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1.0 INTRODUCT ION
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BOPACE 3-0 is the acronym for the Boeing Plastic Analysi

3-dimensional solids. -1t is an extension of the eriginal BOPACE 2-D

version [1]. BOPACE 3-D is a finite element computer program, which

provides a very general family of 3-dimensional jsoparametric solid

elements, and includes a new algorithm for improving the efficiency of

the elastic-plastic-creep solution procedure. This decument describes

the BOPACE 3-D program, and includes theoretical, user and pregrammer

SRR b

oriented sections.

The BOPACE programs have been developed by The Boeing Company for the

n order to meet the evident need for

NASA Marshall Space Flight Center, i

- b {
SN SRS an advanced thermal-elastic-plastic-creep structural analyzer. Although

E BOPACE development has been strongly influenced by the requirements for

analysis of engines, in particular the space shuttle main engine, the

é programs have been kept quite general and they are applicable to many
: ; types of nonlingar structures. The philesophy for BOPACE program
é i development has been based on the following requirements.

1) Analysis of very high temperature and large plastic-creep effects.

.

% 2)  Treatment of cyclic thermal and mechandical leads.

ﬁ 3)  Improved material constifutive theory which clesely follows actual
] behavior under variable temperature conditions.

| (]
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4) A stable numerical solution approach which avoids cum.lative errors.

5) Capability for handling up to 3000 degrees of freedom.

Although the finite-element method was first applied to plasticity im
the early 1960's, and several good programs for nonlinear analysis have
since been developed, numerous improvements were indicated in erder to
satisfy the above requirements. For example, some other available
pregrams assumed linear or bilinear plastic hardening, accunulated
errors by failing to satisfy equilibrium at each step, er did net
completely account for the effects of variable temperature on the
elastic, plastic and creep relations. The stated requirenents have been
effectively met by the current BOPACE program versions. The BOPACE
research and development efforts have led to an improved hardening
theory for cyclic plasticity, a method for representing general cases of
load reversal, and advanced techniques for improving the accuracy and

contrell“ng convergence of highly nonlinear sglutions.

Twe options have been prov{ded in the BOPACE 3-D pregram: 1) The use of
64K words of core te solve up to 1500-DOF problems, and 2} The use of
128K werds of core to solve up to 3000-DOF problems. The program is
written in FORTRAN IV and it available on both the IBM 360/370 and the
UNTVAC 1108 machines. The BOPACE 3-D document consists of three majoer

1parts:

Part 1. Thepretical Manual
Part I1. User Manwual

Part III. Proarammer Manual

1n2
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Recognition is due to D. L. Beste and M. W. Ice for their BOPACE 3-D

programning efforts, to W. H. Armstrong for some of the initial 3-D

element development, and to 5. Wahlstrom for providing his isoparametric

elastic stiffness generation routines. The Gauss linear equation solver

package was originally developed by J. L. Ballinger.

13
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2.0 MATERIAL CONSTITUTIVE THEORY

The basic purpose of classical constitutive theery in an elaste-visco-
plastic program such as BOPACE is to provide incremental relatiens
between stresses and strains. BOPACE uses these relations with the
finite-element stiffness methed to provide a convenient and efficient

approach for solutien of an important class of nonlinear problems .

BOPACE 3-D employs isoparametric solid elements, with numerical integra-
tion over a number of material points withir each element. It accounts

for elastic, plastic, thermal and creep deformatiens, and the nonlinear
dependence of all deformations on temperature. The material constitutive
theory includes a cembined isotropic/kinematic plastic hardening theory,

and a generalized appreach to cyclic lead reversal. The BOPACE econstitutive
theory is developed by a tensorial approach which provides all relations

in a form which is invariant under coerdinate transformatiens.

2.1 ELASTTCITY EQUATIONS

This section defimes the cumulative and imcremental ferms of the relations

for temperature-dependent elasticity, which are used in BOPACE 3-D.

General Concepts and 3-D Relations - The basic cumulative stress-strain

relation, feor either temperature-dependent or temperature-independent

elasticity, is

2-1
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wpere o and & are the 3 x 3 tensors of stress and elastic (recoverable)
strain, respectively, and D% is the tensor of elastic coefficients which
may depend on temperature. For convenience we will use the eguivalent

single-subseript netation
g. = b%, £ (2.1-2)

where subscripts i and j range over all nin. eof the tensor componem.c.

For 3-dimensional analysis the relatien 2.1-2 is taken as

{s ) rEe A
s e
¥y “yy{
1 e
6] B E
22
2z (2.1-3)
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where
-l-v v ) 1
D]] * v 1=v v
v v 1~y
and
. ‘
0
] --2\!_’

Here E is Young's modulus and v is Peissen's ratie.

Note that the elasticity matrix in Equatien 2.1-3 is censistent with the
tensorial definition of shear strains (e.qg. Eiy = yiy/Q, where ny is
the engineering definition of shear strain). Tensorial definitiens are
used in the BOPACE pregram in order to easily formulate constitutive

the:  which is invariant with respect to coordinate transformations.
Although such invariance can be achieved by a careful use of engineering
strain definitions, such definitiens are prebably respensible for some

of the invariance difficulties which have been reported in the plasticity

14 terature.
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The last three of Equations 2.1-3 are semewhat redundant and may be
discarded to give an abbreviated 6-compenent form (e.q. Ty = Oy

and £y = Exy)‘ It should be emphasized, hewever, that in performing
later summatiens all nen-zere values of the nine tenser components must

be accounted far.

Incremental Relatiens - Fer the case of temperature-independent elasticity

the incremental stress-strain relations are simply

e
Aai = D?j Aej (2.1-4)

where 4 denotes an incremental quantity and D€ is the appropriate

elasticity matrix.

When temperature dependence is considered, the incremental relation may

be written either as

oo 8, el el el el 2 1.63)
Aai JCE oF Dij Ej Dij Ej ( )
or
- € el el e TS
As, = ADS.e%° + 0. AeS (2.1-5b)
o4 A 1353 D13 AEJ

where the superscripts 0 and 1 denote guantities evaluated at the beginning

and end of the increment, respeciively, and aD® =-ﬂel - BEO

is the
change in elasticity matrix from beginming te end of the ingrement. The

first term in Equation 2.1-5b accounts for stress change due only to

2-4
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change in elastic properties, while the second term accounts fer additional

stress change due to the increment of elastic strain.

2.2 THERMAL STRAIN

|

E

;

:
3
]
!
1
]
3

Alterpate Fermulatiens - The conventional descriptien of thermal strain

is given by

r W )
t
Exx . 1
A St = yar g1 ¢
¥y (2.2-1)
t
£ 1
2z _
\ r L. y

where et denotes thermal strain, T is the temperature, and y is the

thermal coefficient of expansion which may be a function of temperature.

An alternate integrated descriptien of thermal strain is

r A )
t 1
€ex |
% t o 1
€ = ¢ (TIg1% 2. 2-
< Eyy 3 (2.2-2)
t 1
| B2z
‘ R r \ J
i i where here et gives the thermal strain directly as a function of tempera-
: % ture. If only incremental thermal straims are of interest, mt.may‘be
% % taken as zero at any convenient reference temperature.
-
!
i
S
2-5
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BOPACE Formulatien - BOPACE uses the direct form 2.2-2. This form is

preferred over that invelving a thermal expansion coefficient because

accumulated errers in thermal strain are not introduced. These errors
could arise with the ferm 2.2-1, in case vy varied with temperature and
the specified heating and cooling sequences used different temperature
increments. BOPACE takes the structural fabrication temperature as the

reference temperature for zere thermal strains.

2.3 PLASTICITY

This section defines the incremental elaste-plastic relations used in

the BOPACE program. (See also Section 2.6 for the elaste-plastic iterative
algorithm.) BOPACE emplays a new concept of combined isetropic and
kinematic hardening, and accounts for temperature-dependent elaste-

plastic behavier as well as a generalized form of cyclic load reversal.

In order to develop the constitutive theory in a straightforward manner,
discussion of the effects of temperature-dependent elasticity on the

elasto~plastic relatiens is deferred until Sectien 2.5.

Definitions - The follewing nomenclature is defined.

g = total stress
o = stress center (of yield surface in kinematic hardening)
5 = deviatoric (total - hydrestatic) stress

2+6
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a = deviateric stress center
= s - a = relative deviateric stress
E = elastic (recoverable) strain
P = plastic (time-independent nen stress-inducing) strain

€ = creep (time-dependent non stress inducing) stratn

General Concepts - The basic concepts in most elasto-plastic theories

are those of a yield surface, the dependence of yield on only the deviatoric

stress components, incempressibility under plastic strains, and normality

of the incremental plastic-straim vector to the yield surface. The
definitien of a particular theory requires assumptions for three basic

constituents:

1. a surface relating the stress components at yield
2. a flow rule defining a direction for the incremental plastic-strain
vector

3. a hardening rule.

Yield Surface - BOPACE employs the Huber-Mises yield surface [2], defined

by the relative deviateric stresses as
{2.3-1)
where the summation i¢ again taken over all nine tensor compenents of s.

The sg are components of a peint on the yield surface at a known condition

of temperature and plastic defermatien, e.g., from a uniaxial test.
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Equation 2.3-1 holds whenever the material is plastic, i.e. whenever the
components of s are en the yield surface. Function F may be thought of
geometrically as defining a hypersphere in 9-dimensional deviatoric
stress space. Alternately, when expressed in the 3-D space of principal
stresses, this yield surface can be shown te be an open-ended circular
cylinder whese axis passes through the origin and makes egual angles
with each of the three principal stress axes. The Huber-Mises yield
surface is generally used to describe plasticity in metals because it
agrees reasonably well with test resuits and it gives a smoeth surface

which is convenient for calculatioens.

Flow Rule - BOPACE uses the Prandtl-Reuss flow rule, which is the usual
rule associated with the Huber-Mises yield surface. The assumptions are
that the material is incempressible under plastic flow, and that incre-
ments of plastic strain are normal to the yield surface at the stress
point.

Thése assumptiors provide the relation

P = oge .
bef = Ay (2.3-2)

witere A is a flow parameter (or plastic propertienality constant).

2-8
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Basic Hardening Concepts - An elastic-plastic material which work hardens

in the plastic range is commenly analyzed using either of two classical

hardening theories. Isotropic hardening [3], which assumes a uniform

expansion of the yield surface during plastic flew, accounts for change

in size of the hysteresis loep during cycling. Kinematic hardening [4],
which assumes a rigid translation of the yield surface in the direction

of the plastic strain increment, accounts fer the proneunced Bauschinger
effect which is evident in eyclic behavier of most metals. In general,

an actwal cyclic behavier can be mere accurately described by a combination
of isetropic and kinematic hardening. A coembined hardening theory has

been given by Hodge [5] for materials which satisfy the Tresca yield
condition. Because a better representation fer most metals is provided

by the Huber-Mises yield surface, a corresponding cembined hardening

theory [6] has been developed for the BOPACE program.

Hardening Parameters - A simple combined hardening theory such as that

presented in Reference 6 makes twe basic assumptions:

L 3

1)  Size of the yield surface is a function of a cumulative hardening
parameter, «. This means that the isotropic hardening, i.e. the
incremental change in size of the yield surface, depends on thgr

initial value of « and its change ax.

2)  Yield surface translation is related (but only in an incremental
manner) te a kinematic hardening parameter, xk. The kinematic
hardening, i.e. the incremental translation of the yield surface,

depends on the ‘initial value of X and its change acK.

2-9
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For a simple uniaxial load case, the yield surface size at any time is
measured by one half the algebraic difference between the current yield
stresses in tension {positive} and compression {(negative), while the
cumulative kinematic hardening is measured by one half the algebraic sum

of the yield stresses in tension and compression.

Tt will be evident in the discussion fo follow that isetropic hardening
can be related to « on either a cumilative or incremental basis, while
kipmematic hardening can be related to wk only an an incremental basis.
In addition to lhe parameters . and xk, hardening is also a function of

temperature.

Figure 2.3-1 shows hysteresis loops for the first two strain-centrolled
cycles of a typical material which exhibits combinad isotropic and
kinematic hardening. Here ¢ denotes yield stress and « denotes yield
stress center. The Bauschinger kinematic hardening effect is apparent

ip that the initial yielding in tension causes a reduced yield stress in
compression, i.e. a shift of the yield center by an amount «. Successive
yielding in compression causes a reduced yield stress in tension, and so
forth. Isotropic hardening causes the increase in size of the hysteresis
Toop with continued cycling. The hysteresis loops for many materials
become stabilized after a number of cycles, and they may begin te decrease

in size as further deformation causes a scftening effect.

Figure 2.3-2 shows the stabilized hysteresis loeps for a material at
various temperature levels. (Different strain ranges are used to separate

the loomps fer purpose of illustration.) The hysteresis Toop of a material

2-10
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typically decreases in size with increasing temperature. Note that the

I size of the yield surface will vary in a similar manner with temperature.

sl bRt

Aso the rates of isotropic and kinematic hardening with respect to

plastic deformation vary with temperature.

The isotropic hardening parameter « may be appropriately taken as either

the cumulative plastic work density, or as +the sum of increments of

S AR e e T TE A HR mE TER e T T

effective plastic strain. The kinematic hardening parameter Kk must

! account for the Bauschinger effect in cyclic loading, and it may be

taken as an adjusted value of «. As long as no ‘toad reversal occurs and

TR T

% | i the loading is proportional, mk is simply egual to . However, uk must
be set to zero at the start of each increment in which a complete load
reversal occurs. (A complete load reversai occurs when the incremental
plastic strain vector has a direction exactly reversed from that of the
previous plastic increment}. For an incomplete load reversal, the
BOPACE program computes the starting value for Kk by muitiplying the
existing accumulated value of Kk by the factor (1 + COSINE)/2, where
COSINE is the Cosine of the angle between successive incremental plastic

. . I
strain vectors. At the end of each increment, «  becomes mk + Ak,

: i ' Because the Bauschinger effect varies with cumuiative deformation in

certain materials (e.g. it may become wore pronounced as plastic cycling

| continues)}, BOPACE allows an additional option for the kinematic hardening
to be defined as a product of two functions. The first is a functien of

mk and defines the shape of the kinmematic hardening, while the second is

an additional factor which depends on « and defines the magnitude af the

kinematic hardening,

ma

-12
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In order to implement the BOPACE hardening theory, it must be determined
how the size of the yield surface varies with temperature. In additioen,
the dependence of isotropic and kinematic hardening on the parameters «

and xk must be determined. This is accomplished by performing cyclic

tests at several levels of constant temperature. After the cyelic
hardening behavior is thus determined at different constant temperatures,
an assumption must be made for variable temperature cycling. The hardening
effects of variable temperature are illustrated in Figure 2.3-3. As

long as temperature remains constant, plastic hardening behavier is

defined by following the shape of a stress-strain curve at the given
temperature, say to the peint O on the T2 curve. If temperature changes

to T3, and then plastic deformation centinues, an initia) peint must be
determined on the T3 curve from which the new yield surface size and
initial hardening slopes may be determined. This transfer from curve T2
to curve T3 requires a definition of the basis for hardening, i.e. the
definition of the parameters « and xk. BOPACE allows the eption of
either plastic work or the sum of increments of effective plastic strain
te be used as the hardening basis. The strain and work eptiens correspend

to the respective peints 1 and 2 in Figure 2.3-3.

The hardening relatienship determined from a series of cyclic tests may
depend somewhat on the strain range used in a particular “est, If
strain range is a significant facter the test conditions should duplicate
the approximate expected strain range for which an analysis is to be
made. The choice between plastic strain and plastic werk as a basis

for the hardening parameters « and rk may depend to a laroe extent on

20 6000 2148 ORIG. af71
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which basis provides the better overall representation of cyclic behavior

at various strain ranges.

Multiaxial Hardening Rule - The kinematic hardening rule employed in

BOPACE is that due to Prager [4]. It gqives the increment of yield

surface translatien in terms of the incremental plastic strains, as

- S A T 2.3-3
Ao = Gy B85 %3¢ My By (2.33)
where ¢ is the kinematic conmtribution to the slope of the uniaxial
stress vs. plastic-strain curve, and I is the fdentity matrix. An
alternate hardening rule due to Ziegler [7] is preferred by some plas-
ticity analysts because the form of Ziegler's rule does net change with
reduction in the number of spatial dimensions, and it is therefore
supposed to simplify the calculations. Prager's rule is considered more
acceptable from a physical point ef view, however, and it presents no
difficulty when all components of the required tensors are retained as
they are in the BOPACE programs. Note that for Pragyer's kinematic
hardening rule, the deviatoric stress cemter is eacual to the stress
center, i.e. a; =y

The isotropic hardening, i.e. change in size of the yield surface due te

plastic deformation, is defined for a propertional test leading by

05§ = Ry aeh = Srry, aed (2.3-4)

star UL, a4t
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where r is the isetrepic centributien to the slope of the uniaxial

stress vs. plastic-strain curve.

The necessary condition that stresses remain on the yield surface is
satisfied by taking the differential ef Equation 2.3-1. The conditien

is aF = 0, which te a first order approximation can be shown to give

§_1 hoy - ;1 bay - g? Ag? = 0 (2.3-5)
or
s; d0g - AL = 0 (2.3-6)
where

~ ~

\ 1% % _ . CIEACI '2.3-7,
Sy oy * 5 8y Asy Cyg 5985 % Ryg 83 ‘ )

The key to a successful combined hardening theory is the proper deter-
mination of the hardening variable A. The BOPACE program uses hardening
tables which give the yteld-surface size and the surface translation as
functions of the h:aidening parameters « and ck. These are iwo-dimensional
tables for each material whese ordinates and abscissas are, respectively,
temperature and hardening parameter. Given the imitial values of « and

k

k  at the beginning of an increment, and estimated values for Ax and AKk
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the corresponding increments of isotropic and kinematic stress increase

are ebtained from the hardening tables. (Hardening due to temperature
change is included by adding it te the isetropic stress increment .}

The hardening slepes ¢ and r are then computed, by dividimg the incremental
stress increases by the estimated increment of effective plastic strain.
This procedure gives average values for the slepes ¢ and r during the
increment, and tends to produce am accurate and stable numerical iterative
process. Note that it is the isotropic and kinematic stress increases,
rather than the slopes ¢ and r, which are directly related to the
hardening parameters. The choice of a test value for s in Equation

2.3-7 is arbitrary, as long as it is a peint en a yield surface of size
corresponding to é, j.e. a surface with equal values of temperature and

parameter . It is convenient inm BOPACE teo take 5° equal to ;.

Ingremental Stress-Strain Relation - The incremental stress-strain

relation now fellows the development of References 8 and 8. Take

= ?. S ‘?. q e.+p - & ¢ A
Ag, 1913 Ar-_j BU AEJ D‘i‘j SJA (2.3-8)

where DF is the appropriate matrix of elastic constants.

Then

- -~ . _ A e e+p } ~ e s} (2.3_9)
AX Si 3@1 Si Dij Aej Sf Dij sjk
2-16
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which gives

”~

A=

wn

i D?j A'E?_"”/(l.’u +s, B, QQ) (2.3-10)

Substituting Equation 2.3-10 into Equétimm 2.3-8 provides the desired

relation
e o o e
- ™ omn n
; ' ] AG.I = (D?J + 9}133) AE?éhp = D'U Aej*p (2.3-12)

D is the elasto-plastic Jacobian (tangent-stiffmess) watrix relating
incremental stresses te incremental elastictplastic straims. In effect,
it separates the elastic and plastic strains and determines the incre-
mental stress correspending to the imcremental elastic strain. pP is
the stiffness reduction due to plastic flew, and becemes zere for the
case of infinite hardening, i.e. A = », or equivalentiy the total slepe
(c+r) of the stress vs. plastic-strain curve is infinite.
Effective Stress-Strain and Plastic Work - The concepts of "effective

§ 1 stress" and "effective strain" are related to plastic werk. and are used

- % in a limited way in the develepment of constitutive theery for the

% Y BOPACE program.
LY
- 2-17
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Recause they can easily be misapplied, especially in the presence of
kipematic hardening, the use and limitations of the concepts are briefly

discussed here for the Mises plasticity theery.

Due to characteristics of the Prager hardening theory, the following

statements of equivalence and proportionality should first be noted.

= ~ pz/\ — 1
Bay = Doy = Ael = Sy F Sy (2.3-13)

Because of the incremental nature af kinematic hardening, Sj and s,

are in general not proportienal.
The Mises effective stress o is defined by

{2.3-14)

The incremental and cumulative values for plastic werk, WP are given by

WP = p
AW o Ay (2.3-15a)
a:nd
W o= 1 Ae? (2.3-15b)
2-18
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where T denotes summation ever all increments. Fer the special case of
proportional leading (i.e. leading im which all stress components are
increased proportionately) followed by a censtant stress level (i.e. no

plastic hardening), the cumulative plastic work is given by

W o= o € (2.3-15¢)

As a matter of convenience in computing plastic werk, an inerement of

effective plastic strain, AEﬁ, has historically been defined by

ol

: (2.3-16)

(282 = %Asﬁ‘ Ae

b

At this point, however, care must be exercised in using the histerical
calculation for plastic werk. If kinematic hardening were zero, then

Si = Si» and because AE? is proportienal to ;i the use of Equatiens 2.3-

14 and 2.3-16 would give plastic work as

wP = G AP (2.3-17a)
and

WP = 57 ASP (2.3-17b)

2-19
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If in addition, the condition were one of proportional leading and

constant stress, then by defining the cumulative effective plastic

strain, Ep, in the same manner as Afp, we would have

Wl = T EP {(2.3-17¢)

Of course the Equations 7.3-17 in general are not valid, because of the

presence af kinematic hardening and non-proportionail loading. Thus
plastic work must be computed from Eouation 2.3-15%a and b, rather than
from the product of effective stress and strain guantities.

The quantity ¥ serves Tittle purpose in a general plasticity analysis,
although i1 is a tensorially invarianl quantity aznd does provide a
measure of net residual deformation. For a rational measure of deforma-
tiem history, either the piastic work, w”, or the sum of increments of
effective plastic strain, © 4", is anppropriate. The difference in

concept between the quantities WP and ¢ azP should, however, be recognized.
2.4 CREEP

Stages - Metals characteristically exhibit the three stages of primary,
secondary and tertiary creep. Figure 2.4-1 shows these stages in a
typical creep history under conditions of constant temperature and
stress. Becausé creen rate varies considerably during the different
stages, the description of actual creep histories is considered te be

essential for an accurate analysis. The BOPACE program accounts for
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the creep time history by allowing the user to define, by a series of
input points, the shape of the effective-creep-strain vs. time curve for

each material.

Temperature and Stress Effects - Creep rate in most metals is very

dependent upon temperature and stress level. The BOPACE approach to
creep analysis provides a reasonable description of temperature and
stress effects, while avoiding excessive storage and computational
requirements. For each material, BOPACE requires @ reference Creep
curve shape which gives the relative variation of effective-creep-strain
vs. time for the various stages considered. This shape is assumed to be
valid for all the temperatures and stress levels of the particular
material. A table of creep factors for the material is then specified
as a function of temperature and effective stress. and a portion of the
actual creep curve is determined by multiplying the reference creep
curve by the appropriate factor using the average temperature and stress
during the increment. Figure 2.4-2 shows portions of typical creep
curves for the special case of constant stress level and variable temper-

ature. Note that according to BOPACE assumptions these curves have the

same shape.

Hardening - As long as the temparature and stress level remain ceonstant,
an inecrement of creep is determined by following the corresponding creep
curve for the given time increment. However, if temperature or stress

level changes, an initial point must be identified on the cerresponding

M o AnAn 3140 ORIG. 447
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new creep curve in order to determine the new creep rate. This transfer
from one curve to anoether requires an assumption for creep hardening,
which in BOPACE is defined by a single hardening parameter, «°. BOPACE
allows the option of either age, strain, or werk hardening, for which «©
is defined respectively as the accumulated time, sum of increments of
effective creep strain, or creep work. Censider, for example, these
options in Figure 2.4-3 for a case of constant temperature. Creep
during the preceding increments has progressed to the point 0 on the &

1
curve. The average effective stress during the present increment is o

90
which gives the initial peints 1, 2 and 3, respectively, for the options
of age, strain and work hardening. Incremental creep for the current
increment is then determined by continuing aleng the 82 curve from the
appropriate initial poeint, fer a distance equal to the specified creep
time fncrement. In the general case beth temperature and stress will
vary from one increment to the next, but the hardening eptien still
determines in the same manner hew the transfer is made between the creep

curves,

Load Reversal - The main use of the creep-hardening parameter © comes

inte play during a load reversal. When a complete reversal occurs, w©
is set to zero and the initial peint on the creep curve is taken as that
corresponding to a zero value of «©. (A complete load reversal occurs
if the incremental creep-strain vector has a direction exactly reversed
from that of the preceding creep increment.) For an incomplete lead
reversal, the BOPACE program computes the starting value for € by
multiplying the existing value of € by the facter (1 + COSINE}/2, where

COSINE is the Cosine of the angle between successive incremental creep

2-23
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strain vectors. Parameter ..~ then accumulates as before, i.e. at the

. ' C
end of each increment «~ becomes + = + Arc.

Multiaxial Flow Ruile - The incremental creep-strain vector has historically

been taken normal to a Mises type of surface which passes through the
stress point. When kinematic plastic hardening is considered, this
surface could be taken either as the actual translated yield surface, or
as an untranslated surface which passes through the stress point but
whose center remains at the origin. The appropriate choice of surface
is not clear, and the multiaxial creep flow rule is therefore defined on
the basis of programming simplicity. BOPACE 3-D defines multiaxial

creep under elastic conditions by

Al = (5 42%/9)

A _i 2 e 9] S {2.4“])
where Ae -
w28 At 2.4-2

= be; heg (2.4-2)

while o and s are evaluated at the beginning of the increment.

Creep which occurs under plastic conditions is taken in the same direction

as that of the plastic strain increment (see Section 2.6).

2-24
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2.5 COMPLETE STRESS-STRAIN RELATIONS

In Sections 2.1 to 2.4, the basic theory used in BOPACE for elasticity,
thermal strains, plasticity and creep has been discussed. The present
section describes the complete stress-strain relations, and the manner
in which simultaneous elastic, plastic, thermal and creep strains are
accounted for. The combined effects of temperature-dependent elasticity

and plasticity are included.

General 3-D Relations - For temperature-dependent behavior, an elasto-
plastic incremental stress-strain relation follows from Equations 2.1-5b
and 2.3-8:
aoy = 202, €0 4 mel 5P . p8) 2.5-1

Here the first term accounts for stress change due te change in elastic
properties, while the second and third terms account for stress change
due to change in elastic strain. Follewing Eeuation 2.3-9,

A ~ e em

A\ = 5. A, = s, AD

el ,etp _ 7 pel 2.5-2
; bo j ABY; ef * s1 B1 e s; D 552 ( )

ij

where again

A=C.. s, s + RO 8 s (2.5-3)

2-25
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For the general case of temperature-dependent plasticity, RY acceunts
for isotropic hardening due to both plastic deformation and temperature.

Then

- e e0 - el ,_etp
. i A .. Qg
) = 5q MPyq &y ;1AD1J j (2.5-4)
~ e
A+ osy By sy

el 7~ e el - 7 el
Ao, =i AD® Dik Sk g ADzj\\ -0 (’Dal DTk 3k Sg ng AcE*P
i ii T .. pel . }9 i 5 a4 s pela |
Sa Yin Sn \_ 5o Yin Sn

(2.5-5)

or, using abbreviated notation

po. = (aD%. + abP.) €29 + (0%! 4 DP)y 2e®tP o ap,. €80 4 pl. Ac®YP
i ( i3 AD]J) €5 (D]J 4 DIJ) &LJ AD1J 2> + D#J AEJ
(2.56)

Thus the increment of stress can be determined as the sum of twe products:
an incremental matrix times the initial elastic strains, plus an end-of-

increment matrix times the incremental elastictplastic strains.
This fermulation was used by the initial BOPACE pregram in the iterative

stress-strain algerithm for temperature dependent materials, and is

developed here for the sake of clarity. The present BOPACE 3-D program,

2-26
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however, employs an improved iterative algorithm, which allows an additioenal

benefit by substituting the simpler Equation 2.1-5a for 2.1-5b. Details
of the new algorithm are discussed in Section 2.6. For either approach,
the formation of the tangent stiffness matrix is based on Egquatien 2.3-
12, with quantities evaluated at a single appropriate temperature. (In
updating the matrix the temperature used is that at the end of the

increment).

2.6 IMPROVEDR ALGORITHM FOR INELASTIC CALCULATIONS

Summary of Basic Concepts - The iterative residual-ferce procedure is

often employed with an incremental selutien for imelastic (plasticity
and creep) problems, in order te avoid accumulated errver. Each iteration

in the residual-force procedure invelves the follewing two stages.

1)  Equilibrium and Compatibility: Given the current residuals (unbalanced

forces or stresses}, the equilibrium and compatibility equatiens
are applied in order te predict am improved configuratien (of

displacements and strains}.

2) Separatien of Strains: Given the current strains, some algorithm
based on the inelastic material theory is applied in erder te
separate the strains inte their elastic, plastic and creep portions,

and thus provide the resulting stresses.

2-27
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When this procedure has converged to the coerrect result, the follewing

conditions will be met.

1)  Forces in equilibrium

2) Displacements compatible

3) Plastic strain increment satisfies noermality rule

4) Size of yield surface consistent with deformation histery

5) Translation of yield surface consistent with deformation history

The overall BOPACE solutien technique based on the residual-force
procedure is summarfzed in Section 4. The nurpose of the present section
is to discuss the details of a new algorithm which has been developed

and incerporated inte BOPACE, fer improving the comvergence and accuracy
of the inelastic stress-strain calculations. This algerithm defines the
implementation of stage 2 (separation of strains) in the residual-force
iterative procedure.

Background - The theory already presented in Sections 2.1 through 2.5

may be employed for both stages of the iterative procedure, and in fact
equations of the type 2.5-5 were used for all stress-strain calculations
in the initial version of BOPACE. Convergence difficulties resulted
from the use of this approach in stage 2, however, when the incremental
inelastic strains were large relative to the cumulative elastic straims.
These difficulties were substantially eliminated by properly contrelling

the direction defined for the incremental inelastic strains. (The

2-28
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reason for the difficulties and the method of contrel were presented in
Refe' nce 13). Another quite different approach is based on a "strain-
space" concept, and was presented by Barseoum in Reference 14 with the
claim of a significant improvement in efficiency. That approach has
therefore also been developed and evaluated for BOPACE usage. Because
the methed as presented in Reference 14 assumes kinematic hardening

enly, it was extended to incorporate the combined isotropic and kinematic
hamdening provided by BOPACE. In additien, seme further techniques for
accelerating convergence were identified and incoerporated into the
method. The rasulting medified version of BOPACE has shewn premising
results. For example, a small test preblem invelving 15 load increments
and scived using BOPACE solutioﬁ option 5, required 25% fewer iterations
an4 50% fewer stiffness matrix updates than when run on the previous
version. Although further comparisons are needed to prove the effective-
7ess of the new algorithm, it is expected to supersede the previous

BOPACE capability.

Basic Definitions and Comparison of Algorithms - The new inelastic

algorithm invelves calculatiens in the “deviatoriec strain space", rather
than the more conventional "deviatoric stress space" used in previous
BOPACE programs. For the sake of clarity, the previously used stress-
space algorithm will again be summarized here, and the clastic-plastic
guantities used in the new strain-space algorithm will be defined and

compared with previcus quantities.

2-29
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Figure 2.6-1. Graphical Representation of Elastic—Plastic Quantities
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As described in Section 2.3, the definition of a plasticity theory
requires assumptions for three basic censtituents: a yield surface, a
flaw rule, and a hardening assumption. BOPACE development is based on
the Mises yield surface, and tpis surface 75 represented by a hypercircle
in 9-dimensional deviatoric stress space, as shewn in Figure 2.6-%a.

The surface is defined by the equation

= _e0%o 2.6-1)
F S454 - 5484 0 (

where s is the deviatoric stress, s = s - o is the relative deviatoric
stress and defines the isotropic hardening, o« i$ the surface translation
and def$neslthe kinematic hardening, while §° is a reference value of s
and must be known as a function of plastic deformation (e.g. frem a
uniaxial test). Point A in Figure 2.6-la is the erigin of the deviatoric
stress space, point B is the current center of the yield surface, and
point C represents the current state of deviatoric stress. A stress
point on the surface corresponds to a plastic state. According to the
Prandt1-Reuss flow rule, the direction of the incremental plastic strain,
Aep, is normal to the yield surface at the current deviatoric stress
state, s. A soifd circle ( 0 ) in Figure 2.6-1 denotes a point which
remains fixed throughout the increment, while an open circle { 0 ) denotes
a point which moves during the increment. In order to achieve greater
accuracy and allow larger load increments, BOPACE evaluates moving points
such as B and C at the midpoint of the plastic increment. Additional

details of the BOPACE stress-space algorithm are discussed in Section 2.3.
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For the new strain-space algorithm, the three basic constituents of the

plasticity theory remain umchanged, and direct use is made of the stress-
space theory and nomenclature. However, we new work with a yield surface
and associated quantities im strain-space. Thus we conpute the deviateric

elastic strain, ee, in terms of the deviateric stress, s, by
e : :
e.I_ = S]-/G (2.6"'2)

where G = E/(1+v) is a tensorial shear modulus. Simitarly we define a

"strain center", B, in terms of the stress center, «, by

By =4/8 (2.6-3)

-~

Then the relative deviatoric straiw, e, is defined by

ey = e? - By = {s; - ey)/6 = gi/G (2.6-4)

The geemetrical interpretation of the new algerithm invelving these
quantities is provided by a sketch in 9-dimensioenal deviateric strain-
space, sheown in Figure 2.6-1b. There point @ is the origin, defining
the initial undeformed {zero strain) state. Subsequent deformation is
caused by a series of load increments, resulting in elastic and plastic
strains. A superscript O is used to denote the value of a quantity at

the beginning of the load increment. Thus, point A defines the cumulative

plastic strain, gpm, which exists at the beginning of the current increment.
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(Because of the plastic incompressibility assumption, the plastic
strains themselves are deviatoric strains). A1l other points in Figure
2.6-1b refer to locations at some time during the current increment. In
particular, we will be mainly concerned with the location of these
points at a defined reference time. This reference time may be taken at
the end of the increment, following the approach of Barsoum [14], or
greater accuracy may be ebtained at the expense of some additional
variable sterage bty taking the reference time at the midpeint of the
plastic increment, as is done in the new BOPACE algorithm. Point B
defines the total cumulative deviateric strain, e, during the increment.
The circle is associated with the Mises yield surface, but is a hyper-
cirele in the deviateric strain space. A strain point within the
surface corresponds te an elastic state, while a strain point outside
the surface corresponds to a plastic state. The size of this circle is
defined by its radius éi(éi = ;1/6), whereas the Mises stress-space
surface has radius s. The center of the circle is at peint B (Bi =

eg@ + By = e?@ # aifﬁ), whereas the center of the Mises stress-space
surface has cemponents a.. During plastic deformation, the strain-space
surface may underge both expansien (due te isetrepic hardening), and
translation (due to kinematic hardening). The cumulative deviatoric
elastic strain, ee, is defined by the vector AC (e? = Si/G)' From these
comparisons it should be apparent that the basic quantities in Figures
2.6-1a and b, respectively, can be made to ceincide, if points A

are superimposed and all dimensions in 2.6-1b are divided by the

factor G. The imcremental plastic strain, Aep, is defined by the

2-33
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vector CH. It is nermal to the circle because of the Prandtl-Reuss
flow rule, and is therefore colinear with the radius e to peint C.
The vector BD = e + ae” is denoted by E'. The symbols e', e, AP

and E' are conmsistent with their usage in Reference 14.

Computatien Precedure - We now define the new strain-space algorithm

fer implementing stage 2 of the residual -force iterative procedure.
The problem which must be solved canm be stated im terms of the various
strain vecters. At the beginning of the increment, we have known
values for Ep@ (which remains constant during the increment), and for
B ee, aind é. These have been determined such that they are all
censistent, i.e., such that the appropriate vecters meet at single
points A, B and €. The current estimate for the value of e' at the
reference time is alse known from stage 1 of the iterative precedure.
We must then determine values for 8, ee, e and ae" at the reference
time, censistent with the cenvergence requirements. Stated semewhat

differently, we are given the locatioens of points A and D at the reference

time, and the locations of points B and C at the beginning of the increment.

We must then compute the lecatiens of B and € at the reference tine,

consistent with the convergence reguirements.

The basic steps of the stage 2 algorithm are summarized by the following.

1} Given values at beginning ef increment for:

0
i = stress center

2-34
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elastic strains
2) Given 2 = total (elastic + plastic) strain increment from stage 1.

3} Compute values at reference time, based on estimated incremental

; deformation, for:
=
: Aa = kinematic hardening increment
E ; ss = isoetrepic hardening increment
' f 4) Compute: £y = E?@ todey = initial elastic strain + total strain
é é increment
: L}
2 é e; = corresponding deviatoric value
; 5) Compute: g; = (ﬂ? + da,)/G
1 i . = A . ) /G
e; = (s5 ¥ 05,)/G
: ‘ 3 £ it .‘! = 'f.. .
Nt 6) Compute E: = el -8y
: )
f ! 7)  Compute » = (|E'| - |e|)/|E'| = plastic propertienality constant
é 5 8) Compute &E? = AE; = incremental plastic strain at reference time.
. Adjust acf « acf times (ratio of total to reference time incre-
: ment), to obtain total plastic strain increment. Compute
? AE? = beg - Aa? = jncremental elastic strain.
i § 9) Coempute end of increment values for:
i e? = a?m * Ae? = cumulative elastic strain
P
3
- ue: ad U 'S —‘, i
: o, Dij £ cumulative stress
S 10} Use « te compute residual ferces amd error nerm, and return to
;

stage 1 if convergence has not been achieved.
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The strain-space algorithm presented above corresponds te that given by

% ; Barsoum [14] except that here a combined isotropic and kinematic hardening
é is provided and a reference (midpoint) time calculation ef the incremental

‘ ? variables is used te improve accuracy. As noted by Barsoum, greater

g ? consistency and better convergence are obtained by utilizing an algorithm

i E in strain space rather than in stress space. This is because the stress-

: space calculation fixes the aeP vecter along the direction of the current
: s vector, rather than simultaneously fixing the directions of s and

: E 2eP consistent with the given total strain increment sc. The stress-

E F space iteration can cause large oscillatiens in the lecation of paeint C,

: resulting in divergence if aeP s large relative to the cumulative

elastic strain.

; ! Although a strain-space algorithm eliminates mest of the inconsistencies
? l and tendencies toward divergence, it should be noted that an incon-

g sistency still exists in the plastic hardening quantities. This is

? because Aa and A; are based on the estimated increment of plastic defer-
é é mation, which will not in genera! be consistent with the actual defeorma-
é tion. Thus if another iteration were performed using the same value for
é the total strain increment Ae, different results would be obtained due

é é to change in g and e.

-

3

-
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5 - This difficulty is eliminated in the present approach by properly
modi fying the caleulation of ) in step 7. For this calculation, we
use the parameters ¢ and v associated with kinematic and isotropic
hardening, respectively, in the expressions
Ap, = 2 ¢ Ae?
g -1 3 i
;‘! - _2_ p (2.6-5)
A51 =Fr As1
We then see that

) A ]

> = - a 0 . .

Ei - 8y B-] T e (31 i ABi)
1Y -e - g0 0.2
ei - Bi - A“.i/G = e;-i = 3'1 - '3'0 AE?/G (2.6-6)
2 ,
i Replacing Ae'g in this equation by AaE%, we may solve for E‘i’:
Ey = (eg - 8])/(1 +3he /G) (2.6-7a)
i | 3
2B
g, g G6 ahu0 214% DRIG. 4/7)
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In a similar manner we may obtain

A 5.0 . 2 v .
ey =e;+ FAT Ei/e (2.6-7b)

The plastic proportienality constant, as already defined, is
| Ll 1
A= (JE| - lel)Z|E] (2.6-7¢)

It is apparent frem Equations 2.6-7 that the expression for 1 is non-
linearly dependent upon ) itself, and this is the reason why a con-
sistent A is not solved for directly. An accurate value fer ), however,
can easily be ebtained by a "linear intersection method." In this
method we take the approximate value of A frem step 7, and substitute
into the Equations 2.6-7 to obtain a new computed value e We then
assume a value of A + A, where a) is a small change {perhaps .01)), and
again substitute inte Equations 2.6-7 to compute another value lc1'

The two pairs of assumed and computed » values are plotted in Figure
2.6-2. The correct value for ) 1ies on the 45-degree 1ine (since there
the assumed and computed values would be equal), at the intersection of
this 1ine with the line connecting the two plotted points. This cor-
rected value of ) is obtained by the fellewing adjustment of X from step

7.

2-38
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Ae d+ (A - Ag)/ (A - A -8A) (2.6-8)

:
:
3
;
s
4
.i_
;

The incorporation of this adjustment into the strain-space algorithm

" provides consistent values for all quantities in stage 2 of the iterative

| process, and results in improved convergence.

i
'
§
i
i

- —— — S — — CONSISTENT X

+ AN

COMPUTED VALUE ( k¢!
X

I
{
|
~
{
|
I

. N
ASSUMED VALYE (N

Figure 2.6-2. Linear-intersection Calculation for \
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Extensions and Refinements to the Basic Algorithm - The strain-space

R TA TP

algorithm as presented here is employed in BOPACE for plastic analysis.

In addition, the BOPACE algorithm treats creep strains in a manner

similar to that for the plastic strains. For cases where the matertal

is elastic at the beginning of an increment and then reaches the plastic
yield point at some intermediate time during the increment, greater
accuracy is obtained by dividing the calculations into two parts. In

such cases the initial creep is taken in the direction of the initial
deviatoric stress, and creep which occurs after the yield point is taken
in the same directfon as the plastic strain increment. Other refinements,
such as temperature dependent elastic-plastic-creep and generalized load

reversal, are treated as discussed in Section 2.

2-40
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3.0 Axisymmetric Finite Element Formulation

The BOPACE axisymmetrie program provides a family of solid isoepara-
metric ring elements with curved boundaries. The formulatien of
these elements is essentially a specialization to twe dimensions

of the BOPACE 3-D formulation. The simplest ring element in this
family is the basic 4-node guadrilateral, and higher order elements
are defined by adding additional edge nedes to the basiec 4 corner
nodes. BOPACE allows an arbitrary number of nodes (from 4 to 10)

per element, and each edgé may contain an eoptionally different number

of arbitrarily spaced nodes (frem 2 to 5).

This section discussesg the elemental-level axisymmetric formulation,
including the iseparametric formulation and displacement functions,
the ealculation of strain, force, and stiffness guantities, and the
numerical integration precess. Further details of the general

appreach are provided in the BOPACE 3-D theery manual.
3.1 Isoparametriec Formulatien and Shape Functions

In a manner similar to that for the 3-D isoparametric brick, the
axisymmetric ring element requires the definiti@ﬁ of shape functions
cver a parent element. These functiens map the geometry of the
parent element inte an element on the cress section eof the body, and
also interpolate the field guantities at any point within the element

in terms of the nedal guantities.

3-1
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BOPACE Axisymmetric Ring Elements - The BOPACE isoparametric ring

type of element is illustrated in Figure 3.1-1. In Figure 3.1-la

an axisymmetric solid is shown idealized by ring elements, with the
nodes completely defined by their x-y cooerdinates on the cross section
(each node is actually an axisymmetric nodal ring). The radial
coordinate R coincides with the x-axis on the sectiom. A z-axis

is taken normal te the x-y axes, forming a right-hand Cartesian

system and allowing all nonzero stress and strain compenent s
(xx,¥y,22,xy) to be represented. Figure 3.1-1 b and ¢ show the

parent and actuwal forms, respectively, for a cross section of one of
the ring elements. The parent element is a 2 x 2 square, havimg an
associated Cartesian coordinate system £-~n with origin at the center
of the square and axes normal and parallel to the faces. The element
has 4 corner nodes, plus an optional number of arbitrarily spaced edge
nodes. The actual element has generally curved boundaries (each edge
is a eurve defined by the polynomial through its nodes), and is
referenced to the Cartesian coordinate system x-y. The X-y-z system
is the basiec global system for an entire cross section of the body,

and provides the reference frame for definition of all stresses,

strains, ete.

- Each element node has an
associated shape function given in terms of the £-n coordinates, i.e.
at the nth node the shape function is denoted by Nn(g,m). Thesge
shape functions define the geometry of the actual element by a point-
wise mapping back onto the parent element. Thus in the actual element
the x-coordinate of a peint is given by

n

x = x" N &,n) (3.1-1a)
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Figure 3.1-1. BOPACE Isoparameteric Ring Element
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Here (£,n) are the coordinates of the corresponding point on the
parent element, and x? is the x-coordinate of the nth noede, with
summation implied over n. A similar expressi@n is used for the
y-coordinate, Displacements u-v (in the x-y directions, respectively)
of a point in the actual element are defined in the same manner. For

u = u” N*(g,n) (3.1-1b)

where u" is the u-displacement of the nth node.

the spatial displacement derivatives must be expressed in terms of the
nodal displacements. To accomplish this, we first defime a matrix
§ of the nodal shape functioens, differentiazed with respeect to the

£-n coordinate:
1

=
o

@

2

I+
131
3|z, «=

Q|
it
o a2
= 12
L,

|
|
|
|
|
|
|

oY (3.1~2)

L~
X

|
|
|
|
|
|

Q.

arlia> Q2
2 fan

31 [[-E R -t

When the displacement derivatives are used in the program they must
be taken with respect to the x-y coordinates, and a transformation
relation between derivatives in the two coordinate systems must
therefore be supplied. This relation is given by the Jacobian matrix

J, which is defined by

[+ 3 - ¥]
e

(3.1-3)

Qz]ar n.a;llq;
= | X

:sll
[>3] [Re 2
= | X
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A transformation is applied teo the g matrix of displacement function
derivatives, of the form
g..= 3.3 (3.1-4)
ij im “mj ;
This inverse Jacobian transformation produces the desired form of
the partial derivatives matrix ¢, which is

1 2 n "

=

3

2

@ e
A A

154

|
|
|
|r

{3.1-5%a)

ey  exjar

3

=z K

> o2
2z %

|
|
|
d

a2

(]
Q>

]
Q2,
o]

Using this g matrix, and the basiec matrix of shape functions £,

defined by

£ = (Nl N2 — - — Nn) (3.1-5b)

G = o g . (3.1-6)

where the radius R at any peint is computed using the nodal radii
and the shape functions (R=R'N"). If we now define the vector 8 of

displacement derivatives by

. (

v v
34

fla>

(3.1-7a)

M
2l
|
<l
\::.u_llc:/
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(3.1-7b)

we may write the important relationship between displacement

derivatives and nodal displacements, as
Gi = Gij q. (3.1-8)

In constructing the BOPACE ring element program logiec it is actually
mere céonvenient te rearrange the g-vector so that the u-v displace~
ments at a particular node are grouped together. This also reguires
rearrangement of the columns of the G matrix. However the calculation
and storage of the g and f matrices at integration peints occurs in
the simple form of Fquations 3.1-5, and required operations involving
the G matrix are performed simply by an appropriate indexing procedure,

taking full advantage of the evident sparsity in the given form of G.

General Considerations for the Shape Functions - The ring element

shape functiens are simply a specialization to two dimensions eof the
3-D element funetiens, In fact the same element generation reutihes
are shared by the BOPACE 3-D and axisymmetri¢ programs, by eliminating
the ¢ and z coordinates for the axisymmetric generation. The
functiens are again separated into twoe types -~ corner and edge func-
tions. The definitien of the ring elément functions should be obviscus
from the BOPACE 3-D definitions, and therefore no further explanation

is given here.
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3.2 Strain, Force and Stiffness Quantities

Lore e FRRCR

¢ Strains - The Lagrangian strain, e, is defined in terms of material

e i ko A

displacement derivatives, 6, at a point in the body, by

Al

m
il
o
o
@
+
o=

13%% 5% (3.2-1)

Here AO ard Al are constant coefficients which define the strain

: tensor, with Al providing the ({(geometrically) nonliaear portion of

ST R s T e A e

the strain. The axisymmetric BOPACE program has been designed to

allow a very efficient incorporation of geemetric nonlinearities,

T RE e AR S

although the present version is restricted to treatment of material
t f nonlinearities enly. Only the AQ term in Eguation 3.2-1 is therefore
retained, and the expanded strain-displacement relation for axisym-

metric BOPACE is written as

xX
vy y (3.2-2)
‘ZZ

m
(=] (=] @ | d
o
- (=]
(=]
(== = (=
<
-

xy

Lu/RJ.
; Forces - The principle of virtual work is valid for arbitrary non-
linear materials, and it provides a simple basis fer deriving the

element force and stiffness relations. The eguivalence of external

= and internal virtual work relates the generalized nodal forces p,
: and displacements g, in the element equilibrium eguation

S S

E : g\\‘__lE

%&ﬁ%w&\m Bt e
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~ *
; = v = g% 4 , % 3,23
bq, Py [, 8e; @, av [, 8¢, (a} + DO, 4 Aey) av (3.2-3)
)
which holds aleng any eguilibrium path in the neighborhood of the
reference equilibrium (*) configuratien. (The approximation to
the integral in Bguatioen 3.2-3 oeccurs when the first order incre-
mental stress-strain relation invelving the DO matrix is used.
; : This does not lead te inaccurate results in the selution process
% because of the eguilibrium check and residual-ferece corrective
: iterations which are performed). Here de and ég are kimematically
w consistent variations, and from Sections 3.1 and 3.2
4
4
é dei = Aoij 6@j = Aoim ij 6qi = Bij 6qi {(3.2-4)
E
L The stress components for the axisymmetric element correspond to
? o the strain components, and are (Gxx Oy %zz dxy)‘
; The theoretical implementation of Eguation 3.2-3 reguires the use
% of the second Piela-Kircheff stress associated with Lagrangian
§ strain, with integration performed ever the undeformed veolume.
% ‘
? However, the small strain assumptien is used imn the BOPACE form-
i
! ulation, so that the stress may be taken as the usual engineering
' or true stress.
§ Substituting for 8e, and realizing that Equation 3.2-3 must be
§ satisfied for arbitrary variations ég, provides the basic equil-
% i ibrium equation for forces, as
-
53, ! ~
- P. = f[. 2 v = IR € - * 4 DO*. Ae 2
» P, [y 2mR By; o, &V = [, 20R G AO_ . (0% + DO}, Acy) 4A
u (3.2-5a)
:
B
:
!
j;t
i
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or at a reference eguilibrium (*) configuration, where o = , we

have

* = o Y ‘ ! * ¥ 1 95
PY =[, 27R Gy, AO,, o3 aA (3.2-5b)

The 27R factor im these equations results from integration around

the circumference, which converts the velume integral o anm integral

over the croess sectional area. Thus the force used in all calculations

is the totz "ring" force around the circumference. The radius R 1s

obtained using the nodal radii and shape functions (see Section 3.1)

by the interpolation formula R = rRY*NT.

stiffness - pifferentiating Eguation 3.2-5a and evaluating at the

= 2

reference configuration (pe = O, 6 = 8%, ete.) provides the first

order incremental eguilibrium eguation

p¥ = KO*, Q*
i i3 73
where
)% = p & x = ) - @ . . * . 2 R ¥
KO% 4 [, 27R B,; DO3y By &V f 2°R G BO ., DO%, BOu, Gy aa

(3.2-7)

The "tangent stiffness” matrix KO* is thus a function of the current

elastic-plastic stress-strain matrix DO*. The ineremental form of

Bquation 3.2-6 is ef course

AP, = KO{ {(3.2-8)

i i5 294
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and is the basis for axisymmetric BOPACE seolutions. Although one

could compute Ba‘ = AO G

i am Cmi’ it is more efficient in the program

logic to use AG and G separately. In generating the tangent stiffness
: erlation 3.2-7 atrix ¥ = A * A j first ? 1t
by Equ;tlon 3.2-7, a matrix Kmn Aoam Doab Aqbn is first computed,

after which the product Gmi Rﬁn ij is formed. This procedure takes
maximum advantage of sparsity in the G matrix, and alse allows a

simple extension for ineluding geometric nonlinearities.
3.3 Numerical Integration

The integrals which define force and stiffness guantities im the
axisymmetriec BOPACE program are calculated by numerical Gauss-point
integration and are takemn over the volume {or area) of the actual
element. The mechanies of the integration precess, however, are
best accomplished over the parent sguare element, where there are
simple integration limits in terms of the £-~n Cartesian coerdinate

system. Integration is therefore taken in the form

+1 #7]
[, £aa={ [ £(g,n) |J] dgdn (3.3-1)
' -1 -1

where f is the function to be integrated (including the 27R factor
resulting from circumferential integration), and |J| is the Jacobian
determinant which corrects for the fact that a differential area

(dxdy) in the actuwal element is egual to |J| (d&dn).

The integral is evaluated numerically by substituting for it a sum

over a number of Gauss integration points:

3-10
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%' Here m, n are the numbers of integration peints in the £, n directionms,
? respectively (total number of points = m x n), and W, is a weighting
5 factor for each poeint which includes the value of the Jacobian deter-
%' minant.
g
s The Gauss integration scheme is used because it provides higher accu-
racy for a given number of points than seme other nethods, through

] an optimum selection of the point locations. (The use of m Gauss
; points allows the exact integration of a polynomial of degree 2m - 1).
The BOPACE axisymmetric program currently uses a 4-point (2 x 2)
é Gauss formula for all integrations, although the integration legic
% includes options fer other Gauss-peint formulas.
{
é_
:
é

x
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4.0 SOLUTTON METHOD
4.1 BASIC SOLUTION REQUIREMENTS

-plastic-creep analysis of a ¢ tructure requires the

The exact elasto
of three requirements:

satisfaction, at all peints in the structure,

1)  Equilibrium of stresses

2) Compatibility of strains

3) Satisfaction of constitutive theory, which is summarized by the
appropriate incremental stress-strain relation

The following paragraphs summarize the BOPACE solution approach as it
relates to satisfying these three requirements.

Smrg§§e§£rgin“Rglatign - The incremental stress-strain caleulation is

and implemented by t

defined by Equatien 2.1-5a, he a]goriﬁhm.presented

in Section 2.6. The stress-strain relation js satisfied exactly in the
BOPACE solution procedure, provided the increment 18 sufficiently small
so that incremental guantities can be treated in a differential manner.
Because of the pumerical integration employed over the 3-D isoparametric
element volume, the stress-strain rélation may be satisfied in only an

approximate manner at points other than the jntegration points.

4-1
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, = Compatibility is satisfied exactly within each 3-D

jsoparametric element as a result of the finite-element derivation. In
the global semse, i.e., over the entire structure, compatibility is alse
satisfied exactly, by merging the element degrees of freedom into glebal
degrees of freedom and thereby establishing the equality of displacements

at appropriate adjacent nodes.

within a 3-D isoparametric element, because of its variable stress

state. Stresses are alse not necessarily im equilibrium between adjacent
elements, although all stress equilibrium is satisfied in the 1imit as
the finite-element mesh is refined. For any mesh representation of the
structure, glebal equilibrium is satisfied in BOPACE in an average
sense, because equiliibrium is established between the generalized nodal
forces defined according to the usual finite-element procedure.

4.2 COMPARISGN OF COMMON SOLUTION METRODS

The common stiffness methods used for selution of elasto-plastic problems

can be classified by three general types:

1) The pure "tangent stiffness" method

2) The "constant-stiffness residual-load" method

3) "Coembined" methods

4-2
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Tangent-Stiffness Method - The pure tangent-stiffness method obtains the

solution for each load increment by a single solution of the incremental

equilibrium equation:
&b, = KY. AQ; :
i 13 N3 (4.2-1)

in which AP and aQ are the global incremental forces and displacements,
respectively, and K‘J is the Jacebian (tangent-stiffness) matrix. This
is the type of selution used in NASTRAN's “piecewise linear analysis,"
for example. There is no equilibrium check, and no iteration is per-
formed to improve the incremental seolution. The matrix k) is determined
by evaluation or extrapolation at previous solutien points. Because in
an actual structure the stress-strain slopes, creep rates, direction of
the incremental plastic and ecreep strain vectors, etc., will generally
vary within an increment, the pure tangent-stiffness approach can result
in a substantial departure from the true force-displacement path unless

load increments are kept quite small.

Constant-Stiffness Residual-Load Method - This solution method [9]

employs an iterative procedure. In each iteration the residual (unbalanced)
forces are computed based on the current estimate for the incremental
cenfiguration, and are then applied to the constant elastic stiffness

matrix in order te solve for displacement corrections. The approach is
computationally efficient because it reguires the formation and decempesition
of only a single stitfness matrix, but it is net directly applicable to

highly nenlinear structures because of convergence difficulties.
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Combined Methods - Various combined methods have been employed for

solution of elasto-plastic problems, for example that described in
Reference 12. These involve the use of an equilibrium check through the
calculation of unbalanced forces, as well as various procedures for

updating the approximate Jacebian matrix.

BOPACE Approach - BOPACE uses a combined approach for selutien, with the

iterative procedure consisting of two stages:

1)  Improvement of the solution configuration by using the Jacobian

matrix te reduce the residual nodal ferces.

2} Caleculation of residual forces based on the estimated confiquration

and "exact" coenstitutive theory.

Several user controlled options are available in BOPACE for undating the

Jacobian matrix,

4.3 CALCULATION OF UNBALANCED FQRCES

It is assumed for the present discussion that the exact solution con-
figuration is known at the start of a particular load increment. (Actually
the BOPACE program takes any unbalanced forces which might remain from

the previous increment and adds them te the present load increment, in
order to achieve greater accuracy.) For a given iteration within the

present increment, i.e., for a given estimate of the incremental

4-4
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) solution, it is necessary to compute the corresponding unbalanced
forces. This sectien summarizes the steps invelved in computing these
forces, including determination of strains, stresses, and forces. A
flowchart for these calculations is given in Figure 4.3-1.
% : Strains - For the given estimate of incremental global nedal displace-
? : ments, AQ, the corresponding element nedal displacements, 4q, are obtained
? ; by ceordinate transformations at the nodes, invelving appropriate directien
% t Cosines. Yor the BOPACE 3-D program, all element displacements are
£
o .
? ; referred to the basic X-Y-Z Cartesian coerdinate system. Strains, Ac
are then computed at each imtegratien peint by using the relatiens 3.1-8
and 3.2-2:
Bey = MOy Gpo Aqy (4.3-1)
; . The strain Ae is tne tetal {physical) strain increment at the peint:
o a® o AP s act ¥ AS .
u bes = ey + e} + hey ¥ e (4.3-2)
? The thermal strains, mst, are determined as describéed in Section 2.2.
; Subtracting these strains from the total strain, gives:
i cetpte @ o 4P o4 At = - At Je
; A£1 As1 + 4e§ + Aeg Ae1 Beg (4.3-3)
2R
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FOR EACH INTEGRATION POINT
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ki

42

COMPUTF INCREMENTAL
FORCES AP FROM STRESSES

(0'1 — g%

-——‘——'—M' 13

5P + APPLIED LOAD - AP

Figure 4.3-1. BOPACE Unbalanced-Force Caleulations
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' Stresses - Elastic strains are then determined using the elasto-plastic-
| creep algorithm presented in Section 2.6, With the etastic strains
? known at the end of the increment, the incremental stresses are cemputed:
ﬁ aoy = 0%} e - bty 20 (4.3-8)
where Ee@ and ee1 are the knewn cumulative elastic strains at the beginning
and end of the increment, respectively. The calculation of EE] may need
to be modified, depending on which of three conditions exists at the
particular integration point:
é Condi tien [ Point is elastic at end of load fncrement, i.e.,
é_ P either the point remains elastic or unleading
: occurs. Compute stress and elastic strains.
é Plastic strains are zero.
% Condition II  Point is plastic throughout lead increment. Compute
g- stresses, elastic and plastic strains by algoritam
% of Sectien 2.6.
%r Condiiien II1 Peint is initially elastic, but becemes plastic at
? seme point during the lead increment. Find inter-
mediate time at which yielding occurs (this requires
solving a simple quadratic equatien). Compute
stresses and elastic strains up to that time.
Compute stresses and strains beyend yielding as for

Condi tion IT.
4-7
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The conditien at the beginning of the increment is known for each peint.
The condition at the end of the increment is assumed, fer the first
jteration, to be Conditien I. Ihe end conditien is re-evatuated during
each iteratienm, using either the material yield value or the plastic-
strain vecter. For an elastic peint, it is determined whether or not
the current material yield has been exceeded. For a plastic peint, the
plastic strain vector (normal to the yield surface) is observed; an
outward vector (»>0) impiies a plastic condition, while an inward vector

(1<0) implies elastic unloading.

Eiement Nodal Forces - The force-stress relatien for the BOPACE 3-D

elements is given by kquationms 3.2-5:

bpy = f, By; Ao, dV (4.3-5)

where V is the element velume, B is the strain-displacement matrix, and

D, are the element nedal forces.

Global Nedal Wnbalamced Forges - Incremental global forces, rP, are

obtained frem the incremental element ferces, by adding nodal contribu-
tions frem all elements and applying coardinate transformatiens. The
global unbalanced forces. &P, are then determined by subtracting these
cemputed (internal) incremental forces from the applied (external)

incremental loads:

§P, = (al.oad); - AP (4.3-6)

4-8
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4.4 IMPROVING THE SOLUTION

The basic global relation for jncremental forces and displacements

corresponds to the element relatien 3.2-8:
&, = KO
g = KOy AQj (4.4-1)

where the incremental glabal displacements AQ are the total physical
displacements (including thermal, elastic, plastic and creep effects).
K@* is the elaste-plastic tangent stiffness {Jacobian) matrix fer the

increment .

In order to improve a given displacement configuration, the displacement
corrections 50 corresponding to unbalanced forces &P, are obtained inm

BOPACE by selving a set of linear equations of the form
5P, = Ky 60, (4.4-2)

The matrix 9 is alse a Jacobian (tangent-stiffness) matrix, or some
approximation te the Jacebian, but is used for displacement correctiens
rather than a one-step solutien for the displacements of the entire
increment. The purpose of this sectien is to discuss the precedure for
relating Equations 4.4-1 and 4.4-2, and describe BOPACE optiens for

updating the Jacobian.

4-9
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Procedure - In the iterative BOPACE approach, the only global selutien
employed is the displacement-correction relation 4.4-2. The best

approximation for the Jacobian is

K= k@1 + P (4.4-3)
ORLGNAL PAGE 18
OF POOR QUALITY

where ! and kPl are evaluated at the end of the current load increment
using Equation 3.2-8 with the respective material matrices DE] and lJFﬂ
(see Equation 2.5-6). The effects of change in elastic properties

\ADe and ADD), as well as the effects of thermal and creep strains, are
computed at the integratien point level by the algorithm of Sectien 2.6,
and accounted for by the unbalanced forces. Thus Equation 4.4-1 is

satisfied im am iterative fashion.

Updating the Jacebiam - In order to account for possible larqe-scale

elastic unloading of the structuwre under cyclic lead conditiens, one oOr
mere imitial iterations are performed for each lead increment using only
the elastic portion, KE], of the KJ matrix. Succeeding iteratiens use

the total KJ matrix.

Initially the KJ matrix is taken te be the usual elastic stiffness
matrix for the structure, with elastic properties evaluated at the
fabrication temperature. Whenever convergenge is not achieved within a
specified number of iterations, the Jacobian matrix is updated. BOPACE
allows five options for updating the matrix K and/or its cempenent

matrices KE] and Kplr
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Use only elastic mat-rix.l(e1 with ne updating. This eption cerres-
ponds to the censtant-stiffness residual-leoad methed, and is most
ffective for problems with small plastic strains and elastic
properties which do not vary much with temperature.

Update en]y-KE]. This option is best for problems with small
plastic strains and elastic properties which vary considerably with

temperature.

Update only Kp1. This option is best for problems with large
plastic strains and elastic properties which do not vary much with

temperature.

Update total k! matrix, but not its component matrices. This
optien may be used for problems with large plastic strains and
elastic properties which vary somewhat with temperature.

J, and I<EI and Kp1 matrices. This is the most effec-

Update both K
tive option for problems with large plastic strains and elastic

properties which vary considerably with temperature.

4-1



LR e

Rabiaadly Cohe-bib el

PR R S

e A R

[T S S

THE ,JEI”E COMPANY
4.5 SUMMARY OF BOPACE SOLUTION METHOD

An outline of the BOPACE selution method is given in the flowchart of
Figure 4.5-1. In step 1, the Jacobian is initialized to the elastic

stiffness matrix, based on elastic properties at the fabricatien temperature.

At the start of each load increment {step 2) the residual forces &P are
set equal to the increment of applied loads. Alse, if any residual
forces remain from the previous lead increment, these are added to oP.

The estimate for imcremental displacements, 4Q, is set to zero.

The iteration leop invelves successive improvement of the solution, by
solving for displacement cerrections using the unbalanced forces and the
Jacobian, and then recomputing the unbalanced ferces corresponding to

the new displacement configuration. The displacement corrections &0 are
determined in step 3, and in step 4 the improved ineremental configura-

tion AQ is updated by addition of 8@. Although convergence of this

iterative process is usually quite good, BOPACE has a feature for modify-

ing the process if convergence is not occurring. This invelves using

enly a specified fraction of the computed correction, e.g., 40 « &Q + 0.5 4Q.
This would increase the numerical stability but could tend te siow down

convergence.

In step 5 the strain-displacement relatiens are used to compute the
total incremental strains Ae from displacements AQ. In step 6 the
thermal strains are subtracted from total strains to give the elastict

plastic+creep strains required for the calculation of stresses. Step 7

4-12
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- 3 Figure 4.5-1. BOPACE Solution
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involves the major iteration algorithm, in which the strain is separated
into elastic, plastic and creep components. Slresses are determined
according to the algorithm of Section 7.6, and the corresponding unbalanced

forces are computed.

1f the maximum aliowable iterations have been excesded, step 2 is used

to update the Jacobian matrices according to the specified updating

option. The Jacobian update 1s based on the current estimates of the

yield surface and flow parameters for each integration noint at the end

of the present increment. lteration is stopped when a residual error nerm
(determined by a ratio of residual forces to applied forces) is sufficiently

small.
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5.0 LINEAR EQUATIONS
5.1 LINEAR EQUWATIGN FORMATION

Single Element - Figure 5,1-1 shews a linearly elastic spring. It is

defined by its nedal points 1 and 2, and its stiffness coefficient, Kk

(foree/displacement), Ferces Fy and displacements u are assigned to the
nedes as shown in the figure. It is then desired to determine the stiff-
ness matrix for this element. To do this consider all poessible displace-

ment modes which the spring is capable of experiencing.

Figure 5.1-1: ELASTIC SPRING AS A FINITE ELEMENT

For example,

a. Uy = 0, Uy £ 0 |
For this case it is clear that Fxp must be an applied load, while Fx1 is a
reactton. Alse, uj is an unknown displacement. From the definition of k,

k = ﬁ%% or Fxy = kup

Equilibrium of forces gives,
FXT = “FX2
b. U] # 0, U2 =0

PRECEDING PAGE BLANK NOT
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This is the second (and final) displacement state which the spring element
can undergo, Conditions are now reversed from those which applied in the
first case; that s, Fx1 is now an anplied load and Uy are unknown displacement.

The applicahble equations are therefore,

Py

k = or Fxq = ki

Vi
and
Fro = -Fxq

Now assume the superpositiom of the individual displacement modes. Then

U # 0 and up # 0. From cases (a) and {b) above it then follows that,

Fxy = kuy = kug

or in matrix form,

Fxy Kook (u
\ i (5.1-1a)

'}szsq ko k)

or simply,

Fy = [X] (&} {5.1-1b}

In this equation (K] represents the element stiffness matrix. It is seen

to relate nodal displacements and correspanding nodal forces. The most

important characteristics of a finite element are represented by its

stiffness matrix.
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Assemblage of Spring Elements - Consider now an assemblage of spring

elements as shown in Figure 6,1-2, Nodes are aiven as 1, 2, 3, and &,
The elements are cennected to each other at the nodes, Each spring has
a different stiffness as designated by the censtants k;, kp, and Keo

It is then desired to find the stiffress equation for this assemblage.

Figure 5.1-2: ASSEMBLAGE OF FINITE SPRING ELEMENTS

Noda1>forees are Fx;, i=71,2, 3,4 and the corresponding displacements are
simply . A1l poessible displacement configurations fer this system can be
obtained by superimposing the four basic states. These occur as each node 1is
displaced in turn, the other nodes in the meantime being held fixed. As in
the case af the single element these displacement states can be imposed on the
assemblage. The relevant force-displacement expressions can then be written

for each case as fellows:
a. Uy #0, uy = g, i =2, 3,4

Only spring 1-2 is strained. Fx, can be considered an applied load and Fx, a

reaction. No forces are carried through to nodes 3 and 4. Hence,

- Fx . Fv. = koW
ky = ™ or Fxy = kau1
U]
5-3
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and by equilibrium,
sz = "FX-E = "'kau-!

b. U, 70, u

0, i=1, 3,1

Both springs 1-2 and 2-3 are now strained. sz is the applied lead. Reactions

occur at nodes 1 and 3. Ho load carries through to node 4, let,

Fx, = (Fx,). + (Fx?)b

Va LZ'd

so that,

k. = {FXE)a

a o

2

then,

Fx, = (ka 4 kb)
while,

Fxq = -(Fx,)

€. Uy # 0, Uy " D, 1i=1,2

This is similar to case {b).

3

By a similar calcuiation it fellews that,

Fx, = (kb-+ kc) Un

sz = -kbu3 and Kx4 = —kcu3

(%)
1
=1



This is similar to case (a). Hence,

an = kcua and an = ”kc“q

e. uyf M, i=1,2.3,4
This is the general case. it 15 obtained by cuperimpor ing the {irst forr

cases. Collecting terms from the Pravieous force-displacement equations yields,

FX1 = kaU1 - kaUE

FXZ = “kau1 + (ka + Kb) U2 - kbUB
i J = - | 4 \ N -
Fx3 kpuo + (hh tk.) g k g
Fx4 = ﬂkaB + kcu4
i 1n matrix form,
FXq ‘ ke kg n a 1 [y
sz ' i ~ka ' \ka + kb) -kb 0 ;
. - : , _ ? ] o
_ Fx3 9 -4 (Ly + kc) K¢ 5,1-2a)
Fx4 . g ) a —kc kc_ IR
g
or again,
(F1 = (K] {ui {5.1-2b)

5.5




The assemblage stiffness matrix is ‘showit 4n Equatinn "ﬂ-?a;‘ Note thais

Lits order (4 x 4} is governed by the number of distwnct noda1 dispIacements
which the assemb]age_can experience. Some nfher important features abadt

(k] are as follews: {a) it is @ suuare, symmetv1c uatr1x, () the st1ffnen€
matrix for an assemblage is only snarsely nepU aLed wrth non -zer0 e1ement°
and these can be handed aleng the main d1agnnaT (c? the sum- of e]ements in
any column (or row) is zere: {d} the stiffness matrix is s1ngu.ar ar the _ i
determinant of [k] vanishes. These properties are jmportant ard except

for (¢} are generally true for any problem*. They will be refarred-ia from

time to time in this decument.

A useful form for writing a stiffness matrix is shawn in Equat1on 5.1-3. : {i:)
The matrix is the same as previously given in Equation 5.1-%2, ' <
B s g
= . - -1
| ka ~Xa 0 0 1
K = LR . B 5.1-3)
K = kg (kg k) ko I (6.1-3)
| o 5 — I
L A | CJ

Note thac the celumn of displacements fu} in Equat10n b. 1-2n has simp%y

been turned 1nt0 a hor1zonta1 pes1tian and written abeve the c61umns'mak1ng .
up [K3. Actually Equatuon 5.1-3.1s suff1cient for def1nﬁng the ntal  _
 stiffness equation since. the arder cf terms in fhe force celumn GF}fmust

- agree with that. qiven for fu}, See Eauation 5 - Za._ .J-ﬂ _]¢f_"

¥ Vector sum of ' Forc9°" are zern, huwever moment temms;requi"
of moment anns und fo"ces 1n tha moment eq‘“1i - ua
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Fortunately a simple, direct procedure exists for fovrming the assemblage
stiffness matrix. In other words it is not necessary to use the proecedure
just described for the spring assemblage. Instead the total assemblage
stiffness matrix can be formed directly from the stiffness matrices for the

individual elements.

Assemblage Stiffness by Superimposing Element Stiffnesses - It can he

shown rigerously and is here demenstrated for the assemblage of Figure
5,1-2 that superimpesing the stiffnesses of the component elements
will yield the stiffmess matrix for the assemblage, It is this pre-

gess which characterizes the direct stiffness method,

Prior to superposition a simple preliminary step is necessary; namely, to
jnerease the order of each element stiffness matrix to that applying to
K] for the total assemblage. This is dome by simply adding columns

of zeros {plus corresponding rows) for each displacement inapplicable to

the given element. For example, for spring 1-2 of Figure 5.1-2,

_displacements uy and ug are irrelevant; hence,

Uy Uy Uy Ug
e
Kq %k, | O 0 ]
1
|
-k k 0 0
[xa] __i____j___::__ _____
0 0 1| ) 0
|
Lo 0 | 0 |
57
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The celumns and rews of zeres are seen to apply to uq and Uy - Likewise

for the other twn springs,

i A N A e e S R

r | - - ' i -
0 o0 0 0 o ] 0 0

| @ k Po-k, a -0 0 l 0 )

b .
Kyl = |——— == o —— — K] o] — — — — — e
0 “ky | ky 0 0 0 | ke -k,
! I
0 0 ¢ a 0 ) - k
L f | L e ¢

Summing the elemant stiffness matrices is now seen to lead directly te {K]
for the assemblage as given by Equation 5.1-22 or Equatien 5.,1-3, In
carrying out this superpositiosr the 2 x 2 nen-vanishing parts of the
eiement stiffnecs matrices are seen to lie alena the main diagenal as
i1lustrated ;y Equation 5,1-4. As a result the tendency of the gross
stiffness matrix to be sparsely popelated by nen-zers elements, which are
banded aleng the main diagoral, can be appreciated. This fact is important
in the numerica?l calculations which l2ad to the solution for the unknewn

displacements, particularly for large problems,

(K] = (5.1-4)

U,
!
ca



Shaded areas in Equatien 5,1-4 represent regions where element stiffresses

overlap and hence jointly contribute to the gross stiffness. Nen-zere

terms 1ie inside the three boxes labeled Ka, Kb, and Ke respectively.

E Forming the assemblage stiffnmess matrix may be regarded as the key te the
% stiffmess method nf selutien. The procedure as illustrated above for
1: carrying out this step is well suited to machine eperatieon, The
:
) : computer determines the imdividual element stiffness matrices and then
} combines these te form the gresc stiffness matrix.
! _ Fipyre 5.1-3 shows two triangular plates
connected at a single nede.
i 1 2
i |
: j
: 1
i Fy5,'5

(TYPICAL}

e
g

e Fyg U5

4 9 (TYP1CAL)

Fiqure 6.1-3: TU0 PLATE ASSEMBLAGE

R0
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The two plates are defined by their nedal puints i, 2, and 3, and 3, 4, and

5. Forces Fx and Fy, and displacenents u and v, are assigned to each

node as shown far node

5

in the figure.

matrix as shewn in Lowation 5,.-0,

\
\

e — T ——— e .

T3, xx ayxy
kyp kY

(SYM)

Fb xx b xy'
kg3 K33
"
(5YM)
L

a,ny
ky2
a, VX
k32
g, XX
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b, x%
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b, xx

34

bkxx

4

0, XY
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a2

Fr

byy
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b, xv
kaa
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Y
k73
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Each nlate has a 6 x & <tiffness
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Merging these matrices wsing superpesition as described in the preceeding

section yields a 1@ x 10 matrix for the entire assemblage as shown in

Equatien 5.1-6, Note that the displacements u, and v, are constrained

te be equal for the two elements.

Structural discontinuity is idealized by allewing one or more of the
displacements at a connecting ncde to be unconstrained in the disptacement
of the attached elements, while the remzining displacements of the node

are constrained to be eaqual.

The equation generation procedure is modified to handle this conditioen.,
In the problem of Figure 5.1<3 assume that the v displacements at node 3
of the two elements are censtrained to be equal, and the u displacements
are constrained, MWerging the elemental stiffmess matrices of Equations
5.1-5a and 5.1-5b for this condition yields an 11 x 11 matrix for the

entire assemblage as shown in Eguatieon 5.1-7.

€,? SOLUTION OF EQUATIONS

Introduction - The stiffness equations canm te written in matrix form

as shown in Eguatien 5.2-1:

(Fr = K] (5.2-1)
where ({F} is the force vector
[x3 is the stiffness matrix
{Q} is the displacenent vector
5-13
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The solution of Equation 5,2-1 generally invelves a mixed set of known and
unknown forces and displacements. Traditionally the approach has been to
reorder the eguations collecting the known and wnknown forces and

displacements such that Fquation 9.2-1 is rewritten in nar.itioned matrix

form as shown in Equation 5.2-2:

SO AT I I /5.2.2)
| Fu\ Kpy 1 Kpp | Ok

where the subscripts are

krown

k

K ROWR

]

U

While this approach is efficient and yields accuyrate solvtion, the re-
ordering negessary is a tedinus detail which should be hypassed when
possible. A somewhat different appreach is the wavefront methed, which
is efficient and as accurate as any other methed., The approach is to
decompose the n x n stiffness matrix [K], then salve for the unknown

forces {Fu} and displacements {Qul by a forward and backward substitutien.

The solution steps are first shown nere for a system of equatiens invelving
lonly known ferces and unknown displacements. Then the madifications are
dascribed for the general case of mixed known and unknown forces and

displacements.
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Selution with known Forces - The decomposed form of Equation 5.2-1 takes

the form
CAREY ) B I B (5.2-3)

where [U] is an upper triangular matrix, and (D] is a diazgonal matrix whose

elements are the diagonmal eltements of f11].  The solutien is in three steps.
9

1. Decompositien

The elements of K are

i- ,
= I ."'.1 . | "l )
Kij ki] U P Yy T Uis D5 Uiy (5.2-4)

Since Dii = wif, the elements of U are sbtained successively by

raow, as
= -1
U5 = Kig - i=1 D Ui Yy (5.2-5)
2. Forward Substitution
2
et Y =D U Q
| then -
il
oot U T Yis Yy (6.2-6)
giving
_-l i"}
Vi= 0y By n Y Y (5.2-7)
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3. - .Backwqrd- Substitution

= i
Yy, = r
bokein
giving

.10 "

ﬁ{ = ¥y - Dy -

S Uik %

-1 1
Dis Uik O * Py Yy ’t

(5.2-8)

{5.2-9)

Solution of Mixed Set = For the ganeral case where there is a mixed

set of known and unknown forces and displacements, the three solution

steps must be modified.

The procedure as desgribed is for the case in

which a sing}erdisp1a66ment {the vt dispYacement) ‘s known, with the

correspoanng rt fopce unknown., Additional known displacements with

currespond1nq unknown forces wiuld be treated in the same manner.

The modified form of the decomposed matrix is given by Equation 5.2-3:

é’ % AN e el
'[U]}] {%‘r] Euynl [Blll'

-9 -EU;*]-EU,n]- ; . (]
0o [l |

L° 0 Ml ]

where qr' nnd F1 and F denote known quantities.
gi*en by equgtfon 5.2-4 except tha* no centr1but1on from [U ] is distri=

buted to the elements of fu..J.
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Detailed stens are:
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0 0 [unM] 
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The elements of U are
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Decompasition

First rews: Compute each row (1 to r-1) accerding to Equation 5.2-4

and distr ibute cantributions to later rows.

pth pow: Compute the pth

do not distribhute contributions to later rows.

row of U according to Egquation 5.2-4 but

Last rows: Compute each row (r+1 to r) accordine to fquatien 5.2-4 and

distribute contributions te later rows.
Forward Substitution
First rows: Compute
. _ o R .
ty,r = [wl]] {F]} usting Equation §.2-7

and distribute te (Y.} and {Ym}. This produces the vector

_ Yq) /
A A ]T (Yy 1 ¢
_ r 1
/{YmJ = - ] (Y1 \
pth row: '
¢ i

r th .
The r™" row of Equation 5.2-3 gives the relationship

(o, ,Ewm]).s S AT
( 0 \ | 1r )
nd

where -[’Iﬂ-1 ] {Y } is from Equation 5.2-11 and replaces {F.!

[Y i is set to { Q } and contributions are distributed forward as in

Equation 5,2-6, fﬁ

{5.2-11)

(5.2-12

(5.2-13)
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Last rows:
Continue forward substitution by Equation 5.2-6 to obtain

Ve - T . Ty ! :
L{rn} ) [Urm] Qut - [M1n] Yy, (5.2-14)

$

{Y,’

T +-1
2] [wnm]

? 3. Backward Substitutien
l.ast rews:

From Equatien 5,2-8

@) = [6y,17" (0] (V) (5,2-15)

;’ ; rth row::
? Frem Equation 5,2-12
i {FP} = ‘[M7P] {Y1] + [wFT] {Qr} + {Upmj [Qmﬁ (5'2~16)

First rows:

= From Equation 5.2-8

- o T e T _— .
{QTj - [u1]] [D11] }{Y]J - EUTPJ [QT' - [U}mJ [Qniu (5.2~17)
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6.0 DEFINITIONS - THEORETICAL MANUAL

This section defines symbels used in the BOPACE Theoretical Manual.

I a b e N g e S T R P T PR T R e

Symbols used in Sectien & (om selutien of linear equations) are net
? included here, because that section uses semewhat different netatien and

is considered to be self contained.

- Variables
é : a Peviatoric stress center
§ c Kinematic hardening slope
% e Deviatoric strain
é a Shape functien derivatives matrix
é P.q Local nodal faorces, displacements
2 r Isetropic hardening slepe
; 5 Deviatoric (total - hydrestatic) stress
% U,V | Displacements in x, y directions
g XY Cartesian coordinates
é A Elaste-plastic hardening parameter
] B Strain-displzcement matrix
; ¢ Kinematic hardening matrix
% D Elasticity matrix
é E Young's medulus; Glebal strain
g E' Basic surface normal vecter
% F Yield surface function
F€ Creep hardening facter

PRECTDING PAGE BLANK NOT FILMEQ
6-1
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Kinematic hardening factor

Tensorial shear modulus; shape functien derivatives matrix
Identity matrix

Jacobian matrix

Stiffiiess matrix

Global nodal forces, displacements

Isotropic hardening matrix

Temperature

Work; Integration point weighting factoer
Stress center of yield surface

Strain center of yield surface

Thermal coefficient of expansion; Shear strain
Stratn

Displacement derivatives

Cumulative plastic hardening parameter

Creep hardening parameter

Kinematic hardening parameter

Plastiz flow parameter

Poisson's ratie

Stress

Parent element Cartesian coerdinate system

AL
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Special Symbols
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Start-of-increment quantity
End-of -increment quantity
Known test value

Creep quantity

Elastic quantity

Plastic quantity

Thermal quantity

Residual (corrective) quantity; virtual guancity
Incremental quantity
Reference Equilibrium quantity

Matrix transpose

Matrix inverse

Effective quantity

Relative deviateric guantity

Summation
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i 8.9 SUMMARY OF BOPACE 3-D INPUT DATA i

A pictorial ef the BOPACE 3-D input deck is shown in Figure 8.6-1. The
i jnput data consists of the following three general types:
| ’
% Type €C: Data on the wsual card file. These are data which are

needed for each start or restart.
: Type I: Data on File IL. These are basic structural data for a
; given problem, such as material properties and mesh data.
% They are the same for all 1oad increments and are needed
4 only when starting.
g
Type 1I: Data on File II. These are incremental thermal-load data

% which are needed for each start or restart. ;

The data included on each file are described below. Formats are consistent

with FORTRAN IV conventions.
C-1. Start-restart code and data file numbers:
a. "START" if new problem, or nRESTART" if restarting.

b. If starting give unit number for file I. i

8-1
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BOPACE INPUT DECK SETUP o
7 C-5 FINAL BLANK CA

711 THERMAL LOADS FOR |
EACH INCREMENT 7t
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Dl

J/c-a MECHANICAL LOAD DATA /|

1:8 MECHNICAL LOAD At
‘REFERENGE VECTORS /i

T TR AR

T8 FORCEDIBPLACEWENT.
CONSTRAINT SPECIFICATIONS ;

A7 ELEMENT DEFINITIONS

/46 ‘NODE DEFINITIDNS

f
:
3
:
. &
L-F
3
-
'
3

gRIGINAL PAGE S
i POOR QUALITY

#1__ STAUCTURE CODES
| _AND CONSTANTS
/T3 CONTROL COMSTANTS _ | 11 are card.or tape filas,

VG DBLEM D, ‘Data on ‘fite 1 s uesth oty

)1 CYART-RESTART T when starting. {Deta-on file )

CODE MND FILE NUMBERS | || is wised-wien-starting-or
i restarting

‘Notes:
& iscard File.

TS
i

T -

T L RIS Sy i I R I e e jas SRR

1
—
-
t oS R

Figure 8/0-1. BOPACE 3:D Input Deck Setup

i
5k
3
%
1
i
:
|
iz

R

8-2

T

e e



? S e m— . N | . . i 4 £ 4 e - eoe e b

THE ’”Elﬂg COmAPANY

c. Unit number for file II.

d. Unit number for output file (e.g. printer).

e. If restarting give load increment number from the end of which

a restart is to be made.

f. If restarting give input restart-tame unit number.

R 5 A

a. If data is to be saved for future restart give output restart-

AR TR T R AR,

B tape unit number.

B } Format (Ad,6X,615)

? ¢-2. Problem 1.B. title.

Format (20A4).

B R A

C-3. Program control cemstants {(any censtant jeft blank is assigned a

T ATREVRTL AR

; default value):

A a. Code for system matrix decompesition and selution. This code
| controls only the methed of iteration and convergence, and

does net affect final cemputed results.

8-3
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Code 1 = use only elastic matrix with no updating.

H

g%}
"

update elastic matrix.

]

update plastic matrix.

update total Jacobian (elastictplastic) matrix.

Ia
1

update both elastic and total Jacebian matrices.

o
1

The default cede is 5.

Maximuin number of stiffness updates per load increment {in
order to achieve convergence teo within allowable residual nerm}.

Pefault = 1.

Maximum number of residual-force iterations per stiffness

update. Default = 10.

Maximum number of initial iterations using elastic matrix {to

account for pessible unleading). Default = 2.

Maximum allewable magnitude for elastic-plastic sum code

YCODE). Default = 2.
Maximum number of cuts to be performed {giving new sglution

with a fraction of previeusly used displacement corrections)

if residual nerm is net decreasing. Default = 0.

8-4
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Cutting fraction (displacement correctien previeus correction

times cutting fraction). Default = 0.5.

Maximum allowable error nerm. Default = 0.001,

Fraction from end of increment to evaluate stress vs. plastic-

strain slope in forming ptastic stiffness. Default = 0.1.

Format (615/3F10.0)

1-1. Number of materials and fabrication temperature.

Format (5X,I5,10%,F10.0)

[-2. Material property data for each consecutive material.

a.

Material number

Format (110)

Three consecutive températuredependent property curves {thermatl
strain, elastic modulus, Poissen's ratio). For each curve
point give temperature and value, with points in order of
jncreasing temperature. User has option of from 1 to 4 points

per card.

8-5
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Format (8F10.0)

Blank card after last point of each curve.

1-3. Plast

a.

B0 BLi: 2145 OR'G &/ 7

jcity data for each consecutive material (see Section 2.3).
Material number, plasticity type, kinematic code.
Type 1 = strain hardening {v = sum of increme:iis uf effective

plastic stirain)

work hardening (v = cumulative plastic work density)

~
]

kinematic hardening is function of one parameter -
Kk

(«™) -

kinematic hardening is function of two parameters

([k! K)

Code 0

—
11}

Format {3110}

Temperature-parameter-hardening data, in order of low to high

temperatures. For each temperature:

Material number, temperature.

Format (110,F10.0)
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Three consecutive hardening curves; 1) cumulative hardening
parameter x vs. isotropic hardening = yield surface size (=
average of tensile and compressive yield stresses for uniaxial
case); 2) kinematic parameter K vs. Kinematic hardening
shape; 3) cumulative parameter « vs. kinematic hardening
factor. Bauschinger hardening is computed as kinematic harden-
ing Qhépe times hardening factor. If kinematic code = 0,

curve of kinematic factors is not given and all factors are
taken as 1.0. Bauschinger hardening = yield surface translation
w (= tensile - compressive yield stress for uniaxial tension
case). For each curve point give parameter and hardening
value. User has optien of frem 1 to 4 peints per card. First

point on each curve must be at yield peint {parameter 0.0).
Format (8F10.0)

Insert blank card after each input curve.

Blank . ard after all temperatures for a glven material.

1-4, Creep data for each consecutive material (see Sectieon 2.4).

Material number, creep type.

Type 1 = age hardening (€ = crecp time)
2 = strain hardening (x® = sum of increments of effective
creep strain)
3 = work hardening (x© = cumulative creep work density)

Format (2110)
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b. Reference creep curve. For each point, the time and creep
strain, in order of increasing time. User has the opticn of

from 1 to 4 points per card.
Format (8F10.0)
Blank card after last peint of curve.

c. Table of creep factors, in order of low to high temperatures.
BOPACE computes creep as creep factor (function of temperature
and stress) times reference creep curve.

H For each temperature:
Material number, temperature
Format (110,F10.0)
For each point given at this temperature, the stress and
creep factor, in order of increasing stress. User has
option of from 1 to 4 points per card.
Format {8F10.0)

Blank card after all points for a given temperature.

Blank card after all temperatures for a given material.

8-8
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g’ 1-5. Definition of each special Cartesian ceordinate system. Each
2N

. coordinate system is defined by giving three points which locate
;j the origin, a point on the x-axis, and a poirt in the x-y plane.
§

: Two options are available to define each _vordinate system as

: follows:

,f a) Node peints may be used to define the three points. In thisg
: case, fnput:

Option (=1), coordinate system ID {integer-2), node A, node B,

: 1‘ node C.
E ‘53(“') Format (11,19,3110)
1N
§ : b) Coordinatés lecating the peints in one of the basic ceordinate
X 7
? systems (Cartesian, eylindrical or spherical, as shown in
% a
; “igure 8.0:2) may be used to define the three points. In this
g : case, input:

Option (=2}, cocrdinate system ID (integer>2), reference

coordinate system indicator (0=Cartesian, 1=cylindrical, or

;
‘
-
:
3
.
5,

i 2=gspherical), XA’yA’zA’xB’yB’ZB’XC’yE’ZE‘
; Format (11,19,110,6F10.0/3F10.0)

Blank card after last coordinate system.

8-9
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For each node: Nede I.D. nunber, identification number of coordinate
system to define location (= 0, 1 or 2), X-Y-Z (or R-4-Z or R-o-0),
and identification nuiber of coordinate system to define displace-
ments (= 0, 1, 2, or ether). (Coordinate identification number 0
specifies the basic Cartesian system, 1 specifies the basic cylindrical
system, 2 specifies the basic spherical system, and >2 specifies a
special Cartesian system). Order of nodes in data deck is interna)
order used to form system matrix. (See Section 10 for limits en

node ordering and problem size.)

Format (215,3F10.0,15)}

Blank card after last node.

For each element: element 1.D. number, material number, the eight
corner nede numbers of the element in the order shown in Figure
8.0-3, and the maximum number of intermediate hodes along the
edges.

Format (1115)

If intermediate edge nodes are used, they are input next for each
edge in the order shown in the figure. The same number of inputs

per edge is expected (i.e., the maximum number of nodes per edge as

input on the previous card), with zeros usad for edges which do not

8-1
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have the maximum number of intermediate nodes. tp to three intermediate

nodes per edge may be used, but the total number of intermediate

nodes may not exceed 12.

Farmat (16T5/1615/415)

For example, the input for the element shown in Figure 8.0-3 would

- bevr
Ib IbMm NT N2 N-3 N4 N5 N6 N7 N8 2
0 0 0 0 N9 N%@ 0 0 8} 0 0 0 0 0 )

Blank card after last element.

I-8. For each degree of freedom with a specified force, displacement or
constraint: give node 1.D. nuiber, component number (1, 2, or 3)
and code. The code to be given is:

1. For specified force, the node 1.D. number

2. For specified displacement, the neqative of the node I.D.

number .

8-12
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3. For dependent constrained DOF, the node I.D. number of

the independent DOF in constraint.

The default code is specified force. User has option of specifying

from one to four DOF on each card.

Format (4(315,5X))

Blank card after last force-displacement-constraint DOF,

Mechanical lead reference vecters

Number of vectors (for current pregram versien must be 2)

Format (110)

For each non-zero componént of load vector: node 1.B. nuiiber,
component number {1,2,3 for X,Y,Z or R,0,Z or R,0,¢), value. (Each
node in the system has three load components.) User has option of
from 1 to 4 values per card.

Format (4(215,F10.0))

Blank card after last value of each vector.

8-13
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€C-4. Incremental mechanical load data.
Number of load increments
Format {110)
For each load ihcrement: Maximum iterations per stiffness
update (if left blank, value from C-3 is used), the cumulative
factors to be applied to load reference vectors (for current
version of program two factors must be given), creep time
increment (if left blank, no creep calculations are made).
Format (110,3F10.0)}
11-1.In¢cremental thermal load data.
a. Increment I.D. title
Format (20A4)
b. Nodal thermal loads. For each specified component of Yoad:
Node I.D. number, temperature at end of increment. (A1l nodes
are assigned temperature values, from which element integration

point temperatures are determined by interpolation using the

element shape functions.) Non-specified nodal temperatures

8-14
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are taken to be the fabrication temperature for the first
increment; for later increments they are taken to be the
temperature of the preceding increment. User has optien of
from one to four values per card.

Format (4(110,F10.9))

Blank rcard after last specified value of thermal load for each

load increment.

€-5. Blank card after last problem.

8-15
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9.0 SUMMARY OF QUTPUT
A discussion of BOPACE 3-D output is cenveniently divided into two
parts. The first covers output which is primarily an eche check of the
input data, and the second covers eutput results for each load increment.

9.1 ECHO CHECK GF INPUT DATA

Initial Output - The first page of BOPACE output for a problem is essen-

tially an echc check of input items C-1, €-2, €-3 and I-1. An indication

is given as to whether the problem s being started or restarted. If it
5 restarted then the previous increment number is given, from the end

} of which the restart is progressing. Next the preblem T.D; title is
printed, followed by the various control constants which are determined
from their default values or from imput values C-3. Finally the input

data from I-1 are printed.

Material Properties - For each material the three curves (thermal strain,

elastic modulus and Poissen's ratio) input in data item I1-2 are printed.

Plasticity Data - For each material the plasticity data input in data
jtem 1-3 are printed. These include the plasticity hardening type (1=

strain hardening, 2 = work hardening) and the kinematic hardening code

(0, 1 for one, two parameter hardening, respectively). Follewing are

groups of two or three curves given at each temperature {surface size

{ﬁh_ (¢ - o) vs. cumulative hardening parameter «, kinematic hardening curve shape
ﬁ~} vs, kinematic shape parameter xk, and kinematic curve magnitude vs. « if

given).

PRECEDING PAGE BLANK NOT FILMED s




T
43
4
b
3
3
E‘
E
3
3
2
y
q
Y}
4
X
3
? X
3

SRR R

T R T SRR T e T

R D L L

e DEINE oo

The hardenihg curves are input and output by order of associated low to
high temperature. Abscissas of the curves in the first {lowest temperature)
group are used as the basis for tabutating all curves, i.e., curve

points of higher temperatures are interpolated to the low-temperature
abscissas. These interpolated hardening curves are printed following

printing of the input hardening curves.

Creep Data - For each material the creep data input in data item I-3 are
printed. These include the creep hardening type (1, 2, 3 for age,
strain, work hardening, respectively), and the reference creep curve
shape of creep strain vs. time. Following are the creep factors for

each combination of temperature and stress, grouped by low to high
temperatﬁre. Stress values in the first (lowest temperature) aroup are
used as the basis for tabulating all groups, i.e., creep factors at

higher temperatures are interpolated to the Tow-temperature stress

values. The interpolated hardening factors are printed following printing

of the input hardening factors.

Special Coordinate Systems - These are the user-defined direction {special

Cartesian) systems of input data item I-5., Guantities printed are the
system 1.D. number, definition option, and definition quantities. The
definition quantities consist of either three node numbers, or a coordinate

system indicator and coordinates of three points.

9-2
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Node Definitions - The information given in input item I[-6 is printed.

Values are the node number, node I.D., location coordinate system number

(0 = basic Cartesian, 1 = basic cylindrical, 2 = basic spherical), the
location coerdinates (X-Y-Z, R-0-Z, or R-o-¢), and the direction coordinate
system number (0 = basic Cartesian, 1 = basic cylindricai, 2 = basic

spherical, >2 = [.D. of special system).

R e e L e T R S s e IR el danl
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Element Pefinitions - The infermation given in input item 1-7 is printed.

values are the element humber, element I.D., material number, corner
nodes, computed element straight-1line volume, and intermediate edge
nodes. After all elements are printed, the accumulated sum of all
element straight-line velumes is given. The straight-line volumes
¢arve as a check for erroneous ncde locations, missing elements, etc.
The volumes are computed assuming straight edges between corner nodes .
This introduces error inte the accumulated sum of volumes only if

curved edges occur on a boundary (i.e. edges not surrounded by elements}.

Force-Displacement-Constraint Prescriptions - These are the codes given

in input data item 1-8. Quantities printed are the node 1.D,, the

component number, and cede for each degree of freedom with a user-

specified force, displacement or censtraint.

Mechanical Load Reference Vectors - For each input component of the two

load vectors from input item 1-9, the node I.D., component number, and

load are printed.

9-3
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Element Integration-Point Coordinates - This data is computed and printed

for each element during the first stiffness generation and merging
operation. Values given are the element I.D., location coordinate
system number (always 0 = basic), and the three actual coordinates for

each integration point.

Incremental Mechanical Load Data - Quantities related to input data item

£-4 are printed. First is printed the number of load increments o be
run. Then for each increment is given the increment number, input or

default value for maximum number of iterations per increment; factors to

be applied to the two load reference vectors, and the creep time increment.

The increment numbers are consecutive numbers beginning at 1 (i.e. they
refer to increments of the current run, even though it may be a restart
based on ceveral previous load increments).

9.2 RESULTS FOR EACH LOAD INCREMENT

Thermal Loads - The cumulative values of thermal load for each node,

given in input item II-1, are printed. A heading gives the increment
number, and is followed by the input I.D. title for the increment. Then
the node I.D. and cumuiative temperature are printed, by groups of ten

nodes.

Residual Norm Values - A residual norm computed at the end of each

iteration is printed. The residual norm is obtained by a ratio of

unbalanced (residual) forces to "total" forces.

DO 6000 214% QRIG &/ Ty .

pr—
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system number (always @ = basic), and the three actual coordinates for

each integration point.

Incremental Mechanical Lead Data - Quantities related to input data item

C<4 are priated. First is printed the number of load increments to be

run. Then for each increment is given the increment number, input or
default value for maximum number of iterations per increment, factors to
be applied to the two lcad reference vectors, ard the creep time increment,
The incremant numbers are consecutive numbers beginning at 1 {i.e. they
refer to increments of the current run, even though it may be a restart

based on several previous load increments).

9.2 RESULTS FOR EACH LOAD INCREMENT

Thermal Loads - The cumulative values of thermal load for each node,

given in ‘input item II-1, are printed. A heading gives the increment
number, and is followed by the input I1.D. title for the increment. Then
tihe node 1.D, and cumulative temperature are printed, by groups of ten

nodes.

Residual Norm Values -~ A residual norm computed at the end of each

iteration is printed. The residual norm is ebtained by a ratic of

unbalanced (residual) forces to "total" forces.
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Increment Heading - The load increment number is printed, along with the ﬁm])

increment I1.D. title given in input item II-1. Following this are the
mechanical load curve factors, the creep time incremzat, the number of
elastic and plastic material integration peints at the end of the increment,
the number of peints which have changed elastic to plastic and plastic

to elastic during the increment, the maximum allowable number of Jacobian
updates and the number performed during this increment, the maximum
allewable number of iterations per update and the number performed since

the last update, and the maximum allowable residual norm (unbalanced

force error) and the residual norm actually obtained.

Cumulative Forces and Displacements - These are the cumulative internal

forces (corresponding to computed integration point stresses) and displace- %J |
ments for each node. The node number and nede 1.D. are printed, followed

by the u-v-w compenents of force and displacement. u-v-w are in the

directions defined by the nodal direction coerdinate system (X-Y-Z,

R-6+~Z, R-06~%, or special ceordinate system}.

Thermal and Elastic Strains - These are incremental and cumulative

values af the thermal and elastic strains for an element. The element
number, element 1.D., and integratien point number are printed, followed
strain components are referred to the basic global (X-Y-Z) coerdinate

system, and are given in tensor form.

|
|
9-6 |
|
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%: R Plasticity Results - These are the incremental and cumulative values of

5 the plastiz work and plastic strains for an element. The element number,
1 element 1.D., and integration point number are printed, followed by the

r: plastic work density and components of the plastic strains. A1l strains
i are again given in the basic glebal coordinate system.

2 Creep Results - These are printed only if the creep time increment

(input in data item €-4) is greater than zere. Printed creep :esults

correspond te those for plasticity.

TSRS T

Stress Results - These are cumulative stress-center and stress values
for an element. The element number, element I.D., and integratieon point

(L:} number aré printed, followed by the efrective value and components,

Summarized Quantities - The element number, element I.B., and integration

peint number are printed, follewed by the elastic-plastic "code" and
"sum cede." The cede is 0, -1 or +1, respectively, according to whether
the integration point cendition has remained unchanged, gone from
plastic to elastic (unloaded), ér gone from elastic to plastic (yielded)

during the increment. The sum code gives the value for the program

3
9
T
-
3
7
L
g.

variable YCODE), and is + or -, respectively, according to whether the

integration peint cenditien is plastic or elastic at the end of the

. increment. Its magnitude is an indication of the iterative tendency for
; the point to remain in that condition. Next are given the total tempera-

ture and the yield surface size (o-a) at the end of the increment.

Finally are printed, for beth plastic and creep strains, three values of

q%_j effective strain (incremental ac, sum of incremental xar, and cumulative ©).

9.7
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10.0  SIZE LIMITATIONS
] 0.7 GENERAL LIMITATIONS

The following variables ave used to spacify maximum size Timitatiens n

AR AR T TR TR TR

BOPACE 3<D. The values set for thése variables in the 1500-DOF andv

3000-DOF program versions are given im Table 10.1-1.

BRI Kt St Bl

% NMAX? = maximum number of materials
? | NMAX2 = maximum number of nodes
| NMAX 3 = maximum number of elements
g NMAX4 = maximum node I.D. number
| j - NMAXS = maximum element I.D. number
.kﬂ,} NMAX6 = maximum number of points in a material preperty curve
E NMAX7 = maximum number of temperature plasticity curves per material
g NMAXBA = maximum number of peints per isetropic hardening curve
: { NMAX8B = maximum number of points per kinematic hardening shape curve
g NMAXBC = maximum number of points per kinematic hardening facter curve
% NMAXS = maximum number of peints in a creep reference curve
é ‘NMAX 10 = maximum number of creep-facter temperatures per material
% NMAX11 = maximum number of creep-factor stresses per temperature
NMAX12 = maxﬂﬁum-number of special coordinate systems
; NMAX13 = required number of mechanical load reference vectors
é : NMAX14 = maximum number of load increments per run
?} MNNPE = maximum number of nedes per element
é B = maximum wavefront (in nodes)
() -
2 PRECEDING PAGE BLANK NOT FILA)
10-1
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The maximum wavefront, B, is less than or equal to the maximum half
bandwidth. A conservative estimate for B is one plus the maximum difference
between node numbers on any element. For example, if an eleiment were
connected to nodes 3, 7, 26 and 31, then this element could require a

value of B = 1 + 31 - 3 = 29 nodes for the wavefront.

TABLE 10.1-1: MAXIMUM PROGRAM SIZE LIMITATIONS

Ma x fiuim 1500 DOF 3000 DOF
Core Size 64K Words 128K Words
NMAX1 5 5
NMAXZ2 500 1000
NMAX3 300 500
NMAX4S 2000 5000
NMAXS 1000 2000
NMAX6 20 20
NMAX7 6 6
NMAXBA 30 30
NMAX8B . 20 20
NMAXSC 30 30
NMAXQ 10 10
NMAX 10 6 6
NMAX11 10 10
NMAX12 100 1000
NMAX13 2 2
NMAX 14 60 60
MNNPE 20 20
8 46 82
10-2
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10.2 LINEAR EQUATION SOLVER LIMITATIONS

The linear equations selutien routines have one user controlled limitatienm.
This is the maximum bandwidth of active nedes during the decomposition

of the stiffness matrix. The bandwidth is defined as the number of

nodes following the nede being processed which have nen-zere terms
associated with the node being processed. Melosh and Bamford [1] discuss
this in some detail as the wavefront analysis cencept. Whetstone [2]

alse discusses this concept and gives rules and precedures which can be
used to keep the bandwidth as small as poessible by proper numbering of

the nodes. (See also the previous Sectien 10.1.)

BOPACE uses the maximum active bandwidth (wavefront) to determine core

sterage requirements during decempositien.

Let

K = the words of storage available te equatien selver (K = 22,000

for the 1500 DOF version, K = 67,000 for the 3000 DOF versien)

N = +the number of DOF per node (a constant for each node in the

analysis, with N = 3 for BOPACE 3-D)

B = the maximum active bandwidth (see Section 10.1)

]‘0.—3
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T= B+B*4 +4

M= B> (B2
Then thé following two squations must be satisFied.

T < 1008 170.2-1)

K 2B+ M+ 202 4 GoNF & T (10.2-2)
These deffnitions are provided in case larger problems were to be vun,
and the additiona) core requirenents were avaitable. To run problems

within the current program size capabilities, the user needs to be
concerned only with the Tifitations defined in Table 10.71-1.

10-4
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11.0 PROGRAM FLOW AND RESTART OPTIONS

The major steps accomplished during a BOPACE run are shown in the program

flow summary of Figure 11.0-1,

Steps 1-7 accomplish the initialization of basic variables (program
contrel constants, material data, mesh, and load vectors) and incremental
variables, and the formation of merged and decomposed elastic stiffness
matrices. These steps include reading of input data in the case where a
new problem is being started, or reading of the input restart tape in
the case of a restart. If data s to be saved for a future restart,
steps 9-10 write the basic variables and elastic merged and decomposed
matrices ontoe the output restart tape. In step 11 the incremeéntal
mechanical load data, including load factors and creep time increment

for each load increment te be run, are read.

The remaining steps invelve the incremental and iterative caleculations.
Updating of the Jacobian matrices in step 23 is performed only when con-
vergence slows down, and in general this occurs only once per increment

or once every several increments.

In step 26 the computed incremental variables are written onto the
output restart tape, if a future restart is provided for. This allows
the user to later request a restart from the end of any such load
increment.

PRECEDING PAGE BLANE Notr
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[T CALL READRS FOR START-RESTART

_ CODE AND FILE UMIT NUMBERS

el
2 CALL READD FOR BASIC

CODES AND CONSTANTS

RESTART —
' 4

PROBLEM
START-RESTART
CODRE

CALL SRTAPE TO READ ELASTIC |

STIFFNESS AND DECOMPOSITION
FAOM INPUT RESTART TAPE

5

NEW PROBLEM

CALL BIGS TO READ BASIC AND
INCREMENTAL VARIABLES FOR
INPUT RESTART TAPE

CALL BIGS TO INITIALIZE VAR!AILES

sl CALL INPUT SUBROUTINES TO INITIALIZE BASIC VARIABLES:
READY FOR BASIC CONSTANTS AND DEFAULYS

READTM FOR MATERIAL PROPERTY DATA
READTP FOR PLASTICITY DATA
READTC FOR CHEEP DATA
READC FOR SPECIAL COORDINATES
AEADM FOR MESH DATA
AEAD2 FOR DOF SPECIFICATIONS
READ3 FOR LOAD VECTORS
bl  INITIALIZE INCREMENTAL VARIABLES

v

7 MERGE AND DECOMPOSE ELASTIC STIFFNESS

TAPE

9 CALL SRTA?E TQ WHITE ELAS'HC SI’IFFNESS
, AND DECOMPOSITION ONTO QUTPUT RESTART

RESTART TAPE

REQUESTED?

10 CALL 21GS TO WRITE BASIC VARIABLES
ONTO OUTPUT RESTART TAPE

MECHANICAL LOAD DATA

11 CALL READS TO READ INCREMENTAL

e

Figure 11.0-1. Program Flow
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13

INITIALIZE INTEGRATION

POINT VARIABLES

14

CALL READ5 TO READ INCREMENTAL .

FOR EACH
IINTEGRATION:POINT
FOR EACH ELEMENT

{ !

. —— ——— — — i —— -

 THERMAL LOADS
15 COMPUTE THERMAL STRAINS
118  INFFIALIZE ITERATIVE VARIABLES
1 |7 OBTAIN SOLUTION FOR GORRECTIVE
|____FORCES, AND DISPLACEMENTS B

|
_— |
yg CALL STRAIN TO COMPUTE TOTAL k| l
7 INCREMENTAL STRAINS g | | ' 5
SWBTRACT THERMAL STRAINS Z 5l @ &
;g FROM TOTAL STRAINS TO GET E | g gl =
ELASTIC + PLASTIC 5| & =y 2
+ CREEP STRAINS <) 2 E | 2
CALL ITER TO SEPARATE ELASTIC, : g &l z
20 PLASTIC AND CREEP STRAINS, AND o ::'l w 8
_ TO COMPUTE STRESSES &) GI g 5
) . = - - €, % = x
o CALL FORGE TO GOMPUTE FORGE gl | | 2
*' _CONTRIBYTIONS FROM STRESSES | | | i
CALL ERCOMP TO Gémﬁﬁé ﬁfﬁi_ﬁmh: _I_ l
22 NORM FOR CURRENT UNBALANCED | ]
_FORCES |
|23 MERGE AND DECOMPOSE STIFFNESS 1 |
|_MATRICES IF UPDATE 1S REQUIRED .l |
e TCOMPUTE END-OF-INCREMENT |
_RESULTS . |
% oumiuw INGHEMENTAL RESULTS |
CALL BIGS TO WRITE
g6 'NCREMENTAL VARIABLES |
ONTO RESTART TAPE IF |
___OUTPUT RESTART TAPE IS REQUESTED I

Figure 11. o1 Progmm Flow (Contmuedl
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12.0 BOPACE 3-D ERROR MESSAGES

BOPACE 3-D uses the FORTRAN STOP codes descrited in this section to
indicate error conditions which may occur during execution of the program.
Certain errors alsoe generate a printed error message, in order to aid

the user in locating the source of the error.

Errors fall into two categories, those due to the problem definition or
yser input data, and those caused by a program or machine malfunctien.
Errors due té a machine malfunction rarely eccur and in these cases a
rerun of the problem will usually eliminate the erver. If an error

recurs and help i$s needed in correcting the problem, contact a BOPACE
progranmey for aid. Have available a listing of the input data, the
printouts of the runs which failed, the input data deck, and a descriptien

of the problem.

The following are explanations of the error STOP codes, listed by subroutine

in which they occur.

9999 Normal program exit caused by reading final blank card

after all problems are run.

- 101 Nen-pesitive value input for a required file unit number.

PRECEDING PAGE BLANE NoR KU
12-1
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E
] 202 Iilegal value input for number 6f materials.
-
1 READITM
3 -
? 3M Wrong material number input on material property card.
% 302 Number of points input for material property curve exceeds
£
§ max imum
A
] 303 Non-positive value input for modulus of elasticity.
, 304 Value input for Poisson's ratio is less than -.99 or
% greater than +.49.
éj 305 No points input for a required material property curve.
i READTP
@ 401 Wrong material number input on plasticity type-code card.
402 Hlegal plasticity type input.
403 I17egal kinematic hardening cede input.
. ek
S
12-2




404

405

406

407

408

409

470

a1

READTC

501

502

THE B”E’”E COMPANY

Wrong material number input on plasticity temperature

card.

Plasticity temperatures not in ascending order.

Number of temperatures for a material exceeds maximum.

Hardening point defines non-pesitive yield-surface sjze,

or negative kinematic value.

Number of peints input for a curve exceeds maximum.

No points input for a required curve.

First point input on a curve has non-zere abscissa.

Ne curves input for a required hardening description of a

material.

Wrong material number input on ereep type card.

I1legal creep type input.

12-3
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; 503 Number of points input Tor a creep referiance curve exceeds
g max imum.
504 No points input on the creep reference curve for a material.
505 Wrong material number input on creep temperature card.
506 Creep temperatures not in ascerding order.
507 Number of creep temperature factors for a material exceeds
maximum.
508 Number of creep stress factors at a temperature exceeds {J )
- max imum.
{
509 No creep stress factors input at a temperature.
510 No creep temperatures input for a material.
j‘L'f READC
k
? 601 1.D. of special coordinate system exceeds maximum.
1y
J
12-4
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701 Mesh node 1.D. exceeds maximum.
702 1.D. of a node location coordinate system not equal te O,
1 or 2.
703 I.D. of a node displacement coordinate system exceeds
max imum.
704 Number of input nedes exceeds maximum. B
z 705 No nodes input.
% m Element I.D. exceeds maximum.
; 712 I1legal value input for element material number.
713 I11egal node 1.D. on an element.
714 Number of input elements exceeds maximum.
715 No elements input.
12-5
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716

717

READ2

801

802

803

804

805

READ3

901

902

L Y vawm MBI AFTH

ToE ”’I”‘ COMBANTY

The next element references an illagal node number.

Number of nodes per element exceeds the maximum {20),

on the next element.

11legal node I.D. for a force-displacement-constraint

specification.

I11egal component number (not equal to 1, 2 or 3).

I1legal force-displacement-constraint code.

Constraint specified with dependent (already cons trained)

DOF.

Constraint specified between DOF on same element.

Number of input mechanical load reference curvas not

equal to 2.

I1legal node I.D. on a mechanical load.

12-6
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I17egal component number (net equal to 1, 2 or 3) on a

mechanical load.

Load input on dependent DOF constrained to BOF with

specified displacement.

Number of lead increments evceeds maximum per run.

I1legal node 1.D. on a thermal lead.

Linear Equation-Selver Reutines

5011

5021

I/0 Error during merge. Program or machine malfunction
during the merging of the elemental stiffness matrices to

form the global stiffness matrix.

Bandwidth too large for decomposition save array. The
bandwidth is teo large for the amount of core storage
allocated {see Equation 19.2-1). Corrective action:

remember the nedes to reduce the bandwidth.

127
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5023 “No -decompas ttion -pantitiens available. 'Program or.machine

-na Ffunetion -during -decemposttion.

! 5024 ‘Decomposiition maede mot “in active-node avvay. Program-or ’

R e T L T R A T S A A e e

|
B -machine ;ma¥funation duning -decomposition.
|

5031 Seratch anvay toe swall for solution work. Program or

machine malfunction during Forward =nd *backward substitutien. ;

I‘ i

1

5041 I1egal save tape ‘170 gperation -command. ‘Program or 3

machine matfunction in meatiing -or writing the scheckpoimnt |

tape.

, 5042 1\ ilegal matvix sype. Rrogram or machine malfunction 4 %

neadding or writing the checkpoint tape. ‘

L l:
E

5043 Tidegal save tape defined fior save :operation. Program or

maghine malfunction in reading ©or writimg the checkpeint

. LI

tape.

¥
5057 Large decompesition not available. The bandwidth is oo
s

f:' f lange to solve the problem using in-core decompesition.

See Equation 10.2-2. Covrective actien: Reduce the
;

" bandwidth by renumbering the modes or reducing the problem

sigze.

- ORIGINAL PAGE IS

: OF POOR QUALITY
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14.0 EXAMPLE PROBLEMS

The example preblems previded here are intended to aid the user in
understanding the BOPACE 3-D results and in setting up his problem input
data. |he problems in Section 14.1 serve to demonstrate and check out
some of the general BOPACE 3-0 capabilities, including temperature-
dependent elasticity, and plasticity and creep. Ore of these problems

is again used in Sectien 14.2, but is analyzed using an 8-element mesh
which includes midside nedes and curved poundaries. Section 14.3 provides
a simple problem with a distributed leading which results in nen uni ferm

stress and strain within the element.

14-1
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141 GENERAL CHECXOUT PROBLEMS

Plane Stress with Combined Hardening - The basic characteristics of

BOPACE combined hardening are shown in Figure 14.1-1 for a uniaxial
(special case of a plane-stress or 3-D) problem. Figure 14.1-1A gives
the assumed monetonic stress-strain hardeniny curves. The size of the
yield surface is defined by the isotropic stress (= average of tensile
and coempressive yield stresses), while the Bauschinger kinematic hard-
ening is defined by the difference between the total stress and the
isotropic stress. Thus the hardening is completely kinematic eut te a
strain value of 7.0 {(elastic strain = o/E = 4.0, plastic strain = 3.0),
after which there are equal amounts of isetropic and kinematic hard-
ening. For an actual material, these curves would have been determined

from cyclic test data.

A resulting cyclic stress-strain curve is given in Figure 14.1-18. The
15 load increments were chosen so as to result in the exact n-e peints
given in the figure insert table. Note that the ‘hardening parameters

(« and nk) in this example were based on effective plastic strain rather
than en plastic work, because it makes the relatienship between the

menotenic and cyclic curves mere readily apparent.
This problem may be used as a test problem for BOPACE 3-D by applying

appropriate boundary conditiens to a 3-D brick element, so that it

provides a uniaxial or plane-stress problem.

14.1-1
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Figure 14.1-1. Uniaxial Test Problem for Cyclic Combined Hardening
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plane-Strain with Additional Options - The plane-stress problem just

described was altered to 11lustrate the use of several additional BOPACE

3-D options, including temperature-dependent elasticity, creep and use

of two prescribed load vecters.

A BOPACE 3-D plane-strain checkout analysis was performed using the 3-D

brick element and loading given in Figure 14.1-2. A listing of the
#nput data and the printed output results are included at the end of

this section.

N i L T - e Y
e ™

A summary of the problem is provided by Table 14.1-1. The 15 increments
correspond to those of the previous plane-stress problem. The values of

incrementa) plastic strain, stress, effective stress center, and yield-

_ surface size given in columns 2-5 of Table 14.1-1 were kept the same as
i those of the plane-stress probiem. The Stress is equal to the product
of the temperature-dependent elastic modulus (column 6) and the elastic

strain (column 7).

The creep strain listed in column 9 results from the material creep
definition of Figure 14.1-3. There the reference creep curve for a
strain-hardening material is assumed as stown in (A), while (8) defines

the creep factor F¢ as a function of average stress level during the

increment. The creep strain may be determined using the average stress
level (coluimn 10 of Table 14.1-1), the creep factor (column 11) and the

specified creep time increment {ecelumn 12).

RS R T R e
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In addition, the Z-load strains given in column 13 and thermal strains
in column 14 were imposed. (The Z-load strains were imposert by applving
appropriate factors to the displacement loading #2.) In order to keep
the results simple and exact (all numbers in Table 14.1:1 are given

exactly}, the Z-load and thermal-strain values were selected so as to

give zero normal stress in each increment. For example, in increment 11:

Ezz ﬂ.. 3
p = o

€77 1.0
Ezz = ~0.5

7 - 18

n

Because the imposed Z-load strain also equals -0.3, a zero value results

for the normal stress oz7- Thus it may be noted that this example can

be used for either a plane-stress or a plare-strain checkout run.

The prescribed displacements shown in column 15 were determined from the
various components of the total strain. For example, again in increment

1:

gy = 1.0
ey = 2.0
eg* = 1.0
cy = 1.5

Qyy =Zeyy = 5.5
14.1-4
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EFFECTIVE CREEP STRAIN (€ ©)

CREEP FACTOR (F%)

1=

0 10 20 30

TIME
{A) ASSUMED SHAPE FOR REFERENCE CREEP CURVE

12

Note:

10 Temperature dependence of
r' creap is not included in

this example.

s

] - B - 4 _ .

— —— ——t— — i m
EFFECTIVE STRESS (0)

(B) ASSUMED DEPENDENCE OF CREEP FACTOR ON STRESS

Figure 14.1-3. Creep Definition for Plane-Strain Checkout Problem
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14,2 MULTI-ELEMENT CURVED BOUNDARY PRUBLEM

The 3-B plane-strain problem ef Section 14.1 is again analyzed using a
1.0 x 1.0 x i.0 cube, but idealized by eight elements including curved
interior boundaries. The input data listing and partial results are
included at the end of this section. Bec.use of the state of conctant
stress and strain throughout the cube, all integration points have
equal values for stress and strain. In order to conserve space, resul.s

are listed for only twe load increments and one of the elements.
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14.3 DISTRIBUTED LOADING PROBLEM

A1.0 x 1.0 x 1.0 cube is again used, to analyze a preblem with 1inear
variation of stress and strain. The leading is a uniformly distributed
vertical shear, applied en all four vertical sides of the cube. Midside
nodes are used to demonstrate equivalent loading values, which are in
the ratio of 1:4:1 for the bottom, middie and top nedes, respectively,
The input data and results are 1isted at the end of this section, for an

elastic situation.
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TOTAL LOAD = P
STRESS = oy = P(1-Y)

Figure 14.3:1. Distributed Loading Problem
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15.0 BASIC CONTENTS

The following sections in this manual describe the BOPACE program from a
programming viewpoint. Section 16 defines all the labeled commen. Except
for JLB, commen is used for the storage of permanent type data. Common JLB
i a large seratch area used by many ef the routines of BOPACE. In a sense,

problem size capability increases as JLB increases.

Section 17 defines all the BOPACE subroutines except the main pregram {MAIN)
and the linear eguation selves routines. MAIN is discussed in section 11
and the linear equation solver routines in section 18. The linear equation
solver routines cever the merging and decompesition of matrices and the

solution of matrix equations.

Cross reference tables for subroutines and commen are in Section 19, These
tables are useful in determining how a program modi Fication would affect the

routines and commen of BOPACE.

File usage is discussed in Sectiom 20. This section coevers the files

required by BOPACE and where they ave defined in the program.

A schematic of the overlay canm be found in Sectien 21.
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4 16.0 LABELED COMMON BLOCKS
This section contains a description of all labeled cemmon in the BOPACE
program,
16.1 JBRICKC/1C00(3,8), NCEDGE(2,12), NEDPOI{12)
BRICKC is used by subroutines COSHAP, EDSHAP AND KFORM te generate an
elemental stiffness matrix.
1€00(1,1) coordinates £, n, £ of corner nede I are in the ['th
column of 1C0O.
{“w} NCEDGE(1,1) the end nodes for the 1'th edge are stored in

column I of NCEDGE.

an edge peinter array to the twe local arrays

NEDEE and XST §n subroutines COSHAP and KFORM, The
1'th edge of an element has NEDGE(NEBPOI (I}) interior
nodes and the coordinates for these nodes are in

the NEDPOI(I)} column of XSI.

6.2 fELDAW@%IEDAT,IEDIN,IED@MT,LASTEM,INT@T

ELADTO contains the logical units where element and integratien peint data

is stored plus the total number of elements. and integration paints.

16-1
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logical unit containing element data. The element
data consists only of the data stered in common

block ELDATY.

Yogical unit centaining the integration point data
for the current time in the problem solution.
IEDIN contains enly the data stored in commen

block ELDAT2.
logical unit where updated integration peint data
is stored. When all integratien point data is

updated, TEDIN and IEDOUT are swapped.

0. Shape functions have not been generated for

the entire structure.

NEL {number of elements). The shape functiens are

stored on legical unit IEDIN,

total number of integration points in the structure,

16-2
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é:]? 16.3 fELBAW1/NELE.ﬂM.NELNO,ELNO(¢4),NlP,GC@S(9.20),G@@RB(B,ZO)
ff Element data for the currvent element being processed is stored in ELDATI.
; NELE - external ID of element.
‘; E M - material number referenced by element NELE.
2
; NELNO - NELNG mod 100 gives number of nodes for element
é NELE{including zero edge nodes).
NELNG divided by 100 gives a loecation in commen
E' bleck STOR where element nodes are stored before
f { 11 peing transferred to ELDAT1. Subreutine BIGS does
ot this enly for a cold start.
é ELNO - element definition nedes (including zero edge
f nodes) for element NELE.
: NIP - number of integratien points fer element NELE.
GCOS(1,1) - direction cesines for element definition nede I
are in column 1 of GCOS.
cooRD{1,1) - coordinates of element definition node I are in
cotumn 1 of COORD. The ceordinates are in the
é@}% elebal XYZ system.
16-3
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16.4 JELDAT2/PARTAL (3,20) ,SHAPE(20) ,HET ,1NT,YCODEQ, YCODET,TO,T1 321}
,SIGMAO(6) ,SIGMAY (6) ,DE(6) , TBASED, TBASE] ,EBASED
_EBASE1,DETEMP,Y1ELDO,TIELDT , THORKO, THORKT ,ALPHAO(S)
_ALPHAT (5),DEPO(5) ,DEP(5) ,EET(6) ,EPT(5),DECO(5)
,DEC1(5) ,CHORKD, CHORK1 ,CBASEQ ,"3ASE 1 ,ECT(5) ,SUMTS
,SUMPS ,SUMCS

ELDAT2 centains integration peint data for the current element and inte-

gration peint being processed, Variables ending in a zero and ene pertain

to the beginning and end of the current lead increment, respectively.

PARTAL(1,1) - derivatives of the shape function at the I'th

element definition node are stored in the I'th

column of PARTAL. 1
SHAPE(T) - value of the shape function at the I'th definition

node .
WEL - weighting facter for this integration point.
INT - integration peint number.

YCODED,YCODE? - <0 integration peint is elastic,

>0 integration peint is plastic.

T0,T - temperature at integratioen point INT.

16-4
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SIGMAQ,SIGMAT

TBASE®, TBASE

EBASEQ,EBASE)

DETEMP

YIELDO,YTELDN

TWORKD, TWORK]

ALPHAQ , ALPHAY

DEPO,DEPY

EET

EPT

DECO,DEC

vin ATEVEEINEG ornrnry

stress values Oyxs Fyys G775 Oyy» Oy7 and Oy

abscissa x to determine isetropic hardening.,
abscissa KK to determine kinematic hardening.

thermal strain change due to changing the

temperature from TO to T1.
uniaxial yield stress (yield surface size}.
cumulative plastic work demsity.

stress center values Oyyxs Tyyr Tyye Oxz and Oyz-

- ‘ . s P P p
incremental plastic strains Aeyy, Beyys Beyys

P P

. : i - e e e
cumulative elastic straims Exys Eyys C775 Eyy»

e , e
€7 and €y7

amu a ki e ¥i : P P P P
cumulative plastic strains Syxt Eyyr EYY 4z

and Eyze

. : o € c
incremental creep strains Aeyy, Beyys AEXY'

€ g alC
Aexzand AeYz.

¥6-5
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CHWORKO ,CWORKY - cumulative creep work density.

CBASED,CBASE? -  abscissa «© to determine creep hardening.

ECT - cumulative créep Strains e yys€ yys€ yyrE y7
N
and e YZ°*

SUMTS - cumulative thermal strain from fabricatien
temperature.

SUMPS - sum of increments of effective plastic strain.

SUMCS - sum of increments of effective creep strain.

16.5 /GENCY /CTIME(60) ,PFACT(2,60) NITER({60)

GENC]1 contains the incremental lead data read by subroutine READA.

CTIME(T)

PFACT(3,1)

NITER(I)

OC 000 2143 QRIG, 4/ T

creep time increment for load increment I.

mechanical load factor for load curve J and

jincrement I.

maximum number of iterations for increment I.

16-6
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16.6 /GENCZ/CTYPE(S),NCREEP(S),GREEPX(N@,S)CREEPY(¥0,5),CBﬂSEX(UO,S)
,NCTABX(S),NCTABY(S),CTABX(“@,S),CTABY(B.B),CTAB(G,N@.S)

GENC2 contains creep data read by READTC.

CTYPE(T) - creep hardening type for material I. CTYPE(I)

equals 1,2 or 3 for age, strain or work hardening,

respectively.
NCREEP(I) - nuiber of points in refevence creep curves CREEPX,
4 CREEPY and CBASEX feor material I.
s
g | CREEPX(J,1) - time at peint J for material I.
13N
*‘ ;' e &
CREEPY{J,1) - creep strain at peint J for material Y.
CBASEX(J,1) - quantity to determine hardening at peint J for
material 1.
NCTABX(1) - number of stress values (abscissa) in table CTABX
for material I.
NCTABY (1) - number of temperature values (ordinate) in table
CTABY for material I.
CTABX(J,1) - stress value at peint J for material I.
ggﬂi
16-7
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CTABY(K,1) - temperature value at point K for material I.

CTAB(K,J,1) - creep factor for temperature value at point K

and stress value at point J for material I.

16.7 JGENPO/AFACT ,KTYPE(5) ,PTYPE(5)

The GENPO variables arve stored by the subroutines READOD and READAP.

AFACT - fraction from end of increment to evaluate plastic
slepe.
KTYPE{1) - kinematic hardening code for material I.
{= @ for 1 parameter hardening or i, )

= 1 for 2 parameter hardening)

PTYPE(J) - plastic hardening code for material I.

(= 1 or 2 for strain or work hardening, respectively)

16.8 JGENP7/NITABX(5)

Common blocks GENP7 through GENP17 contain temperature-plastic-hardening

data. This data is read by subroutine READTP.

NITABX( I} - number of isotropic abscissa values in table

ITABX for material I.

16-8
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16.9 /GENPB/NKTABX (5)

NKTABX(1} - nuniber of kinematic shape abscissa values in

table KTABX for material 1.

16.10 /GENP9/NFTABX(5)

NFTABX(I) - number of kinematic facter abscissa values in

table FTARX for material I.

¥6.11 /GENPIO/NTABY(5)

NTABY(I) - number of temperature ordinate values in table

TABY for material I.

16.12 /GENP11/1TABX(30,5)

ITABX(J,!) - isetropic value at peint J for material I.

16.13 /GENP12/KTABX(20,5)

KTABX{d,1) - kinematie shape value at peint J for material I.

16.14 /GENP13/FTABX(30,5)

FTABX(d,1) - kinematic factor value at point J for material I.

16-9
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16.15 /GENP14/TABY(6,5)

R e e e TR L o

: TABY(J,1) - temperature value at point J for material I.
g
| 16.16  /GENP15/ISTAB(6,30,5)
; é ISTAB{J,K,I} - jsotropic stress {yield surface size) for
% é temperature at peint J and isotropic value
%- i at point K for material I.

|

|

16.17 /GENP16/KSTAB(6,20,5)

§ | KSTAB(J,K, 1) - kinematic stress shape {yield surface translation)
3: i for temperature at peint J and kinematic shape
i value at point K for material I.

16.18 JGENP17/FSTA3(6,30,5)

: | FSTAB(J,K,1) -  kinematic stress factor (yield surface
i translation) for temperature at point J and
? kinematic factor value at point K for material I.

16-10
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1 ‘ 16.19 /JGEN /KKODE

KKODE is a flag controlled by MAIN to direct routine KFORM to generate an

elastic or plastic stiffness matrix.

KKOBE - set to -1 or +1 te generate elastic or plastic

matrix, respectively.

16.20 /GEN7/NEMOD(S ) ,EMODX (20,5) ,EMODY(20,5) ,NPRAT(5) ,PRATX (20,5)
LPRATY (20,5)

GEN7 contains the elastic modulus and Paissons ratie as a functien of

temperature for several materials. Subroutine READTM stores these functions

() in GEN7.
NEMOD( 1} - number of peints in the arrays EMODX and EMODY for
material I,
§ EMODX (J,1) - temperature at point J for material I.
j EMODY (3,1) - elastic modulus at point J for material I.
; NPRAT(1) - nunber of peints in the arvays PRATX and PRATY

for material 1.

16-11
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: PRATX(J,1) - temperature at point J for material I.

{

; PRATY(J,1) - Poissons ratie at point J for material I.

16.21 /GENB/NTHERMME),THERMX(Z@,s).THERMY(Z@,Q)

GENS contains thermal strain as a function of temperature for several

materials. Subroutine READTM stores this function in GENS.

Do P I s AT e R R ST e S

‘ NTHERM(1) - nunber of points in the arrays THERMX and THERMY
? : for material 1.

N

- THERMX (J, 1) - temperature at point J for material I.

% % THERMY (J,1) - thermal strain at point J for material I.

16.22 / TOUNIT/UINY ,UIN2,U0UT

The legical unit numbers for input and output of data are stored in [OUMIT,

Subroutine READRS sets the values im TOUNTT,

E é WIN? - logical unit fer type I input data.
; ; UIN2 - logical unit for type Il input data.
f,ﬁ YouT - logical unit for output dota.
1

16-12
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16.23 JILB/UNTTS1 ,UNITS2 ,MBW NSTOR , STOR(NSTOR)

JLB is a large area of core used for scratch purposes by many subreutines

SR e Tlitons il TR 1540

of BOPACE. These subrputines are BIGS ,MERGE ,DECOMP ,SRTAPE ,REABS ,SOLN,

MRTAPE and OUTEL,

¥
T

UNITS? - logical unit for scratch use only.

1 WNITS2 - logical unit for seratch use omly
§ MBW - maximum bandwidth expected during decompositien.

number of werds in the array STOR.

g _: NSTOR -
R
? STOR - array used for scratch purpeses by many of the

BOPACE subroutines.

16.24 /SJZESWNMAX1,NMAXZ,NMAXB,NMAX4,NMAX5,NMAXG,NMAX?,NMA¥8A,NMAX88
,NMAXBC ,NMAXD , NAX 10 ,NMAX 1T, NMAXT 2 ,NMAXT 3, NMAX 14 ;MNNPL

SIZES contains upper limits for the BOPACE program. SIZES is set by a

gi bleck data pregram.
‘: NMAXT - maximum number of materials.

NMAX? - maximuin nurber of nodes.

16~-13
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NMAX3

NMAX4

NMAX5

NMAX6

NMAX7

NMAXBA

NMAX8B

NMAXBC

NMAX9

NMAX10

NMAX11

THE '”E’”E COMPANY

maximum number of elements.

maximum node ID number.

maximum element ID number.

ma.cimum number of points in a material property

curve.

maximum numbey of temperature plasticity curves

per material.

maximum number of isotrepic curve points.

max imum number of kinematic slepe points.

maximum number of kinematic factor points.

maximum number of peints in creep reference

curve.,

maximum number of temperature creep factors per

material.

maximum number of stress creep factors per

material.

16-14
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NMAX12 - maximum number of special cartesian coordinate
systems,
] NMAX13 - required number of mechanical load reference
:
‘ vectors.
NMAX14 - maximum nuiiber of load increments.
] MNNPE - maximum number of nodes per element.

:
1
]
i

dad LR ]

kit

R L b
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A1l the subroutines which make up the BOPACE program, except the main program

and the linear equation solver routines, are described in this section.

SUBROUTINES

THE ﬂ”fl”n COMPANY

main program is described in Sectionm 11,

The linear equation selver reutines are described in Sectien 18.

routines are:

DECOMP
DELETE
DIAG
DIcC
DOTHER
DROW
DUMMY
GENRS
INTER
MERGE
MERSOR
MRTAPE
ROFRWD
SAVER
SEARCH

DO mi o 5dh ORIG $A 1Y

Entry Point(s)
BLOCK , 1BLOCK
DECOMP

DELETE

DIAG

DIC

POTHER

DROW

DYMMY

GENRSB

INTER

MERGE

MERSOR

MRTAPE
RDFRWE,ROBACK ,FROPEN
SAVER ,OPEN,CLOSE
SEARCH

17-1
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Subroutine Entry Point(s)
SOLN SOLN
SRTAPE SRTAPE
SUBFR SUBR
17.1 BIGS

Subroutine BIGS performs the functions celd starting, restarting and
checkpointing. For a cold start, BIGS reads the type I data from unit UIN
and initializes some of the pertinent program variables. Element and nodal
data is stored temporarily in common block JLB before it is transferred one
element and one integration point at a time te disk files IEDAT and IEDIN

via commen blecks ELDATY and ELDATZ.

When restarting, BIGS reads tvpe 1 data frem a restart tape. BDisk files
1EDAT and TEDIN plus some nodal variables are alse initialized from the

restart start,

When checkpoirting, BIGS writes type 1 data, a set of nodal arrays and the
disk files TEDAT and IEDIN on the restart tave for lead increment 0. For
all other load increments only the load dependent variables on IEDIN are

transferred to the checkpoint tape.

CALL BIGS(KOBE,I],12,NMAT,TEMP@,N@D,NEL,NOEE,KFB,PREF,TEM,P],PP,QQ,PAR)

17-2
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KODE

n

12

NMAT

TEMPO

NOD

NEL

NODE

KED

PREF
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1,2 or 3 for celd start, read restart tape er

checkpoint, respectively.
Jogical unit for restart tape or checkpeint tape.

load increment that is to be found on the restart
tape or the load increment that is to be

checkpointed.

number of materials.
fabrication temperature.
number of nedes.

number of elements

the ID for the I'th defined node is stored in

NODE(I).

the foree-disp1acement—emnstraint code for the J'th

freedom and 1'th neode is stored in KFR(J,I).

lgad value on the J'th freedom and 1'th node for

load reference curve K is stored in PREF{K,d,1}.

17-3
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temperature for node 1 is stored in TEM(I),

P1(J,1) centains the specified mechanical load

(force or displacement) for freedom J and nede I.

pP{J,1) centains the cumulative internal force for

freedom 4 and node I.

QQ{Jd,I) contains the cumulative displacement for

freedom J and node I.

PAR({J,I) contains the residual ferce at start of

increment for freedom J and node I,

BLKDTA is a block data program for initializing variables in commen blecks

BRICKC, SIZES and ELDATA

17.3

This subroutine generates the shape function and derivatives ef the shape

function for the corner nodes of a brick element.

CALL COSHAP{ID,EVAL,ICO0,NEDGE,XSI,NEDPOI,EBCORN,FUNC,PARTAL)

17-4
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3 for a brick element.

an array containing the local coordinates of the

curvent integration peint,

1ocal coordinates ef the ['th cerner node are

stored in the I'th column of ICOD.

the nutber of interior nodes on edge J are stered

in NEDGE(J).

the local edge coordinate of node 1 on edge J is

stored in XSI{I,d).

an array of pointers. The I'th edge of a brick
has NEDGE(NEDPOI(1)) interior nedes and coordinates
in the NEDPQI(I)}'th column of XSI.

cornor nodes for edge I are stored in column I of

EDCORN.
FUNC(1,1) contains the value of the shape functien

at node [ and the corresponding nermatization

value is stored in FUNC{2,I).

17-5
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PARTAL - The values of the derivatives (3= % and 2
£ an ar,
of the shape functien at nede I is stored in
the I'th column of PARTAL.
17.4 £SYS

£SYS calculates the coerdinate transformation between the user's coordinates

and the basic global XYZ system for each node.

CALL CSYS(GG@S.C@@RBA;C@@RE,IX,N@D,NMAXlZ)

GCOS - the 1'th column of GCOS contains the transformation

matrix for the ['th node.

COGRRA - the I'th column of COORDA contains the definitien
for the 1'th special cartesian coordinate system.
If COORDA(1,1)} equals 1, then

nede 1D feor origin,

1]

COORPA(2,1)

COORDA{3,1) = node ID en X-axis and

COORDPA(4,1) = node 1D in X-Y plane.
1f COORDA(1,I) equals 2, then
COORDA{2,1) = coordinate system ID for measuring
coordinates
COORDA(3 to 5,I) = coordinates of origin.
COORDA(6 to 8,1) = coordinates of peint on X-axis.
COORDA{S to 11,1} = coordinates of point in X-Y

plane.

17-6
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The 1'th column of COGRD contains the coordinates

of node 1 in the basic cartesian system.

the coordinate system ID for nede 1 is stored in

IX(1).

number of nodes.

maximum number of special cartesian ceordinate

systems.

This subroutine calculates the coerdinates in the basic cartesian system

for all special cartesian systems.
in subroutine CSYS,

defined in this section.

After returning from CSYS1, the COORDA array is as

CALL CSYS1{COORDA,COBRD,NMAX12)

COORDA

DG cBOU 2148 ORIG. &7 71

the I'th column of COGRDPA contains the definitien

for the 1'th special cartesian coerdinate system.

COORDA(1,1) = 1
COORDA{2 te 4,1) = coordinates in basic system

for the erigin.

17-7
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COORDA(S te 7,1) coordinates in basic system

for a peint on the X-axis.
COORDA(B te 10,I) = coerdinates in basic system for

a point in the X-Y plane.

COORD -

same as subroutine CSYS

NMAX12 —

17.6 €SYS2

C5YS2 calculates coardinate transformatiens for special cartesianm systems

via vector cress products.

CALL CSYS2(T,XZZ)

T - array where the coordinate transformatien is to be

stored for the current nede being processed.

XYZ - array containing the coerdinates in the basic

cartesian sysiem of the nodes that define the

special cartesian system.

17-8
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17.7 DEFORM

ﬁ DEFORM forms the 6X6 elastic material stress-strain matrix.
f CALL DEFORM{E,NU,D)
i

E - elastic modulus

: (0] - Paissens ratio

0] - material matrix

17.8 DPFORM

AL iy MRt 2kt b el

% ‘ DPFORM forms the 6X6 plastic material stress-strain matrix.
g
| CALL BPFORM{E ,NU,D)

E - elastic modulus

:
E.
A
-
4

Pl 10} - Poissons ratie

D - material matrix

Y e o e A e T A LA S P P A R e
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3 17.9 DYVAL
This is an incremental interpolation function reutine, similar to the total
i interpolation function routine YVAL. It provides an incremental ordinate

value equal to YVAL{NP,AX,AY,X1) minus YVAL(NP,AX,AY,X0).

DYVAL{NP ,AX ,AY ,%0,X1)

Lt FA0T

Rchivel

] NP - number eof points in curve
AX - vecter of abscissas
AY - vecter of erdinates
X0 - first desired abscissa value
X1 - secend desired abscissa value

17.10 EDSHAP

EDSHAP computes the shape function and the derivatives of the shape

function for the edge nodes of a brick element,

CALL EDSHAP{ID,EVAL,CO0,PARTAL ,FUNC)

%
5 ID - an array of indicators
ID(3) = 3
1e{2) = number of edge nodes on the edge

being processed.

pRRibnsn et S ik U tell
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§ €00 -
1
5 PARTAL -
FUNC -

17.11 ERCOMP

This routine computes

CALL ERCOMP(NN,KFD,DP
-
NN -
KFD -
DP -
P -

DO 600D 2148 GRIG 4771
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IB(3 to 5) - coordinates of edge in €, n, r system
{a zero means the edge is parallel to

this coerdinate).

an array containing the leocal ceordinates ef the

current integration point,

an array containing the ceordinates of the nodes

along an edge.

same as subroutine COSHAP

the residual neorm.,

,P LERR ,U0)

numbeyr of freedoms

array containing force-displacement-censtraint
codes.

incremental nodal ferce array.

residual nodal ferce array.

17-1
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17.12 FORCE

Subroutine FORCE computes the incremental nodal forces from the difference

in elemental stresses at the start and end of the current loead increment

; for each integration point.
f_?
) CALL FORCE(DP)

bp - array containing incremental nodal ferces.

17.13 GENERS

GENERS §s an interface subreutine between the linear equation solution
reutines defined in section 18.0 and the elemental stiffness matrix 4wﬁ}

generation reutine KFORM.

; CALL GENERS(IT ,NUM,NODES ,K,NK;
% IT - element number.
- NUM - number of nedes on element II.
NODES - definition nodes for element II.
% K - stiffness matrix fer element II.
NK - column dimension of K.

17-12
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Subroutine HEAD writes summary type infermation at the end of each load

inerement.

CALL HEAD(U®,NEL,INCR,F1,F2,CTIME,TIDENT NP ,NE NP1 ,NET ,NITER,NI ,MAXUP

LNUP ,ERRMAX ,ERR)

)
NEL
INCR
F1,F2

ETIME
TIDENT
NP

NE

NP1

NET

NITER

NI
MAXUP

LG bt 2145 DK aflid

Togical unit for output.

number of elements.

load increment number.

load factors on mechanical reference curves 1
and 2, respectively.

creep time increment.

thermal Toad inerement identification array.
number of plastic integration points.

number of elastic integration peints.

number of irtegration peints that have changed
from elastic to plastic.

number of integration points that have changed
from plastic to elastic.

maximum number of iteratiens allowed.

actwal number of iteratiens perfermed.

maximum number of stiffness matrix updates

allawed.

17-13
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Nup - actual number of stiffrness matrix updates

performed.

ERRMAX - maximum allowed residual norm.
ERR - actual residual norm cbtained.

17.15 ITER

ITER is the major elastic-plastic-creep material-dependent veutine. It
takes the given array DE of incremental strains, and separates it into
elastic, plastiec, and creep portions. It alse computes end-of-increment
stresses SIGMAT, and updates mamy of the incremental parameters, The ITER
reutine used im BOPACE 3~D is based on the new "strain-space" algorithm

described in Section 2.6.

CALL ITER{MAXYC,INCR)

MAXYC - maximum allowable magnitude for the elastic-plastic

sum code variable YCODE1.

INER - load increment number.

17.16 ITERY

This routine is called frem the elastic-plastic-creep routine ITER, to

compute an impreved value of the plastic propertionality variable LAMDA. The

calculation for LAMDA uses a "linear intersection" method described in

17-14
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Section 2.6. The BOPACE 3-D program would still operate if the ecall te

ITERT were removed, but convergence in general would be slowed due to the

less accurate value for LAMDA in each iteration.

CALL ITERT(DEP],ALPHWO,ALPHA1,EPSXX,EPSYY,EPSXY,EPSXZ,EPSYZ,AME,EETXX@

,BETYW@;BETXY@;BETXZ@;BETYZ@,TS1,IST,IEO,G@,G],DC1,LAMDA)

DEP1 -

ALPHAQ ,ALPHAY

¥

EPSXX to EPSYZ

AVE -

BETXXG to BETYZO

TS1 -

IST -

T FILIE P Y N |

array of five plastic strain cemponents.

arrays of five stress center compenents at start,

end of increment

five compenents of deviateric strain vector
(representing initial elastic straim + total strain
increment, and denoted by e' in section 2.6).

hydrostatic (average) part of EPSXX ete. variables.

five components eof deviateric strain center at

start of increment,

yield stress cerresponding to start-of-increment

plastic deformation and end-of-increment temperature.

yield stress cerrespending to end-of-increment

plastic defermation and temperature.

17-16
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IED - yield strain quantity at start of increment.
60,61 - shear modulus at start, end of increment.
)]0 - creep strain eccurring during plastic portien

of tncrement.

b St Sl LS ) BRI g =

17.17 KFORM

AT e T T

KFORM generates the elemental stiffness matrix in the basic cartesian

system for each brick element. The stiffness matrix is a function of the

MBI T e

stress-ctrain material matrix amd the shape fumction derivatives. The

; material matrix is generated by calling DEFOURM or DPFORM for an elastic or
l plastic integration point, respectively. The shape function derivatives
are computed by COSHAF and EDSHAP and are caved on a disk file for only the
g 5 first pass through the generatiom routines on a cold start. For ail
. succeeding calls to the generation reutines, the derivatives are read frem
i a disk file.
CALL KFORM(II,NUM,NODES,K,NK)
. .
) NmM -
§ | NODES - \ same as GENERS
é 1 NK - J

17-16
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17.18 UTC

OUTE writes the incremental and cumulative ereep work and creep strains for

- ene element on the output file.

CALL GUTC(W0,11,NELE,CWORKO,CWORKT,DECT ECT)

o - logical unit number for output
I1 ~ element number (internal).
NELE - element number (external).

R L e e I e L A A b

CWORKD -7

CWORK1 - see commeon ELBATI

{0 BECT -

ECT -

R A TR TR, e
g - R R R D AT T SR
-
i

3
= 1719 OUTE
-
f i OUTE writes the incremental and cumulative thermal and elastic strains for
o one element on the o.-put file.
CALL OwTE(NG,IT,NELE,DETEMP,SUMNS,DE,EET)

uo -

11 - same as subreoutine OQUTC

NELE -

17-17
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DETEMP -
SUMTS - see common ELDATI

3 . 3
= o :
) EET -

F

17.20 OMTEL

S R A e R PR R e T TS

QUTEL collects data by element frem the integratien peint type data stored

: in common ELDATZ fer the purpese ef printing en the output file. OUTEL
.

3 also updates seme of the data stored in ELDAT2.

:Z;

; CALL OUTEL(WOUT ,NEL,CTIME,INCR)

: youT - logical unit for output.

? ; NEL - number of elements,

E | CTIME - array of creep time increments.

? : INCR - current lead increment number,

17.21 TG

Rt DLl R

BUTG writes elastic-plastic cedes, temperatures, and effective plastic and

créep strains for one element on the output file,

CALL QUTG(uO,I1,NELE,YCODED,YCODET,TO,T1,YIELDY ,DEPT ,SUMPS ,EPT ,DECY ,SUMCS,

3
i
E
A

3
A
4

"
£
:
73

. £CT)

4
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uo - '
II - L same as subroutine QUTC.

; NELE -

‘g YCODEO .

é YCODE1 - ¥ see commen ELDATZ.

3 TO - ]

1 T )

3 YIELDY -

% @ DEP1 -

g SUMPS -} see commen ELDAT2.

? ‘ EPT -
PEC] _

(, SUMCS -
1 - ECT -)

17.22 OuTP

Subroutine OUTP writes incremental and cumulative plastic work and plastic

strains for one element on the output file.

CALL OUTP(UO,11,NELE ,TWORKO ,TWORK] ,DEPT LEPT)

} 1o -

;

T I - § same as subroutine OYTC.
NELE -

17-19
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TWORKG -

TWORKY - { see common ELDAT2.
DEP1 -

EPT - J

17.23 ouTPQ

OUTPQ writes the nedal displacements and forces on the output file.

CALL QUTPQ{UO,NOD,NOBE P ,Q)

0] - legical unit for output.

NOD - number of nodes,

NODE - array containing user node numbers.
P - nodal ferces.

Q - nodal displacements.

17.24 QUTS

OUTS writes cumulative stress center and stress data for one element on the

output file,

CALL OUTS(UO,IT,NELE,ALPHAT,SIGMAY)

17-20
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§ Il - L see subroutine OUTC.

1

3 NELE -

i 3

? ALPHAI -

g L see common ELDATZ.

: SIGMA -1

% o

1 17.25 READC

E' READC reads the user's data which define special cartesian coerdinate
% systems and steres the data in the COORBA array.

CALL READC(WI,UO,NMAX12,CO0RDA)

i)
ul - legical upit for input data.
uo - legical unit for output data.
NMAX12 -
. see subreutine CSYS.
COORDA -

17.26 REABM

Pl RO ARG B

Routine READM reads the user's data which define nodes and elements,

transforms all coordinates te the basic XYZ system, generates ceordinate

trans formations for each nede with a call te C5Y¥S and computes the

volume of each element by caliing VIET.

S Picinc
.
-

17-21

110 I L 1Ak daktiu A Ey

fi o



:
v MTMDMEINEE onrnns
i CALL READM(UI,U0,NMAT ,NMAX2 ,NMAX3 ,NMAX4A ,NMAX5 ,NMAX12 ,MNNPE ,NOD ,NEL ,COORDA,
é COORD,GCOS , IMAT ,ELNO ,NODE ,NELE ,NODI ,NELT ,NELNG)
s,
: U]} - logical unit fer input data.
g Ul0) - logical unit for output data.
% NMAT - number of material properties.
f NMAK2 -]
é ¥ see commen SIZES,
: NMAX3 oy
; NMAX4 )
% ' NMAX5 - § see commen SIZES.
% NMAX 12 -
5 NOB - J nuniber of nodes.
NEL - number of elements.
COORDA -
COORD - § see subroutine CSYS.
GCOS -
IMAT - the material number for element I is stered IMAT(I).
; ELNO - an array containing the definition nedes for all
% j elements (See NELND descriptien).
E NODE - the user ID (external) for the I'th defined node
? % is stered in NODE(1).
% NELE “ the user ID (external} for the I'th defined
- o
3 element is stored in NELE({1).
§ NOBI - the internal nede IP number for extermal ID I
‘% is stored in NOBDI(1).
§ 17-22
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the internal element 1D number for external 1B 1

is stored in NELI{I).

a packed array containing the number of nodes for
each element and pointers to the ELNO array where
the definition nades are stored. Fer the I'th
element, NELNO(I) = 1T00*LLL+NNODES where LLL is
the starting lecation in ELNO where the definition
nodes are stored and NNODES is the number of

nedes .

READRS reads the first card on the card file unit te determine the start-

restart code, the files to be used for the input and output of data, and

checkpoint-restart parameters.

CALL RERBRS(UTNl,UQNZ,UOUT,LNCR,U&NRS,U@UTRS)

WINT
WINZ
YouT

INCR

RO AU £ 148 GRIS ari

{egical file number fer the input of type | data.
legical file number for the input of type Il data.
logical file number for the output of data

(e.g., printer).

previous load increment number frem the end of
which a restart is to be made (If INCR = 0, then

preblem is restarted from initial conditions ).
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UINRS - logical file number for the input of the restart
tape.
UOUTRS - togical file number for writirg a checkpoint tape

{1f WOUTRS = 0, then BOPACE doves net checkpoint).

17.28 REABTC

READTC reads the reference creep curve data (times CREEPX and stresses
CREEPY), and the creep factor data (stress levels CTABX, temperatures
CTABY, and table of creep factors CTAB)., Altheugh for a given material,
different abscissas CTABX may be input fer each of its temperature values
CTABY, READTC interpelaies abscissas fer all temperatures of the material
te those of the first temperature input. This allows later use of an
efficient table leokup procedure. Both the imnput and interpolated tables

are output during eche check of the input data.

CALL REABDTC(WI,u0,NMAXS,NMAX 10 ,NMAXT1, IMAT ,CTYPE ,NCREEP ,CREEPX ,CREEPY ,
CBASEX ,NCTABX ,NCTABY ,CTABX ,CTABY ,CTAB)

ul,ue - input, output file unit numbers,
NMAXS - maximum number of points in a creep reference curve.
NMAX 10 - maximom number of temperatures for creep factor
table.
NMAX 11 - maximum nurber of stresses for creep facter table.
IMAT - material number,
17-24
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; f . CTYPE - creep type = 1, 2, 3 for age, strain, werk
i % hardening.
é z NCREEP - number of peints in reference creep curve.
| % CREEPX - vector of time values,
‘ CREEPY - vector of creeép strain values.
% : CBASEX - vector of creep hardening parameter values.
: NCTABX - number of abscissa (stress) values for table.
; NCTABY - number of ordinate {temperature) vaiues for tabte.
CTABX - abscissa values for table.
; CTABY - ordinate values for table.
% ; CTAB - table of creep factors.
g 17.29 READTM
1NN
i ! READTM reads the temperature-dependent material properties (thermal strain,
elastic medulus, Poissen's ratio).
CALL RERDTM(UI,N@,NMA%ﬁ,IMAT,NTHERM,THERMX,THERM¥,NEMOD,EM@DX,EM@D¥,NPRAT,
PRATX ,PRATY)
ui,uo - input, output file unit numbers.
§ NMAXE - maximum number of noints in a material property
% curve.
é IMAT - material number,
{ NTHERM - number of values in thermal strain curves.
; ; THE RMX - temperatures for thermal strain curves.
{4
L
17-25

Lig) miab o148 QMbe, 4711



SRRl R b N

HME ﬂﬂfl”ﬂ COMPARNY

THERMY - thermal strain values. ?“J

NEMED - nunibe * of valuas in elastic medulus curves.

EMODX - temperatures for elastic modulus curves.

EMGDY - elastic modulus values.

NPRAT - pumber of values in Ppisson's ratie curves.

PRATX - temperatures for Poissen's ratio curves.

PRATY - Peisson's ratio vatues,
17.30 READTP
READTP reads the plastic hardening data, in the form of tables {ISTAB,KSTAB
and FSTAB) of yield surface size, and shape and factor for yield surface
transiation, given as a functien of temperature and hardening parameters.
READTP legic is similar te that in READTC. . w_}
CALL RERBTP(UI,U@,NMﬁX?,NMAXBH,NMAXBB,NMAXSC,IMAT;PTYPE,KTWPE,NETABX,NKTABX,

NETABX NTABY ,ITABX ,KTABX ,FTABX , TABY ,1STAB ,KSTAB ,FSTAB)

wI ,uoe - input, output file unit numbers.

NMAX7 - maximum nuiiber of temperatures per material.

NMAXBA - maximum number of isetrepic hardening peints.

NMAXEB - max imum nomber of kinematic shape peints.

NMAXBE - maximum number of kinematic facter peints.

IMAT - material number.

PTYPL - plastic hardening type = 1, 2 for strain, work

hardening.
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1B,

x ’ KTYPE - kinematic hardening code = @, 1 for 1-parameter,
-

: 2-parameter kinematic hardening.

‘:i NITABX - number of isotrepi¢ abscissa values.
g : NKTABX - number of kinematic shape abscissa values.
% : NFTABX - number of kimematic facter abscissa values.
E NTABY - number of temperature erdinate values.
§ ITABX - isetropic abscissa valyes.
: @ KTABX - kinematic shape abscissa vatues.
i % FTABX - kinematic factor abscissa values.
| % TABY - temperature ordinate values.
i ISTAB - table of isotrepic hardening (yield surface size)
values.
KSTAB - table of kinematic shape values.
- } FSTAB - table of kinmematic facter values.
17.31 READO
é READO reads the problem identificatien title, ard various incremental and
; iterative constants. For constants not read (left blamk by the user}
; default values are assigned.

ot
§ f CALL RERD@(UE,ME,SCOBE,MAXUP,MAXIT,MAXIE,MAXYC,MﬂXCUT,CUT,ERRMAX,RFACT)
Lk
1
% Wi e - input, output file unit numbers.
3 SCODE - code (1 to 5) for solution ef system eyuations.
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: MAXUP - maximum number of stiffness updates.

é MAX LT - maximum number of residual-force iteratioens.

; MAXIE - maximum nunber of initial elastic iterations.

? MAXYC - maximum value for elastic-plastic sum code,

‘? MAXCUT - maximum number of selutien adjustments.

% CUT - solution adjustment fractien.

? ERRMAX - maximum allowable residual norm.

f AFACT - fraction from end of increment to evaluate plastic

% slope.

17.32 READT

READ] reads basic program cedes and constants.

CALL READI (YT ,U0 ,NMAX1 ,NMAT ,TEMPO)

B I R e s

1) 1o} - input, output file unit numbers.
NMAX1 - maximum number of materials.

: NMAT - nunber of materials.

@ TEMPO - fabricatien temperature.

:
.
3
1
t
4
4
:

17.33 READ2

The specified force-displacement-constraint degrees of freedom are read

by READZ.

.}.‘z'*-ﬁ‘.cs_}
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CALL READZ(UI,U0 NMAX4 ,MOD ,MODT ,MEL ,NELNO,ELNO ,KFD)
‘ 1,00 - input, output file unit numbers.
; NMAX4 - maximum nede ID number.
é NOD - number of nedes.
§ NOBIT - array of internal node numbers.
; NEL - number of elements.
* NELNO -
1 see subroutine READM.
% ELNO - ]
é KFD - vector of force-displacement-cmstraint
% specifications.
I 17.34 READ3
AR
g READ3 reads the two load reference curves and places their values in the

PREF array.

CALL READ3(UE;WQ,NMAX4,NMAX13,N@B;N@DE,KFD,PREF)

! W1 ,00 - input, output file unit numbers.
E NMAX4 - maximum node ID number.
g é NMAX13 - required nunber of mechanical load reference
% vecters.
NOD - nﬁmber of nedes.
NODI - vector of internal node numbers.

R S T R RS e

g
3 ) )
|
§ i
B GUOG 2148 SRIG, &FT)
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ti‘ﬂns .

vector of force-displacement-constraint specifica-

- array of load reference values.

4

READ4 reads incremental data.

CALL REAB@(UI,w@,NMAX14gMAXIT,NINER,NETER,PFACT,ETEME)

Ui, Lo
NMAX 14
MAXTT
NINCR
NITER
PFACT

CTEME

- input, output file unit numbers .

maximuym number of load increments.

default value for maximum number of iterations.

- number of load increments.

- maximum number of iterat
- mechanical load facters
each dncrement.

- cireep time increment,

17.36 READS

Routine READS reads the thermal nodal temperature

increme
using the sh
not input fo

inerement.

148 ORIG AT

nt and transforms these temperatures to the integration point

ape function for each element. If a

r anode, then it is assumed to be th
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5 CALL READS(UE;UO,INGR,NMAN4,N00,NO0E,N@Di,NEL,TEM,TIBENW,II)
i . ut - logical unit number for input.
% é vo - logical unit number for output.
INCR - load increment number.
NMAX4 - maximum allewed node ID.
NOD - W
3 NODE - 3 same as subroutine READM,
%' NODI . -
? NEL - .

§ TEM - the temperature for the 1'th node is stored in
: TEM(1).
’ TIDENT - title for the thermal lead increment.
: L_I; II - element number,
§ 17.37  ROTX
% ROTK transforms an elemental stiffness matrix frem the basic XY7 .system to
§ the user's global ceordinate system.

CALL ROTK({NUM,GCOS ,K,KDIM)

Num - number of non-zere nodes for this element.
i GCOS - coordinate transformation matrix for this element.
2 K - stiffness matrix.
5 KDIM - column dimension of K,
SRS
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17.38  ROTQ

ROTQ transforms nodal forces and displacements for an element from the basic
XYZ system to the user's glebal coordinate system or from the user's system

to the basic system.

CALL ROTQ(NN,GCOS ,KODE,Q)

NN - nuriber of non-zero nodes for this element.
GCOS - coordinate transformation matrix for this element.,
KOBE - 0 or 1 for transforming from user to basic or

hasic to user, respectively.
0] - nodal forces or displacements for this element.
17.39 STRAIN

This subroutine computes element strains from nodal displacements for inte-

gration point INT as defined in common ELDATZ,

CALL STRAIN(Q,ET)

0] - nedal displacements
ET - element strains for integration peint INT.
17-32
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17.40 VTET

VIET calculates the volume of a tetrahedren assuming the edges are defined
by straight 1ines connecting the corner nodes. If the four nodes of the

tetrahedron are a, b, ¢ and d, then the volume = %—(EE&EE-?H). The brick
alement is composed of five tetradrons, thus READM calls VTET five times

to compute the volume of the brick.
CALL VTET(VOL,XYZ;Ni,NE,NB,NA,Iw@)

VOL - current volume of brick alement.
XYZ - the basic XYZ coordinates of node I are in the
1'th column of XYZ.

corner node numbers of the tetrahedi on.

N N2 ,N3,N4
30 - logical unit number for output.

17.4 YyAL

This is a linear interpolation function routine, which takes on the inter-

polated erdinate value.

YVAL (NP, AX ,AY, X)

NP - number cf points in curve.
AX - vector of abscissas
17-33

DO 6004 214 DRIG. 4771

Nt e



N TR AT L

™E ‘”’I”E_ COMPANY

3 AY - vector of ordinates.

3 X - desired abscissa value.

17.42 ZVAL

LRy o A A A

This is a linear table interpelation functien routine, which is a 2-

g dimensional version of YVAL.

ZVAL(NTABX ,NTABY ,TABX ,TABY ,TABLE ,X,Y)

T M R P T TS A,

: NTABX - number of X values.
NTABY - number of Y values.
TABX - vector of X values.

TABY - vector of Y values.

T Tl T e A T

TARLE - 2-dimensional array of Z values.

L,Y - desired abscissa, ordinate values.

17-34
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18.0 LINEAR EQUATION SOLVER
2 18.1 INTRODUCTION
»
; These routines are written in FORTRAN IV for ute on IBM 360 and 370, and
UNIVAC 1108 computers.

18.1.1 PURPOSE

These routines are used to: 1) generate elemental matrices and merge them
=
? - into the gress matrix; 2) decompose the gross matrix; 3) forward and back
; substitute to find the unknowns (see Section 5 of the theery document); and

4) two special routines, one to merge two gross matrices, and one to read

and/or write a checkpoint tape containing the gress matrix and the

decomposed matrix. The routines are separated into the above logical

§ 4

% L)

4 Y

; sections in order to give the user complete flexibility in their use

g‘ ‘ based on the type of problem te be solved.

g The linear equation solver routines have been written as an independent

? package. As such, they can be used in any pregram without recoding. The
;r

§ user must supply routines te generate the elemental matrices (details

§ 3 given in Section18.2), which enhances their independence and use.

18.1.2 NOMENCLATURE

§ NF - Number of freedoms per node
g NN - Number of nodes in problem
; F - Input - vector of combined known forces and displacements
dutput - vector of known and calculated {reactions) forces
P - Vector of known and calculated displacements

PRECTNING PAGE BLANK NOT FILMED '




MBW - Maximum bandwidth

LBT - Leoad definition vector
18.1.3 METHGD
18.1.3.1T MATRIX PARTITIONING

Figure 18,1-15hows a two bar, three node structure; each bar is capable
of carrying axial leads.

+ ng,asy(TYP)
#3 > Faysbyy(TYP)

FIGURE 18,1-1: TWO BAR STRUCTURE

Bar A, using nodes 1 and 2, has the elemental matrix given in Equation
(18.1-1). Note that bar A is parallel to the X axis and does not

have Y freedoms.

Py [« «~ Lo Be1)
A O A

where K represents the stiffness terms (for this discussion their value

is immaterial).

Bar B, using nodes 2 and 3, has the elemental matrix given in Equation

(18.1-2). Note that bar B has both X and Y freedoms.
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Merging these two elemental matrices yields the gross matrix
(Fiy (k K © 0 o0 /63y \
FZX K K K K K 62)(
(Foy P = 0 K K K K < ‘Szv} (18.1-3)
FE«X B K K K K bay
{ \Fay K K K K | L say)
The program requires that each node has the same number of freedoms in the
matrices. Therefore Equation (18.1-1)must be rewritten
'fF ) .F-I_K 6 K @— ((5 )
X TX
T O IR 5 SR
2X 2X
F2Y - 0 06 0 o Soy
N/ - I I
and the gress matrix becemes
-rFH\ r‘KKGOOI(G”\
Foy 0600 00 b1y
<F2x$= K 0 K K K K J ‘52x> -
g% F2Y | 0 0 K K K K 8oy
%olF F3.x 0 8 K K K kK 63)(
\ng) _ 0 0 K kK kK K_] \ 63‘( )




The gross matrix of Equation(18.1-5) can be partitioned

- _
7 cad - r Sa ¥ y

o s lle ol 1o o | (A0

'FTY‘ ( 0 0[O0 0f{0 0] -'EW\.

— N = .

‘ Kook k|[k X ;

DTG | EIY | E [ PO IR

oy 0T KR [ e

L e R WA

The reason for the programs requirement that each nede have the same nunmber
of freedoms becemes apparent when examining the partitions of Equation
(18.1-6). Note that each partition has the same matrix order (in this

case a 2X2), alse that the freedoms within the partitien are ordered
identically. Further, the lecation of each partition is known by
identifying the node number associated with its rows and the node number

associated with its columrs.

The program takes advantage of these conditions for several reasens. First,
by generating the full elemental matrices fas shown in Equations (18.1-2)
and (1B.1-4)),and doing the partitiening on them, makes merging to form

the gross matrix a simple addition of partitions having identical vow/column
node numbers. Second, the special equation generation process descrided

in Section 5 of the theory manual becomes a matter of how the eTemental
matrices are partitioned. (And the row/column node numbers assigned,)

For example, assume that freedom Y, node 3 of bar B (see Figure i8.1-1) is
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constrained to be equal te freedom Y of nede 4 (not shewn}. Then rewritten

Equation (18.7-2) (with partitiohing) yields

{Fax | It Kil [K 6] Te «] (ﬂdzx!

(Far ) K KL 0L K 52y
\F3_x' (K K} [}( 0—1 K s(§3x"'
[Favy( ~|lo o) looile o)) 153v (18.1-7)
\‘Fax.‘( 0 @} {@ 0] [0 o o
"F“S K k] |k of Lo K] \'164\’\

Third, the program needs to retain only these partitiens which have at least
one non-zero term. Further, due to symmetry of the stiffmess matrix, it
retains only the upper triangular partitions (these whese row node numbers

are less than or equal to the celumn node numbers) .

Fourth, and finally, the decompesitien, and forvard/backward substitution
process becemes a matter of operating on the non-zere partitiens. This

in turn simplified the inherent bookkeeping necessary during these steps.
1t cuts down the core requirements, particularly during the decompesition

for the matrix, and alse for the boekkeeping arrays.

The rew/column node numbers are packed into one FORTRAN integer. This

partition 1D number has the form
ID=Ff*1+4 (18.1-8)

the ID number

1

where ib
f = a facter {currently f = 1901)
1 = row node number

J = column node number.
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The use of this 1D number allows the merging routine to: 1) search
enly a one dimensieonal vector of 1D numbers in arder to merge the
partitions, and 2) to erder the partitions en the merged matrix tape
(disk, drum, etc.) by low ID to high ID numbers. This means that the
partitions are ordered on the tape low row node npumbers teo hiah row
node numbers. And within each group of row node numbered partitions,
the partitions are ordered low column node number te high celumn node
numbers. The vatue of a sorted merged matrix tape is used te great
advantage in calculating the maximum handwidth (Subroutine DUMMY) and

the incore decomposition (Subroutine BIC).
18.1.3.2 NODF NUMBERING

These routines reguire that the node numbers are FORTRAN integers in the
range 1 to NN, where NN is the nuniber of nodes in the probiem. This
requirement allows the progiram to use the node number as a FORTRAN index
in Tecating necessary data in the vectors (F, D, and LDT).

For example, assume that it is necesSsary to gbtain the value of the Jth

th

freedom of the 1" node of vector V. Then the follewing FORTRAN code

can be used.

DIMENSION V(NF,NNY, W(1)
EQUIVALENCE (V{(1,1), W(1))
1 W= ¥{J,I)
2 U= WNFX(I-1) + )

These routines use the second form (statement 2).

C -~ (_( 18-6
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18.1.3.3 LOAD DEFINITION VECTOR

The Tead defimition vector contains one value for each freedom (NF*NN

values) in the problem. Its purpose is te describe the constraints of

the freedoms. It is a FORTRAN integer vector, setup with node numbering

and freedom storage as described in Section 18.1.3.2. The values assigned

for each freedom must be assianed according to the follewing rules.

(Let K equal the assigned value.)

1)

2)

- 3)

+K, a positive value describes a freedem with a known ferce

and the displacement is to be calculated

-K, a negative value describes a freedom with a knewn displacement
and the reaction force is to be calculated.

The value K is a node number, and in general is the node number
of the freedom, i.e., LDT(J,I1) = +I where J = freedom and I = node
number. For the special equation generation case (Section 5 of
the theery document) the value of K at node I, freedem J, becomes
the connecting node to tie the freedoms together. To clarify,
consider the structure shown in Figure (18.1-2),consisting of

three bars, capable of carrying axial loads only, and five nedes.

FIGURE 18.1-2: THREE BAR STRUCTURE
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Bar A on nodes 1 and 2, bar 8 on nodes 3 and 4, and bar € on nodes 3 and
5. Further assume that the X freedom at nodes 2 and 3 is constrained to
dispiace equally, and the Y freedoms are te be allowed to displace unequally.

The load definitien vector (L.DT) for this problem is qivén in Table 18.1-1.

[nooe | rReebow | LbT || NODE | FREEDOM | LDT

1 X 1 4 X -4
Y 1 L Y |
2 x. | 2 I s X -5
LA - Y 5
3 X 2
Y 3

TABLE 18.1-1: LOAD DEFINITION VECTOR

One 2ssential point - the cross connection is on an identizal freedom

basis, a freedom X to a freedom X, etc., but ggﬁ_a freedom Y to a freedom X.

Two powerful uses of the lead definition vector are available. First,

in the case of known displacements, the nodes de not need to be attached,
(see nodes 4 and 5 abgve). Second, the knewn forces at the connected nodes
are additive (an input force at 2X and an input force at 3X are added in

the above exampie}.
18.1.4 LIMITATIONS

The maximum core usage occurs during the incore decompesition. The available
core is defined by the user in a named commen block. One valué in this

common block is the length of tie common block. {(Details of this common
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block are given in Sectién 18.2.1).

Let MBW = maximum bandwidth (# of nodes)
NE = number of freedoms per node
N = ({MBW)*(MBU+1)) / (2)
L = (MBW) # (MBW)*(NF2) # (4)
€ = required core (words)
Then

¢ = (MBW) + (N) # (2)*(NF2)*(N) + {6)*{NF2) + (L)

Currently (APR 1975) the only available decomposition routine requires in-
core storage having the above storage requirement. An out-eof-core or large

decomposition routine was planned but not implemented (to date).

One oiher decomposition limitatien is the maximum size of L. This
maximum is hard coded in the program (see "MAXLT" in subroutine DECOMP ) and s

set to 1000 words.
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18.2 WSER INTERFACE
'[8l201 USA‘GE

While there are some twenty-four reutines in the Linear Equation Solver

package, the full capability is available via five "main" entry routines.

1) MERGE - to cenerate and merge the elemental matrices te obtain
the gross matrix
2) DECOMP - to decompose the gress matrix
3} SOLN - to calculate the unknown forces and displacements
4) MRTAPE - to merge twe gross matrices (from MFRGE) using the
equation
[%,] = A%k, T + B[k,

where
{KM] is the new merged matrix

[K1] is the first input gross matrix
EK2] is the secend input gross matrix
A is an user supplied scalar
B is an user supplied scalar

5) SRTAPE - to write or read a checkpeint tape

Petails of the callinn sequences is eiven in Sectien 18.2.2 .

The gross matrix (or matrices) and the decompesed matrix are stored on
an 1/0 unit {tape, disk, drum, etc.). The user is responsible for assignment

of the FAXTRAN logical units.
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The core storage used is a named cemmen bleck. This allews the user
complete control of core storaye requirements for his prearam. The format

of the commeon block 1is

COMMON/JLR/KT, LT, MBW, LA, A(LA)

where KT and LT are the FORTRAN legical unit numbers of two I/0 units
to be used as seratch
MBW is the maximum bandwidth to be expected during decompositien.
This value i5 caleulated by the Genarate/Merge section or the
MRTAPE routine and posted here.
LA is the length in words (the dimension) of array A.

A is the scratch sterage array of length LA.

The node numbers are required to be in the range 1 to NN as deseribed n

Section18.1.3.2,

Three arrays are used, they must be in user storage (net in common bleck
JJLB/). The first array is the Lead Definition Vector described in

Section 18.1.3.3. The twe remaining vectors are FORTRAN single precision
real (floating point) vecters setup with node numbering and freedem storage
as described in Section18.1.3.2. These two arrays are the Force vector (F)
and the Displacement vector (B). They are used only by the Forward/Backward

Substitution section (Subroutine SOLN).

The Force vector (F) has dual usage; on input te SOLN, it must contain the
combined known forces and displacements. On return from SOLN, it will

contain only forces {known and caleculated reactions).

18-1



The Displacement vector (D) is net used for input toe SOLM; on return, it

will contain the displacements {knewn and calculated).

In order to give the user complete freedom of type of structurail elements
to be used, the Linear Equation Solver routines require the user to supply
his ewn elemental matrix generatien reutines. Interface between the
Generation/Merge section and the user routines is via the user written

subroutine GENER8. Details are given in Sectien 38.2.3.
18.2.2 CALLING SEQUENCE

The calling sequence to the entry reutines follows. Unless otherwise

[ S

noted, all calling sequence arguments are fullword integer values or arrays.

CALL MERGE (IT,NN,NE,NF,LEN,LDT)

where

IT = FORTRAN legi-al unit number of the unit for the eutput gress
matrix.

NN = number of nedes

NE = number of structural elements

MF = number of freedoms per node

LEN = the maximum number of nodes that can be generated for any one
structural element

LBT = the Load Definition Vecter
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CALL DECOMP (IT,JT,NF,LDT)

where
IT = FORTRAN logical unit number of the input gross matrix
JT = FORTRAN legical unit nunber of the unit for the output
decomposed matrix
NF = number of freedoms per node
LDT = the Leoad Definition Vector

CALL SOLN (JT,NF,NN,LDT,F,D)

where
JT = FORTRAN logical unit number of the input decempesed matrix
(h_h NF = number of freedoms per node
NN = number of nodes
LDT = the Load Definition Vecter

F = single precision real (floating peint) array of the input
combined known force and displacement vector, and the output
forces

D = single precision real (floating point) array of the output

displacement vector.

CALL MRTAPE (IT,JT,KT,A,B,NF)}

where
IT = FORTRAN logical unit number of the first input gross matrix
JT = FORTRAN lcgical unit number of the second input gross matrix
™ KT = FORTRAN logfcal unit number of the output merged matrix

-

A = single precisien real {flsating point) value, scale factor for

sk

*te¢ First input matrix on unit I7
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sirgle precision real (fleating peint) value, scale factor

for the second input matrix on unit J7

1

NF number of freedoms per nodeé

CALL SRTAPE (IT,JT.NF,IP,IS)
where
IT = FORTRAN loegical unit number of the input gress matrix or the

input decomposed matrix

JT = FORTRAN logiecal unit number ef the unit for the checkpeint tape
NF = number of freedems per node
IP = 1 process a gress matrix

= 2 process a decomposed matrix
IS = 1 virite the checkpoint tape

= 2 read the checkpeint tape

SRTAPE must be called for each matrix to be read or written. It does not
pesition the checkpoint tape other than the inherent pesitioning caused by
the read/write operations. The user is required to pesition the tape as
necessary. The no pesitioning concept allows the user to use the tape

for checkpeint of his own data.

18.2.3 USER ROUTINES

The user is required to supply his own elemental matrix generator routines.

Interface is via a user supplied routine with the specific name GENERB, which

has the specific calling seauence.
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CALL GENERS (I,N,NODES,S,NS)

where

1 = fullword integer value containing the element number
whose elemental matrix is to be supplied {1 is in the range 1
to NE where NE is the number of elements)

N = fullword integer value to be returned containing the number
of nodes of *he element

NODES = fullword integer array te be returned containing the N node
numbers of the element. (Use the first N terms of this array.)

s = double precisien real (floating point) array to be returned
containing the elemental matrix.

NS = dimensions of array S.

Array S is dimensioned

POWBLE PRECISION S{NS,NS)

The elemental matrix must be a full symmetric matrix (do not return a symmetric
half). The nedes and freedoms are to be ordered such that the elemental
matrix partitions can be formed directly from the elemental matrix, with no

sorting or inserting of rows and columns to meet the nodal partition order.

The node ordering of the matrix in array S must match the node ordering

in array NODES.

Subroutine GENER8 is called once for each element in the problem. Its

content, logic, and programming is left to the user.
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18.3 PROGRAMMING

18.3.1 TAPE FORMATS

Two tape formats are used. The first format is used for the matrix partitions

including all scratch tapes and the final gross matrix tape. The second

format is for the decomposed matrix tape.

Figure 18.3-1 is the tape fermat for matrix partitions

DwWR ]~}

' 2

w|S

PARTITION Sl

o
TD WORD __ %

f=

wiS

PARTITION Sl
Fo— . - '
10 WORD I

, o

PARTITION Slg
— Y
10_WORD [}

2

L =]

PARTITION EF

15T PARTITION AND
ITS ID WORD

2ND PARTITION AND
ITS ID WORD

LAST PARTITION AND
ITS 1D WORK

DUMMY PARTITION
WITH ID = 0

FIGURE 18.3-1: PARTITIONED MATRIX TAPE FORMAT
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Let NF be the number of freedoms per node. Then each record consists of
the partition's ID (row/column packed node numbers) FORTRAN integer value
(one full word)} followed by the NF2 double precision values of the elements
of the partition. The elements of the partitions are written by rows,

the Nf elements of row one, followed by the NF elements of row two, etc.
The physically last record on the tape must be a dummy partition with an

ID number of zero.

Figure 18.3-2 shows the general tape format, and the format of one general
data record. Each record on the tape, including the header and trailer
records, has a FORTRAN fullword integer as its first word. This integer (NNW)

is the number of words in the record.

The header and trailer records are each ten FORTRAN integer fullwords with

the format shown in Figure18.3-3.

Each data record contains one or more nodal records, each nodal recerd

having the format shown in Figurel8.3-4,

Each nodal record contains all the data necescary from the decomposition step
in order teo perform the forward/backward substitution step. Each contains
the data for one decomposition row. The partitions are single precision real
(floating point) values, all ather values ane FORTRAM fullword integers.

The nodes array contains the column node numbers of the partitions, with the

first node alse being the neode number of the decemposition row.
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HEADER
RECORD

DATA
RECORD

DATA
RECORD

TRAILER
RECORD

NNW
NNDE
F£CORD
=
NODE &
RECORD wl &
2| =
2| &
=| B
Z
=
(=]
NODE
RECORD

END OF
FILE

TAPE FORMAT

DATA RECGRD

FIGURE 18,3-2: DECOMPOSITION TAPE FORMAT




(J

As many nodal records ave placed in each data record as possible without

exceeding the maximum Jength of a data record. Each nedal record is

completely centained in its data record.
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NNW = 10

' TST WORD = 0 .

: . S L = MAXIMUM LENGTH OF ANY ONE DATA
L RECORD (SEE MAXLT IN SUBROUTINE
DECOMP)

MAXIMUM BANDWIDTH

n

2ND WORD

3RD WORD

10 WORDS

M | MM

D L

TAPE RECORD

4TH THROUGH 10TH
WORDS ARE UNUSED

HEADER RECORD

NN = 10

s 15T WORD = O

2ND THROWGH 1OTH
WORD ARE UNUSED

_TAPE RECORD

END OF FILE

\_/\

TRAILER RECORD

FIGURE 18,3-3: HEADER AND TRAILER RECORDS FORMAT
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NW

NN
N

-

NN NODES
(WORDS )

NW = NUMBER OF WORDS IN NORAL
RECORD

NN = NUMBER OF NODES

NP = NF?2 = NUMBER OF WORDS
IN ONE PARTITION

| NODES = ARRAY NODE NUMBERS

NODES

e o

NP WORDS

LNW = LOCATION OF THE FIRST WORD

ONE (NW) OF THE NODAL RECORD IN
- JE DATA RECORD.

T TION THE DATA RECORD

-
ONE NODAL RECORD
NW. WORBS

NP WORDS

ONE
PARTITION

N PARTITIONS

=N

L

9

WP WORDS

ONE
PARTITION

LNW

-
e

FIGYRE 18.3-4: MODAL RECORD
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18.3.2

ey

GENERATE AND MERGE ROUTINES

The general flow of the GENERATE and MERGE routines are shown in Figure

18.3.5,
_ MERGE
GENRS MERSOR DUMMY
I _? - | l_ n_?
GENERS
(USER SEARCH
SUPPLIED)

-

FIGURE 18.3<5: GENERAL FLOW GENERATE/MERGE ROUTINES

MERGE is the "main” entry subroutine called by the user.

is to compute stoerage assignments for the arrays nee?ied in the other routines.

Tts main function

These sterage assignments are in the common bleck /JLB/ and are passed

via the calling sequence amg,ument-s@

7

GENRB controels
[

the generation of the elemental matrices.

1t partitions

the elemental matrices, writting random ovdered, unmerged partitions on a

tape for tater merging.
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MERSOR merges the partitions generated by GENR8 and writes the sorted

merged gross matrix en the gross matrix tape.

DUMMY computes the maximum bandwidth using the merged gross matrix tape

from MERSOR.
SEARCH is a working routine used to locate a node nuiiber in an array of

node numbers; it is also used by the decompositien step and the special

routine MRTAPE,
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Subroutine MERGE

Calling seguence - see Section18.2.2.

MERGE

-

COMPUTE
STORAGE
ASSIGNMENTS
FOR GENRS

COMPUTE
STORAGE
ASSTGNMENTS

FOR MERSOR

CALL
MERSOR

COMPUTE
STORAGE
ASSIGNMENTS

FOR DUMMY

RETURN
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Subreutine GENRS

¢alling Sequence

CALL GENRS{ITAPE,NE,NF,NSN,LDT,S,B,C,LTT,NOBES,LDD)

when
ITAPE = FORTRAN logical unit number of the unit for the generated
partitions
NE = pumber of structural elements
NE = number of freedoms per node
NSN = dimensien of array S
= LEN*NF where LEN = maximum number of nedes~1n any one element
. (see calling sequence for MERGE, Section fé.Z.Z)
LDT = Load Definitien vector
S = generated matrix (see calling seguence to GENER@, Sectien 18.2.3)
B = array fer one partitioen
G = array for one partition
LTT = array for Load Definitien vector for one glement,

NODES = array of elemental noedes

LBD = bookkeeping array

Array Dimensions
POUBLE PRECISION S(NSN,NSH), B{NF,NF), C(NF,NF)
INTEGER N@DES(LEN), LLT{NN*MF), LTT(NSN), LDD{NF,NF)

where NN = number of nodes in problem %
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FOR PURPOSES OF THE
MATRIA GENERATION
THE NEGATIVE LOT
VALUES (KNOWN DIS-
PLACEMENTS) MUST
BE FGNORED

A

THE -PROGRAM USE3
THE TERM “RELAX

SPECTAL EQUATION
GENERATION PROCESS

ORIGINAL PAGH 1§
OF POOR QUALITY]

FREEDOMS" FOR THE e

CALL
GENERB
GET ONE

ELEMENTEL

MATRI X

SELECT LDT
VALUES FOR
ELEMENT PUT

i = ] IN LTT. SET

NEGATIVE LDT
VALUES TO
NODE MUMBERS

£

WOVE ORE' UPPER
TRIANGUL.AR
FARTITION FROM
S INTO B

5 THE
PARTITION
ALL ZERO 7

I5 THE
PARTITION

A DIAGONAL
PARTITION .

RETMN THE UPPER

TRIANGULAR TERMS

| ZERG THE REMAINDER

DOES
THE PARTLTION
HAVE RELAX
FREEDOMS
1
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PARTITION, ‘EACH TERM

SET L.DD ARRAY FOR THE
TO BE THE PARTITION ID
NUMBER OF THE CORRE-
SPONDING TERM- OF THE
PARTITION

| searcw LoD FOR
| A NON-ZERD 1D
1 NumBER

. D FOUND

NON= zm\ N0

SELECT ALL TERMS IN B
THAT HAVE SAME 1D INTO
¢, SET GORFESPONDING
LD TERMS TO ZERD

UNPACK 1D, GET

' NODE nunmis

TR]'ANGILAR
PARTITION

) SET m umasn

AND WRITE 1D

AND PARTITION

| ON ITAPE

INTERCHANGE ROW AND
COLUMN NODE NUMBERS
SET ID NUMBER FOR
PARTITION, WRITE ID
NUMBER AND TRANSPOSED

PARTITIDN ON IITAPE
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ok BT el drd e AT FATRS S Ay = AT e et o diant T T e e

HAVE ALL

PARTITIONS

BEEN PROCESSED
?

HAVE ALL

ELEMENTS

. BEEN PROCESSED
' ?

WRITE DUMMY
PARTITION WITH
ID NUMBER OF
ZERD ON ITAPE

l

REWIND
| 17APE

~ RETURN
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Subroutine MERSOR

Calling sequence

CALl. MERSOR (NTAPE,KTAPE,LTAPE,NARG,MAX,DATA,TEMP ,NDATA,LIST)

where
NTAPE = FORTRAN logical unit number of the input partitions to be merged
and the output merged sorted partitiens |
KTAPE = FORTRAN logical unit numbers of a unit to be used as scratch
LTAPE = FORTRAN logical unit number of a unit to be used as scratch
NARG = number of words in ene partitien
MAX = number of partitions that can be kept incore
DATA = array for incore partition sterage
TEMP = array for ene partition
NDATA = array for incere partition ID numbers
LIST = sorting array feor ID numbers

Array Dimensiens
DOUBLE PRECISION DATA(NARG,MAX), TEMP(NARG)
INTEGER NDATA{MAX), LIST(MAX)
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NREC IS THE COUNTFR
OF THE NUMBER OF
INCORE PARTITIONS,
MAXIMUM 1S MAX

-~ —— -] HREC = 0

MERSOR

INET VAL L ZE
CONTROL
BARAMETERS

READ A PARTITION
AND 10 FROM NTAPE
INTO TEMP

LAST
{OUMMY)
PARTITION
READ

" SET CONTROL WORD

INDICATING THAT
ALL INPUT PARTI--
TIONS HAVE BEEN

~ READ

SEARCH NDATA FOR
1D MATGHING THE
INPUT 1D NUMBER
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NREC = NREC ¢+ 1

STORE THPUT PARTITION
N OATA (- MREC), AN
10 IN NPATAGNREC )

UPDATE L IST 50
THAT L1517 IMDICATES
SORT GRDER OF 1D

NUMRERS

ALL INPUT
PARTIT1ONS
READ

7

OUTPUT TARE
WiLL BE NTAPE

SET CONTROL 50

SCRATCH
TAPE
BEEN USED
)

WRITE 1D AND PARTITION e —nd
THAT ARE INGORE ON

QUTPUT TAPE SORTED ON

WRITE DUMMY
PARTITION ON
OUTPUT TAPE

1D LOW TO HIGH
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LET 5 A COWNTER:
10 P, i UP INCORE

10°5 AND FARTITION:
LOM. 10 TO HIGH

. LOPY REMAINING
PARTITIONS FROM
INPUT SCRATCH
TAPE T0 OUTPUT
TAPE INELUDING
DRy PARTITION

o
o)

=
°E

=

FEAD AH. 1D KND ;
-PARTITION FROM X
IWPLT SCRATCH
TAPE

WRITE THE REMAIRING ENCORE

10 = 19 OF PARTITIOR | Uy 10°5. AKD PARTITIONS O8 THE oLTPUT TAPE
FROM SCRATCH TRPE PARTETION
)

B L GUTELT TAPE SORTED LW 1D AUSH HTAPE
- 10, = THE X' INCORE 1D |~ FOIN 70 HIGH. AUSD WRITE THE 2
o S i DMAY PARTITION WITH ID = §
? " SuITCH CONTROLS 0
THAT TME QuT! ;
Iy < 19y 104 > 10y SCPATCH TARE BECOMES
- - THE NERT INPUT
l . SCRATGH TARE, EIC.
wnTe THE KT 50 b
A% PARTITION ON
— ; + : TWE OUTRUT TAPE
WRITE THE 1D ANG WERGE THE K T : y y y
patiTion s oA BARTIVION FROR'
THE [WPUT SCRATCF i INPUT SCRATCH TAE,
T 08 THE G T 1NeuT SCRATCH OO
[ —
‘M/. N !’
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S
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Subroutine DUMMY
CALL DUMMY (ITAPE,MBW,NFN,TEMP ,MA)

where
ITAPE = FORTRAN logical unit number of the unit containing the merged
ordered matrix
MBW = maximum bandwidth
NEN = number of werds in one partition
TEMP = array for input partition
MA = array of active node numbers

Array Dimensions
DOUBLE PRECISION TEMP{NFN)
INTEGER MS{NN)

vwhere NN = number of nedes fin problem
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DUMMY:

1 FROM 1TAPE

READ FIRST 1D
AND PARTITION

TUNPACK THE 10

NUMBER GETTING
THE ROW NODE

HUMBER

kA = GURRENT ACTIVE

ROW NODE NUMBER

. NA = NUMBER OF NODES
IN ARRAY MA

" INITDALIZE

MBW = 0

KA = ROM NODE
NA 5 )

MA(1) = KA

READ NEXT 10
AND ‘PARTITION
FROM 1TAPE

UNPAGK ROMW
NODE NUMBER
. FROM 1D

18-34

[ wei - wa }

RETURN



' SEARCH 1§ USED T0
© ADD THE COLUMN -NODE

NUMBER TO ARRAY MA

- AND INCREMENT NA IF
THE COLUMN NODE NUMBER - _

IS5 NOT ALREADY IN MA

SEARCH IS USED TO
LOCATE KA IN THE
ARRAY MA, THE
LOGATION 1S RETURNED
AS A SUBSCRIPT OF MA

SEARCH IS USED 70

ADD THE NEW KA TO

ARRAY MA AND INCREMENT

NA IF THE NEW KA IS
NOT ALREADY IN MA
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NPACK COLUH!
NODE NUMBER
FROM 1D

GALL
SEARCH

NA > MBW
3

1 wpw = ma

CALL
SEARGH

| oevere xa From
MA AND CINCH
{ ue

SET KA =
NEW ROW
NOOE NUMBER

NA = NA -1




Subroutine SEARCH

€Calling Sequence

CALL SEARCH (N,K,MA,NA)

where
N is the node numtar to be located or added to array MA.
K is the location (subscriﬁt) ef node N in array MA.
MA is an array of nodes.

NA is the number of nodes in array MA.

Array Dimensions
INTEGER MA (NN)

where NN is the number of nedes in the preblem

SEARCH

T
JT=NA e

RETURN
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18.3.3  DECOMPOSITION RGUTINES

The general flow of the Pecomposition routine is shown on Figure18.3-6.

DECOMP
plC SEARCH
saveR | [ groc | O ]
OPEN ?%?géx | | oecere INTER DROW DOTHER D1AG
| cose Bl |

FIGURE 18.3-6: DECOMPOSITION FLOW
DECOMP s the "MAIN" entry subroutine called by the user. 1ts main
functions are to 1) compute storage assignments for the arrays needed
in the routines; and 2) to test the storage requi rements against the
amounts of storage available, and halt the run when insufficient storage
js available. Storage assignments are in common block /JLB/ and are

passed via the calling sequence arguments.
pIC is the incore decompoes ition routine performing the actual decomposition.

SAVER/QPEN/CLOSE is one routine with three entry points. OPEN initializes

the decomposition tape and writes the header record. SAVER moves the
nodal record data into the data records and writes the data records on
the decompesition tape when they are full. CLOSE writas the trailer
record on the decomposition tape.
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BLOCK/IBLOCK is one routine with two entry points. Both operate on the
partition storage usage bookkeeping array. IBLOCK initializes the array.

BLOECK determines the next available partition storage block to be used.

DELETE operates on the partition storage bookkeeping array, releasing

partition storage blocks for later use.

INTER eperates en the partition storage bookkeeping array and the active
node array, interchanging the items in these arrays so that the node of the

row being decompesed is the last nede in the active node bookkeeping array.

DIAG does the internal decomposition of the diagonal partitien of the row

being decomposed.

DROW does the decompesitien of the off-diagenal partitions in the row

being decomposed.

DOTHER dees the decompesition of the row into the partitions not in the

row.

STORAGE AND BOOKKEEPING CONCEPTS

The key concept used during decomposition is that the enly partitions
required incore are those that are active in the decomposition for the

row being decomposed. The number of partitions requiring storage is
NBLKS = (£) (MBH)(MBM+1) (18.3-1)

where MBW is the maximum bandwidth.
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Three bookkeeping arrays are needed, an active node array, a partitien
row/column 1D versus partition storage bleck number array, and a partitien
storage use array. In practice the storage for the last twe bookkeeping

arrays are conmbined by packing the values.

The partition storage blocks are a double dimensioned array, the first
dimension for the terms in the partition, the second the partition storage
block number (in the range 1 to NBLKS). There is a ene te one correspondence
between the partition storage block second index and the storage use
bookkeeping array. The storage use array is simply a flag indicating
whether or noet its cerresponding partition storage block is used by an

active partitien.

The active nede bookkeeping array is used in conjunction with the
partition row/celumn ID bookkeeping array te lecate a specific partition
in the partitien storage blecks. This is done by thinking of the
partition row/column 1D bookkeeping array as an upper triantular matrix as

shown in Figure 18.3-7.

| NBLks |

FIGURE 18.3-7: PARTITION ROW/COLUMN ID BOOKKEEPING ARRAY
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There is a one to one correspondence between the active nodes bookkeeping
array and the rows and columns in this upper triangular matrix. To

locate a specific partition, say partition (1,2) (row node I, column node
J). First, locate the nodes I and 4 in the active node bookkeeping array
(the node numbers are stored in the array), let i and j be their location
(subscript) respectively. Second, if j is less than i (j < i), interchange
j and i. Finally, the Yocation (second index of the partition storage
blocks) of the partition is stered in the partition row/column IB

bookkeeping array at location k of that bookkeeping array,
where

ko= (3) % (1) % (2%MBW - § + 1) - MBH + ] (18.3-2)
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l/"

CAMPITE STORAGE
NSSTGNMENTS

FOR TNCORE
DECOMPOS] THON

( retwen )

DECHMR

COMP UTE :
LT = LENGTH OF BECGMPASITION
; SAVE TAPE DATA RECGORD
NBLKS = HUMBER OF PARTITION
STORAGE BLOCKS REQUIRED

PRENT ERROR
COMMENT 5021

COMPUTE AMOUNT OF
CORE STORAGE REQUIRED
FOR INGORE DECOMPOSITION

CAH
IHCORE ™

DECOMPGSITION
BE USED

YES

QuT OF
“CORE SCRATCH
TAPES TN
LANGE 1-20

OUT OF GORE
DECOMPOSI TTON
NOT AVAILABLE
PRINT ERROR
COMMENT 5051

l STOP 51 )
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PRINT ERROR
COMMENT 5022
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D

CASF OPEN
[NITLALLZE
SAYE TARE,
WELTE BEADER
RECOR{}

CALL IBLOCK
IS TIALTZE

DODKKEEMING
AIGEAYS

]
RCAD A
PARTTTION
FROM GROSS
HERGE TAPE

LAST
{Dutmy)
PARTITION

L~ FURST
PARTITION
LF HEXT
ROW
?

1 REWINO GROSS

MATRIX TAPE

5
PARTITION™
'STORAGE ALREADY
ASSIGNED
T

MERGE (ADDY
PARTITION TO
EXESTING
PARTITION

fcaLt BLOck
GET STORAGE
ASSTGNMENT
FOR PARTITVION

STORE
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S

CALL ITER
FNTERCHANGE ROW
NODE SO IT IS
LAST Il BOOK-
KEEPTNG ARRAYS

A OF PARTITIOU
. COMSTRAINED
~_ 2

CALL DIAG
DECOMPOSE
BLAGOHAL
PARTITION

|

CALL DROW
DECOMPOSE A
PARTITION T
ROW BEING
DECOMPOSED

YES : '3 1T
1 , N

PREPARE TO
| DECOMPOSE A

I pPAIR OF PARTITIONS
INTQ OFF-ROW
PARTITIONS

|
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PFT-1HNy

COPRRTIVINN

ST0RAGE

AL TLNED
e

CALL BLUCK
GET STORAGE
ASSTGHRMENT

UALL TTRER IHET PAL LAE
M CIPOSE THE TARTITION
PAIR IHTR T STORAGE TN
LY F -804 ZERQ

PRARTE YT

POSSIBLE

ROW BATHY

PROCLSSL)
?

YES

CALL SAVER
SAVE

DECOMTOSED
ROM

CALL NELLED
T FALY STORAGE
FOR RO GUST
PROETSSED

CALL CLOSE
COMPLETE
BEGOMPOSITION
SAVE TAPE

NEIERMEHT I RETURN . )
HOOL HHMEER

OF HNEXT RW
T BE PRACESSED

COMPLETE

1
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OPEN

|

INITIALIZE
SAVER
DATA

WRITE
'DECOMPOSITION
TAPE HEADER

RECORD

" RETURN
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CLOSE

DATA™
REMAINING
IN DATA
RECORD

" ?

YES

WRITE FINAL
DATA RECORD
N DECOM-
POSITION TAPE

C

WRITE
DECOMPOSITION
TAPE TRAILER
RECORD

RETWRN




SAVER

!

COUNT THE
NUMBER OF
PARTITIONS
T@ BE SAVED

RECORD FIT INTO
DATA RECORD
7

 WRITE DATA

RECORD ON

1 DECOMPOSITION

TAPE

-

PYUT CONSTANTS
IET0 NODE
RECORD

|

PUT DIAGONAL
PARTITION AND
NODE INTO

1 NOBE RECORD

|

PUT OFF DIAGONAL

PARTITIONS
AND NOTES
INTO EECORD

RETURN
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IBLOCK

SET ALL
VAILUES IN
BOOKKEEPING
ARRAY TO ZERO

|

| PRINT ERROR

BLOCK

:

 SEARCH ARRAY

A FREE PARTITION

FROM I TO ENE
OF ARRAY FOR

" FREE
PARTITION
FOUKD
?

SEARCH ARRAY
FROM START TO
I FOR FREE
PARTITION

| coMMENT 5023

STOP 23
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DELETE

l

RELEASE PARTITION
STORAGE, FOR REUSE,
OF NODE WHOSE ROW
HAS JUST COMPLETED
DECOMPOSITION

1

" DELETE NODE
FROM ACTIVE
| NODE ARRAY

RETURN
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INTER

SEARCH FOR
NODE (NN) OF ROMW
BEING DECOMPOSED

. IN ACTIVE NODE
ARRAY

NODE NO

FOUND
?

INTERCHANGE HODES
IN ACTIVE NODE
ARRAY SUCH THAT
NODE NN IS LAST

l

| PRINT ERROR

1 COMMENT 5024

' INTERCHANGE CONTENTS
 OF ROWS AND COLUMNS |
OF PARTITION ROW/COLUMN

BOOKKEEPING ARRAY TO

| maTcH ACTIVE NODE

ARRAY WITH NODE NN LAST

RETURN
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pinG

\
IHITEAL LZE
OTAGORALS
LNGREASE

@ ZERD

!

START

INTERVAL
DECOMPOSITHON
WITH FLRST ROW

TONSTRALN;
ROW
2

PUT TNVERSE

OF DIAGONAL

TERM [N

DIAGONALS INVERSE

LAST ™
ROY OF
PARTITION

, VES

DISTRIBUTE
DECOMPOSITION

OF ROW FORWARD

T0 REMAINENG ROWS

BN GREMENT

ROW . .
A TER {  RETURN

FOR NEXT R@N_
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[A] = [c1'[BJLE]

WHERE

[c] AND [0] ARE OFF DIAGONAL
PARTITIONS IN THE ROW BEING
DECOMPOSED

[B] 1S THE INVERSE OF THE
DLAGONAL OF THE DI AGONAL
PARTITION IN THE ROW BEING
DECOMPOSED

[A] 1§ THE RECEIVING PARTITION
£s] IS A SCRATCH PARTITION

BOTHER

l

. COMPUTE

[s1=[c1'r8] |

|

COMPUTE

ta] = s [e] |

DROW

l_

 DECOMPOSE ROWS OF OFF
DIAGONAL PARTITIONS, IN
ROW BEING DECOMPOSED
FORWARD TO REMAINING
RQWS IN THE PARTITION

RETURN
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18.3.4 FORWARD/BACKWARD SUBSTITUTION ROWTINES

The general flow of the Forward/Backward Substitutien routines is shown

in Figure 18.3-8

SCLN

. SUBFR |
. ROFRWD

RDBACK
RFOPEN

Figure 18.3-8: Substitution Flow

SOLN §s the "MAIN" entry subroutine called by the user, Its main functions
are to 1) set prescribed equal known (imput) displacements, and add known
(input) forces en computed equal displacement nodes, 2) te compute storage
assignments fer the arrays needed in the process, and 3) after substitutien
is completed, set computed equal displacements. Storage assignments are

in common bleck/JLB/' and are passed via the calling sequence arguements.

SUBFR is the forward/backward substitution routine performing the actual
cubstitution RDFWRD/RBBACK/FROPEN is one routine with three entry points.
ATl three read the decompesition save tape. FROPEN reads the header vecord,
returnina the maximum bandwidth and length of a data recerd to SOLN fer use
in computing sterage assianments RDFWRD and RDBACK each read a node record,
RDFWRD reads the tape for ferward substitution and RDBACK reads the tape

backwards for hacksubstitution.
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1SING TME LOAD DEFINITION | -
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THE INPUT VECTOR

COMPINED KNOWN FORCES . LDT
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VALUE <0
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ADD SET THE
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?

[ CALL FROPEN
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~STORAGE
REQUIRED <
STORAGE
AVAILABLE
?

COMPUTE
STORAGE
 ASSIGNMENTS -

PRINT
ERROR
COMMENT
5031

STOP 31

Tot - 0

OR LDT =

NODE NUMBER
?

YES

SET COMPUTED
CaUAL
: PISPLAGEMENTS

ALL NOPES
PROCESSEN

RETURN
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SURFR

CKLL RDFWRO
GET A HBDAL
RECORD

TPAILER
RECORD
FoLnD
?

Hn

| PROCESS DIAGANAL
CLFHENTS

DISTREBUTE
FORWARD FOR
OFF DIAGONAL
ELEMFNTS

TALL
RDBACK
GET A ——p—

NODAL
RECARD

“HEADER

REEORD

FOIND
?

" RETURN )

BISTRIBUTE
BIAGOHAL
PARTTTLON

DISTRIBUTE OFF
‘DIAGONAL PARTITTONS

STORE FINAL
COMPUTED

FORGE (REACTION)
DR GISPLACEMENT
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FROPEN RDFWRD . ROBACK

NEXT

o FRON RODAL_REGORD
REGORD FR YES o NOI 0R
uEeo:goslgTou ES TN DATA RECORD IN

SAVE TAPE _ d .

e RERT™
~RODAL RECORD YES
IN DATA REGORD

kT READ A "BACKSPACE
RETURN READ BHERS
RECORD .
: A & ‘ READ A
_ SETUP TO PRICESS DATA
NODAL RECOR)S RECORD
FORWARD FRCM e e S
DATA RECOR)S

SETUP TO PROCESS

NODAL RECORDS

1 BACKWARD FROM
DATA REGORDS

LAST '”’i
LA {ser
RECORD : YES A TERMINATE

FD%ND g '_ DATA

" MOVE HODAL
DATA TO
_ SUBFR STORAGE

SETUP TO
PROCESS
NEXT NODAL
RECORD

RETURN
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18.3.5

SPECIAL ROUTINES

MRTARE

INFTIALIZE
GONTROL
~ FLAGS

0K
10 READ
FIRST TAPE ,

NO

READ A
PARTITION
FROM FIRST
TAPE

7

0K
T0 READ
SECOND TAPE

READ A
4 PARTITION FROM
SEEOND TAPE

-

| SET FLAGS

LAST ™

FARTITION FOURD: YES

. LAST . © AND PAKTITION
PARTITION FOUND 1D TO BYPASS
OGN FIRST PROGESSING OF
TAPE FIRST TARE
T
SET FLAGS

AND PARTTTION
1D T BYPASS
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ON SECOND PROCESSING
Jop SECOND TAPE
<" F INTSHED HO -
PROCESSING BOTH ' q 2
TAPES _
?
FINESH ' HRCTE
HA HUM :
T T TERMINAL
CALCULATION RECORD

‘ RETURN )



st < 2™

SCALE 15T
PARTTT1C.

WRITL 15T
PARTITION
N OUTPUT
TAPE

SET CONTROL

-FLAGS T0 NOT
READ FROM
_2HD TAPE

~ 157 .
PARTITEON D
2ND PARTITION
10

7

EQUAL

15t -~ 2™

SCALE
PARTITIONS
AND ADD

TOGETHER

WRETE RESULT

PARTITION ON
THE OUTPUT
TAPE

SET CONTROL
FLAGS 10
READ ROTH
INPUT TAPES

SCALE 2ND
PART IFION

WR1TE 2ND

PARTITION ONI

THE (UTPUT
_TAPE

SET CONTROL
FLAGS TO NOT
READ FROM

15T TAPE

GLT ROW AHD
COLUMN HODE
NUMBERS OF
PARTITLIDN JUST

| PROGCESSED

START MG
A NFUY ROW
?

GFT MAXIMUM
BANDWENTH
THEN DULETF

nLh /W NODE

|

un

UPDATE
AMTTYT HODE
ARRAY
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e

'SET CONTROLS TO:
IREAD GHECGKRDOINT
P

SRTAPE

WRITE

TVPE
OF NPERATION

ILLEGAL

PRINT
ERROR
COMMENT
5na1

sT0P 4%

GROSS.

MATRIX

MATRIX

READ A
MATRIX
PARTET N

HETPUT
UNIT NUMBER
KOT 7ERO

?

WRITE
THE

PARTLITION

| . i -

LAST
{DUMMY )
PARTITION
_ FOUNDN

SET CONTROLS
To WRITE
CHEGKPOINT
TAPE

AECKPOINT
TAPE UNIT
NUMHER NOT
ZE;\O

COMMENT
&043

STOP 43

NRCOMPNSITION

TYPE

e

[LLEGAL

PRINT
ERROR
COMMENT
542

( STOP 42 )

BETURN
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19.0 SUBROUTINE AND COMMON TABLES

This section contains twe tables. One lists all the subroutines called

by the BOPACE subroutines and the ether table 1ists all the commen referenced

by the BOPACE subroutines.

19.1 SUBROUTINE - SUBROUTINE TABLE

Subroutine

subroutines called by subroutine in_left column

BLKDTA
BIGS

BLOCK
COSHAP
CSYS
CSYS1
€sYS$2
PECOMP
DEFORM
DELETE
DIAG
DIC
DOTHER
DPFORM
DROW

READ], READTM, READTP, READTC, READC, READM, READZ,
READ3

€sYs1, GSys2

DI

SAVER, BLOCK, SEARCH, INTER, D1AG, DROW, DOTHER, DELETE

DEFORM

PRECEDING PAGE BLANK NOT FILMED
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LGy

DUMMY
DYVAL
EDSHAP

. ERCOMP

FORCE
GENER8
GENRS
HEAD
INTER
ITER
[TER]
KFORM
MAIN

MERGE
MERSOR
MRTAPE
ouTEC
QUTE
OUTEL
0UTG
oUTP
OUTPQ
OUTS
RDFRUD

THE ’”E’”ﬁ COMBANY

SEARCH

ROTQ
KFORM, ROTK
GENERS

YVAL, DYVAL, ZVAL, ITER)

EDSHAP, COSHAP, YVAL, DEFGRM, DPFORM

READRS, READOG, MERGE, DECOMP, SRTAPE, BIGS, READ4,

READ5, YVAL, SOLN, STRAIN, ITER, ERCOMP, MRTAPE, HEAD,

oQuTPQ, QUTEL

GENRB, MERSOR, BUMMY

SEARCH

OUTE, OUTP, OUTS, BUTC, QUTG
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READC

READM

READRS
READTC
READTM
READTP
READQ
READ]
READ2
READ3
READA
READS
ROTK
ROTQ
SAVER
SEARCH
SOLN
SRTAPE
STRAIN
SUBFR
VTET
YVAL
VAL

THE ‘”E’”ﬂ COMPANY

€sYS, VTET

YVAL

SAVER, SUBFR

ROTQ
RDFRWD

19-3
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SUBROUTINE-COMMON TABLE

BLKDTA
BIGS

BLOCK
COSHAP
€SYS
€3YS1
€s5YS2
DECOMP
DEFORM
DELETE
B AG
BIC
DOTHER
DPFORM

DROW
DUMMY

DY VAL

EDSHAF
ERCOMP

LA

Common Referenced by Subroutine in CGelumn One

BRICKC, SIZES, ELDATG

ELDATG, ELDATY, ELDAT2, GEN7, GENPO, GENP7, GENP8,
GENPY, GENPIO, GEN#]], GENP12, GENP13, GENP14, GENP15,
GENP16, GENP17, GENC1, GENCZ2, JLB

JLB . N

GENPQ, GENP7, GENP8, GENP9, GENPi7, GENP12, GENP13,
GENP14, GENP15, GENP16, GENP}?
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FORCE
GENERS
GENRS
HEAD
INTER
ITER

ITERY
KFORM
MALN

MERGE
MERSOR
MRTAPE
QuUTE
QUTE
OUTEL
QUTG
ouTP
QUTPQ
OUTS
RDFRWD
READC

Simes oAl gy

THIE ’”".’”E CUMPARNY

ELDATO, ELDAT1, ELDAT2
ELDATO, ELDAT1, ELDAT2

GEN7, GENPOD, GENP7, GENPS, GENP9, GENP1O, GENPI1,
GENP12, GENP13, GENP14, GENP15, GENP16, GENP17, GENCI,
GENC2, ELDATO, ELDAT1, ELDAT2

TOUNIT, BRICKC, GEN1, GEN7, ELDATO, ELDAT1, ELDATZ2
IOUNIT, JLB, ELDAT®, ELDATY, ELDAT2, GEN1, GEN7, GENS,
GENPO, GENP1, GENP2, GENP3, GENP4, GENP5, GENP6, GENP7,
GENPB, GENP9, GENPYO, GENP11, GENP12, GENP13, GENP14,
GENP15, GENP16, GENP17, GENCT, GENC2, SIZES

JLB

JLB

JLB, ELDATO, ELDAT1, ELDAT2
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READM

READRS

READTC

READTM

READTP

READO

READ?

READ2

READ3

READ4

READS ELDATO, ELDAT1, ELDAT2
ROTK

RGTQ

SAVER

SEARCH

SBLN JLB
SRTAPE JLB
STRAIN ELDATO, ELDAT1, ELDAT2
SUBFR JLB
VTET

YVAL

ZVAL

19-6
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20.0 FILE USAGE
BOPACE uses Fortran
defined by the user

fist of files listed

5
6
WIN
YIN2
wouT

- WINRS
UOUTRS
UNITE1(=11)
UNITE2(=12)
UNITP1(=13)

UNITP2({=14)
UNITS1(=15)

RECEDING PAGE BLANK NOT FILM

THE B”EI”E CIMMPANY

1/0 to access a number of files.

and the others are defined in the pregram.

by logical unit number follows:

Pescription

Input card file

Output printer file

Type [ input data

Type LI input data

Major output file

Restart tape

Checkpoint tape

Merged elastic stiffness matrix
Decomposed elastic stiffness matrix
Merged total Jacobiam matrix. Used
only when the input variaple SCODE
is equal to 3, 4 or 5.

Becomposed total Jacebian matrix.
Used only when the input variable
SCODE is equal te 3, 4 or 5.
Scratch file used by the Gauss
wavefront merge and decomposition

routines.,

20-1

Some of

the files are

A current

Defined by

READBRS
READRS
user
user
user
user
user
MAIN
MAIN
MAIN

MAIN

MAIN
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UNITS2{=16) Same as WNITSI
[EDAT(=1) tilement data
JEDAN( =2) Input integration point dated

TEROUT (=3) Updated integration point data

MAIN d
BLKDTA
BLKDTA
BLKDTA

Logical units IEDIN and [EPOUT are initially defined by the block data

program gL DTA. However, these files are swapped in BOPACE whenever the

integration point data as defined by common ELDATZ is updated. These

exchanges of unit pumbers occur in MALN, BIGS and OUTEL.

20-2
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e MVTEING overny
21.0 OVERLAY
The everlay of BOPACE was designed to minimize loading of segments and to

maximize the size of common JLB for a given core size, A schematic of the

overlay is shewn in Figure 21.6-1.

21-1



MAIN

YVAL
PYVAL
ZVAL
SEARCH
| I — 1 1 1L 1 1 1 1 1
READTS READO | SRTAPE READ4 READS MRTAPE MERGE DECOMP FTER OUTEL
‘ , , 11 ‘ L . DIC ITER1 " QUTE
SAVER FORCE ouTP
r _T* Tﬁ* T‘ I [ 1 BLOCK AOTR - OUTC
N N — ‘ —— : ‘ S INTER ERCOMP QUTS
A ADT TEADT BEADTC S EADC READM IEAD READ3 BAG STRAIN OUTE
| READI IREADTM ‘HEABTP R?ADTC‘ _REA@C ovs -REA y) | | row | | SoLy | Reap
' ' ' £SYS2 DOTHER SUBFR ouTPaQ
VTET - l-aar-uawm:‘ :
cSYSH _
KFORM DUMMY MERSGR
GENERS S_—
GENRS
ROTK
DEFORM
DPFORM EDSHAP COSHAP
Figure 21.0-1: Overlay Schematic
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