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A BSTR ACT

A status report of the AGGIE I structural analysis program is

presented. AGGIE I is a computer program for predicting the linear and

non linear , static and dynamic structural response of two- and three-

dimensional continuum solids . The program is based on isoparametric

finite elements and allows for two—dimensional plane stress , plane

strain and axisymmetric analyses and general three-dimensional analyses .

Large strain kinematics is based on the total Lagrangian formulation .

Materially nonlinear models include several elastic -plastic , work-

hardening models as well as an incompressible Mooney -Rivlin model .

Inc l uded in this status report are severa l structural problems

which have been investigated to verify the program. A listing of current

program users is given . Also included is a summary of ongoing work which ,

when completed , will result in several improvements to the AGGIE I

program .
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SUMMARY OF AGGIE I COMPUTER PROGRAM

The purpose of this section is to provide a brief summary of the

computer program as it is currently being made available to other

us ers , the theoretical basis of the computer program , the elements

used , the available material model s, and the program organization .

Theoretical details of the formulation may be found in Refs . 1-4 while

proqram input instructions are aiven in Ref . 5.

Introduction

In beginning the development of a nonlinear structura l analysis

program , a review of existing nonlinear finite element programs was

undertaken with the purpose being to determine what analysis cap-

ability currently existed , what techniques were being used , and to

determine if any existing computer program might be suitable as a

beginning base program. From this review , it was felt that the NONSAP 1

program developed by Bathe , Wilson and co-workers would form a suitable

base from which to begin the work . The NONSA P program was modularized

making it easy to mod i fy, the program organization and logic was good ,

it was fairly wel l documented and it has a good library of material

model s and el ements to conduct geometrically (large strain) and

materially nonlinear analyses of two-dimensional structures (the 3-0

capability was limi ted to linea r elastic problems only).

Using the NONSAP program as a base , a moderately sized finite

element program for nonlinear structura l analysis has been developed.

The program is based on two- and three-dimensional isoparametric solid

elements. Nonlinearities accounted for in the program may be due to

large displacements , large strains and nonlinear material behavior 
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(linear behavior is also allowed). A number of material model s have

been incorporated; these include linear elastic , orthortropic , nonlinear

elastic , nonlinear elastic incompressible , and elastic -plastic models.

Both static and dynamic response prediction are possibl e. The program

also allows for the possibility of displacement incrementation for use

in predicting buckling and post -buckling response. Dynamic dimensioning

of most FORTRAN arrays allows efficient utilization of available high —

speed memory . The program uses either an out-of-core or an in-core

equation solver depending upon problem size and available main memory .

The mesh description (node and element information ) is input on a node

by node and element by element basis or may be generated by using a

rudimentary substructure option . Provision is made for both conservative

and nonconservative (deformation dependent) loading.

Incremental Equilibrium Equations

The linearized incremental equilibrium equations which are solved

at each time or load step are given by

[M]~iit~~t} + [C]{u t t } + [K t]{~ui ~R
t
~~

t} - {Ft} (1)

where

[M] mass matrix

[C] = damping matrix

tK t] tanqent stiffness matrix at time t

{Rt~~
tI = external nodal force vector at time t + A t

{Ft~ = nodal force vector due to internal element stresses at time t

{ut+tXt} = nodal acceleration vector at time t + ~t

{Au} nodal displacement increment vector defined by ~~~~ = u~ + .~u

— 2—
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For a static probl em , the mass and damping matrices are omitted and

the time increment At may be interpretted as an equivalent load

S increment.

The incremental equations given above yield only an approximate

solution (because of the linearization used in their derivation ) and

hence will yield solutions which have accumulated error after several

steps. To ensure that equilibrium is being satisfied at each step,

one may use a modified Newton-Raphson method to perform equilibrium

H iteration . The iterative equations take the form

+ [~] t+~~~~~~ + [Kt]{Mu}(~
) 

= {Rt~~
t}(~~~

— {Ft~~
t}(1.~~ 

(2)

where (1) denotes the ~th equilibrium i teration and {Mu }~’~ denotes

the correction to the displacement increment at the iteration i , that

is ,

{Au) +1)
~~Au}

(
~ +{ AA U } n

{ut~~
t)(~~~ = ~~~ +{~~}(~~~) (4)

It should be pointed out that in a general Newton type iteration , the

tangent stiffnessmatrix [Kt] would be updated at each i teration

(i.e., use {kt~~
t](1)); however , in the modified Newton method , this

term is held constant during the i teration (or updated only periodically

when convergence deteriorates). Input parameters allow the program

user to speci fy the updating frequency .

The time integration procedure used in  dynamic analyses is either

the Wilson o or the Newmark ~ methods .

The original NONSAP program utilized both the total Langrangian

and updated Lanqrangian formulations in developing the incremental

equilibrium equations. All ~~enien~ and material models develo ped durin a

the current rec~arch program have 5een rest r ic ted to the to ta l  Lanora ngian

S..



formulation ; however , those material model s in the original NONSAP

program which premitted the use of the updated Lagrangian solution

have been retained and are still available in AGGIE I.

Element Library

Several types of elements are currently available in the AGGIE I

program . These include a three-dimensional truss element , two-

dimensional isoparametric solid element with 4 to 8 nodes , and a three-

dimensional isoparametric solid element with 8 to 21 nodes. The two-

dimensional element is reducabl e to a constant strain triangular element

and the three-dimensional element is reducable to a constant strain

tetrahedron .

The truss element is shown in Fig. 1 and has in general three

degrees-of-freedom per node . Material properties and cross-sectional

area are assumed to be constant over the length of any element. The

element may be used in linear elastic or nonlinear elastic analyses in

combination with small or large displacements (for a large displacement

analysis , only the updated Langrangian formulation is available).

The general two-dimensional isoparametric solid element is shown in

Fi g. 2. The element may be used for plane stress , plane strain or

axisyniiietric analyses . The material models which are available for the

two-dimensional element are shown in Fig. 2 and are described briefly

in the next section . This element may be used to model axisymmetric

shells; however , because of the continuum formulation used , the element

does not represent Kirchhoff-type , thin shel l behavior very well.

The genera l three -dimensional isoparametric solid element is

shown in Fi g. 3. The element may have from 8 to 21 nodes with 3

degrees-of-freedom per node . The iiaterial models which are currently

available for the three-dimen sional element are also listed in Fi g. 3.

-4-
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Geometric Nonlinear Formulations

Total Updated
Available Material Models Linear Lagrangian Langrangian

1. linear elasti c X X
2. nonlinear elastic X X

Fig. 1 Three-Dimensional Truss Element

5
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Geometric Nonlinear Formulation

Total Updated
Available Material Models Linear Lagrangian Lagrangian

1. linear elasti c, isotropic X X X
2. linear elastic, orthotrop ic X X
3. vari able tangent moduli model X X
4. curve desicription model (plane X

strain , axisymmetric)
5. curve description model wi th X

tension cutoff
6. elastic plastic, combi ned X X

kinematic—isotropic hardening,
von-Mises yield condition

7. elastic-plastic , Drucker-Prager X
yield condition

8. incompressible , nonlinear elasti c, X X
Moone y—Rivlin material (plane
s tress)

9. i ncompressible , nonlinear elasti c , X X
Mooney—Riv lin material (plane
strain or axi synretric)

10. elastic-plasti c , mechani cal X X
sublayer mode l , von-Mises yield
condition

FIg. 2 Two-Dimensional Isoparametri c Continuum Element for
Plane Stress , Plane Strain or Axisymmetri c Analysis

6 
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Geometric Nonline a— Formulation

Total Updated
Avai lable Material Models Linear Lagrangian Lagrangian

1. linear elastic , isotropic X X
2. linear elastic , orthotropic X X
3. curve description model X X
4. elasti c—plast i c , con~ ined X X

kinematic-isotropi c hardening
von-Mises yield condition

5. e last ic—plast ic , mechanical X X
sublayer model , von-Mises
yield condition

6. incompressible nonlinear X X
e las t i c , Mooney-Riv lin mater ial

—.5———————

Fig~ 3 Three-Dime nsional Isoparamet ri c Continuum Eleme nt 

~~~~~~~~~~~~~~~~~ -.5 — 5- - - - _  _
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Material Mode ’’

The original NONSAP prooram contained a number of material models

for the two-dimensional elements but contained only a linear and non-

linear elastic material model for the three-dimensional elements. In

the AGGIE program , new material models have been added for the two-

dimensional elements and four material models have been added for the

three-dimensional elements. Table 1 gives a complete listing of the

available material models.

• For the truss elements , two models are available: 1) linear

elastic material and 2 ) nonl~ near elastic material . The nonlinear

elastic-material model makes use of a user-specif ied , piece -wise

linear stress -strain curve.

For the two-dimensional solid elements , a number of models are

availabl e as shown in Table 1. Most of the material models may be

used with either a geometricall y linear (small strain) or nonlinear

(large strain) formulation.

Two linea r material models are available , i .e., either isotropic

or orthotropic.

A newly developed nonlinear elastic (hyperelastic) incompressible

model which makes use of Moo ney-Rivlin material constants to descr ibe

the nonlinear stress—strain relat ion may be used for the anal ysis of

some rubber -like materials. The plane-strain and axisymmetric models

make use of Lagrange multiplier constraints in order to impose the

incompressibil i ty condit io n.~
Two new elastic -plastic material models provide a wide range of

hardening rules which may be used in elastic— pl astic analyses. Both

models are based on the von ises yield condition and the associated

flow rule. For the hardeni’~i rule, one model makes use of a combined

-3-
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Ta b le 1. Material Models

lodel l-D 2-D 3-D

1 linear linear e las t ic ,  linear elastic ,
elastic isotropic isotropic

2 nonl inear linear elastic, l inear elastic ,
elast ic orthotropic orthotropic

3 variable tangent curve descri~ t ion

_____ ________— 
modul i model model

4 curve description elastic-p lastic ,
model (plane strain , combined kinematic -
ax i symmetric) isotropic hardening,

Von M i ses yi eld
condition

5 curve description elastic -plastic ,
model wi th ten- mechanical sub-
s i on cutof f la yer mo del , Von-

Mises yield condition

6 elastic -plasti c , com- incompressible non lineai
bined kinematic — elast ic , Mooney -Rivli
isotropic hardening, mater i al
Von Nises yield
condi tion

7 elast ic -plast ic , Druc ker-
Prager yield condition

S incompressible , nonlinear
elast ic , Moo ney-Rivlin
material (plane st ress)

9 incompressible , nonlinear
elast ic Mooney -Riv 1in~materi~ l (plane strain

_____ — 
or ax i symmetric) I

10 e last ic —p las t i c , mechanical
su blaver model , Von M i~~s
yield condition

— 9 - 
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kinematic-isotropic hardening model while the second is based on a me-

chanical subl ayer (Bessel ing) model . The combined kinematic -isotropic

hardening model allows for the input of a yield surface size vs. equiv-

alent uniaxial plastic strain curve if such data is available ; otherwise 
- 

-

this inforrna t~on ~s generated by the program for a user-specified value

of the ratio of kinematic-to-isotropic hardening. Details of both

models may be found in Ref . 3.

Three geolog ical material mode ls originally in NONSAP have been

reta i ned in the present program . These are the variabl e tangent moduli

model , the curve description model and the curve description model with

tens ion cutoff .2 The varia ble tangent moduli model describes an iso-

tropic material in which the bulk and shear moduli are functions of the

stress and strain invariants and the functional relationship used replaces

an expl icit yield condition l In the curve description model , the i nstant-

aneous bulk and shear modul i are defined by piecewise linear functions

of the current volume strain. With the tension cutoff model , t ens i l e

stresses due to applied loading cannot exceed the gravity in-situ

pressure ; the model assumes reduced stiffness in the direction of the

tensile stress which exceed in magnitude the gravity pressure (i.e.,

when a “crack” develops).

The material models availbie for the three-dimensional solid

elements are also shown in Table 1. Several new models were developed

and implemented in the base program. These include the Mooney -Rivlin

incompressible model , the linear orthotropic model , the elast ic-plast ic

model with combined kinematic -isotropic hardening, and the elas tic-

plastic model with mechanical sublayer hardening . Each of these models

may be used in either a geometric ally linear analysis or a large strain

analys is based on the total Lagrangian formulation.

-1 0-
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~pplied Loads

The applied loads considered by the program are concentrated loads

at the nodes , uniform pressure applied to the surface of an element ,

— or unifo rm pressure appl ied to the surface of a group of elements . Ifr a pressure is specified , the program automatically computes the equi-

valent generalized nodal forces .

The appl i ed loads may be either conservative or nonconservative .

Nonconservative loads are those loads which are a function of the

deformed geometry , e.g., following loads or during large deformation

when the surface area over which the pressure acts changes considerabl y.

Program Organization

The general program organization which was utilized in the base

program NONSI4P1 has been retained in the present program. The significant

differences are in the way the element matrices are assembled into the

structura l matrices and the allocation of the high-speed storage .

As in NONSAP , the solution process is divided into three phases :

1. Input and Mesh Generation Phase. Various control information

is first read from data . Depending upon which input option is selected ,

the node and element information is either read from data or generated

internally and then stored on tape or disk. Additionally, equation

numbers for all active degrees are generated and element-node connectivity

arrays are determined and stored on disk. Externally applied pressure

loads are converted to nodal forces and stored on disk.

2. Assemblage of Constant Structura l Matrices. The stiffness ,

mass and damping matrices for all linea r elements are computed , assembled

and stored on disk.

— 1 1 —  
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3. Step-by-Step Solution . The incremental equations of equilibrium

are solved for each step. At each step , equilibrium i teration is per-

formed (if desired) until a converged solution is obtained . Displacements ,

velocities , accelerations , stresses and strains are computed and printed .

The program is designed to process elements by groups ; all elements

within an element group have like characteristics , i.e., they are all the

same element type (e.g., 2-D axisymmetric), they all have the same type

of geometric nonlinearity and the same material model . Each element group

generally calls for a specific overlay segment of the program . Program

efficiency is increased by grouping elements to avoid unnecessary or

repeated calling of overlay segments . Element groups may be either

linear (geometrically and materially linear) or nonlinear. During all

phases linear element groups are processed first. Stiffness properties

for all linear element groups are computed during phase 2 and stored on

disk. During phase 3, the structural stiffness for all linear element

groups is read from disk; then stiffness matrices for all nonlinear

element groups are computed (based on the current stress strain-state)

and added to the linear contribution .

The program is designed to make maximum use of available high

speed memory. A common block/AMAT/dimensione d for MTOT locations is

used to store the arrays that are required during the different phases

of program execution . During the input phase, space (NUMEST locations)

is allocated in the common block for storage of element property data

(element coordinates , element-node conne~..tivity , material properties and

working arrays for element stresses, strains and various variables asso-

ciated with nonlinear material models). For each element group, the

input is processed using the same NUMEST locations and necessary infor-

mation is written on disk. fluring the solution phase , the element



property data is read from disk and the same space is used repeatedly

as each element group is processed . The program automatically allocates

the NUMEST locations within the common block based on the storage

requirements of the largest element group. During the input phase , the

program determines the storage that will be required for the structura l

coefficient (e.g., stiffness in static analyses ) matrix and the space

(LBLOCK) that will be availabl e with the common block. If sufficient

space is available in the common block to store the coefficient matrix

in core, then this is done . If sufficient space is not available , then

the coefficient matrix is stored on disk in blocks of length LBLOCK and

then processed bl ock-by-block within the LBLOCK locations of common block

AMAT .

The current version of the AGGIE program contains over 125 sub-

routines and is overlaid (See Table 2). Descriptions of the subroutines

and the overlay structure are given in the Programmer ’s Guide.

Equation Solvers

The solution of the incremental equilibrium equqtions is obtained

using either the in-core linear equation solver OPTSOL6 or the out-of-

core linear equation solver OPTBLK7. The coefficient matrix (left side

of the equations) is stored as a one-dimensional array using a skyl i ne

storage scheme (by columns) i.e., only the terms in each column which

fall below the skyl i ne are stored . If the coefficient matrix will fit

within the high-speed memory space which has been allocated to it , then

the solution of the equtions is done in-core by OPTSOL . If the coef-

ficient matrix will not fit entirely in-core , then it is stored on disk ,

tape or other low-speed storage device by blocks and solved by OPTBLK

in a block-by-block fashion . The blocksi ze is selected as large as

possible depending upon availabl e high-speed memory .

.5 
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VERIFICATION PROBLEMS

The results of three structural problems which have been used to

verify the AGGIE program are presented here . Although the geometries

cnsidered here are rather simple , more complex geometries requiring about

2 ,500 degrees-of-freedom have been studied . Details of the geometry ,

loading and material properties are given in Ref. 5.

Figure  4 shows a t h i n , s h a l l o w , spherical shel l which is subjected

to a uniform step pressure . Figure 5 presents a comparison of the apex

deflection obtained with the AGGIE program (ten 8-node axisymrnetric

solid elements), the DYNAPLAS thin shel l program (20 thin , axisymmetric

shel l elements) and a pseudo force solution (a modified DYNAPLAS program).

The agreement between the solutions is quite good .

Fi gure 6 depicts an axisymmetric steel pressure vessel subjected

to a static internal pressure . Results of the AGGIE program using 45

isoparametric elements are compared in Fig. 7 to another finite element

solution obtained by Zienkiewicz . The solutions , which assumed the

material was elastic-perfectly plas tic , agree reasonably well.

Figure 8 shows a simply supported circular plate of high strain-

hardening 2024-0 aluminum subjected to a cyclic punch load at the

center of the plate . The elastic -plastic behavior was modeled with the

combined kinematic-isotro pic hardening material model (ratio of i sotropic

to kinematic , y = 0.5). The AGG IE results are compared to experimental

data provided by Grumman Aerospace Corp. Results for this problem

obtained with other elastic -elast ic material models are reported in

Refs . 3 and 5.

—15 — 
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Fig. 4 .  Spherica l cap with a unifo rm pressure
loading .
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Fig . S . Comparison of d i f ferent  nonlinear pro gram

solutions for a spherical cap.
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AGGIE I PROGR AM USERS

The initial version of the AGGIE I program as described herein has

been released to a number of organizations during the past year. These ]
include:

Office  of Naval  Research

NASA

Chrysler Corporation , Detroit , MI

Firestone Tire & Rubber Co . , Akron , OH

Engineering Mechanics Research Corp., Tray, MI

TRW , Redondo Beach , CA

Universal Analytics , Playa Del Ray, CA

Wayne State Univ., Detroit , MI

Kaman Sciences Corp., Colorado Springs , CO

Requests for the program have also been received from:

Association of American !~ailroads , Chicago , IL

Diesel Allison , Indianapolis . IN

B. F . Goodrich , Akron , OH

— . l —
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CURRE NT WORK

Work is currently underway which wi ll enhance the analysis capability

of the AGGIE I computer program. Specific improvements include:

•Genera l shell element

‘Thermal loading

‘Material properties which are functions of temperature

•Creep material models

The general shell element is basically a doubly curved 4 to 8 node

isoparametric element with 5 or 6 degrees-of-freedom per node (3

displacements and either 2 or 3 rotations). The element has been

developed and verified for the linear , small strain case. Work is

currently underway to adapt the element for large strain and nonlinear

material behavior.

The therma l loading capability has been programmed into AGG IE I

for the small and large strain case but has not yet been thoroughly

checked out. The program allows for t~e input of temperatures at nodal

points . For the case where materi al properties vary with temperature ,

the necessary modifications to the equilibrium equations have been

developed theoretically. Programming of these modifications should

begin in September .

Considerable work has been done in studying creep material models.

An incremental , equation-of-state creep model which utilizes either a

user-specified creep strain Liw or user -input discrete creep strain-

stress-temperature data has ht’en programmed for AGGIE and evaluated

for the two dimensional elements. This model will be extended to the
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three-dimensional elements as time permits~ At the present time , an

incremental form of a nonlinear viscoelastic model is bein g developed

and checked for the uniaxial case. The model i s  being programed in

such a way that we should be ab le to degenerate or modif y i t  to inc lude

linear viscoelastic theory , Valanis theory , Krempl ’s theory , and

Rashid ’s theory . This will allow us to evaluate the different approaches

in a very fundamental basic way. Bot h numerical and experimental

comparison studies will be done . We intend to investigate ways of

including ela stic-plastic-creep coupling and rate effects into the

v iscoeoeasic model (this may be possible through the shift factor and

reduced time parameters ). After this fundamental research has been

f i n i s h e d , we wil l then incorporate the viscoelast ic model into the

A GG IE program.

AC KNO WL EDGE M ENT

The research reported herein is beina supported by the Office of

Naval Research under Grant N000l4-76-C-OlSO .

*preliminary results using t h is model are ciiven in Ref . 8. 
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