross produrt m = a ¥ b ond delines
the direction of the boundary élement.,

Note that node 1 in cose (1) and nedes I, I, K and L in vase (ii)'are
usced only to define the direction of the clement and if convenienl may
be any nodes used to define other elements. However 'artificial nodes’
may be cervated to define directiorns of houndary elements.  These
'ertificisl nodes' are input on the nodal point dato cavds

with thelr coordinates and with all the boundary condition cuodes
specified as 1 (onel.
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IV. ELRMENT DATA ({continued)

It should be pnoted that node N is the structure node to which the
boundary element is attached. In case (i), a positive displacemenl moves
nade N towards pode 1. Correspondingly, a8 positive force 1n the element
mesns compressicn in the eclement. In case (11), a positive displacement
moves node N into the direction n {see Fig.),

(2) Displacement and rotatlion codes

_ Displacement code = 1: When this code is used, the displacement
5, specified in columns AL=-50, and the spring stiffness k, specitied
in columns 61-70, are used by the program in the following way. The
losd P, evalugted from P = k%, is applied to pode ¥ In the direction
node N to node I in case {1) and into direction n in cose (ii), if 4
iz positive, If k is much greater than the spiffness ©f the structure
at node N without the boundary €lement, then the net et fect is o produce
8 displacement very nearcty egual to & at oode 5, If £ =4, then P = 0O
and the stiff spring approximates a rigid suppori. Note that the load
P wil) contribute to the support reaction for ponzero &, The foundary
condition codes spectiied on the structure nodal puint dula cards nust
be consistent with the luct that @ leoad P is being appliced Lo node N
to effect the desired displacement (even whuen this displacement 1s
zerol.

Rotation code = 1 This coase is analopous o the sifuation
described obove, A torque T, evaluaoted from T = k &, is applied Lo node
N osbout the axis (directlon} af the element. The rototiop & i5 specifled

in coalumns Sl-60,

. £3) Data generator K1
When a serles of nodes are such that:

€1) All have identlcal boundary elements attached

(1i) All boundary elements have same direction

(111}A1]1 specified displacements snd retations are jdentaieal

{iv) The nodol sequence forms an arithmetic seguence, i.e., K
N o+ Kn, H + EKH ute.,

1

then only the first amd lust node in the sequence need be input, The
increnent Ku i= input in columnas J36-40 Gf the first curd,

Iv.7.3
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IV, ELEMENT DATA (continued)

{4) 'Element load multipliers ‘ -

Each of the four posszihle element lopd cases A, B, C and D
asspciated with the boundary clements conasists of the compleote set af
displacements as apecificd on the boundary elemint cards multiplied
by the element load multiplier for the corresponding load case. As
an example, suppose that displacement of nude N is specified as 1.0,
spring stiffness as 1019 and no other boundary element displacements
are specified. Let case A multiplier Be 0.0 and case B multiplier be
2,0, P¥or element load case A the specified displacement is Q.0 ¢« 1,0 0.0
while that for B i5 2.0 . 1.0 = 2.0, Linear combinations of clemont
load cases A, B, C and D for sl]l types of *elements collectivaly for a
particular problem are specified on the structure element load multiplicr
carda. A5 far ag the boundary element 18 concerned, this deviece 1s
useful when a particular node has a support displacement in one load
case hut s Fixed in cthers.

{5) Recommendations for use of boundary elements

I1f a boundary element is aligned with a global displacement
direction, only the corresponding diagonal element in the stiffness
matrix 1s modified., Therefure, no stiffposs matrix 1ll-comditioning
regults. llowever, when the boundary elemont couples degroce aof
freedem, large off-diasgonal elements introduce ili-conditioaning into
the atiffness matrix which can cause solution difficulties,

In the analysis of shallow shells boundary elemunis with stiffness
B fraction of the element bending atiffness should be used (say less
then or about 1{4%).

In dynamic analysis "artificially stift" boundary glements should
not be uscd. (Sce note (8) In Section VII.LA).
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iv. ELEMENT DATA (continued)

TYPE 8 - VARI&BLE~NﬂhEER-NDDES THICK SHELL AND THREE-DIMENSIONAL ELEMI&TS

A minimum of & and o maxlmum of 21 nodes are Uded to desScribe
a general throe dihﬂnﬁinnal-iSﬂpnrnmutric clement ; the clement i3 used
to reprosent orthotropic, elastic media,.  The clement typo is tdentifzed
by the number eipght (B). Three translational degrees of [reedom are
azsigned to cvach node, and at least the ei1pght corner nodes must be input
ta gefine a hexahedron.  Input of pindes 2 to 21 is gptaenal: the [igures
helow illuatrale some of the most commonly uscd node combipatiuns.

Element lcad cases (A, H,C,...) are formed from combinations
of applied surface pressure, hydrostatic loads, inertia loads in the
three directions X,¥,Z and thermal loads. Six global stresses are
ountpdt at up to seven (7) locations within the cloment, thesc output
locations are scelecled by means of appropriaice data entrics,

Node toempiratures input in Section JIT are used Lo Topm oot
average element tomperature, which isa the basis of material proporiy
selection for thv clement. If thermal loads are applied, node tempera-
tures are used to estabhlish the temperature-field within the clement,
and the femperatulc interpelation functjions ace the same a3 Lhose
gssumed to represent element displacements,

1. Control Card (1015)

notes columns variable entry . Sl

a Enter the pumber 8
6 - 10 NS0OL21 Numrber of s¢lid elements; GE.L
Il - 15 NIADIAT Numbar of different materialsy GE.1
1 . 1§ - 20 MAXTPE Maximum number of tomperatury peInts
used in the table for any material;
EQ.0: default set to 1"
2) 21 - 25  KORTHO Kumber of different sets of material axis
erientation data;
EQ.0+ @ll properties are defined in
the X,Y,Z, system

(3) 268 - 10 KDLS Number of different distrihutud lantd
(i{.¢., preasure} sets
(43 dl - i5 MAXKOD Maximum number of nodes used to desvribe

any one glement;
GE .4 and LE.Z21
£G.0; default set ta 21"

(5) 36 - 4D NOPSET Number aof sets of data refuestityg siress
cutput at various elemont lociations:
EQ.0; centroid cutput only

iv.8.1



X

THREE DIMENSIONAL JSOPARAMETRIC ELEMENT
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HEXAHEDRAL ELEMENT IN NATURAL COORDINATES
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Q. |6 = NODE ELEMENT

b. 17— NODE ELEMENT

c. 20— NODE ELEMENT

COMMONLY USED ELEMENT GEOMETRIES
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1Y, ELEMENT DATA (continued)

noted

{6)

NOTES /
{1}

(2}

(3}

{1

{5

l, Control Card {l10I5) (continued)

columns variable entry

4l - 45 INTRS Standard integration order for the natural
{r,s) directions; .
GE.Z2 and LE.4 )
E}.0; default set 1o 2"

46 - 50 INTT Standard integration arder for the

natural (tl-dlrectinn;
GE.2 pnd IE 4
- ER.0; default set to 27

The variable MAXTP limits the tumber of temperature paints
that can be input for any one of the KNUMMAT material sots;
i1.e., the variable NTP in Section 2 cannot! exceed the value
of MANTP. -

NORTHO specifices the nunber of cards to be read in Scetion 3,
and if omitted, all orthotropic material sxes are assumed to
coincide with the global cartesian axes X,Y,Z.

NOLE specifies the number of card puirs tn he read in
Secticn 4. NDLE must be a positive 1ntepger if any prossure
loads are fo be applied to salid element faces,

MAXNOD specifics the maximum number of nan-zero node nurbers
assigned to any one of the X50L21 elements 1noput in Seclion 7.
Lecations of the element's 21 possibhle nodes are shouwn in

the fipure boelow in which the element is shown mapped inte

ita patural r,s,t coordinate system. The ecaight corncer nodes
must be input for every element, and nodes 9 ta 21 ave input
optionally. Il MAXNOD is 9 or greater, all 21 node entries
are read for each olement (Cards 2 ppnd 3, Section 7Y, but
only the first MAXNOD mon-zero entries encountergd when
reading in sequencee from 1 to 21 will be used far c¢lement

description, As an example, for the 16-17- and 20-node ¢luments

MAXNOD has values of 146, 17, 20, respectively,

As a means of cvontrolling the amount of solution output,
stress vutput location scets are defined 1n Section &, and the
total pumber of thross output requests is specified by the
variable NOPSET, For the casze of NOPSET.EQ.CQ, no datn 1a
input in Section 5, and the only stress gutput produced by

the program is at the cleoment centrold. Otherwise, silreas
output cam be requested at up to seven {7) locations (sclected
from a2 table of 27 possible locations) by rmeans of the date
entries given in Sectien 5.
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I¥., ELEMENT DATA {(continued}
NOTES {continued)

(6} The entries INTRS and INTT control the number of integration
peints tco be used in numerical evaluation of inteprals over volumes
in the {r,s) and {(t)-coordinate directions, respectively. )
When solid clements are used to represent shell structures,
the through-the-thickneas integrations (i.e.. in the natural
t-axis direction) can he evaluated less accurately than those
in-plane {(i.e., in the r,2 pkne}). For this case INTRS
might be 3 and INTT would be chosen typaically as 2. | Thu
entries INTRS and INTT oare standard or refercnce valuus and
are uscd if the intepration order entries on the element
cards {(Card 1, Section ¥) arc omitted. Nop-zero entrles for
integration orderi{s) glven nn the celement cards over-ride the
etandard values posted on this card.

2, Material Property Cards

Orthotropic, temperature dependent material proporties
are allowed. For each different material that 1s requestod on the

Contrel Card, the following set of data must be supplied (i.e., SLMMAT
sets total}:

&. Material identificetion card (215,2Fi0.0,6A6)

notes columns variable untry

(1) I - 5 M Material i1dentufivation number;
CE.1 nndd LE  KUMAT
g - 10 KTFE Kumber of Jdifferent tenperatures at
. whieh properties are glven;
LE.MAXTP .
£Q.0; default set to 17
(2] 11 - 20 WIDEXN ¥Weight density of the material usced to
computed static gravity loads
21 - 30 MASSDN Mass densily of Lhe material used 10
compule {he mass matrix ino a dynamilc
analysis;
EQ.0: default set to WTDEN/IB6.47
a1 - 6o Material description used te label Llhe
autput,

NOTES/
{1) Material numbers (i) must be input 1n ascending sequence
beginning with 1 and ending with NUMMAT': omissions or
repetitions arve illegal. '

{2} Weight donsity 15 uscd to cumpute static node forves duc to
applied gravity losds; maoss density i9 used ta calculate
element mass matrices for use in connection with a dynumic
analysis. '
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I1¥. ELEMENT DATA {continucd}

b, Moterigl cavds {TF10.0,6F10,D%

NTP pairs of cards are input in order of algebraically

increasing valuc of temperature.

First Card
notes columns voriable entry
L ]
{1) 1 - 10 Temperature, Tn
{2) 11 - 20 Ell at T,
21 - 20 Ean at Trl
31 - 40 Eas at Tn
51 oo K
- "y'l:] a n '
51 - 70 . g at T,

Second Card

notes

XOTES/
(1}

(2)

columns variablc cntry

1 - 1o Gyg at T
11 - 2o Gyq at T,
21 - 30 623 at 'T"
Al - 40, a) at T,
11 - 50 s at T,
51 - &0 oy at T,

The 12 entriesa following the tepperature value T,, arc physical
propoertices known at T". When twa or pore temporalutre pointks
describe R material, interpolation based on average oloment
temperature is performed to establish a prupertly set [wr the
element, Jfence, the range of temperature points for s material
table must span the expected range of averapge ¢loment tempera-
tures for all clements associlated with the material,

The 12 constnnts {511,E22,+.,,uh} are dufined with respeet
to g set of gxues (Xl,KE,XB) which are the principal material
directions {for on orthotropic, elastic medium,  The Strogs-
straoin relutions with respect to the {Kl,xz,xaj Syslem 18
written as follows :

IV.B.T
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IV, ELEMENT DATA (continuod)

€11 1/E1) -vp/839 - 3/E33 © ¢ 0 EN
f23 “w21/Eyy MEap mapfEzy 90 6 0 %22
£33 _ 7P TVe/Bzz WE 00 00 0 €33
Yo o 0 ¢ 1/G,,0 0 g
You 0 0 .0 0 1/G, O T
| 1I_ i 0 ° 9 0 o 1 Gy a1
- l4&Ta, &Ta, &Ta, © 0 01°
e Sl 3 .
where -« and 0;4 ore normal atrains and stresses in the

Xy direc{}nns: ¥y oy TiJ ate gshoar straind gnd stresses on
the principal matierial plhnes; G, are the coefficients of thermal
expension, and AT is the increase in temperature from stroess fooe

distributcd over the clement volume.

3., Material Axey Qrienlalion Scts (11453

1f NORTHO is zero on the Cuntrol Card, skip this data
section, and all matorial axes [Kl,xz.xa) will he assumed to eoincide
with the global carteysian systom X, ¥,2, Otherwiso, SORTHO cards must
b input w5 follows:

notes columns variahly entry

(1) 1 - 45 o identification numbeor:
GE.l and LE.XORTHO
(2) 8 - 10 N1 Node number for point i
11 - 15  KJ Node number for point 3"
16 - 20 MK Node number for point kU
NOTES/

(1) Ideontificatinon numbers (M) must be input 1n oincreasing
gequence hopinning with "1 und crdingy with "worTHO',

{(2) Orthotropic material axes orivntations are specificd by
means of the three node numbers N7, 50, 5K. For the apuecial
case where orthotropic materisl axes coincide with the plobal
axes (N,YV,.Z), 1l 1% not mecwessory, to inpgt dota i this
secbion: so¢ Sowlion 71 note (1), Taot ll‘lﬁ'iﬁ by the throew
orthogonal vectors which Jdelfine the axes of onicrial ortholropy,
then their directions are as shosn below:
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I¥. ELEMENT DATA {continued)

-
H = L
- o
fu,= i) x ik
£, = * f

Kode numbera N[ ,NJ,NK are only used to locate points i, 4.k,
respectively, and pny convenienl nodes may be used.

4. Mstributed Surface load Data

NDLES pairs of vards are te boe lnput in this section in
order of increasing scl number (K}, These dota describe surloce loods
geting on glement faces and may bhe prescribed dircetly an terms of
face corner node prosyures or iﬁdirectly Ly means of a hydrostatlace
pressure field,

a, Control Card (315}

notes calumns variable entrf

1) 1 - 5 N load set identification number;
GE.l and LE.NULS
(2} g - 10 NFACE Elemont face oumbor on which this

distributoed load 15 acting;
) GE.1 and LE.G
3 11 - 15 LT Lood type code:
EQ.1:; prescribed normal pressure
intonsitivs
EQ.2; Mhydrostatically varyving prossurc
. field
EQ.0,; default aet to

rr rr

1
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IV. ELEMENT DATA (continued)

NOTES /

{1) The asurface load data sets estahlished in this secticn arg
easigned to the eslements in Section 7.

{2) Hexahedra have six gquadrilaterpl laces esch uniquely described
by Iour node numbers at the cornhers of the face, The face
numher convention established for clements 13 given in the
Tahle below, '

(1) Two types of surface pressure loads may be applicd to faces
of the elements. 1f LT.EQ.0 {or 13, a normal pressure
distribution is prescribed directly by means of pressure
intensities at the face Ccorncr nodoes, 1t LT.EQ.Z2, the
face is exposed to hydrostatic pressure dur to [luild head.

FACE NATFRAL CORXER NODE SUMDE RS
NIUMBER COOBRDISATES N N N hi
1 2 3 q
1 (+1, s, t) 1 4 B 5
2 -1, 5, t} 2 ) T )
3 { r,+1, 1) 1 5 6 2 .
4 {r,-1, t) | B 7 3
5 { r, =,+1} 1 2 3 4
6 (r, 5,~1} 5 o 7 -]
TAILE Corner Node Numbers for (o 3olid Elomoent Fooos

b. XNormal Pressure Data (1FLOL0Y {LT.EQ.1, only)

nates columns variuble sntry

(1} 1 - 10 rl Pressure at facve node Ny
(2} 11 - 20 P2 Pressure at facc nodo Nz;
EQ.0: default snt to 'PL"
21 - 30 P3 Pressurc at face node Nqy;
EQ.0: default set to P17
Al - 30 P4 Pressure at face node N,

EQ.0: default ser to Bl
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I¥V. ELEMENT DATA {continued)

NOTES/
(1)

2}

The pressure distribution acting on an clement face is
defined by specifying Iintensities P1,P2,P3,P4 at the face
corner nodes as shown below:

The face corner node pumbers are given in the Table
and positive pressure tends to compross the valume of
the elemcnt,

The variation of pressure over the element face, pia,h),
is given as:

pia,b) = Plih, « P2xh, + PIxh, + Pdsh,

where

(174 ({1+p1 (1+b)
{159 {(1-a) (1l+n)
(1/4Y (1-a) (1-@)
(14 (1tad (1-B)

=2 - -
e Ly B2

in Qquadrilatueral natural f{ace coordinates {a,b).

If any of the entries P2 ,F3,Pt are onitted, these values

are re-set to the value of Pl 1,e,, [or & uniformly dis-
tributed pressure (p), we have PL.EQ.p and cc 11-10 blank,
1f P2 is peoro spocify o samall number, !
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IV, ELEMENT DATA (continued)

ootes
(1)

{2}

©. Hydrostatic Pressure Data {(7F10.0} (LT.EQ.2, only)

columps variable entry

11

21

" 31

41

NOTES/
(1)

{2}

51

61

- 10 CAMMA Weight density of the fluid, Y;
GT.0

- 20 xs X~-ordinate of paint 5 in the free surface
of the fluid

- 30 ¥s Y-ordinate 'of paoint s in tho [ree surface
of the fluid

- 40 5 Z-ordinate uf puint 5 1n the free surface
of the fluid

- 50 XN X-ordinate of = point n an the normal
to the fluid surface

- 6G YN Y-ordinate of a point n on the normal
to the fluid surface

- 10 ZM Z-ordinpte of a point n on the normal

to the fluid surface

CAMMA 1s the weight density (1.e., units of foree per unit
of fluid volume) of the Fluld, in contact with element face
numbor KFACE.

Point "s” is any point in the free surface of the fluid,

and point n’ is located such that the direction from s to

n is norpal to the free surface anmd is positive with 1ncreasing
depth.
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only.
notes

{1)

KOTES

A ® o -

LT

o

ELEMENT DATA (continupd)

Hydrostatic pressure in contact with an element face causes
element compression; 1.e., pressure resultant ects toward the
Modes located sbove the fluld surface are
automptically essigned rero pressure intensities if sn eleaent

alement centroild.

face
[}

+

is

*

"

-

‘not -{or only'partially) submerged in the fluid.
37 . o :

2. Stress Ouiput' Request Location Se

- ]

e -

- 1f NOPSET is-zerc on the Control Card,
and global stresses will be computed and cuiput
Otherwise, KOPSET cards wmust be input aa

1 .
column

1

1

. 6

Y11

186
21
26
33

/

{1}

| I I B |

27 element locations are assignedfnumbers ag shown in the
Locations 1 to 2] correspond 1o node nDumbers
locations 22 to 27 are element face
The first zero {or blank} entry om a location
card terminates reading of lec¢ption numbers for the output
tewer-.than_.neven.locaticons can-be-requested:in-
pntoutput set.~ . Location-numbers- must:-be-input in-order of-

Figure boalow.
*1.to 21, respectively.
"controids.

set;-hence,

5 Locl 4o
10 Loc2

Y.t o

- b
. variable - entry

ha®

4
) -

-

B -

. ¥
Locmtion
Locetion

15 Loc3 .. <y }Location
20 " LOC4' 2

a5

LoC5

-0 LOCE " -
35  LOCT -~

"

Location
Locat icn
" Location
location

LE. 27

-’
-

numnber
number
number
numher
number

"ot
of
of
of
af

ts (715) | -

skip this section,

at the elemoent centroid

fellows:

cutput point
cutput polnt
output ‘point
output*point
output point

nupher-of ‘output® point
nupber of output point

increasing-magnitude; 1.,e., LOC2 18 greater.then LOC1, LOC3-

is greater than LOC2, etc. 1n dynamic anslysis, FACE 1,

FACE_2,..., FACE B.correspond to output locetiona 22,23,...,27

raspectively.

{5ee Table ¥II.1).

r-6. + sElement Load Cease Multipliers ... .

fraction of gravity (X.Y,2),

combinaticona (A ,H,...},.
analyeis calculationa only,

LY

* — W

Five {5} cards must be input in this éectinn specifying the - -

the fraction of thermal loads and the
fraction of presaure losds to be edded to each of the element loading
lopd case multipliar data effect static

Card 1- X-direction gravity (4F10.0)

notes

{1)

columnna
1 -10
31 =-40

v;rinhlﬂ
“OXA . .
GXD

entry

Fraction of X-direction gravity to be

applied in elempent lomd case A

Fraction of X-direction gravity to ba

applied in eloment losd tase D

Iv.8,13
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IV. ELEMEKRT DATA (continucd)

Card 2
Card 3
Card 4
netes

()

Card 5
noetes

(3)

KOTES/
(1)

{2)

3

Y-direction gravity (4Fl0.0)
Z-direction gravity {4F10.Q0)
Thermal loads ({4F10.0)

columns variahle entry

1 -10 TA Fraction of therpal loads to be applied
in glement load case A

] ] v

31 - 40 TD Fraction of thermal loads to he npplied

in =lement load case D

Frossure lopds (4F10,0)

columns varliable cntry

1 - 1D PA Fraction of pressure loads io be applied
in ¢lement load caso A

. + +

31 - 400 P Fraction of pressure lands to be opplied

in element lopd case D

Gravity loads on the structure due to statjc body forcos
are computed from the weight density of alemont muterials
and the ¢lemsnt geometry. These loads are sssigned 1o the
clement load comhinations by means of the entries on

Cards 1,2 and 3 for forces in the X,Y,Z directions,
respeclively.

Thermal loads are computed kKoowing the node temperatures
input in Buction 11§, the siress free roference lempersture
{T,) input in Section 7 and Lhe element's material properties
and pode coordinates, The temperature distribution within
the element is described using the same interpolation func-
tions which deseribe the varistion of digplacements within
the clemant.

Pressure loads are Tirst assigned to element load cnBes
(A,B,...) by wmeans of the entries {scale factors) aon Card 5,
and the distributed load sets which were input in Section 4
ar¢ then applied to the elemonts individually for cases
{A,B,...) by meang of loed sot roeferenced given in Scotion 7.

7. Element Cards

Two cards (if MAXMOD.EGQ.B) or three vards {if MAXNOD.OT.H}

must be prepared for each element that appesrs in the input, and the
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1¥. EIEMENT DATA (continued)

format for these cards is as follows:

Carg 1

notes

{1)

(2}

(3)

. )

{3)

{E)

(73

(8)

(6I5,Fi0, 415,412}

columns
1 5
6O 1a
11 15
14 20
2l a5
26 30
3l 410
41 o
456 50
51 53
a0 il
61 13
o3 &d
=3+ 66
BT 68

variahle

k|

sDIE

WYL

WiAT

MAXES

Iop

TE&
KG

XRSINT

NTIKT

I REUSE

entry

Element number:
GE.l and LE_K50LZ21
Number of nodes to be used in describing
the ¢lement's displacement field;
EQ.0; default set to "MAXKOD'
Number of nodes to be used in the descriptien
of nlemont gecmetry;
EQ.0; dufault set to "NDIS"
EQ.KDIS = isoparametric element
LT.NPDIS -+ sybparametric element
Material idestification number:
GE.1 anhd LE, NIWMAT
Identification number of the material
axis orieplation set;
GE.l1 and LE.NORTHO
EQ.0; materisl axes default to the
global X,7,2 system
Identification number of the stress output
location. st .
GE.1 amd LE.KOPSET
EQ.0;  eontrodd outpul only
Stross froe reference temperature, Tu
Node number incremenl for ¢lemenl data
genaration
FQ.0; default set to 1"
Integration orger for matural coordinate -
{r,s) directions;
FQ.0; default set to TINTRS'
Integration order for natural ¢oordinate
{t) direction:
EQ.0; default set to "INTT" ,
Flag indicating lhat the stiffness and
masy mptricoes for this clement oro Lhe
same #s thoac for the preceding element;
EQ.0; no
EQ.1% ¥yrs
Pressure pet for elemenl lopd case
Preasure set for alepent load case
Pressure sct for 2lement lond casc
Pressure set for clement load casc
LE . NDLS

B T -
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iv. ELEMENT DATA {continued) - 115 P .l .
Cart 2 (1615) : ' Lo _
) - . .
notes columns variable entry ) .
{9) l1- 5 7 ‘+ Kode 1 pumbar .«
) - 8 -.10 =%, .- o Node =2 number | . ot L -ay .
11 - 15 - & - ' Kode 3 number - , :
16 - 20 - Fode 4 pumber - '
21 - 25 . kode 5 number *
26 - 30 ’ Node 6 number .. . )
a1l - a5 .  +. Kode T number T o
36 - 30 “ Kode B number
(10) -41 - 45 = _ .+ + FNode 9 number, .- * C . .
. Mt dB - 50 3T, wNode 10 number : . . . ,
T Bl - 55 . © ¢4 "Hode 11 ‘number T e -
56 — 60 . - ¢ Node 12 number -« .. .+ ® %
61 - 65 , . Node 13 number ]-:I;_ o
., 66 - 70 i Hode 14 number R S S R r
7l - 75 ot Node 15 number P S -
76 - B0 Node 16 nuzher + "
- " . . -
Card 3 {3157 {required 1f MAXNOD,.GT.8} . . -
- - -
nota columns . varieble entry - . . ‘.
l1 - 5 = . Node 17 numbar ' .
& - 10 . Node 1R number
- 11 - 15 " Kode 1% number
16 - 20 - Kode 20 nupber
" 21 - 25”7 - ) Node 21 .nugher.
NOTES /

“%{1) “"Element cards ' must-be-input-in-pacending element -numher-

* prder begipning with 1" and ending with "NSOL21". Repetition
of elewent numbers 13 illegal; hut element cards may be
omitted, and miasing element datp are generated sccording

-y -~ to the procedure described.in nota (7). — - .

€2} X¥DIS is & count of the node nuwbers actually posted on
‘' " Cards 2 and 3 which must immedimstely follow Card 1.
: - NDI3 must be at least eight (B), but must be less than
or equal to the limit (MAXNOD) which was given on the
-+ Control Card; Section 1. Elemont displacemchits are

- .maggigned at the NDIS non-zero nodea, amd thus, the -
arder of the element matricres ip three (1.e., trans- .
—-xt - lations X,Y,2) times ND1S...The eight corner nodas of -

the hexahedron must be input, but nodes 9 to 21 are
optional, and any or all of thepa optional nodes mEey
be used to doseribe the element’s displeccment ficeld.

1v¥.B8.1%
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ELEMEKRT DATA (continusd) A u R .’

Whon element edgss aro straight 11 ia unnnceésury .
computationally to include side nodes in the numerical . - -
evaluation of coordinate derivatives, the Jacoblan ) )
matrix, etc., and aince reguler element shapes are S
common,; an option has been included to use fewer nodes

in these geametric cplculations than ere used to -
describe element displacements, The first NEYZ non- & -
zero nodes posted on Cards 2 and 3 ere used to evaluate
thoso parameters which pertain to element goometry
onlyr =~ NXYZ must be“at -least eight—{83, and if omitted -
is re-set to NDIS, A common applicetion might be a

-

20 pode elepent (i.e,,-BDIS.EQ.20) with straight edges. .- . s

in whirh case NXYZ would be entered.as 8 . .o,

MAXES (unless omitted) refers to one of the material

axes set defined in Section 3. 1f gmittod, tho

malerial {(KMAT) orlentation ias such that the (X;,%;.X ),

axes coincide with the (X,Y,%Z} axes, respectively, *

IOP (unless omitted) refers to one of the output locetion .
gnts given in Section.s. If.IOF.EQ.0, stress outpqt‘is . .
quoted at the element centrodd only. ‘Stress output at
a point consists of three normal pnd three shear
copponents referenced to the global (X,¥,2) axcos. . o -

Fa

Whon element carpds mre omitted, element data are generated
automptically as follows: " Wt

- {a)_+all dete on.Card l.fcr. genereted elemants
- is.taken to be~the sampsus -that glven:on-== =~
* the-first element cargd Iin the-sequence; - -

{b) T noun-zero hode numbers {gilven on Carde 2 and

PRI 3 for the first elemont) are.incremanted by *- =x

(1)

the-value “KG- - {which ia given on Card 1 of
the firat element) am element generation

e s-mw Progreases; zero {or blank) node number:en- _
tries are gengrated B8 zerges, -t n - .

The last element cannot be generated.
The flag IREUSE mllows the program to ﬁypnsn stiffness

and masas matrix calculations providing the current -
element "1s identicel to the preceding clement ) f.e.,

" the:preceding and current elements are identical except . :

for a ‘rigid body translation, [If IREUSE.EQ.0, new.: - -
matrices are computed for the current element,

If IREUSE.FQ.1 it is mlso assumed that the node

tepperatures of the element {for calculetion of thermal

loads) are the same as those of the preceding elemont,

v

"
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ELEMENT DATA (continued?

{8}

(e}

(10}

Prodgsurn loads Are assigned (i.e., epplied) "to the
element by means of load set references in cc §1-62
for combination A, cc 63-64 for B, etc, A rero ontry
meens that no pressure acts on the ¢lement for that
particular element load combination.

The first eighl wode numbors establish lhe corners or
vertices of s general hexahedrono and must be all non-
zera, (see Flgure in Secticon 1 com control cards), XNode
numbers must be jinput in the sequence indicated otherwise
volume and surface area integrations will be indofinite.
The pumber of cards required as input for each element
depends on the variahle MAXNOD. TFor the case of
MAXNOD.EQ.8, only Card 2 18 required, II MAXKOD,GT.%,
Cards 2 and 3 sre regquired for all clepents,

Nodes 5 to 2Z) ore optional, and only those nodes actuplly
used to describe the element are input., The program

will read 211 21 entries 1f MANNOD was given as 9 or
greater, hul only NDIS non-zero valuees pre axpected

tg be read on Cards 2 and 3. If for evxpmple ene element
is described by 10 nndes, then co 1-40 op Card 2 would be
the elpght corner node numbers, and lhe remaining two

node numbhers would be posted somewhere on Cards 2 and 3.

1v.8.19



I¥, ELEMEKT DATA {continued]

TYPE 9 = THREE-DIMENSIONAL SETRAIGHT OR CURVED PIPE ELEMENTS

Fipe elements arve identified by the pumbor rtwelwe (127, Axial
and shear forces, torque and bending moments are calculated for each
rmember. Gravity loadings in the global X,Y,2) directions, uniferm
temperalure changes {(computed from input nmodal temperatures), and
oxtensional effects due to internal pressure form the basic member
loading conditiions. Pipe element input 15 described by the following
sequance of cards:

1. Control Card {1415)

notes columns variahble entry
1 - 5 Entor the number 13"
(1) 6 - 10. KPIPE Number of pipe olements
11 - 15 NIRGIAT Number of material sets
16§ - 20 MAXTE Maximum number of temperature points
used in the table for any meterial
GE.1; at least ohe poind
21 - 25 MSECT Number of seclion properiy sets; GE.1
{2} 26 - 30 NHRP Number of branch point nodes at which
oulput is requirod;
EQ.0; no branch point output is
produced
31 -~ 35 MAXTAN Maximum number of tangent eloments
common to Aty Gne bhranch poeintl node;
. EQ.0; default set to 4"

36 - 40 NPAR(B) Blank
41 - 45 KPAR(9) Tangent stiffnees load matrix dump flag
EQ.l; Print
FQ. .0 Suppress printing
46 -~ 50 HPAR{IO) fend stiffness load matrix dump flag
EQ.1; Print
EQ.0; Suppress printing
.8l - 55 NPAR(11} Element parameters dunp flag
EQ.1; Print
EQ.011 Suppress printing
KOTES/
{1} The number of pipe elements { KPIPE') counts bolh tangent
and hkend gecmetries, and both the malerial and sectlon

property tables can reference either the bend or tangent
elument typoes,

(2) A branch point is definod ps A nodal location whoro nt
lecast three (3} tangent pipe elements connect. The two
input parameters XBRP' and "MAXTAN' reserve storage for
an index array created during the processing of pipe
celement data; posting A larger pumber of maximum common
tengents than actually oxist is not consldered a fats] error
condition, Uranch point data 1s read if reguested, but not
currently used; i.e. to be used in fulure program versions,

.
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IV. ELEMEKNT DATA (continued) ) St

' e i

- 2., Materisl Property Cerds - oo

- Temperature.dependent Young's modulus (E), Pﬂisson's ratlo
{+) and thermsl expension coefficicnt (o) are ellowed. IFf more than
- ong (1) temperature polnt is-input for A material takle, then ihe program . J
selects propertiea using linear interpoletion between input temperature '
values. The temperature used for property Seleclion i5 the average B -
© elemeni temperature which is denoted Bs T : - -
SaT .= {T .+T,)/2. ' o~
_ ar Tt Ty72 | ce e
. where T, and T, are the input nodal temperatures for eods "i” and 3" T
of the.pipe. Fgr each different meterinl, the following set of cards  ~ *pr -
. must be input: - - Y . ) L
e P . . - ) . R _! . 3 ' P
. T a. meterisl identificetion card ‘IEIE,EﬁE}ir
[N . . ot Lt . F - . ] e ' - X
- notes. - ecolumns | -varlable. . entry ... . - Tow . - *
(1} 1 - 5 g - M ~ Material jdentification number; .
- GE.]l mnd LE.NUMMAT _
’ - 6 - 10 - KT . - Number of different tepperatures at )
' - ) TR - ' " which"properties-are-given; wmir
. EQ.O; one, temperature point. is
) ) h pasumed to be input Lo .
- 11 - 486~ * Material description used to label |,
+ the cutput for this material
NCQTES/ - .= 1
e S . (1) +Moterial-identificetion.number must be input:between one, (1) -
* + . “and-the total-number-of-meterinlatapecified={ NUMMAT')" . oo
. . h. material cards (4F1D.0}
notes columns  -~variahle- -entry T ' . N .
{1} 1-10 T(X) Tempersture. T, .
« T B = . Ih: 11-- 20 E(N)Y . .. rYoungis:modulus, E, - o ﬂ:' Ry i
- 21 - 30 XKU{N} Poisson's:retio, T h
! 3t - 40 ALP(N) + Thermal expansicon coefficient, o, -
. . . /
KOTES/ .
|
{1} Supply cone card for each temperature point in .the materiel
i i} - tabla;, at lenst one card 15 reguired, Temperaturces muat o~
20 * be input in incressing (Blgebreic) order, 1f two or moTe ‘ N

- S ¥ points are used, cure mUst be teken to insure that the tabla )
TS Y “covers the expected range’of averege tepperstures-existing- - -
- - in the elements to which the material table is assigned.
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TY. ELEMENT DATA (contimued}

2. Section Property Cards {I5,5F10.0, 346}

netes columns variable antry
(1) 1 - 3 N Section property identification number;
GE.1 and LE KSFCT
{2} & - 15 Outiside diameter of the pipe, d,
16 - 25 Pipe wall thickness, t
26 - 35 Shape Tactor for shear distortion, 2y
{1 J6 - 45 ' Welght per unit length of section, ¥y
(4) 46 - 55 Mass per unit length of section, Py
56 - T2 Section description {used to label the
BUtput)
NOTES/ '

(1} Section property identification numbers must bhe input in an

ascending sequeonce beginoing with one (1) and ending with
- the total number of sectlon specified (''NSECT), - .

(2) Assuming that (y,z) 8ro the section axes and that the x-axis
i1s normal to the sectien, the properties for the sectien are

. compuled from the inpul parameters td,, t and n¥] as follows:

(a) inner and outer pipe radii;
r_o= dDKE

r =r =t
i o

{b) cross-sectional aren {(axial deformations)

2 2
Ag = Mg - ry)
. (¢} principal moments Of inertis {(bending};
4 4

Iy = (1/4) {r, - ril

1 =1

z -

W . {d) polar moment of inertia {lorsion);
.]x = 21? .
(e} effective sheoar arees (sheer distortions);

Ay = ﬁxfnb i
A = A

x ¥

- o = - Kote*thal the shape factor for shear distortion {ﬁ;] Ay

e ioput directly. 1f the entry is omitted, the shape
factor is compuied using the cqQuation:

2 3 2 2
o, = (4/3) (r - rYUr 4 5 (ro- T )]

= 2.0

1v,.5,3



IV, ELEMEXT DATA (contilinued)

An input value for &v greater than onc hundrod (10003
causes the program to neglect shear dislortions entirely.
If used, the same shape fzctor is aspplled to both in ond
oul-of~plane shear disturtiaons.

{3) The weight per unit length of section {¥,) is used to
compuie gravity loadings on the eleomonts,.  Fixed end
shears, moments, ilorques, cote. are copputed automal ieally
and spplied as egquivalent nodal loads. These forces will
ol pot on lhe structure unless firsl sasigned to obn of
the clement load cases (A,M,C.D) in Section IV,L.5. below,

- {4 The mass per unit length is only used 1o form the lumped
mass matrix for a dypawmic analvysis case. 17 no eniry is
input, then the program will re-define the mass density
from the weight density using:

£, = ¥, /386.4

. Either a non-zero welight depgity or mass density will
cause the program 1o a5Sign masses to all plpe element
nodes,

. 4. Branch Point Xode Numhers

If the number of cutput branch point nodes hes been
omitted from the coantrol card (i.e., cc 26-30 blank}, skip this rection
of input, and no branch pointl data will be read. Otherwise, supply
node numbers for m total number of branch points requested on the
control card, ton (13) nodes per card:

first card (1015)

notes columns variable entry
{1) - 5 - Node number at branch point 1}
g - 1IN Kade number at branch point 2
415 - 50 Kodo number at branch point 1D
secaond card (1015) -- if reqQuired
notes columns variahle eni ry
1 - 5 Node nurber at branch point 11
ROTES/

{1} A node dees pot define a branch point unless at least three (3)
tangent elements nre common to the node. Brangh point output
i= only produced for static analysis cases.

V.04



1V, ELEMENT DATA {(coniinued}

5. FEloment Toad Case Multlpliers

Five (5) cards must be input in this section specifying
the fraction of gravity {in each of the X,¥,% coordinale directionsy,
the fraoction of fhermal loading and the fraction of intornal pipe
pressure loading to be added 1o ezach of four (4) possible eloment
lgading combinations {A.B,C,U).

Card 1 X-direction gravity AFI0_ )
notes columns variable ent ry
(1} 1 - 10 Fraction of X-direcction gravity to be
applied in element load case A
11 - 4n Fraction of X-direction gravity to e
applied in element load case B
21 - 30 Fraction of X-direction gravity te be
applied 1in vlement lofd case
a1 - I0 Fraction nf X-direciion gravity to be

- applicd in element load case D

Card 2 Y-direction gravitly {AF10.,0)
Card 3 Y-direction gravity (4F10.0)
Card 4 Thermal loads {4Fl1a.
nirtes columng variable antry
{2) 1 - 10 Fraction of thermal loading to be
applicd ip elemuent load case A
11 = 20 fraviion of thermal loading to be
applied in eclement load case B )
21 - 30 Fraction of thermal loading to be
applied in elemopt load case O
31 - 40 ' Fraction of thorma! loading to be

applied in element load case [}

Card 3 Internal pressure {1F10.0)
notes columns variakhle eniry
(1) 1 -10 Froction of pressure —induced leadin.,
appli=d in 2loment losad case A
11 - 20 Fraction of prossure ~induced lopding
. applied in «lement load case B
- 21 - a0 Fraction of pressure=-induced loading
) applied in elemont land case O
31 - a0 Fractivn ef pregsure-induced loading

applied in clemeni load case D

IV.9.5
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CIV.

ELEMENT DATA (continued)’ ' ' : L o

ot 1

5. Elemant Loed Case Multipliers {continued) o, .

NOTES/ .

(1) Ko gravity loads Will be produced if the weight per
unit length was input as zero on all.section property . -
.cards, ' Otherwise, & multiplier of 1.0 input for an =
element load case means thet 100% of desdweight will ) -
ke assigned to that leosd combination, . )
No thermael lcadiog will result if the coefficlent of e .
thermal expansion hes been omitted from sll Lthe meterial _
cards.” Otherwise, thermal®loads are computed for wach ~~ % °*, -
element ugsing the AT:betwnen the pverapge element tempe}n- R =
“-wmture-(T,) and the etress-free temperature (T,) given s v ATt R
- with each pipﬂ element card {Sectign IV.L.&, bﬂlnw} I
3 - . N -
(3} E]ement distortions are cumputed Tor ench element due - | .-
to internel pressure, and these lopds are combined into ? - .
. . =lement load ¢eses by.means of appropriele non-zero -~ . e
entries in Card 5, 1
Gruvity, thermal or pressure.induced loads cannot act ' * %
,.;ﬂon the structure unlesz-first ,conbined in one or more L.
af the element load sets {A,B,C,D). Once defined, . -
element load cases are assigned (via scale factors) ) ’
4 to the structure load cases by mesne of Elezent Load -1-
" Multipliers given in Sectlon ¥YI. An element load
.Ccase combination may be.used s pultiple number of
+«times:when:-defining. the varicuszstructure dopding -
. conditions. ¥ .
. - i | | r* )

] I

. , + b . - - b oo .
* v us v 6T Plpe-Element-Cards <™ rr:“;r _ AT - s -

‘notes columns variahle entry

« (1)

{2}
(3}

. g {4) -

v

a. card type 1 : ' ool

1 - 4 [ - Pipe elament number; . -
GFE.1 and LE . NPIPE
5 Geometric typo code:

. "I (or blank}; tangent section -
2" . ; 'bend {circular) section

g - 10 I Fode 1 pumber . -
11 - 15 J - Node J number ’ -
16 -. 20 MAT Material identification number; -

- - GE.1 and LE_NUMMAT oo
2l - 25 ISECT Section property identification pumber; .
. [} CE.}! and LE _KSECT a

26 ~ 35 ; +  Stress-free temperature, T, .

36 - 45 - Internal pressure, p : - -~
- 46 -.55 s Yg-a « -FoBitive.projection of a® loc11*y-‘ e g .

g Lo
vector on the global X-axis; A(¥X)

iv.9.7



1¥. ELEMEKT DRATA f(continued)

nclies

KOTES /

(h

(2}

“ A£3)

8. Pipe Rlement Cards (continued)

coalumns variable - entry

%G = B3 Positive projection of a locel y-
vector on the global Y-axis: A(yY)

66 - 75 : Positive projection of s local y-
vectar on the global Z-axia A (32)

76 - B0 kG Node number increment for tongeat

elamunl goneration;
EQ.G; default set to 1"

Cord type 1 is used for buth tangent and bend clomonts;

g secord card {card tvpe 2, below} must be input immedi-
ately fellowlog card type 1 if the pipe element is a

bend (i.c., "B" in gc 5). Note that element cards must

be inputl In ascending sequence beginning with one 1"
and ending with the 1otal number of pipe elements,

If tangent elements arc omitied, generation of the
internediate elements will occur; the peneration slgerithm
15 described below. An attempt to geonerate bend type

vlements s considered 1o be AD error,

The stress—-iree temperature, T,, 15 subtracted from
the average element temperature, T,, lo compute the
uniform temperature difference ecting nn the element:

=T =T
aT a o

The entire element is assumed 1o be at this uniform
valua of temperatury difference.

The wvalue of pressure is usod to compute a sel of
self-equilibrating joint forces arising from member
distortions due to pressurizaticn; it.e., the mechanical
equivalent of thermal loads. Jor bend elements, the pressurc
is also used to compute the bend flexihility fretor, k. The
curved pipe subjected to bending 1s more flexible than ele-
mentary beam theory would predict. The ratio of “actual”
flexibility to that predicted by beam theory. 1s deboted hy k

where B

(1.65/m) /1) + 6p/EM) (R/1)173) 22

K =
4
in which
2
h = th/r
r = (d -t)/2
o

Iv.5.B



IV. ELEMENT DATA (continued)

G. ripe Element Cards {continuved)

and

= pipe wall thickness

= radius of the circular bend

= mean radius of the pipe cross soction
= outside diameter of ihive pipe

= Young's modulus

= internal pressure

=R
1

b
|

The flexibility factor is computed and appliced ta all
- bend elemetits; pressure stiftening is neglected i1f the

™ (L}

enlry foer internal pressure (p ) 15 omitted.

{d} The global projections of the local y-axis for a tangent
SCULIN menber may be omitted {cc 46-75 blank); for this case,
the following convention for the local system is assumed:

(a) tangents parallel tc the global Y-axis
fvertical axis) have their local y-axvs
directed parallel to and in the spme direc-
tion as the global Z-axis;

{b) tlapgents not parallel to the global ¥Y-nxis
have their local y-axgs comtalned in o veriical
{globall) plane such that looal y projects

. pusitively on the positive global Y-axis,

Fur band elements, the glohal projections of the loeal
¥y-aXxis are not used; instead, the locsl axis convention
.o is defined as follows: .

(a) the local y-axis is directed puhitivuly toward
. and intersecis the center of curvature of the
bend (i.e., radius vectar);

(b} the local x-axis is tangent io the arc of the
bend and is directed positively from node I
to pode J.

Noie that for all elements, the local x, ¥y, z system
is a right-handed set {see figure).

{(53) 1f a tengent element sequonce oXisSts such thet each
clement number {NE;) is one (1) greatur than the pre-
vious number (NEj_1): i.e., -

: = KE + 1
WEi hhj_l

only the element card for the first tangewt in the

1v.8.98



1v. ELEMENT DATA {continued)

‘G. Fipe Element Cards {cantinuad) - _ : : .o
series need*be input, The node numbers for the missing
- . tangents are computed using the formulae: g R .
_ - 1_‘ r -: . .i . -
’ '.'Nli NIy +1HG . Y.
hJi = ﬁJj-l + KG . - . : -

- .

where "KG  is the pode number increment imput in .
ce 76-80 for the first element in_the serlcs, and .

w T L .

tha i . - . - -
SRk Ao gEy - {a)trmaterial identificaticon: number —iwlens e o Mo -
{b) section property ldentification number
{c} stress-free temperature . '
e . (d) internel pressure ~ - e - .
- - {e) y-axis globel projections ‘.. "
¥ i " ' 1-*2ﬁ¥ .
‘for each tangent in the generation sequence are taken to '
- ' } be the same a5 those input on.the first card 1o the .

series, The pode number increment {'KG'} is reset to one
¢1} if-left blank on the first eard in the series. The. . -
last (highest) slement cennot be generated; i.e., 1t must
be input. . ; . -
Dund element data cannot be generated because two input
cards arc required for each bend. Also, the clement

*~ justrprior:to-a bend-elemenispust-.appear.on.an input

- * ' card..” Severel bends may be-input-in-a -sequence, hut= o
. 'gmch bend must appear' (on two.cards) .in-the-input- stream. .
o ™ p'“ . card<type-2 [F10.0,3XA2,4F10,0) "9~ " = -~
notes columns * variable '~ entry '
- (1) .1 ==10 R Redius of the bend element, R -,
(2) / 14 = 15 . Ehlﬂd point type code:
- TI  (or blank); third point,is, the
\ . tangent intersection point
"ot ; third peint ia the
. - center of curvature
Lo > 16 - 25 * - - X-ordinate of the third polnt, KB
o 26 - 35 Y-ordinate of the.third point, ¥Y3° .
i o T35 - 45 il +Zrordinete of the third polnt, 23 . il ae
46 - 55 Fraciion of wall thickness 1o be

+ used:for . dimensional tolorance tests;-.
£Q.0: default set to '0.1" :

Iv.5.10
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1¥, ELEMENT DATA (continued)

g, Pipe Element Cards {(Continded)

KOTES/

{13 The radius of the bend ('R) must be input regardless
of the method ("T1" or "CC") used to define the third
poeint for the bend.

(2 1f the tangen! intersedtion point is used, the progri..m
computies a radius for the bend and comparcs the compu-
ted value with the ipput radius. An cerror condition
15 declared if the two redii are different by more
thap the specified fraction (or multiple) of the
soetion wall thickness, The 1ungfﬂs of tho two
tangent lines (I 1o TI ard J to TI) are compared for
equality, and an error will be flagged i1 1he two
values are discrepant by more than the dimepsional
telorance.

If the ¢center of curvature is input, the disiznces
from the third point to nodes I and J are ¢ompared
to the input radius; discrepancies larger than the
uger dafined tolerapce pre noted as errors.

This second element card is only to be inpul for the
bond type element.

Flement 5tress Jutput

Strogs output for pipe clements consists of forces and moments
pcting in the member crass sectigns at the ends of each member and
at the midpotints of the arcs in bend elements. Qutput guantitites -
act oo tho clepent segment ronnectiing the particular output station
and end i: J.e.; j lo i, centur to i, or 2X to 1 (where AX —+ 0).
rositive force/moment vectars.gre directed into the pusitive local
{x,¥,7) dirpctions, as shown ip the acgnmpanying Tigure.
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¥, CONCENTHATED LOAD/MASS DATA  {215,6F10.4)

noles columns variahle onLrey
(1) 1 - g5 N Nodal point pumber
(2) 8 - 10 L Structure loond case numbor;
. GE.1: alatic analysis
EQ.C; dynamic analysis
11 - 29 MY (N, L) X-direction force {or trenslational
mass coefficlent) ‘
21 - 30 FYi{N.L) ¥=-direction foprce (or lranslational
-masg voefficient)
1 - 40 FZ(N,L) Z-direction force (or translational
mass coefficicnt)
41 = 50 BN, L) — X-axis moment (or retational inertim}
' al = GO MY (4,1 Y-axis moment {or rotatiovnal inertia}
61 - 70 MZ (N, 1) Z=axis momoent (ur rotestional inertia)l
KOTES/ .

{l) For a static analysis case {(HDYN.EQ.0), ove card 15 required

for each nodal point {"K") havinpg applieg {non-zero) concentrated
forces or mopents. All structure load cases must be
grouped tegether for the nede ('N"') before data is entered
for the next (higher) node wt which loads ara eppplied,. Only
ihe struclure load cases for which node N i3 loaded wneed be
given, but the structure load easa numbers (L") which are
referenced must be supplicd in ascending order. XNode loadings
must be defined {input) in increasing node number order, but
again, only those nodes nctually leopded are pequired as input.
Tho statiec lonaddg defined in this soction acl oo the strugture
rxactly az input and are not scaled, factared, etc. by the
. etlement load case (A,3,0,D) multipliers (Section VI, helow). .
Xodal forces nrising Irom element loadings ore Ccombined
fadditively) with any contentrated loads given in this
scation, Applied [orco/moment veotors act on the structure,
pusitive.in the positive glohal directions. Only one card
is allowed peor node per load case.
Ty

For a dynamic analysis case (ND¥YN,EQ.1,2, 3 or 4), EBEtructure
load cases have no meaning, but the prugram oxpects Lo read
data in this section nunetheless, In place of cencentrated

. leads, lumped mass coefficients for the nodal degrece of )
freedom may boe ioput for any (or all) nodes, The mass matris
is automatically constructed by the program [rom elcoment
geometry and associpted material densities; the mass ¢ocfficients
read in thisg section are combined f{additively) with the eXist-
ing element-baged lumped mass matrix. For mass input, § node
may only be spocificd once, and the load case number ("L}
must bhe zeroe (or blank).
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Y. CONCENTRATED LOAD/MASS DATA (215,6F10.,4) (continucd)

(2)

The prapgram terminates ropding loads {or mass) data when
s zero {or blank) node number (K"} is encountersd; {.e.,
terminate this secticon of input with & blank card,

For the speccial case of a static analysis with no
concentrated loads applied, input only one (1) blank

card in this sceilioen., Similarly, a dypamic anelysiwm

in which the mage matrix i5 not to be augmented by any
entries in this section reguires only once (1) hlank

card pg input. -

For a slatic analysis, siructure load case numbers

range froo 17 to the total number of load cases
requested on thoe Master Control Card ("LL"}; thus,

1 = I, 2 LL, NDYN.EQ.O. For a dynamjc analysis, only zero
(0) roforences are allowed: Lhus, L. = 0, Nbyy,EQ.1,2

J, or 4.

V.2



¥I. ELEMEKRT LOAD MULTIPLIERS (410,00

notes

1,2}

XOTES/

{1}

(2)

calumns variable cntry

1 - 10 EM(1) Muliiplier for elemant lopd chsc A
11 - 20 EM (2] Multiplier for element losd case B
21 - 30 EM(3) Multliplier for vlement load case C
31 - 40 EM{4) Multiplier for element lgad case D

One card must be given for cach static (KDYK.EQ.0) structurce
load vase requested on the Master Contral Card {"LL"). The
vards must refercnce load cage nuwboers in ascending order, -_
The four (4} element load setls (A,B,C,D),if created during

the processing of element data {Scction I¥, abave), are

combined with any voncentratod loads specificd in Section ¥

for the slructure leoad cases, For example, suppose an analysis
case calls for seven (7) static structure loading conditions
{i.e., LL = %), then the, program expects to read sewven {7)
cards in this scction, Furthe;, suppose card number three {3)
in this section contains the entrivs:

[EMC1) . EM{2) JEM(3) ,EM{)] = [~3.0,0.0,2,0,0.0)

Structure load case throe (33 will then be constructed
using 100% of any concentraled leads specified in

Section ¥V mipus (=) J0O% of the loads in element set A plus
(+) 200% of the loads in element set €. Load sets B and I
will not be applicd in structure luad case 3, Element load
scts may be refergnced eny number of limes in order to
copstruct different structure loading conditions. Element-
based loady (gravily, thermal, etc.) can only be applied to
the struciure by means of. the data eontries in this sectian,

1f this case calls for one of the éynamic analysis options,
supply enly ane blank card in this section. If the job is

g dynamic re-start case {ND?N.EQ.-Z or =31, skip this secticn,

Static analysis input is complete with this section. Begin
o new daly case with o pew Heuding Card {(see Section 1),

vr.ol



¥IiIi. DYKAMIC ANALYSES N .t

LI ) LY
L]

Four {4) types of dynamic analysis cagn he performed by the programn.
The type of anslysie ls indicated by the number NDYN' specified in card
columne 21-25 of the Master Control Card (Section I1Y, IF
NKDYK.EQ.1l; - Determination of system mode shapes and
- ) frequencies only .o ' - -
{complete input Section VI A, only)
1 - b ’ .
NDYN.EQ.2;. Dynemic Response Analysis for erbitrary -
) time deprndent loads using mode suporpositiion "
{complete both Sectiona VIJT.A end B below)
- NDYH.EQ,3: Reeponse- sbectruﬁ Analysisg e o B L
. : -J?““"(cumplete hoth Eections VIT A and C, be]ow} T
T - ] = " - . r T, ,';__* =,
" NDYN.EQ.4; » Dynemic Response Anelysis for erbltrery time
. dependent loads using Step-by-step direct
integration
) - . {complete Section VII.B below)

In"any given dynamic snalysis case only one“ (1) value of NDYN will be’
B considered. However, if KDYN.EQ.2 or 3, the program must. first solve _
" the eigenvelue problem for structure modes'sngd frequencies, These
. eigenvaluea/vectors are thep used as input to:either the Forced Respoense .
! Analysis (NDYN.EQ.2) or-to the Response Spectrum Analysis (NDYN,EQ.3).
Hence; optione 1, 2 or-3 sll .require that the control parameters for '

elgenvalue extraction be supplied*in-Section VI1.A, below. - "

In case of 8 direct step-by-step inhtegration mnmlysis (NDYN.EQ.4)
do notaprovide-the-eigenvalue-solution.control.card -of.Section ¥1I,A.
For+the-special -case of dynamic-anelysis re-start. (ND¥N.EQ.-2.ar.-3},.
data input consists of the Hepding Card (Section 1), the Maater Control
=T Card .(Sectibn IF¥rand-either-of Sections. VII:HB{-2¥ror-¥I1.Ca(~3),-
below = Re-atarting-is-popgible only-if m-previous-solutien.using-the -+
same model was performed with NDYN.EQ.l, and the results from thia
- "+ - w.egipanvelueraolution were asved on the.re-start file. (See Appendix A.), .,
A Up to this section the program processem {(i.e”, expects to read)
" esgentinlly the same bloeks of detme . for either the static or dynamic
Rhalysixs’' casen; certnin of these preceding dets carde, however, ar
read by the program but are not used ip the dynamic annlyais phase,
*In generasl, the purpose of the preceding data sections i3 1o pProvide
. i information leading to the formation ¢f the syatem Btifiness and maess .
" meatrices (appropriately modified for diaplacement boundary conditions).
*+-~  For.example,“'clement load sets (A,B,C,D) omay,.bejconsiructed ‘e, though .
a static case were to.be considered, hut these data are ot used in e
dynamic anmlypis; i.e., the same dats deck through Section IV ecpn be | .
‘used for elther type of analysis, The concept of atructure loading ..
- tonditions 13 not defined for the dynamic cese, and input foT Sectiona
¥ and ¥I must be prepared apecially.
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¥VII, DYNAMIC ANALYSES {(continucd) -

" . i baF
A diagonel (lumped} mass matrix is formed autumﬂtically using
element geometry and ' assighed materisl density or densities, The mass

matrix so defined contains only trepslational mass coefficients -
calculeted from tributary element velumes common to each pode.  Known
rotational inertias must be input for the individual nodel degrees of
freedom in Sectlon V, above. | . T -
. . b W 3 ! C . al .o N . -
Non-zero impressnd displacements {or rotations} input by- weans of
the BOUNDARY element (type 7 ) are ignored; instead the component is

restrained against motion during dynamic motion of the structure, -

-

) o i * - T
' The program does not change the order of the system by performing -
ww =~ »a candensation of those nodal.degrees of freedom having no (zeral} o'

brow - mass coefficients; i.e.; s zero sass reduction 1ls not performed; - - .
. Ho . distinctioneis'‘mede between gtatic and ‘dynamic degrees of frecdom; o ::"
i.e., they are identical in sequence, type and lotel number, "
- ] . - - . . .
- . - .
- L] 'a. "
1 * -
¢ '
. ’ .

¥I1.,2
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VII, DYNAMIC ANALYSES (continupd) =~ "+ oir.r el foov

A, MODE SHAPES AND FREQUENCIES (NDYN.EQ.1, Z or 3) {315,2F10.0)

notes columne © variable entry

*, . - r te -

{1) 1 - 5 - .IFPR . Flag for printing intermediate matrices,

> norms, etc, caleulated during 'the
eigonvelue splution; -

. . . . .- ‘

. EQ.0; do not print .
' « 1% 7 EQ.1; 'print -
2) _ 6 - 10 IFSS ™ % Flag for permming the STURM SEQUENCE -
-f ' . - 4., -%*.  check; e
- - . T 3 * EQ.0; - check: tq soe 17f nigenvaluEE
) . SREM A kS *were missed: - -

' -, * T OEQ.Y; pass on the check . * = ¢
MA)TUTTIL - 1%t NITEM Maximum number of iterations allowed gpmmar
. to reach the convergence tclerance; |
T - B * EQ.0: default set to 16"

{4).- '+218 - 25 RTOL ™~ - CGnverguncettnlerunCE {accuracy) for
ot 4~ % 4 .the highest { 'NF'') requested eigon—
.n _* I L S I e ol value;" » ., -
i o e -t £Q.0;  default et to "1.0E-5" .
-'{8) 26 - 35" ' COFQ + ' Cut-off frequency (cycles/unit time) |
- _ ) © EQ,0; ' NF eigenvalues will be ex-
- T et ¢ v u., - 7 traeted P
re L Gr.0: ' extract only those values
s - SR below" COFQ - | . .
*{6) 36 -. 40 .*KF0 *- 7' Number of starting iteration vectorss
. ) . to be read from TAPELD -
. - ' N i
" J . s n,: - R

NOTES/
(1)+ Exira output.produced.byithe eigenvnlue anlutionn can be
“*="1 requested ;.outputiproduced-by:this option.can-be ‘quite - S
’ voluminous., Normal output produced_by tha- progrnm consists -
of an ordered list of eigenvalues followwed by the eigen-
vectors for wach mode., The number of: mndus found and
. printed is epecified by the variable "WE'- given in cnrd
! columns™ 16- 20 of the Mester Contrel Card. .
| {2) The program perfnrns the solution for eigenvalues/vectors
« using either of twa (2) distinct,elgorithms:

] - )

—+  *(a) the DETERMINANT SEARCH. algorithz requires that
'™ “the upper trisnguler band of' tha system stiffnesas
Bt o mltrix fit- 1ntn high speed- menmory {core); i.e., .
- ‘ohe equation block” .

« 4 *(B)T the SUBSPACE ITER&TIﬂh algorithm i5 used 1f only
& * portions {fractions) of the system matrix CAD be
- ‘! .retained in core; i.e., the matrix (even though
*  in band form)} must be manipulated in blocks.

¥Iii. 3 . .



VII. DYNAMIC ANALYSES (coniinued) r N .

A. MODE SHAPES AND FREQUEKNCIES (continued) . -

The program wi}l automatically select the SUBSPACE ITER&TION’
procedure for eigenvalue solution if the model is too large
* for the in-core algorithm. -
] [

- -’

. . . ¢

The entries "1FS8", "NITEM” and "RTOL" are ignored if the pro- -
Erapm cap use the DETEEMINANT SEARCH to find eigenvalues, . v
Whether or not a model is too large for the DETERMINANT SEARCH
depends on the amount of core sllocated (by the programmer
and not the user).for array sturage_‘ The progrem varisble
1« "MTOT" equals the amount of working storage evailable. L s
. " Define: . T k L .

MBAND = maximum equatién bandwidth (Euuffiaients} ) '
= fmaxinum elemnent hode mumber oifference) ’

. ¥ (pverage number of degrees of freedom .
' - per node)
« NEQ -= total number of degrees of freodom in
" the model
- .= = {6} x (totlal numbor of nodes) - [number of
' - e Tixed (deleted) degrees of freedom]
. - HEQE = number of eqguations per hlock of storage -
. * . = MTOT/ MBAKD/ 2 (for large.systems)
» 1
If NEQR is less than NEQ, tha model is too large for the
- DETERMINANT "SEARCH:nlgorithm, and.the SUBSPACE-ITERATION" - ..
procedure %411! hLe used. .
v+ . 1f the SUBSPACE ITERATIDN mlgorithm is used tho user may .
- . su¥rafuest thatotho STURM SEQUENCE:check.be.performad. By L~

experience ihe algorithm has alwaye produced the-loweat NF. )

eigenvaluea, but there i8 no formal methematicel proof thet
v wts-oh vy @b .+ the calculated NF algenvaluas will always be the.lowest onesiw .-
. * «-The STURM SEQUENCE check can be ueed %to verlfy that the- T fa
lowest NF vigenvelues have been obtained, Jt should be )

. noted that the computational effort expebded in performing
- ithe STURM SEQUENCE check 1s notl trivial, @A facterizaetion -

of the complete system matrix is performed st a shift just

* to the right of the NFth eigenvalue,

T e If during the SUBSPACE ITERATION the KFth eigenvalue fails -
#« == . £ % to.copverge -to 8 tolerancelof-RTOL” (normally 1.0E-5, or alrv <f _ -
5 significant figures) within "NITEM" {normally "16"}
- "~ ) iterations, then the STUMM SEQUEKRCE flag {"1F35") is .
1gnored.
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VI1, DYBAMIC ANALYSES {continued)

AL

(3}

(1)

{5}

MODE SHAPES AND FREQUENCIES (continued)

The maximum pumber of iterations ta reach convergence
{"NITEM") applies only to the SUBSPACE 1TERATION mlgorithm.
If ¢ec 11=15 ere left blank, e default value of "18" for
NITEM is assumed.

The convergence tolersnce ( RTOL") is applicable anly if
the SUBSPACE ITERATION algorithm is used. This tolejance
test applies to the NFth cigenvalue, and all eigenvaluos
lower than the KFth gne will be more accurate then RTOL.
The lowost mode is found most accurately with precision
decreasing with lncrreasing mode number until the higheat
roquesicd mode ('NF''} is accurale to a tolerence of RTOL.
Iteration is terminated after cycle pumber (k+1) if the
XFth eigenvalue [}, say) satisfies the inequality:

[ Jrgk+1) - A(k) |/%{k)T < RTOL

If the determinant search algorithm is used, the elgenpairs
ard obtained Lo @ high precisicon, which is indlicated by the
"physical error bounds'

ey = e lly 7 e,

wvhere

2
po= (K~ w M) 8,

and {uﬁ $,3 are the 1'th clgenvelue and cigenvector obtaincd
in the solutieon,.

The cut-off frequency { COFR") is used by both eigenvalue
algerithms to tqrminalﬂ computetions if all eigonvalues
below the specified frequency have been found.

The DETERIINANT SEARCH algorithm computes eigonvalues in
kr r (1] 1]
order frem 1 to NF . If the Kth eigenvalus (1 5K <NF)

has a frequency greater than "COFQ", the remaining (NF-N)
eipnnvelues are not computed.

VII.5



VII. DYRAMIC ANALYSESR {coniinucd}

A, MODE SHAPES AND PREQUENCIES {cuntinucd)

The SUBSPACE ITERATION algorithm terminetes calculatian
when the Kth cigenvalue is accurate (i.e., does not change
with {iteration) te a tolerance of RTOL, AS before, the Nth
eigenvalue is the pearest eigenvalue higher than COFQ. If
the SUBSPFACE ITERATION solution dotermines N eigenvalues
los= than COFQ (whers, K «<NF} , the STURM SEQUENCE check
{(if rvquesated) is performed uvping the Nih {rather than the
NEFth) eigenvalue as a shift,

Only those modes whose frequencies are less than COFG
will he used 1n the TIME HISTORY or HESPORSE SPECTHRUM
analyses {Secticns VII.B apd C, bolow).

{6) The starting iteration veclors, togeihver with control
information, must he written onte TAPELD before the program
execution is started. Appendix B describee the creation of
TAPEI(} and gives the regquired control cards.

{7} The program does not calculate rigid body modes, i.e. the
sysiem must have been restraint so that no rigid body modes
are present.  In exact arithmetic the element d aof the
matrix I in 1the triangular factorization wi the stiffness
matrix, i.e. K=LDLY, is zoro if a rigid body mode is present,
In computer srithmetic the element dp, is small when compared
with ihe other elements of the matlrix 0. If this conditian
vccurs the program stops with o _messapn.

Note: 1f many ‘artificially” stiff boundary elements are
used, the average ¢f Lthe elements of D will be artificiaelly
large, Conscquently, d,. may be =mall in comparison, and
although nc rigid body modes may be present, the program
will gtop, In a dynamic analysgis it 1= recommended not

1o vae very stiff boundary clements.

EXD OF DATA CASE INPUT {(NDYN.EQ.1}

ViI.6
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¥I1. DYHNAMIC ANALYSES {continued) "% . % ™ - R t *
B. RESPOKSE HISTORY ANALYSIS (NDYN.EQ.2Z or NDYN,EQ.d}

' The WNDYN_EQ.2 opticn uses the {"NF"} mode” shapes and
frequenciea computed in the preceeding Section (VI1,A) to perform .
a mode superposition solution for foreed response. The KDYN.EQ.4
option initiates B direct step-by-step integration of the coupled -
system equations, i.e. no egigenvalue ' solution hes been performed ’
and no trensformation to the eigenvector basis is now Carried out,
The data ipput is identical to the caee NDYN.EQ.2 except for the .
definition of demping. . Dynamic reeponse can he produced by twa {2}
general types of forcing functiun. \ -

) (1) grnund,aCCElération input in any for_all), of .
ai the three (3) global.(X,¥,2) directions; . e
and for . R 4 . “a .
£2) timo varying loads {fﬂrCEthunentsl npplied in sny¥
(er all) nedal degrees of freedom [excapt - U"alave' -
_degrees of, Ireednm} . .

1 . - T

Time dependent forcing functions (whether loeds or ground
acceleration componenis) Bre described in two steps. First, a ' .
number (1 or more are possible) of non-dimensional time functions
arg specified 1ebularly by a Bet of descrate points: [f(tll.til, -
where 1 =1,2,...,k. Earh different time functlion may have 8 different
nueber of definition polints (k}. A pearticular forcing functlon
applied st some point oo. the gtructure is then defined by a scalar
gultiplier {'E", uay} and reference t0 oOne of the input time .
functions ("f(t}",Yeey). ‘The actual force (or acceleration) at any
time ("7, say) equals Gxt{1); T{7) 18 found by linear interpola-
tinmbetwe.en.twohc}f-the,.input.tinu‘pointssitj,tiﬂ],l.whem.t1 LTSty . .

Assuming that the salution begins-at-time zero~ (D), en-in- )
dependent arrival time (t,, where tg 20) may be;pssigned ito each .
forcing function. * Thecforcing _functloncis_notispplied to.the systeo -
until the golution time (7, say} equals the errival time, L .
Interpolation for functicn values i3 based on relative time within

“the function teble; i.e., g{1) .= f{1=-t, al e O LT o

The structure is ﬁasumed to be at rest st time zero) 1.e.,

zero initial displacements.and velocitics are esgumed at time of

solution stert, \

The following deta sre.required for a Forced Dynamic Response
Analysis: “ ) . .

« 4} + 1. Control Card (515;2F10.0Q}) . + : . . .
rotes calumns varisble . entry i . - -
(1} 1- 5 NFN *Mumber of different time functiors;
GE.1

YII.7Y
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VII. DYNAMIC ANALYSES {continued) . T . . .
B, - RESPONSE HISTORY ANALYSIS (continued) ._"" . -,
notes columns  wvariable entry "
2} B - 10 NGM *  Ground motion indicator; T )
* FQ.0; no ground motion is input )
EQ.1; reed ground moticen control .
card (Section VII.E.3)
(3 » 11 - 15 NAT . Mumber of different arrival times*
for the foreing functions;
; - EQ.0; 8ll arrival times are zero "
{43 16 - 20 KT - Total number of aolution time steps:
. .- . GE,1
(5) T2l - 25 * 'KoT " Qutput print interval for stresses, _ T
. r Lt displacements® ate.. . Co e
A - - a® GE;]-"IH:' LE‘N'T o . . [ a"!_ui' i
(4} 26 -.35 DT * Solution time etep, fAt; . .
. . GT.0 ' - . .
{(6). - ~ 3B - 45, *DAMP Damping' factor to be applied to all ;. -~ [ |
. . NF modes (fraction of critical):; ' 3
- . b GE.D [ 3 _' 1 . . L o _ ot
In case of NDYN.EQ.4 use -~ 1 Ta L Y s A
(6} - 36 - 45 ALPBA - Dramping fector o . ° . -
(7} 46 -.55 ‘* BETA Damping factor E ' -
KOTES/ ) i ¢
"(1) At-leaat one- (l}:time:function'musi.be input, : e
{2} -1f no ground ecceleraticn-acts-on the-structure, set "NGM" -
' toszerc end skip-Section ¥1I.8.3, below. Both ground T
- **” ‘aeceleration-and.nodel.force: input“are allowed: ' -+ - ot
-4 \
. )
{3 If no arrival time values are input’, sll forcing functions
Rt begiln acting™on the structure at time zero. The same -
s = arrival time value way be referenced by differenmt forcing -
functions., AT determines the number of nen-zero entries
- that the program expecis to resd in Section V1I1.E.d, below.
(4) The program.perforns a step-by-step integreticon of the

e F . - - -

equations of-motion using a s=cheme which is unconditionelly .
stahle with respect’to time slep-size, At. '1n case NDYN.EQ.2 -
the modnl uncoupled equations of motion are integreted, In + ~—-
‘cpse NDYK.EQ 4 "the cuUpledssyEten equations are integrated.
If “T".is the period of the highest numbered mode {(normally
the NFth mode).-that is to be included in the response™

celculation, At should be choaen such that BT < 0.1 A

= fyE

VII.&



VII. DYNAMIC ANALYSES (continued)
B. RESPORSE HISTORY AMALYSIS (continugd)

larger time step (i.r., At > 0.17Y will not cause failure
{instability}, but perticipation of the higher modos is
"filtered” from the predicted rvsponse, In general, with
increasing time step size the soclution is capable of
cepturing less_of the higher frequency participation.

(3) The program computes system displacements at every solution
time step, but printing of displacements and recovery of
eclement stresses is only performed at solution step inter-
vaels of "NOT". NOT must be at least "1” and is normally
selected in the range of 10 to 100

{6} The damping factor { DAMP') is applied to all NF modes,
The admissible range for DAMP 18 between 0.0 (no damping}
and 1.0 {100% of critical viscous damplng).

{7y In case NDYK,EQ.4 1he dapping matrix used i5 C = gM+ 0K,
where o and P are defined in columns 36 to 55.

vit.n



VII, DYNAMIC ANALYSES (continued)
BE. RESPONSE HISTORY ANALYS1E ({continucd)
2. Time-Yarying losd Cards (415,F10.0)
notes calumns variable entry

(1) l=- 35 KPP Nodal point number where the load
component {force or mompnt} is applied;
GE.l and LE.NUOUNP
EQ.O last card only

(23 10 1C egroe of freedom number;
GE.1 and LE.&
(=1, By=2, 52=3, IN=q, 3¥=5, §2=6)

() 11 - 15 I1F% Time function numbor;
GE.1 and LE ., NTFK

(4} 16 - 20 IAT Arrival tipe number;

' EQ.O; load applied at sclution start

GE. 1, non-zeTa arrival time

(5] 21 - 30 P Scalar multiplier for the time funciion;
EQ.0; no load applied

 NOTES/

{1} One card is required for each nodsl degree of freedom
having sapplied time varying losds. Cards must be inpul
in ascending node point order. This sequence of cards
must be termingted with a blank cerd. A hlank card must be
supplied even if no loads are applied to the sgystem.

{(2) The same npode maY have more than one degree of freedom
loaded ; arrange degrees of freedom references '1c™y
- in pscending segUence at any glven huode.

{3) A non-zoro time function number (¢ 1FN') "must be given for
- each forcing function. IFN musi be between 1 and NFH.
’ The time functions are input tabularly in Section V1I.8.5,
below. Funclion values sl timcs between inpul time points
are computied with linear interpolation,

(4) 1f "IAT" is zero {or blank}, the forcing function is assumed
to act on the s¥s5tem beginning at time zero. If IAT is
input a8 a positive integer between 1 and NAT, the IATth
arrival time (defined in Bcction VI1.B.4, helow) 1s uged
to delay the applicalien af the forcing Tunctioen; i.e.,
the forcing function begins acting on the siructure when the
galytion reaches the IATth arrival time valug.

(3) The actual magnitude of force (or moment) acting on the

model at time, t, equals the prodect: (' P') % (value of
function number IFN" at time, t).

¥II,10



-

W11, DYNARIC ANALYSES (continued)

n.

nates

(1}

(2},

NOTES/

{1}

{2}

RESPONSE BISTORY ANALYS1S (cootinued)

3. Ground Motion Control Card (G153

colupns  variable ©  entry

1 - 5 NFNX Timg tunction numher describing the
ground acceleraticn in the X-direction

& - 14 KFNY Tim: function number describing 1he
ground scceleraticn in the Y-direcilon

11 = 15 NFKZ Time function number describing the
ground acceleration in the E-direction

la - 40 KATX Arrival lime number, X-diroction

21 - &R KATY Arrival time nhumber, ¥Y-direotiion

26 - 3D NATZ Arrival time number, Z-dircction

This card must be input only if 1the ground motion
indicator ('NGM") was set equal to one (1) on the
Cantrol Card {(Section, VII.B.l, above). A zero

time function pumber indicates that no ground motion
is wpplied for that particular direction,

Zero arrival time references mean thal the ground
acceleration (1f applied) begins acling on the
structure at time zero (0Y, Non-zere references -
must be integers in the range 1 to NAT.

Vi, 11



VI1I. DYNAMIC ANALYEES (continued)

H. RESPOMSE ITISTORY ANALYS1s (continued)

4. Arrival Time Carde

a. card ane (8F10.0)

notes columns varishle - entry
(13 1 = 10 AT(1) Arrival timc number 1
11 - 20 AT (2} Arrival time number 2
71 - HO ATI(E) Arrival timpe number B

b. c<ard two (BF10.0) - (regquired if XAT.GT.EB)

notes columns vpriable entry
1 - 10 AT (D) *Arrival timoe number 9
ate, ZR
NOTES/

(13 The entry ( RAT"} given in ¢o 11-13 on the Control Card
(Section VII B_.l, above} specifies the total number of
arrivel tlme entries tu be read in this section, Inpul
4s manpy cards as are requlred 1o define "SATT difforent

- arrivel times, night (B) entries per cerd, If no arrival
u times woere requesied {(NAT.EQ.0), supply one {1} blank
card in this section.

vIl.12
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V1T, DYNAMIC ANALYSES (continued) Pre e BT TR
B. RESPONSE HISTQRY AWALYSIS fcontinued) a7 -
5. Time Function Definition Cards |
¥ _
" Supply one sct (card 1 and card(s) 2) of input for

each of the NFN' time functions requested inm cc 1-5 of the
Control Card (Sectien VIILB.l, mbove). At least one set of time
function cards is expected in this section. The card sets are input
in ascending function number order. ' ,

*
-

a, ‘card 1 (15,F10.0,1245) . ’
- - - . - | o8
notas -columns  wvariable' Centry ¢ v
{1} wr=aw1:=" 5 «NLP wzms Number-ofrfunction definition-points;
) GE .2 .
(2} 6 - 15° SFIR °  Scala factor to be epplied to f(t} _~
. . - " walues; - A U
. . "EQ.0; detfsult set’to "'1,0" )

- 16 -~ 75 HED(12) . Label informatioh (io be printed with
.. (R + ' output} describing this function table

.
. . ) .

“(1) ‘At least two peints (1.e., 2 pairs: I(ti}.fi) must be
»speclfied for each time function., Less than two points
. 3 would preclude linear interpclation in the toble for f{i).
r
{2}, The scale fector 'SFTR' is used to multiply function
values.only; -ite:,.input-timervalues-areznot-changed.-. '11-
] the scale factor is.omitted, SFTRY is re-set by the-pregram -
: to "1,0"7 therehy leaving input-function.velues:unchanged. ..

viI,13
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VII,

v

‘notes
L

13

B,

(e

RESPONSE HISTORY AHALYSIS (continued)

5.

b.. ‘card (s} 2
Y - )
" columns

1 -
r

6"

12
18
29

D?NAMIC HEEPDNSE ANALYSES

-__..-l-'

vgfiahlé

HETIEE

r(1}
T2}
Fi2)

etC.-

*u

v
- ¢

(1Z2F6.0)

entry

‘Time values at point 1,

s

-y

4

Time Function Definition Cards (continued)

t]

Functien value at point 1,
r Time wvalue Bt point 2, _
Function value at peint 2.'f(t2}

ete,

ta

fftl)

Y

NOTES/,,

{1}

.('-‘ R

- - -

- “r vend of solution;*i.,e., the time span for all functicos

Tae

+
t

' -
[ 4

. :EA, ‘i gt ‘t" I - - . —
-

Input a8 meny card(s) 2 as are reQuired to define el

"KLp" pairs of ty,f{t;), six {B) pairs per card,
Pairs must-be input in order of ascending time value.

Time mt pelint one must be zero, and care must be taken

to ensure that the highest (lagt) input time value’
(typp) 1s5.at lesst equal to the velue of time at the

must cover the sclution time period ctherwise the
interpolation for function welues will fail. For

.ﬂthe cpse¢ of non—-zero arrival times masBociated with

a8 particular function, the ahortest arrival time

-reference-{"th". say) plus {(+)"the last function
time ("typp )must at least equal the time at the
end ‘'of the-sclution.pericds~(tgyn, sny},,i €., .
tgp-+- tNLP z tEND . LI . '

) . )
L - L]

VII. 14
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V11. DYNAMIC ANALYSES (continued) ' - ) S
B, RESPONSE HISTORY ARALYSIS (continued) e
6. Output Definition Cards : !

rTo minimize the amount'of'nutput which would be
- produced by the program if mll displecements, stresses, etc.
were printed, ocutput requests for specific components must be
- given in this section, Time hiastories for selected components
appear in tebles; the sclution step output printing interval
is specified as JNOT" which is given in cc 21-25 of the Contrel

‘Card (Section VII.B.l, 'sbova}. ' TE L :
’ "a, " displncement output requusts . -
- - ‘. o, . : .
—— LN e+ {1} comtrol cand (215}'*-. TR A
notes’ *eolumna variahle’ entry L T i . .
LI Th L - L. !
{1) 1-- " &5 ' KKK + * Duitput type 1ndicat0r .
- EQ.1; print histories and . mnxima'
L S -." t+ EQ.2; printer plot histories and
P - * recovery of maxima
. EQ.3; recover maxims only ‘
{2) 6 - 10 ISF Prinmier plot spacing indicetor
" 1 b
NOTES / tr Lo :
. Bl ' N b

1) The_.type of output_ic .be produced by,  the program
ah -~ applies~to- nlltd1splncnment1requeats.._ KKK.EQ.0:
- 15 illﬂgll ] L . 2

.
K .oy -

-t - {2 ~"18P" controla.the vertical :{down.the: pnge} 5pnc1ng
A = T*~Tfar printer-plots..” OutputTpointa:ere:printedion = -
every {(ISF+1)th line, The horizontal {ecross the
page) width of printer plots ia & constent ten {10)
B " inches” {100 print‘positions). IS5F ia used"only if ¢
KKK .EQ.2. - .

{

¥I11.15



¥Il, DYNAMIC ANALYSES (continued} ” JLnLTT . .

B, RESPONSE HISTORY AMALYSIS (contioued) R

6. Output Definitlon Cards

- a,. displacement output requests {continued)

. e (2} node displacement request cards {7]IS)
natos columns varigble antry . .
¢ 1 - 5 NP Node number . e -
- GE.l and LE.NUMNP
- - . .o EQ.0 ' .last card only . .
I -3 B 6 - 10 "1C(1) " Displacement component, request 1
. Lt —ird1le—=15 1Ic§2) . v bisplacement-component, requesi*2- il
18 = 20 .IC(2) -  Displacement component, request 3 -
21 — 25 IC4d) ~ Displacemenil component),’ reguest-4 .,
. 26 - 30 IC{5) . .Displacement component, request 5° .
' 31 - 3§ IC{6) " Displecement component, request 6 -
- o . - GE,l1 and LE.B , . - I
) . - EQ.0 .tereinates requests for the node .
NOTES /S . B ~

»
- .

{1}, only those nodes at which ocutput is to be produced

. - Sfor at which maxima sre to be determined} are entered - '

. ~,« 1n this section, Cerds musti bhe inputl in ascending - . w2
ncde number order. HNode nurbers may not be repeated.

This Bection must.be terminated %ith s blenk card,

4

oo {2): Dbisplecement compnhentnrequests'{"IC"J';nngi-from 1 to B,
. where 1=8X ,2=8Y,3=52.4%4X;5=¢Y.6=%Z. The first zero {(or .
‘;~ . .blank}) encountered while :reading-I1C{1);1C{2),....IC{(6) -
e e g terminptessinformation:farithesrcard ™ ~Displagement s 777 -~ %7 -

)

components at a node may be requested in sny order. As
an example, suppose that &Y, X and ¢Z sare to be output at
Annps - node 34: the card could be written as /34,2,4,6,0/, or+“ -
S + /34.6,4,2,0/, ete. but only four (4} fields would have -
' non-zgro entries.;

¥Ii.16
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VII. DYKAMIC ARALYSES (continued)
B. RESFONSE HISTORY ANALYSIS {continued}
G. Outpul Deflinition Cards
b. element stress componont output fFequests

(1) contrel card (215)

noies columns variable antry
{1} 1 - 5 EEK Output type indicator;
EQ.1; print histories angd maxima
EQ.2, printer plot of histories
and recovery of maxima
EQ.3; FeCover maxlma only
G - 10 ISP Flot spacing indicator
KOTES/

(1) See Section VI1.B.6.a. (1), above.
(2) clomont siress component roguest cards (13715)

Requests are grouped by olement type;
"KELTYP" groups mest be ipput. A group consiste of p series of
¢loment struss component request cards terminptod Ly a blank card.
Element number reterences within an clement type (TRUSS, say?
grouping musl be in ascending arder., Element numboer refereboces may
be omitted bul not reprated. The program procoessus element groups
in the same order as origioally input in the Element Data (Section IV,

above). If no qutput i1s to be produced for an elemant type, then input
one blank ¢ard for its group.

notes columns variable entry

(1) 1 - 5 KEL Flemont numbher
GE.1
ER.0O; last card in the grodp only
(23 6 - 10 IS (1) Stress compoenent humber for output,
request 1
11 - 15 15(2) Stress componeni number for autpnut,
request 2
Gl - 65 I15{12) Stress component number for outptl,

reguest 12

VIT,17



VII. DYNAMIC ANALYEES (continued)
l.  RESPONSE HISTORY AKALYSIS (continued)
6. oQutputr IMvfinition Cards
b. element stross componenl cutput regquests

(2) request cards (continuyed)

KOTES/

(1y Terminate each different alement output group (typo)
with & blank ecprd. Elements within a4 groudp cust be
in elvment number order tpscending); eloment number
repuiltions are illeppl.

{2) The first zoro {or blank) request socountered while
reading  IS{Y), IS(2Yy,..., I5(1%) terminates infar-
matich for thoe cerd. Ko more thon twelwve (12} dilferont
compplents may bho oUtput for any ooe of thie elements,
Table VIT.1 lists the stress component numbers and
corrpsponding descriptions for the various element
types. Some vlement types (TRUSS, for example) have
fewory than 12 componentis defined; only the stross
component numbers listed in Table VII.1 are logal
reforences,

Exl OF DLATA CASE INpUT {NDYN,EQ.2 or HUYN_EQ.4)

vYIii.ly
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a

-

- * TABLE vII, 1 . Teavpdr T
- K ¥ " - _.‘.' N 1__.‘. - . .!}- ”"*"‘ .
—— . : 1.& R ) ‘: '_:i :!"f.‘ .
: MA X MU STRESS . .
FLEMENT NUMAER OF  COMPONENT DUTPUT . * » e - -
TYPE | COMPONENTS NUMBER .+ SYMBDL D E SCRI1IPTION
1. TRUSS [ 2y 1) {P/A ) AXIAL STRESS -
- . A2 {o } AXIAL FDRCE 1 d
ek - RoizRELEEel =R =% ;fh L& -#--.u#t...‘wt- el W ¥ 2 Kk wdrew #5‘4-'#"?.:;#‘-"=+1#
2. REAM (121" ol 13 2. dPLUIE b 1-FORCE . AT END I T
- aP - == ( 2b- - AV2tI) 3 2-SHEAR- AT END_T1-_w
St ¥4 03y -F tvatI) 10 3-SHEAR AT ENOTIT®T -
Fooioal L0 %) (TLiD 3 1-TORQUF, AT END T *" -+ ai.
. v 5y, {M201) 3 | Z-MOMENT. AT END .1 7. ' -
' o - =1 &) {MI[1)~) F3-MOMENT-ATIEND [% = *-=
. 1 : T [ .
. . e e B 73 ce{P1{J) )} - 1-FDRCE'“ATV END Jv e
’ { 8) :  (V21d) 1 2-SHEAR AT END'J )
- ¢ T {.9) « {¥3(J) ) 3-SHEAR AT END J¢ .
. {10} {T14{J1 1 1-TORQUE AT END J--
ST (ELY~ w + {M20J} } 2-MDMENT ATFENDJ -
- 112) 4 (M3{ 4} ) 3-MOMERT AT END J- - .

Bl B ] -] n - o & - THE ] | S - * » ¥ ‘e - & k-t * * *.‘
3.-PLANE= -~ - ) - =t~
T OSTRESS/ S . .-

- PLANE= - | . - Lo .
STH&IM r - E_ - ‘.
- 47 AXISYM- (20} (1)~ (11 -SOTI-V—-~STRESSFATIPOINTRO> -~ °
METRIC i 21 [22-50 ) U- STRESS AT POINT.D - -
B {33-50 ) T- STRESS AT POINT O ' -
) 112-50 ) UV-STRESS™ AT POINT 0.
.15} f11-§1 ) v- STRESS AT PUINT 1
i &} (22 -5] J U- STRESS AT POINT )
- {t 7 {33-51 ) T— STRESS AT POINT 1 °
. t B 112-51 1 UV-STRESS AT POILNT i -
X P [ 93 (11-%2 ) v- STRESS AT POINT.2 -
~ AL10} - {22-52 )} Y- STRESS AT PODINT 2 -
Fes e 1110 {aa-82 ) 'T- STRESS AT PDINT 2
- (121 f12-$2 ) UV-STRESS aT POINT 2
. (13} [11-53 )} V- STRESS AT PDINT 3
S A T Y {22-53 3 U- SYRESS AT POINT 3
: . 15 {(33-53 1 T- STRESS AT POINT 3 )
- (16} "{12~53 ] UV=-STRESS AT POINT 3



B

S

CLEMENT
Typc

=, 4

FI1GHT
S NODE
Ao ICY

LPE k L P

B ~PLATE/

&,
A=

SHELL

MA X THUM S5TRESS

“NUMAER OF COMPONENT  QUTPUT -

COMBONENTS  NOMBRR TSYMAIL D FE SCRI'PTION
(rr (v =54 t V- STRESS &T POINT &

11 (U -54 ) - STRESS AT POINT 4

{19) fT -54 ) T- STRESS AT PDINT &

o R (201 (UV=-54.) UV-STRESS AT POINT 4

* % £ & ®-®v r & &£ €& % x T & ‘& » & %

]

{12) “f 1) . tXX-SL11 XX-STRESS AT LOCATION 1

. I 21 (YY-5L1) YY-STRESS AT LOCATION I
- ( 3y tZz-SL1) ZZ-STRESS AT LOCATION )
(.42 [XY-SL1}F XY-STRESS AT. LOCAYION 1

VIY, 20

~a 145170 (Y¥YZ-SL1Y} Y2Z-STRESS AT LOCATION !
€63 [J..1ZX25L1) «ZX=STRESS AT LODCATIODN t',

71+ 7 (XX-S12) XX-STRESS AT LOCATION 2
Al - L¥Y-SL2} YY-STRESS 4T LOCATION 2
9} “t221-SL2) ZII-STRESS AT LOCATION 2°
01 tXY-5SL2) X¥-STRESS AV LOCATVION 2
1} -
2)

-

1
PSR R § | {¥YZ-SL2) YI-STRESS AT LOCATION.2  ~_ T~
g ' 1 - .« 4ZX-SL2). IX-STRESS AT LDCATION 2.
L x * .n £ % ' IR ] ] ] . ] * » F] * u & &
t &) o L1y, o orixX=53/R) XN-STRESS RESULTANT
: . 20, 5 [YY=-S5/R) Y¥Y-S5TARESS ESULTANT
- P31 0 ome [XY-S/R) XY-STRESS RESULTANT
Tl e 2 tLKX-MSRIZKN-MOMENTSRESUL-TANT-
{512 =l YY~M/R} YY-MOMENT ~HESULTANT-
[ 61— (X¥=M/R) XY-MOMENT RESULTANT -
£ BT B & ok a¥ W & B & Y M W i ‘.‘n‘ ®* 3 & "
t 2) {1} {30RY-F) BOUNDARY FORCE
. - 42 [RDNY-M] BOUNDARY MOMENT -
T, % & L Y L -] ] LR * ] LR % * ] L] ‘f
. {1 [SXX1QY} XX-STRESS AT CENTROID (O} - .
(42} 2t (SYY{0)) YY~STRESS AT CENTRUID (0} 1
[ 3 (SZZLALE ZZ-STRESS &T CENTRDIOD {G). -
_ M Y ISXY{0)) XY-STRESS AT CENTRAID (0) -
. 1 51 (SYZ4011 ¥YI-STRESS AT CENTROID (D) -~
. N Y- ISZXIQ)) ZX-STRESS.- AT CENTROID §0)
i 7 [SXXt{11) XX-STRESS 4T CENTER OF FACE 1



ELEMENT
TYPE

MAXTHUM
MUMBER AF

COMPIMNENTS

5TRESS
COMBPONENT
NUMBER

{131}
fls)
(15}
[l1&)
(171 -
(19

{19)
(201
(211
{22}
{23)
(24}

[25]
[2&)
(27}
(28}
1291}
(3014

[311
{£32)
133)
(34}
{35)
{361

(371
{358)
(35}
(40}
{411
{42}

OUTPUT
SYMBOL

ESYYildd
(5221111
(Sxriij}
[S¥Zilii
(5ZX(11))

(SXX02))
[S5¥r¥i21)
(S2Z102Y)
(SXY(2))
(SyZizl)
{52xi21)

ESxxia)y
{5YYL3in
L5203
(5XY1311
(5YZ203)1)
(SZ2%4131)

[S5XXi4l)
(5YY(&))
152214}
[SXY(4)
(5yvZI(a})
(SZX04)}

(5X%X{5])]
(5YY(I5)}
L5775}

HS5XY(RT)

[S¥Z(5))
(52%{51)

{SXXT16))
[SYY (6!
[SZ22161)
15%¥ 16
(5YZi56))
(5ZX148))

vir.21

DESCRI PT1UWU

¥Y¥-5TRESS
I2-5TRESS
E¥Y=-S5TRESS
¥2=-5TRESS
IX~S5TRESS

AX-STRESS
Yr-STRESS
Z1-STRESS
XY-5TRESS
¥YZ-STRESS
IXx—5STRESS

XA-5TRESS
¥YY-S5TRESS
ZI-5TRESS
XY-STRESS
YZ-S5TRESS
IX-STRESS

XX=S5TRESS
YY=STRESS
II-STRESS
K¥=STRESS
¥YyI-S5TRESS
IX—S5TRESS

£x=-5TRESS
¥YY-5TRESS
PF=STRESS
X¥Y-STRESS
¥YZ—-5TRESS
IX-5TRESS

XX—-STRESS
YYy-S5TRESS
27-5TRESS
KY—STRESS
YZ-STRESS
IX-STRESS

AT
art
AT
arv
4Tt

AT
4T
AT
AT
&7
AT

AT
4T
AT
AT
a1
AT

AT
Al
ar
AT
aT
4T

AT
AT
at
AT
AT
4T

AT
AT
AT
AT
4T
arv

CENTER
CENTER
CEMTER
CENTER
CENTER

CENTER
CENTER
CENTER
CENTER
CENTER
CENTER

CEYTER
CENTER
CINTER
CENTER
CENTER
CENTER

CENTER
CENTER
CENTER
CENTER
CENTER
CENTER

CENTER
CENTEHR
CENTER
CEMNTER
CENTER
CENTER

CENTER
CENTER
CENTER
CENTER
CENTER
CENTER

OF
of
nFr
OF
or

or
OF
neE
ar
arF
nF

ar
oF
oF
QF
oF
OF

OF
arF
aF
GF
aF
Qe

OF
ar
aF
0F
OF
OF

oF
OF
oF
OF
OF
OF

FACE
FACE
FALE
FACE
FACE

FACE
FACE
FaCE
FACE
FACE
FACE

FALCE
FACE
FACE
FACE
FACE
FACE

FALCE
FaCE
FACE
FACE
FACE
FACE

FACE
FAaCE
FACE
FaCE
FACE
FACE

FACE
FACE
FACE
FACE
FACE
FACE
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&«

a.

A,

2.

n + "

PIPE
TANGENT
BEND

L- B *
[ - B

&

t12)

(18}

tPXt])
[vYLl)
(w2irt
(TX(1)
LMyd )
L FABN

IPX(J)
{¥Y(J)
tvzi
(Txt
MY
(M2{J4)

texin
ivylil)

ERA'FARN

(=i
(MYI(T}
(MZI1)

fErPXig)
vyicC)
IvZic)
{Tx4{C}
(MY (L)
221y

TPXT4)
tvyYd
(W20
(rxi{iJ
¥y
(MZlJ)

VI 22

[ S Mt Tt mar wl mm — e e e et

T Bl mgm e Cmm mr

x-FORCE
Y—5HE AR
I-SHEAR
A-TORQUE
¥ =MOMEMT
Z=MOMENT

Xx-FORLE
¥ -5HE AR
I-5HE AR
A-TDRQUE
Y-MIOMENT
L-MOMENT

-A-FORCE

Y—SHE AR
£-5HE AR
X=TORGQUE
¥Y—-MMOMENT
{-MOMENT

X-FORCE
Y -SHE 4R
Z-5SHEA&R
=TORQUE
¥ -MOMENT
Z-“0OMENT

X—-FORCE
¥Y-SHE AR

-I-SHE AR

x-TORQUE
Y=UDMENT
Z=MOMENT

AT
arv
AT
&y
AT
aTt

AT
AT
a7
47
AT
2T

arv
&3
AT
AT
AT
AT

AT
At
AT
AT
aAv
AT

AT
AT
AT
AT
arv
AT

END
END
END
END
END
END

p— el gl P et am

END
END
END
END
END
END

s R o o

END
END
ENG
END
END
END

it Pl e b .

CENTER
CENTER
CENTER
CENTER
CENTER
CENMTER

END
END
END
END
END
END

e L A

-OF

QOF
Ot-
aF
OF
OF

ARC

“ARC

ARC
ARC
ARC
ARC



YI1. DYNAMIC ARALYSES {continued}

C. BRESPONSE SPECTRUM AKALYS1S {(NDYN.EQ, 3}

This oplion combines all {NF} mode shapes and fregquencies
computed during the eigenvalue soclution (Section ¥II.A) to calculate
R.M.S. stresses/deflections due to an input displacement {or accelera-
tion) spectrum. The input spectrum is epplied in varying proportiens
in the glubal X,Y¥,Z directions. For the cese of a non—-zerc cut-off
A~ freguency "¢oFQ" (Section ¥II.,A), only those modes whose frequencies

are less than COFQ will be combined in the R,M.5. analysis.

.1, Control Card {3F10.0,15)

notes columns  variable ' entry
. (1)=3€=—""1 = 10 - FX * . Factor -for X-direction inmput °
11 - 20 FY Factor for Y-direction input
21 - 30 FZ Factor for Z-directicon input
- . - . EQ.C: not acting . 4!
2} a1 - 15 15T Input spectirus type; i
- - . - EQ.C¢; . displacement.vs. period

. Bl acceleorgtioh va, period

NOTES/ .
" fl) A1l three (3} direction fectors. may be non—zoro in
ar v = % which case the entries reprexent the X,Y,2 components

of the ipput direction vector,

{21+ "1STY defines-the,type.of .apactrum.table-to-becinputs

- immedistely- following. ~“The spectral displacements .
. ("Sd"]-nnd scceleratidons (VS,") are assumed.to be. .
- e related. as follows; 5, = {4n?f2]fsd},

vi1.23
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VII. DYNAMIC ANALYSES (continued)
C. RESPONZE SPECTRUM ANALYSIS (cantinued)
2., Spectrum Cards
- a. hepding card (12AG)
notes col umns variabhle entry
Y - 72 HED {12} Heading informsetion used to label

the spectrum table

. b. econtrol card (I5,Fl10.8)

notes columns variable entry .
1 - 5 NFTS Kumber of definition points in the
spectrum table; -
CE,2
6 - 15 SFTR Scale factor used to adjust the

dieplacement {or accelerstion)
ordlnetes in the gpectrum table
EQ.1.3; po pdjustment

. Spectrum data (2F10.0) -

notes columns variahle antry
1y 1 - 10 T Period {reciprocal of frequency)
2y . 11 - 20- 5- Volue of displacerent (or-acceleration

-if IST.EQ.1)

NOTES/

{1} Input ane definition point per card; "NPTS" cards
are required in thie section. Cards must be nrruhgnd
in ascending velue of period.

(2 "8" 4is interpreted to be o displacement quantity

if "IST" wes inmput as zero, For I1ST.EQ.1l, 'S
18 pn acceleration value.

EKD OF DATA CASE INPUT (KDYN_EQ.3) '
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APPERDLIX A - CONTROL CARDS ANL DECK SET-UP FOR DYMAMIC ANALYH1S RE-START

The purpuse of thid appendix is to describe the procedure
(including contrel cards and deck set-up) required for program re-
start following an cigevvalue/eigenvector extracticon analysis, The
re-start gption has been included in the program in order to make

a repeated forced rosponse or spectrum analysis possible without
solving each time for the required eigensystem. For medium-to-lerpe
size models, eigonvalue solution is quite costly when compared to ‘he
forced response calculations; hence, excessive cosis may be incurred
if the entire job has 1o be re-run due to improper specification of
forcing functions or input spectra, inadequate requests, oalc, For
small models (less then 100 nodes., say} the extra effort required
for re-start is narmally not justified,

A complete dynamic annlysis utilizing the re-start fraturo
requires that the job be run in twoe (2) steps:

JOBC(L}: Eipenvalue egxtractiion sclution only, after which
program [iles TADEL] ,TAPEZ,TAPE7T,TAPES, and TAPEY
are saved on the re-start tape.

JOBS(2): Re-instotement of program files TAFE],TAPEY,TAPET, TAFPES,
and TAPED from the re=start tape followed by a Dynamic
Response Anplysis (YUYK.EQ.-2) or a Responsc Spectrum Anrlysis
(NDYN.EQ,-3). '

For & given model, the first job [JOR(1}] creating the re-stort
tape is run only once. The re-start tape theo contains sll the
initial information required by the program st the beginoing of s
forced response analysis, iore than one second job [JOBS(2)] may be
run using the re-start tape as initial input; i.e., the re-start
tape is not destroyed. k

Cantirol cards and deck set-up for execution on the CDC G400
computer at the University of California, Berkeley are given helow:



JOB{1) - EIGERVALUE HOLUTION/RE-START TAFE CREATION

Notes Cord Dock

(1) Job number, 1, 200, 120000,300, User Kamo
(2> REQUEST, TFl,I. Reel Xo., Tapa User Name
(3> cdpyar, TPl,8AP4
UNLdaD, TP
{4) GO, SARd
REWIND, TAPEY, TAPE® , TAPE7, TAFLES, TAPESD
{5) REQUEST,RESTAKT,I. HReel Ko,, Tape User Name, QOUTPUT
COPYRE,TAPEL, RESTART
CyPYRY , TAPE2 | RESTAHT
{6} ¢ COPYHF ,TAPET ,RESTART
CUPYBF, TAPER, WESTARY
COPYRF, TAFR®, RESTART
(7) 7-8-u

PROBLEM DATA DECK:

I. HEADRISG CARD

11, MASTER CONTROL CAHKD with
{LL..EQ.D)
{NF.GE, 1)

{NDYN.EQ.1)
{(MODEX .EQ. 0D}
I11. JOGIKT DATA
v, ELEMERT DATA
L CONCENTRATED MASS DATA
VI, ELEMENT LOAD MULTIRLIERS
vII. DYNAMIC ABALYSIS
AL Mode Shapes snd Frequencieos
blank card
blank card

{8) G-7-B-9
NOTES,/

{1} The job c¢ontrol card parameters arg defined as follows:

. 1 = HNumber of tape drives rotguired for Lthe job.
200" e CPU time limit (in octal scconds).
"120000" = Cuntral memory field length {in cctall.
"app” = Page limit for printing. s

{2) Tape containing binary version of prugram (TPl} is requested,

(3) DBinary version ot the program is copiod onto a disk file (54P4),

(1) Program is loaded angd eXxecution is initiated.

{5) A blank tape (RESTART) 15 requestied.

{6) The contents of disk files TAPELl,TAFE2, etc. are copied onto
tape RESTAKT,

{7) End-of-record card:

s8:9 punched i1n column 1,
{8) End-of-fjile cvard: §,7,8,9

=
7,8,9 punched in column 1.



JOB (2]

KOTES/

(1}

(2]

{3)

— RE-START FOR RESPONSE HISTORY ANALYS1S {NDYN.EQ.-2)

or RESPONSE SFECTRUM ANALYSIS (NDYN,EQ -3
Notes Card pech | .

Job agumber, 1,200,120000,300. User Name
REQUEST, HESTART, I.. Reel No., User Name
COPYBF, RESTART, TAPEL !
COPYEF, RESTART, TAPE2
COPYBF, RESTART, TAPEY
COPYRY, RESTART ., TAPER
COPYBF, RESTART, TAPES
REW IND, TAPEl , TAPEZ ,TAPET ,TAPER , TAPES
UKLHAD, RESTART
REQUEST,TP1.I. Reel No,., User Hame
{2} 1 COPYBF,TP1,5APM
LGO, SA P4
7-8-9

{1}

FPRODBLEM .DATA .DECK -
I. NEADING CARD
Il. MASTER CONTHOL CARD with

{LL_EQ. D}
(NF.GE.1}
{NDYN.EQ.-2 or -3}
{33 (MODEX . EQ. Q)
) VII. DYKAMIC ANALYSIS
B. Dynamic Response Analysis (NDYN.EQ.-3}
or

cC, Respongse Spectrum Analysis {(KDYN,EQ,-3)

blank card

blank- card

6-7-8-9

The disk files TAPEL,TAPEZ, etc. nre re-created using the
information saved on tepe RESTORE.

The binary version of the praogram 1s again obtained Irom
tape TP1.

Normally, the number of frequencies ('NF') entered on the
MASTER COSTROL CARD for 8 re-start case heg the same value
a5 was specified earlier when the cigenvalue probleo waa
solved in JOB(1)., If a wvalue for the cut-off frequency
{'COFQY™) was cntered on the "Mode Shapes and Freguenciles'
control card {in JOB(1)] and the program cxtracted fewer
than "NF" frequencies (edgenvalues}, then only the aciual
number of eigenvalues computed by the program io JOB(1)

is specified for 'NF' in this re-start run.



APPEKDIX B: CORTROL CARDS AND DECK SET-UP FOR USE OF S5TARTING

ITERATION VECTORS ]

In the dynamic analysis of large-order systems, the solution of
the required elgensystem is nermally the most expensive phase. The
option deseribed in this appendix demcnsirates how 1t 1s possible to
use NFO previously calculated eigenvalues and vectors when the solu-
tion for KF 2 NP eigenvalues and elgenvectors is required.

Assume that in Jab(l}, the solution for NP9 eigenveluss and
cigenvectors wag porfermed. AL the und of this job, TAPE2 and TAPET
must have hgen saved on s physical fape, say "RESTART . Assuming that
in JOB(Z) the solutlon of NF eigenvalues z2nd eigonvectors is required,
then prior 1¢ the executiono of this job, tape RESTART needs to be
copied gnic TAPELQ, .

This procedure was performed with the following control cards
on the CDC 6400 of the University of California at Berkeley:

JOR{l) - SOLUTION FOR KFg EIGENVALUES /RESTART TAPE CREATION
Hates Card Dock

Jeh Na., 1,200,120000,500, User Xame
REQUEST,TF1,!. PReel Ko., Tape User Name
COPYRF,TP1,54AP4
UNLOADL, TP .
{ REQUEST,TAPEZ ,NB
REQUEST,TAPET, NB
- LG, SAP4
REWIKD, TAPEZ ,TAPET ~
(1) REQUEST, RESTART,1. BReel No. ,Tape User Name, OUTPLT
1) f COPYBR,TATE2 , RESTART, 1 ’
| COPYBF, TAPET , TE3
?_'E_'B. e
FROGBLEM "DATA™DECK
E—7-8-5

(1)

(2)

Notos/
(1) See Natea (1} - {4) in Appendix A.

{2) The computer 18 directed to write on Jdisk files TAPEZ
and TAPET in an unblocked format.

{3) A blank tepe (RESTART) is requested onto which the contents
of files TAPE2Z and TAPE? erc to be written.

{9) The contenis of files TAPE2Z and TAPET are written as onpe file
anlo tape RE3ITART.



JOD(2) - SOLUTICN FOR ADDITIONAL EIGENVALUES USING THE INFORMATION
STORED 0% TAPE ''RESTART'

Notes Card Deck

Job Ko.,1,200,120000,500, User Name
REQUEST, RESTART,I., Ffvel No., Tape Uscr Xamu
REQUEST, TAFE1Q , Nl
REQUEST, TAPEZ , N3
REQUEST, TARET , KB
(23 COPYBRF, HESTART , TAPEL(
INLOAD, HESTART
HEW IXD, TAPELD
(33 REQUEST,TP1,I. Heel No., Tape User Name
CPPYRY,TP1,5AP4
LG, SAPY
7-8-9
PROGRAM DATA DECK
6-7-8-0

i1

Notes/

{1} TAPE1Q {as TAPE2 and TAPE7Y if they are to be used for
further restarts,) 1is requosted to be an unblocked file.

{2} The contents of 1apue RESTART are copied into TAPELD as
one file.

(3} Frogram execution, .
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In this procedure, the probfems inaled are tao-labd: firs,
the results are dependent on the abilily and experience of the
analyst, to arbitrandy selecr the maser doa b an such 3 way
that the mation ol the principal mades can be characierized
adegualely by the retied Jdool,, and weuond, 1hat the
trencation medifics to ang evient the destibution ol the
incrtial propeeiies of the Structure, which inoorn inlcgduges
same errgr in the resulls ebiamwed, Further, Ao entena
carrently esists to relale e pumber dnd ocaion of the
retained o 0ol and che error inmoduced By the truibaen,
Common swwove, evprrwnee dpd Lechnical odoamn i sone
cascs are aboul the only posble ol o come upy wilh ian
efficient iruncanns, unlea the problem o band i tarly
simple. Howeser, 1of pracrival purposes, oveth thoogh (hese

Comntuied by e eaen Fodpecring Deoacn of FPae Suee a9 Son1eTr
of Mrrmess ou EFsiaseres prosenbalion 26 Che Cenidry 5 Lien
Tewhhobigy Tiamdcr Loanicionee, sy Fradgmae, Lol i oL, 1wml
Munymnpl reueivgd a0 AL dicaguuatiols Slavch, 19n Paper Mg s
CIOrI-12Y

ey wall by v aalabde il ATay 1431,

Tuwp

Micatacs i o e meaner will B aceeoted ol

Lechmiques are wied, chey produce imied suedess resulis,

The 1dea ol mamnx comdensation lends ielt parucularis
well 10 the concepn ol subarucianme. which thtalies he
“Macrodieretization gl 3 LArge asaiem At 3 W gl sub-
SYSTCMS Anown J5 subsirociufes, whigh tnourn are diserangat
wsing 4 finile element method, hdsiog a% iy M0 puipase 19
Ealrast e oyt swenificant mades and to assemple the sstem
as @ whole in lormy af the princpal modes ef cacl sube
struciufe, This area rececived sigudlcdnl S0enoan an fhe
acroipdve induastry and s el dowumenmed under the sufypess
of “Muodal Sunihesis Techmuaues.” Hurie |2]. Bamioed (3]
and Goldman [4]. zmone others, have deseloped eviensny
studic in tus area and the theory need ron be repeated heee.

Mhese teghmiques hase been well adapied to 1he presen
Tinie element praciice, and sesveral vodes, sech 25 SARTRAN
L5]0 Asssys [A) and SUPERD T, amone wihers, olter the
leaturds of “'sgbsiryciurine ™ and dynamic caonkisaiign,

Lot mo e ported thal 1he e ol these 1echnwues s P fmatils
direcied 1w ards the Jinamie analbvsee dred, inos Inch fon ey
Lhe ST g padtens 1% stored, B dlwr, e Rudss, dnd in soms
CInCy, The dampineg marrces arg s, fhus rcdU e ey
problcm wse memory slofare capagtt FUQULTEEIIL. T
e anee e YoM PUICT s sl waari,

Wihile natriy methods ol wmilvas sy
vedtribtmged b rthe Jdesclopmend ol these Decititidies, rares
Lewalarlsy gl ey S1ibtmess Slethod '™ (s ] apom woigh it
Nnate clement methed s basad, ather nowcibeds Bave ay coe
jonved Lhe same degoee oF Jppliaton, but mas roenbalis e
proved paelul tor the anals s gl struwteeos, ks s e L
for the “"Trapsler Marcoy Merhoad " 4], wiich can v vewed
a5 2 comtiouity Furatpen e an endlosed sassein o wath
transterable boundanes, Les advantaess and bsutditegs are
docunseiied by Damagoeaeas [0 and Tisbleman (UL bug o
R Db s sicwess ol appdictliers 10 s ery Pariwulin rawes
ol problems, -as have 18 studigs publizead by Veeh] LY,
Leckic [13). and Lo and Mo P! |14

NIIERNITH

AN Tewdeetiarters undil Oxclaber X0, 108G



The generalizacion schieved by the Ninite element method
end the correvpondence or correlanion betwern the “Dhrect
Stiffness'™ and the ""Transfer Mains™ methods prompied
varsoul rexearchers 19 investigaie the posabilny of combiming
the advamages of both methods, Pedel amd Leckie [13].

treated the ficld rransfer matris ac a duffereni way of ex-

pressing the stiffreess mareix, Luer Dokaimish (L6 presented 2
combined Finite Element-Transler Matrin (FE-TA Mcthod
for the dynamic analvis of wapered or rectanpular plates. In
his approach, a finite clement larmulation » 35 wicd 1o obiain
the 3tiffness and mass matnces lor a sinip ol demeniy whnse
boundaries were successively connecied and whote end
T boundaries were characeengsd by stare veciory, a3 delined in
the standard transier mainx method. Then a transformagion
of matrices was performed as desenibed by Pestel and Leckae®
{L3] and an algordthm simular 1o that preposed by Holzer [17]
was used 10 successively salve 1or the nataral trequencies af
the sysiem. MeDaniel and Eversole (12] 1ollowed a similaz
approach 1o treal 3 stiffened plate stracture and cave some
numcrical values of meril in the computing time efticiency of
the algarithm as compared wih regutae tinne element for-
mulation withoul condensatian,
in this paper a turther ceneratization far the FE.-Th
method js presenced with special emphaws on 1he non-
repetitive configuration, but sbll chain-[ike tvpe &) siructures,
without restricting the substructures to be ol the same nature.
A special feature, descrined herewn, is the trenment given 10
the intermediate d.o.f, which are condensed 1010 a mose
compact [arm rather than regarding them 3 slave or trun-
cated Jd.o.f. Condensation 10 thes sense implics that all the
o[ contribuie 10 Both kinelie and sLedin energy.

Theory

Twe Equations of Morien. The cquaions of motion of any
clastic structure anle to slore encrey ia 1crms ol eluslic and
imertial properues <an be otained Irom the zpplicable form
of the Lagrange equation a3 1ollyws: -

d[aL JaL
FH s ‘E—Q. iy

Where the Lagrangian function {L} is given by 1the lollowing
expression:

Nomenclature

[ L] ' [ [l
=12y L xx 12 Trvx o

FLE L | =) ga

In thit expressian, it i assumed 1hat the characierisnics of the
sysuem can e approuimaced by ¢apresand the binelw eneres
ifiest termy, and the sirdin energy pegond WM lerms of a
finite number () of generalided coordinates ol 4ot

The wubstiution of oo edlan (2] in equation (1 swelds the
resuliing eguations of motron, which expressed an macriy
nolation have the tollowing geaceal (orm:

[M3 LX) + |AT1YY = [ Fta] 3}

Syseerns Matrices and Substructures. In [inite slemen:

- praciice, the mast matns [M} cun be formolaed usine 2

limped mass approach a4 Jdeseribed oy Bisphinghoi! e, al.
L) Thas Tormulanan resulisin @ diagond matris,
Alwe, 3 consistent mass larmulation can be wved 10 desenibe

© e distributed mass propertss g the syslem. Archer {20}

inerperaced the coneenl Bl SOMBENT masy mairis, apd casve i
a physical nrerpretation analgeous 1o that ol the slifiness
matrix. The later 2pproach resslis in a banded marrs and b
natural frequences omaned wwng this consasienr  mass
formuiation are upper buunds o the exact feeduenciey ul the
LE e, .

The (grmulation of the eguatians of matan Wity ek a
lumped Ar CORSISIENE Mdss marris, generalls  sadists she
requairements of mmmuom potental enores . The expioat torm
al the equatiens ol molion i as tollows:

Cettyymy, mfI r.f.'i LR k l"rl R

Mz gy .. Mz ‘!'rzi+l":|*::-~-*-: st
. N

My, .. .m, | l"’ai LA & "[.p_] LAl '_Jr..

-1

This system al eguations is applicable (o apy  elastic
structure if dampene can Be neelecteld, U Ly elements ace
used 1o diseretize by oserall sirugciore, and fhe sysiens
composed of several subsiructares, the oseratl syalem
matrices have the lollowing lorm:

3

m = parial detivative with respect to time
£, 1, = generalized velodities
X, X, = generalired coordinates
= generaliped toreey
. L = Lagrangian lunction
(X). [X) = vecter of generalized  |accelerations,
displacements)

l.f. I, (X1 = vector of (aceelerations, displacements) of
masierd.o. 0.

vector of {accelerations, diiplacements) af
slave d.o.f. ’

veutor of d.o.[. af the {le¢f1, right) boun-

daries ol a subsiruciure

X0 1x,3 =
lel. (Xl =

1A = vecior af intermediaze doo.f, of a sob-
structure ’
mi, = mass  cocflicient  assovimed  with

generalized courbinares T and Y

[Af] = global mass mainn
(Af..]
(M. 11M,.) = partitions of the global masy matrin

correspanding (o the masier and slave

d.o.l.
- ML
« K, = stiffress  coelficienr  assoviated  wuh
generalized coordinaies " and
KT = glokal skiffress matris
K]

[Nl (5] = partitions ol the global <ilfness macsm
correspunding 10 the gkl and sl
d.a.F,
Nl
LA
[KinllRue ]l = paruions of the global stifTaess nasces
corresponding  to the leti and e

boundarigs d oI
[Kan]
R

=

= order of the wlobal sl fess mants
order of the subsrooure "7
malrit

numbeer of deerees of frecdom poer mabe
aumber ol moades i he merldoes

. Al ess

daf. =
N o=

Transactions of tha ASME
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Fig. 1 Wyltideqrirn gl trewdom genersl alructure with conmirrned
Iowrnd gry €onddilignt and applied Iged yecTors

[ ]
S

The overtap between the hlocks represents the ¢ommaon
boundaties betwesn Lwo adjacent suisiruciures, Physicaliy,
the overlap berween matrives represenrs Lthe degress of
freedom conncaing the Lwa sahawstems,

The order o! these matrices 15 dicectly given by the towad
aumber of d.o.f. 100 the overall sysiem, As an erample,
eonsider the struciordl systerm shown in Fig, 1L

If & lumped mass matis is used, and ho damping 18
assumed, the equations descrthing the mation of the structure
under a harmone driving force are as lollgws:

M,y £+ KL 1 XD = e

If the systerny as shown in Fig. | is assemibled 1o another
wlike system, as shown i Fig, 2, such tha) some podes are
cothmon (o both s¥stems, the resulting equations became

5l

MNomenclature icont.}

[ne [ E A ] x| s
[ [Heds] [ 6] ebdnt o
- X, x, £
xr rxl rer rxl rxl

where;

EX, 1 are the degroos of [roedom associated with sybsysiem
I""agnly f = 1.2 and [X, | are the dcgress of freegom con-
necting the two substructures,

For the exampde used here. the order of the glakal matrces
i3 given by the following relationship.

- Rmp, +p~(daf)xnN 3

L]
where

¥, is the order of the ith substructure mawrix, { = 1.2, Nis

{5

the ntumber of noxdes 3t the imertace and o, o. 0. is the number
al degrees of [recdom per Aode.

In general, the subsiryclures Jdo nen hase to be of the same
arder, and several subsirusiuees can be gwyembled poliowing
the same procedurs, The genera] eXprewnon tor the wrder ol -
the globat matrices of the chain:lay system shown in Fig, 3 s
given by:

- m—1

R=Yr - Yo N, (9
g 1=

Lt should be noted that the incesraces may or may nel have

the seme number of nodes, The imporang 1350 69 note here iy

that the mdare subsiructures there are i Lhe sh$tem, the larger

the order of the stviem matrices will Be. This is not the case

for the propased method described in the fpllowing sections,

[Fir}] =
(FallF,} =

wectar of applicd time dependent foroes
vecror of forces assegiared with (masuer,
slave) d.o.f.

reduced vector of applied Totces afier
cond epsacion

IFF) =

IF | | £yt = vectors of forces Tor the (lefr, righi
boundary J.o.1.
IF;) = vector of lerces al the intermediate d. oL
[D] = dynamicstiffness mattis
(Dl
(o 1[0, ] = partitions of the glebal dynamic stiffness
MALrs COftespondiig Lo the master and
slaved o.f.
2,1
[2*] = reduced dvpamic siffness mattix after
fondensation
IT.] = transfcr mairiv of substructuce §
[Tl

partitiens cerresponding 10 the owerall
transfze matris af 3 subttrucoere wich
active imermediate d.o. T,

(T Tyt am

L

Journal of Mechanical Des! gn

Tyl
Zs Z:,_ = sfale vectors of che (right, lefy} boundarics

14)18] 1]

DV EY[E] = panitions of the plobat stiffnes< macrix
corresponding (o the (elt, nehi and in-
lermediate) doo. 0.

(G1 1M1 1A

[¥n)

(¥~ 14¥,:] = parritions of the reduced se1 of equations
after the inermediare Jad. have Teen

eliminated in the lobal svvaem
vectors of remainder terms aiter the in-
termediaie d .o 1. have been elimuaed o

the global systerm

complementzey vectors Yor the extended
- transfer matnix of wguztion (123

frequency of vibration
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i211X] = |FI nn

Where the matrix [O] is bnown a4 the "Dy namic S0fl new
Expanding’” equatian (123 solving for 1Y, | and subsnionisg.
several limes, the [ollowing sy sem of equanany iy oblamned:

L)1 Am; = |F| (14}
where
o+, [D|=[Dmen) = 1Dms) [Oss]*' | Dsm] 1s)
and
(F*| m|Fmt~[Dms| [Dasi ' 1F5) 116}

AT 3 3 ]
—— e, e, e e e e
i ; : ' ! i
f i v 1 | \ [
M . .
H +
M .l 1 -
e [l [ H [

EAFRRENCE PRANE

Fig. 3 Multisedmented Supirsiruglute with =a" substruchres chain-
e connecind. The subaiructures ate of & AGA-rEpal el L.

Condematian Techmiyurs, As “i3led exlier, the con-
densarion of d.o.f, has av wy primary ebjecnne, Lthe maina
size reduciion and is vonceptually Jone in four sieps which
are.

[ Selection af masier 4t of d.o.l.

2 Partition ol the system malrices,

1 Obcaining the solutign tor the masier seg ef d.o.f.
4 Performing expansion or regovery for slave d.o.1.

The selection of the maswer ser el d.o 1, is generally icft 1o
the analyy, who desicnates certain d.o.0, as betnze the most
cepresenlative of the manon of the sysiem. Opee the masger
set has been specified. redrranyement of raws and columns i~
performed on the mass and siftness marrices, 10 order (o
make che pariitions given in the following squation:

Mmerr Mems ] [Xm Kt Kms] [ X J’Fm
. + = (R[H]

Mim M) | Xs Kim Ksm| | Xs | Fsx
Where the subsernipt Lmd indivates the rerms associaged
with the “maater set’’ ol dooF, aod subseript 155 indicaies

the terms duwsoviated with e "slave do1,” Aswumepy a
harmonic solution, the fotlowipg expression can Be oPlamned:

LYY

Amm Kms . CAfmer s !—,\'m ] Fmn l
-
Ksim l

Memt ,‘fﬂleA_JJ}= F:]

this eugeanion can be wnilten as [allows:

E::;ua-.'u]n {12} consitures the ' Reduced’™ sel of cguanons,
whote matria arder i3 dependent to the aumber Gf master
doof. The espanded solution can be obianed wsing [ne
recovery SUudlions: these squaliony wre given by the [oflowing
eXpression. ’

LA ) = | Dss| T LE | = [Ee ] e ) (1T

A special case in the condensadion restalis wher e masier

doof arechoten insuch a was 1hat there sie nodriving Tnrees

“acting on Lhe slase o o L Lhes case equations {16) and 117}
become:

1 F7) = | Far| =]

AN~

[Xs] a8 DY ]

Aside from the inherenl approvinalion 10 the discfelidalon
of the syslem, the wlutivn cvprgsed by equarons 115 and
C17) o pot Tubls sapsty the Dagramee eopastuan 41, e the
winelic engtey v gt annanscd, cotaderning tie slave doaocl,
This arespment is well documeniald by Gosan (21 2md Cloaeh
123}, amung ouhers, Thereiore, the iruncaten of o ool. in-
troduces some error in the revultn obiaimed,

The Finite Eiement. Lranster Malris Approach

Prior 1o the discustion and densation of e proposaed
method, 1The fundamental vonvems of combagee the firne
element and the ransier matis muthiod wall be reviewed
Brierlv. A more detailed dewrnipoen ccan ee tound n
veferences |15, L&l and | TH].

The zpplivation ¢f (e direet st tfiess method W elastn
evstem subiect o g st load sector resulis i the Fellesne
EOUALION;

(K155 = [ FI 20

Meaw, ler's consider the svaremmdeseribed B eguatian 120 s
a struetare such than the deg rees of bregdvim ap by parteianed -
inte lelt™ and right'" doost, Then @uuation (201 becane

{ 'h.ll

L
LA

Nl TV T8 .
i [ ; 1213
LYY ) L.'l.',, j s

By expandaing this evpresaen and solving Ler P4, ] Gind
¥ oexp [ iy !
1 £, 1o el 1Y L and FE L ke Tl isig oyInarkes s Cn

POV be otiiained:

I = ={A ] NI AN - IA T 2D
and

[Fal = (N =(Nau) Ky} " IR DY

Trantsaclions gl the ASME



+[Keal [Kea)™' 1F21 (23}
which arranged in matrix form become:
{xl}_ -_[X,_,]"[K,_,_] i Kal!
F [Kar | = [Kuu K a] " KL E [KaallK, 21!
L]

or sim plifying the notation, it can be wrilten as fallows:
x T, T[4 -
F » Ttl T.'g F L ) . ’

or
{Z1=[TZ; ] (2£)
Equaran (26) can be recognized as the transfer matrix
relationship between the siate vectors | £, and |2, |, which
were derived diccetly Irom (he solloess relationship berwesn
the displacement vector |X | and larce wector | £, given by
cquation (20).
In this exampte, anly the filed transfer marrix was derived,
In a similar manner, the point tranifer matpe could be
derived,

The Proposed Methad af Analysis

Consider now, that the structure 10 be anatyzed 1s such 1hat

it can be braken down 110 subsirucioces which are chain-like,

gonnected as shown in Fiz, 4, The sub~ruciares have cectain
number of d.g.f. which are a1 1he e laces and wome «hich
are intermedizte berween the o nterlaces. Then tabing the
vector of d o [, for vne subsirweture, and dividing if mio Three

subsers:
X
x={x,
Xa
where

[X: | arcthe d.o (. ar the left imerlace
[X; ) are the intermedizie d.a M and
| Ay ) arethe d.o.f. at the right imertace

Using this partition in eguaiton 10 applicd 10 one sub-
structure, the [ollowing expressiony ¢an be written:

RPN

G H
soelving for the X, and substituting in 1he remaining
equations, the Lullowing expreasions are oblained:

Al - {BIE) MDY, |
+ICT - [BUE] - 'IFTN X 1 +1BIHE) F = [Fy ]

2N

[0G] - [HIE] DX L

+[0 = [FIET- V(AN +IHIE] "HF = fd {28)
which can alsp be written in matrix form as follows:
¥ ¢ X R a
IS S NS0 S
¥ $u| L5 L Fy

Journal o Mechanical Design

where 1¢, 1 and |R,] are the shan hand noiation of the
matrices inthe square brackeis ot equations (78),

: {X ¢ }
- 24)
FI’.

By expanding and rearranging cgualion 129, o <an be
shown alter vanious matrnis maoiptlations that the <l and
cight boundarics can be related By Lhe tallowing exprossion.

{x.: } {"'rr'f:’ Iiﬁ'll :i' "I.Ii ] { ‘ri. ‘l'
Fg ¥y =¥t du . LY Fy .i
L] L] [___*.—IIRI ) 1
+| - (30)
to¥ R, + R, 1
or simplifying the notation:
{X'}g |:Tu T|:J {x;_] +1|'S|]:. 31
Fa Ty TullLF J' |s.]

where T, carcespond 1o the terms included in the partitions of
the mn[m: al tqu.mun (M.

Adding ane dummy egeation 1o the sswem, i.e., (1 =1} the
following egquation can be obainett:
ix i |’r,, 7o S}{X,
T, T 132

" .- =T s .5 l
Ll 0 ] L
which is the ¢cvpanded rransfer matei relusine the stale ot the
lefr 2nd right boundaries througn the intermediane degrees ul
frecdom.

For dymamic analysis, the stifiness marens (AT can be
substituted by the dypams sidiness malTix gen i equarions
(LEy and {13, The procedure then 10 ghtan the tmnsicr
matnx is apalogaus (o thar Just descpibed.

Onee the rrznsier matriy has been formulated for cach
sybstructure, the assembly ol vhe sisiemi as a whole i made
following srandard cransler maivomerhod provedures

The relation berween the lelt and nghe interluce siae
veo1ors, of a substiructare in A chaln-like connestod sysrem s
given by equation (323, which in shart iand nolution has 1he
form of equagion (16} repedted here 100 convenienws ot Lbe
reader.

1Zgl, =T 2, | (26}
When 1wo substructures are linked (ogevher. the right ane
terface of sgbarruerure (7)), Pecomes abso the Tedoinrer lace of
substructure {s + |1, therofore:
1€ a=14ala (30
The relationship between siate veclors {uor substrudtiuce
(m+1)isthen
1 Zpba =[T NE {34}
Combining eguarivans (263, (131 and 1331 the cquatian resuls;
lz.ti.n:IT.-l"Tq“zt' (35

1n this case, the general expression fur the nseal syadem wach
n*T iubhlruuurg} asshownin Fig 4% diven iy

125, = 1T 0T, T 38
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Fig. 4 A& chainlike connected systam, compudeed of "A™ dubetruciures

o atlonE, with datned stdinasses k|, and apphed farce vaciors LF],
g dlate wactord | I] dalined il the conndcimg oounderias

of

1Z).=[L12Z;) (N

where
=TT, .} .. .[T) (&1

It shoul? be noied that by muluptying Lthe transfer macrices
[7.]. the order of marrix [L.] does nolL inceease but remains
compatible with Lhe marrices being muliighied. I ihe svslom is
wuch thar all subsirueiures have Lhe same [ransier matrix 1he
-ofder of the system transier matriy 16 remains the same.

This Frature resulis in 2 reguced siee marns » hich embodies
the entire system. The end staie veclors £, and 12},
contain the boundary conduions ol the siraciere in lerms of
displacemens in the durechion o! the doe.f. and forces at the
nodes located in the inter faoes.

Onee the system has been aysembied, this is when all Lhe
teansfer matrices hare been multiplicd as enpressed by
equanion {13). Subsequently the bpundary cunditions have o
bre 32tislied by solving tor the spkmrwn teems in the end Slace
vectors. After the eod siate voowory are known S he ane
termediate state vectors ¢an be obained by recursively ap-
plying equation {26 uatl ail stare veciors are known, .

For dynamic analysis. the dynamie stif tnesy mageis con-
wins the frequency terms. Those {toquency vilues which
sarisfy the boundary conduions are the narueal frequencies
For the system. The proccdurd o obram the nalurad
frequencies and the meodes is similar 1o thal proposed by
Helor [17]. In this method @ patural Irequency value is
mspmed for which the system is “Ircated.”” where [he test
consisls in multiplying the craasfer marhoes amd obeerving
whether or not the boundars conduions ace salishied, 11 the
boundary conditions are por sansfied, a Jillerenr *teat™
frequency must be chosen: and calculatians must be repeared,
until the boundary conditions are sansticd producing an
socal parural frequency of che system. This itetdine
procedure is shown schemanically in the compuier (low chart
in Fig. 3. -

Operutianal Aspecrs of the Finite Elemenat-Trunsfer
Maitix Method

Dt to the inherent cormplications of maris operations, it is
DECESSATY 10 FOINI Gyl S0M< hppoOrian a-pocts 10 be con-
sudered in dereloping a sunaile computer alganthm.

The propascd method is oficpted wands the analysis o1
comples svsicms which van be modeled by means of sub-
struciures conrnccicd in 2 chain-like manmer. for ipslance.
beamns with inTermedilit suppofis. bridees.  mulithrow
erankshalis, ¢1c. The complications imvolyved b obiaming the
stifiness and mass marrives are Jiredtly asowiated wath the
type of Ninite elementy used o dosenibe the structdre, seseral
books [2). 24 among others] are available with Jetaaled
descriptiony of the procedures required 1o ubtain (he sysem
matrices uf cquations (3) and (45,
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Fia & Simphechaintike ppslemn and ayniba e By subalruziunng

The derivation of the iransfer matrix [of a subsiructurs,
however, requires the inversion of submatnix |E] in equanon
(27rand [¢ o) in equation (30}, These inveruns are souries of
some numerival errory. However, thuse inversions are donc
only once for cach substruciure 2nd are non altecied be 1he
load vecrar. This i an advaniape, espedially of all the sob-
gructures have the same copfiguraton, This is the case in
periodic structures such as thuse recared by Emgels and
Mairovirch (25]. Bote also thag the order aF these matrices s
prmaller than the arder ol The iftness and Mass matrices lor a
given subsiructure, since anly the inteemediate doall. are
considersd 10 the mazri (o be inveried,

Finally, iL can be noted thay the matns [4] i3 banded and ic
does not require Full siorace in the compuier memory. 11 14 the
assertibly of the sartous subsiructures that makes “orage
requirements increase, since the order ol the globkal malrives
inereases too. o the FE-TAl method the wubstrusiore matrn
(1.} is fully populated and requires tull sierace in 1he oovm-
pulsr memary, bur the global transter magrs [L] Joes no
IRCrease N SiZe sy B resulls ITom cORscoulive MEALRT
multiptications as indivated by equation (141,

Some pihet dxpevts L sbtamied the solution af the svsiem
are paralled o those imolveg mosandyd fransier M
applications aod Jicumion may Be louad, 1ot insrance, an
papers by Pestel and Lechie f9for [ E5],

Although the propased mertnd s nnumnl towards more
complen siruaiures, o impe exainple 15 on <hom thie appendin
with the purpuse ot dlusreaune the rrearment of 1wo b
Brcrares which bave 3 common Baundars aod are chain hike
connected, In this evample, the suttnoe matnt [&] o fic
derived for each eemom n the substructiare and then
pssembled using the shundard girect shittiess method, Sub-
©opequenddy, the ranstor maciey LA s formiwlaaed  tek cach
substructure by applaiig the (ransTorpaions of eduilioe
[28). (MM atd (32) w the sollness machin Tound carher,

nalol ¥ hanical Design

Finally, global reapsler maima [L] B obiained By mulbiplying
the tranaler matrice OF eych subsirugiure.

Treatment of a larger and mare complex svsacm s
analogeus Lo ithar deschibed in s example and the use al the
firite glement method alinwy more comples clementy [0 My
used 1o disdretire the spburaclures gad or abltan the sob-
struckure sTebinmess and mass matrices, Huch apphcalions fave
teen done by the authors uvsang J-D moparamertin solid
elements and '&i!] be reported 0 our new papers which are
BOw Lh preEparanon.

Summary and Conclusions

A brief description of the currendy asailakle condensanan
and substructuning [echnigues has been made. poinlite aur
sorre of (he main teaiures of these techmgues and bhow Jhev
apply 10 the aciual ©vpe ol sysiems addeessed tn L sty
The'corrstation berwcen the sufineds amd (rARster Malns for
simple ¢lements was disoussed, and a genezalizanon of the
concepy was developed for compley substruciures having
intermediate active Jdoot. A demled dersanen of he
equarions intglved in the proposed method «a- made, and a
"genecal compuier algorihm Howoharg 1F1g, 50 was presenicd
showing the main $leps  requifed [oF  SmPUIer  wo-
plementatien ot this merhed far practecal asplicadions o an
actual physical sy aterm,

It is imporiant (o fole rhat special anenhon muse be paid 1o
the pumerical aspects intobved In Lthe MAIrs eperaiions, o
order 10 reduce Lhe pussibilys OF numencal error,

From s pection ol the eusations detsed, amd Eromh ne
example given in the 3ppend iy, the tgllgw e conchisions cun
be drawn which apply Tor chain-like connocied syaodmmis,

]

I Matrix reductin cagn be avhiesed By applying the FE- T"~1
approach 19 the sy bvirpciuees Of o ssslerm.

1 Mg welestion of Master and Slave degrees of Tresdom i
regatired 10 the FE-TH methodt, thus reducing the posabulity
al misrcpreseriation vt the sysfem,

1 Al the degrees of Ireedom are included in the tor-
mutarion of the reduced cauations. and no sachbice it
requited 10 20D Gamaling Lhe hinctic eneres ai 1he wibem.

3 Intermediaie achise Joob, can be properh vomdénsed,
aleng with zny eaternal luads acting on them as shuwn by
equarion 115},

5 The advamages of the tinite element method appty 1o the
propescd method in lerms of disCreriding [he sySICm wany
subsiruerures.

& The advanraees of the Transfer Maere method sl
apply W 1he proposed method, specihidlby the tact that b
multiplving the transter marices, the ofder af the resulling
MALTIA s N INUTEe,

Future iinprovements in thic area perhaps will include the
tormulacen of rapster m2igaces for srdieres wl il vompelas
finme elemenos and o wddimon, the clesion a1 branghes
the svsien! may be considered,

Some ol this work v adread™ B progress an this it
specilivally . 1Tansrer marrs $or sirueiuies medeled wicle JE-
salid e <lements.
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AFPENDIX

Transler Matrix denvation for the two subsiruciure sysiem
shown, Fig. 6.

Panitions on Substrecture | Solfneys Mawiy Tor Tramr:r
Matrix Formulazvon:

Suffness Maurix of Substructure |t K. -K [ O . [XH-I I..f“,l
: SRt LECEELEEE ERES - --
o - K, 0 Xy o ~K K+ K =K, ]'. X, o= p
-K K +K, -K Xorm | Sy e jrremanmn bamaes i-"i i -
L0 =K Kz L5, [ S PO P BT CU R
Stiffness Matrin of Substrucigre 2; Therefore
[ K =K, 0 X; f: A=K 8= -5 C=0
—K K+ Ko -K, ]{x'}'[h} D= K Eak ok Foao-n
ﬂ _xq Kﬁ X._ .Ir-i G =0 H = —‘.hl~ - i = AL -
Assembled Oweral) System Scillness Matris:
.{ - K, 0 0 0 1[Xs} [fo]
-K, K +K; -K; a 0 X f
ﬂ —K: _KI""K! —x:. u "xl h-ift r
1] * 1] -K, x,.-h':‘ "Kq, X] J‘r}
| o ¢ 0 ~K, K]lxl LA
Then, vsing equations {300 and ;}i]
KK KK, 7
Y K +K, fu= 'ﬁ"l_*':'}_: A hi_"h_:
) Ky K
G S
K\ K, \ KK, K.f,
- —_— . — R, = =
i“ K.,*-h'; e '*".l +.‘L-: T 1’1..1 "h-:
#nd
K, +K L K, e N
r.,--(- )( K, <A, )= L
KK, K, +.l. KoK, P )
e () (e S () - nee (e ﬂh)( rrioat il
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K,+x:)( -Kf )z_f.

s'-- - K.x, JL'.+AC1 E_.
XK, Ky +Kuve =K f =K Si \_SitK = Ko)
H- K+ X, (- KX, (K,*h':)+(ﬁ|+ﬁ[: (K, « &)
The Transfer Matrix for Substructure | is Therefore
[ K.+K, fl ] - [ Kli-x: f’ ]
Sl T SR 4] - L4 X,
I x.x; xl x: ] le: K; a
Nk —-K) . . filx, -
- - —— e e - ﬂ _ L Ekieh BRNRAY B L
.ITI.I o l (K, < %;) F M | TRYH Fs
0 0 B ] 0 G o i

The Global Transfer Maurinis

[ [ sx,+k, K k. i KooK p SR =KaN v
X | (x,x. TR, )('E_ N\, (ucux:} )_E).,' '
- . i +
fl‘xl_"'l':l FHENIEN
I‘ l-' n‘ ! ( txl 4-.‘,':} + _.F..-! N H‘ ) 1’ _jru
t] e 0 l J [

Prwmnd w % A
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