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Abstract

An efficient and generalized digital computer method is presented for determin-
ing the dynamic response of nonlinear structures of simple geometric configuration
subjected to high-impact loading. A finite element matrix displacement approach
utilizing quadrilateral shell elements, in conjunction with a step-by-step inte-
gration procedure employing Runge-Kutta extrapolation techniques, has been
adopted for the present analysis.

The related procedure yields reliable results for simple structural forms, e.g.,
rectangular and cylindrical panels, and requires only moderate computer storage
and solution time. Numerical results are presented for the analysis of relevant
structures subjected to high impact, simulating free landing on a planetary surface.

The program is written in FORTRAN V language to run on the UNIVAC 1108
computer under the EXEC 8 operating system; the source deck consists of about
1800 cards. The physical program, IMAN (IMpact ANalysis), is available from
the Computer Software Management and Information Center (COSMIC), the
NASA agency for the distribution of computer programs.
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High-Impact Dynamic Response Analysis

of Nonlinear Structures

I. Introduction

The development of electronic equipment capable of
hard-landing survival is of primary interest in connection
with the unmanned exploration of the planets. In this
regard, considerable effort has been expended on the
development of a battery power supply required for a
proposed hard landing on Mars in 1973 (Ref. 1). Such cell
structures are expected to be subjected to a shock level
of about 4000 g (square pulse for 1 msec) that results from
an impact velocity of 120 ft/s, the data being calculated
from available information pertaining to gravitational and
atmospheric conditions on Mars. Under such high impact
the battery cell structure is expected to undergo large
deformations, thereby introducing structural nonlinear-
ities into the system.

A vital preliminary to the formal analysis of an equiv-
alent linear problem is the determination of the eigen-
values and associated modes. Efficient numerical pro-
cedures are available (Refs. 2 and 3) for such solutions.
However, for nonlinear structures it is necessary to adopt
an alternative recurrence formulation which involves
step-by-step incremental procedures and allows for
structural and damping nonlinearities.

The incremental procedure has been adopted earlier
(Ref. 4) for the solution of nonlinear structural problems
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in which the accelerations are usually assumed to vary
linearly during each limited time increment. The set of
dynamic equations may then be transformed into a con-
venient pseudostatic form, the solution of which yields
the incremental results. Thus the procedure involves the
repeated solution of a set of equations of order equal to
the number of degrees of freedom of the structure and
requires large computer storage and problem solution
time. The present analysis is based on a nodewise
predictor-corrector approach and requires only moderate
computer storage for most problems.

Structural nonlinearities, in general, may be classified
into two distinct groups. The physical nonlinearities are
related to the material properties, which include nonlinear
elastic stress—strain relations and also the elastoplastic
behavior of the material. Geometrical nonlinearities, on
the other hand, are due to large deformations which cause
gross changes in the geometrical configuration of the
structure. These nonlinearities may be conveniently sub-
classified as follows:

(1) Large rotation, small strain (also referred to as the
“prestress” effect).

(2) Small rotation, large strain.

(3) Combinations of (1) and (2).



This paper is concerned with the detailed analysis relat-
ing to the geometrical nonlinearities only; the associated
generalized computer program, written in FORTRAN V
and utilizing a UNIVAC 1108, has the following features:

(1) Structural idealizations are based on the finite
element method employing curved quadrilateral
shell elements, the stiffness matrix of the entire
structure being assembled by means of the matrix
displacement method employing the direct stiffness
approach.

(2) The masses are assumed to be lumped at the nodes,
each having six degrees of freedom, i.e., three
translations and three rotations defined in a right-
handed orthogonal coordinate system.

(3) The Runge-Kutta method has been employed for
numerical extrapolation of nodal accelerations and
deformations at the end of each small time incre-
ment of the general step-by-step incremental time
procedure adopted for the present analysis, it being
assumed that the structure behaves linearly within
each small time increment.

(4) Related dynamic equations are formed nodewise
for each incremental time step, and the relevant
solutions are added to their respective existing
values at the beginning of the step to yield the
corresponding updated values.

The merit of these techniques is that considerably less
computer storage and solution time is required for the
dynamic response analysis of nonlinear structures in com-
parison to other known methods of solution (Ref. 4). Also,
the present analysis may be conveniently extended to
include physical nonlinearities.

The program computes the propagation of nodal de-
formations and velocities as well as element stresses and
support reactions throughout the impact contact time
period.

ll. Description of Analysis Procedure

It is intended here to compute the high-impact dynamic
response of nonlinear structural systems, with particular
reference to batteries. The associated computer program
allows for various structural nonlinearities and is based
on the finite element method in conjunction with a
step-by-step incremental time (loading) procedure.

The Runge-Kutta method is used for numerical extrap-
olation of accelerations and deformations at the end of
each small time increment from known corresponding
values at the beginning of the step.

A, Structural Idealization by Finite Element Method

A refined quadrilateral shell element has been gener-
ated and utilized to idealize practical structures. The
quadrilateral element is divided into four triangular
elements with a common apex at the center of area of
the original quadrilateral element. The stiffness matrices of
the four triangular elements (Ref. 5) are then assembled,
and the apex point is finally eliminated to obtain the
quadrilateral element stiffness martix of order (20, 20) in
its local coordinate system. When transformed into the
global coordinate system, the final stiffness matrix is of
order (24, 24).

B. Method of Solution

Equilibrium equations are first formed for the free-free

“structure. At the beginning of the first time interval, the

velocities and displacements corresponding to any as-
sumed node are set equal to zero to simulate the first
touchdown condition of the structure striking a rigid
surface. The response is computed for that particular time
interval, and the displacements of all nodes are checked.
If any node deflects into the rigid impact surface, such
deflections and corresponding velocities are set to zero
and are substituted into the equilibrium equations for the
beginning of the next time interval, the subsequent
response being computed. This process is repeated until
the time interval of interest has been covered.

As the structure strikes an impact surface, a com-
pressive wave is generated which starts propagating
toward the other free end. Upon reaching the free end,
the compressive dynamic wave is reflected back as a
tension wave, and the structure may separate from the
impact surface when the reflected wave reaches that
surface. The structure may then strike the impact surface
again, in which case the process of wave propagation will
be repeated. This program computes the propagation of
associated forces and deformations in a structure sub-
jected to high-impact force.

The equation of motion of a structural system may be
written in the following form:

[MI{G} + [CI{g} + [KI{q} = {P(t)} 1
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where

[M] = mass matrix (assumed to be lumped at the
nodes)

[C] = viscous damping matrix
[K] = stiffness matrix
{q} = deformation vector

{P(t)} = time-dependent forcing function vector

Equation (1) is applicable to a nonlinear system when
it is modified to represent the linear conditions which are
assumed to exist in each limited time increment, i.e., by
adopting a step-by-step procedure. Thus, when the
dynamic equation is assumed to be valid for a particular
time interval h(n,n+1), i.e, the time interval between
time h (n) and time h (n-+1), it takes the form

[M]{8G}nni2F [CH{8G }nmist [KI{8G} nna = {8P}n,nex
(2)

The present problem involves a large number of
degrees of freedom; therefore, a nodewise predictor-
corrector procedure, based on the Runge-Kutta formu-
lation of 0(h®) truncation error, is used for every node in
definite sequence, avoiding the usual matrix operations
with matrices of very large order. This incremental
procedure also enables one to take into account nonlinear-
ities associated with the stiffness and damping matrices.

In this work, the damping coefficient ¢ is assumed to
be a property of the material only. The damping force at
anode corresponding to any particular degree of freedom
is thus obtained by the summation of such values calcu-
lated by multiplying the appropriate damping constant
and the difference in relevant velocity between the node
under consideration and any other connecting node.

€. Numerical Scheme for the Step-by-Step Integration
Procedure

Within a small time interval h{n,n-+1), the following
typical primary computational steps are performed, cor-
responding to a degree of freedom associated with any
node (say the pth degree of freedom in totality).

Step 1. The acceleration value at the beginning of
time step n+1 is computed as follows (superscript n
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denoting any particular time step and T denoting matrix
transposition):

(('i)P,n = (M];,P,n [(P)P,n —_ (S)P,’n — {CT}P{SC'I}P,M,]

(3)

in which {S}* is the cumulative nodal forces vector, and

{K1}" = h{gG}" (4)
is stored on completion of step 1 for all values of p.

Step 2. The values of incremental deformations and
velocities at the half-time interval are extrapolated to
yield the corresponding acceleration

1

0P+l o
@) (0P

[(P)P,n+% . (S)P,n«x-l/z

— {KT}P,n{Sq}P,n+1/2 — {CT}P{Sé}P’"+%] (5)

in which the extrapolated values are

h . h
(Bgyrnt = - (G} + - (KDY (6)
(g = (3g)Pn + (KD ()
and
{K2}™% = h{g}"* 8)
is stored.

Step 3. The revised acceleration value at the half-time
step is computed from extrapolated deformations and ve-
locities as follows (subscript R denoting the revised step):

1

@ " = Iy T [(P)&

Pouilh (S)?k)ﬂ/g

—{KT)PR(3q) g — (CTYRaYEH] @)



where
P+ h ~1P h P,n+lh
(BqYip = o () + - (KDPms (10)
SAP e — S\P,n 1 Pon+ls
{aq}(k) 5 = {8g}m + ) {3K2}P-m+% (11)

Further,

{K3YGy = Mgys

and

(gyp (12)

are stored.

Step 4. The revised stiffness matrix {K}7%;% based on
the {g}7:% configuration is formed and the acceleration
at the end of the n + 1 step is computed from extrapo-
lated values of deformations and velocities as follows:

()7 = e LB = (S — (KTYg (3} — (CT)7 (347 (13)

in which
(g =h (G + 4 (KW (19
and
{8G}rm = (8q}Pm + {SK3} % (15)
Also,
{K4}™ = h{g}™ (16)
is stored.

Step 5. The deformation and velocity files are finally
updated according to the following schemes:

(@ = tay +h [ (@ + 5 (KD + (K2) + (K3)) |
)

= {q}" + {qI}™ (17a)

(@) = (@) + o (K1) +2(K2) +2 (K3} + (K4)]
(18)

The nodal forces are also updated, incorporating changes
due to increments in nodal deformation and also to large
rotation (the prestress effect), as follows:

{8} = (S} + (88} + [KI (g1}
(19)

where the term {S}» + {88}, 4.1 is computed as the
appropriate summation of [DIRT]*! {s*}"* terms in
which [DIR] and {s*}* are the element direction cosine
matrix and such nodal forces in the local coordinate
system, respectively.

Since velocity values computed from Eq. (18) differ
slightly from those given in step 4, the acceleration values
are recalculated at the beginning of the next time step
as shown in step 1. Also, stresses are computed in two
triangular parts of the quadrilateral shell element, and
an average value based on relative areas of the triangles
is accepted as the final element stress assigned to the
centroid of the quadrilateral.

The computations are repeated for each time step,
and updated relevant force and deformation vectors are
obtained as accumulated sums at the end of each time
step. Owing to rather small changes in their values, the
P, M, and S vectors considered in this program and used
throughout steps 1 to 4 refer to their initial values at the
beginning of a particular time step.

The reactive forces at any subtime interval r of the
n + 1 time step may be calculated as

_ (ii)P,nw

P.at+r —
(RF) <M)P,n+r

(20)

the corresponding acceleration (§)™" being subse-
quently equated to zero. However, when the tension wave
reaches the impact surface, the reaction may become
negative, indicating a “liftoff” of the structure, in which
case the acceleration value is computed as usual.

Thus the present numerical scheme computes the pro-
pagation of nodal deformations, velocities, and accelera-
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tions, as well as element stresses and support reactions
throughout the impact time period.

D. Limifations

So far, the program has been utilized to analyze only
structures of simple geometric form, e.g., rectangular
and cylindrical panels; therefore, it should be used with
caution for structures of complex geometry. Also, the
program is presently limited to the use of quadrilateral
shell elements, but the scope of the program may be
easily extended to its more general form, incorporating
other types of elements.

E. Conclusions

The present analysis is a nodewise predictor—corrector
method and has several advantages over the usual recur-
rence formula procedure (Ref. 4), which involves repeated
solutions of sets of simultaneous equations. In general,
the following important conclusions may be drawn from
the results of the present analysis:

(1) The analysis is independent of the form of the
damping matrix [C], which may indeed be non-
linear.

(2) The stiffness matrix [K] may be nonlinear.
(3) No strict node numbering scheme is necessary.

(4) For short impact contact time, for which the pres-
ent method appears to be stable, its use may be
preferred over the usual method, which requires
repeated solution of simultaneous equations.

(5) Much less computer storage is required for the
present method when compared with that required
for the usual methods. In fact, about 10 times the
total number of degrees of freedom is the approx-
imate maximum storage requirement, in addition
to that required to store the input data.

(6) There is a significant reduction in solution time,
the computations being simple and repetitive in
nature. An estimate of typical run time varies
between 0.4 to 0.6s/node for each time step.

(7) The quadrilateral finite element used in the anal-
ysis is much refined in nature when compared to,
say, an equivalent triangular element.

(8) Very little storage is necessary for the stiffness
matrix since computations are performed nodewise,
the total storage involved being an array of dimen-
sion (6,90).
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(9) For very small impact contact time, as the case
often is for high-impact problems, the damping
has very little effect on the general solution.

li. Preparation of Input and Details of Output
A. Coordinate System and Units

The nodal deformations along with other related sets
of results are obtained in a right-handed, orthogonal,
rectangular, global coordinate system, whereas element
nodal forces are computed in a similar but local member
coordinate system. The global coordinate system (X,Y,Z)
refers to the complete structure and normally will con-
form in direction to the major dimensions of the struc-
ture. A member coordinate system (x,y,z) refers to an
individual member in which the local x axis is assumed
to be coincident with the element edge connecting the

first two of the four nodes used in defining the member
(Fig. 1).

Joint numbering is usually done in a counterclockwise
sequence. Further, the program does not perform any
conversion of units. Therefore, the input data must be
consistent in units.

B. Zero Deformations

The zero-displacements are introduced at the nodes in
contact with the impact surface and also at nodes lying
on planes of symmetry when only the symmetric part
of a structure is analyzed. Such nodes, along with their
characteristics modes, are the associated input data. The
characteristic zero-deformation modes numbered 1 to 6
are associated respectively with the degrees of freedom
8)(, Sy, Sz, ‘0)(, 9y, and ez.

€. List of Variables

The important variables used in the present computer
program are as follows:

E Young’s modulus
n Poisson’s ratio

¢ damping coefficient for the material

IPRINT index for printout of results
= 0, then only final results at end of each
time step are printed
= 1, then detailed results at end of each
subtime step are printed



NJ
NEL
NMAT

NZD

NET

NDF

[UPDAT

ITIME

TI
NIN
VIN

IDFV

total number of nodes
total number of elements

number of material types, the latter being
dependent on the three variable E, p, and ¢

number of zero deformations, including such
deformations at nodes along planes of sym-
metry

number of element types, which is deter-
mined by element thickness and dimensions
in the local coordinate system

total number of degrees of freedom
(=6 X NJ)

index for updating nodal coordinates
= 0, then stiffness matrices are computed
based on the geometry of the structure
at the start of the time step
= 1, then stiffness matrices are computed
based on the revised geometry of the
structure at the half-time step

index for nature of incremental time inter-
vals
= (), then uniform time interval TI is read
=1, then NIN number of time intervals
are read

incremental time step
total number of such increments
initial nodal velocity prior to impact

particular degree of freedom associated
with the initial velocity

D. List of Arrays

The important arrays used in the computer program
are listed as follows:

A(25,25) stiffness matrix of a quadrilateral

shell element in the local coordinate
system in which the center of area

is considered as the fifth node

AK(6,90) stiffness matrix in the global coordi-

nate system pertaining to a node

AK1(24,24) final stiffness matrix of a quadrilat-

eral element in the global coordi-
nate system

AK12(20,5)
AK21(5,20)
AK29(5,5)

B(20,20)

B1(300*NET)

C(15,15)

C1,C2,C3,C4,C5

C6,C7,C8

CMASS(NDF)

CNJ(15,3)

DAMP(15)

D33(3,3)

DIR(3,3)

DM(8)

DP(6)

E22(3,3)

FEL(NEL*24)

IC(8)

IEL(84)

matrices which are portions of the
rearranged A matrix utilized to
eliminate the fifth central node of
the quadrilateral

quadrilateral element stiffness
matrix in the local coordinate sys-
tem derived from a matrix by elim-
inating the fifth central node

file storing the symmetric part of
the B matrix pertaining to the
differing element types and also
storing zero elements to conform
to the final AK1 matrix

triangular shell element stiffness
matrix in the local coordinate sys-
tem

Clto C7 are of order (3,3), whereas
C8 is of order (3,4); they are used
for general computational work

file storing lumped nodal masses

file storing coordinates of nodes
connected to any particular node
being considered

damping coefficients file for a node
connected to a maximum of 14
other nodes

elastic stress—strain matrix for plate
bending case

direction cosine matrix of an ele-
ment

damping coefficients of a maximum
number of 8 elements connecting
a node

damping force at a node corre-
sponding to its 6 degrees of free-
dom

elastic stress—strain matrix for plane
stress case

element nodal forces file in its local
coordinate system

file storing the element numbers
connected to a node

file storing element nodal numbers
connected to a node
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IELCON(NJ4)

IMT(NEL)
INLT(NEL)
INODE(15)

IZD(NZD.2)

M(8)
NLT(NET,5)
NNEL(NEL4)

PM(NMAT,3)

P(NDF)
Q(NDF)

QI(NDF)

QII(90)

QQI(NDF)

QIR(NDF)

QL(NDF)
QIL(NDF)

Q2(NDF)

file storing element nodal numbers
(a2 maximum of 8 elements stored in
4 words in pairs as IC(1)*1000+
IC(2), etc.) connecting each node

element material type indicator file
element type indicator file

file containing nodal numbers con-
necting a node

zero-deformation file storing the
nodal number and the mode of the
associated zero deformation

file storing element numbers con-
necting a node

file storing element nodal numbers
and its material type

file storing 4 nodal numbers for
each element

material properties file containing
Young’s modulus E, Poisson’s ratio
p, and damping coefficient ¢ values
for each material type

external loading file

nodal deformation file, the first
three columns of which represent
current nodal coordinates

incremental nodal deformation file
pertaining to each incremental sub-
time step of the Runge-Kutta pro-
cedure

incremental nodal deformations
pertaining to the nodes connecting
the particular node under consider-
ation

accumulating nodal incremental
deformations during a time interval
of the Runge-Kutta step

incremental revised nodal deforma-
tion QI at half-time interval

nodal velocity file

accumulating nodal incremental
velocity file during a time interval
of the Runge-Kutta step

nodal acceleration file
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Q22(NDF) file storing Q2 for use in the Runge-

Kutta operations at subtime steps

RF(NZD) f{ile storing reactions at contact
points as well as at points of
symmetry, i.e., reactions at zero-

deformation nodes

S(NDF) nodal forces file

ST(6*NEL) file storing element stresses 8z, v,
and 7xy at the top and bottom layer
of the cross section, at the center of
area of the element, and expressed

in element local coordinate system
TEL(NEL)
TINT(NIN)

element thickness file

file storing incremental time infor-
mation

TNLT(NET) fie storing thickness of various ele-

ment types

V1,V2,V3,V4,V10 files of order (3), excepting for V10,
which is of order (4), used for stor-
age purposes during various com-

putations

X,Y,Z files of order (3) storing element
nodal coordinates and used through-

out the computations

XD,YD,ZD files of order (2) storing element
side lengths during various com-

putations

E. Input of Data

The program IMAN is stored on tape; the control cards
are those usually associated with the UNIVAC 1108.
Data cards for a particular job should be prepared as
follows:

(1) Replace the first two PARAMETER cards in the
main program with data relevant to the particular
problem. The following cards, with appropriate
data, are to be provided:

@FOR,S IMAN,IMAN,IMAN

—10,11

PARAMETER NJ= ,NEL= ,NZD=,
NMAT= ,NET= ,NIN=

PARAMETER ITIME= ,IPRINT=

(2) Title of job:FORMAT (13A6), i.e.,, 2 maximum of
78 words.



(3) Incremental time file:

If ITIME= 0, read TI, incremental uniform
time step: FORMAT(E11.3).

If ITIME= 1, read TINT, incremental time
steps file: FORMAT(3E11.3). Time intervals
are to be set such that the numerical speed of
wave propagation in the structure ‘caused by
impact remains greater than the speed of
sound in the structure material.

(4) VIN, IDFV: FORMAT (E11.3,15).
(5) Zero-deformation file IZD: FORMAT (5(215)).
(6) Nodal coordinate file Q: FORMAT (3F9.4).

(7) Element descriptions:

(a) Element nodal numbers, thickness, material, and
element type indicators to be stored in files
NNEL, TEL, IMT, and INLT: FORMAT
(415,F8.4,214).

(b) Files NLT and TNLT containing element nodal
numbers, material type, and thickness corre-
sponding to each element type: FORMAT
(515,F8.4).

(8) Material properties file PM containing E, p, and ¢
values: FORMAT (E10.2,F6.2,F8.3).

(9) Nodal lumped masses file M containing all nonzero
mass values: FORMAT (6E11.3)

(10) Nodal external loading file P: FORMAT (6E11.3).

The present program at JPL is stored on tape (No. 30902,
in this case), and the exact sequence of control and data
cards immediately following the first @ RUN card is as
follows:

@ASG,T TAPE 1, T, 30902W

@MSG PLEASE MOUNT TAPE REEL 30902W
(KKG)

@COPIN TAPE 1

@FOR,S IMAN, IMAN, IMAN

—10,11

PARAMETER NJ= , NEL= , NZD= |,
NMAT= , NET= , NIN=

PARAMETER ITIME= , IPRINT=

@REWIND TAPE 1.

@COPOUT , TAPE 1.
@FREE TAPE 1.
@PREP.

@PRT, T

@XQT

{ data cards

End card.

F. Description of Quiput
If IPRINT = 0, the following results are printed:

(1) Input files IZD, Q, NNEL, TEL, IMT, INLT, NLT,
TNLT, PM, CMASS, P, and IELCON.

(2) File RF at end of each subtime step.

(3) File ST at end of revised halftime step and also at
end of each full time step.

(4) Files DIR, S, Q, Q1, and Q2 at end of each full time
step.

If IPRINT = 1, then additional printouts of files S, Q,
Q1, and Q2 are obtained.

iV. Description of Program Elements

This section presents detailed descriptions of the indi-
vidual program elements. Corresponding flowcharts and
computer program listings are presented in Appendixes A
and B, respectively.

A. Madain Program IMAN

The main program IMAN performs the entire set of
operations, including calling the subroutines at various
stages and coordinating all such operations. The major
computational steps are presented in this section.

1. Input of data. This part of the program is primarily
concerned with data input for a particular job. Details
of input data preparation have been given separately in
Section III.
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2. General computations. To prepare basic data for
Runge-Kutta procedures, the following steps are per-
formed:

(1) SCAN is called to form file IELCON storing ele-
ment numbers connecting each node.

(2) Stiffness matrix B of each quadrilateral element
type is formed using subroutine QDR. Matrix B is
rearranged into AK1 and finally stored in B1 file.

3. Runge—Kuita routine. For numerical extrapolation
of accelerations and deformations, the following compu-
tational procedure has been adopted for each small time
interval (nton + 1):

(1) To find the acceleration at the beginning of the
time step, the following operations steps are per-
formed:

(a) DIEL is called to form DAMP and INODE
arrays.

(b) Damping force file DP is formed utilizing DAMP
and Q1" files.

(¢) Acceleration file Q2 is computed from P, S, DP
and CMASS files.

(d) Support reactions files RF are computed at
boundary and symmetry points from Q2 and
CMASS files.

(e) Q2 file is copied into Q22 so as to use it in the
next substep.

(f) Accumulating incremental velocity and deforma-
tion files QI1 and QQI are updated.

(2) To find the acceleration at the half time step, the
following major computations are performed:

(a) Extrapolated incremental deformation file QI™%
is computed using files Q1* and Q2=

(b) ACC is called to compute Q2"*% and RF files.

(¢) Q2% is stored into Q22 file. QI1 and QQI files
are updated.

(3) To compute revised sets of results at the half step,
the following procedure is used:

(a) File QI**is computed from Q1" and Q2™ files.
(b) ACC is called to compute Q2%+*% and RF files.

(c) STRESS is called to compute stress increments
in the elements due to incremental deformation

QI
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(d) Q2n%is stored in Q22 file and QI1 and QQI are
updated (to obtain QQI™ file).

(4) To compute acceleration values at the end of the
time step, the primary steps are as follows:

(a) QI* is formed from files Q1" and Q27+%,

(b) ACC is called, IUPDAT being 1 to compute
Q2m1, RF, and nodal forces incremental file S
(denoted by S in ACC) = Km%QQI™,

(¢) STRESS s called to compute incremental stresses
in the elements due to QI™.

(d) Element stresses ST™* = ST + AST™* are up-
dated.

(e) PREST is called to compute updated nodal forces
by incorporating “prestress” effect and also to
compute updated element nodal forces in the
local coordinate system.

(f) QI file is updated to obtain QI1™,

(g) Updated Q™' = Q"+ QQI™** and QI™* = QI"
+ QI1™* are next obtained.

With the new updated files, the Runge-Kutta procedure
is repeated for the next time step.

B. Subroutines of IMAN

1. Subroutine ACC. Subroutine ACC is called by
IMAN to predict the nodal accelerations and support
reactions at the end of each Runge-Kutta substep. It also
computes the nodal force increments at the end of a
full step, based on the accumulated incremental nodal
deformations QQI. The primary computational steps for
each node are as follows:

(1) Subroutines DIEL, DFORCE, MELCON, and
CONQOYJ are called to compute, respectively, the
damping coeflicients file DAMP and the nodal
connection file INODE, the damping forces file DP,
the element connection file M, and file CNJ having
the current coordinates of connecting nodes which
are being referred by file INODE. If the index
TUPDAT 5£0, then the CNJ file is updated by
adding to it the appropriate elements of the revised
half step incremental deformation file QIR.

(2) Subroutine NIEL is called to form IEL, which lists
nodal numbers of connecting elements of M.

(3) Subroutine STIMAT is called to form the overall
stiffness matrix AK corresponding to the node.



(4) Subroutine NQII is called to copy incremental
deformation file QI and to form such file pertaining
to the node.

(5) Reactive forces at supports and points of symmetry
are computed as well as the acceleration values.

(6) If index IUPDAT 54 0, then NQII is called to copy
the accumulating incremental deformation file QQI
and form QII file pertaining to the node.

(7) Increment is obtained in the nodal forces file S

based on QII (i.e., QQI).

2. Subroutine ADM. Subroutine ADM is called by
subroutines S05 and S07 to perform the addition of sub-
matrices to form the stiffness matrix of a triangular shell
element.

3. Subroutine ASSEMB. Subroutine ASSEMB is called
by QDR to assemble the stiffness matrices C (15,15) of
four triangular shell elements into the quadrilateral
element stiffness matrix A (25,25).

4. Subroutine CONQJ. Subroutine CONOJ is called
primarily by ACC. It forms the CN] file, listing the cur-
rent coordinates of the nodes associated with the node
under consideration by copying the current deformation

file Q.

5. Subroutine COORD. Subroutine COORD is called
by IMAN. It reads the initial nodal coordinates and stores
them in the Q file.

6. Subroutine CORT. Subroutine CORT is called by
QDR and is a modified version of CORT in ELAS
(Ref. 6). CORT obtains coordinates of each of the four
triangular shell elements in the local coordinate system
(x,y,2) of the quadrilateral element (Fig. 1).

7. Subroutine DCS. Subroutine DCS is called by sub-
routine PREST to compute the direction cosines matrix
DIR for any element. If INDEX = 1, DIR is based on
Q™ = Q™ + QQI™, in which Q" and QQI™* are retained
in their original forms. If INDEX = 0, DIR is based on
Q" only.

8. Subroutine DFORCE. Subroutine DFORCE is
called by ACC to form the damping forces DP at a node.
Files DAMP, INODE, Q1, and Q2 are used.

10

Fig. 1. Quadrilateral sheil finite element with four
subdivisions of trianguiar elements

. 9. Subroutine DIEL. Subroutine DIEL is called by
IMAN and ACC to generate the list of connecting nodes
and also damping coeflicients related to each node under
consideration. A maximum of 14 nodes and eight elements
are assumed to be connected to any node. The primary
steps for each node are as follows:

(1) Subroutine MELCON is called to form file M,
listing the element numbers connecting the node.
Subroutine NIEL is called to form file IEL, listing
connecting element descriptions pertaining to file
M and denoted by their nodal numbers.

(2) With information provided by files M and IEL,
INODE, a list of nodes belonging to the connecting
elements, is formed.

(3) The damping coeflicients file DAMP is computed
using files PM, IEL, and INODE.

10. Subroutine DIRCOS. Subroutine DIRCOS is called
by STIMAT to obtain coordinate difference of joints 1-2
and 4-1 of a quadrilateral element, in the global coordi-
nate system, while forming its direction cosines.

11. Subroutine ELEMT. Subroutine ELEMT is called
by IMAN to read information regarding the finite
elements and to store such data in NNEL, TEL, IMT,
INLT, NLT, and TNLT.

12. Subroutine ELIM. Subroutine ELIM is called by
QDR. It reduces the A(25,25) matrix to the final quadri-
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lateral stiffness matrix B(20,20) in the local coordinate
system by eliminating the fictitious central point corre-
sponding to the center of area of the quadrilateral element.

13. Subroutine INV. Subroutine INV is called by
ELIM to invert a matrix of order 5.

14. Subroutine MELCON. Subroutine MELCON is
called mostly by DIEL and ACC. It simply converts the
element connection information from IELCON into M
file for each node under consideration.

15. Subroutine MMULT. Subroutine MMULT is
called mostly by PREST, STIMAT, and STRESS to multi-
ply any two matrices.

16. Subroutine NIEL. Subroutine NIEL is called
mostly by DIEL and ACC and forms the list of nodal
numbers of the elements connecting a node.

17. Subroutine NQII. Subroutine NQII is called by
ACC to list the incremental deformations at the particular
node under consideration as well as at the connecting
nodes.

18. Subroutine PREST. Subroutine PREST is called
by IMAN at the end of a Runge-Kutta time step to com-
pute the updated nodal forces at the joints to include the
“prestress” effect, the elastic nodal force increments for
the time step having been already computed by sub-
routine ACC and stored in S file. The subroutine also
updates the element nodal forces file FEL at the end of
the time step. The primary computational steps for the
two distinct phases of calculations are given below.

a. First phase. The newly oriented nodal force file is
computed. The present S file contains elastic nodal force
increments for the time step, whereas the FEL file stores
the element nodal forces in the local coordinate system
with reference to the geometry of the structure at the
beginning of the current time step. The major steps for
each node are as follows:

(1) Subroutine MELCON is called to generate nodal
element comnection file M. Elements of FEL per-
taining to the node under consideration are copied
into file SEL.

(2) For each of the quadrilateral elements of M file,
the following computations are next carried out:

(a) Elements of FEL pertaining to the element
under consideration are copied into file SEL.
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(b) Subroutine DCS is called to form the direction
cosine matrix DIR, based on the updated nodal
deformation file at the end of the step; e.g,
Q™ = Q" + QQI™* configuration. Utilizing
SEL and DIR files, element nodal forces are
obtained in the global coordinate system per-
taining to the element geometry at the end of
the time step, thereby automatically incorpora-
ting the prestress effect and storing it in an
appropriate file SS.

(3) Elements of SS for each of the four nodes are
added to the appropriate elements of the § file.

Repeated computations involving steps 1 to 3 finally
yield the updated nodal forces corresponding to the end
of the Runge~Kutta time step under consideration.

b. Second phase. The element nodal forces in the local
coordinate system, stored presently in FEL, are updated
to correspond to the geometry of the structure at the
end of the time step. The following major steps have
been adopted for each element:

(1) Tt is necessary to convert the elements of the
QQI™ file, pertaining to the element, in its local
coordinate system. Subroutine DCS is called to
form file DIR based on the structural configuration
Qm at the beginning of the time step. Matrix
multiplication of DIR and QQI files is done to
obtain the accumulating deformation increments
file A in the local coordinate system.

(2) Element stiffness matrix AK1 is copied from Bl
file. The increment in element nodal forces is
obtained by multiplying file A by AK1, the results
being stored in the SEL1 (24) file.

(3) The incremental element nodal forces file of step 2
is added to file FEL, which contains element nodal
forces in the local coordinate system. The resulting
file FEL is the updated element nodal forces file
at the end of the time step.

19. Subroutine PROMAT. Subroutine PROMAT is
called by IMAN to read element material properties
(E, p, and ¢) and to store them in PM.

20. Subroutine QCA. Subroutine QCA is called by
subroutine QDR. Given the coordinates of the four
corners of a quadrilateral element in the global coordi-
nate system, the subroutine computes the coordinates of

11



the center of area of the element as well as the area
of its surface.

21. Subroutine QDR. Subroutine QDR is called by
IMAN to generate the stiffness matrix of a quadrilateral
shell element in the local coordinate system and to store
the same in matrix B(20,20). The primary steps are as
follows:

(1) Subroutine QCA is called to generate the coordi-
nates of the center of area of the quadrilateral
element, which is next divided into four triangular
elements with apex at the center of area (Fig. 1).

(2) For each of the triangular elements the following
computations are next carried out:

(a) Direction cosines information is computed.

(b) Subroutine CORT is called to obtain coordi-
nates of triangular shell element nodes in the
local coordinate system.,

(c) Subroutine S11 is called to generate the stiff-

ness matrix of the element and store it in
C(15,15).

(d) Subroutine ASSEMB is called to place elements
of C in the overall quadrilateral element stiff-
ness matrix A(25,25).

(3) Subroutine ELIM is called to eliminate the ficti-
tious nodal point at the center of area of the
quadrilateral element and to obtain the overall
stiffness matrix of the latter in the local coordinate
system, which is subsequently stored in B(20,20)
in the order us, **, U, 0y, =+ Vs, Wy, 7, Wy, bz, ",
Or Bypr s Oy,

22, Subroutine SCAN. Subroutine SCAN is called by

IMAN to determine the element numbers connecting

each node. Such information is then stored in IELCON.,

23. Subroutine SO5. Subroutine SO5 is called by S11
to generate the stiffness matrix of triangular elements
under plane stress conditions.

24. Subroutine SO7. Subroutine SO7 is called by S11 to
form the stiffness matrix of triangular elements in bending.

25. Subroutine S11. Subroutine S11 is called by QDR.
It has been adopted from ELAS (Ref. 6) to generate
stiffness matrices for triangular shell elements. Sub-
routines ADM, STRA, S05, S07, TRAN, TRIM, TRM,
and INV used in this connection are the modified ver-

12

sions of their respective counterparts in ELAS and are
explained in brief detail only.

26. Subroutine STIMAT ., Subroutine STIMAT is called
by ACC to form six rows of stiffness matrix (6,90) per-
taining to a node. A maximum number of eight elements
are assumed to connect a node; the procedure consists
in determining the stiffness matrices of individual
elements in the global coordinate system and assembling
them simultaneously to form the overall stiffness matrix
for the node. The essential steps for each element are
as follows:

(1) Stiffness matrix AK1 is copied for the quadrilateral
element from array Bl, which stores in-core such
stiffness matrices in the local coordinate system
for all different types of elements.

(2) Direction cosine matrix DIR pertaining to the
element is next formed. AK1 is converted into the
global coordinate system, the related formulation
being AKls = DIRT AKl1, DIR, and the original
matrix being replaced by the transformed one.

(8) The elements in AK1 are placed in appropriate
positions to form the overall stiffness matrix
AK(6,90), utilization being made of nodal and
element connection information provided by arrays
M and IEL.

27. Subroutine STRA. Subroutine STRA is not being
used but has been retained for future use and may be
utilized to transform the element matrices description
from a local to an overall coordinate system.

28. Subroutine STRESS. Subroutine STRESS is called
twice by IMAN during a Runge-Kutta time interval to
compute stresses at the center of area of each quadri-
lateral element. Such calculations are performed at the
end of the revised half step and also at the end of
the full time step. The related major computational steps
for each element are as follows:

(1) The direction cosine matrix DIR is obtained for |
the element, based on Q= i.e., on the structural
configuration at the start of the present time step.
QCA is called to obtain surface areas of the two
triangles into which the quadrilateral element has
been divided by its diagonal.

(2) The material matrix D33 is formed for the plane
stress case.

(3) Nodal coordinates are computed based on Q* and
incremental deformations at the nodes based on
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QI**, Such values are transformed in the local
coordinate system of the element to obtain matrix
A(3,12).

(4) For each of the two triangles the following proce-
dures are next adopted:

(a) The coefficient matrix C8(3,6) is formed from
A. The deformation file DF is computed incor-
porating effects of changes in normal curva-
tures and surface twists, such fields being
assumed constant throughout.

(b) Triangular element stress increments are then
obtained from D33, C8, and DF files.

(5) Average stress increments for the quadrilateral
element are next calculated from such stresses in
the two triangular elements obtained in step 4.

29. Subroutine TRANSP. Subroutine TRANSP is called
by subroutine ELIM; it transposes a given matrix A,
storing the transposed matrix into a B matrix.

30. Subroutine TRAN. Subroutine TRAN is called by
STRA to transform the description of a vector from a
local to an overall coordinate system.

31. Subroutine TRIM. Subroutine TRIM is called by
S05 to generate certain matrices in connection with the
derivation of the plane stress triangular element stiffness
matrix.

32. Subroutine TRM. Subroutine TRM is called by
S05 and S07 to perform a triple matrix product of order 3.

33. Subroutine UNIT. Subroutine UNIT is called
mostly by DCS, STIMAT, and STRESS and is utilized to
normalize a vector.

34, Subroutine VECT. Subroutine VECT is called
mostly by DCS, STIMAT, and STRESS to perform
vector product operations.

V. Sample Problems

An earlier work (Ref. 7) presented details of high-
impact dynamic response analysis of a PPO (polyphenyl-
ene oxide) plate, the results of which were further com-
pared with the equivalent linear analysis, Present work
has mostly been in connection with the solution of

heat-sterilizable, impact-resistant battery cells (Ref. 8), the .
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main components of the cells being a PPO container with
silver-zine negative and zirconium-silver positive plates.

The program IMAN was utilized to analyze the PPO
container of a 5-Ah cell, simulating its impact on a rigid
surface at a velocity of 120 ft/s. Further analysis was
performed on a negative plate subjected to an equivalent
impact velocity of 10 ft/s, and such results are presented
herein. The damping constants have been assumed to be
zero for the rather short impact duration.
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Fig. 2. Baitery cell container with finite element
idealization (all dimensions in inches)

A. Impact Analysis of a PPO Confainer

Owing to its symmetric configuration, only one quarter
of the PPO cell container structure is considered in its
finite element idealization (Fig. 2). The masses are con-
sidered to be lumped at the nodes and are based on the
total mass of the cell. The primary relevant data used
for the analysis are as follows: '

Impact velocity, ft/s 120

Uniform time increment, s 0.138 X 10-°
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Number of such increments

Total number of nodes

Total number of finite elements

Young’s modulus, Ib/in.?2
Unit weight, 1b/in.®

Poisson’s ratio

34

93

76

3.75 X 108
0.384 X 10
0.33

Analyses of results depicting propagation of typical
support reactions, nodal deformations, and element
stresses are presented in Figs. 3-5, respectively. Max-
imum compressive element stresses are found to be about

B. Impact Analysis of a Silver-Zinc Negative Plaie

A negative plate of a 5-Ah cell was next considered for
impact analysis, and the related finite element model is
presented in Fig. 6. The wider upper part of the model
is idealized as a uniform silver plate of an equivalent
thickness of 0.013 in., thereby replacing the wusual
0.037-in.-thick silver grid. The masses are assumed to be
lumped at the nodes and consist of the mass of the silver
plates and the spongy zinc filling material. Associated
relevant data used for the analysis are as follows:

10,000 psi, the corresponding yield stress being 17,600
psi. The problem was solved on a UNIVAC 1108 com-
puter, the run time being about 37 min,
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Fig. 3. Support reactions in cell container
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Fig. 4. Nodal deformations in cell container
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Impact velocity, ft/s 10
Uniform time increment, s 0.19 X 10-°
Number of such increments 35

Total number of nodes 100

Total number of finite elements 78

Young’s modulus, 1b/in.? 10.3 X 10¢
Unit weight, 1b/in.? 0.381
Poisson’s ratic 0.367

Results areipresented in graphical form in Figs. 7-10.
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Fig. 5. Siress propagation in typical finite elements of
cell container (siresses refer to element top layer)
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Fig. 6. Finite element idealization of cell negative plate
(ali dimensions in inches)
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Appendix A

Flowcharts

The flowcharts of the main program IMAN and the associated subroutines,
arranged alphabetically, are presented in this appendix as Figs. A-1 through A-25.
Each such program flowchart should be considered in conjunction with its
respective description in Section IV and with the source program listing in
Appendix B. The number associated with any block appearing in the flowchart
refers to the first statement number in the corresponding program listing. An
asterisk before the number indicates that the first statement in the block appears
before the statement corresponding to the number, whereas an asterisk after
the number indicates that the first statement in the block appears after the
statement corresponding to the number.,

Flowcharts for subroutines adopted from Ref. 6 have not been reproduced here.
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Program
IMAN

Read parameter data
NJ, NEL, NZD, NMAT
NET, NIN, ITIME,
IPRINT. Read job

Call ELEMT to read
elements information
files NNEL, TEL, IMT,
INLT, NLT, and TNLT

Print files NNEL, TEL,
IMT, INLT, NLT,

Print material
properties file

Print CMASS and

title
IPRINT =0 No A
Read TI, NIN. ?
Read VIN, IDFV \ and TNLT
Set initial velocity
file Q1
Read zero deformation Call PROMAT to
file 1ZD read material
properties matrix
PM
IPRINT =0 No \ Print 1ZD.
A \ Print Q1 X
IPRINT =0 No
i \
Yes
Yes
*
Call COORD fo read 93
initial coordinate Read nodal mass and
of nodes load, CMASS and P
files
IPRINT =0 No A Print file Q
? No
IPRINT =0
? \ P files
Yes
Yes
Initialize files Q2, S, QI,

QR, QQl, QI1, FEL
and ST

JPL TECHNICAL REPORT 32-1498

Call SCAN to form
nodal elements
connection file

IELCON

Fig. A-1. Flowchart of main program IMAN
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Call QDR 1o
compute stiffness
matrix B of the
quadrilateral element

IPRINT =0 No Print file [ELCON
Form AK] from B by
rearranging its
elements
Yes
1

To form quadrilateral
element stiffness
matrices and store

Store symmetric part
of AK1 in file Bl

(108

Set counter NET, number
of element types for |

Loop on |
satisfied
?

Set counter 4, number
of nodes in an element,
to J

[PRINT =0

- Print file B

Copy nodal coordinates
from Q file into files
C1,C2,C3, orC4
asd=1,2,3,0r4,
respectively Yes

Start Runge-Kutta
solution

Loop on J satisfied
?

Yes Set counter NIN, total
number of time
intervals, for J10

Form stress~strain mairices

D33 and E22

(3

Initialize files QIT,
QQl, Ql, @22, and
QIR

1

Fig. A-1 (conid)
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To compute acceleration
at beginning of current
time step

Set counter NJ for |

Call DIEL to
obtain files
INODE and

DAMP

Set counter 6, total
no. of degrees of
freedom, for |1

A

Compute damping
forces file DP

Loop on 1
satisfied
?

Set counter 6 to 11

Compute acceleration Q2

JPL TECHNICAL REPORT 32-1498

‘ |

Set counter NZD for 12

T=1ZD(12, 1)
an

I =1ZD(12, 2)
?

Compute reactions file
RF; set corresponding
acceleration value =0

Loop on 12 satisfied
?

Loop on l"! satisfied

Check on counters

IC1 and ICOUNT

Loop on | satisfied
2

Print support
reactions
file RF

IPRINT =0
?

No

Print file Q2

Yesl

Fig. A-1 (conid)
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Print file Q2
98

Set Q22 = Q2 compute
files QI1 and QQI

Yes

*38

Set Q22 = Q2 Compute
files QIT and QQI

No \ Print files QI
and QQ!

=<
3

No Print files QI
g and QQI
62¢
To compute extrapolated
acceleration values at %
half time step es
65*
To compute revised
Q2 file at end of
half time step
37
A Compute incremental 3
deformation file QI
41
Compute file QI
Ne Print-file QI
Yes No Print file Q!

Call ACC to compute
acceleration at
end of half time
step

Call ACC to
compute revised

acceleration at end
of half time step

k \ Print file RF /
| l

Fig. A-1 (conid]

Print file RF
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; 2
Set counter NEL, number
of elements to |

No Print file QI

Call stress to
compute stress
increments in

element due to

Call ACC to
compute acceler-
ation at end of

time step

Loop on | satisfied
?

Print file RF

Print file Q2

Set counter NEL,
number of elements

Yes tol
43
Set QR =Ql,
Set Q22 = Q2.
Compute files QI1
and QQI
Call STRESS to

compute siress
increments in
element

Print files
QI and
QQl

Print direction
cosine matrix
DIR of

element

48*

To compute Q2 file
at end of current

time step
Update element stresses
by adding increments
to existing stresses
46

Compute file QI

!

Fig. A-1 (conid)
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Loop on | satisfied
?

Print siresses in
elements
{ST}"H at end
of time step

Call PREST to
update nodal
forces at end
of time step

Print nodal and
element nodal
forces files
{S}nﬂ

{FEL}“H

and

47

Update file Q1

Yes

Print file QI1

/i

Update nodal geometry
and velocity files
Q and Q1

22

Fig. A-1 (contd)

Print Q, Q1, and
Q2 files
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Print files AK and
Qll

Subroutine
ACC

Set counter NJ (number
of nodes) for |

Call subroutines
DIEL, DFORCE,
MELCON, and
CONOQOJ

IUPDAT =0
?

Update CNJ file by
adding QIR .

6

Call subroutines
NIEL, STIMAT, and
NQI{

Mo IPRINT =0
2

Call NQll to
copy QQH to form
Qln

Compute change in
nodal forces due to

Compute files RF and Q2

Loop on | satisified
?

QQI and store in
S file

JPL TECHNICAL REPORT 32-71498

Fig. A-Z. Flowchart of subroutine ACC

:
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Subroutine
ASSEMB

Set counter K initially
equal to N1, the first
node number of
triangular element

Set counter 3 for M,
signifying 3 sets of
operations per block
of displacements

N\

Add elements of C to
appropriate elements
of A

Loop on M satisfied
?

RETURN

Fig. A-3. Flowchart of subroutine ASSEMB

Subroutine
CONOJ

Initialize CNJ;
set elements to zero

Set counter | to 15,
the maximum number
of nodes connecting
any node

Copy coordinate of
node from file Q
into CNLJ

Loop on | satisfied
?

Fig. A-4. Flowchart of subroutine CONOJ

Subroutine
COORD

Read nodal
coordinates

X Y, Z

Return

Fig. A-5. Flowchart of subroutine COORD
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Subroutine
DCS

Subroutine
DFORCE

Set counter I1 to 6,
the number of
degrees of freedom
at a node

Compute starting address
in Q file of element
nodes 1, 2, and 4

Compute direction
vectors V1 and V2 of
element sides
connecting nodes
1,2and 1, 4
respectively

Call VECT to
perform cross
vector product of

V1and V2 and

form V3

Call UNIT to
obfain direction
cosines in X and
Z directions
from V1 and
V3

Call VECT to
perform cross vector
product of V3 and
V1 to obtain V2

in Y direction

Form direction cosine
matrix DIR by

Compute domping force
DP(11) from files
DAME, INODE, Q1,
and Q2

Loop on [1 satisfied
?

Return

Fig. A-7. Flowchart of subroutine DFORCE

Subroutine

DIEL

Call MELCON
and NIEL to
form M and

IEL files

assembling V1, V2, R

and V3 Form nodal connection
information file
INODE

y
Return 08
Form damping
H . coefficient file
Fig. A-6. Flowchart of subroutine DCS DAMP

Retum

Fig. A-8. Flowchart of subroutine DIEL
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Subroutine

DIRCOS

Find row locations in
INODE file of nodes
1, 2, and 4 of
quadrilateral element

Compute coordinate
difference of nodes
1-2 and 4-1 from
file CNJ and sfore
in files V1 and V2

!

Return

Fig. A-9. Flowchart of subroutine DIRCOS

Subroutine

ELEMT

Read element nodal
numbers, thickness,
material, and
element type
indicators

Return

Fig. A-10. Flowchart of subroutine ELEMT

Subroutine
ELIM

Rearrange elements of A
and place elements
pertaining to the four
corner nodes into
matrix B

Copy matrices AK22
and AK12 from A

Call TRANSP
to form AK21,
transpose of
AK12

Call INV to

compute

Compute B
B =B -~ AK12 » AK21

‘ Return

Fig. A-11. Flowchart of subroutine ELIM
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Subroutine
MELCON

Copy file IELCON
to form element
connection file M
af a node

Return

:

Fig. A-12. Flowchart of subroutine MELCON

Subroutine
MMULT

Initialize file C

Perform matrix multipli-
cation A X B and
store product in C

Retum

Fig. A-13. Flowchart of subroutine MMULT
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Subroutine
NIEL

]

Set element nodal
description file
IEL initially to zero

Set counter 11 to 8, the
maximum number of
elements at a node

Copy a row of NNEL,
pertaining fo the
particular element,
into IEL

Loop on 11 satisfied
?

Fig. A-14. Flowchart of subroutine NIEL
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Fig. A-15. Flowchart of subroutine NQIl
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Subroutine
NQlII

Initialize file Qll.,
Set elements to zero

{

Set counter 11 to 15
the maximum number
of nodes connected
to a node

Copy elements of
incremental defor-
mation file QI
pertaining to node
INODE (11) into
file QI

Loop on |1 satisfied
?

Subroutine
PREST

Set counter NJ for |

Call MELCON to
form file M

Call DCS to
form DIR file based

on Qnﬂ =Q"
¥ QQIn-H

Compute new nodal forces

file 5"*1 from DIR and

n
FEL files, File s7*!

incorporates
prestress effect

23

Add nodal force increment
file ASnH, computed by
ACC, to obtain updated
force file S:-'—1 = S:H

+ASn+'|

23*

Set counter NEL on 14

Call DCS 1o
form DIR file based
on Q" configura-
tion

Using DIR and QQI files,
form accumulating nodal
deformation file A in
local coordinate system

*50

Copy element stiffness
matrix AK1 from Bl
file

57

Form element nodal
forces increment file
SEL1 from files AK1
and A

*58

Add SEL1 to FEL to
obtain updated element
nodal forces file

No

Loop on 14 satisfied
?

Fig. A-16. Flowchart of subroutine PREST
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Subroutine
PROMAT

Read E, g, and ¢
for each element
material types

Return

Fig. A-17. Flowchart of subroutine PROMAT

Subroutine
QCA

Let the quadrilateral
element be divided
in two triangles by
joining nodes 2 and 4

Compute surface areas
of triangular elements
1and 2

Compute center of
areas of the triangular
elements 1 and 2

Compute area and
coordinates of center
of area of the quad-
rilateral element

1

Return

Fig. A-18. Flowchari of subroutine QCA
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Subroutine
QDR

Call subroutine QCA to
compute coordinates
of center of area of
quadrilateral element

4*

Set counter 4 for | to
represent each of
four triangular elements
of the quadrilateral
element

A

Call subroutine CORT
to obtain coordinates
of nodes of triangular
element in local
coordinate system of
quadrilateral element

*9

Call subroutine S11 to
compute triangular
element stiffness
matrix C

Call subroutine ASSEMB
to place elements of
C in overall
quadrilateral element
stiffness matrix

Loop on | satisfied
?

Call subroutine ELIM to
obtain quadrilateral
element stiffness
matrix B from A by
eliminating fictitious
central point

Return

Fig. A-19. Flowchart of subroutine QDR
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Subroutine }
SCAN

No
Set file IELCON Compute elements of
initially to zero IELCON file

Set joint number
counter | initially
to 1

Initialize file IC.
Set element number
counter J initially
to 1

Set counter K initially
to 1

1B, K) =1
?

No

Set relevant element

of ICto J

Fig. A-20. Flowchart of subroutine SCAN
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Subroutine
STIMAT

Set element number
counter (1 initially
to 1

£\

Subroutine
STRESS

Compute DIR matrix for

Copy element stiffness
mairix AK1 from
file BT

).,__

14

element |
ﬂL
Call QCA to

obtain surface areas
of triangles | and Il

1

Form transformation
matrix DIR for the
element

Compute material
matrix D33

).__

57

Convert AK1 into global
coordinate system

*11

AK file, the overall
stiffness matrix for
the joint

Place AK1 elements in

Increase counter |1
by 1

JPL TECHNICAL REPORT 32-1498

Fig. A-21. Flowchart of subroutine STIMAT

I

Form matrix A, storing
nodal coordinates
and incremental
deformations in

Form file C8 for
triangle Il from

file A

Form DF file for
triangle 11

Using C8 and DF files,
compute stresses in
the element

[

Combine stresses in
elements 1 and [|
to obtain average
stress in the
quadrilateral element

local coordinate system

4

Form coefficient matrix
C8 for triangle 1 from
file A

Form deformation matrix
DF for triangle |

19

Compute stresses in the
element using C8
and DF files

‘ Return

Fig. A-22. Flowchart of subroutine STRESS
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Subroutine
TRANSP

Set matrix B as
transpose of
matrix A

Raturn

:

Fig. A-23. Flowchart of subroutine TRANSP

Subroutine
UNIT

Compute length of vector

Normalize vector

3

‘ Return ,

Fig. A-24. Flowchart of subroutine UNIT

Subroutine
VECT

i

Perform vector product
operation

Return

:

Fig. A-25. Flowchart of subroutine VECT
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Appendix B

Source Program Listings

Tables B-1 through B-35 present the program listings of the main program
IMAN and the associated subroutines, arranged alphabetically. Detailed explana-
tions of the associated variables and arrays may be obtained from Section III.
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Table B-1. Source program listing of main program IMAN

4 MAIN DRIVER PROGRAM IMAN IMANDOCL
< A ANA F
[ NON LINEAR SYRUCTURES BY K.K.GUPTA. IMANDDO3
c T]0| A F 1 T A 4
c GUADRILATERAL SHELL ELEMENTS. IMANDODGS
c = A
[4 -OR RUNGE—KUTTA APPROACH IS ADOPTED FOR THE SOLUTION IMANOOO?
C DEFORHATIONS INCLUDING LARGE ROTATIONS OF THE FINITE ELEMENTS. IMANDOOS
oNZDZ1E5«NMAT=Lo NETSE P NINZ3S IMANODAD
PARAHETER ITII‘IE O'IPRINT‘D IMANOOLL
4 FIRST THO PARAHETER CARDS NUST 3E CHANGED FOR EACH PROBLEM. IMANDOL3
1XZ0(NZDe2) o TJOBLL3} o TELCON(NJo4)wCL{3) ¢ C2(3)+C3{309CU(320LT(3)0 IMANDDLS
30I1(90) vQOIINDF)¢QIRINDFIsQL{NDF) +GIL(NDF) +Q2INDF)»Q22(NDF)e IMANDOLT7
SOM{B)+CNJC1Ss3) o BLINET1I#RF(NZDIoD330303)sE22¢30 321+ DIRI3e 32 IMANDOLS
WRITE{Gs1} IMANOD2L
1 _FORMAT¢IHLY IMANOO22
READ(5¢2) TJOB IMANDG23
2 EORMAT(138R) IMANOGZY
N3=4 IMANDO2S
INDS=D IMANDO2E
INDPZD IMANODZ7
IF(ITINELEQaD) GO T0 222 IMANONRE
READUS5e159) (TINT(I}eIZ1leNIN) IMANDO23
199 FORMAT{3E)L.3) IMANODOIN
G0 To 225 IMANDO 3L
222 READ(5.223) YT IMANONZ2
223 FORMAT{EL1.3) IMANQO33
DO 224 I=1eNIN IMANOD3Y
224 TINT(IN=TX IMANCO3S
IMANODZE
c SEYTING INITIAL VELOCITY FILE IMANDO 37
READ(Sv4) VINsIDFY IMANGOD3E
4 FORMAT(EL1.3+15) IMANOD39
00 5 XI=ieNOF IHANBOUD
5 QUIY=0.0 IMANDOUL
DO B I=IDFVNDFeB IMANDDG2
6 GUII=VIN IMANDOG3
READ(Se7) ((XIZD(Teudeu=leo2)sI=LeNZD} IMANDO4S
7 FORMATIS5(21I5)) IMANDDUS
DO B I=XsN2ZD IMANDOKS
JEIZ0(Xe ) -1)«6¢T2D(Ie2) IMANGD4T
B OIIJI=0.0 IMANDDYE
HRITE{6e1l) IMANOOUI
HRITE{5923) T.JOB IMANDRDRG
9 FORMAT{LH 134A6) IMANODSY
HRITE(Ge 1) IMANDDSZ
HRITE(6+161) IMANDDS3
A ATION FILE} IMANOOSS
WRITE(Es160) IMANGOSS
LS50 _FORMAT (IH /4/) . __ . IMANGDSE

R B

i62 FORMAT(LH 2I5) IMANRDSS
YRITE{Gel) IMANODSS
WRITE{Bs163} IMANDOSD
163 FORMAT(27H INTTYAL VFIOCYTY Q1) FTtFY IMANDOBE
WRITE(6s160) IMANOOB2
WRITE (62172} (QI(KIN)KINZLeNOEY IMANODRT

c SETTING INITIAL COORDINATE AND DEFORMATION FILE IMANDOBY
CALL COORDUIQNDEY IMANDOES
WRITE{Gs1) IMANDD GG
HRITE(6+365Y IMANDOR?

165 FORMAT{38H INITIAL DEFORMATION/NODAL COORD. FILE) IMANDOGSE
HRITE(R+160) IMANCOES
WRITE(S+172) (QIK10)#KiO=1s NDF) IMANDOQTO

DO 10 T=19NDF IMANGDZR
Q2(I}=0.0 IMANDD72
S{1¥= D 1] IMANGGZTT
IMANDDTY

IMANDDTS

QeItI=0.0 IMANOO76

10 6T1¢13=0.0 IMANONZT
00 14 I=1eNEL2W IMANOOTS

1% FE1 (Y)z0.0 IMANDOT7S
00 32 I=LleNST IMANOODBD

32 ST(ELz0a0 IMANOORL
4 TO READ ELEMENT NODAL NUMBERSeTHICKNESS AND MATERIAL TYPE IMANDDB2
HRITE(6s1) IMANDOS8Y
HRITE(E2167) IMANONRS

167 FORMAT(31H ELEMENY NODAL DESCRIPTION FILE) IMANODBS
BRITE(GelE0) IMANDORT
HRITE(S9168) {(NNEL{K1O»L103oL10=Lek) e TELI(KID)» IMTIKLO )¢ INLT{KI1O)v IMANDGES
1K10=] ¥ NEL) IHMANDOBT
168 FORMAT(1H 4I5+FB.4%e21I%) IMANDO ST
MRITE(6,1) IMANQOS]
HRITE(6s113} IMANDO32
EFILE) IMANDDS .

WRITE(6y160) IMANDD 34
HRITE(Bol14) ((NLT(KAOWL20)sL 101950+ INLT(KIO)oKIO=1eNET) IMANGOSS

L1% FORMATILH SIS«F8.4) IMANDO9S
c 10 READ MATERIAL PROPERTY MATRIX IMANDODS7?
CALL PROMAT(PMsNMAT»3) IMANOD 38
WRITE{6,1} IMANODID
WRITE(Ss1569) IMANOLIOD
169 FORMAT(25H MATERIAL PROPERTIES FILE)Y IMANDLGL
HRITE(Bs 160) IMAND1D2
WRITE(G+17D) ((PM{K10s1 10 el 10=1s30sKI0TYoNHAT} IMANDLIQS

170 FORMAT{LIH E10.2¢F8.3+F8.3) IMAND10%
= IMANGLOS

READ{Sel1) {PL{I)sI=leNDF) IMANDLOG

11 FORMAT(GEL},3) IMANDINT
HRITE{Be 1) IMAND108
WRITE(Go171) IMANGIDS

171 FORMATILEH NODAL MASS FILE) IMANDLLD
WRITE(B+18D) IMANGIILY
HRITE(6+172) (CMASS(KL0)+sK10=1sNDF} IMANDIL2

172 FORMAT(IH 6FEL5.6) IMANGILS

34

WRITELSs1) IMANDLLY
WRITE(E+173) IMANC11S
173 FORMAT{17H NODAL_FORCF FIIEY IMANQILE
WRITEE6r160) IMANOLRLT
MRITE(Ge172) {PE{K1OYeK1OZLe NOF) IMANOYILE

TO FORH ELEMENT NUMBER FILE CONNECTING INDIVIDUAL NODES IMANC1LO

Lo 3) IMANQL2D

HRITE(E-!I IMANDOI2E
HRITE(Be¢175) IMANDL 22
175 FORMATU3ITH ELEMENT NODE CONNECTION FILE(IELCON)) IMANDL23
YRITE(S,160) IMANDY 28
WRITELE+176) ((IELCON{(KIDsLID)sL2OZ1943sK10=LoNS) IMANDL25
176 FORMAY(IH 4110} IMANOL 26
TO FORM QUADRILATERAL ELEMENT STIFFNESS MATRICES AND STORE IManag1e?

Do 108 IZieNETL IBANDEZS
IMANDLI2S

TMANDY 30

00 BO J=led IMANGE3L
JMLENE TUTed) IMANDY 32
J1ZEx(yl-1) IMAND133

00 85 42F1,3 IMANDL3Y
J11zd1+ed2 IMANCL35
120=4 IMANDY 36

GO TO (B1¢82+83+B42+120 IMANOL37

Bl C1¢J42)=0¢.241} IMANOLZS
G0 TO 85 IMANDL3S

82 C20.0221=64.4110) IMAND 40
G0 To 85 IMANDLG1

B3 C3(J21=0¢.301) TMANALEZ
G0 T0 85 IMANOLY3

88 LULI2IZOLH1N) IMANATYG
85 CONTINUE IMAND145
BO CONTINUF IMANDLUE
IN=NLT(I+5) IMANDLUT
EEZPH{IMs}) IMANDIGR
VHUSP M IMs2) IMANDLGI
G=EE /(2.0 ¢, OsYMUY) IMANDLEO
FMZEE/(l.0~VNU*22) IMANOLSL
0O 151 Ii=1.3 IMANGES2Z
DO 151 J1=je3 IMANOLS3
R33(IkvJi (1] IMANDLESY
151 E22(Ilsd1)20.0 IMANOL55
D33(1s13=FK IMANGLSE.
D33(1s2)FM&yMY IMANOLS5T
D33¢(2+12=D33(1v23 IMANG158
D33(202)=D033¢1s1) IMANOL59
D33(393)=FH2{(},0~VHUI/2.8) IMANOLED
E22(1s1):=3 IMANDLSL
£22(2+2155 IMANCLE2
TESTNLTII} IHAND163
IDS=15 IMANDOLEY
CALL QOREBNLT(I#Ll)eNLTL{Ie2}oNLTCIe3 sNLTC(Io%}sCLeC20C3rClieCT0 IMANDLGS
176 +D33eE22) IMANDOLEE
00 %3 I3=le24 IMAND167

DO 49 J3=1,24 TMANDQIGA

43 AKE{I3»J3)20.0 IMANDLES
DO S0 T3slel IMAND] 70

0Q 50 J3=)+5 IMANQLTZ
T4=6e(I3-1)+J3 IMANOLT2
W4z4s(J3-1)+4T3 IMANGLTZ
D0 51 IS=1+5 IMANDLTY
Do 51 J5-1e8 IMANOI TS
I6=I5+6e(J5-1) IMAND1T76
162,044 T5-1) IMANOLTT

51 AKL{I%sIB}=B(JUsdE) IMANDLTB
S0_CONTINUE IMANDLIZS
I3=300s(I-1)+1 IMANDL 8D
0O 52 FU-le24 IMANDIBL
D0 52 J4cIte24 IMANDL 82
BI(T3I-AKI(T G, JU)} IMANQISZ
52 I3=I3+1 IMAND1BS
12 CONTINUE IMANOLBS
IF(IPRINT.EQ.O0} GO TO 96 IMAND1S8E
WRITE(691) IMANGLIA?
WRITE(Be115) IMANDLBS
115 FORMAY(IOH Bi MATREX) IMANTLAY
WRITE(Ge 160} IMANO190
HRITEA(E2116) (RICKEO) e KAN=ToNETLY IMANKOIGE
116 FORMAT(LH 10E1l.3) IMANDLS2
96 _CONTINUE IMANDYST
00 121 I=1eNZO IMANOL 9%
121 RF(I}=0.0 IMANGISE
RUNGE KUTTA SOLUTION IMAND19G6
DO_100 JLO=haNIN IMANGIIST7
Jlog=J1o0 IMANOL S8
TIZTINT(J10} IMANG19S
IF{TL) 100+100.200 IMAND2DD
200 CONTINUE INANG20Y
00 99 JUI=LeNDF IMAND202
@Y1¢J48)=0.0 IMAND20Y
QeI(J9}=0.0 IMAND20%
QI(J431=0.0 IMAND20S
6221J81=0.0 IMAND206
99 QIR(.J9)=0.,0 IMAND207
TO FIND ACCELERATION AT BEGINNING OF STEP IMAND208

09 31 I=-leNd IMAND2DS
CALL DIEL{TIwMeIELCONeNJs IEL e NNELoNELs INODE+DAMP» DMePMs INTo NMAT) IMmann210

Bo 33 I1=1+6 IMAND2]11
€D=0.0 IMAND212
JE6e(I~1)¢]1 IMAND213

DO 34 I27is15 IMAND21Y
J1=63 (L INQDELI2)~1)+I} IMAND21S

34 CD=CD+DANP(IZ2)+(0LIJI-QL(JL}} IMAND21E
33 DPLIL)=CD IMAND217
00 72 I1=1+8 InANG218
JZ6e{f-1)+]} IMAND212
G2EIIZCIPIII-SIJII-DP(IL}I/CMASS (J) IMANB22G

DO 122 I2-1s820 INAND22)
IF{1.EQ.IZDUI2+1}.AND.ILE.EQ.IZD(1I2+2)} GO TO 123 iManD22
122 CONTINUE IMAND223
60 TO 72 IMAND22Y
123 RF{J212-020J)12CHASS () IMAND225
IF{RF(I2)) 72+2264226 IMAND226
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Tabie B-1 {contd)

- __IMAND227 WRITE(Be160) IMAND 34D
IMANQR26 PO 135 I=IeNEL IMANEZSTL
ICI=ICI+l IHAND223 CA [} 0 . s v
IFLICY JNEL15) GO TO 3} IMANOZ 3D IC1+L3) IMAND3G3
ICOUNT=ICOUNT+ICI IMAND 231 = =
1CIZ0 IMAND232 132 FORMAT(IH IB+E17.405E1G.43 IMANO3YS
31 CONTINUE IMANOZ33 135 CONTINUE IMANOIYUE
WRITE(Es1) IMANQ23Y IF{IPRINT.EG.0) GO TO 67 IMANO34T
WRITE(6+20%) J10 IMAND233 MRITFAG21) IMANDIGH
4 AT RF FILE AT START QF SYEP NO.=I3) IMANG236 BRITE(E,213) J1D INAND34S
WRITE(S+16D) IMANO237 219 FORMATIION G2 FIILE FOR REVISED STEP NO,ZT%) IMAND IS0
HRITE (62271 IMANDR238 HRITE(6+160) IMANO3S1
227 FORMAT(2TH NODE DIRECTION REACTION} INAND239 MRITE(G»272) {(Q2¢KI10)vKIOZ1,NDF) IMAND3G2
KRITE(62160) IMAND2YE 87 CONTINUE IMANO 353
WRITE(G4206) {IZD{K10s1)sI20€¢K10¢2) +RF(KLO}+KLOZ1sNZD) IMAND2RY D0 62 I-ReNDF IMANGIGY
206 FORMAT(IH FByT6eFt7aE1 IMAND242 42 GIRCI) IMANDB3SS
IF(IPRINTLEG.0) GO TO 97 IMAND243 DO 43 IMANG3SE
WRITE(G a1} INAND2YY @22¢1)=82¢1} IMAND357
MRITE(6+205} J10 IMANDG245 QII(I)=0I1CT327T202¢T3/3.0 IMAND3ISE
205 FORMATC(IEH 82 FIIF AT STARY FOR STEP NO.=T3) INANNZYE QAICII=QRIIII+TIe226{02(11/6.0) IMAND 359
URITELS¢172) (Q2(K10)sKLO=1eNDF? IMAND2&T 83 QGICIICQAT(I)+TI=GRLY) JUANDIED
HRITE (B 160) IMANA2US IF(IPRINTL.EG.O) GO TO 68 IMAND 361
97 CONTINUE IMAND 248 WRITE(Ss1} IMANQ3E2Z
DO 98 I=1+NDF IMANQOZSO WRITE(G2211) J1D IMAND363
@22(Iy=q2(1} IMAND251 E. =
QI1CI)I=QT It )+ TT«q2¢T326.0 IMANLI252 WRITE{62160) IMANG 365
98 QAI(II=QQI(I)+(TI+«2I*{02(13/6. 1) IMAND253 WRITE(R 1721 (OTICKIOY +KINZNeNOFY TMANNIES.
IF(IPRINT.EG.D) GO FO B2 TMANA25Y HRITE(Ss 1) IMANO367
HRITE{Gs1) IMAND255 HRTTF (6212} 410 IMANDIGSE
MRITE(G 2073 U410 TMAND25E 212 FORMAT(3IH QOT FILE REVISED FOR STEP NO.=I33 IMAND3E9
207 FORMAT(32H OI1 FILE AT START FOR STEP NO.=I3} IMAND257 WRITE(G 160} IMANDITD
WRITE(D 160} IHMANG25E WRITE(Es 1721 (GQI{KIOIsKLD=1eNOF} IMANDG3TL
HRITE{S+172) (GIL(K1D)eKL1O=1+NDF) IMAND259 68 CONTINUE IMANDZZ2,
WRITE(E L) IMAND2ER TQ FIND ACCELERATION VALUES AT END OF TIME SYEP IMAND373
WRITE(S+208) J10 INAND261 IE (INDS.EQ.0) GO TO 844 IMANQITY
208 FORMAT(32H QQT FItE AY SYARY FOR STEP NOLZT3) IMANGZE2 44 IF(INDP.EG.D) GO TO 45 IMAND375
WRITZ(6¢160} IMAND253 45 DO 46 JTleNDF IMANDZ?E
HRITE(G2172} (OOI(KIN)¢KIOTksNDF) IKANGOZ2EY 48 QIUII=TI=(QLLTI+TIsG2(1)/2.0) IMAND377
62 CONTINUE IMAND265 IF(IPRINT.EQ.G) GO YO 63 IMAND3Z8
[ T0 FIND ACCEIERATION AT HALF STEP IMANDZ6E WRITE(Bel} IMANO37S
IFUINDS.EQ.D) GO TO 35 IRANG26T HRITE(E¥220) 1O IMANR3BD
35 IF(INDP.EG.O) GO TO 36 IMANC26R 220 FORMAT(28H QI FILE AT END OF STEP NO.ZIN) IMAND381
36 D0 37 IZ1eNDF IMANO269 WRITE{G.160) IMANO3B2
= = + 222w WRITE(6+172) CQI(K10)eKIOZLeNDF} IMANG383
IF{IPRINT.EQ.DY GO TO B3 IMAND271 63 CONTINUE IMAND 384
NRIYE(B 1) IMANQR272 CALL ACC{DAMPyINOCE »TIvGEvG2sDPoNOF s LLOsMeIELCONsLNI»Ge TIELoNNELY IMANG3BS
MRITE(B2214} JI1O IHANO273 INEL9AKeAKLO V1oV 2oV3eVUeQITvRIeQIRIPeSeCMASSeNJeGGTe1sRFe NZDe IZDe Bs IMAND386
214 FORMAT(4GH Q] FILE AT SYART OF HALF SYEP FOR STEP NQ.=I3} INAND274 2022 ¢NEFoNETLsBLeINLT oDHePHeIMT oNHAToIPRINT) IMAND3E?
WRITE(Gy 160} IMAND275 MRITE({6s160) IMAND38B
WRITE(Ge172) (GI(KIO) K1OZ1oNDF) IMANG276 HRITEL(E+221) JLO IMAND389
63 CONTINUE IMAND277 __ 221 FORMAT(28H RF FILE AT END OF STEP NO.3I3) IMAND3I0
A A WRITE(B160) IMAND391
INELsAK9AKLeV1eV29V3eVUsQIToQIeGIR9PsSeCMASS¢eNJr QGIe o RFe NZDe 1200 Bs INAND273 HRITE(G.227) IMANGO 392
2022 NFToNET1sBLle INL To OMePMe THY s NMAT» IPRINT) IMANOI 80 WRITE{G+160} IMAND33Z
WRITE(E160) IMANGR2BY ___ WRITE(Gs20R) (I1ZD(K10e1)»I7NIKIN2) +RF(KIN)LKID=1eNZDY = TMANDIIU
WRITE(Hy215) J10 THANQ2B2 WRITE(Gs1} IMANO39S
215 FORMATU35H RF FILE AT HALF STEP FOR STEP NO.=I3) IMAND283 NRITE(G.124) 310 IMAND 396
IMANO2RY 124 FORMAT(58H DIR FILE FOR CONFIGURATION Q{(N)} AT END OF (N+i1) STEP NOIMAND3SZ?
1azI3) IMAND 398
WRITE(B2227) IMANDRBS +
WRITE(Bs160) IMANDO286 WRITE(6+160}) IMANG399
x WRITE(Gs125) IMANDYGD
IF(IPRINT.EG.O) GO T0 6% IMANO288 125 FORMATCLIGH FiFMa NOa 1 XX 1X¥Y 4 XZ i YIMANOUOL
WRIIE(R 12 IMAND2RY. 1x LYY LYz LZx L2y LZz) IMANO®D2
WRITE(62218) J1O IMANOZ2SD WRITE{6+160) IMANDGOY
= Do 138 I=1eNEL IMAND4OG
WRITE(6+160) IMAND232
MRITE(Rs172) (Q2(KLI03+KI0=1=NDEY IMANDRS3 1C1+C3} IMANO®DE
64 CONTINUE IMAND234 = =
0o 38 Iz1sNDE IMAND23S 126 FORMAT(LH I6sF15.5¢8F12.5) IMAND4OS
Q22tI1=Q2(I) IMANC236 T1=GafT-F1)+1} IMANDY0]
RILEIIZQT 14T aTTe020E1 /3,0 IMANG297 D0 133 I2=1e3 IHANDS LD
38 QQI(II=QQILI}+TI#e29{R2{1)F6.0) IMANDZ38 STLINISSTETRRaC IR0 IMANCGLY
a5 InAND0299 STCIL+3}=STUIl3)+C3(12) IMANDU4L2
WRITE(6s1) IMANG 300 133 T=11+1 IMANDUTY
HRITE{(6+209) 010 IMANNDZOY 138 CONTINUE IMANDSL 4
209 FORMAT(43H @Il FILE AT END OF HALF STEP FOR STEP NO.=I3} IMAND302 — WRIYE(Be1) IMANDGYS
WRITE ()60} IMANDZE03 WRITE(6+137) JIO IKANOLLE
WRITE(B¢172) {QIL(K1O)eX10=1sNOF) IMAND3IO® 137 FORMATL29H STRESSES. AT END OF STEP MO.=Y3} IMANOULZ
SRITE(S L] IMANDO3OS BRITE(Bs16D0) IMANDU LS
HRITELBs210) 410 IMANO306 WRITE(Ge 131} IMANOI4LS
210 FORMAT(43H QaT FILE AY FND OF HALF STfe FOR STEP NO.ZT3) IMANO3OT WRITE{B»160) IMANOY20
WRITE(Bs 160} IMANO3DSB 00 13% I=1.Nf)L IMANDY2],
HRITE {62172} (GOICKICY+KIOITeNDFY IMANDZI0A Itz6e(I-11+1 IMANDS22
65 CONTINUE IMAND310 12=11+5 IMANOU2Y
HRITE(B 132} To(ST(KIO) eK1DZILeI2} IMANDG2Y
IF{INDS.EQ.C) GO TG 39 IMANG312 134% CONTINUE IMANDY2S
39 JF(INDP.EQ.0) GO TO %0 IMANO3L3 CALL PRESTUJLOsSoNDFsFEL *NEL2K+BIsNETL+QvQG I+ NNEL ¢ NEL +IELCONWNJIoM» IMANOU2E
40 DO 41 I=1eNDF IMANG314 1AK1s INLT) IMANDUZT
41 QICII-VI*(QL{T)/2.0eTLeQ2¢1}/8,0) IMAND3LS WRITE(Es11 IMANDS 28
IF(IPRINT.EQ.D0) GO TO 86 IMANO3iE HRIYE(Be16t) Ji1Q TMANOG2Y
WRITE(Bel) IMAND3ILY 161 FORMAT(42H NODAL FORCES (S FILE) AT END OF STEP NO.ZI¥} IMAND&30
WRITE(B #2173 JLD IMANTG3LB HRITE(Ge 160} TMANDYS 3L
217 FORMAT(3OH 61 FILE REVISED FOR SYEP NQ.TI3} IMANO3LS WRITE(E+228) IMANGE3?
WRITE(B+160) IMAND320 28 F AT{I4H G A
WRITE(He172) (OTI(KIN)I9K10=1,NDF) IMAND 321 1 ABOUT X ABOUT ¥ ABOUT 7} IMAND&3G
BE CONTINUE IMAND322 HRITE(G,160) IMANOG IS
. CALL ACC(DAMPyINODEeT1v01sG2¢DPaNDFs2.0sMr IELCONe CNIo Qe TELe NNEL,  IMAND323 D0 230 I=lsNJ IMANCOG36
INEL o AK +AKEs VLoV 2ZeV3sV4s0TI+0I+0IRsPeSsCMASSyNJIvQQI +0 oRF oNZDs 12D vB s IMAND3ZH I1z1s6-5 IMANDU3T
2022oNETeNET1 4Bl INLTeDMsPHe IMTs NMAT+ TPRINT) IHAND 325 I2=11+5 IMANTG3B
WRITE{S¢ 1601 IMANO 326 230 WRITE(E9229) To(SIKIOSeKEOZTLs]2} IMANDS3S
WRITE(5e21R) J1O IMAND327 229 FORMAT(IH I4¢EBEL15.6) IMANGESD
218 FORMAT(3DH RF FILE REVISED FOR SVEP NO.ZI3} IMANO328 IF{IPRINT.EQ.0) GO TO 53 IMANDYGL
_ WRITE(6,160) IMAND329 WRITE(Bs+1) IMANDUS 2
WRITE(6+227) IMANG 330 WRITE(6e1%2) J10 . IMANDGSZ
J— WRITE(62180) IMAND33] 142 FORMAT(4BH ELEMENT NODAL FORCES FILE AT END OF STEP NO.z=I3) IMANDGGG
WRITE(52206) (IZDIK10s13eIZD{K1002) +RF(KLO)eKLIOZEoNZD) IMANO 332 MRITE(6.160) IMANDGES
WRITE(By1) IMANDO 333 WRITE(6+172) (FEL(K10)+KIDTLsNEL2HD IMANCGGE
WRITE(6+ 1301 J10 IMAND 334 53 CONTINUE IMANGSYY
130 FORMAT(S50H STRESSES FOR REVISEQ HALF SYEP FOR TIME STEP NO,=I3} IMANQ33S B0 47 I-1eNDF IMANDLGS
WRITE(6.160) IHANO335 47 GIL(II=QIECTI+TI%02(1)/6.0 IMANDG YT
WRITELBs131) IMANQ3IZ? IFCIPRINT.EG.D) GO TO 70 IMANDS50
131 FORMAT{32H ELEMENT NO. SXT SYT SXYT IMAND 338 WRITE(B+1) IMANDYS])
SXB SYB SXYB) IMANGZ3S NRITE(B»213) JIO IMAND452
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Table B-1 (conid)

HR {6+160) : IHANDHS" HRITE(S. 150) IMANOBZS

MRITE(Ss172) (QILIKL0)eK1D=1eNDF) . IMANDSS WRITE (60228 TMANAGTE
70 CONTINUE TMANDSSE WRITE(60¢160) IMANOUTT
4 T0 PREPARE BASIC DATAS 70 FIND REVISED ACCELERATION VALUES IMANDY57 Do 237 I=1eNd IMANDG T8
C S VALUFS ALREADY UPDATED IMANGYSE 11=126-5 IKANOGTS
DO 48 JSL1eNDF IMANDH59 I2=7145 IMANDGRO
GUJIZR(JI+GOT (I} IMANDGGD 232 WRITE(6¢229) I+(QL(KLO)sK10=I1e12) IMAND4SL
48 GL(JI=0L(JI+aTL{d) THANDSEL MRITE{el} IMANGOR2
WRITE(Es1} IMANGSE? WRITE(6s181) J10 IMAND4SS
WRITELEs L79) J10 IMAND463 81 FORMAY(S =
179 FORMAT(4TH NODAL DEFLECTIONS (@ FILE) AT END OF STEP NO.ZI3) IMANDGES “ﬂ?‘i' ;szc;) IMANDS 85
YRITE(60160) INANOSES WR .. )] IMANOSGE
WRITE (62283 THANAUGE WRITE(60 1600 IMANDY 87
WRITE(6s 160} IMANOUST DO 233 I=1sNJ IMANDGSE
D0 231 T=EeNJ IMAN(SRE I1=1+8-5 IMANDS83
117126-5 TMAND463 121145 o INANDSS0.
1227 1e5 IMANDOYTO 233 WRITE(6+229) Is(02(K103+K10=I1e12) IMANDSSL
231 WRITE(6+229) IeCQUKLO}»KIDZILeI2) IMAND471 100 CONTINUF IMAND89?
HRITE (6l IMANDGT2 sTopP IMANDGS3
WRITE(E2180) J10 IMANDG?3 .. _END o _ - IMANDYDY
o ge . o ae .
Table B-2. Source program listing of subroutine ACC Table B-3. Source program listing of subroutine ADM
suanouuNE Accme.moDEnIm|.oz.DP-NDF- T SACCOO001 - SUBROUTINE ADH (SeIDSsAsMe1BsJBrC) SADHODDY
1x0 c +Ge TELINNELeNEl o & . A A
2S1CHASS sNJ 00T+ TUPDAT+RF sNZD s 1ZD4B 0022+ NET (NETLoil » INL T 2D, PHe N7 SACCODDS DIMENSION A(Uel)eS{1) SADMODO3
3NMATyIPRINT ) SACCODOS DD 10 I=]eM SADMODOY
3 TO FIND ACCELERATICN AT END OF ANY TIME STEP SACCOODS ISzIBeI-1 SADMODOS
IF (IB-JB) 12+11412 <ADMONRG
1+DAMP(15) »INODECL5) +DP (5) +M(B) s IELCON (NJs Y ) SACCO007 1 JI=l SADHODG?
GO TR 313 SADMOODAR
3U3(3)eVUi3) sPINDF) »SINDF ¥ »CHASSINDF) sRF (NZD)+B(20+20)+IZD(NZD#2) SACCOOOS iz Jr=1 SADMOODY
e 13 DO 90 J=JT sM SAQOMONIO
D0 I IZ1iNd SACCOOLL JSzdBed-1 SADHOOL1
ISSZLIS=11*TNS2IS SADMOBLZ
CALL DFORCE(DAMP»INODE»TIs01+G22+DPsXDIVoNOFsT) SACCOOES SCISSIZSIISS)¢AtIed)aC SADMOD13
CAL1 MEICON{MeIF) CONeToNI) SACCOOLS ISR=(IS~13310S+.S SADMOAYYG
CALL CONOJ{CNJ G+ INODE oNDF 3 SACCOO01S S{ISRI=S{ISS) SADMDOLS
IF{TUPDAT.EG.0) GO T0 6 SACCO01E _90 _CONTINUE SADMOO1E
DO & I10=1+15 SACCOOL7 10 CONTINUE SADMODL?
JZINODECII0) SACCODiA RE TURN. SADMAOIB
IF(J.EG.0) 6O T0 4 SACCO019 END SADMODII
JzBw{,J-1) SACCDAA
DO 5 J10=1.3 SACCAD21L
NIRENLNIN SACCO022
5 CNJ(IL0+d101SCNJCTI1G/JIG)+GIRCILLS SACCOD23
4 CONTINUE SACCON2S
6 CALL NIEL(IELoMsNNEL eNEL ) SACCO02S Table B-4. § listi ¢ b . ASSEMB
CALL STIMAT(MeINODEsTeAKeIFL o CNuoBo NDF e NETeNET Lo Ble INLToNEL)Y SACCOD26 -
TR T T T YT anie . Jource program listing of subroutfine
IFUIPRINT.EQ.0) 6O TO 33 SACCOO028
WRITE(E 101 SACCO029
101 FORMAT(LHLL SACCOO30 SUBROUTINE ASSEMB (AsCoeNLeN2oH3oN"eN5) SASS000L
WRITE(6+36) I SACCOD3L c ASSEMBLE TRIANSUL AR NT STIFFNESS MATRIX SASSOONnZ
———36 FORMAT(25H AK MATRIX FOR JOINT NO.SIS) © TO FORM QUADRILATERAL STIFFNESS MATRIX IN LOCAL COORDINATE SYSTEM SASSOGD3
WRITE (6,160} SACCO033 DIMENSION A(25+25)9C(15215) sAssnOOy
160 FQRMAT(LH ///) SACCOD3e RTEY) SASSDDOS
19=1 SACCCO3S5 D0 1 KIN1+25.5 SASSQOQE
21926 SACLOO3E IND=NY SASSDOD7
DO 37 I11=1+15 SACCO037 L2k cAc<nndR
WRITE(6+38) ((AK(I100J10)sJ10319¢J9)s110=146) SACCOD38 Do 2 MeL3 SASSDO03I
38 FORMATUIN BE15.6) SACCO039 =Ml eAs<OnIn
HRITELEe 160) SACCODED DO 3 ISlel5e3 SASSO011
13:19%6 SACCO061 AL eI =AU +d14CEUTeT) SASSON2
37 J92J3+6 . sAccnas2 T11=1e1 SASS0013
WRITE(64101) SACCO063 12T N2 <Assnnln
MRITE(6,s33) I — SACCODSS ACLvJ12)SA(LJ12) «CUILe T11D SASS0015
35 FORMAT(24H GIT FILE FOR JOINT NO.=15) SACCO0AS 1172142 CASIOOLE
MRITE(Ey160) SACCO086 U1320en3 SASS0D17
WRITE{G+38) (GII{I10)+110=1+30) SACCOD47 AE e dB31=A1 011314 CCUTeTER2) sAssonts
33 CONTINUE SAGCODS 3 dzoes SASSO019
J6s(I-1} sA.cnuus cASe0020
00 7 IlS1+6 SACCO050 L=(L+1)+ IND sasso021
J1ZJ411 SACCTOSE 2 INDZIND#NS TASeQn22
vK=B8.0 SACCO052 1 CONTINUE SASSDO23
DO 8 121,30 SACCUDS3 RE TURN SASSONZ2.
8 _VKZVK+AK(I1sJ2)#QLTI(12) SACCOQSH END SASSOD25
DO 12 121sN2D SACCOOSS
IF(1.EQ.I2DCI20 1) AND.I1.EG.TZDCI202)) GO TQ 13 SALCOOSE
12 COMTINUE SACCONST
50 10 14 SACCODSS
F = - - (YK +
Q2(31120.0 SACCOD60
IF (RE(I2)) lts7e? SACCONG1 o ae .
1% Q20J1)=((P(I1I=SCJL))~(VK+DP (I1)11/CMASS (UL) SACCO062 Table B-5. Source program hs"ng of subroutine CONQOJ
7 CONTINUE SACCODE?
TF(IUPDAT.EQ.D) GO TO 1 SACCOOBY
CALL NQIT(QII+INODE Q@I vNDF) SACCODBS
IFCIPRINT.EG.0) 50 T0 5% <ACLODSE SUBROUTINE cm:_o.; (CNJsGe INODEs NOF) ) N SCONODDY
HRLIELE 1RO PPYTTYT] DIMENSTON CNJ(15+3)eQINDF) + INODE (15} SCONDOO3
bl E FOR 40INT 15 ACCAfEA DO 3 IztelS stoNnnay
WRITE(S, 160) SACCOG70 L 203 =13 Scononns
WRITE(6938) (QTITCIA01eT1022¢80) sacenn?t P s ppempre
54 CONTINUE SACCOO72 - i
DO 9 T1z1.6 saccon?t i‘;(l:mg;'é; TR :g;uggg;
FERGT SACCOD7% FlJ.E0. Scon
YKZO.D CACLOATR J—St(J—_ll SCONGOEQ
00 10 1221,9D SACCDO76 D‘?lgllhl.s iﬁ?.:‘?,‘?,‘.‘,
10 VKSYK+AK(T1sT2)3sGITEE2} SACCON?Y =alL
— + - - 2 CNJUI,I21ZQ0J11) scongois
8 Stal)=vk sAccoors L _CONTINUWE SCONOORY
1 CONTINNE SACCOO?9 RETURN SCONDD15
RETURN SA4CCOBB0
END SACCONSY END SCONOOYE
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Table B-6. Source program listing of subroutine COORD Table B-9. Source program listing of subroutine DFORCE

SUBROUTINE COORD(AsN} $€000001 SUBROUTINE DFORCE(DAMP s INODE»TI+01+02+DPsXDIV+NOF+I} SDFOOBO1L
c 1O GENERATE NODAL COORDINATES IN INCREASING ORDER OF JOINT NUMBERSSC000002 c 10 FORM DAMPING FORCES SDFOOO02
DIMENSION A(N) 5C000003 DIMENSION DAMP(15) s INODEL(15)+Q@1(NDFI¢Q2(NOF)sDP{E} $DFQ0QD3
N1ZN/S 5C0a000Y DO 1 Il=ie6 SOF00OGY
00 1 I=1sN sC000005 €0=0.0 SDFOOBOS
1 A(]1)=0,0 S£0000I JBefI=1281} SDEQOAQE
00 2 I=lsN1 scpogoa? DO 2 I2:z1s15 SDFoaO07
S1z01-1) 26e SG IFCINODE(T2) EQ.0) GO T 2 SDEODANA
24842 sC000083 JI=Br LINODE(I2)-13+13 SDFOQ0DS
READ{S,3) (ALK)+KZJLyu2) sConpoig o CD=COeDAMPY{T2)st(01C.J}-01CJ13) ¢+ T (@2 (I -02¢ UL 1/XDTV) SOFQONLO
3 FORMAT(3IFS.4) SC000031 2 CONTINUE sDFO00LL
2 _CONTINUE sSConaatz 1 GPLI1I=Co . SOF0ORYL2
RE TURN scoo0013 RE TURN SDF0OD13
END S£00O0NE END SDEOONLY
o ge o o e .
Table B-7. Source program listing of subroutine CORT Table B-10. Source program listing of subroutine DIEL
SUBROUTINE CORT(IK eXDsYDeZDsXsYe2Z) scorTOQE SUBROUT INE DIEL {IeMe IELCON+NJe IELs NNELY NELs INODE+ DAMPs DMy PHe INTe  SDIEDDOL
C BYAIN DINAT JRIANGULAR SHELL ELEMENT IN LOCAL COORDNYS.SCORIOOZ. INMAT) SDIENRN2
DIMENSION XDU2)s¥DU123»2D219X(3)0¥(3)eZ(3)+DUMX (3) sDUNX(32sDIR{3+3SCORTOOS DIMENSION M18) e IELCONINJs 43¢ IELUBo%) o NNEL{NELo%)s INODECL5) s DANP(L5SOIEOD03
3} SCORTONSG F1s0MCBY o PMINMAT 3} IMYENFE ) SDIFONQY
IF (IK-1} 15+10¢15 SCORTOOS [3 TO FORM INODE AND DAMP ARRAYS FOR A JOINT SDIECDOS
= ©, + k] & 3 LALE MELCONEMLIFE CON2T oNt) SOIEOONE
OIR(Ly1ISXDCLI/EL SCORTOOT | CALL NIELCIELvMeNNELYNREL? SDIECDOT
SCORIONSR DO 15 I1=1e)S sSDItO000s
SCORTOBE 15 INODE(I1)=0 SDIEDDDS
* - -3 SCORTOAD Do 16 12-%.8 SDIENQLO
DIR(3+2)=DIRE1s3)*XD(23~DIRCI+1)%2D(2) SCORTELL 16 INODE(I2)ZIELILle12) SOIE0D1L
= - 165 sDIEOnL?
ELZSQRT (DIR(3+1)*DIR(3+1)+DIR(3+s2)sDIR{3+2)+DIR13+321eDIRI3031)  SCORTOLS | D0 17 1222.8 SDIEOOLS
= — IF{M{I2).FG.0) 50 Y0 17 N SNIEONIY
IR(3s2)/EL SCORTO1S D0 18 I3-ie% SDIEDOLS
; = SDIENOLE
I1R(302)#DIR{1s3)~DIR(323330IR(Ls2) SCORTCLT IF(IELUI2+13).EG.INODE(I4)) GO To 18 SDIEDOL7
Py = ® . SCORTOAR 19 _CONTINUE SDIEQOLE
DIR(Z+33=DIR(3+1)32BIR(1+2)-DIRI3v2)sDIR(IrY) SCORTONS INODE(IGI=IEL(IZ2¢ 15} SDIEDD1Y
13 SCoRION20 _16=16+]1 SDIFQN20
SCORTO21 18 CONTINUE SDIEDD21
SLORTO22 17 ConNTINUE SDIEON22
SCORTO23 3 TO FORM DAMPED VELOCITY TERM SDIEDD23
SCORIN2E DO 2% 11168 SNIfOn2k
SCORTO25 24 DM(I1)=0.D SDIEOD25
SCORIQ2E DO 25 F1zte8 SDIENN2E
3 SCORI027 K1=MIL) SDIEDO27
SCORTNZA _IFAK1.FQ.OJ GO TO 25 SDIEDN28
SCORTO2% K2ZIMTLKL) SDIEDD2S
SC0RTNIN DMIT1IZPMIKD 3} SDIFOA3N
[} Z{T)=DUNX{ 3} SCORTO31 25 CONTINUE SOIERO 3L
30 6 I=2e3 SCORYNS2 DO 26 I1=kelS SDIEDO3?
XD (I-133XC1)-X(1} SCORTO33 26 DAMP(IL11=D.0 SDIEQO33
¥D4I-113Y(T)=-Y (1} SCORTO34 ICOUNT=O SPIELO3s
3 ZD(1-135ZLI-ZE1) . SCORTO3S Do 27 11=l+15 SDIEQO3S
RETURN. - SLOBTO3R, F 7
END SCORTO37 Do 28 12=1.8 SDIEGD37
Do 29 13218 SDIEDO3E
TFCINODE(I{).EG.IEL(I2,13}}) GO TO 38 SDIENG 39
28 CONTINUE SDIEQUND
6o TO 28 SDIEDOs1
3 c = I+ <SDIEQOu2
DAMP{IL)=DAMP{IL)+DK (12} SOIEDO%3
28 CONTINUE SDIEDQuY
CCOUNT=ICOUNT SDIEQDSS
27 1COUNT=O SOIEQOSE
RETURN SOIEDD47
—END SDIERDYB
. s .
Table B-8. Source program listing of subroutine DCS
SUBROUTINE DCS(INNELWNEL +Q+8GIsNDFeDIR»INDEX) ocseoget
¢ T b TI0N £ 1 0Cs00D0.
© FOR INDEX=1s DIR IS BASED ON G{N+L)ZG{N}+GQI+QIN) AND QGI DCSO0003
€ BEING RETAINED IN ORIGINAL FORM DCsSonpos
3 FOR INDEX=Ds DIR IS BASED DN GIN} ONLY DCSO000S
)+ DIR{ 3238y ncsonane.
IVIE3)4V203),V3(3) DCS00007 . N
IL=6+{NNFLITe )2 =102] 0csonn0s - i
Azeelhifs Le))=Liel acsaonos Table B-11. Source program listing of subroutine DIRCOS
JUZESINNEL(TeB)=))el ncsnonin
B¢ 1 T1z1e3 pcsonotl R
VIS 0421 =00dl) 0,002 SUBROUTINE DIRCOS{V1eY¥2s INODEsCNJY SDIRDDOL
VI =atJay-qaidl) pCcsDool3 T0 _FIN F
IFCINDEXAER.0) GO FO 2 nesonnyy DIMENSION V1(32+¥2{3)oINODECLS) ¢CNJ(15¢3) SDIROOOS :
VI(IDI=VICIL1+4GRI(J2}-00T (ST DCSOO0LS DO 1 Jizie3 SDIRDDDY |
V20I1xv2(I1)+QGT¢J4)-QGTLIL) 0CsO0n1é Do 2 I2=1+¢15 $DIROONS |
2 JizJuled nCso0pL? Iyzvi(I S0IRO00E
U2242+1 0Cs00614 IF (IV.EQG.INODE(I2)) G0 To 3 SDIRGDOT?
1 oJuzatel DCsS00019 _2 CONTINUE SOIRONGE.
CALY VECTAVIs¥2s¥3) pesonnan 3 y2(1l)=12 <DIR0DOY
CALL UNIT(VI) ocsaoozt 1_CONTINUE snIganls
CAt) UNTT{V¥}} NCS00022 Jizv2il) 5DIRDOLL
CALL VECT(V3,visv2} DESDOD23 J2ZV2(2) SDIpOOY2
D0 3 T2-1s3 nrsannza J3zvaiy) SOIROULS
DIRE1+I2)=VIEIR) DCsopo2s 00 & Jiz1s3 CORETLATY
DIR{2 [21=M20T2} DCSO0026 VI(ILIZCNJ(JZeI1)-CNILILTL) SDIRDD1S |
3 DIR(3,12)2V3(12) . DCs00027 4y = - |
RETURN DCSONNa2A RETURN SDIRDOLY
END pLSDUD2Y END snhipOnls
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Table B-12. Source program listing of subroufine ELEMY

SUBROUTINE ELEMT(IA+BoICeINLToNLT»INLT»JeNET UL} SELMO0OL

T0 GENERATE HENT NODA R_A

ALSO TO STORE ELEMENT MATERIAL TYPE INFORMATIONS SELMO003

DIME AfJe . I v

READ(S5#1) ((IACIZ2ed2)ed221ed1)eBCIRI2ICLIZ)oINLTEI2)0I2=10) SELKOODS
1 FORMAT(YISERA e 2TU1 SELMOODA.

READ(S5¢2) (UINLT(I2¢J2)00221e53 s TNLT(I23+I221eNET) SELMOOO?
2 FORMAT(SISeFBa4) SELMODOA

RE TURN SELMOGDS

END SELH¥O010

Table B-13. Source program listing of subroutine ELIM

Table B-14. Source program listing of subroutine INV

SUBROUTINE INVIAsN+BoMsDETERH)

SINVOOD1
c INVERTS MATRICES UPTO ORDER 8 BY GAUSS ELIMINATIQN SINVDQ02
SUBROUTINE ELIM(AsBeIll) ELIMOSOL DIMENSION IPIVOT(53rA(5+¢524B(5+20) sINDEX(522)+PIVOT(5) SINVDOD3
i0 FORM EQUIVALENY QUADRTIATERAIL ELEMENT SY{FFNFSS MATRIX BY  F{TMOO02 A <
ELIMINATING CENTRAL POINT £LIMDODO3 < SINVOOOS
DIMENSION A{25025)¢B{20e20) s AK1282005) 2 AK21 0522002 AK22(5s5) E1.IM000Y 4 SI
ETEY ELINGOOS 3 INITIALIZATION SINVODO7
Do.1 IzlseS ELIMOO06 [ SINVRONE
DO 2 J=1sb ELIMOOO? 10 DETERM=L.D SINVOOOS
e FLIMOOOR 15 DO 20 JzleN SINVODIO
N2=52(I-1)+y ELIHOD03 20 IPIvoT(Ji=o SINVOOL1
IF(IEG.5) GO 10 6 £ IM0ni0 BBzl.£-30 SINVONLZ
BO 3 L=1s5 ELIMOOLL G0 70 %603 SINVOOL3
NizZSe{l~13e1 ELIM0012. 3002 DETERM=O SINVODLY
00 4 LIZie8 ELIMDOL3 Go To 740 SINVDO15
12=11-1 E1LIMOOL1Y 9003 CONTINUE SINYOD1S
N12=N1+L2 ELIMOGLS 30 D0 550 IZLeN SINVOOL?
S(IlvJ1)TACNRNL2)Y ELTMDOIG < SINYGDIA
% Olsdiel ELINGOLT [ SEARCH FOR PIVOT ELEMENT SINVOORS
AKL2(T1el ¥ZA(NZoNLeB} E£11n0018 [~ SINY0D20
3 CONTINUE ELIMOOLS 40 AMAX=0.0 SINVOD21
IF{JaNF.5) GO T0 7 E1 1MRO2D 85 DO 105 Jz1leN SINWONZZ
6 D0 5 L3=1e5 ELINDB21 50 IF (1PIVOT(J1-1) S0« 105+ 60 SINVDD23
S _AK22(Tel 3)=A(N2eGsL 3} ELIM0022 £0.D0 JOAR KSleN SINVONRY
GO T0 2 ELIMOO23 70 IF ¢IPIVOT{(K}~1) 8Os 100+ 9002 SINVDD2S
7 T1=11e] F1LIM0028. BO IF (ABS (AMAX)~ABS (ACJeK1)) 8BS SINVONZE
2 CONTINUE ELIMOD25 85 IROU=J sINvODB27
1 CONTINUE £1 IMD028 90 1COLUMZK SINVOD28
CALL TRANSP(AK12¢AK21»2005) ELIN0027 95 AMAXZA(JIK) sInvoo2s
CALY INVOAKZ295¢AK21s 20, DETERM) £1 IMON2R 100 LORTIKUE SINVER3O
DO 8 I=1s,20 ELINDD2S 105 CONTINUE SINVDO31
DO S Jz1.20 ELIMOO30 IF_(ABS (AMAXI-8B) 90029082110 SINVEOZ2
V=00 ELIMOO31L 118 IPIVOT{ICOLUMISIPIVOT(ICOLUMI+L SINVOO33
D0 10 K=1s5S £1 1MR032 c SINVO03Y
10 V=V4AK22(T rKI%AKZE(Kva) ELINDO3S [4 INTERCHANGE ROWS TO PUT PIVOT ELEMENT ON DIAGONAL SINVOD3S
B{IeJI=84Te )=V ELIMOO3S, c SINVOOZE
9 CONTINUE ELIMOD3S 130 IF {IROW-ICOLUM) 14D+ 280+ 140 SINVODD37
8 CONTINUE E1 TMOO3G. 180 DETERM==-DF TERM SINVOO3B
RE TURN ELIMOO37 150 DO 200 L=1l+N SINVDO39
END EL IM0D38 160 SWAP=A(IRONeL ). SINVOOSC
170 ACIROHeLITACICOLUMSL) SINvVOO&1
200 ACLICOLUMeL)=SHAP SinvQos2
205 IF(M) 260+ 260, 210 SINVDO43
210 DO 250 L=1le M SINVOOGY
220 SWAPZBUIROW.L) SINVOOGS
230 B(IROW sl )=BCICOLUML) SINVONGE
250 BUICOLUMsL)ZSHAP SINVODS7
260 INDEX{Iw313-IRONW SINMODLS
270 INDEX{I+2)=ICOLUM SINVODHS
310 PIVOT(II=A(ICOLUM» ECQL LK) SINYONSH
320 DETERM=DETERN*PIVOT(I) SINVOOSE
c SINVONS2
c DIVIDE PIVOT ROW BY PIVOT ELEMENT SINVOOS3
C SINVONSY
330 A{ICOLUMsICOLUM)Z1.0 SINVBDS5S
340 DO 350 I=ieN SINVODSE
350 A(ICOLUMeL)TACICOLUNLI/PIVOT(L) SINVOOGST
355 IF (M) 3B0. 380+ 360 SINVOOSE
360 DO 370 L=1+M SINVODSY
370 BIICOLUMsL)I=B(ICOLUMSL }/PIVOTILY SINVODBC
c SINYOOS]
[ REDUCE NON-PIVOT RONS SINVODE2
c SINVDOGS
380 DO 550 Li=zleN SINVDOBS
390 TFOL1-TCOLUM) 400e 550» 400 SINVODES
400 TZACLI»ICOLUM? SINVOOBSE
820 A1 1TCOLUMIZN.A SINYODGT
630 DO 450 L=1eN SINVODES
450 AL 1eb 3=A01 Pl 3-ALTCOI UMl 1aT SINYDDES
455 IF (M) 550 550 46D SINVDOTO
SEQ DO 500 J =1.M SINVANTI
500 BILIsL)I=BI{LIsL)-B{ICOLUM L I*T SInvogo?72
550 CONTINUE SINYODZ3
4 sInvORTy
[ INTERCHANGE. COLUMNS SINYNOTS
c SINVBB7E
-BOO DO 710 IzleN SINVDD?ZT
610 LaN*1-1 SINVOD?8
520 IF «1)-INDEX{Ls 5 SINVODT7I
630 JROWZINDEX{(L+l) SINVOOBO
640 JCOLUMZINDEX (1 e2) SINv0n8l
650 DO 705 K=1leN SInvooe2
650 SWAPSA(KeJROW) SINVOOR3
670 A(K+JRONIZALKvJEOLUM) SINVOOBY
700 ALKsJCOLUMIZSWAP SINVOARS
705 CONTINUE SINVOOBS
710 CONTINUE SINVODRT
74D RE TURN SINVODBS
£ND SINYONAS
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Table B-15. Source program listing of

subroutine MELCON

Table B-17. Source program listing of subroutine NIEL

SUBROUTINE NIEL (IELeMsNNELeNEL)D SNIEDOO1L
c 10 F 1 A P < Iy
DIMENSION EEL(Bs4)sM{8) s NNELINELS S} SNIEODD3
00 1 Jiz1e8 SNIEQOOY
SUBRGUTINE WELCON(Hs EELCONs ToNJ? SMELOOAL AT R
¢ T0 FORM FLEMENT NUMBERS CONNECTING A JOINT SHEL 0002 D62 T1=1+8 SNIEDOO7
DIMENSION M(8)sTELCONINJSW) Sﬂiuéuﬂi IF (MU L1.EQ.0) GO 10 2 SNIEQOOS
L=l SMELODOY KIZHCTL) SNI20009
Do 2 I2=1.4 " S(:El;g?‘zi DO 3 I12=lek SNIEDOLC
M{I1+1)ZIELCONCT+12)~M¢I12 %1000 SMELDOD7 3 IEL(ILeTZIZNNEL (K1, 12) e
2 I1=Ti+2 SMEL ONBS.
RETURN SNIEDO13
RETURN SMELO0O9 END. SNIEODLY
END SMELODLD
Table B-16. Source program listing of Table B-18. Source program listing of subroutine NQII
.
subroutine MMULT
SUBROUTINE NOII(QIIsINODE+QI+NDF) SNGIODEL
A
SUBROUTINE HMULT{AsBsCealed2s43) SMuLOGOL OIMENSION QII{S02»INODE(15)eGICNDF) SNGI0003
c J0 PERFORM MATRIX MULTIPLICATION SMut QA2 00 3 1190 sNQIDnng
OIMENSION A{J1sJ21eB1J2331¢CtIL1ID) SMULOOD3 3 II(I1)=0.0 SNQ1DEDS
DO 1 Izledl SMIUL GGOY DO X I1=1.15 SNGIDONG
DO 1 J=l+¢d3 SMULODOS JiZBatIi-11 SHGIU0g7?
1 LeTe0320.0 SHULNOGE JZINODECTY) SNGINNNA
SHULOUST IF (J.EQG.D) GO 70 1 SNG10005
SMUL OODE Jzhe(d=11 SNGIDOD4O
SMULOD0S 00 2 12146 SN@I0011
4 [SENITIVS T SLY-TT NS SKUL OO0 S22+ T2 SNQ100L2
3 CONTINUE SHMULOD1L J12z1+E2 SNGTO013
2 CONTINUE SMuLNNL2 2 DITLJ120:2Q07(42) SNOTINRIG
RETURN SHULDO13 1 CONTINUE SNQ10015
END. SMILORLY REIURN SNGIONLE
END SNGIO0017
o 20 .
Table B-19. Source program listing of subroutine PREST
SUBROUTINE PRESTCJ1C+SsNDF sFELoNEL24sBLeNETI Qe PRESOOO1L Clu2edi=Cied2y PRESOOES
1G0T+ NNEL o NEL o TEL CONvNJeMs AKLe XNLTS PRESNONZ 60 Y0 35 PRESO06S
C TO INCORPORATE PRESTRESS EFFECT PRESO003 32 C20J42)=20¢J11) PRESOGGS
c T € e} & ClJUZe ) =C2(.02) PRESANGT.
c 10 COMPUTE UPDATED ELEMENT NODAL FORCES IN LCS PRESDEOS 50 TO 35 PRESDDGS
33 C3¢02)=0(.15L) PRESUNGRS
IFELUNEL2%) sBI(NETL)oNNEL (NEL oS )9 JELCONINS» 4] v PRESODO? ClU2+312C30I2) PRESODT70
Go_T0 35 PRESONTY
3C103)vC20310C3(312CH{33sCt304)aALI3v30vAR(303)0Al3v1270 PRESOOOS 34 C4(J2)=6MJL1 PRESDO72
—— PO ——e ClJ2e,3)=CH(32) _PRESNOTZ.
IF(J10.EQG.2) GO TO 23 PRESOOLL 35 g11zJllel PRESOOTY
< H 30 CONTINUE PRESONTS,
DO 1 I=1sNg PRESOOLZ DO 45 JZlew PRESDOD76
. ToNAY e S 3 T1=NNELCT o d) — PRESCNZT.
16=6x(1-13 PRESOOLS 00 46 422143 PRESDDT8
1120 e e PRESONLG 45 [AFINA A NFTS PRESQNZY
DO 2 125t+8 PRESOOL7 I2z6«({Il-17+1 PRESDOSD
IF(M(I2),EG.0) G0 JQ 2 PRFSNOLS, 1331223 PRESQOAL
I1=11+1 PRESE013 DO &7 JZ=1e3 PRESOOB2
2 _CONTINUE PRESON2D A7 422 AILT2} PRESDORI
00 3 1221411 PRESOD21 A2(J2s3)2001413) PRESQOBY
DO 4 I3=1,28 _PRESNNZ2 12=12+1 ___PRESNORS
4 SEL(I3}=0.0 PRESOD23 47 13=13+¢1 PRESDOSS
NH.TS ¢35} PRESDA2L CALL MMULT(DIRsA2sAle3e3s3) PRESOGAT
T4z24s(d-1)+1 PRESOD25 J1Z3x{d~-11el PRESODSS
D0 5 I5=le2%4 Do 48 J2z1,3 PRESOOAS
SEL(ISIZFEL(I4) PRES0027 D0 %3 I2=1, PRESQDI0
S_Ju=-I4el PRESOOZA 89 ALI2eJ]1YTAN(I20d2} PRESDOS]
CALL DCS{JsNNEL+NEL ¢G+QOI oNDF ¢DIR 1) PRESGO29 48 JlzJlel PRESQDIZ
D016 I3z1s3 PRESONIN 85 CONTINUE PRESONA3
DO 16 J3=1+3 PRESGO31 IHZINLT(D) PRESDOIL
16 DIRI(I3+J3)1=DIRCIFeI3} PRESONZZ IM1z300e(XH-13s1
00 17 I3z1s% PRESDU33 DO 50 Il=le24 PRESOOIE
IF(I.EQ.NNEL(Js T30} GO IO 18 _PREsNa34. Do 50 1221 1+28 —
17 CONTINUE PRESTO3S AKICILeI2)=8LCINLS PRES0098
18 I3=6w(I3-1) PRESON3G 50 IMI=TMIs] PRESHDSY
DG 19 I4cls56 PRESOD37 00 S1 Il=is24 PRESD100
19 SS(I%)=0.0 PRESOO3R DO 5) 12:I1s28 PRESOIOL
DO 2D I8=146 PRESO033 51 AKL(I2+I1)=AKL(I1s12) PRESD102
I34=13+38 PRESON4D, INDEX= ] PRESO1O3
20 SL{T4)=SEL(I36) PRESDOY1 J2=2 PRESD10%
DO 21 f431e3 PRESONS2 1iest PRESGLYS
DO 21 J4=143 PRESOO43 S4 DO 52 J=ie2 PRESD106
_ SSUL4I=SSCIWI«DIRICIUeJ4) =S L L 40) PRESDONS DO 53 J1z1.3 PRESOIAZ
21 SS(I4+33=SS(I4+3)+DIRI{TH e uIeSE(IR+3) PRESO045 SEL(IL0}=A(JLed2) PRESD108
— D0 _22 142146 PRESO04E 53 110=110¢1 PRESULDD
IB4SI6+I4 PRES0047 52 Jz=J2+i PRESGLLE
22 S1I64)=5(1643+SSI{I4) PRESQO48  _ INDEXSINDEX+l PRESOL11
3 CONTINUE PRES0049 J2zd2el PRESOLL2
1 _CONTINUE PRES0050 IF(INDEX=Y%) 585455 PRESOLLZ
23 CONTINUE PRESOOSL 55 CONTINUE PRESOILG
c TO _UPDATE NOGAL FORCES IN L.C.S PRESD0S2 PRESG115
DO 14 I=1.NEL PRESOO53 PRESOLLE
< 8TA PiLA 1 - PRESO117
it=1 PRESODS5 PRESOLILE
— . CALL DCS(IoNNEL+NEL,GeQGIe NOF+DIReOY — PRESDOSE §7 SELL(I1)TSEL1(TI1)+AK1(I1eJ)}*SEL(JL) PRESB119
DO 30 Jojel PRESOOST i=24stT-3)st PRESOI20
JISNNEL(T+d) PRESODS8 D0 58 Il=l,24 PRESD121
J11Z62(Jt-1)] PRESQDS59 FELEIISFEL £33+ SFLICTILS PRESO122
DO 35 J2=1.3 PRESDO6D 58 JTyel PRESD123
JI52J _PRESQOGL 16 CONTINUF PRESOL2Y
GO TO (31¢32033¢3410J15 PRESC062 RETURN PRESD12S
— S PRESQQE3 END PRESOLZ2E
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Table B-20. Source program listing of
subroutine PROMAT

SUBROUTINE PROMAT(AeN»NL1}) SPRODOOL

C RATE MATERIAL PROPERTIES MATRIX PROODD2
DIKMENSION AfNsNL) SPRODOD3
READESs1) (SA(Tetlo=toN1deRzLeN) SPRODOON

1 FORMAT{ELD.2+F6.2¢F8.3) SPROODOS

RE TURN SPROODAE

END SPROBOGY

Table B-21. Source program listing of subroutine QCA

SUBROUTINE GCA(IleI2¢I3s I4sCloC2¢C3eChsCS59CBeCT v ARLY AR2)

GCADDODE

L Y0 GENERATE COORDINATE OF CENTRE QOF AREA OF QUAORIIATERAL ELEMENT GCAQODG2
[ IN GLOBAL SYSTEM QCADOBO3
x21=C2{H-CcH 1) @CACOODS
QcAQDNOG.

YZizCzt2r-cl( 2y QCACOCDY
Y4l=Cu(2)-C1(2) QCAODODR
221=C2¢(3)-CLL 3} QCADOOOS
4¢3)-CLi3) QCARONRD
X32=C3(1)-Cc2( 1} ecanontl
X42=2Cui1)~-C2(1) QCAOON2
3t21-c2t2) QCAQDOL3

4€2)-£21(2) ACAQDGESG

-t QCADOC1S

403)~-C2(3) RCAONDILE

S*SORT(ARLY

Y21e201-YU1sZ21)0n2 o IXG1nZ21-X21220 1 ux2+(X2)sYhE-XU1%Y21)4220QCA00017

QCADANLA

¥324Z42-YH28Z32)%u24 (XU2+Z32-X32%242)222+(X322¥42-XU2aY32)+22GCADLD1S

40

AR2=0,52SORT(AR2) ecannnezn - edt H
C5(11=(C L1420 11+CL(L1))I/3,0 @CADOO21 Table B-22. Source pregram llS‘l‘Il’lg of subroutine QDR
LOU2)=(CIC(2)+(0212V+CU{2)3) 2300 QCADOQ2Z22Z
C5(33=(CI{3)+{C2(31+C4L31)1)/3.0 6CACDO23 .
CRIII=I(C211I+ICI (Ve 133 /73.0 QLAQON2Y
CE(2)=(C2Z(2)+(C0302)+C60213175.0 0CADOD25 SUBROUTINE GDR(BsIlvI20I3+18sClsC2¢C3vCHsCT2TEID330ER2) 4DROCOOL
CE(31Z(L203)«(C34TI2CHI3I1) /3.0 QCAN0026 € £ T1E
ARCARL+AR2 0CABO027 DIMENSION A(25¢25)¢B(200201+C(15915)¢CL(33¢C2(3)sC3(33¢C4(3)sC5(3)GDRO0OODS
CTC1)-(ARI»CSC)1I+ARReCE(ENI/AR ACADDNR2R
C7U2)=(ARI=C5(2I+AR22CE(2) 1/AR 9CATO029 2E22(303)95¢225) @DRBOGOS
CI(3)={ARI+CS5(3)+ARZLE(31D /AR QCAGDD 30 EQUIVALFNCE (CaS3
RE TURN GCADBO3L CALL QCA(IlsI2¢13sI8¢CLrC2¢C3¢CUsC59CEsCToARL AR2) 6DR0O00D7
END QCADDAZ2 DO T T=1.3 QDR0000R
€B(I,1)2C1(T} 9DRODOOY
CBITL23=C2{1) gDeOo0Ln
C8(I+312C3(I) 9DRO0D1L
J.CR(Y2GICU(T) OROODLZ
D0 4 I=1+25 QDRO0D13
DO & J=1s25 AOROOOLY
¥ A(I,4120.0 QDRODOAS
15
GDROOOL7
ARRROOLR
2033=C7(3) GDROTO19
D0_3 J=1e2 GORAGOZR
KZI-1+J QDRO0BO2)
IF(1.EQa4.AND,J.EQL2) K=1 QDRO002?
QDROOO23
6DROUDZY
3 Z(J1=CB{3K) QDRODD25
XD{1I=X¢2)=~XC)D GDREO0ZE
XD(2)=X{ 3)-X(1) QDROOOD27Y
YDLIISY(2)-¥(1) QDROMN2E
YO(2)=¥{3)~Y (1) GDRBDG29
20(1)=2¢23-2(1) QBR0G030
Zt1=ze-2(1) 9DROO0 31
15:1 GDRINNI2
CALL CORT(I5+XDs¥YDeZDeXs¥e2Z} aDRODO33
DO 5 Jiz1e}5 oDROQD3N
D0 5 J2=le15 GDRO0O3S
5 CCil,02320.0 36
1DsS=15 QDRODO37
CALL_SII{XDrY¥D-TE»S»10SsD33.E22) 9DROD03S
G0 TG (5¢7+8,33el QDRO0D3S
9 JiD=} QOROOBGOD
D0 10 JL=1+5 QDRG0TYL
DO )1 J2z1elS QDRAOQGZ
B1ZC(J10+32) 6DRO0OCS3
D2:C(J10+10J2) SDROOOSS
C{J10e921202 QDROOOSS
11 CJ10+10423201 46
10 J102J10+3 QDRO0DAT
J10=1 QbR
D0 12 JL=1.5 GDRO0GAS
DO 13 y2z1e15 QDR
B1=C{J2+J10) GDROOD5L
D2=CeJ2ed 101 g0R
C(J2+1001=02 GDROONSS
13 CJ22010+2)201 aRROODSY.
12 Ji0=J10e3 QDRODDSS
CALL ASSEMB(AeCrle3ptis2e~2) QDROOGSE
S0 _T¢ 130 Q0ROQOST.
6 CALL ASSEMB(AsColsle4e0s2) GDRODOSE
60 J0_130 QDROOOSS
7 CALL ASSEMBCA¢Cr2e1s3e001) GDRODUE0
S0 1o 130 1
8 CALL ASSEMB(AsCe3e1e200+0) GDRODDG2
130 CONTINUE QOROGOE.
2 CONTINUE 00RDDOSH
11111 GDROOOSES
CALL ELIM(As2,111) QDRIDUGS
RE TURN QDROGOST
END QDROODES
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Table B-23. Source program listing of subroutine SCAN

SUBROUTINE SCAN (IAeIBsICsNLsN2eN3} SSCNOUOL
MAFRS CONNFCYING NOOES SSCNOOD2
DIMENSION IA(NLeN31»IB(N2¢N3)eIC(BI $SCNDDO3
DO 1 T=1lsN1 SSCNOONG
DO 1 J=LsN3 SSCNDOOS
3 IAUT.adED SSCNOOONE . g8 .
x1=0 SSCNDOO7 Table B-25, Source program listing of subroutine SO7
DO X ToleNl SSCNOOGA
DO 2 I1=1+8 SSCNDBGY
2 IC1113=0 10 SR
D0 & JZ1oN2 SSCNBD11 SUBROUTINE SO7(XD+YDe¢TEeE22+S+IDSeD33} $5070001
DO & Kslel SSCNONL2 c S A
IF(IB(JsKIEG.I} GO TO 6 SSCNDOL3 OIMENSION S(22532X0€2)eY0(219033¢3¢31+E22(3+1310X(310¥(30sEM(Ks4}s 5507003
5 CONTINUE SSCNODIG IENCH o) oEQ (Y90 Q8 Yol SSOI0pNR
60 TO & SSCNOD15 3 TRIANSULAR BENDING ELEMENTs CONSTANT TRACE SCHEME $5070005
& KizK1el SSCNODLE AZ=Y0(1)s¥YR(R2Y-XOI22YDEY) - SS0 70006
TCIKiI=J SSCNOB17 41 CALL TRIM(EMsEN.EQeXDe¥YD) $$070007
4 CONTINUE SSCNO01R EL1=TE/(Z.2A2)
12=1 SSCNDDLY CALL TRM (E22+EG+0s2:3) $S070009
DO 7 T1=%eN3 SSCNOR20 1 ii :ng'l“: '03321-:;1-'035 SSOZOMLN
B . . - o # G(3vr1)) 83244325438 ss070011
| TACLTL S 1000w T2) I6(I2e 11 Ssenooat 432 IF (Q{3221) 433:433:832 ssorapy2
TE! SSCNDO23 435 G(3e1)Z003+1)4Q(2¢11/24 $S070013
3 CONTINUE SSeNOnDG G{3e2)20(322)10G02e 1) 42 SS070014
RETURN SSCNDO2S 0t2,1120. $5070015
END SSCNON2E GO TG 438 SSO 7006
436 G(2e113002¢1)4QU3s10/24 $s070017
QC3+23-0€3v21+QU 301022, SSOI0N18
0t3v1)20. $5070019
G0 TO 438 SS070020
437 QU2+132042+1)4+0(3+2)/2. ssorogal
QE301)20¢3013+0(302172, 55070022
9{3+21=0. $$070023
438 Ql1e13=-QC2+121-0(3e1) SSOTON2Y
. on . Q192120420 1) $507002S
Table B-24. Source program listing of subroutine SO5 9{1=312013, 1) ss020026
G(2,2)=-Q(12)~G13: 2} 55070027
Ql{2+3150(3y2) SSn20028
G(393)2-G(1e3)-G(2+3) $5070029
433 CARE ADM (S»IDSeQ0e3sle}
SUBROUTINE SO5(S+TE+D334XD»YD¢IDS) SS050001% Do 4022 L=l-’; L :;g;:%f—
F_(L=2) &G
DIMENSION S(225)¢D33(3r300XD2)+¥D12) ¢EM{Bo4 )+ EN{Us U1+ EQ(S24)0 (4o SS050003 %018 30 .:Euz n:"l?;uma.uuls ;;317333332
10 SSNS0RNY DO 4021 JJsls3 SS07003%
TRIANGULAR PLANE ELEMENT $5050005 ISS=(Jd~1)sIDSe1L $5070D35
A2=X001)e¥D(2)-XDI2}eYD (L} SS050006 ISRSII=1)a10Sedl $S070038
41 CALL TRIMIEMsENCEQeXDvYD} $S050007 %021 SIISRISS(ISS: SS070037
CALt TRM CD33¢EMeGr3e3) SSOS0008. 4019 DO 4010 11,3
FIZTE/ (24 *A2) $5050009 . T1oI-0173)%3¢1 55070039
CALL ADM (SeIDSsQe3wleleF}} sSs050010 I2=11-€I1/3)s3+1 $$070040
CALL TRM (D33+EN+Gs3s3) $S050011 K=3wil-1)+¢] $$070D41
CALt ADM [SeTDS+@e3e8eUsFl) $SOSO012 1S5=(K~1)*LDS . <<070082
CALL TRM {D33+ENsEMe3e~3) 55050013 55070083
CALL ADM SSGSODMY SS07004%
9 RETURN 55050015 S$S070085
END - SSOS0016 $S070048
sso70047
<SSO 70048
$S070043
SSO7HO50
Y{31=2YD0 21 S5Qg70051
CY=(XC(I1)-X(T))aSCISS2) SSO70052
DYS{X{I21-X(I)}+SLISS3) $$070D053
CX=-(Y{I1}-V(T})IsSCISS2) SSOIO054
DXZ=(Y(I2)~Y(I)}*SLISSI) $5070055
SUISSIv33=(CX+DXI/2. SSO7Q056
SUISS2+3)2CX/2, SS0I0057
SUISS3+3)=0X/2. 55070058
S{ISS1#61=(CY*DYI/2e 55070053
S{15S2461=CY/2. $S070060
4010 S(ISS3+6)3DY/2. SSO7006]
4022 CONTINUE 55070062
CALL TRM (D33sEMeBe3e3) SSoIN063
F2=F 1e TE4TE/12. SS070064
CALL ADM {SeIDS2Qs3e727F2) SS070065
CALL TRM (D33+ENsGs3y3) $S0700686
CALL ADM (S»IDSeQe3sUs%sF2) SS070067
CALL TRM (D33sEN+EM»3e-3) SSOT0D6E
F2=-F2 SSOIRNEQ
CALL ADM (Sy1DSeEM»3e7+44F2) sS0T0B70
452 CONTINUE SS0MN73
] RETURN - - 55070072
END . ss070073
. ae .
Table B-26. Source program listing of subroutine 811
SUBROUTINE S1L{XDe¥DsTEsSo IDSe0330E22) $5110001
AT
DIHENSION XD(2)e¥D(2)9S{225)9D33(3s3) 0E22(3+3) $5110003
[4 IRIANGUL AR SHELL FLFHMENT $SArO00G
CALL SO7(XDeYOsTEPER22+Se IDSs D332 55110005
ISHF=E2tIDSe1) SS)1Q00E
IESS=921IDS ss1ipno7
DO 1 =19 ssilpong
IESSTIESS~IDS sstlooos
IESZIESS <sitonlo
D0 Z J=leY $s110011
IES=IESe] SS110R12
IVEZIES+ISHF $S110013
SCIYEI=SY(TESY ssiionty
2 SLIES)IZ0. SS110015
1 CONTINUE SS110016
CALL SO5(S+TEsD33+XDeY0010S) ss110017
RE TURN SS110NtA
END ssiiooLs
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Table B-27. Source program listing of
subroutine STIMAT

SUBROUTINE STIMAT (HeINOOEv Lo AKe IELY CNu¢BsNDFeNET ¢ NET L+ BL¢ INLTs NEL)STIHODOL

LE3)eV2(3)e¥3(3)eV1D(4)+BI20rs20)¢DIRC3+3) STINMOOO3
Do 1 Il=l+6 STINODOS
Do 1 T221.90 STIMOODE
1 AX(IleI2}=0.0 STIMDOD?
I1=1 STIMBODS
S0_CONTINUE STIMOOLD
IF(IELLILs1).EQ.D) GO TO 2 STIMOOLL
iZML11) SYIMO01D
IF(J.EG.B) 50 TO 2 STIMODL3
JM1=INLTCY SIINONLY
J12300s{Jl~1)¢] $TIMOO1S
Do 63 I4=1s28% STIMOOLE
Do 6% J4=I4e24 STIMOOLY
AKI(IB e d815B1L400 N SIIMODDIR
84 JLzJlel STIMOD19
63 CONTINUE STIMOn2n
Do 13 Iez2.24 STInOO2L
I6=14-% STIMON22
DO 13 J4=1,+16 STIMOD23
13 AKIETU 03 =AKE(NULT0UY STINON2G
VICLIZIEL(Ilel) STIMO025
VR(ZIZIEL(T1e2) STIMDO26
VI(3IZIELLILe ) STIMOD27
CAL) DIRCOSEV1e¥2o INODE oCNSD STINON2S
CALL VECT{VLlaV2:V3) STIMoD29
CALL UNITCV3) STIMO0030
CALL UNIT{(VL) STIMO031
CALL VECT(VIeViwV2Z) STIMB03Z2
DO 14 I271¢3 STINDG33
STIMQ034
STIMDO3S
STIROOD3E
DO 53 I3=1e3 STIMDD3?
Do 53 J3= STIMOD38
53 DIR1{13sJ3)=DIRIU3ZIZ) STIMOB33
INDE X0 SYIM0040
61 1421 STINOD4)
60 DO 54 I3=1448 STIMD0G2
I5=3%{14-1) STIMODG3
J5Z3#(13-1) STIMONQLY
DO S5 I5=1e3 STINMDO4S
Do 55 JBz1,s3 STIMODYE
IS6-IS+16 STIMDOU7
J56TU54 )8 STIMOD4S
55 V11({I6+J6)ZAK1(156+356) STINDOG9
IF{INDEX.EQel} GO YO0 57 STIMEOSC
CALL MHMULT(V11+DIResV22¢3s3s3) STIMOO51
50 _T0 59 STIM0052
$7 CALL MMULT(DIRL#V11eV22¢34+3+3) STIMODS3
53 DO 56 I6=1e3 SIIN00S54
DO 56 U613 STINOQSS
15615416 STIHEA56
5635+ J6 SYIMOOST
56 AKL{I56+J56)=V22(169J6) STIMOOSS
54 CONTINUE IIMDOSS
1821641 STIMB0BD
IELI4=-8) 50s50e58 1140081
58 INDEXZINDEX+1 STIKOOB2
IF(INDEX-1) 61s61s62 STIMO06T
62 CONTINUE STIMGOSY
DO 65 143224 STIMDOGES
I6=Iu-1 STIMGOBS
DO 65 Juz1e16 STIMODG?
€5 AKL(TG»JuR=AKE(JYvT4) STINDDBS
DO.S d4=3e4 SIINN0ER
IF(I.EQ.IEL(TIL+J%)) GO TO L2 STIMOOT7C
5 CONTINUE SIIMAOGTL
12 J=u% STIMBO72
00 6 T2z)e8 SYIMOGTER
D0 7 I3:=1s15 STIMOB74
IF(IEL (T2 eT2).FQ. INODECT32) GO To 8 STIM0075
7 CONTINUE STIM0O076
B viOtI2)=13 STIMO007? TPty .
¢ CONTINUE S1IH0078 Table B-28. Source program listing of subroutine STRA
INVE{ L TNESV] SIIMQB7S
DO 10 I3=1+8 STIMO08D
IE-NESE STIMODARL
00 9 TI2=1+4 STINOO82 SUBROUTINE STRALIDS+SeDIR)} SSTROODY
JEZVIN(T2) STIMO0RY [ TRANSF P OF ESEMENT MATRICES FROM 1DCAL Y0 OVERALL _SSIRQON2
Jlz8elJdl~1r¢l STIMDOS8Y CIMENSION DIR(3+33¢5(576) SSTROOO3
I5-Ge(T2-11al STIMONAS DATA IMSZ4/ SSIRDNNY
DO Ll I4<1+6 STIMDOSE J=-IDS SSTRO0OS
AKIT3 e J1Y-AKIT I 1 ¥4AKIC)2IS) STIMOORY 00 § I=1.10S SSTRODOS
Jizdlel STINDDSS Jz=J+IDS SSTROCO?
11 1521521 STIMDOBS CALY TRAN(SeoDTReTHS) STRONOA
9 CONTINUE STIMODI0 5 CONTINUE SSTROCCS
106 _CONTINUE SIIMORS ) SSIRO0IO
2 1151141 STIMDDS2 SSTROOLL
IE(I-8) 5025051 STIMNAST 00 .6 1=1.1DS SSTIRONLZ
S1 CONTINUE STIMODSY IABBZIABB+1 SSTRODL3
RE TURN STIN00SS IAB-TABS SSTRODLY
END STIMBOSE IEBB=IEBB+IDS SSTRTOLS
IBEZIFBB SSIRONIE
00 7 J=1.IDS SSTROC17
IAB-TAB+IDS SIRQMLR
ISE=IBE+) SSTROD1S
IE (IAB-J3FE) TeTel3 SSIROORN
13 TEMPZS(IBE} SSTROD21}
SUIBEY=S({IAB) SSTRAN22
SC(IAB)=TEMP SSTROG23
7 CONTINUE SSIRU02Y
3 CONTINUE SSTRCO2S
J=-10S SS1RN026
00 B I=1sIDS SSTROB27
JZJ+1DS SSIRQD28
CALL TRANUS+J¢DIRvIMS) SSTROO29
SSIRAN3O.
RE TURN SSTROO3L
END SSTRONZ2
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Table B-29. Source program listing of subroutine STRESS

SUBROUTINE STRESS(IsNMAToNDFeNETeNELsPHeD330DIRe INT» INLT o TNLTe QINs STSSO001 CBL1e3)2AL2¢11-AC208) STSS0086
IGeNNEL #Clel 3) [a]vivkd CRIPeGIZACIA0)-ACLol) SISSNORT
c TO COMPUTE STRESSES IN A QUABRILATERAL ELEMENT STSS0003 C8{2¢5)3AC1e1)-ACLe10) STS50088
CRE2+BMTA() o%¥=A(Lal} SISSNOsR
LINLTCNEL) ¢ TNLT{NET) o QIN{NDF} s {NDF) ¢ NNEL (NELs%) v A1{3s 330 A2(3¢3}s STSSOOOS CB(341)3CB{2r4) STSS0090
B CRE322)2CRI245) SYSsONat
3DF(6)sDF1(6) ST5S0007 CB(3+333CB(2+6) STSSO032
SISSRR93
JIZBH(NNEL(Ts1d=1)el ST$S0009 CB(3v513CBLLe2} STSSOGIY
J2SEe{NNEL (Te2)=13el STSS00in CB(2sB)ICB(123) STSSRNAs
JUZEX(NNEL (Tetid =101 STSSOOLL DF{1)=At1Ly2) +ZxA(2+ 3} STSSDD9E
DA 2 T151e3 SISsS00t2 DFLCL)=ACL92)-Z2A(2e3) SISSN097
VILIN=eJ2)-atJ1) STSSB013 DF (2)=A{155)+Z%A1 226} STSSDO9B
V2(I13=(J4)=0011) SISSAN1Y QFL423=A(1s5)-2*A(2s6) SI1S50089
Jizdiel STSS0015 DF (3)=A(LvEL}e2eA(2v12) STSS0100
42392+ 1 ISS0016 DEI43I=AC1o11)-ZeA(2,12) STSS0101
2 abzguel STSS0017 DF (4)=A(2+2)~Z2A(1s3) STSSO102
CAL) VECTIV1eY¥2e¥3) STSSONAS OF1(4)=A(2s2)eZoA(Le 3} S1SS0103
CALL UNITIV3) STSS0013 DF (5)=A(2+5)~Z3A( 1+6) STSSOLO4
CAIY UNITIVL} STSs0020 DF1¢5)ZAC2e5) 2204 (146) _SISsO0105
CALL VECTIV3.V1,V2) STSS0021 DF (BY=A(2sLE)=23A( 1s12] STSSO106
DD 3 12z1.3 1ss0n22 DFI(E)I=A(2e 1) ¢ZxAl1212) Issninz
DIRC1+I2)=VI(I2) ST550023 DO 17 I1=1.3 STSSO108
DIR(2+12)=¥2(72) ISSO02% CI(T13=0.00 SISSOIDg
3 DIR(3+12)2V3(I2) STSSOD25 STSSOLLC
DO 10 J=1le4 STSSAN2s SISsOll1}
JLSNNEL(I vJ) sTSS0027 17 CH(I1126.0 STSS0112
NN TTNIEIE RSN STSSOn2g Do 18 Tizie3 STSSN1l3
00 15 Je=is3 STSSDD29 -
GO TQ (lhel2s132180e SISSO030 DO 1B 12-1+6 <ISSOLlY
11 Clts2r=atdity STS50031 CZ(IL1}=C2(ILI+CB8EI1+12)#DF (T2} STSSDLLS
CLu2:)2CHLU2) SISSOD32 18 C4{I1)=Cu(T1)+CB(TLsT21aDFI(I2) STSSO116
60 T0 15 STSSD0$3 AR=1.0/12.0%AR1) STSS0117
12 C20J2)=0¢J11) STSS003% 00 19 T1=1s3 eTesniis
ClyZed)=C20U2) STSSBO3S Do 15 2-1:3 7550119
3 gg(:g)l_z““) 557755952%3357 CUETII=CICT1D+ARADIICI L2 224C20T2) <L§§m>r\
= 19 C3CILI=C3(I1)+ARD33(Ile 12} Ch(12) TSS0121
‘G::)J.zr:)‘”l:scndz' 5;[22%%3: c 10 _COMPITE STRESSES IN TRIANGULAR E{EMENT Svriimn
1% CH{J2)=alJLL) 57550040 00 20 Ii=1.3 sTssoi2s
ClU2vJI=CH0I2) STSSDO41 20 C8(I1+J1320.0
15 Jlisillel s15sa0sz SRR NVPTH Stasmze
CALL GCAUNNEL (IeLl)oNNEL(Te2)s 431 o NNEL (Lot )sCleC20 C3p Clo CSo C 4y Coele2)=At2,10)-A(208) sTssot27
19C7vARLvAR2] STSSBOYS T _
TO FORM MATERIAL MATRIX FOR _THE ELASIIC CASE STSS0046 cale.aizatiollrAll, 7l sTssoiee
IHZINTLI) STSSDO47 STSSO13L
EEZPM(IMe1) I1SSO048 STSS0132
VMUZPM(IN»2) STSSO043 57350133
FHZEE/(L.0-VHUs82) SISS0050 SISSOK3Y
DO 4 IL=1ls3 STSS0051
00 4 Jlzle3 S1550052 i‘;i‘l‘ll&:
4 D33(ILed1)=0.0 ST$S0053 STSSOL37
DE3(1eRIZFH S15S0034 DF {1)1=A(1s5)0ZeA(2s6) SISSOL38
D35(1e2) ZFMevHY STSSD055 DFL(1)=A(Le5)-Z*AL2¢6) STSSO133
033¢2+ 13=D33(L2) SYSS0056 OF (23=AC1e8)+Z2A(229) STSS0140
033¢2:21203341e1) STSSD0ST DFL{2)=ALLe81-Z+AL209) STSSOL4l
D33(3+3)=FHe((1.0-VMUI/2.0) $TSS0058 DF (3)ZA{1s10)47aA(2032) STSSOi4?
IMZINLTLID SISSANsa DFLU3)=A(Ls11)-28A(2s12) STSSOL43
TEZTNLT(IM) STSS0060 DF {4)=A(2+5)-ZsA(1+6) SISSOb4y
005 Jzie4 STSSO0E] DFL{4)=A{2+5)¢Z%AL1s6) STSSOL4S
TL=NNELLT vd} STSS0062 A(2e8)-Z2¢AL109) SYSSOL46
00 6 J2=]1e3 SYISSDAR3Z 51IZAL24B1¢Z%A(1e9) STSSOi47
6 A2(J2+11=CHLI200)=ClU20 1) STSSO06U DF(BIZA(2y I 1)-ZrAC1eR2) 57550148
I12z6efT1=1141 SISSOCES OF1(8)=A(2sL1)¢ZeAl1012) ST550143
STSSO066 DO 21 Ii=1e3 STSS0150
SISSODE? 5TSS0151
A2(J2+2)2GIN(12} $T550068 S1S50152
A2(.3223)Z0INIT3) SISsSOngS STSSD1S53
12=12¢1 STSS007C 21 CB(I1130.0 STSSO158
7 1351381 SISS0071L 00 22 T1=1+3 STSS0155
CALL MMULT(DIRsA2e41ls3¢3r3) STSS8072 06 22 I2z1e6 SISS0156
AYzIall=10e] 1550073 C20I1)3C2(IL)+C8(ILe12)*DF(12) ST550157
DO 8 J2=1+3 STSSBO74 22 CHETI)ZCHLILI+CBETIR I2)*DF1C¢I2) ST558158
DO 9 T2:1s3 STSSONIS AR=1.0/(2.0+AR2} ST5S0159
3 ALI20J1)ZAL(I2042) STSS0076 00 23 Yi=1.3 STSSBLS0
i+l } SISSORIT D0 23 12=1,3 STSSO161
5 CONTINUE STSS0078 C5(T133C5¢11)9ARSD3I3¢T1}12)8C2¢]2) 53550162
COMPUTE STRESSES IN TRIANGULAR FIFMENT. 3 STSSRR1S 23 CHUILIZCHOILI+ARD3IZ(I1oI2)CHLI2) STSSOLS3
Z3TE/2.0 57550080 ARZAR1+AR2 SISS016%
DO 16 T1z1.3 SISSDARY DO 24 Il=Ll+3 $TS50165
D6 16 JL=1+6 $TSS0D82 CU(E1=CARLCILTLIARSCE (T1)) /AR 51550166
16 C8EILedhI=DaE SISSOCRT 24 C3(IIIS(ARI*C3(I1I¢ARZeCE(LIEII/AR 57550167
C8(Ls1)=AL2e41-A12010) STSS0084 RE TURN SISSO16E
= 10)~At2s18) _ STSSORRS . END STSsDi63
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Table B-30. Source program listing of
subrouline TRANSP

SUBROUTINE TRANSP(AsBeJdleJ2)
F A F.A MATRIX

$YRpPOGOL

DIMENSION AtJleu2)eBUlJ20J1)
00 .1 I=ledl

STRPOOO3

S

SIRPONRS
STRPOOCS
SIRPOOUG

STRPODD7
SIRPOONS

Table B-31. Source program listing of subrovtine TRAN

SUBROUTINE TRAN{A»IFS+DIReINS) STRANODL
F
DIMENSION A{576)1¢DIR{3v3)sDUMI2%) STRANOD3
DAJA IGEM/1Z STIRANDOY
10 IGEMP=IGEM+] STRANODS
121=0 SIRANOOE
LK=SIFS-4sIuS STRANDODT
20 DO_300 1=1.TGEMP STRANDOSE
LKZLK+3&IHS STRANDDS
30 00 200 Jys1.3 STRANGLO
DO 200 I=LeINMS STRANOLL
NI TN PS SIRANOLR
OUM{LJI) =0, STRANOL3
LEISLK2T STRANGLS
40 D0 100 K=1+3 STRANDLS Ty .
LKIZLKTSINS STRANDIE Table B-33. Source program listing of subroutine TRM
100 DUMCLJI)=DUM{LJI}+DIR{K»JI*ALLKI) STRANOL7
STRANGLS
300 CONTINUE STRANDLY
INI=3sIGEMP*INS SIRANNZO
00 480 I=1+INI STRANG2L sus:ourmz TRMUASB sCoMeN 1) STRMOOO L
II=IFSY STRANDZ2
%00 ACIL)=OURLL) STRANDZ3 DIHENSION At3e3)+BEHs8)aCIRe4DeDI804) STRMEDD 3
RE TURN STRANG2E :;Nl(m 2elel :;RHGUDS
(33
END STRAND25 > Ne—N <1
60 To 8 STRHOOO?
1 00 3 I=1.H SIRMOONR
00 3 J=1sN STRMOODS
3 Ce{Ied¥=B{To.d} STRMOOIN
8 D0 & IZLeN STRMODL1
00 4 JSleM STRKODL2
0{1eJ3=0. STRMOD13
ND 5 K=EeM STRMODLY
5 DEXed)=DUI s} +CUKrI)*ALK»S) STRMOCLS
. g o 'Y CONT INUE TRMODLG
Table B-32. Source program listing of subroutine TRIM D0 6 I=1oN STRHOD17
DO B J=14N SIemOnig
C{Isddz=0, STRNDOLS
DO ¥ K=1leM STRANOD20
———— - 7 CeIaJ3=CLlIvJ)+DtIvKIZBIKIS) STRHOO2E
SUBROUTINE TRIH(EMsEN+EQeXDoYD) STRIHOOL & CONTINUE CERNOnZZ
¢ A RETURN STRMDO23
DIMENSION EM{4e4} oENLHoBIsEQ{Le 4} XDI2)s¥YDI2) STRIMOO3 END SIEMAO02Y
EM(1923=YD(2} STRIMDOK
EM(1+3)2-YD(1) STRIMBOS
EME1e1)=YRERI~-YDI(ZY STRIMOOS
EM(2012=0, STRINGOT
EM( 22320 STRIM0NSG
EME2+33=0. STRINUOY
EM{3¢1)=X0(2)-XD(1} STRIMDID
EM(3+2)2-XDL2) STRIMGLL
EM{32302XDL1) STRINALD .« ne N
Bo 42 4=1+3 STRINOI3 Table B-34. Source program listing of subroutine UNIT
EN(1e 1) SENEZ e ) SIRINOLG
EN{2eJIZEM{3eJ) STRIHGLS
ENE3x:0) SEMCR 00 STRIMOLE
42 CONTINUE STRINDLY?
Do %30 J=te3 SIRIMOLE SUBROUTINE UNITE{V1} SUNICBOI
EQUIsJIZER(Led) STRIND1S ALISE A YECTOR SUNIANAZ
830 EOQ(2sJ3=EM(3042 STRINN20 DIMENSION ¥1¢3) SUNIODO3
RE TURN STRINOZY =
END STRTMR22 Do t I=1e3 SUNIOOOS
ARS8 71N SUNIDNNE
RE TURN SUNIOBO?
END SUNTAONS
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Table B-35. Source program listing of subroutine VECT

“svecooal

SUBROUTINE VECT(V1eV2:¥3)
L. T0 PERFORM VYECTOR PRODUCY OPERATION SYFCOOD?
ODIMENSION ¥1(3)+¥2(3)s¥3(3} SYEC0TO03

H - 2
Y3(21=U241IsVA(3)-¥1LL)eV2¢3) SYECOG0S
N3039=M1C100NM2(2)=M2{1)aV]1L2) SYELOONE
RETURN SVECDOO?
END SYECOODS
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