MARC

Analysis
Research
Corporation

&

PRIMER

INTRODUCTORY
TEXTBOOK



Disclaimer of Warranties and Limitation of Liabilities

Copyright © 1993 by MARC Analysis Research Corporation. All rights reserved. Printed in the
United States of America. Except as permitted under the Copyright Act of 1976, no part of this
publication may be reproduced or distributed in any form or by any means, or stored in a data-
base or retrieval system, without the prior written permission of MARC Analysis Research

Corporation.

The authors have taken due care in preparing this manual and the examples in it, including the
research, development, and testing to ascertain their effectiveness. In no event shall MARC
Analysis Research Corporation be liable for incidental or consequential damages in connection
with or arising out of the furnishing, performance, or use of any of the examples.

MARC Analysis Research Corporation:

North America

Corporate Headquarters

MARC Analysis Research Corporation
260 Sheridan Avenue

Palo Alto, CA 94306, USA

Telephone: (415) 329-6800

FAX: (415) 323-5892

National Sales Office

MARC Analysis Research Corporation
#6 Venture Suite 202

Irvine, Ca 92718, USA

Telephone: (714) 453-0840

FAX: (714) 453-0141

Europe

European Headquarters
MARC-Europe

Bredewater 26

2715 CA Zoetermeer, The Netherlands
Telephone: 31-79-510411

FAX: 31-79-517560

German Office

MARC Software Deutschland GmbH
Ismaninger Strasse 9

85609 Aschheim, Germany
Telephone: 49-89-904-5033

FAX: 49-89-903-0676

ltalian Office

Espri-MARC

Piazza Rossetti 5/16A
16129 Genova, ltaly
Telephone: 39-10-585949
FAX: 39-10-585949

Pacific Rim

Far East Headquarters

Nippon MARC Co., Ltd.

P.O. Box 5056

Shinjuku Daiichi Seimei Bldg.
2-7-1 Nishi-Shinjuku
Shinjuku-ku, Tokyo 163, Japan
Telephone: 81-3-3345-0181
FAX: 81-3-3345-1529

Osaka Office

Nippon MARC Co., Ltd.

Dai 2 Kimi Bldg., 4F

2-11 Toyotsu-cho

Suita-city, Osaka 564, Japan
Telephone: 81-6-385-1101
FAX: 81-6-385-4343




w TABLE OF CONTENTS

Preface ® © 00000 00000000000 0000000200000 000000000000 000000 Vii

Chapter 1 Introduction and Overview ..................1-1
Sample Problem and Output. . .................................... 1-25
Chapter 2 Linear Static and Dynamic Problems ..........2-1
Example 1  Tensile Stress in a Sheet withHole ..................... 2-5
Example 2A  Thick Cylinder Under Internal Pressure—
Plane Strain Solution ............................... 2-31
Example 2B Thick Cylinder Under Internal Pressure—
Axisymmetric Solution ............ ... ... ... ........ 2-47
Example 3A  Modal Analysis of a Cantilevered Beam ................ 2-61
Example 3B Linear Dynamic Analysis Using
Direct Integration . ................................. 2-79
Example 3C  Damped Modal Superposition Response
Subjected to Initial Conditions . . ...................... 2-95
Example 4  Stiffened Composite Roof Under
Uniform Pressure ................................. 2-113
Chapter 3 Nonlinear Structural Problems —
Plasticity, Large Deformation,
and Post-Buckling Analysis ..................3-1
Example 5  Cantilevered Beam Loaded by TipLoad ................. 3-3
Example 6  Large Displacement and Plasticity Analysis of a
Simply-Supported Square Plate . ...................... 3-39
Example 7 Postbuckling Analysis of a Spherical Cap Under
ApexLoad .......... ... ... ... ..., 3-71
Chapter 4 Heat Transfer and
Thermal Stress Analyses ....................4-1
Example 8  Transient Heat Conduction Analysis of a
Square Pipe with Circular Channel ..................... 4-3
Example 9  Thermal Stress Analysis of Square Pipe

Rev K.5

with Circular Channel .............. .. .. ... ... ... .. 4-25



MARC Primer

TABLE OF CONTENTS continued

Chapter 5 Contact and Rubber Analyses ................ 5-1

Example 10  Coupled Analysis of Ring Compression ................. 5-3
Example 11  Side Pressing of a Solid Rubber Cylinder ............... 5-49

KeywordlndexOooo-ooooooooooonoooooooOooooooooooooooooA-l

Index 0oooco'oo-0.oo‘ooooo;-ocoooo.ooo'oooooooo.ooooooIX-l

Rev K.5



w LIST OF FIGURES

Rev K.5

Figure 0.1

Figure 1.1

Figure 1.2

Figure 2A.1
Figure 2A.2
Figure 2A.3
Figure 2B.1
Figure 2B.2
Figure 2B.3
Figure 2B.4
Figure 3A.1
Figure 3A.2

Figure 3B.1a
Figure 3B.1b

Figure 3B.2
Figure 3B.3
Figure 3C.1
Figure 3C.2
Figure 4.1a
Figure 4.1b
Figure 4.2a
Figure 4.2b
Figure 4.3

Figure 4.4

Figure 4.5

Figure 5.1
Figure 6.1
Figure 6.2
Figure 6.3
Figure 6.4

Truss Under Tension ... ........................... 1-25
Square Plate with a CircularHole . . ................... 2-5
Second Component of Stress . ...................... 2-29
Thick Cylinder, Plane Strain Model .................. 2-32
Radial Displacement .............................. 2-46
Radial Stress ........... ... ... ... ... ... ... ... 2-46
Thick Cylinder, Axisymmetric Model ................ 2-47
Radial Stress Through Radius .. ..................... 2-59
Hoop Stress Through Radius ....................... 2-59
Radial Displacement Through Radius ................ 2-60
Three-Dimensional Cantilevered Beam Model ......... 2-61
Eigenmodes . ........... .. ... ... .. ... .. 2-77
Cantilevered Beam ............................... 2-79
Time Historyof Load ............................. 2-79
Deflected Shape ................................. 2-94
Time History of Tip Deflection ..................... 2-94
Cantilevered Beam with Initial Displacements . ......... 2-95
Time History of Tip Deflection .................... 2-110
Beam Cross Section ............................. 2-113
Beam and Material Orientation . .................... 2-113
Node Numbers ................................. 2-114
ElementNumbers ............................... 2-114
Deformed geometry ................ .. ... .. ...... 2-136
Z-displacementcontours . ......................... 2-136
First component of stress in the preferred
direction-Layer 1 ............................... 2-137
Cantilevered Beam ................................ 3-3
Square Plate ......... ... ... ... ... ... ... ...... 3-39
Time History of Deformation ....................... 3-67
Contour Plot of Z-Displacement .. ................... 3-67
Equivalent von Mises Stress - Layer I ................ 3-68
v



MARC Primer

vi

LIST OF FIGURES continued

Figure 6.5
Figure 6.6
Figure 6.7
Figure 7.1
Figure 7.2
Figure 7.3
Figure 7.4
Figure 7.5
Figure 8.1
Figure 8.2
Figure 8.3
Figure 9.1
Figure 9.2
Figure 10.1
Figure 10.2
Figure 10.3
Figure 10.4
Figure 10.5

Figure 10.6a
Figure 10.6b

Figure 11.1
Figure 11.2
Figure 11.3
Figure 11.4

Equivalent Plastic Strain - Layer I ................ ... 3-68
Equivalent von Mises Stress - Layer IL. . .............. 3-69
Equivalent Plastic Strain - Layer IT................... 3-69
Spherical Cap .......... ... i 3-71
Cap Deformed Geometry From Increment 6 to 24 .. . . .. 3-119
Node 5 Z-load History ............. ... ... ... ..... 3-120
Z-displacement History — Nodes 1, 3,5,7,9, 11,13 ... 3-120
Load-deflection Curve for Spherical Cap . ............ 3-121
Square Plate with Circular Channel ................... 4-3
Contour Plot of Temperatures . .. .................... 4-23
Time History of Nodal Temperatures ................. 4-24
Square Plate with Circular Hole ..................... 4-25
Equivalent von Mises Stress ........................ 4-50
RingModel ......... ... .. . i 5-3
Deformed Geometry After 50 Increments ............. 5-43
Deformed Geometry after 100 Increments ............. 5-44
Equivalent Plastic StrainsinRing . . .................. 5-45
Equivalent von Mises Stress Distribution in Ring ....... 5-46
Temperature Distribution in AluminumRing ........... 5-48
Temperature Distribution in Steel Disk ............... 5-48
Rubber Cylinder and Contact Surface ................ 5-49
Deformed Geometry .............cooiiiiinin.. 5-74
Equivalent Cauchy Stress Distribution ................ 5-75
Strain Energy Density Distribution . . ................. 5-76

Rev K.5



Preface

Rev. K.5

This Primer is a tutorial for the first-time or occasional MARC user. MARC is a
powerful, modern, general-purpose nonlinear finite element program for structural,
thermal, and other types of engineering analysis; this Primer covers only some typ-
ical linear and nonlinear mechanical applications and does not describe all the capa-
bilities in MARC. You are presumed to have had some exposure to linear finite
element (FE) analysis, either through course-work or by having used other FE soft-
ware. The Primer is written with the assumption that you have had little or no expe-
rience in nonlinear FE analysis.

In a typical FE analysis, you’ll need to define the:
* mesh (which is an approximate model of the actual structure);
* material properties (Young's modulus, Poisson’s ratio, etc.);
» applied loads (static, dynamic temperature, inertial, etc.);
] boundary'conditions (geometric and kinematic constraints); and
» type of analysis (linear static, nonlinear, buckling, thermal, etc.).

These steps leading up to the actual FE analysis are generally termed pre-process-
ing; currently, many users accomplish these steps by using an interactive color
graphics pre- and post-processing program such as Mentat II. After an analysis, the
results evaluation phase is called post-processing, where you check the adequacy of
the design (and of the approximate FE model) in terms of critical stresses, deflec-
tion, temperatures, and so forth.

This Primer is written assuming you have Mentat II available for pre- and post-pro-
cessing. Therefore, there will be no mention of MARC’s built-in mesh generation
and plotting capabilities, and little mentipn of such items as meshing consider-
ations, load application details, and material properties. The primary emphasis of
the Primer is to explain MARC input and output for stress analysis problems.
(Example 8, however, introduces heat transfer analysis using MARC in preparation
for the subsequent thermal stress analysis in Example 9). The eleven selected exam-
ples illustrate some simple but representative linear and nonlinear problems which
can be solved using MARC. After you have read Chapter 1: Introduction and Over-
view, you may skip to any example you are interested in; each example is self-con-
tained.

Once you have understood the modeling philosophy, input, output, and results dis-
cussion for any example, you are encouraged to experiment and re-analyze that
example by changing input parameters — such as material properties, boundary con-
ditions, or amount of damping (if it is a dynamic problem.) Then, you should exam-
ine the new MARC analysis results — and ask yourself whether the answers make
sense! In this manner, you will develop a keen, critical view of the important role

vii
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of numerical analysis in the design/analysis process. Building on this experience,
you will gradually develop sound engineering judgement to enable you to properly
evaluate the structural (or thermal) integrity of any product or design.

The version of MARC used is K5. The Mentat II version used for pre- and post-pro-
cessing is Version 1.

viii Rev. K.5



CHAPTER 1: Introduction and Overview

This chapter provides a brief introduction to the MARC system. It serves as cursory
background material for the eleven examples; more detailed tables and descriptions
are found in the MARC User Manuals, Volumes A-E. You should read this chapter
and be familiar with its contents before going on to the examples. Each example is
self-contained and illustrates certain MARC features and input requirements. The
first four examples are linear static/dynamic problems. Example 4 demonstrates the

- composites analysis capability in MARC. The remaining seven examples illustrate

nonlinear analyses: plasticity, large deformations, buckling, heat transfer, thermal
stress, contact/friction, and rubber materials.

The following topics are covered in this chapter: a guide to MARC and Mentat 11
documentation; MARC program features; element library (including a brief
description of the 18 recommended elements); input description; output descrip-
tion; and a simple example of a rod loaded by an axial tensile load.

A Guide to MARC and Mentat Il Documentation

Rev. K.5

In addition to this Primer, several other MARC manuals are available. These are ref-
erential in nature, and describe the features and applications of the MARC program
in greater detail. These other manuals are:

MARC User Manuals

Volume A  User Information Manual
(technical basis of program and capabilities)

Volume B MARC Element Library
Volume C  Program Input

Volume D User Subroutines and Special Routines

MARC Demonstration Manual (Volume E)
Volume E.1
Volume E.2
Volume E.3
Volume E.4

MARC Background Papers (Volume F)
Theoretical papers on MARC procedures

1-1
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For reference purposes, Volumes B, C, and D are used most often. Volume A serves
as an overview of the program capabilities, and contains some theoretical back-
ground material. Volume E demonstrates a variety of problems to illustrate MARC
capabilities and correlation with theory or other published numerical solutions.
After you have finished reading this Primer, you should refer to Volume E for addi-
tional demonstration problems. Volume F is a collection of journal papers which
describe the algorithms and material characterizations in MARC.

Mentat Il User’s Guide

Tutorial sessions on Mentat II pre/postprocessing.

Program Features

1-2

MARC is a general-purpose finite element program designed for both linear and
nonlinear analyses of structural, thermal, electric, and magnetic field problems. In
addition, it can handle coupled thermal-mechanical, electro-thermal, and electro-
magnetic analyses. In nonlinear and transient problems, MARC makes your analy-
sis easier by offering automatic load incrementation and time-stepping capabilities.
You will be exposed to some of these concepts in this Primer.

Many types of analyses can be obtained by any combination of these basic MARC
capabilities. The following is a cursory listing of MARC capabilities. Please refer
to the appropriate MARC manual for more detailed descriptions.

Geometry
* 1-D: truss, beams (open or closed section)

* 2-D: plane stress, plane strain, generalized plane strain

¢ 2-D (axisymmetric): solid or shell (with nonaxisymmetric loading for linear
problems)

 3-D: solids, plates, shells, membranes

Behavior
* linear/nonlinear for geometry or material
* static/dynamic

* steady-state/transient

Material
* linear elastic

* isotropic/orthotropic/anisotropic
composites

* elastic-plastic, work-hardening

Rev. K.5
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* isotropic, kinematic, and combined hardening
* finite strain

* cyclic loading

* viscoplasticity

* rigid plastic flow

* nonlinear elastic, elastomers, rubber

* viscoelastic (Maxwell, Kelvin, combined)

» powder metallurgy

* metal and elastomer damage models

Boundary Conditions
Boundary conditions vary with:
* time/increment
* temperature
* displacements, velocities, accelerations

* open/close contact

Libraries
MARC has four comprehensive libraries:
* Procedure Library
* Element Library
* Material Library
* Function Library

You may combine almost any number of options from each of the four libraries,
and, consequently, solve virtually any structural mechanics or thermal problem.

Procedure Library
This includes all of the analysis types available in MARC:

* Linear elastic - standard linear finite element analysis
- superposition of multiple load cases
- Fourier (nonaxisymmetric) analysis of linear
axisymmetric bodies

*  Substructuring - multilevel, quasi-static
* Nonlinear - automatic load incrementation
- elastoplastic

scaling to first yield
- large deformation/finite strain

1-3
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total and updated Lagrangian approaches
buckling/collapse—linear/nonlinear
creep buckling
postbuckling—with adaptive load step

- rigid plastic flow—Eulerian, metal forming

- creep—with adaptive load step

- viscoelastic
state equations (Kelvin model)
hereditary integrals (generalized Maxwell or
generalized Kelvin-Voigt model)
thermo-rheologically simple behavior

- viscoplastic—modified creep option to include
plasticity effects

- contact/friction—automatic convergence

* Fracture mechanics - linear/nonlinear
- brittle/ductile
- J-integral evaluation
- dynamic J-integral
- brittle cracking concrete model

* Dynamics - modal analysis/eigenvalue extraction
inverse power sweep method
Lanczos method

- transient response
modal superposition
direct integration:
Newmark-beta method
Houbolt method
central difference method

- harmonic response

- spectrum response

- time-stepping—linear/nonlinear

- adaptive time-stepping algorithm

e Heat transfer - steady-state and transient analyses
conduction-linear/nonlinear
convection/radiation boundary conditions
internal heat generation
latent heat phase changes
adaptive time steps

* Hydrodynamic bearings - lubrication problems
- pressure distribution and mass flow

¢ Joule heating - coupled electric flow with heat transfer

1-4 Rev. K.5
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* Electromagnetics - electrostatics
- magnetostatics
- coupled electromagnetic analysis
harmonics
transient

* Fluid/structure interaction - incompressible and inviscid fluid

*  Thermo-mechanical - quasi-coupled thermally driven stress analysis
- fully coupled thermo-mechanical analysis solved by
staggered scheme
- large displacement effects on thermal boundary
conditions
- automated contact/friction capability

* Change of state - transient thermal analysis with change of phase and
volume
- associated stress analysis with plasticity and
residual stresses

Element Library

MARC has a library of approximately 130 elements. Only the most important subset
(the “recommended elements”) will be discussed in this Primer. A detailed description
of the MARC Element Library is given later in this chapter.

Material Library
This includes more than 40 different material models:

* Linear elastic - isotropic, orthotropic, and anisotropic
(properties may be temperature dependent)

* Composites - laminated plates and shells
- isotropic, orthotropic, or anisotropic layers
- elastic or elastic-plastic behavior
- arbitrary material orientation definition
with respect to any element edge
with respect to global Cartesian axes
with respect to a user-defined axis or through
user subroutines
- relative ply angle for each layer
- multiple failure criteria
maximum stress
maximum strain
Tsai-Wu
Hill
Hoffman, or
user-defined

* Hypoelastic - nonlinear elastic (reversible)
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¢ Elastomers - nonlinear elastic, incompressible
- Mooney-Rivlin model (allows large strains)
- Ogden model

* Elastic-plastic - Prandtl-Reuss flow rule

- user-defined non-associative flow law

- von Mises yield criterion

- Drucker-Prager yield criterion

- isotropic, kinematic or combined hardening

- strain hardening (or softening) as a function of
strain rate and temperature

- temperature dependence of yield stress and work
hardening slopes

- isotropic, orthotropic, and anisotropic

- Hill’s anisotropic model

- Gurson damage model

e Cyclic plasticity - isotropic, kinematic, combined hardening

*  Creep - deviatoric or volumetric (swelling) strains
- piecewise linear or exponential forms for rate of
equivalent creep strain
- temperature dependence
- Oak Ridge National Lab. (ORNL) model-combined
creep, plasticity, and cyclic loadings

e Viscoelasticity - Maxwell and Kelvin models
- combined Kelvin-Voigt and Maxwell models
- hereditary integrals of strain histories with both
small and large strain formulations
- thermo-rheologically simple behavior
- isotropic or anisotropic material

* Polymers - thermo-rheologically simple behavior
- damage model
e Viscoplasticity - combining plasticity and the Maxwell model of
plasticity

- general inelastic behavior
- unified creep plasticity

* Soils - yield surfaces as a function of hydrostatic stress
- linear or parabolic Mohr-Coulomb law

e Concrete - low-tension cracking
- crushing surfaces
- rebars

Function Library

This includes a variety of MARC utilities, mesh generation, and post-processing plot-
ting options (these will not be discussed in any detail in this Primer since it is assumed
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you have Mentat II for these functions), kinematic constraints, loads, bandwidth
optimization, rezoning, in-core and out-of-core solution, user subroutines, restart,
output on post file, selective print, error analysis, etc. Only loads and constraints are
summarized below; refer to the MARC manuals for descriptions of the others.

¢ Loads and constraints - mechanical loads—concentrated, distributed,
centrifugal, volumetric forces
- thermal loads—initial temperatures read from a
post file produced from a thermal analysis, or
from data files
- initial stresses and initial plastic strains
- kinematic constraints
transformation of degrees of freedom
elastic foundation
tying (multipoint constraints or MPC’s)
boundary conditions in user-defined axes
springs and gaps—with and without friction
contact surfaces

Element Library

The heart of an FE program lies in its element library, which allows you to model a
structure for analysis. MARC has a very comprehensive element library which lets
you model virtually any conceivable 1-D, 2-D, or 3-D structure. This section gives
some basic definitions, summarizes MARC element types, and describes the most
commonly used elements of interest to the beginner.

Definitions

isoparametric a single function is used to define both the element
geometry and the deformation

numerical integration a method used for evaluating integrals over an ele-
ment. Element quantities—such as stresses, strains,
and temperatures—are calculated at each integration
point of the element

Gauss points the optimal integration point locations for numeri-

cal accuracy

full integration (quadrature)  requires, for every element, 2d integration points

for linear interpolation, and 3d points for quadratic
interpolation. the scalar ‘d’ is the number of geo-
metric dimensions of an element (i.e., d=2 for a
quad, d=3 for a hexahedron). This results in exact
integration of linear functions in linear elements, or
quadratic functions in quadratic elements.

1-7
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reduced integration

means using a lower number of integration than
necessary to integrate exactly. For example, for an
8-node quadrilateral, the number of integration
points is reduced from 9 to 4, and for a 20-node
hexahedron, from 27 to 8 (this definition of
“reduced integration” is included here for reference
only; in this Primer we will not discuss or use
reduced integration elements).

CAUTION

The use of reduced integration near singularities and in regions of high strain
gradients can lead to oscillations in the displacement (“checkerboarding”) and
produce inaccurate results. This phenomenon is highly problem dependent.

interpolation (shape) function

degrees of freedom (DOF)

incompressible elements

assumed strain elements

1-8

an assumed function relating the displacements at
points inside an element to the displacements at the
nodes of an element. In MARC, four types of shape
functions are used: linear, quadratic, cubic, and
Hermitian.

the number of unknowns at a node. In the general
case, there are six DOFs at a node in structural
analysis (three translations, three rotations), and
one DOF in thermal analysis (nodal temperature).
In special cases, the number of DOFs is: 2 (transla-
tions) for plane stress, plane strain, and axisymmet-
ric elements; 3 (translations) for 3-D truss element;
6 (three translations, three rotations) for a 3-D
beam element.

MARC has a special class of elements which can
be used to analyze incompressible (zero volume
change) and nearly incompressible materials such
as elastomers and rubber. They are based on a mod-
ified Herrmann variational principle, and are some-
times referred to as “Herrmann elements.” Unlike
the regular finite element formulations, they can
handle the case of Poisson’s ratio equal to one-half.
They are used for elastic analysis, but are capable
of analyzing large displacement effects as well as
thermal and creep strains. The incompressibility
constraint is imposed by using Lagrange multipli-
ers.

a special class of elements which are enhanced
such that they can accurately calculate the shear
(bending) strain.

Rev. K.5
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MARC has an extensive element library numbering approximately 130 elements.
They are basically of two categories: structural and thermal. They cover a wide vari-
ety of geometric domains and problems:

* truss

* membrane

* beam
e plate
¢ shell

* plane stress

¢ plane strain

* generalized plane strain

* axisymmetric

3-D rod with axial stiffness only (no bending).

thin sheet with in-plane stiffness only (no bending
resistance).

3-D bar with axial, bending, and torsional stiff-
nesses.

flat thin structure carrying in-plane and out-of-
plane loads.

curved thin or thick structure with membrane/
bending capabilities

thin plate with in-plane stresses only. All normal
and shear stresses associated with the out-of-plane
direction are assumed to be zero. (In MARC, all
plane stress elements lie in the global X-Y plane.)

structure with in-plane strains only, with all normal
and shear strains associated with the out-of-plane
direction equal to zero. (In MARC, all plane strain
elements lie in the global X-Y plane.)

same as plane strain except that the normal Z-strain
can be a prescribed constant or function of x and y.

2-D idealized structure with radial and circumfer-
ential degrees of freedom only. In MARC, all axi-
symmetric elements lie in the Z-R (X-Y) plane.

NOTE

For the purpose of this Primer only, the descriptions of MARC axisymmetric
elements have been simplified. For a more complete description, see MARC
Volume A, Chapter 7, and Volume B.

e 3.Dsolid

* special

solid structure with only translational degrees of
freedom for each node (linear or quadratic interpo-
lation functions).

MARC’s special elements include: a gap/friction
element, a pipe-bend element, a shear panel ele-
ment, rebar elements, and several “semi-infinite”
elements (which are useful for modeling a domain
unbounded in one direction).
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1-10

Heat Transfer Elements

Heat transfer elements in MARC consist of 3-D links, planar and axisymmetric ele-
ments, 3-D solid elements, and shell elements. For each heat transfer element, there
exists at least one corresponding stress element. Temperature is the only degree of
freedom for each node in these elements (except in the case of Joule heating analy-

sis, which is a coupled thermal-electrical analysis).

Element Usage Hints

The following general hints on element usage should be useful to most MARC

users, especially the first-time user.

1.

Element input data generally includes: element connectivity; thickness for
2-D beam, plate, and shell elements; cross section for 3-D beam elements;
coordinates of nodal points; and face identifications for distributed load-
ings.

You may select different element types to represent various parts of a
model. If they are incompatible (meaning conflicting degrees of freedom),
you have to provide appropriate tying constraints.

You may use most MARC elements for both linear and nonlinear analyses;
exceptions are noted in MARC Volume B.

In linear analysis, you should consider using higher-order elements, espe-
cially in problems involving bending action. In nonlinear analysis, lower-
order elements are preferred.

When using lower-order elements (whether the analysis is linear or nonlin-
ear), 4-node quadrilaterals are preferred over 3-node triangles in 2-D prob-
lems. Similarly, 8-node bricks perform significantly better than 4-node
tetrahedra in 3-D problems.

Stresses and strains of all continuum elements are defined in the global
coordinate system (X,Y,Z). For truss, beam, plate, and shell elements,
stresses and strains are output in the local system for the element and the
output must be interpreted accordingly. You should pay special attention to
the use of these elements if the material properties have preferred orienta-
tions.

The coordinates and degrees of freedom of all continuum elements are
defined in the global coordinate system. Truss, beam, plate, and shell ele-
ments may be defined in a local coordinate system—and you must interpret
the output accordingly.

Distributed loads may be applied along element edges, over element sur-
faces, or over the volume of the element. MARC will automatically evalu-
ate the consistent nodal forces using numerical integration. Concentrated
forces are applied only at nodes.

Rev. K.5
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9.

10.

11.
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For five bilinear elements (Types 7, 10, 11, 19, and 20), an optional integra-
tion scheme may be used which imposes a constant dilatational strain con-
straint on the element. This option is often useful in approximately
incompressible, inelastic analyses such as large strain plasticity, because
conventional elements give results which are too stiff for nearly incom-
pressible behavior.

For four elements (Types 3, 7, 11, and 19), optional interpolation functions
may be used which improve the behavior of these elements in bending. The
reduced integration elements with hourglass control also use an assumed
strain formulation.

Five Fourier shell and solid elements (Types 62, 63, 73, 74, and 90) exist
for the analysis of linear axisymmetric structures with nonaxisymmetric
loads. The circumferential load and displacement is represented by a Fou-
rier series, but the geometry and material properties may not change in the
circumferential direction. You can therefore uncouple a 3-D problem into a
series of 2-D problems. These elements can only be used for linear elastic
analysis because the principle of super-position applies only to this type of
linear analysis.

In the abbreviated Element Summary Table on the next page, the most commonly
used elements are indicated with an asterisk (*). The following element types are
intentionally excluded from the table because they are unlikely to be used by the
first-time user: generalized plane strain elements; axisymmetric shell/solid Fourier
elements; axisymmetric solid elements with torsional and bending capabilities;
incompressible elements which are of generalized plane strain and axisymmetric
Fourier types; rebar elements; semi-infinite elements; and pipe bend elements.
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Table 1-1: Element Summary Table (Abbreviated)

LINEAR

PROBLEM TYPE | ELEMENT TYPE QS.Q%'?,QT.LC
QUAD TRIANGULAR
PLANE Plane stress 3* 114 6 26
Plane strain 11*, 115 27
AXISYMMETRIC Solid 10*, 116 2 28, 67
Shell 1, 15 89*
3-D SOLID Continuum 7* 117 21
SHELL Shear panel 68
Membrane 18 30
Thick shell 75%* 22%
Thin shell 72*
BEAM Truss 9* 64
2-D beam 5 16
3-D beam 52% 98*
Open section 13
Closed section 14, 25%
With thick shell 78,79
With thin shell 76,77
HEAT 3-D link 36 64
CONDUCTION Planar 39% 121 37 41
Axisymmetric 40%, 122 38 42
3-D solid 43* 123 44
Shell 85 86
Axisymmetric shell 88 87
INCOMPRESSIBLE Plane strain 80*, 118 32
Axisymmetric 82%, 119 33,66
3-D solid 84*, 120 35
SPECIAL ELEMENT Gap/Friction 12
* = Most commonly used elements
1-12 Rev. K.5
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Recommended Elements

The following 18 elements are recommended elements, which should serve the
first-time user’s (as well as the experienced user’s) purposes for the bulk of struc-
tural and thermal analysis problems:

2-D 4-node quadrilaterals: Elements 3, 10, 11, 39, 40, 80, 82

3-D 8-node hexahedra: Elements 7, 43, 84
2-node truss and beams: Elements 9, 25, 52, 98
3-node axisymmetric,

curved thick shell: Element 89

thin/thick shells: Elements 22, 72, 75

These five classes of structural/thermal elements will be briefly described below.
The use of most of these 18 recommended elements will be demonstrated in the
eleven example problems in the Primer.

Element Example(s)
3 1
9 rod example—end of chapter
10 2B, 10
11 2A.,9
25 5
39 8
52 3A, 3B, 3C
72 4
75 6
77 4
80 11
89 7

Notice the emphasis on quadrilateral elements—in preference to triangles— because
of better overall performance. Likewise, hexahedral solid elements are preferred
over tetrahedral/pentahedral elements.

In internal MARC calculations, stress-strain relationships are computed at the
Gauss (integration) points. Stresses and strains may be printed at those integration
points where the values are most accurate. To reduce computational costs for linear
analysis, the user can optionally specify that calculations be performed only at the
centroid. This is not recommended for nonlinear analysis. Nodal values of stresses
and strains, produced by extrapolation of integration point values, can be printed
out in both linear and nonlinear analyses.

1-13
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4-node Quads:

(elements 3, 10, 11, 39, 40, 80, 82)

Y[ Node1
X

These are isoparametric quadrilateral 2-D continuum elements with straight edges and bilin-
ear interpolation.

All these elements have four nodes with two DOFs per node, except for Elements 80 and 82
(two of the so-called “Herrmann elements”), which have an extra node with a single DOF
(pressure). The node numbering is counter-clockwise as shown. These elements use a four-
point Gaussian integration scheme. Elements 10 and 11 have an optional constant dilatation
integration scheme, which is useful in plasticity problems.

n Conventional Reduced Tvpe
Element Integration ype
3 113 plane stress
4 3 10 116 axisymmetric solid
11 115 plane strain
39 121 thermal—planar
40 122 thermal-axisym-
metric
80 118 incompressible—
plane strain
Gauss point 82 119 incompressible—
axisymmetric

8-node Hexahedra:
(elements 7, 43, 84)

1-14

These are 3-D isoparametric continuum elements with straight edges and trilinear interpola-
tion.

These three elements are basically 8-noded elements with three DOFs per node, except that
Element 84 has an extra node with a single DOF (pressure). The node numbering is counter-
clockwise as shown, first for the bottom face and then for the top face. The elements have an
eight-point Gaussian integration scheme. (Element 7 also has an optional constant dilatation
integration scheme.) These solid elements are arbitrarily distorted hexahedra.

Conventional Reduced

Element Integration Type
7 117 solid cube—stress analysis
43 123 solid cube—thermal
84 120 solid cube—-incompressible
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2-node Truss and Beams:
(elements 9, 25, 52, 98)

These are straight truss or beam elements with constant cross sections.

These four elements are two-noded straight elements with linear interpolation (constant axial
force) along the axis. In addition, element 52 features cubic interpolation (constant beam cur-
vature) normal to the axis and also has linear interpolation for twist. Element 25 is a thin-
walled closed-section beam for which material nonlinearity is allowed in the cross section.
Element 9 has three DOFs at each node, which are the three translations. It can be used for
large strain, large displacement analysis. Element 52 has six DOFs at each node: three trans-
lations and three rotations. It can be used only for elastic materials. Large curvature changes
are neglected in the large displacement formulation. Element 98 is a straight elastic beam
including transverse shear effects.

2
Element Type
3 9 truss
25 3-D closed-section
2 thin-walled beam with twist
52 3-D solid-section elastic
1 beam
YT 1 98 3-D elastic beam with
- -Z transverse shear

|4__>x

Axisymmetric, Curved Thick Shell:
(element 89)

This 3-noded curved element has better performance than the 2-noded curved Element 1. In
addition, it includes transverse shear effects and hence is recommended for axisymmetric
thick shell analysis. It is suitable for large displacement analysis with small strains.

L., f
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Thin/Thick Shells:
(elements 22, 72, 75)

These thin/thick shell elements will be appropriate for the bulk of plate and shell analyses.

Element 22 is a quadratic thick-shell element with global displacements and rotations as
DOFs. Second order interpolation is used for coordinates, displacements, and rotations. The
membrane strains are obtained from the displacement field, and the curvatures are obtained
from the rotation field. The transverse shear strains are calculated at ten special points and
interpolated to the integration points. In this way, this element behaves correctly in the lim-
iting case of thin shells. It has eight nodes (4 corners, 4 midsides) and 6 DOFs per node (3
displacements, 3 rotations). Bilinear thickness variation is allowed in the plane of the ele-
ment. There are four Gaussian integration points.

Element 72 is an 8-noded thin shell element. It has straight edges. A bilinear variation in
thickness is allowed. Bilinear interpolation is used for global displacement and coordinates.
Global rotations are interpolated quadratically from the rotation vectors at the centroid and at
the mid-side nodes. The element has three DOFs (global Cartesian displacements) at the four
corner nodes, and one rotation DOF (of the edge about itself) at each of the mid-side nodes.
It has four Gaussian integration points. The element is efficient for the analysis of curved
shells and plate structures, and is fairly insensitive to distortion. Because of the relatively few
degrees of freedom per element, a large number of elements may be required.

Element 75 is a 4-noded bilinear thick shell element. A bilinear variation in thickness is
allowed. Each node has six DOFs: three global displacements, three global rotations. Bilinear
interpolation is used for the coordinates, displacements, and rotations. The membrane strains
are obtained from the displacement field, and the curvatures are obtained from the rotation
field. The transverse shear strains are calculated at the middle of the edges and interpolated
to the integration points. The element has four Gaussian integrations points. It is very efficient
for analyzing curved shells, plate structures, and nonlinear problems, and is not very sensitive
to distortion.

Element Type

22 8-noded curved quadrilateral
thick-shell element

72 8-noded bilinear constrained
thin-shell element

75 4-noded bilinear thick shell

1-16
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This section highlights MARC input concepts. Concepts such as PARAMETER,
MODEL DEFINITION, and LOAD INCREMENTATION are briefly described, as
are input formats (fixed versus free field input of numerical data, lists) and input of
loads and constraints. For details, please refer to MARC User Information Manual
Volume C.

Input Units

Many of the examples in this Primer use English units; an exception is Example 10,
which uses SI units. No units are actually entered in the input file by the user.
MARC simply assumes that all input is being provided in a consistent manner.

Input Sections

MARC is a batch program. This means that the user defines the input, and this input
is not changed during the program execution. This input may be created using Men-
tat I or a text editor. The input may be modified upon restart for nonlinear or tran-
sient analysis.

MARC input consists of three major sections:

PARAMETER options define the title of the analysis, the storage alloca-
tion, analysis type, element type(s), etc. (This sec-
tion terminates with an END option.)

MODEL DEFINITION define coordinates, connectivity, materials, bound-

options ary conditions, initial loads, initial stresses, non-
linear analysis controls, output options, etc. (This
section terminates with END OPTION.)

Nonlinear and/or transient analyses are performed by increments (steps). The infor-
mation required to define the load history requires the additional section:

LOAD INCREMENTATION  define the increments in terms of load increments

or HISTORY DEFINITION  and/or boundary condition changes occurring dur-

options ing the HISTORY DEFINITION increment. (This
section ends with a CONTINUE option.)

(At this stage, one or more increments are ana-
lyzed.)

The first two sections (PARAMETER, MODEL DEFINITION) are always present.
You may stack as many load incrementation options as you want; they are analyzed
by MARC in sequence until the last CONTINUE option is encountered. At the end of
this chapter, you will see the input of a simple linear statics example, which only
shows the first two sections.

Input Format

AMARC input file consists of many blocks of lines of input, each headed by a key-
word. A keyword describes some property of the FE model of the structure (coor-
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dinates, materials, boundary conditions, etc.). A keyword can also describe a
control function for the analysis (generation of printout, writing of a post file,

numerical tolerances, etc.).

A block may contain three different types of input:

alphabetic keyword

numerical data

lists

describes the contents of the block; placed on a sin-
gle line.

quantifies the properties of the model; floating
point or integer; placed on one or more lines.

denotes the nodes, elements, and DOFs to which
the properties apply. Free format.

The numerical data may be in free or fixed format. Lines in free and fixed formats
may both exist in the input, although a particular line may use only one format.

free field

fixed field

is easier, safer, and recommended for hand-gener-
ated input (Mentat II casts input data in fixed field
format). It is flagged by at least one comma exist-
ing in the input line. Data items on a line are sepa-
rated by commas, which may be preceded or
followed by an arbitrary number of blanks. No
imbedded blanks may appear within the data item
itself. Each line must contain no more data items
than would have appeared if fixed format was used.
If fewer items appear, the remaining entries are
assumed to be zero. If only one item is given, a
comma should follow the entry. Floating point
numbers may be given with or without an expo-
nent. The mantissa must contain a decimal point. If
an exponent is given, it must be preceded by the let-
ter E or D and must immediately follow the man-
tissa (no embedded blanks).

EXAMPLE:
5.4E6,0.3,11.,0.,18.

is described in detail in MARC Volume C. Standard
FORTRAN conventions are observed. Integers
must be right-justified in field. Floating point num-
bers may be given with or without exponent. The
mantissa must contain a decimal point. If an expo-
nent is given, it must be preceded by the letter E or
D and must be right-justified.
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A list is a convenient way to identify a set of elements, nodes, DOFs, integration
points, shell layers, etc. Lists come in three forms:

sequence (nl1 n2 n3) the list includes n numbers placed on one or more
lines, separated by blanks or comas. If a sequence
continues onto another line, a C must be the last
item on the line.

range (m TO n BY p) the list includes all numbers from m to n with inter-
val p. (Default p=1)

set name (STEEL) the list includes the numbers in the set named
STEEL previously specified by the DEFINE com-
mand of the MODEL DEFINITION options.

Furthermore, lists can be operated upon by the logical operations AND, EXCEPT, and
INTERSECT. For example:

2TO38BY 3 AND STEEL

PARAMETER Section

PARAMETER options control the scope and type of the analysis. Typically, the first
option, TITLE, is the name of the problem. The SIZING option defines the problem
size in words of the core buffer used by MARC. ELEMENTS indicates what MARC
element types are used in the analysis. Other optional PARAMETER options
include: ALL POINTS (asking for stress output at all the integration points of the cle-
ments); BEAM SECT (defining the cross-sectional properties of a beam, i.e., pris-
matic or thin-walled); CENTROID (asking for stress output only at the centroids of
the elements); ELASTIC (flags linear elastic static analysis); SHELL SECT (defines
the number of integration points through the shell thickness: ranging from 3 to 99);
STOP (telling MARC not to do the analysis—a check run of input only); and THER-
MAL (flags initial temperatures being input for stress analysis).

In this set of options, only the TITLE, SIZING, and END options are mandatory; the
ELEMENTS option may, however, be used instead of (or in conjunction with) the
SIZING option. All other PARAMETER options are optional.

The PARAMETER options may appear in any order. The only requirement is that
they must terminate with an END option.

MODEL DEFINITION Section
The MODEL DEFINITION options describe the complete FE model for analysis.

* mesh

* materials

* applied loads
* constraints

e controls
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The following paragraphs describe those options which you will encounter most
frequently. In a nonlinear analysis, you may alter most of this data during the later
stages of the analysis. For a linear elastic analysis, the model is defined once in the
MODEL DEFINITION options. The MODEL DEFINITION options also control
the output. The selective output feature will be described later in the OUTPUT sec-
tion of this chapter.

Mesh

The shape and geometry of the FE mesh are specified using the following MODEL
DEFINITION options:

COORDINATES of the nodes in the mesh
CONNECTIVITY of the elements connecting the nodes

GEOMETRY geometric properties of beam and shell elements
(e.g., beam cross section, shell thickness, etc.)

PROPERTY material properties, €.g.:
ISOTROPIC
ORTHOTROPIC
GAP DATA
MOONEY
OGDEN
WORK HARD
TEMPERATURE EFFECTS
STRAIN RATE
RATE EFFECTS
CREEP

The DOFs (loads, displacements) at a node depend on the element type connected
to the node, unless a triad of local axes is defined for a set of nodes using:

TRANSFORMATIONS establishes the directions of the local nodal axes
with respect to the global axes.

Mechanical Loads

Mechanical loads are of two types: concentrated and distributed.
POINT LOAD concentrated load vector acting on a node.

DIST LOADS volumetric (body forces such as gravity) or pres-
sure loads (acting on surfaces or edges). The type is
specified by defining the variable IBODY. Can be
uniform or non-uniform.

Thermal Loads

The INITIAL STATE option can be used to define a nonhomogeneous initial temper-
ature field in a stress analysis. This temperature does not produce any thermal
strains. The temperatures can then be modified using the CHANGE STATE option.
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The change in temperature causes thermal strains, and possibly changes in the mate-
rial properties if TEMPERATURE EFFECTS are included.

Kinematic Constraints

You can prescribe values to individual DOFs using:

FIXED DISP prescribed values for specified DOFs, on a set of
nodes

The input displacements refer to the directions associated with the element, gener-
ally global Cartesian, unless a TRANSFORMATIONS option is provided to refer them
to user-defined local axes. These prescribed displacements can be subsequently
modified using the DISP CHANGE load incrementation option.

Support Springs

Elastic springs may be defined between any two DOFs at any two nodes:

SPRINGS assigned spring constant between two DOFs for
two nodes.

CONTROL Option

Another important MODEL DEFINITION option is the CONTROL option, which
lets you select input parameters governing convergence and accuracy in nonlinear
analysis. Items in CONTROL are mostly integers (except for tolerances—which are in
floating point). The first two items arc thc most important. Note that the number of
cycles includes the first cycle, and the number of increments likewise includes the
first increment.

ITEM MEANING DEFAULT

step maximum number of increments 4
(loads) in this analysis

cycl maximum number of iterations 3
per increment

There are other items on the CONTROL option, but they are usually not needed by
the first-time user. These items flag such options as convergence tests, iteration
schemes, non-positive definiteness checks, etc. (See Volume C).

The first increment in an analysis is considered increment zero and should be linear
elastic. Thus, four increments imply increments O, 1, 2, and 3. Similarly, three
cycles imply the first cycle and two iterations.

OPTIMIZE Option

Finally, you need to be aware of the OPTIMIZE option in the MODEL DEFINITION sec-
tion. This option lets you choose a bandwidth optimization algorithm. The default
algorithm is Cuthill-McKee, which is widely used in many FE codes and suffices
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for most cases. Minimizing the bandwidth in your problem reduces computer costs
in medium to large-sized problems. Therefore, you should make it a habit to invoke
the OPTIMIZE option before performing an analysis. For a description of other avail-
able bandwidth optimization algorithms, see MARC Volume C. Note that it is not
necessary to use the OPTIMIZE option when the element-by-element solver is used.

Output

This section summarizes MARC output and post-processing options. MARC output
can be obtained in five forms:

standard printed output

selective printed output

post file for Mentat II post-processing

restart file (for continuation of analysis)
« plotted output from MARC (not covered in this PRIMER).

Printed Output

A standard printed output from a MARC run contains three different parts:
e input echo and interpretation
* analysis messages

* output of analysis results.

Input Echo and Interpretation

This portion repeats the input to allow you to verify its correctness. It includes var-
ious items such as: position of the line columns; a line count for the blocks; set up
of parameters for the run; and interpretation of the input (e.g., connectivity, coordi-
nates, properties, geometry, boundary conditions, loads, etc.).

Analysis Messages

During the analysis, MARC produces several diagnostic messages. Those of inter-
est include:

« algebraic sum of the distributed and point loads over the whole model.

« singularity ratio of the matrix. This is a measure of the conditioning number
(hence the accuracy) in the solution of the linear equations. The ratio and its
meanings are:

between 10 and 1 acceptable

between 108 and 10 possible numerical problems
(...watch out)

on order of machine accuracy  singular equations
(1010 10°%) (unreliable solution)
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During the analysis, MARC will print out the elapsed CPU time at the following
points:
* start of increment
* start of assembly
* start of matrix solution

¢ end of matrix solution

¢ end of increment.

Output of Analysis Results

At the end of the analysis, MARC will print out (for each increment) element data
(stresses, strains, etc.), and nodal data (displacements, equivalent nodal forces, and
reaction forces at fixed boundary conditions).

Element Output

At every Gaussian integration point, stresses (or forces) and strains are printed out,
depending on the element type. (If you include a CENTROID PARAMETER option,
only the centroidal results will be reported.)

continuum elements physical components (in global axes); principal
values; mean normal values (hydrostatic); Tresca
and von Mises equivalent values.

shell elements generalized total stress and strain resultants
(stretch, curvature) at midplane; total physical
stresses at integration points through the thickness.

beam elements resultant forces at Gauss points: axial force; bend-
ing moment (referred to local axes of beam ele-
ment); and torque.

Nodal Output

For every node, the vectors of these nodal quantities are printed out, depending on
the analysis:

static incremental and total displacements; equivalent
nodal loads; reaction forces (at boundary nodes);
residual loads (at nodes without boundary condi-
tions).

(If convergence has occurred during the increment, the residual loads should be
small compared with the reaction forces.)
dynamic eigenvectors (for modal analysis)

for transient analysis:
total displacements, velocities, and accelerations
equivalent nodal loads
reaction forces
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residual loads

for heat transfer:
total temperatures and optional fluxes

Selective Output

You may selectively print out data for elements or nodes using these MODEL DEF-
INITION options:

PRINT ELEMENT selects elements, integration points, and layers (for
plate and shell elements) to be printed in the output.

NOTE

All the stress components are printed out. The selected layers and integration
points apply to all the selected elements in the model.

PRINT NODE selects nodes and nodal quantities to be printed
(e.g., displacements, input load vectors, output
reactions/residuals).

Post File

You may use the POST command to flag the writing of a MARC post file, which can
be processed later by Mentat II. The post file can be either binary or formatted. A
binary file is machine-dependent, but is usually quite a bit smaller than a formatted
file. A formatted file is portable across different types of computers, but is usually
larger than a binary file. It can also be edited.

The file output includes:
* complete mesh data (nodal coordinates, element connectivities)
« all nodal variables (displacements, forces, etc.)

* element variables (strains, stresses, etc.) as selected in the POST option. You
may select which stress components to write out for which layer; the output
will be produced for all integration points of all elements.

A restart file can be made using the RESTART model definition option (see MARC
Volume C). This option is very convenient in nonlinear analysis. Its use will be
illustrated later in Example 11.
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l Sample Problem and Output

A very simple linear statics problem is analyzed. The entire MARC output follows
for the purpose of illustrating typical input echo and interpretation, analysis mes-
sages, and output of analysis results.

The FE model is a one-element, 2-node rod held at the left end and loaded by an
axial tensile load (P) of 10,000 lbs at the right end. The rod length (L) is 10 in., and

the cross-section area (A) is 1 inZ. Young’s modulus (E) is 30E6 (30 x 10° or
30,000,000) psi.

The theoretical axial displacement at the right end is easily calculated to be:
u, = PL/AE = (1000) (10)/(1) (30E6) = 3.3333E-3 in.

(30E6 = 30 x 10° or 30,000,000)
(3.3333E-3 = 3.333 x 1073 or .003333)

The MARC calculated displacement agrees exactly with the theoretical value.

The axial stress is of course merely (P/A), or 10,000 psi—the same as that obtained
by MARC.

VIl I4

— P =10,000 Ib.
L=10in. 2

NN\
Y

Figure 0.1 Truss Under Tension
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card
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Input Echo

mazrc
input data

TITLE, UNIAXIAL TENSION TEST OF A TRUSS PARAMETER 0plions

(First of 3 passes)

COMMENT, MARC BASIC LINEAR ELASTIC INPUT DECK terminates with END option)

COMMENT, U DISPLACEMENT AT NODE 2 = P*L/(E*A) =

SIZING, 30000
EL EME‘.NT ~~Theoretical Value
END Element Type

CONNECTIVITY

1,9,1,2,
10 COORDINATES

1,0.,0.,

2,10.,0.,

PROPERTY
15

30.E6, MODEL DEFINITION Options

1 (terminates with END OPTION option)
GEOMETRY

20 1.0,
1
FIXED DISP

25 TO 3

.t

AND 3

NDNO PP PO

30 POINT LOAD

10000.,
2
END OPTION Y

NOTE

This example does NOT have a LOAD INCREMENTATION or
HISTORY DEFINITION section.
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(Second of 3 Passes)

Khkhkhkhkhkhkdhhkhkhkhkhkhkhkdhhhkhk kA hkhkhkhkhhhhkhrhkdhkhkkhkhkhkkhkhhkhkkkkkkk

IhhkhkhhkhkhkhkhhhhkhkhkhkhkhkhkhkhhA A Ak bk bk hkhkhk kA kA khkkhhkhkhkdkkkk kK

pre-reader

This pre-reader is a very
important visible part
of the program.

It scans the input file to
determine maximum core
allocation parameters
such as:

- max no. of elements

- max no. of nodes

- max no. of boundary

conditions, ete.

element type requested*************************
number Of elements ln mesh*********************
number Of nodes- ln mesh************************
max number of elements in any dist load list***
maximum number of boundary conditiong**** %%«
load correction flagged Or set***x*kkkkdx s+ k% *
number of lists of distributed loads*****#*x****
stresses stored at all integration points*****=*
tape no.for input of coordinates + connectivity
no.of different materials 1 max.no of slopes
maximum elements variables per point on post tp
number of points on shell section *****x*xxxxk**
OpthI‘l for termlnal debug**********************
new style input format will be used********x*xxx
maximum number oOf Set names Lg*** %%k kkkk ko kx*
nurﬂber Of processors used Thhkhkhkhkhkhkhkhkhkhkhkhkhkkkhkhhhi
Vector length used hhkhkkhkhkhkhhkhkhkhdhkhkhkhhkhkhhohkkhkhdkkhkihkhr

end of parameters and sizing

program sizing and options requested as follows

9

; Always glance at

o table to verify that

5 the numbers are
correct

3

5
5
33
11

LA SRS SR SRR R EEEREE SRS R E R R EE R EREE S R R R R R R R R T R

hhkhkhkhkhkhkhkhkhhkhkhkhkhkhkhkhkhkhkhhAhkhhkdkhhhhhhhkhkhhkhhkkhkkkkkkhkhkhh

key to stress, strain and displacement output

Element type data

element type 9

2-node, 3-d truss

stress and strain are uniaxial

displacements in global directions
1=u global x direction

2=v

global y direction

3=w global z direction

workspace needed for input and stiffness assembly

internal core allocation parameters

degrees of freedom per node (ndeg) 3

coords per node (ncrd) 3

strains per integration point (ngens) 1

max. nodes per element (nnodmx) 2

max.stress components per int. point (nstrmx) 1
max. invariants per int. points (negst) 1

Rev. K.5

3893

1-29



MARC Primer

flag for element storage (ielsto)

elements in core, words per element (nelsto)

total space required
vectors in core, total space required

words per track on disk set to 4096

internal element variables

internal element number 1 1library code type

number of nodes= 2

stresses stored per integration point =
direct continuum components stored = 1
shear continuum components stored = 0
shell/beam flag = 0

curvilinear coord. flag = 0

int.points for elem. stiffness 1
number of local inertia directions 3

1

int.point for print if all points not flagged

int. points for dist. surface loads (pressure) 2

library code type = 9

no local rotation flag =1
generalized displ. flag = 0
large disp. row counts 6

ELSTO flag:

Caution - program can
turn this on automatically.
This flag indicates element
storage “in-core” (0] or
“out-of-core” [1).

residual load correction is invoked

connectivity

meshrl, iprnt

5 0
elem no., type, nodes
1 9 1 2
coordinates

ncrdl ,meshrl,iprnt

3 5 0
node coordinates
1 0. 0. 0.
2 10.000 0. 0.
property
youngs mod.,poisson r.,density, alpha ,tot.temp.,

*** warning - material id unspecified. matid =

1-30

198
198
89
9
1
yielp,

1 assumed.

(Third of 3 passes)
Actual reading and
interpretation of input
file by MARC

yielp2, mat
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0.300E+08 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.100E+21 0.000
a list of elements given below

MARC Primer

E+00 1

1
geometry
egeoml egeom2 egeom3 egeomd egeom5 egeomé6
0.100E+01 0.000E+00 0.000E+00 0.000E+00 O0.000E+00 0.000E+00
a list of elements given below
1
fixed disp

0.000E+00 0.000E+00 0.000E+00
1 to degrees of freedom

fixed displacement
from degrees of freedom
a list of nodes given below
1
fixed displacement 0.000E+00 0.000E+00 0.000E+00
a list of degrees of freedom given below
2
and
a list of degrees of freedom given below
3
a list of nodes given below
2

3 by

fixed boundary condition summary.
total fixed degrees of freedom read so far =

b.c.
number

b.c. node

number

degree of magnitude
freedom

node

0.000E+00
0.000E+00
0.000E+00

w

read from unit 5
0.100E+05 0.000E+00 0.000E+00
a list of nodes given below
2

end option

degree of magnitude

freedom

0.000E+00
0.000E+00

Determination of required

matrix,

maximum half-bandwidth is 2 Dbetween nodes 1 and 2

number of profile entries including fill-in is 3

3

€

number of profile entries excluding fill-in is
total workspace needed with in-core matrix storage

Rev. K.5

workspace for stiffness

If SIZING is greater
than this number, then
in-core is used. If not,
out-of-core solution
will be used.
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load increments associated with each degree of freedom
summed over the whole model

distributed loads
0.000E+00 0.000E+00 0.000E+00
point loads

1.000E+04 0.000E+00 0.000E+00

start of assembly

MARC qu/y.m' time = 0.25
messages
start of matrix solution
time = 0.27
singularity ratio 1.0000E+00

end of matrix solution
time = 0.28

(Beginning of analysis
output)

MARC output for increment 0. uniaxial tension test of a truss

element with highest stress relative to yield is 1 where equivalent stress is 0.100E-15 of yield

tresca mises mean principal values physical components
intensity intensity normal minimum intermediate maximum 1 2 3 4 5 6
intensity
element 1 point 1 integration pt. coordinate= 0.500E+01 0.000E+00 0.000E+00

section thickness = 0.100E+01

stress 1.000E+04 1.000E+04 3.333E+03 0.000E+00 0.000E+00 1.000E+04(1.000E+04 (;x

X

Physical

strain 3.333E-04 2.722E-04 0.000E+00 0.000E+00 0.000E+00 3.33315-0 €. Components
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nodal point data

incremental displacements

1 0. 0. 0. 2 3.33333E-03 0. 0.

total displacements

1 0. 0. 0. 2 0. 0.

Calculated X-displacement
at node 2

total equivalent nodal forces (distributed plus point loads)

1 0. 0. 0. 2 10000. 0. 0.

reaction forces at fixed boundary conditions, residual load correction elsewhere

1 ~10000. 0. 0. 2 o 0. 0.

summary of externally applied loads .
. Residual load
Reaction Force :
0.10000E+05 0.00000E+00 0.00000E+00
summary of reaction/residual forces

-0.10000E+05 0.00000E+00 0.00000E+00

end o f increment 0
time = 0.34

*** end of input deck - job ends

marc exit numbe
tandard exit number

for a normal MARC run.
(-..other exit numbers may
indicate trouble!)
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CHAPTER 2: Linear Static and Dynamic
Problems

Rev. K.5

This chapter contains four linear static/dynamic problems. Each illustrates particu-
lar MARC features; the first three use isotropic material properties, while the fourth
example demonstrates the input of composite properties. You should already be
familiar with all the fundamental MARC concepts covered in Chapter 1 before you
attempt any problem. The four example problems are:

Example 1: Tensile Stress in a Sheet with Hole.

Example 2: Thick Cylinder under Internal Pressure.

Example 3: Modal and Dynamic Analyses of a Cantilevered Beam.
Example 4: Stiffened Composite Roof under Uniform Pressure.

Again, remember that the intent of each example is tutorial. The descriptions
accompanying each example explain the rationale behind the choice of the FE
model, MARC input, special MARC features being demonstrated, and output high-
lights. The FE meshes are generated using Mentat I and are intentionally kept sim-
ple; they are not meant to demonstrate mesh refinement techniques and MARC
correlation with theory or other published results.

The typical format used in the description of each example in this Primer is as fol-
lows:

Title short problem description, purpose of analysis.

Sketch engineering sketch of problem, dimensions, loads,
boundary conditions, idealized FE model, etc.

Model modeling considerations, choice of finite element
and rationale, assumptions, Mentat II FE unde-
formed plot, geometry parameters (plate/shell
thickness, layer specification, beam cross-section),

etc.

Properties material properties of model, assumptions.

Loads thermal, mechanical, or body loads; use of certain
MARC options to apply loads.

Boundary Conditions symmetry boundary conditions (if any), con-
straints, tying, etc.

Special Features user subroutines, bandwidth minimization, restart,
rezoning, convergence controls, hints and avoid-
ances.

2-1
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Input input echo pointing out special input parameters
and format, descriptions of specific lines and data.

Output (for selective examples) to illustrate format, output
parameters for different analysis types.

Results comparison with theory or other solutions, com-

In order to avoid redundancy, references will often be made to MARC manuals and
other examples in the Primer. At the end of the Primer, Appendix A will help you

ments on accuracy and convergence, alternate solu-
tion methods, Mentat II plots of deformed
geometry or stress/strain/temperature contours,

references (if any), suggested exercises.

correlate MARC keywords with a particular example.

USING THE PRIMER

The following general comments apply when you are using this Primer:

1.

For reference purposes, the input listing is always included for each exam-
ple.

A complete output listing is included only for a few selected examples
(e.g., Example 1). Selected portions from the printed output of each exam-
ple are usually shown for explanation and annotation purposes, so that you
can verify your run if you are trying to duplicate an example. (Notice the
use of four dots to indicate that certain parts of the printout have been omit-
ted.)

MARC K.5 offers the convenient optional use of a blank line-right after
the header—to indicate that you are not furnishing a count (as previously
required) of the number of data lines which follow for this option.

The three common “terminators” which end major input sections will not
be explained in detail for each example:

END terminates the PARAMETER section.

END OPTION terminates the MODEL DEFINITION
section.

CONTINUE terminates the HISTORY DEFINITION or

LOAD INCREMENTATION section (if

any).
Ellipses or ovals are usually used in the printed output to denote maximum/
minimum nodal or element quantities, or other items of interest.

For your convenience, Appendix A summarizes some commonly used
MARC input options in the PARAMETER, MODEL DEFINITION, and
HISTORY DEFINITION sections. It references sections in
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MARC Volume C where you can find detailed input descriptions of each
option (keyword), and cites examples in the Primer which illustrate the
options. Please refer to MARC Volume C for those options you cannot find.
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| Example 1

Tensile Stress in a Sheet with Hole

This stress concentration example is a classical problem in elasticity I Athin square
sheet with a circular hole is loaded in tension uniformly along two opposite edges.
The “hole radius” to “sheet width” ratio is chosen to approximate an infinite sheet
in order to compare the results with the analytical solution. This plane-stress exam-
ple illustrates basic input/output concepts of a simple linear static analysis, stress
concentration effects, symmetry considerations, and mesh optimization.

Sketch

TY
1 psi

MfHHMW YYYY

7

Finite Element Mesh

29

5
27 0
A * 2
22
10 [~ t=1 24 \
TYVYVVVVVVVVVY y v 19
204 16
17 28
Y 1S 12
T 1 psi o2 B 10 h 15
1
'YYYYYYYYYYYYYY ® { .
1
5 N2\ \1
17
‘ 2 AWARY 3
1
4 model 5 18 13 19 21 26
1 X
4 —_—
Figure 1.1 Square Plate with a Circular Hole
1. Timoshenko, S.P. and Goodier, J.N., Theory of Elasticity (3rd ed.),
McGraw-Hill, 1970, pp. 90-97.
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Model

The finite element model should be the simplest idealized form of the structure and
take advantage of symmetry (which exists in this case). The sheet has dimensions
of 10in., 0.1 in. thick, with a central hole of 1 in. radius. The material properties are
isotropic and linear elastic, with a Young’s modulus of 30E6 psi and Poisson’s ratio
of 0.3.

Because of two planes of symmetry, only one quarter of the sheet needs to be mod-
eled. The necessary boundary conditions are shown in the bottom left sketch on the
previous page. Along the left and bottom edges of the model, symmetry stipulates
that there shall be no displacements across the plane of symmetry. A coarse 20-ele-
ment model using Element 3 is used. Element 3 is a four-noded linear plane stress
element, with two translational DOFs at each node. A complete description of Ele-
ment 3 is given in MARC Volume B. The origin is chosen to be at the center of the
hole, that is, at the bottom left corner of the model. Since stress concentration is
expected to be greatest in the vicinity of the hole, the FE mesh is intentionally
refined near the hole to account for the anticipated steep stress gradient. (Alterna-
tively, you could have selected Element 26, an 8-noded quadratic plane stress ele-
ment—see MARC Volume C and Volume E.)

Properties

For an isotropic linear elastic material, only two independent quantities are needed
to completely define the stress-strain behavior of the material: Young’s modulus and
Poisson’s ratio. We’ll show you how to input these later when the MODEL DEFI-
NITION options are described. (Note that this is an isothermal example. If thermal
loads were present, you would also have to specify the coefficient of thermal expan-
sion so that MARC can calculate the thermal strain and the resulting thermal
stresses.)

Loads

To simulate a tension load acting at infinity, a 1-psi edge pressure is applied to the
top edge of the model. This pressure is applied using the DIST LOADS block of the
MODEL DEFINITION sections. For MARC Element 3, distributed loads are con-
sidered positive into the element. Therefore, applying a tension load at the edge
means you need to specify a value of -1.00 psi here.

Special Features

Use of the OPTIMIZE MODEL DEFINITION option allows us to optimize the node
numbering of an FE mesh and minimize the bandwidth and solution time. In this
example, you will use by default the Cuthill-McKee algorithm, which is extensively
used in FE codes and will result in nearly optimal node numbering in most cases.
(There are six other bandwidth minimization choices, including the Grooms algo-
rithm and several wavefront schemes—see MARC Volume C for details.)
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Input

A complete input echo from the printout is included for this first example. We'll dis-
cuss significant items about the input of the PARAMETER and MODEL DEFINI-
TION options. (For this example, the HISTORY DEFINITION section is not
necessary since this is a linear elastic problem and no MARC mesh or post plotting
were requested.)

PARAMETER Section

Only four PARAMETER options are needed for this linear elastic analysis: TITLE,
SIZING, ELEMENTS, and END. The formats and options of these lines are described
in MARC Volume C. For this example, the title “Elastic Analysis of a Thin Sheet
with Hole” is chosen for the “TITLE” line. This title will appear throughout the out-
put listing.

The “SIZING” line specifies the size of the workspace buffer in number of words. A
value of 100,000 words in the “SIZING™ line is usually sufficient for most problems.
For a larger problem, try a size of 300,000.

NOTE

Check this value with your in-house MARC expert. You may refer to Vol-
ume C, Tables c2.1-1 and c2.1-2 after the SIZING line description in order
to establish an estimate of the work space required for your problem.
Remember, this estimate is computer-dependent and is only an approxi-
mation, since MARC will adjust the variables to use some out-of-core
storage if necessary.

The “ELEMENTS” line names Element 3 to be the selected element type.
The last line which completes the PARAMETER section is the “END” line.

MODEL DEFINITION Section

The MODEL DEFINITION options contain the FE model data for the analysis. In
this case, they make up the remainder of the input file. In this example, the data rep-
resents:

1. the FE mesh topology (element connectivity, nodal coordinates, and sheet
thickness);

2. material properties (Young’s modulus, Poisson’s ratio);
3. pressure loading and prescribed boundary conditions; and

4. bandwidth optimization and output controls.
An index of MODEL DEFINITION keywords may be found in MARC Volume C.
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FE Mesh Topology

The FE model in this example is defined by three blocks: CONNECTIVITY, COORDI-
NATES, and GEOMETRY. (These blocks are described in MARC Volume C.) All the
topology data was generated using Mentat II.

This mesh consists of 20 elements and 30 nodes. A typical “CONNECTIVITY” line is
illustrated by the first line which defines the element connectivity for element 1, i..:

1 3 2 1 8 6

where the first “1” indicates element number 1, “3” means element type 3, and “2
1 8 6” are the four nodes (specified counterclockwise) defining the element.

A typical “COORDINATES” line is the first one:

1 1.00000 0.00000

which says node 1 has an X-coordinate of 1.0 and a Y- coordinate of 0.0 in the glo-
bal coordinate system

Finally, the sheet thickness of 0.1 in. is entered through the GEOMETRY block. The
first field of the third line in this block (after the blank line) is set to be 0.1. The next
line “1 to 20” means the 0.1 thickness value applies to all twenty elements in the
mesh.

Material Properties

In this linear elastic example, the only data required are Young’s modulus and Pois-
son’s ratio. The same material is used for the whole mesh (elements 1 to 20). For
input of material properties, you use the ISOTROPIC MODEL DEFINITION block
(see MARC Volume C). The blank line means you do not need to count how many
data lines follow in this block. The “1” on the next line means element material

identifier 1. Young’s modulus (30 x 100 psi), Poisson’s ratio (0.3) and a proportional
limit strength of 50,000 psi are entered on the next line. The last line in the block
(“1 to 20”) designates these properties to be applicable to all twenty elements in the
mesh.

Pressure Loading and
Prescribed Displacement Boundary Conditions

The uniform distributed pressure loading acts on two elements (18 and 20) at the
top of the model, along a line defined by nodes 27-29-30. If you refer to the detailed
description of Element 3 in MARC Volume B, you will see that this line represents
the 3-4 face of elements 18 and 20, and the appropriate Load Type for this face is 8.
Also, a positive value means that the pressure is acting toward the element (com-
pression). Accordingly, after the DIST LOADS header (and a blank line), the next line
indicates the Load Type is 8 and the uniform distributed pressure is -1.0 psi (with
the negative sign meaning the pressure is tensile or acting away from the elements).
The last line shows that the pressure acts only on elements 18 and 20 of the mesh.
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The next block named FIXED DISP denotes nodes which have kinematic constraints
due to either physical constraints or symmetry conditions. After the blank line, the
“0.0” line followed by the “1” line means that a zero value is prescribed for the first
DOF (or X-translation) of the nodes to be specified. The next line names the six
nodes lying on the Y-axis to which this applies: 5, 10, 15, 20, 22, and 27. In other
words, these six nodes act as if they have been placed on rollers. Only translations
along the vertical (Y) axis are permitted; there can be no displacements in the hor-
izontal (X) direction. In the same manner, the second DOF (Y-translation) is sup-
pressed for the six nodes lying on the X-axis: 1, 8, 13, 19, 21, and 26. With these
boundary conditions, we have now completed the specification of the “symmetry”
boundary conditions for this problem. Remember, in static analysis, the specified
boundary conditions must remove all rigid-body modes from the analysis.

Post-Processing

The POST block (see MARC Volume C) tells MARC that a post-processor file is to
be written for later post-processing by Mentat II. The “3,” line means three element
variables are to be written to a file. Then, the next three lines (“11,” “12,” and “13,”)
denote the post-code numbers assigned for the first (SIGMA XX), second (SIGMA
YY), and third (SIGMA XY) components of stress. (SIGMA XX and YY are the
normal stresses in the X- and Y- directions; SIGMA XY is the shear stress.)

Bandwidth Minimization

The OPTIMIZE block (see MARC Volume C) switches on the bandwidth optimization
procedures in MARC. This option will reduce computing costs in large problems,
although optimization is not critical in this small problem. OPTIMIZE creates an
internal numbering scheme different from your node numbering, but all data input
and output will still be in your node numbering scheme. We recommend that you
use OPTIMIZE in every analysis. In this example, since we did not explicitly select
one of the seven available optimization options, the default Cuthill-McKee scheme
will be used. The “3,” line shown after OPTIMIZE means we want MARC to try a
maximum of three different node numbering schemes, then choose the one which
results in the lowest bandwidth. (A number between 10 and 20 is appropriate for
most analyses.)

Output Controls

In order to reduce the amount of printout, the PRINT ELEM option (see MARC Vol-
ume C) indicates that we want to selectively print element quantities for a number
of elements and integration points. The “STRESS STRAIN” line means we want the
total stress and total strain printed. Other element quantities we could print include:

¢ PLASTIC strain
¢ CREEP strain

e THERMAL strain
» CRACKIing strain
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* strain ENERGY
¢ CAUCHY stress
» STATE variables
 ALL of the above
(See MARC Volume C for more information.)

The first “1 TO 4” line that follows selects elements 1 to 4 (the row closest to the
hole) as the elements for which we want printed output. The second “1 TO 4” line
denotes the list of integration points for which we want results, which happens to
be all the integration points for Element type 3.

The “END OPTION” line terminates the MODEL DEFINITION section, and in this
example also ends the input file.

Output

The complete printout for this example follows this section. After the page giving
the MARC logo, MARC version number, and office addresses and telephone num-
bers, an echo of the input appears. These are followed by a table which summarizes
the parameters and sizing options. You should always look over the contents of this
table to make sure the data and flags are correct.

At this point, MARC allocates core for input of the MODEL DEFINITION data
and assembly of the element stiffness matrix. It prints out a heading line

KEY TO STRESS, STRAIN, AND DISPLACEMENT OUTPUT

for each element type chosen. Column numbers which identify output quantities are
referenced to the appropriate components of stress, strain, or displacement. Then,
the required number of words in the workspace (23021 words in this case) for input
and stiffness assembly is printed out. This message is followed by a list of the inter-
nal core allocation parameters, which reflect the maximum requirements imposed
by the element type. (These element variables are different for each element type,
and are repeated for each element type used in a given analysis.)

The next information message says

RESIDUAL LOAD CORRECTION IS INVOKED

This is done automatically in the current MARC version, and is important only in
nonlinear or dynamic problems. (The residual load is applied in MARC as a cor-
recting force to ensure that equilibrium is satisfied, so that an accurate solution is
obtained for nonlinear problems—see MARC Volume A.)

The next output segment shows how MARC interprets the MODEL DEFINITION
data. The output displays the following groups of data sequence (as read from the
input file):

* CONNECTIVITY
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* COORDINATES
* GEOMETRY (geometric property—in this case, only the sheet thickness)

ISOTROPIC material properties
DIST LOADS

FIXED DISP (giving a fixed boundary condition summary)

POST variables (to be stored in a file after the analysis)

OPTIMIZE algorithm (Cuthill-McKee, 3 iterations to be attempted)
* PRINT ELEM option
* END OPTION

Next comes the bandwidth minimization results from using the OPTIMIZE option.
The program first informs you that the

MAXIMUM CONNECTIVITY IS 6 AT NODE 9

and that 21954 words are needed in the workspace for optimizing. Since the Cuthill-
McKee algorithm minimized the mean bandwidth, the messages printed relate to
the number of entries in the profile. The correspondence table between user nodes
and internal nodes is printed.

After the bandwidth calculation and optimization, the program assigns the neces-
sary workspace for the in-core solution of this stiffness matrix (in this case, 24709
words). If the workspace allocated in the “SIZING” line was insufficient, it will
attempt to allocate workspace for an out-of-core solution.

NOTE

Workspace numbers will be different for different
computers; the numbers shown above are typical.

MARC then calculates the loading and sums the load applied to each DOF for dis-
tributed loads and point loads. This load summary information is useful for check-
ing the total loads in the different DOFs of the model.

The program prints out the time (0.47 sec.) at the start of matrix assembly, measured
from the start of the job. It then shows the time at the start of the matrix solution
(0.55). (If the out-of-core solver is used, a graphic figure representing the profile of
the global stiffness matrix is shown.) Next, the singularity ratio gives you an esti-
mate of the condition number of the matrix. The value for this example is 2.9588E-
01, which is acceptable. (As discussed in Chapter 1, if the singularity ratio is on the
order of the accuracy of the machine—-10-1* for 64 bits—the equations may be con-
sidered singular and the solution unreliable.) For nonlinear problems, changes in the
singularity ratio from increment to increment will reflect approaching instabilities.
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The program then prints out the time at the end of the matrix solution (0.56). This
corresponds to the time at the end of the matrix triangularization.

At this stage, the program calculates the displacements at the nodes by performing
back substitution, followed by computation of element strains and stresses. (If you

do not input a value, a default yield stress of 1 x 1020 will be set by the program for
a linear elastic analysis.) Since this example is linear elastic, you will only get
results for increment 0. The element stresses and strains are preceded by a heading.
This heading contains:

» TRESCA INTENSITY (used for ASME code applications)

» MISES INTENSITY (equivalent yield stress/strain)

» MEAN NORMAL INTENSITY

» PRINCIPAL VALUES (MINIMUM, INTERMEDIATE, and MAXIMUM)

e PHYSICAL COMPONENTS (columns 1 to 6-with only the first three used in
this example, representing the normal stress/strain values in the X- and Y- direc-
tions and the shear value)

The stress and strain results are followed by the nodal incremental and total dis-
placements, which in this linear elastic example are, of course, identical. A printout
of the reaction forces follows. The final item is an indication of the magnitude of
the distributed load and the computational time.

The message

END OF INCREMENT 0

signifies the end of the analysis for increment 0. MARC informs you that binary
post data has been written to Unit 16. The job has now ended. MARC exit number
3004 is the normal exit for a successful run.

NOTE

The times printed are dependent on both the problem size and com-
puter type. Using bandwidth optimization and the in-core options
reduces both computational time and wall time.
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input data

TITLE ELASTIC ANALYSIS OF A THIN PLATE WITH HOLE
SIZING 100000 ARAMETER options
ELEMENTS 3
END
””””""’.’”"”’-’””””””’”””’.’”””" P G g
COMMENT, USE CONNECTIVITY OPTION TO DEFINE ELEMENT CONNECTIVITY.
CONNECTIVITY
1 3 2 1 8 6
2 3 3 2§ 9
303 4 3 9 9
4 3 ) 4 7 10
5 3 6 8 13 11
6 3 9 6 11 14
7 3 7 9 14 12
8 3 10 7 12 1s Vnapfl DEFINITION options
9 3 14 11 16 18
10 3 12 14 18 17
11 3 11 13 19 16
12 3 15 12 17 20
13 3 16 19 21 23
14 3 20 17 24 22
15 3 18 16 23 25
16 3 17 18 25 24
17 3 23 21 26 28
18 3 22 24 29 27
19 3 25 23 28 30

5

card 10
card 15
card 20
card 25
card 30
card 35

Rev. K.5

20 3 24 25 30 29
COMMENT, USE COORDINATES OPTION TO DEFINE NODAL COORDINATES.

COORDINATES
1 1.00000 0.00000
2 0.92381 0.38247
3 0.70700 0.70700
4 0.38247 0.92381
5 0.000000 1.00000
6 1.10190 0.45623
7 0.45623 1.10190
8 1.25000 0.00000
9 0.88350 0.88350
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card 40 10 0.000000 1.25000
11 1.28000 0.53000
12 0.53000 1.28000
13 1.50000 0.00000
14 1.06000 1.06000
card 45 15 0.000000 1.50000
16 1.70000 0.70000
17 0.70000 1.70000
18 1.40000 1.40000
19 2.00000 0.00000
card 50 20 0.00000 2.00000
21 3.50000 0.00000
22 0.000000 3.50000
23 3.35000 1.60000
24 1.60000 3.35000
card 55 25 3.20000 3.20000
26 5.00000 0.00000
27 0.000000 5.00000
28 5.00000 2.50000
29 2.50000 5.00000
card 60 30 5.00000 5.00000

COMMENT, GEOMETRY OPTION SPECIFIES THICKNESS OF PLANE STRESS ELEMENT 3.

GEOMETRY

0.10000 0.00000 0.00000 0.00000 0.00000 0.00000

card 65 1 TO 20
COMMENT, ISOTROPIC OPTION SPECIFIES MATERIAL DATA FOR ALL ELEMENTS.

ISOTROPIC
1
card 70 0.30000+8 0.30000 0.0 0.0 50000.
1 TO 20

COMMENT, DIST LOADS OPTION SPECIFIES UNIT TENSILE STRESS ON 3-4 FACE

COMMENT, OF ELEMENTS AT Y=5.0

DIST LOADS
card 75
8 -1.00000
18 20

COMMENT, BOUNDARY CONDITIONS ARE ALL DUE TO SYMMETRIC MODEL OF ONE-QUARTER

COMMENT, OF THE PLATE.
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FIXED DISP
0.0
1
5 10 15 20 22 27
0.0
2

1 8 13 19 21 26
COMMENT, POST CODE 11 = 1ST COMPONENT OF STRESS (SIGMA XX)
COMMENT, POST CODE 12 = 2ND COMPONENT OF STRESS (SIGMA YY)

COMMENT, POST CODE 13 = 3RD COMPONENT OF STRESS (SIGMA XY)
POST

3,

11,

12,

13,

COMMENT, ALWAYS USE OPTIMIZE TO REDUCE MEMORY USAGE AND SOLUTION TIME!
OPTIMIZE

3,

COMMENT, PRINT ELEM IS USED TO LIMIT OUTPUT OF ELEMENT INTEGRATION POINT
COMMENT, QUANTITIES. ABSENCE OF PRINT NODE MEANS WE GET ALL NODAL OUTPUT.
PRINT ELEM

STRESS STRAIN

1 TO 4

170 4 End of MODEL DEFINITION section

END OPTION,,———”’—’————ﬂ—’—’——
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kdhkhkhkhkhkhkhkhkhhkhkhkhkhkkhhhkhkhkhkhkdkhkhkhkhkhkhhkdkhkhkdkkhkdkhkkhdkhkkkkx*

Ak hkhkhkhkkhkhkhkkhkhkkhkhkhkhkhkhkhkdkhkhkhhkhhkkhkhhhkhkkhkhkhkkkhkkhkkkkkhkxx

Interpretation of Input
Data

program sizing and options requested as follows

element type requested*************************
number Of elements in mesh*********************
number Of nodes in mesh************************
max number of elements in any dist load list***
maximum number of boundary conditions*****x***x
load correction flagged or set****xxxxkkkdkkkkkx
number of lists of distributed loads********x*x*
stresses stored at all integration points*****x
tape no.for input of coordinates + connectivity
no.of different materials 1 max.no of slopes
maximum elements variables per point on post tp
number of points on shell section *****xxkxkkkk
Option for terminal debug**********************
new style input format will be used******xkkikx
maximum number of set names igk****xxFxkkkdkxkkkx
number Of prOCeSSOrS used hokokkodkok ok ok kok ok ok ok ok ok ok okkokokk

vector length Used dkokkdkokk ok ok ok ok ok okokkokkkohkokokhkokkokokkkk

end of parameters and sizing

*hkhkhkhkhAhkhkAhkkkhkhkhkhkhhhhkhkkhkhkhkhkdhkhkhkhhkhkhhkhkhkkhkhkhhkhkkhkdhhk

dhkkkkhkkkhkhkkkhkhkhhhkdhhkhdhkhkhkhhkhkdkkhkkrkdkhkkkkhkhdkkkkx

key to stress, strain and displacement output

element type 3
4-node isoparametric plane stress

stresses and strains in global directions
1=xx
2=yy
3=xy

displacements in global directions
1-u global x direction

2=v global y direction

20
30

12

33
11
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workspace needed for input and stiffness assembly 23021

Useful Information for User

Subroutines Used

internal core allocation parameters

degrees of freedom per node (ndeg) 2

coords per node (ncrd) 2

strains per integration point (ngens) 3

max. nodes per element (nnodmx) 4

max.stress components per int. point (nstrmx) 3

max. invariants per int. points (negst) 1

Element Data Stored

In-Core
flag for element storage (ielsto)
elements in core, words per element (nelsto) 848
total space required 16960
vectors in core, total space required 893

words per track on disk set to 4096

internal element variables

internal element number 1 library code type 3
number of nodes= 4

stresses stored per integration point = 3
direct continuum components stored = 2

shear continuum components stored = 1
shell/beam flag = 0

curvilinear coord. flag = 0

int.points for elem. stiffness 4

number of local inertia directions 2

int.point for print if all points not flagged 5
int. points for dist. surface loads (pressure) 2
library code type = 3

no local rotation flag = 1

generalized displ. flag = 0

large disp. row counts 4 4 7

residual load correction is invoked

comment, use connectivity option to define element connectivity.

Rev. K.5 Example 1
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connectivity

meshrl, iprnt

5

elem no.,

W W N o LW N

[ N N e e
© 9 a0 b W N P O

19
20

comment, use coordinates option to define nodal coordinates.

0

3

W W W W W w w ww wwww wwww wuw

type,

nodes
2 1
3 2
4 3
5 4
6 8
9 6
7 9
10 7
14 11
12 14
11 13
15 12
16 19
20 17
18 16
17 18
23 21
22 24
25 23
24 25

coordinates

ncrdl ,meshrl,iprnt
2 5 0

node coordinates
1 1.0000 0.
2 0.92381 0.38247
3 0.70700 0.70700
4 0.38247 0.92381
5 0. 1.0000
6 1.1019 0.45623
7 0.45623 1.1019
8 1.2500 0.
9 0.88350 0.88350

N W oy ©

13
11
14
12
16
18
19
17
21
24
23
25
26
29
28
30

Example 1

6

9

7
10
11
14
12
15
18
17
16
20
23
22
25
24
28
27
30
29
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10 0. 1.2500
11 1.2800 0.53000
12 0.53000 1.2800
13 1.5000 0.
14 1.0600 1.0600
15 0. 1.5000
16 1.7000 0.70000
17 0.70000 1.7000
18 1.4000 1.4000
19 2.0000 0.
20 0. 2.0000
21 3.5000 0.
22 0. 3.5000
23 3.3500 1.6000
24 1.6000 3.3500
25 3.2000 3.2000
26 5.0000 0.
27 0. 5.0000
28 5.0000 2.5000
29 2.5000 5.0000
30 5.0000 5.0000
comment, geometry option specifies thickness of plane stress element 3.
geometry
egeoml egeom2 egeom3 egeom4 egeom5 egeom6
0.100E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
from element 1 to element 20 by 1
comment, isotropic option specifies material data for all elements.
isotropic
isotropic material material id = 1

von mises yield criteria

isotropic hardening rule
e nu rho alpha yield yield2
0.300E+08 0.300E+00 O0.000E+00 0.000E+00 O0.500E+05 0.500E+05
from element 1 to element 20 by 1
comment, dist loads option specifies unit tensile stress on 3-4 face
comment, of elements at y=5.0
Rev. K.5 Example 1
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2-20

dist loads

read from unit 5
type index distributed load
8 0 -0.1000000E+01 0.0000000E+00 0.0000000E+00
a list of elements given below
18 20
comment, boundary conditions are all due to symmetric model of one-quarter
comment , of the plate.
fixed disp

fixed displacement = 0.000E+00 0.000E+00
a list of degrees of freedom given below

1
a list of nodes given below

5 10 15 20 22 27
fixed displacement = 0.000E+00 0.000E+00
a list of degrees of freedom given below

2

a list of nodes given below

1 8 13 19 21 26

comment, post code 11 = 1st component of stress (sigma xx)

comment, post code 12 = 2nd component of stress (sigma yy)

comment, post code 13 = 3rd component of stress (sigma xy)

fixed boundary condition summary .

total fixed degrees of freedom read so far = 12

b.c. node degree of magnitude b.c. node degree of magnitude

number freedom number freedom
1 5 1 0.000E+00 2 10 1 0.000E+00
3 15 1 0.000E+00 4 20 1 0.000E+00
5 22 1 0.000E+00 6 27 1 0.000E+00
7 1 2 0.000E+00 8 8 2 0.000E+00
9 13 2 0.000E+00 10 19 2 0.000E+0Q0
11 21 2 0.000E+00 12 26 2 0.000E+00

Example 1 Rev. K.5
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*** note - format of post code cards has changed.

in k4, enter code in first field and layer number in second field

elem vars,post tape,prev tape, type , conn fl ,post tape, prev tape, repost , frequency, k2post
3 16 17 0 1 0 0 0 1 0
element variables appear on post-processor tape 16 in following order

post variable 1 is post code 11

"

post variable 2 1s post code 12 =

post variable 3 is post code 13 =

***maximum record length on binary post file= 30 approximate no. of words per increment on
file= 256

comment, always use optimize to reduce memory usage and solution time!

optimize

cuthill-mckee algorithm
comment, print elem is used to limit output of element integration point

comment, quantities. absence of print node means we get all nodal output.

print elem

values will be printed at integration points
element quantities printed every 1 increments
stress strain

from element 1 to element 4 by 1

from integration point 1 to integration point 4 by 1

end option

Rev. K.5 Example 1 2-21
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maximum connectivity is 6 at node 9
r~workspace needed for optimizing = 21954
maximum sky-line including fill-in is 193 at try 0 (forward numbering)
maximum sky-line including fill-in is 194 at try 0 (backward numbering)
,ﬂfofm"lbﬂ Re"rd'.”’ maximum sky-line including fill-in is 205 at try 1 (forward numbering)
”00'20’0 ”‘l‘le‘ il' maximum sky-line including fill-in is 181 at try 1 (backward numbering)
Clobal Stiffness maximum sky-line including fill-in is 205 at try 2 (forward numbering)
M‘fl’ix maximum sky-line including fill-in is 181 at try 2 (backward numbering)
maximum sky-line including fill-in is 225 at try 3 (forward numbering)
maximum sky-line including fill-in is 193 at try 3 (backward numbering)

~

correspondence table for nodes

user, internal, user, internal, etc

1... 30 2. 29 3. 26 4 21 5 14 6 27 7 20 8.. 28
9... 25 10... 13 11... 23 12... 19 13... 24 14... 22 15... 12 16... 17
17... 15 18... 16 19... 18 20... 11 21... 10 22... 6 23... 9 24... 7
25... 8 26... 5 27... 1 28... 4 29... 2 30... 3

maximum connectivity is 6 at node 15

maximum half-bandwidth is 10 between nodes 9 and 18

number of profile entries including fill-in is 181

number of profile entries excluding fill-in is 119

Workspace required
to keep matrix in core

total workspace needed with in-core matrix storage =

load increments associated with each degree of freedom

summed over the whole model

distributed loads

T000E+00 5.000E-0 Sum of Distributed load Magnitude
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point loads

0.000E+00 0.000E+00

start of assembly

time = 0.47

start of matrix solution

time = 0.55

singularity ratio 2.9588E-01

end of matrix solution

time = 0.56
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MARC

ighest stress relative to yield is

element
section
stress

strain

element
section
stress

strain

element
section
stress

strain

element
section
stress

strain

element
section
stress

strain

element
section
stress

strain

element
section
stress

strain

element
section
stress

strain

2-24

output for increment 0.

elastic analysis of a thin plate with hole

where equivalent stress is 0.538E-04

of yield

lrelding would occur here first

values

physical

tresca mises mean principal
intensity intensity normal minimum intermediate maximum 1 2 3 4
intensity
1 point 1 integration pt. coordinates= 0.981E+00 0.314E+00
thickness = 0.100E+00
2.739E+00 2.584E+00 1.028E+00 0.000E+00 3.456E-01 2.739E+00 4.836E-01 2.601E+00-5.579E-01
1.037E-07 7.289E-08 0.000E+00-1.587E-08 0.000E+00 8.785E-08-9.893E-09 8.187E-08-4.835E-08
Maximum equivalent stress
1 poipt 2 integration pt. coordinate= 0.103E+01 0.841E-01
thicknesg 0.100E+00

1 point

thickness
2.043E+00

8.255E-08

1 point,

thickness
2.214E+00

9.131E-08

1
5

2
6

2 point

thickness
1.749E+00

7.007E-08

1

4

2 point

thickness
1.832E+00

7.685E-08

1
5

2 point

thickness
1.494E+00

6.279E-08

2 point’

thickness
1.585E+00
6.868E-08

1

4

1

4

.000E+00-1.849E-08 0.000E+00

3 integration pt. coordinates=
0.100E+00
.977E+00 7.268E-01 0.000E+00 1.378E-01

.598E-08 0.000E+00-1.583E-08 0.000E+00

0.109E+01 0.348E+00

.043E+00 2.461E-01 1.934E+00-4.411E-01

.671E-08-1.114E-08 6.202E-08-3.823E-08

4 integration pt. coordinate= 0.117E+01 0.931E-01
0.100E+00
.163E+00 7.736E-01 0.000E+00 1.068E-01 2.214E+00 1.085E-01 2.212E+00-5.976E-02

.129E-08 0.000E+00-1.858E-08 0.000E+00

1 integration pt. coordinate=
0.100E+00
.687E+00 6.268E-01 0.000E+00 1.317E-01

.773E-08 0.000E+00-1.310E-08 0.000E+00

2 integration pt. coordinate=
0.100E+00
.804E+00 6.304E-01 0.000E+00 5.892E-02

.117E-08 0.000E+00-1.636E-08 0.000E+00

3 integration pt. coordinate=
0.100E+00
.472E+00 5.129E-01 0.000E+00 4.479E-02

.176E-08 0.000E+00-1.344E-08 0.000E+00

4 integration pt. coordinates
0.100E+00

.565E+00 5.006E-01-4.154E-02 0.000E+00
.452E-08 6.000E+00-1.682E—08 0.000E+00

.273E-08-1.851E-08 7.266E-08-5.179E-09

0.790E+00 0.671E+00

.749E+00 3.997E-01 1.481E+00-6.013E-01

.698E-08-1.486E-09 4.536E-08-5.211E-08

0.916E+00 0.471E+00

.832E+00 2.188E-01 1.673E+00-5.079E-01

.049E-08-9.432E-09 5.356E-08-4.402E-08

0.892E+00 0.760E+00

.494E+00 2.568E-01 1.282E+00-5.121E-01

.934E-08-4.257E-09 4.016E-08-4.438E-08

0.102E+01 0.526E+00

.543E+00 7.731E-02 1.425E+00-4.174E-01

.186E-08-1.167E-08 4.671E-08-3.618E-08

Example 1
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components

Maximum G,
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element
section
stress

strain

element
section
stress

strain

element
section
stress

strain

element
section
stress

strain

element
section
stress

strain

element
section
stress

strain

element
section
stress

strain

element
section
stress

strain

3 point

thickness =

8.027E-01 7.

3.478E-08 2.

3 point

thickness =

7.717E-01 6.

3.344E-08 1.

3 point

thickness =

7.869E-01 7.

3.410E-08 2.

3 point

thickness =

7.603E-01 6.
3.295E-08 1.

4 point

thickness =

8.859E-01 8.
3.839E-08 2.

4 point
thickness =

7.771E-01 7

2.841E-08 2.

4 point

thickness =

6.837E-01 6.
2.963E-08 1.

4 point

thickness =

3.664E-01 3.
1.588E-08 1.

Rev. K.5

1
0.100E+00

108E-01 9.

047E-08 0.

2
0.100E+00
926E-01 1.
992E-08 0.

3
0.100E+00
000E-01 1.

015E-08 0,

4
0.100E+00
851E-01 1.

969E-08 0.

1
0.100E+00
836E-01-2.
511E-08 0.

2
0.100E+00

.240E-01-2.

039E-08 0.

3
0.100E+00
254E-01-1.
795E-08 0.

4
0.100E+00
643E-01-1.
036E-08 0.

integration pt. coordinate=

867E-02-2.534E-01 0.000E+00

000E+00-1.394E-08 0.000E+00
integration pt. coordinate=

211E-01-2.041E-01 0.000E+00

000E+00-1.248E-08 0.000E+00
integration pt. coordinate=

068E-01-2.332E-01 0.000E+00
000E+00-1.331E-08 0.000E+00

integration pt. coordinate=

260E-01-1.911E-01 0.000E+00
000E+00-1.206E-08 0.000E+00

integration pt. coordinate=

922E-01-8.813E-01 0.000E+00
000E+00-2.942E-08 0.000E+00

integration pt. coordinate=

996E-01-7.771E-01-1.216E-01
000E+00-2.469E-08 0.000E+00

integration pt. coordinate=

343E-01-5.433E-01 0.000E+00
000E+00-1.951E-08 0.000E+00

integration pt. coordinate=

193E-01-3.622E-01 0.000E+00
000E+00-1.212E-08 0.000E+00

5

2.

0.471E+00

0.671E+00

0.916E+00

.494E-01-1.616E-01 4.576E-01-2

.085E-08-9.962E-09 1.687E-08-2

0.790E+00

.675E-01-1.251E-01 4.885E-01-2

.554E-01

.214E-08

.339E-01

096E-08-9.056E-09 1.754E-08-2.027E-08

0.526E+00

0.760E+00

0.841E-01

0.314E+00

0.931E-01

0.348E+00

Example 1

0.102E+01

.536E-01-1.385E-01 4.589E-01-2

.079E-08-9.205E-09 1.668E-08-2

0.892E+00

.692E-01-1.085E-01 4.866E-01-2

.089E-08-8.481E-09 1.730E-08-2

0.103E+01

.602E-03-8.657E-01-1.101E-02-1

.966E-09-2.875E-08 8.290E-09-1

0.981E+00

0.117E+01

0.109E+01

.561E-01

.219E-08

.367E-01

.051E-08

.166E-01

.010E-08

.000E+00-7.454E-01-1.533E-01 1.406E-01
-719E-09-2.332E-08 2.346E-09 1.218E-08

-404E-01-5.054E-01 1.025E-01-1,564E-01
.011E-08-1.787E-08 8.471E-09-1.356E-08

.238E-03-3.500E-01-8.002E-03 6.584E-02
.763E-09-1.159E-08 3.233E-09 5.706E-09

MARC Primer
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10
13
16
19
22
25
28

10
13
16
19
22
25
28

10
13
16
19
22
25
28

2-26

.51778E-08
.33285E-08
.49801E-09

0.

.25317E-08
.61221E-08
.53935E-08

0.

.22167E-08
.72335E-08

.51778E-08
.33285E-08
.49801E-09

0.

.25317E-08
.61221E-08
.53935E-08

0.

.22167E-08
.72335E-08

nodal

incremental

0.
9.52174E-08
9.37428E-08
1.04522E-07

0.
3.13129E-08

0.
1.53978E-07
1.15603E-07
7.78845E-08

total

0.
9.52174E-08
9.37428E-08
1.04522E-07

0.
3.13129E-08

0.
1.53978E-07
1.15603E-07
7.78845E-08

displa

point dat

a

displacements

2 -3.37059E-08 3.87785E-08

5
8
11
14
17

0.
-4.03733E
-3.46280E
-1.83576E
-5.38301E

0.
-4.63700E
-7.04721E

-1.24705E

-08

-

.02000E-07

-08 0.

-08 2.99026E-08
-08 6.37780E-08
-09 9.77375E-08

.14470E-07

-

-08 5.71663E-08
-08 0.

.83980E-07

-

cements

20
23
26
29

-3.37059E-08 3.87785E-08

0. 1.02000E-07
-4.03733E-08 0.
-3.46280E-08 2.99026E-08
-1.83576E-08 6.37780E-08
-5.38301E-09 9.77375E-08

0. 1.14470E-07
-4.63700E-08 5.71663E-08
-7.04721E-08 0.
-1.24705E-08 1.83980E-07

total equivalent nodal forces (distributed plus point loads)

o o

o o

o o o

o

o o o o

11
14
17
20
23
26
29

reaction forces at fixed boundary conditions,

[= -]

o o o o o

0.
0.25000

3 -2.48754E-08 7.20814E-08

6 -3.44590E-08 3.20395E-08

9 -1.94431E-08 6.47509E-08

12
15

12
15
18
21
24
27
30

12
15
18
21
24
27

30

-5.51577E-09 9.34625E-08

0.

1.06861E-07

-2.04133E-08 6.91158E-08

-5.68953E-08 0.

-1.37371E-08 1.37475E-07

0.

2.00172E-07

-3.69232E-08 1.61221E-07

-2.48754E-08 7.20814E-08

-3.44590E-08 3.20395E-08

-1.94431E-08 6.47509E-08

-5.51577E-09 9.34625E-08

0.

1.06861E-07

-2.04133E-08 6.91158E-08

-5.68953E-08 0.

-1.37371E-08 1.37475E-07

0.

2.00172E-07

-3.69232E-08 1.61221E-07

residual load correction elsewhere

Example 1

o o o

0.
0.12500
0.12500
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13
16
19
22
25
28

0.00000E+00

-0.98933E-17

-

.07100E-17
.67362E-19
.68882E-17
.08043E-02
.46945E-17
.25767E-17
.38778E-17
.43531E-03
.11237E-17

.17094E-17

~3.83602E-02 2 5.
-1.02891E-16 5 1.
-2.66280E-16 8 4.
-1.81658E-16 11 -8.
-5.88250E-02 14 -1.
-8.32667E-17 17 -2.
-0.12232 20 -2.
2.77556E-17 23 8.
1.38778E-16 26 -4.
4.16334E-17 29 3.

summary of externally applied

0.50000E+00

20417E-17
32805E-02
51028E-17
23994E-17
73472E-18
08167E-17
85062E-03
28330E-17
33681E-17
98986E-17

loads

summary of reaction/residual forces

-0.50000E+00

distributed load type current

list number

Rev. K.5

magnitude

1 8 -1.000

end o f incremen

binary post data at increment

time = 0.80

t 0

0. 0

*** end of input deck - job ends

marc exit number 3004

0.
1.16687E-16
-5.26883E-02
1.04083E-17
4.16334E-17
-3.12250E-17
3.46945E-18
-1.24900E-16
-6.80118E-02

0.

on tape 16

Example 1

MARC Primer

.56125E-17
.71699E-17
.19403E-17
.99493E-17
.42958E-03
.20417E-17
.21431E-17
.19696E-16
.62284E-02

.25767E-17

1.

1

1.

-2.

-1.

2.

-0.

1.

5.

14492E-16

.38778E-17

24900E-16
60209E-16
45717E-16
77556E-17
15979

80411E-16
55112E-17

0.
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Results

2-28

R. E. Peterson’s book Stress Concentration Factors in Design (Wiley-Interscience,
1953) gives an analytical value for the stress concentration factor of 3.14 in this
problem.

At Gauss point 2 of element 1, the maximum stress raising factor calculated using
this model of 20 four-noded elements is:

K = (6,,)/ (y, withouthole) = 2.822/1.0 = 2.822

Mentat II extrapolates the Gauss point values to nodal stresses. At node 1, the point
of maximum stress concentration according to theory, such an extrapolation pro-
duces an approximate stress concentration factor of:

K = (O'yy atnode 1) = (O'yy without hole) = 3.135/1.0 = 3.135

as shown in the following banded contour plot of G,,,. Thus, the extrapolated nodal
value for K is almost exactly the same as the analytical value.

Use of a finer mesh and/or a higher-order finite element will, of course, give a more
accurate answer. For instance, a more refined mesh using 20 eight-noded elements
(Element 26) gives:

K =3.137 (-0.96% off analytical value)

at the same nodal location (see MARC Volume C).

Example 1 Rev. K.5
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In summary, Example 1 illustrated how to set up a simple, linear static, 2-D plane
stress problem for analysis and how to interpret the MARC printed output. In addi-
tion, mesh, optimization, stress concentration, and symmetry considerations have
been discussed.

INC : 0 AA
MARC
SuB 0 w

TIME : 0.000e+00
FREQ : 0.000e+00

3.135e+00

2.821e+00

2.507e+00

2.192e+00

1.878e+00

1.564e+00

1.250e+00

9.360e-01

6.219e-01

3.078e-01

~-6.317e-03

elastic analysis of a thin plate with hole

2nd Comp of Total Stress 1

Figure 1.2 Second Component of Stress

Rev. K.5 Example 1 2-29



MARC Primer

2-30 Example 1 Rev. K.5



I Example 2A

Thick Cylinder Under Internal Pressure—Plane Strain Solution

A thick-walled cylinder under internal pressure is a common problem in strength of
materials as well as engineering applications. This example will demonstrate the
elastic analysis of such a thick cylinder using two alternative models:

Example 2A: Plane Strain Solution
Example 2B: Axisymmetric Solution

This example illustrates the following:

* input preparation for a plane strain and an axisymmetric problem

* symmetry considerations

* the input concepts of element sets and node sets

* transformations for the application of boundary conditions at skewed edges

* the use of ORIENTATION for defining a material coordinate system with respect to
the global coordinate system

selective printout options such as PRINT NODE, NO PRINT, SUMMARY, ELEM SORT
and NODE SORT.
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Sketch

EDGE 1

Figure 2A.1 Thick Cylinder, Plane Strain Model

Model

The idealized finite element model is a narrow wedge (10”) made of quadrilateral
plane-strain elements (MARC Element 11). The cylinder has an inner radius of 1.00
in. and an outer radius of 3.00 in. The material properties are isotropic and linear

elastic as in Example 1, with a Young’s modulus of 30x10° psi and Poisson’s ratio
of 0.3.

Because of axial symmetry, both the left and right edges of the wedge model are
planes of symmetry, across which no displacements are permitted. A coarse 20-ele-
ment model using Element 11 is used, with a total of 33 nodes. Element 11 is a four-
noded linear plane strain element, with two translational DOFs at each node and
four Gaussian integration points. A complete description of Element 11 is given in
MARC Volume B. The origin of the global coordinate system (X,Y) is at the center
of the cylinder. Since both radial and tangential stresses are expected to be greatest
near the inner edge where the pressure is applied, the mesh is made more refined
there. (Alternatively, we could have selected Element 6, a 3-noded triangular plane
strain element with 2 DOFs at each node and one Gauss point, or Element 27, an 8-
noded quadrilateral plane strain element.)

Properties

As in Example 1, for an isotropic linear elastic material, only two material proper-
ties are necessary to define the material completely: Young’s modulus and Poisson’s
ratio. Also illustrated is the ORIENTATION option to transform the material coordi-
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nate system from the default element system to a user-defined system. This option
is used here so that we can interpret the stresses in the radial and tangential direc-
tions, rather than in the global X- and Y-directions.

Loads

The uniform 1-psi pressure is applied to the inner edge of the model using the DIST
LOADS block of the MODEL DEFINITION options. However, instead of naming
the element numbers in describing the location of the pressure load, we have chosen
to identify the inner two elements (numbered 1 and 2) as an element set named
INNER.

Boundary Conditions

Both the left edge (node set EDGE!) and right edge (node set EDGE2) of the model
are planes of symmetry. No displacements are allowed perpendicular to these two
edges. The eleven nodes (3, 6, 9, 11, 15, 17, 21, 24, 26, 30, 33) along EDGE2 will

be transformed into a local coordinate system x', y'.

Input

A complete input echo from the printout is included. The following paragraphs dis-
cuss items of interest in the PARAMETER and MODEL DEFINITION options.
Note the use of both fixed and free-field input formats. (As in Example 1, no HIS-
TORY DEFINITION options are necessary, since this is a linear elastic problem
and no MARC mesh or post plotting was requested.)

PARAMETER Section
The “TITLE” line is self-explanatory.

The “SIZING™ line sets 100,000 words as the workspace.

The “ELEMENTS” line says MARC element type 11 will be used in the model. The
“END” line terminates the input of the PARAMETER section.

MODEL DEFINITION Section

The MODEL DEFINITION options constitute the remainder of the input. The bulk
data in this example consist of:

* the FE mesh topology (element connectivity, nodal coordinates, definition of ele-
ment sets and node sets);

* material properties;

* pressure loading and prescribed boundary conditions (in this case, making use of
the TRANSFORMATION option); and

* output controls.
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FE Mesh Topology

The FE mesh in this example is defined by three blocks:
e CONNECTIVITY

« COORDINATES

» DEFINE

The CONNECTIVITY and COORDINATES data (shown in fixed-field input format)
define the element connectivities and nodal coordinates as in Example 1. Again, all
the topology data were generated using Mentat II. The first line after the CONNEC-
TIVITY option shows a “20”, which is an optional value representing the number of
elements to be read in and defaults to the total number of elements in the mesh. (A
blank line could also have been used as in Example 1. See MARC Volume C for a
complete description of the CONNECTIVITY option. Likewise, the line following the
COORDINATES option shows a “2”, which represents the number of coordinates per
node, and a “33”, which is the number of nodes read in (optional, defaults to the
number of nodes in the mesh). Again, a blank line could have been used here as
well, as in Example 1.

The DEFINE option (See MARC Volume C) is a powerful and convenient MODEL
DEFINITION option which allows you to define a set name and to associate mem-
bers to the set. Each set consists of one type of these entities:

« ELEMENT

* NODE

* INT (integration points)

* LAYER (beam or shell layers)
* DOF (degrees of freedom)

» INCS (increment numbers)

A set name may have up to 12 characters in length. Once certain members are
named to a set, the set name can be conveniently used over and over again, such as
in prescribing loads, boundary conditions, material properties, and selective print-
out options.

In this example, we used DEFINE ELEMENT SET and DEFINE NODE SET twice. First,
the “DEFINE ELEMENT SET ALLE” line and the “1 TO 20” line placed all twenty
elements into an element set name ALLE (which we will use later in applying mate-
rial properties and defining orientations). Next, the “DEFINE ELEMENT SET
INNER” line and the following line “1 TO 2” placed elements 1 and 21 into an ele-
ment set named INNER (which is later used in prescribing internal pressure on the
inner edge of these two elements and in selective printout of stress and strain
results). In a similar manner, we named the node set EDGE2 to consist of the eleven
nodes lying on the right edge of the model, and the node set EDGEI to be the eleven
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nodes on the left edge. These two node sets are subsequently used in the TRANS-
FORMATION option.

NOTE

A set must be DEFINE’d before it can be referenced.

Notice we did not specify the thickness of the model this time. For an analysis using
plane strain elements (such as MARC Elements 6, 11, and 27), the default element
thickness is unity. Recall that a plane strain model typically represents a 2-D (X,Y)
slice of a long structure (such as this thick-walled cylinder), where the displace-
ments and strains associated with the Z-direction may be assumed to be zero.

Material Properties

The material properties of the wedge model are entered using the ISOTROPIC
option. See MARC Volume C. The only properties required for this linear elastic
analysis are Young’s modulus and Poisson’s ratio. The blank line following “ISO-
TROPIC” means you don’t have to count how many lines are in this block. The 1,
following the blank line associates these properties with material id number 1.
Young’s modulus is 30E6 and Poisson’s ratio is 0.3. The last line in this block says
these properties are applicable to all the elements (element set ALLE).

Pressure Loading and
Prescribed Displacement Boundary Conditions

The uniform internal pressure acts on the inner edge of the two innermost elements
(element set INNER). The DIST LOADS option is used as in Example 1. Again, a
blank line is used; you don’t have to give a count of how many lines follow. The
detailed description of Element 11 in Volume B shows that the inner edge corre-
sponds to the 4-1 face of these two elements, and the appropriate Load Type for this
face is 10. Positive pressure means the pressure acts toward the element. The last
line in this block shows that the 1.0 psi pressure acts on element set INNER.

The next block is TRANSFORMATION, an option which defines nodal coordinates for
calculation of a direction cosine matrix, which is then used for transforming the glo-
bal DOFs of a specified node to a new local coordinate system. See MARC Volume
C. After the blank line, the three zeroes refer to the global (xyz) coordinates of the
first point used to define the local (1,2) plane. As seen in the sketch, the local x'-axis
points from its origin at (0,0,0) up the included EDGE?2, and the local y'-axis is per-
pendicular to EDGE?2. In the first field of this line, instead of naming a node number,
we left the field blank and began the data with a 0. The next line (“EDGE2”) then
tell MARC all the node numbers in node set EDGE2 for which this transformation
applies.
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The EIXED DISP block follows. See MARC Volume C. After the blank line, the “0.,”
line followed by the “1,” line means that a zero value is prescribed for the first DOF
(or X-translation) of the nodes to be specified. The next line names the nodes by
using the node set EDGEI (i.e., nodes 2, 5,8,12, 14, 18,20, 23,27, 29, and 32). In
other words, the left edge (EDGE1) of the model has been placed on rollers; only
translations along the global Y-axis are permitted. Then, in the same manner, the
“0.,” line followed by the “2,” and “EDGE2” lines indicate we are restraining the
second DOF (local y’-translation, or perpendicular to the inclined EDGE?2) of the
eleven nodes of EDGE2.

NOTE

Prescribed nodal boundary conditions are given with respect to the local
system defined by the TRANSFORMATION option.

Then comes the ORIENTATION block, which allows you to define the orientation of
the element material system with respect to the global coordinate system. See
MARC Volume C. Use of ORIENTATION combined with the PREF (preferred system)
option in PRINT ELEM lets you print physical stress output in the preferred material
system defined by the ORIENTATION option. After the blank line, the “EDGE 1-2,
0., line specifies the orientation angle type to be EDGE 1-2 and the orientation
angle to be zero. This means that the material system will be parallel to EDGE 1-2
for all elements. The last line (“ALLE”) means that all twenty elements are desig-
nated by element set ALLE are associated with this orientation angle. This is done
so that we can examine the stresses in a cylindrical system as opposed to a Cartesian
system.

Output Controls

The POST block creates a post-processor tape for later post-processing by
Mentat II. The next line “2,,,1” is the second line series in the POST block. The 2
means the number of element variables to be written to tape; the 1 in the fourth field
indicates that we want a formatted post tape. (A formatted post tape is often prefer-
able because a binary tape is system-dependent and may not be portable to other
computers.) The “12” on the third line refers to the post code assigned for the sec-
ond component of stress (global 6,,). The “111” on the next line refers to the post
code assigned to the first component of stress in the local material system defined
by the ORIENTATION option; this stress component is like a radial stress. A complete
description of the POST option is given in MARC Volume C.

The PRINT ELEM option allows us to reduce printout quantity by selectively printing
certain quantities for certain elements. See MARC Volume C. The
“STRESS,STRAIN,PREF” line after the blank line indicates we would like to out-
put the total stress and total strain, as well as the stress in the preferred system
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(labeled STRESSP in the output). The “INNER” line names the elements (1,2) for
which we want results printed, and the “1 TO 4” line means we would like the
results at all four integration points in each element.

The PRINT NODE option is used for the first time. It lets us choose which nodes and
what nodal quantities are to be printed. See MARC Volume C. We could select any
of these nodal quantities:

* INCR (incremental displacement)

* TOTA (total displacement)

* VELO (velocity)

* ACCE (acceleration)

* LOAD (total applied load)

* REAC (reaction/residual force)

* TEMP (temperature)

* FLUX

* STRESS (average generalized stresses at nodes)
* VOLT (voltage, in Joule heating analysis)
* PRES (pressure, in bearing analysis)

* COOR (coordinates)

» ALL (all relevant quantities)

Here, we selected TOTAL,LOAD,REACTION as the three nodal quantities we
want printed, for nodes 1 TO 33. Notice in this line, as well as in the
“STRESS,STRAIN,PREF” line before, a comma may be used as a delimiter instead
of a blank. The “END OPTION” line terminates the input for this example.

Output

The last two pages of the printout are shown, representing the element stress and
strain output for elements 1 and 2 and the requested nodal results (total displace-
ments, nodal loads, reactions).

The element stress and strain format appears the same as that of Example 1, except
for the line labeled “STRESSP” below the line for “STRESS”. This “STRESSP”
line, of course, gives the stresses in the preferred system as designated in the ORI-
ENTATION data. Remember that in the local coordinate system for this problem, the
first physical component of stress in the “STRESSP” line is parallel to the inclined
edge (or radial), and the second stress component is tangential (or hoop).

The nodal total displacements, loads, and reactions are in the same format as before.
Note that for the nodes defined by EDGE2, the nodal results are given with respect
to the local coordinate system.
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TITLE, THICK CYLINDER USING PLANE STRAIN ELEMENT 11

SIZING,100000,

ELEMENTS 11

END

CONNECTIVITY
20 0 0
1 11 1
2 11 3
3 11 6
4 11 4
5 11 7
6 11 9

7 11 11

8 11 10

9 11 15

10 11 13

11 11 17

12 11 16

13 11 21

14 11 19

15 11 22

16 11 24

17 11 26

18 11 25

19 11 28

20 11 30
COORDINATES

2 33 0

1 0.87156-1

2 0.0000000

3 0.17365

4 0.92398-1

5 0.0000000

6 0.18409

7 0.98950-1

8 0.0000000

9 0.19715

10 0.10714

11 0.21347

e I

10
11
15
13
17
16
21
19
24
22
25
26
30
28
31
33

0
0.
1
0.
1.

12
10
13
14
16
18
19
20
22
23
27
25
28
29
32
31

99619

.00000

98481
05611

.06014
.04404
.13101
.13533
.11808
.22462
.21063

[o o BN B

10
12
13
14
16
18
19
20
23
22
25
27
29
28
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card 40 12 0.0000000 1.22930
13 0.11738 1.34165
14 0.0000000 1.34677
15 0.23386 1.32631
16 0.13018 1.48793
card 45 17 0.25936 1.47092
18 0.0000000 1.49361

19 0.14617 1.67078
20 0.0000000 1.67716
21 0.29124 1.65168
card 50 22 0.16617 1.89934
23 0.0000000 1.90660
24 0.33108 1.87763
25 0.19117 2.18504
26 0.38088 2.16007
card 55 27 0.0000000 2.19339
28 0.22241 2.54217
29 0.0000000 2.55188
30 0.44313 2.51311
31 0.26147 2.98858
card 60 32 0.0000000 3.00000
33 0.52094 2.95442
DEFINE ELEMENT SET ALLE
1 TO 20
DEFINE ELEMENT SET INNER
card 65 1 TO 2
DEFINE NODE SET EDGE2
3 6 9 11 15 17 21 24 26 30 33
DEFINE NODE SET EDGE1
2 5 8 12 14 18 20 23 27 29 32
card 70 ISOTROPIC
1,
30.E6, .3,
ALLE
card 75 DIST LOADS
10,1.,
INNER

COMMENT, TRANSFORM ANGLED EDGE OF WEDGE (NODE SET EDGE2) TO LOCAL
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COMMENT,  COORDINATE SYSTEM NORMAL TO EDGE SO THAT BOUNDARY CONDITIONS
COMMENT, MAY BE EASILY APPLIED.

TRANSFORMATION
Transform Nodal

Degrees of Freedom

EDGE2

FIXED DISP

2,

EDGE2

COMMENT, DEFINE A LOCAL COORDINATE SYSTEM AT EACH INTEGRATION POINT
COMMENT, PARALLEL TO EDGE 1-2 OF THE ELEMENT. THIS COORDINATE SYSTEM
COMMENT, APPROXIMATES A TRUE CYLINDRICAL COORDINATE SYSTEM. THE ERROR
COMMENT, IN THE APPROXIMATION DECREASES AS THE MESH IS REFINED.

ORIENTATION

EDGE 1-2,0.,

ALLE

POST

2,,.1

12,,STRESS IN GLOBAL Y

111, ,STRESS, 1-2 EDGE - RADIAL

COMMENT, TO REQUEST PRINT OUT OF THE STRESSES IN THE COORDINATE SYSTEM
COMMENT, DEFINED BY THE ORIENTATION OPTION, USE THE -PREF- OPTION
COMMENT, OF PRINT ELEM.

PRINT ELEM

STRESS, STRAIN, PREF
INNER

1 TO 4

PRINT NODE

TOTAL, LOAD, REAC
1 TO 33

END OPTION

MARC Primer
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output for increment 0.

RESULTS

element with highest stress relative to yield is

element
stress
stressp

strain

element
stress
stressp

strain

element
stress
stressp

strain

element
stress
stressp

strain

element
stress
stressp

strain

element
stress
stressp

strain

tresca mises

intensity intensity

1 point 1
2.152E+00 1.865E+00

2.152E+00 1.865E+00

9.327E-08 5.396E-08

1 point 2
2.081E+00 1.803E+00
2.081E+00 1.803E+00

9.018E-08 5.209E-08

1 point 3
2.152E+00 1.865E+00

2.152E+00 1.865E+00

9.327E-08 5.396E-08
1 point 4
2.081E+00 1.803E+00

2.081E+00 1.803E+00

9.018E-08 5.209E-08
2 point 1
2.153E+00 1.865E+00

2.153E+00 1.865E+00

9.328E-08 5.396E-08
2 point 2

2.081E+00 1.803E+00

2.081E+00 1.803E+00

9.018E-08 5.209E-08

element

2-42

2 point 3

1
1

1

6
6
9

1
1

1

6
6
9

1
1
1

6
6
9

mean principal
normal minimum intermediat
intensity

integration pt. coordinate=
.460E-01-9.077E-01 1.011E-01
.460E-01-9.077E-01 1.011E-01
.947E-09-4.372E-08 0.000E+00
integration pt. coordinate=
.878E-02-9.612E-01 4.762E-02
.878E-02-9.612E-01 4.762E-02

.171E-10-4.371E-08 0.000E+00

integration pt. coordinate=
.461E-01-9.077E-01 1.011E-01
.461E-01-9.077E-01 1.011E-01
.947E-09-4.372E-08 0.000E+00
integration pt. coordinate=
.878E-02-9.612E-01 4.762E-02
.878E-02-9.612E-01 4.762E-02
.171E-10-4.371E-08 0.000E+00
integration pt. coordinate=
.461E-01-9.077E-01 1.011E-01
.461E-01-9.077E-01 1.011E-01

.948E-09-4.372E-08 0.000E+00

.170E-10-4.372E-08 0.000£+00

integration pt. coordinate=

Example 2A

2 where equivalent stress ig

0.187E-19

thick cylinder using plane strain element 11

If Yield Stress is not entered,
default is 1 ¥ 10%°

values

e maximum 1 2

0.696E-01 0.101E+01
1.245E+00 1.238E+00-9.009E-01
1.245E+00-9.056E-01 1.243E+00
4.956E-08 4.926E-08-4.342E-08
0.720E-01 0.104E+01
1.120E+00 1.113E+00-9.546E-01
1.120E+00-9.592E-01 1.118E+00

4.647E-08 4.618E-08-4.343E-08

0.187E-01 0.101E+01

.056E—01

1.245E+00+49.0U9E-01 1.238E+00

1.245E+0

4.64JE-08 4.638E-08-4.363E-08 0.

0.157E+00 0.100E+01

.245E+00-9.057E-0

0.163E+00 0.103E+01

1.120E+00 1.077E+00-9.187E-01 4.

1.120E+¢0-9.592E-01

4.647E-08

physical

245E+00 1.201E+00-8.637E-01 1.

.118E+00 4.

r~08-4.187E-08 0.

c o

3

.011E-01-1.
.011E-01-6.

.000E+00-1.

.762E-02-1.
.762E-02-6.

.000E+00-1.

.011E-01-6.
.011E-01-1.

.000E+00-5.

762E-02-6.

000E+00-5.

011E-01-3.

.011E-01-6.

.000E+00-2.

761E-02-2.

761E-02-6.

.168E-01

mpon

4

208E-01
675E-02

047E-08

168E-01
454E-02

012E-08

675E-02
208E-01

785E-09

454E-02

047E-01

663E-02

640E-08

946E-01
441E-02

E-08

of yield

ents

Note the symmetry between G, (1,3) and
Cg (2,1); and also G, (1,4) and G, (2,2)

0.107E+00 0.101E+01
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stress 2.152E+00 1.865E+00 1.461E-01-9.077E-01 1.011E-01 1.245E+00 1.215E+00-8.777E-01 1.011E-01-2.522E-01
stressp 2.152E+00 1.865E+00 1.461E-01-9.077E-01 1.011E-01 1.245E+00-9.009E-01 1.238E+00 1.011E-01-1.207E-01
strain 9.327E-08 5.396E-08 1.948E-09-4.372E-08 0.000E+00 4.956E-08 4.826E-08-4.242E-08 0.000E+00-2.186E-08
element 2 point 4 integration pt. coordinate= 0.110E+00 0.104E+01
stress 2.081E+00 1.803E+00 6.879E-02-9.612E-01 4.762E-02 1.120E+00 1.091E+00-9.322E-01 4.762E-02-2.439E-01
stressp 2.081E+00 1.803E+00 6.879E-02-9.612E-01 4.762E-02 1.120E+00-9.546E-01 1.113E+00 4.762E-02-1.167E-01
strain 9.018E-08 5.209E-08 9.172E-10-4.372E-08 0.000E+00 4.647E-08 4.521E-08-4.246E-08 0.000E+00-2.114E-08
Note the symmetric results
along EDGE] and EDGE2
nodal point data
total displacements
1 4.42122E-09 5.05356E-08 2 0. 0.
4 4.19219E-09 4.79171E-08 5 0. 0.
7 3.94169E-09 4.50538E-08 8 0. 4.52259E-08 9 4.52259E-08 0.
10 3.67419E-09 4.19962E-08 11 4.21564E-08 0. 12 0. 4.21565E-08
13 3.39583E-09 3.88143E-08 14 0. 3.89627E-08 15 3.89627E-08 0.
16 3.11449E-09 3.55981E-08 17 3.57341E-08 0. 18 0. 3.57342E-08
19 2.83886E-09 3.24493E-08 20 0. 3.25732E-08 21 3.25732E-08 0.
22 2.57869E-09 2.94746E-08 23 0. 2.95871E-08 24 2.95872E-08 0.
25 2.3428YE-0Y 2.67789E-08 26 2.68811E-08 0. 27 0. 2.68811E-08
28 2.13987E-09 2.44589E-08 29 0. 2.45523E-08 30 2.45524E-08 0.
31 1.97734E-09 2.26010E-08 32 0. 2.26873E-08 33 2.26873E-08 0.
total equivalent nodal forces (distributed plus point loads)
1 7.59500E-03 8.68250E-02 2 1.90500E-03 4.35780E-02 3 4.35780E-02 1.90627E-03
‘4 0 0. 5 0. 0. 6 0. 0.
7 0. 0. 8 0. 0. 9 0. 0.
10 0. 0. 11 0. 0. 12 0. 0.
13 0. 0. 14 0. 0. 15 0. 0.
16 0. 0. 17 0. 0. 18 0. 0.
19 0. 0. 20 0. 0. 21 0. 0.
22 0. 0. 23 0. 0. 24 0. 0.
25 0. 0. 26 0. 0. 27 0. 0.
28 0. 0. 29 0. 0. 30 0. 0.
31 0. 0. 32 0. 0. 33 0. 0.
reaction forces at fixed boundary conditions, residual load correction elsewhere
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-0.15190E-
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10
13
16
19
22
25
28

31

01

01

-1

.37911E-16 1.66533E-16 2 -3
.66533E-16 -1.45717E-16 5 -7.
.93889E-18 -1.40860E-15 8 -8.
.93889E-18 -4.78784E-16 11 -1.
.85723E-17 2.77556E-17 14 -9.
.45717E-16 -3.43475E-16 17 -1.
.02056E-17 -4.33681E-17 20 -0.
.31839E-16 -1.52656E-16 23 -0.
.93889E-17 1.39645E-16 26 1.

0. -2.08167E-17 29 -0.
.04083E-16 -1.69136E-16 32 -5.

summary of externally applied

0.17365E+00

.73441E-02
S5711E-02
36900E-02
24900E-16
76663E-02
63064E-16
10759

11140

66533E-16
11957

77721E-02

loads

summary of reaction/residual forces

-0.17365E+00

distributed load type current
list number magnitude
1 10 1.000

end o f incremen

t 0

formatted post data at increment 0.

time = 1.02

***x end of input deck - job ends

marc exit number 3004

0

.70617E-16
.02056E-17
.16334E-17
.11438E-02
.67147E-16
.10312

.32667E-17
.17961E-16
.11513

.54098E-18

.25585E-17

on tape 19

Example 2A

12

15

18

21

24

27

30

33

-3
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.46945E-16
.15186E-15
.73472E-16
.11438E-02
.80411E-16
.10312

.38778E-16
.32667E-17
.11513

.59702E-17

.59195E-17

.73497E-02
.55703E-02
.36898E-02
.34295E-16
.76645E-02
.08167E-16
.10759

.11140

.71445E-17
.11957

.77728E-02
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Results

The closed-form solutions for the tangential stress, radial stress, and radial displace-
ment in a thickwalled cylinder loaded by internal pressure may be found in any
standard text on strength of materials. For the parameters of this problem, with a
1.00 psi internal pressure and an inner radius of 1.00 in. and an outer radius of 3.00
in., the theoretical answers (maximum at the inner radius) are:

From R. J. Roark and W. C. Young, Formulas for Stress and Strain
(5th ed.), McGraw-Hill, 1976, p. 504):

tangential stress: G, = +1.25 psi
radial stress: G, = - 1.00 psi
radial displacement: v = +5.16667E-8 in.

(Note that these theoretical values are calculated at r = 1.00 in. In order to make an
exact correlation with the MARC-calculated values, the values should really be
obtained using the radius at the particular integration point of element 1.)

The maximum MARC-calculated values for this coarse 20-element model are:
At element 1, integration point 3:

6, = +1.243 psi (approximately half a percent off the theoretical
value at r = 1.00 in.)

At element 1, integration point 4:

O, = -0.9592 psi (approximately 4% off the theoretical value at
r=1.001in.)

At the inner edge (nodes 2 and 3):

v = +5.07281E-8 in (approximately 2% off theoretical value)

The correlation is excellent even for this coarse model. Now, let’s go on to Example
2B, which shows you how to solve the same problem using an axisymmetric solu-
tion.

Rev. K.5 Example 2A 2-45



MARC Primer

INC 0 AA
&KMaRc

SUB 0
f\ Deformed

TIME @ 0.000e+00
FREQ : 0.000e+0i0

Undeformed

thick cylinder using plane strain element 11

Displacements x 1

Figure 2A.2 Radial Displacement

INC : [ AAMARC
suB : 0 w

TIME : 0.000e+00

FREQ : 0.000e+00

-3.701e-02

-1.221e-01

-2.072e-01

-2.922e-01

-3.773e-01

-4.624e-01
-5.475e-01
-6.326e-01
-7.176e-01
7—9.0279—01

-8.878e-01

thick cylinder using plane strain element 11

stress, 1-2 edge - radia 1

Figure 2A.3 Radial Stress
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Thick Cylinder Under Internal Pressure—Axisymmetric Solution

Rev. K.5

Sketch

257 ’

21 22

10

Mo | o o

Figure 2B.1 Thick Cylinder, Axisymmetric Model

Model

The axisymmetric model is a thin (0.25 in.) slice taken in the axial direction of a
long thick-walled cylinder. The model has ten elements through the thickness, like
the plane-strain model in Example 2A, and 22 nodes. The geometry (inner radius =
1 in., outer radius = 3 in.) and the material properties are the same as before.

MARC element 10 is a four-noded linear axisymmetric element, with two transla-
tional DOFs at each node and four Gaussian integration points. A complete descrip-
tion of Element 10 is found in MARC Volume B. The origin of the global coordinate
system (Z,R) is at the axis of the cylinder. The axis of symmetry is along the Z-axis.
Radial displacement is therefore along the R-axis, and the tangential (hoop) direc-
tion is out-of-plane. As before, the radial and tangential stresses are expected to be
the greatest at the inner radius; therefore, the mesh is refined there.
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(Alternatively, we could have selected Element 2, a triangular axisymmetric ring
element, or Element 28, an 8-noded second order quadrilateral axisymmetric ele-
ment.)

Properties
Identical to Example 2A.

Loads
Identical to Example 2A.

Boundary Conditions

The boundary conditions for this model are simple; no displacements are permitted
in the Z-direction for all the nodes on both the left and right edges of the model.

Input

A complete input echo from the printout is included. Most of the input is self-
explanatory, or is similar to the previous examples. Here, we’ll just explain those
features in the input data which are being seen for the first time.

The DEFINE MODEL DEFINITION option is again used to define two element sets
named “ALLE” (all ten elements) and “INNER” (element 1), and a node set named
“ALLN” (all 22 nodes).

Four new output control options are seen for the first time. The NO PRINT option
(See MARC Volume C) suppresses element and nodal output. We use this option
here because all we want are the summary-type tables shown. The SUMMARY option
(MARC Volume C) produces a summary of the results of an increment and outputs
them in a report format. The next two options tell MARC what results we would
like to have in a report format. The ELEM SORT option (MARC Volume C) sorts var-
ious element quantities. The “1” line which follows means we would like to sort one
element quantity. The “2,,,10,” line indicates that the code we want sorted is 2
(highest absolute value of the second component of stress, which in this example is
the radial stress), and the 10 means we want ten items on the sorted list. Leaving the
remaining fields blank results in a list in descending order of the absolute magni-
tudes. The NODE SORT option (MARC Volume C) sorts various nodal quantities.
The “1,” line says we want to sort one nodal quantity here. The “14,,,10” line means
we want code number 14 (highest absolute value of the second component of total
displacement, which in this example is the total radial displacement), and there are
ten items in the sorted list.

NOTE

The output of the SUMMARY and SORT options can be optionally directed to a
file other than the standard line printer to be used directly in reports.
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The POST block creates a post-processor file for later post-processing by Mentat II
(see MARC Volume C). The “4,,,1” line means the number of element variables to
be written to file is four, and the “1” in the fourth field indicates we want a formatted
post file. The “117, “12”, “13”, and “14” on the next four lines refer to the four post
codes assigned to the first four components of stress (i.e., the normal stresses in the
axial, radial, and hoop directions, and the shear stress in the Z-R plane).

Output

In this example, only the summary tables of the printout are included here. They are
self-explanatory. The first summary table appears on one and a half pages and sum-
marizes all the stress and strain quantities. The second table ranks the ten highest
“second component of stress” in descending order (the default element sorting
order), listing the values at the four integration points in element 1, followed by
those in element 2, then at integration points 3 and 4 for element 3. The third table
summarizes the maximum/minimum incremental and total displacements, and
reaction forces, the last table ranks the ten highest “second component of total dis-
placement”, listing the values in descending order (the default node sorting order).
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15

20
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input

data

MARC Primer

THICK CYLINDER USING AXISYMMETRIC ELEMENT 10

SIZING, 100000

S O O N

14
16
18
20

Jy

)

o e e o S S S S

e S N S N = =

.00000
.00000
.06014
.06014
.13533
.13533
.22930
.22930
.34677
.34677
.49361
.49361
.67716
.67716
.90660
.90660
.19339
.19339
.55188
.55188
.00000

HoOwOw 9 0w

15
17
19
21

ELEMENTS 10
END
CONNECTIVITY
10 0 0
1 10 1
2 10 3
3 10 5
4 10 7
5 10 9
6 10 11
7 10 13
8 10 15
9 10 17
10 10 19
COORDINATES
2 22 0
1 0.00000
2 0.25000
3 0.00000
4 0.25000
5 0.00000
6 0.25000
7 0.00000
8 0.25000
9 0.00000
10 0.25000
11 0.00000
12 0.25000
13 0.00000
14 0.25000
15 0.00000
16 0.25000
17 0.00000
18 0.25000
19 0.00000
20 0.25000
21 0.00000
5 10 15
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card 40 22 0.25000 3.00000

COMMENT, DEFINE SETS FOR LATER USE

DEFINE ELEMENT SET ALLE
1 TO 10
DEFINE NODE SET ALLN
card 45 1 TO 22
DEFINE ELEMENT SET INNER
1
ISOTROPIC
card 50 1,
30.E6, .3,
ALLE

COMMENT, DIST LOADS APPLIES PRESSURE TO FACE 1-2 OF SET INNER

DIST LOADS
card 55

0,1.,

INNER

COMMENT, TO SIMULATE PLANE STRAIN CONDITIONS IN THE PLANE OF THE

COMMENT, CYLINDER PERPENDICULAR TO THE AXIAL DIRECTION, RESTRAIN ALL
card 60 COMMENT, DOFS IN THE AXIAL DIRECTION.

FIXED DISP

0.,
1,
card 65 ALLN
COMMENT, SUPPRESS ALL OUTPUT OF ELEMENT INTEGRATION POINT QUANTITIES AND
COMMENT, NODAL QUANTITIES. ASK MARC FOR SUMMARY OF RESULTS AND SORTED
COMMENT, TABLES OF LARGEST QUANTITIES.
NO PRINT
card 70 SUMMARY
COMMENT, SORT 10 HIGHEST ABSOLUTE VALUES OF RADIAL STRESS
ELEM SORT
1,
2,,.,10,
card 75 COMMENT, SORT 10 HIGHEST ABSOLUTE VALUES OF RADIAL DISPLATEMENT
NODE SORT
1,
14,,,10

COMMENT, 1 IN 4TH FIELD OF POST DATA CARD MEANS WRITE FORMATTED POST TAPE
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card 80 POST

13,
card 85 14,
END OPTION
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Results from Summary Option

O R 2R a2 R R R R A R RS RS A R A SRR EEEEEEE AL

Ak ok khkhk kA kkkkkkkkk kA kA hkkkhkkh kA kA Ak KA KAk hk kA k kKA kA ok kA kA KA kA XA Kk ko k ok k ok ok

*

thick cylinder using axisymmetric element 10

increment

marc k5

*

FP T : 2 2 R R s R R S R R SR RS S S SRR SRR RS SRR AR RS

*

quantity

*

*

*

*

*

*

*

value * elem.* int.*layer*

*number*point*

*

*

*

*

Kk kA kA k kA Ak A * Ak kA R AR A AR AR A kA kA A AR I A AR KA KA Ik hh ok kA kAR A KA XA A XA A A Ak ke k%

max

max

min

max

max

min

max

first comp.

first comp.

second comp.

second comp.

third comp.

third comp.

fourth comp.

fourth comp.

equivalent

eqguivalent

mean

mean

tresca

tresca

first comp.

first comp.

second comp.

second comp.

third comp.

third comp.

fourth comp.

fourth comp.

of

of

of

of

of

of

of

of

of
of

of

of

of

of

of

of

stress

stress

stress

stress

stress

stress

stress

stress

stress

stress

stress

stress

stress

stress

total

total

total

total

total

total

total

total

strain

strain

strain

strain

strain

strain

strain

strain

*

*

*

*

-0.96154E+00 * x
* *
* 0.12451E+01 *

*

*

*

*

*

*

*

*

*

0.10257E+00 *
0.46968E-01 *

*

-0.10178E-01 *

0.24888E+00 *
*
0.63375E-14 *

-0.49631E-15 *

0.18659E+01 *

0.24601E+00 *

0.14816E+00 *

0.67843E-01 *

0.21531E+01 *

0.27956E+00 *

0.00000E+00 *

0.00000E+00 *

-0.41660E-08 *

-0.43730E-07 *

0.49573E-07 *

0.79482E-08 *

0.54925E-21 *

-0.43013E-22 *

*

10

10

10

10

10

10

*

*

2

F T 2 2 2 2 222222222 R RS 2R AR AR RS ERELESEEEEEEE R
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Radial Stress

Hoop Stress
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el i iR R R B Y VA A VU VT

*

* thick cylinder using axisymmetric element 10

* increment

marc k5

*

el i AU VU VU

* quantity

bR LA ARE R AR SRR R RS SR g 3 0 J SR R e g o U VU U LU A U

* max equivalent

* min equivalent

*

* max mean
* min mean
*

* max tresca
* min tresca

* max temperature

* min temperature

total

total

total

total

total

total

strain

strain

strain

strain

strain

strain

*

*

*

* * * *
value * elem.* int.*layer*
*number*point* *
* * * *

0.53974E-07 * 1
0.73271E-08 * 10

0.19754E-08 * 3
0.90458E-09 * 2

0.93303E-07 * 1
0.12114E-07 * 10

0.00000E+00 * 1
0.00000E+00 * 1

*

1
1

*

1
1

*

R AR AR R R R R R R R R O o I e e el U Ve Pu U U U PR PO
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Result of Element Sort

****************************t********************************

* *
* thick cylinder using axisymmetric element 10 *
* increment 0 marc k5 *
* *

*t***********************************************************

* *
* highest absolute value of second comp. of stress *
* *

**********************************t****************i*********

* * * * * *
* rank * value * element * int. * layer *
* * *  number * point * *
* * * * * *

*******************************t*****************************

* * * * * *
* 1 * -0.96154E+00 * 1 * 4 * 1 *
* 2 * -0.96154E+00 * 1 * 3 * 1 *
* 3 * -0.90801E+00 * 1 * 2 * 1 *
* 4 * -0.90801E+00 * 1 * 1 * 1 *
* 5 * -0.83581E+00 * 2 * 4 * 1 *
* 6 * -0.83581E+00 * 2 * 3 * 1 *
* 7 * -0.78049E+00 * 2 * 2 * 1 *
* 8 * -0.78049E+00 * 2 * 1 * 1 *
* 9 * -0.70707E+00 * 3 * 4 * 1 *
* 10 * -0.70707E+00 * 3 * 3 * 1 *
* * * * * *

******************************************************t******

Example 2B
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Result of Summary

KAk Ak ok ok kA Kk kA A A Ak kA Kk ok kA Ak A A A Ak kAR * A A Ak ok hkk ok k ok Ak hkk ok ok ok kA ok Ak kk k& % *kx

* thick cylinder using axisymmetric element 10 *
* increment 0 ' marc k5 *
******k***********t*****rt**********************************r*****
* quantity * value * node *
* * * number *

LR R R R R N N s s e T L L T T

* max second comp. of incremental disp * 0.50759E-07 * 2 *
* min second comp. of incremental disp * 0.22697E-07 * 21 ~*
* * * *
* max second comp. of total disp. * 0.50759E-07 * 2 0*
* min second comp. of total disp. * 0.22697E-07 * 21~
* * * *
* max first comp. of reaction force * 0.49488E+00 * 20 0+
* min first comp. of reaction force * -0.4948BE+00 * 19 =

hhkkk ok ko k ok k ok ok ok ok Ak kA Ak ARk ok ok ok kA A kAR kA Ak ok kA kA Kk k ok ok kk k ok ok ok k ok ok ok k ok k ok &k & %

Result of Node Sort NOTE

Nodes with applied boundary
conditions are not included when
sorting displacements

LR R R I d R 2 I I S S

* thick cylinder using axisymmetric element 10*

* increment 0 marc k5 *

TEFFF A d bbb st b b v bbb b EF A bk kA A A A A A A A AAAAAAARN KRR
* *
* highest absolute value of second comp. of *

* total disp. *
* *

LR R R R R I R R R I g ey

* * * *
* rank * value * node *
* * *  number *
* * * *

R R Y

* 1o 0.s0759e-07 | * 2 ¢ Note the Symmetry

* 2 * 0.50759E-07 * 1 *
* 3 * 0.48129E-07 * 4 *
* 4 * 0.48129E-07 * 3 *
* 5 * 0.45253E-07 * 6 *
* 6 * 0.45253E-07 * 5 *
* 7 * 0.42181E-07 * 8 *
* 8 * 0.42181E-07 * 7 *
* 9 * 0.38985E-07 * 10 *
* 10 * 0.38985E-07 * 9 *

R R R R 2 e T I T
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Results

The theoretical results (at R = 1.00 in.) were given in Example 2A. The calculated
results at integration point 2 of element 1 (which is close to R = 1.00 but not exactly
at that radius) are:

At element 1, integration point 2:

6, = +1.25 psi (approximately 0.4% off theory)

T

At element 1, integration point 2:

G, = 0.9080 psi (approximately 9% off theory)

At the inner edge (nodes 1 and 2), the radial displacement is:

v = +5.0759 E-8 in. (approximately 2% off theory)

We see that, for this coarse 10-element axisymmetric model, the correlation with
theory is good. The stresses in the radial direction oscillate, owing to the 1/r depen-
dence of the hoop strain. This cannot be adequately represented in a linear displace-
ment element. Centroidal values often give better results. Therefore, we have
demonstrated in Example 2 that the two solutions to the thick cylinder give essen-
tially the same results.

You have now seen how to:

« set up a plane strain and an axisymmetric analysis;

« apply the appropriate boundary conditions;

* use TRANSORMATION to facilitate skewed geometries; and

« customize your printout to display only items you want to see.
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;o thick cylinder using axisymmetric element 10 LMmarc
SUB ¢ 0
TIHE : 0.000e+00
FREQ : 0.000e+00
2nd Comp of Total Stress (x.1)
-0,382 13 2
|
P
15
/13/
P‘/
/
-8.885
o 2
position 1
Figure 2B.2 Radial Stress Through Radius
M ;o thick cylinder using axisymmetric clement 10 &MARe
SUB 0
TIME : 0.000e+00
FREQ : 0.000e+00
3rd Comp of Total Stress
L L
\5
7
\ .
K
\15\
15
\7
\‘i
0.231 ¢
o 2
position 1

Figure 2B.3 Hoop Stress Through Radius
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m ;o thick cylinder using axisymetric elenent 10 MARC
SUB : 0
TIME : 0,000e+00
FREQ : 0,000e+00
Displacements y (x10e-8)
s.om 3
3
\5
7
11
13
&
7
19
2,270 1
0 2
position
Figure 2B.4 Radial Displacement Through Radius
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Modal Analysis of a Cantilevered Beam

The solution of the undamped free vibration of a cantilevered beam can be found in
any textbook on vibration theory. This example first illustrates the eigenvalue
extraction (modal analysis) of a cantilevered beam. Then, a linear dynamic analysis
(undamped) using direct integration follows, with the beam subjected to a ramp-
type uniform load. Finally, a damped modal superposition solution of the beam sub-
Jjected to initial conditions is shown. ‘

Example 3A: Modal Analysis
Example 3B: Linear Dynamic Analysis using Direct Integration
Example 3C: Damped Modal Superposition Response Subjected to Initial
Conditions
Sketch
Az
X-Z PLANE o
e fixed
' global Y
: o
]
y: ,/
'l
12 elements at 6” ‘7'\
13 nodes 4’ X-Y PLANE

4
///1 7 13 19 25 31 37 43 49 55 61 67 73 node
---o—---o---c---o-~-o---or---o---o---o---o---&--zo
% 6 1 elem
f X

Figure 3A.1 Three-Dimensional Cantilevered Beam Model
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Model

The finite element model is a simple cantilevered beam consisting of twelve ele-
ments (MARC Element 52). The material properties are isotropic and linear elas-

tic: same Young's modulus (30 x 106psi or 30,000,000) and Poisson’s ratio (0.3) as
in Examples 1 and 2, except this time we also have to input a mass density of 7.6754

x 104 Ib-sec? /in* for an eigenvalue or dynamic analysis problem.

The left end of the beam is fixed against all displacements and rotations. This is the
only boundary condition necessary for this problem. Element 52 is a 3-D elastic
beam element, with two nodes and three Gaussian integration points along the
length. Each node has six DOFs: three translations and three rotations. A descrip-
tion of Element 52 is found in MARC Volume B.

For this 3-D beam element, the following geometry properties have to be input:
cross-sectional area, moments of inertia in the major and minor axes, and the orien-
tation of the local axis.

Properties

As before, for an isotropic linear elastic material, we only need to input Young’s
modulus and Poisson’s ratio. In addition, since this is an eigenvalue problem, we
also have to input the (volumetric) mass density in units consistent with the problem
description.

Loads

None, since this is only an eigenvalue extraction problem.

Boundary Conditions

The left end (node 1) of the beam is fully clamped. Hence, all six degrees of free-
dom are suppressed.

Input

A complete input echo is included. Items of interest in the input follow.

PARAMETER Section

The “SIZING” line sets 100,000 words as the workspace. The “ELEMENTS” line
informs MARC that Element 52 will be used. (This element is a 3-D elastic beam
element, and is integrated exactly.)

The next line is seen for the first time. The “DYNAMIC” option (see MARC Volume
O) indicates that we want to perform a dynamic analysis, where the “1” means
eigenvalue extraction and the “5” means we desire five mode shapes and frequen-
cies.

As usual, the “END” line terminates the input of the PARAMETER section.

Example 3A Rev. K.5
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MODEL DEFINITION Section
The MODEL DEFINITION options in this example consist of:

* the FE mesh topology (element connectivity, nodal coordinates, definition of
node set and element set)

* material properties
* boundary conditions
* geometric properties

* output controls

FE Mesh Topology

The FE mesh in this example consists of: 12 beam elements and 13 nodes spaced
every 6.00 in. along the global X-axis. The CONNECTIVITY and COORDINATES data
are self-explanatory. The DEFINE option is used to name a node set FIXME (con-
sisting of only node 1) and an element set ALLE (all 12 elements). Note that in this
example, the node numbers are not given in consecutive order. This is for user con-
venience since MARC internally allocates only 13 nodes. There is no additional
computational cost to having non-consecutive element numbers or node numbers.

Material Properties

The ISOTROPIC option is used to enter the material properties. The “1,” line follow-
ing the blank line indicates the material properties which follow to be designated as
material property set number 1. Young's modulus is 30E6, Poisson's ratio is 0.3, and
the mass density is 7.6754E-4 units. The last line in this block, “ALLE”, says these
properties apply to all twelve elements in the model.

Boundary Conditions

In the FIXED DISP block, the blank line is followed by a option with six zeroes,
which refer to the six zero-valued displacements being prescribed. The next “l1 TO
6” line means the list of six DOFs (3 translations, 3 rotations) for which the zero
displacements are applicable. And the last “FIXME” line indicates the pertinent
node set—in this case, consisting of node 1 only.

Geometric Properties

The element geometry is entered using the GEOMETRY block (see MARC Volume
C). The blank line as usual means you don't have to count how many distinct ele-
ment geometries are input. The next line gives six data items for this beam element

(see MARC Volume B): the first field has a value of 6.0 inz, which is the cross-sec-

tional area of the beam; the second field is 16.0 in* which is L., the moment of iner-
tia about the local x-axis (in this case, the major or strong axis of bending); the third

field is 5.33 in4, which is I, the moment of inertia about the local y-axis (in this
case, the minor or weak axis); the fourth field is 0.0, the fifth field is 1.0, and the

sixth field is 0.0-these three being components of a vector representing the local
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x-axis and aligning it with the positive global Y-axis (see sketch). The last line in
the block, “ALLE”, tells MARC that these element geometry properties apply to
element set ALLE, which represents all twelve elements of the model.

Output Controls

The POST block creates a post-processor file for later post-processing by Mentat IL.
The “...1” line means that we would like to have a formatted post file. The “END

99

OPTION” line ends the MODEL DEFINITION options.

HISTORY DEFINITION Section

Here, HISTORY DEFINITION options are specified for the first time in this Primer.
Two such options are illustrated: MODAL SHAPE, and RECOVER.

The “MODAL SHAPE” line (see MARC Volume C) tells MARC we want to extract
eigenmodes, and is required since we set the first field equal to 1 on the “DYNAMIC”
parameter line. Also, the fact we have left the third field blank on the “DYNAMIC”
parameter line means we have opted for the inverse power sweep method of eigen-
value extraction. The blank line which follows indicates we want to use default val-
ues for the six parameters needed for the inverse power sweep method (the use of
defaults is highly recommended if you are a novice):

Field/Variable Meaning Default Value
1 NCYCM max. no. iterations per mode 40
2 FLAMB convergence tolerance 0.0001
3 SHFLAM initial shift frequency (cycles 0
per time)
4 SHFMAX max. frequency to be no. of modes on
extracted (cycles per time) DYNAMIC
Parameter line
5 INCSHF no. modes expected per shift 5
6 SHFSCL auto shift parameter 1.0

Of these six parameters, only the first two are usually needed by the novice. The
“CONTINUE” line ends the MODAL SHAPE input block, and the modal extraction
now begins.

RECOVER (see MARC Volume C) is an option for:
1. the storing of eigenvectors on post file
2. the recovery of modal reaction forces

3. the recovery of modal stresses and reactions for a specified number of
modes during a modal or buckling analysis.
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This option should be used after the modal shapes and frequencies have been
extracted. The “1,5” line which follows means that modes 1 through 5 are to be
written to the post file. The next “CONTINUE” line indicates that the data set for this
load increment has now been fully defined.

Output

In addition to the input echo, selected portions of the output are included. (Incre-
ment O is a null increment in this type of analysis, and values for incremental dis-
placements, total equivalent nodal forces, and reactions forces at fixed boundary
conditions are all zero.)

After the underlined “CONTINUE” line, results of using the inverse power sweep
method to extract eigenvalues of the first mode are shown. The solution converged
in five iterations, yielding the first eigenvalue to be a frequency of 126.12 rad/sec,
or 20.114 cycles/sec. This is then followed by a printout of the familiar first mode
shape (eigenvector), and we notice that the largest displacements occur in the Y-
direction (second column). We go on to see that the Mode 2 frequency is 218.51 rad
/sec, with the mode shape vibrating in the Z-direction. Mode 3 has a frequency of
789.32 rad/sec, with the mode shape vibrating in the Y-direction. Mode 4 has a fre-
quency of 1,367.58 rad/sec, with the mode shape vibrating in the Z-direction. And
Mode 5 has a frequency of 2,217.88 rad/sec, with the mode shape vibrating in the
Y-direction. (After the Mode 5 eigenvector printout, one additional frequency of
2,676.83 rad/sec is shown along with its eigenvector; this sixth mode is a torsional
mode, and the eigenvector of interest shows rotations around the global X-axis.)

After the eigenvalue extraction, the RECOVER option instructs MARC to store all
the eigenvectors on the post file. MARC proceeds to do so, and labels the five eigen-
vectors INCREMENT 0, (SUBINCREMENT) 1 (through 5). It then tells you that
the eigenvectors have been stored on unit 19, and makes a normal job exit (exit
number 3004).
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card

card

card

card

card

card

card

10

20

25

30

35

Rev. K.5

input

dat a

MARC Primer

EIGENVALUE EXTRACTION OF A CANTILEVERED BEAM

12

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

SET

SET

13

S O O O O O O O O O o o o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

FIXME

ALLE

Eigenvalue Extraction of Five Modes

5 10 15 20
TITLE
SIZING 100000
ELEMENTS 52
DYNAMI 0
END
CONNECTIVITY
12 0 0
1 52 1 7
2 52 7 13
3 52 13 19
4 52 19 25
5 52 25 31
6 52 31 37
7 52 37 43
8 52 43 49
9 52 49 55
10 52 55 61
11 52 61 67
12 52 67 73
COORDINATES
3 13 0 0
1 1.00000 0
7 7.00000 0
13 13.00000 0
19 19.00000 0
25 25.00000 0
31 31.00000 0
37 37.00000 0
43 43.00000 0
49 49.00000 0
55 55.00000 0
61 61.00000 0
67 67.00000 0
73 73.00000 0
DEFINE NODE
1
DEFINE ELEMENT
1 TO 12
ISOTROPIC
5 10 15 20

Example 3A
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card 40
1,
30.E6,.3,7.6754E-4
ALLE
FIXED DISP

card 45
0.,0.,0.,0.,0.,0.,
1 TO 6
FIXME
GEOMETRY

card 50
6.,16.,5.33,0.,1.,0.,
ALLE
POST
P

card 55 END OPTION

MODAL SHAPE HISTORY DEFINITION options
Extracts Modes

CONTINUE
RECOVER
card 60 1,5 Places Modal Shapes in Post File

CONTINUE ]

. S During Increment Zero, only
° e matrices are assembled. Since
L4 ® this is the only function
end of increment 0 performed, all results are zer
formatted post data at increment 0. 0 on tape 19
time = 0.58
modal shape
max conv initial max modes auto
cycles tolerance shift frequency per shift
frequency shift parameter
40 1.000E-04 0.000E+00 0.000E+00 5 1.000E+00 Default OP”OI)S used to control
continue extraction iteration.
power sweep for eigenvalue Inverse power sweep method

used by default.
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1 0.

7 2.21605E-14
13 4.39413E-14
.49696E-14
.48853E-14
31 1.03348E-13
37 1.20041E-13
43 1.34679E-13
49 1.47013E-13
55 1.56832E-13
61 1.63967E-13
67 1.68298E-13
73 1.69750E-13

Rev. K.5

0.

.16534
.24689
.33920
.43984
.54657
.65740
.77068

.88515

iteration single
number eigenvalue
estimate
1 3.736E+05
2 1.715E+04
3 1.605E+04
4 1.592E+04
5 1.591E+04

double eigenvalue estimates

eigenvalues extracted with shift point of

double

eigenvalue

estimate

0.

1.591E+04 4.778E+04

1.591E+04 4.775E+04

1.591E+04 4.775E+04

have converged

0000E+00

MARC Primer

lypical iterations

lowest frequency

frequency in radians per time= @ in cycles per time= 2.00723E+01

L17254E-02 1.
.50409E-02 5
.71648E-02 1

1

envecto

0.

56485E-11 9.
.70641E-11 1.
.16171E-10 2
.85522E-10 3.
.58763E-10 4
.31033E-10 5.
.99197E-10 5
.61857E-10 6.
.19128E-10
72215 7

832E-10 7
.72528E-10 7

r

0.
49363E-13
88246E-12

.78331E-12

63648E-12

.42738E-12

14247E-12

.76953E-12

.02407E-12
.20957E-12
.27175E-12

-4.
-8.
-1.

-1

-1.

0.
98482E-12
59527E-12
08993E-11

.20404E-11

.09178E-11
.97280E-12
.15208E-12
.59247E-12
.32447E-12
.26004E-12

-3

-1
-1
-1
-1
-1
-1

0.
.83090E-03

.19697E-03

.61451E-02
.73397E-02
.81807E-02
.87171E-02
.90083E-02
.91252E-02
.91495E-02

Using the Inverse Power
Sweep Method, the vector
printed is normalized such
that the largest absolute
value is one.

frequency in radians per time= @ in cycles per time=  3.47771E+01

eigenvector

Example 3A

Second mode frequency
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7 -5.
13 -1.
19 -1.
25 -1.
31 -2
37 -2
43 -3.
49 -3
55 -3
61 -3.
67 -3
73 -3.
2-70

14206E-12
01960E-11
50754E-11

96966E-11

.39805E-11
.78540E-11

12507E-11

.41127E-11

.63910E-11

80467E-11

.90515E-11

93884E-11

.36136E-07 -1.17254E-02 -2.20895E-10 3.83090E-03 -6
.09507E-07 -4.50409E-02 -4.38005E-10 7.19697E-03 -7

_07989E-06 -9.71648E-02 -6.47612E-10 1.01012E-02 -3.

.04273E-06 -0.16534 -8.46126E-10 1.25506E-02 5
.56489E-07 -0.24689 -1.03015E-09 1.45584E-02 1
.13308E-06 -0.33920 -1.19654E-09 1.61451E-02 3
.47805E-06 -0.43984 -1.34244E-09 1.73397E-02 4
.62751E-06 -0.54657 -1.46537E-09 1.81807E-02 5
.04427E-05 -0.65740 -1.56323E-09 1.87170E-02 6
L47277E-05 -0.77068 -1.63434E-09 1.90083E-02 7
.92741E-05 -0.88515 -1.67750E-09 1.91252E-02 7
.39143E-05 -1.0000 -1.69197E-09 1.91495E-02 7

mode 1 generalized mass= 2.363E-02

mode 2 generalized mass= 2.363E-02

end of calculations for mode 2

norm of remaining search vector 0.972E+00

.88670E-08

.94276E-08

55182E-08

.46611E-08
.78400E-07
.19570E-07
.60644E-07
.85262E-07
.80935E-07
.41521E-07
.69168E-07
.75594E-07

eigenvalues extracted with shift point of 0.0000E+00

iteration single double
number eigenvalue eigenvalue
estimate estimate
1 5.803E+07
2 9.747E+05
3 6.234E+05 6.205E+05 6.850E+06

4 6.228E+05 6.231E+05 3.344E+06
5 6.230E+05 6.231E+05 2.070E+06
6 6.230E+05 6.230E+05 1.894E+06

Example 3A
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13
19
25
31
37
43
49
55
61
67
73

8
1
2
3

0.
.52149E-10
.68972E-09
.49837E-09
.26428E-09

3.97434E-09

S O O O U1 W

.61639E-09
.17945E-09
.65390E-09
.03160E-09
.30610E-09
.47270E-09
.52855E-09

Rev. K.5

single eigen estimate has converged

frequency in radians per time=

eligenvector

0. 0.
6.66679E-02 2.52623E-05
0.22617 8.56614E-05
0.41961 1.58830E-04
0.59357 2.24474E-04
0.70426 2.65974E-04
0.72135 2.71830E-04
0.63040 2.36574E-04
0.43312 1.60889E-04
0.14535 5.08025E-05
0.20753 -8.40258E-05
0.59711 -2.32794E-04
-1.0000 -3.86617E-04

mode 3

0.

.47792E-07
.91344E-07
.26489E-07
.49204E-07
.15568E-06
.34238E-06
.50611E-06
.64407E-06
.75390E-06
.83372E-06
.88216E-06
.89840E-06

end of calculations for mode

7.89318E+02

0.
-7.77661E-06
-1.17325E-05
-1.20901E-05
-9.32675E-06
-4.18530E-06

2.38556E-06
9.34592E-06
1.57117E-05
2.07107E-05
2.39262E-05
2.54101E-05
2.57579E-05

generalized mass= 2.331E-02

3

norm of remaining search vector 0.999E+00

eigenvalues extracted with shift point of

Example 3A

1.
-5.

-2
-4

-5.

-6

-6.

-6

MARC Primer

in cycles per time=

0.

.05271E-02
.09966E-02
.19929E-02
.47695E-02

12791E-02
98374E-03

.42827E-02
.10265E-02

41802E-02

.26433E-02

65499E-02

.74658E-02

0.0000E+00

1.25624E+02
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iteration single double
number eigenvalue eigenvalue
estimate estimate
1 1.879E+06
2 1.871E+06
3 1.870E+06 1.870E+06 5.040E+06

4 1.870E+06 1.870E+06 4.978E+06

single eigen estimate has converged

frequency in radians per time= 1.36758E+03 in cycles per time= 2.17657E+02

eigenvector
1 0. 0. 0. 0. 0. 0.
7 -3.28917E-09 -2.62291E-04 _6.66659E-02 -1.58766E-05 2.05265E-02 -7.48531E-05
13 -6.52206E-09 -7.53579E-04 -0.22616 -3.14815E-05 3.09959E-02 -7.80040E-05
19 -9.64336E-09 -1.08781E-03 -0.41960 _4.65478E-05 3.19925E-02 -2.66028E-05
25 -1.25997E-08 -1.02488E-03 -0.59356 ~6.08176E-05 2.47695E-02 4.84645E-05
31 -1.53404E-08 -5.32771E-04 -0.70425 ~7.40469E-05 1.12795E-02 1.10612E-04
37 -1.78186E-08 2.15488E-04 -0.72134 ~8.60091E-05 -5.98302E-03 1.30181E-04
43 -1.99920E-08 9.18407E-04 -0.63039 ~9.64998E-05 -2.42820E-02 9.53692E-05
49 -2.18232E-08 1.26971E-03 -0.43313 ~1.05339E-04 -4.10260E-02 1.63255E-05
55 -2.32811E-08 1.07981E-03 -0.14535 -1.12376E-04 -5.41800E-02 -7.97281E-05
61 -2.43407E-08 3.43910E-04 0.20753 ~1.17491E-04 -6.26435E-02 -1.60855E-04
67 -2.49837E-08 -7.75832E-04 0.59711 ~1.20595E-04 -6.65502E-02 -2.05888E-04
73 -2.51993E-08 -2.05746E-03 1.0000 ~1.21635E-04 -6.74661E-02 -2.17898E-04

mode 4 generalized mass= 2.330E-02

end of calculations for mode 4
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1

13
19
25
31
37

43
49
55
61
67
73

2
5
7

1.

1

NN

0.

.67277E-07
.29980E-07
.83615E-07

02384E-06

.24655E-06
.44793E-06

.62454E-06
.77335E-06
.89182E-06
.97791E-06
.03017E-06
.04769E-06

Rev. K.5

norm of remaining search vector 0.100E+01

eigenvalues extracted with shift point of

iteration single

number

double eigenvalue estimates have converged

frequency in radians per time=

0.
-0.17145
-0.50043
-0.74348
-0.74539
-0.47713
-3.49574E-02

.40467
.65879
.61078
.25203

o o o o ©

.32723
-1.0000

1
4

-3.

-1.

.22142E-04 -1
.10921E-04 -3

.06920E-03 -1

.24627E-04 -1

.01513E-03 -1

eigenvalue

estimate

4.960E+06

4.938E+06

4.928E+06

4.923E+06

envecto

0.

.54566E-04 -5.
.05442E-03 -6.
.23381E-03 -8.
.24455E-03 -9.

.18502E-04 -1.

68298E-04 -1

68092E-03 -1

double

eigenvalue

estimate

MARC Primer

0.0000E+00

4.919E+06 7.165E+06

4.919E+06 7.165E+06

r

0.

.72247E-07
.41547E-07

05003E-07
59819E-07
03345E-07
33126E-07

.04694E-06

14284E-06

.21919E-06
.27468E-06
.30835E-06
.31964E-06

-3

-5.
-5.
-4.
-1.

1

= Rk w9

2.21788E+03

0.
.74585E-05
56801E-05
61098E-05
16989E-05
67543E-05
.36532E-05

.44841E-05
.15042E-05
.18740E-05
.04492E-04
.10125E-04
.11410E-04

Example 3A

-4.
-5.

-2
2
6

7.

-3

-8.

-0

-0.

in cycles per time=

0.
92685E-02
35191E-02

.31063E-02
.32769E-02
.33800E-02

89581E-02

.23535E-02
.90277E-02
.52535E-02

17005E-02

.10766

11461

3.52987E+02
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1
7 -1
13 -2
19 -3
25 -4
31 -5
37 -6
43 -6
49 -7
55 -8
61 -8
67 -8
73 -8
2-74

0.
.14293E-05
.26631E-05
.35091E-05
.37817E-05
.33053E-05
.19167E-05
.94688E-05
.58322E-05
.08981E-05
.45798E-05
.68144E-05
.75635E-05

-1.
-3.
-5.

-8.
-1.

-1

frequency in radians per time=

2.67683E+03

elgenvector
0. 0. 0. 0.

98598E-05 -2.79893E-04 -0.13053 7.92746E-05
54915E-05 -7.90268E-04 -0.25882 7.87599E-05
11546E-06 -1.10342E-03 -0.38268 1.82696E-05
.37605E-05 -9.60090E-04 -0.50000 -6.65933E-05
.20615E-04 -3.40368E-04 -0.60876 -1.33841E-04
.11739E-04 5.41289E-04 -0.70711 -1.49798E-04
.61808E-05 1.32662E-03 -0.79335 -1.01762E-04
80340E-05 1.65823E-03 -0.86603 -2.63327E-06
52172E-04 1.32078E-03 -0.92388 1.14946E-04
.09984E-04 3.18856E-04 -0.96593 2.13194E-04
.51276E-05 -1.14659E-03 -0.99144 2.67414E-04
.32263E-04 -2.80665E-03 -1.0000 2.81824E-04

mode 5 generalized mass= 2.278E-02

end of calculations for mode 5

-4

-8

-1.

-1

-2.

in cycles per time=

0.

.66454E-06
.71960E-07
.23469E-06
.22341E-05
.12418E-06
.42376E-06

87006E-05

.70672E-05

66624E-06

.66125E-05
.02115E-05
.43929E-05

4.26031E+02

eigenvalue extraction complete - all requested modes have been found

en d

time

o f increment

0.72
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NOTE

The RECOVER option puts eigenvectors into
the post file. It may also be used to obtain
modal stresses and forces

recover

write eigenvectors on post tape for mode 1 to 5

zero reference amplitude entered, no scaling of eigenvectors will be done.

continue
start o f increment 0. 1
end ot lncrement 0. 1
formatted post data at increment 0. 1 on tape 19
time = 0.77
modal recovery will be performed at this stage for mode 2
start o f increment 0. 2

Continues unti! all five modes
are placed on the post tqpe
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Results

Let's compare the calculated eigenvalues (frequencies) with theoretical values (e.g.,
R.J. Roark and W. C. Young, Formulas for Stress and Strain, 5th ed., McGraw-Hill,

1976, p. 576).

To be able to correlate the calculated frequencies and theory, we must first remem-
ber that MARC Element 52 is a 3-D beam, and the inverse power sweep method
will extract successive modes using values of I, as well as I, In other words, con-

secutive modes can vibrate in-plane or out-of-plane. In our case, I, (16.0) is three
times greater than L, (5.33). This means we must use the correct moment of inertia
in calculating the theoretical frequencies in order to make a meaningful compari-

son.
Mode | VibratingIn T'}f:;'l:;:;" Using Ma:;;a:; " | % Difference
1 X-Y Plane 126.56 L, 126.12 -0.35
2 X-Z Plane 219.20 | 218.51 -0.32
3 X-Y Plane 790.97 L, 789.32 +0.21
4 X-Z Plane 1370.0 L 1367.58 +0.18
5 X-Y Plane 2218.2 L, 2217.88 -0.14

The agreement is excellent. All the calculated frequencies are within four-tenths of
one percent of the theoretical values. The following plots show the first three X-Y
plane mode shapes, which correspond to the MARC-calculated Modes 1, 3, and 5

using L., .

Example 3A
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Figure 3A.2
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w0 EMARC
w1 W
TINE : 0.000e00
FREQ : 1. 261es
R
T —
eigerwalue extraction of a cantileversd beas

Displacements x 1
peo0 MARC
w3 o
TIME @ 0,000e+00
FREQ : 7.893e+02

_ﬂ/*h\
—

eigenvalue extraction of a cantileversd beam

Displacements x 1
I ° MARC
SUB 5 x
TIME : 0.000e+00
FREQ : 2.21Be+03

e1genualue extraction of a cantilevered bean

Displacements x

Eigenmodes

Example 3A

Mode

MARC Primer

rad/sec

126.12

789.32

2217.88
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Example 3B

Linear Dynamic Analysis Using Direct Integration

Rev. K.5

Sketch
3Bla A Z
p,(t)
NS EEEEEEE: _
\x 1 L=72.0" 73 X
3B.1b p,(t)
ﬁ . <.9001
100.6- - - - .
Ib/in !
of M 2 5 E T EE T e
20 stepy 100 steps at 5 msec i
at 5 msec

Figure 3B.1a Cantilevered Beam
Figure 3B.1b Time History of Load

Model

The Example 3A finite element beam model is used again. The material properties,
boundary conditions, and geometric properties remain the same. Here, we'll just
highlight the input options needed to describe the dynamic load and the transient
analysis using direct integration.

Loads

A uniform distributed load is applied in the positive global Z-direction, along the
complete length of the beam. The load magnitude is ramped up from 0 Ib/in to 100
Ib/in in 0.1 second using twenty 5-msec time steps. The load is then held constant
for the remainder of the analysis. The dynamic analysis is carried out over a total
elapsed time of 0.6 sec.
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Input

A complete input echo is included. Notice how this input file is identical to Example
3A in the FE mesh topology definition (including the same node and element set
definitions), material properties assignment, boundary conditions specification, and
geometric properties description—but is very different in the remaining portions.

PARAMETER Section

All the PARAMETER options are the same as those of Example 3A except the
DYNAMIC option. On the “DYNAMIC” line, instead of putting in a “1” in the second
field to denote eigenvalue extraction, we now use a “2” to mean we've selected the
Newmark-beta method of direct integration of the equations of motion. The New-
mark-beta method is unconditionally stable in linear dynamic analysis, exhibits no
numerical damping, and is probably the most popular direct integration method
used in finite element analysis. It offers a variable time-stepping algorithm. (See
MARC Volume A for details of this method.)

MODEL DEFINITION Section

The first part of the MODEL DEFINITION options, from line 7 (“CONNECTIVITY”)
through line 56 is identical to that of Example 3A. We'll now explain line 57 (“DIST
LOADS”) through line 70 (“END OPTION”), which terminates the MODEL DEFINI-
TION options.

The first block is the DIST LOADS block (See MARC Volume C). It is important to
realize that these loads are incremental values. This block of data allows pressure
loads (surface and volumetric) to be specified. The blank line merely means we
don’t have to count how many lines follow. The next line (3,0.,) indicates that the
Load Type is 3, which for Element 52 means a uniform load per unit length in the
global Z-direction, and the initial magnitude of this distributed load is 0. The last
line (“1 TO 127) is the 4th line series and refers to the fact that the distributed load
is applied over elements 1 to 12. (Alternatively, we could have used ALLE here,
since we had previously defined element set ALLE to comprise all twelve elements
in the model.) This block is needed to specify load type and applicable elements so
that the program can allocate memory for these loads. Even though the distributed
load is not applied until increment one, it must be defined in the MODEL DEFINI-
TION section. The distributed loads are changed by the program into equivalent
nodal loads.

The second block is the PRINT ELEM block. We first saw the use of this option for
selective printing of element quantities in Example 1. The “STRESS” line means
total stresses are to be output. The blank lines mean we do not want to print results
for the elements in the model.

The third and last block in the MODEL DEFINITION options is the PRINT NODE
block. The “TOTAL” line designates the total nodal displacement to be printed out
for the node(s) to be named. The 73 on the last line in this block means we only want
nodal quantities to be printed out for node 73.
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The flowchart on the next page diagrams what happens when you choose the PRINT
ELEM or PRINT NODE selective printing option in MARC. Note that the ordering of
input between PRINT ELEM/NODE and NO PRINT determines which takes place.
(Also, you should avoid the use of the PRINT CHOICE option!).
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NO PRINT
no PRINT ELEM

YES

no PRINT NODE

YES NO

¢ ELEM
?

Select desired l \
1
\

| element
\ quantities

| *

- —

Select default
element
quantities

YES PRINT NO
l NODE
2
Select desired fgﬁt defauit
nodal quantities

i quantities

[«

\4\{

l

NO PRINT

elements and nodes

’1

after both YES
PRINT ELEM and —
PRINT?NODE
Suppress all
printout of
[ ‘ ’1 both elements
| Print selected } and nodes

t quantities of both

&
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. all elements
.all mtegratlon

points

. top and bottom

layers

all nodes

all nodal
quantities
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MARC Primer
The “END OPTION” line ends the MODEL DEFINITION section.

HISTORY DEFINITION Options

Here, we will illustrate two HISTORY DEFINITION options: DIST LOADS (same
function as its counterpart in MODEL DEFINITION) and DYNAMIC CHANGE.

If you examine the input file carefully, you’ll notice that the HISTORY DEFINI-
TION part of the input (lines 71 through 87) actually consists of three distinct por-
tions (lines 71 to 77, lines 78 to 84, lines 85 to 87), each ending with a CONTINUE
line, with the first two portions containing a DIST LOADS block and all three con-
taining a DYNAMIC CHANGE block. The rationale for this careful step-by-step input
of the dynamic load will now be explained. The procedure adopted will allow us to
input the ramp forcing function successfully, minimize the effects of the sharp
“knee” at 0.2 sec., and avoid potential numerical difficulties in the dynamic analy-
sis.

In the first portion (lines 71 to 77), we first see the DIST LOADS block (see MARC
Volume C). This option, like its MODEL DEFINITION counterpart, allows surface
and volumetric pressure loads to be specified. Again, remember that these loads are
incremental values. The blank line merely means we do not have to bother counting
how many lines are in this block. On the third line (line 73), the 3 again means Load
Type 3, which for Element 52 refers to uniform load per unit length in the global Z-
direction. The 5. on the same line is the value of the incremental distributed load per
step, 5.0 Ib/in. The 1to 12 on the next line represents the twelve elements to which
this load applies (again, we could have used the element set named ALLE). Then
come the two lines in the DYNAMIC CHANGE block. The DYNAMIC CHANGE option
(see MARC Volume C) specifies the parameters required for the time integration
(using either the direct integration procedure or the modal superposition procedure).
On the *.005,.1,20,” line (line 76), the .005 is the time step size (5 msec.), the .1 is
the period of time for this dynamic change condition, and 20 is the number of time
steps in this set of boundary conditions. In other words, to climb the ramp portion
of the dynamic load (which occurs from 0 to 0.1 sec.), we have used a total of
twenty 5-msec time steps. The purpose of using such small time steps in this initial
0.1 sec. interval is to capture any significant dynamic response in the beam as the
load 1s first applied. The “CONTINUE” line ends this first portion.

The second portion (lines 78 to 84) is a safe, practical method for turning the “knee”
of the ramp load without incurring numerical difficulties, since in real life a discon-
tinuity like this sharp knee does not exist. The DIST LOADS block is similar to that
in the first portion, except that the third line in this block (3,0.,) shows a 0. in the
second field. This means the incremental change in load for this interval is zero.
Notice then, in the DYNAMIC CHANGE block which follows, the “.0001,.0001,1”
line represents a single very small time step size of .0001 sec (100 microseconds),
which is applicable to this zero pressure load change. This is good modeling prac-
tice in order to simulate such forcing functions with sharp discontinuities. The
“CONTINUE” line terminates this second portion.
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The third and final portion (lines 85 to 87) applies the constant pressure load for the
remainder of the analysis, to 0.6 sec. The only block is DYNAMIC CHANGE. Notice
the absence of a DIST LOADS block here means the previous incremental pressure
load change of zero is still applicable. That is, a zero load change from before indi-
cates that the previous pressure load of 5.0 Ib/in. remains on the beam. The
“005,.5,100,” line means this interval is to have a time step size of 0.005 sec., for
a duration of 0.5 sec, and there is a total of 100 such time steps. Since there was a
0.0001 sec. duration in the second portion, the total elapsed time at the end of the
transient analysis is actually the sum of 0.10, 0.0001, and 0.5-or a total of 0.6001
sec. The final “CONTINUE” lines ends the HISTORY DEFINITION input as well as the
entire input file.

Output

Only a portion of the printed output is included: the printed echo, the printed output
of increments 0 and 1, and finally, the results of the final increment (121). Increment
0 is a null step because no preload exists in this example. At the end of each incre-
ment, the “total dynamic transient time” is printed out: 0.005 sec. after increment 1,
0.6001 sec. after increment 121. Also shown is the elapsed MARC solution “TIME”:
0.66 sec. after increment 1, 17.75 sec. after increment 121. After each increment,
MARC informs you that the formatted post data has been stored on tape 19.
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inpuct data

SIZING
ELEMENTS
COMMENT

LINEAR DYNAMICS BY DIRECT INTEGRATION
100000

52

12

13

USE NEWMARK BETA DIRECT INTEGRATOR

SHELL SECT, 3

13
19
25
31
37
43
49
55
61
67
73

OOOOOOOOOOOOO

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

SET

Direct integration
by Newmark-beta

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

OOOOOOOOOOOOO

.00000

FIXME

END
CONNECTIVITY
12 0 0
1 52 1
2 52 7
3 52 13
4 52 19
5 52 25
6 52 31
7 52 37
52 43
9 52 49
10 52 55
11 52 61
12 52 67
COORDINATES
3 13 0
1 1.00000
7 7.00000
13 13.00000
19 19.00000
25 25.00000
31 31.00000
37 37.00000
43 43.00000
49 49.00000
55 55.00000
61 61.00000
67 67.00000
73 73.00000
DEFINE NODE
1
DEFINE ELEMENT
5 10 15
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card

card

card

card

card

card

card

40

45

50

55

60

65

70

1 TO 12

ISOTROPIC

1
30.E6,.3,7.6754E-4
ALLE

FIXED DISP

1 TO 6
FIXME

GEOMETRY

6.,16.,5.33,0.,1.,0.,
ALLE
POST
soel

DIST LOADS

3,0.,
1 TO 12

PRINT ELEM

STRESS

.

PRINT NODE

Suppress Element Output

TOTAL
73

END OPTION

card

75

DIST LOADS
3,5.,
170 12 Ramp Up load

DYNAMIC CHANGE

CONTINUE

card

80

DIST LOADS

3,0.,
1 TO 12 Take small time steps

SYNAMIC CHANGE when load changes

.0001,.0001,1

CONTINUE

2-86
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card 85 DYNAMIC CHANGE
.005,.5,100, Finish the time period

CONTINUE

maximum connectivity is 2 at node 7

maximum half-bandwidth is 2 between nodes 1 and 7
number of profile entries including fill-in is 25
number of profile entries excluding fill-in is 25
total workspace needed with in-core matrix storage = 20963

load increments associated with each degree of freedom

summed over the whole model

distributed loads

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

point loads

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

increment zero is a null step

At time = zero,

/wMing happens
total dynamic transient time = 0.00000E+00
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distributed load type current
list number magnitude
1 3 0. 0 0

e n d o £ increment 0

formatted post data at increment 0. 0 on tape 19
time = 0.44

dist loads

read from unit 5

type index distributed load
3 0 0.5000000E+01 0.0000000E+00 0.0000000E+00

from element 1 to element 12 by 1

dynamic change

time time maximum assembly max iter
increment period steps interval mcreep
5.000E-03 1.000E-01 20 0 5
continue

auto control specified for time of 0.100E+00

Start of a typical increment

s tart o f increment 1
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load increments associated with each dearee of freedom

summed over the whole model

distributed loads

0.000E+00 0.000E+00 3.600E+02 0.000E+00-3.553E-15 0.000E+00

point loads

0.0C0E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

start of assembly

time = 0.48

start of matrix solution

time = 0.55

singularity ratio 1.2887E-03

end of matrix solution

time = 0.56 Test for convergence
maximum residual force at node 43 degree of freedom 3 is equal to 0.544E-10
maximum reaction force at node 1 degree of freedom 3 1s equal to 0.185E+03

convergence ratio Convergence ratio indicates error of

less than .01% - which is very good!

MARC output for increment 1. linear dynamics by direct integration

dynamic change has reached time of 0.500E-02 of total time period 0.100E+00

total dynamic transient time = 5.00000E-03
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distributed load type current
list number magnitude
1 3 5.000 0. 0.
end o f increment 1
formatted post data at increment 1. 0 on tape 19
time = 0.66
® [
[ ] [ ]
o [
® [

s tart o f increment 120

load increments associated with each degree of freedom

summed over the whole model

distributed loads

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

NOTE

In linear dynamic analysis, if the
time step does not change, reas-
sembling the stiffness matrix is not

point loads

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 necessary.
end of matrix back substitution
time = 17.51
maximum residual force at node 67 degree of freedom 3 is equal to 0.161E-09
maximum reaction force at node 1 degree of freedom 3 is equal to 0.708E+04

convergence ratio 0.228E-13

MARC output for increment 120. linear dynamics by direct integration
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dynamic change has reached time of 0.495E+00 of total time period 0.500E+00

total dynamic transient time = 5.95100E-01

nodal point dat a

total displacements

73 0. 0. 0.67892 0. -1.25573E-02 0.

summary of externally applied loads

0.00000E+00 0.00000E+00 0.72000E+04 0.00000E+00 -0.22737E-12 0.00000E+00

summary of reaction/residual forces

0.00000E+00 0.00000E+00 -0.70792E+04 0.00000E+00 0.25253E+06 0.00000E+00

distributed load type current
list number magnitude
1 3 100.0 0. 0.

en d o f increment 120
formatted post data at increment 120. 0 on tape 19

time = 17.61

start o f increment 121
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load increments associated with each degree of freedom

summed over the whole model
distributed loads

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
point loads

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

end of matrix back substitution

time = 17.66
maximum residual force at node 43 degree of freedom 3 is equal to 0.818E-10
maximum reaction force at node 1 degree of freedom 3 is equal to 0.697E+04

convergence ratio 0.117E-13

MARC output for increment 121. linear dynamics by direct integration

dynamic change has reached time of 0.500E+00 of total time period 0.500E+00

total dynamic transient time = 6.00100E-01

nodal point data

total displacements

73 0. 0. 0.66468 0. -1.22902E-02 0.

summary of externally applied loads
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0.00000E+00 0.00000E+00 0.72000E+04 0.00000E+00 -0.22737E-12 0.00000E+00

summary of reaction/residual forces

0.00000E+00 0.00000E+00 -0.69689E+04 0.00000E+00 0.24757E+06 0.00000E+00

distributed load type current
list number magnitude
1 3 100.0 0. 0.

en d o f increment 121

formatted post data at increment 121. 0 on tape 19

time = 17.75

*** end of input deck - job ends

marc exit number 3004
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Results

The following plots show the deflected shape of the entire beam at the end of the
transient analysis, and a time history plot of the Z-displacement at the beam tip
node. The smoothness of the history plot indicates that the time steps we selected
were adequate to characterize the dynamic response; a very jagged plot would have
meant we needed to reduce the time step sizes.

Note that in the second figure, the small oscillations about a certain constant dis-
placement value of approximately 0.70 are real, and represent the true dynamic
response of the beam about the static displacement value. The dynamic response in
this example is undamped; Example 3C will demonstrate the damped behavior of
the same beam subjected to initial conditions but solved using modal superposition.

Figure 3B.2  Deflected Shape

linear dynamics by direct integration Node 73 xMARC

f VAW

Displacements z (x.1)

7.352

0 6.001
time (x.1)

Figure 3B.3  Time History of Tip Deflection
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Damped Modal Superposition Response Subjected to Initial Conditions
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Sketch

Initial displacements
N 30
- 15 2‘0J/2.5 ‘T
.5{_-11_'0_T__I__ N

1 7 13 19 25 31 37 43 49 55 61 67 73
;ELEMI 12

%'__’x L=72.0"

Figure 3C.1 Cantilevered Beam with Initial Displacements

Model
Same as for Examples 3A and 3B.

Initial Conditions

Instead of using the time-varying distributed load of Example 3B, here we will
specify some initial conditions—consisting of initial nodal displacements applied to
the six nodes on the right half of the cantilevered beam. These applied initial nodal
displacements resemble the first bending mode of the beam.

Input

A complete input echo is included. Notice how this input file is identical to those of
Examples 3A and 3B in the mesh definition, material properties assignment, bound-
ary conditions specification, and geometric properties description (through line
54)-but is different in the remaining portions due to addition of damping to the
beam, application of the initial displacements, and the modal superposition solu-
tion.

PARAMETER Section

All the PARAMETER options are the same as before except the “DYNAMIC” line.
On the DYNAMIC line, the “1” in the second field indicates we want to do modal
superposition dynamic response analysis, the “5” in the third field means five modes
are to be used in the modal superposition analysis, and the “1” in the fourth field
says that we want to use the Lanczos method for eigenvalue extraction prior to the
modal superposition analysis. The first part (lines 8 through 54) of the MODEL
DEFINITION options is identical to those of Examples 3A and 3B.
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MODEL DEFINITION Section

The DAMPING block (see MARC Volume C) in this example consists of the next two
lines. This block allows the input of damping factors for use with the dynamic anal-
ysis options. For the modal superposition case (as in this example), you input the
fraction of critical damping associated with each mode of the solution. On line 58
following the “DAMPING” line, the “0.5" shown in the first field is the DAMP(1)
parameter, or the fraction of the critical damping factor for the first mode, that 1S,
5%. The blank second field means we want zero damping for the second mode, that
is, DAMP(2) is 0%. The “0.05” value in the third field indicates that we want the
damping factor for the third mode to be 0.05 also (or 5%). Since we had specified
on the DYNAMIC parameter option that we want to use five modes and we did not
specify damping factors for modes 4 and 5, MARC will assume that they are zero.

The POST block (lines 59, 60) is the same as in Examples 3A and 3B; it tells MARC
to create a post processor file for later post processing by Mentat II. The line (line
60) says that we would like to have a formatted post file.

The next block of data (lines 61 to 76) in the MODEL DEFINITION options is the
INITIAL DISP block (see MARC Volume C). This block prescribes the initial displace-
ments to be put on the model. line 64 (“6,”) means NSET is six—the number of sets
of prescribed displacements to follow. The next twelve lines are the six pairs of
lines prescribing initial displacements on nodes 43, 49, 55, 61, 67, and 73—that is,
the six nodes on the right half of the beam model. For instance, line 67 (“0.,1.,”)
after the line “43” means for node 43, apply an initial displacement of zero in the
global X-direction (first degree of freedom) and 1.0 in the global Y-direction (sec-
ond degree of freedom). This initial applied displaced shape resembles approxi-
mately the first bending mode of the cantilevered beam. (The reason for choosing
this shape will be explained later under the Results section.)

The “NO PRINT” option (line 77) suppresses element and nodal output. The
“END OPTION” line terminates the MODEL DEFINITION section.

HISTORY DEFINITION Section

In this example, the HISTORY DEFINITION section consists of three blocks:
MODAL SHAPE, RECOVER, and DYNAMIC CHANGE.

The MODAL SHAPE option was first discussed in Example 3A, when we used it to
specify eigenvalue extraction using the inverse power sweep method. This option
is explained in MARC Volume C. Here, we had specified the Lanczos method for
eigenvalue extraction, by using a “1” in the fourth field of the DYNAMIC PARAM-
ETER option. Now, on line 80 after the “MODAL SHAPE” line, the “0.,0.,5” is inter-
preted as follows: the first field refers to the lowest modal frequency to be
extracted—or the initial shift point in the Lanczos solution—and is specified to be zero
here: the second field is the highest modal frequency to be extracted and is also zero;
and the “5” in the third field means the number of requested modes to extract. As
the first two entries are zero, MARC will calculate the lowest five modes. The
“CONTINUE” line ends this MODAL SHAPE input block.
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The RECOVER option (see MARC Volume C) was first used in Example 3A and is
again used here for the same purpose. The “1,5” line means modes 1 through 5 are
to be written to the post file.

The DYNAMIC CHANGE block ends the input for this example. We first encountered
this block in Example 3B. This option (see MARC Volume C) specifies the param-
eters needed for the time integration in dynamic analysis. On line 88
(“.001,.5,500,”), the “.001” is the time step size (1 msec.) chosen for the modal
superposition analysis, the “0.5” (sec.) is the period of time for this dynamic change
condition, and the “500” is the number of time steps (increments) using this set of
boundary conditions.

NOTE

The time step size does not influence the accuracy of the solution when using
modal superposition. The accuracy is determined by the number of modes
used to represent the problem.

The “CONTINUE?” line ends this block, as well as the input to this problem.

The time step size of 0.001 was chosen to give adequate resolution of the beam
response. In this particular case, it is known that the response will occur primarily
in modes 1 and 3. Therefore, the period of the highest significant mode (mode 3) is
divided into eight time steps, giving a time step of 0.001.

Output

Only a portion of the output is included: the input echo; the pages showing the
Lanczos eigenvalue extraction results; increment 1 modal superposition results; and
increments 499 and 500 modal superposition results. (The analysis ends after incre-
ment 500, at which time the total elapsed time period is 0.5 sec.) After each incre-
ment, MARC informs you that the formatted post data has been stored on tape 19
and informs you of the total dynamic transient time.
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input data

SIZING

ELEMENTS

MODAL SUPERPOSITION

100000

52

12

13

COMMENT, THE DYNAMIC OPTION SPECIFIES MODAL DYNAMICS USING LANCZOS PLUS

COMMENT,

RECOVER TO PUT THE MODES ON THE POST TAPE

DYNAMIC,1,5,1,1

13
19
25
31
37
43
49
55
61
67
73

© O O O O o o O o o o o o

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

SET

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

OOOOOOOOOOOOO

.00000
FIXME

END
CONNECTIVITY
12 0 0
1 52 1
2 52 7
3 52 13
4 52 19
5 52 25
6 52 31
7 52 37
8 52 43
9 52 49
10 52 55
11 52 61
12 52 67
COORDINATES
3 13 0
1 1.00000
7 7.00000
13 13.00000
19 19.00000
25 25.00000
31 31.00000
37 37.00000
43 43.00000
49 49.00000
55 55.00000
61 61.00000
67 67.00000
73 73.00000
DEFINE NODE
1
DEFINE ELEMENT
5 10 15
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card 40
card 45
card 50
card 55
card 60
card 65
card 70
card 75
card 80
2-100

1 TO 12

ISOTROPIC

1,
30.E6,.3,7.6754E-4
ALLE

FIXED DISP

1 TO 6
FIXME

GEOMETRY

6.,16.,5.33,0.,1.,0.,
ALLE
COMMENT, DAMPING FOR MODAL DYNAMICS SPECIFIES THE FRACTION OF CRITICAL
COMMENT, DAMPING TO APPLY TO THE MODES IN THE PROBLEM.
DAMPING

0.05,,0.05

POST
P
COMMENT, INITIAL DISPLACEMENT SPECIFIES THE DEFLECTED SHAPE OF THE
COMMENT, BEAM WHEN THE TRANSIENT BEGINS.
INITIAL DIS \

6.

The initial displacements are the
excitation in this problem.

73, J
NO PRINT

END OPTION
MODAL SHAPE
0.,0.,5 Extract Modes
CONTINUE

Example 3C

75 80
75 80
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COMMENT, RECOVER INSTRUCTS MARC TO WRITE THE EIGENVECTORS ON THE POST TAPE
RECOVER
1,5
card 85 CONTINUE
COMMENT, BEGIN MODAL DYNAMICS
DYNAMIC CHANGE
.001,.5,500,

CONTINUE

load increments associated with each degree of freedom

summed over the whole model
distributed loads

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
point loads

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

start of assembly

time = 0.39

start of matrix solution

time = 0.48

singularity ratio 5.7870E-04

end of matrix solution

time = 0.49
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MARC output for increment 0. modal superposition

element with highest stress relative to yield is 1 where equivalent stress is 0.100E-19
Increment zero is a

modal shape

null increment.

total dynamic transient time = 0.00000E+00

en d o f increment

formatted post data at increment

time = 0.59

minimum frequency (cys/s) 0.00000E+00
shift point (cys/s) 0.00000E+00
maximum frequency (cys/s) 0.00000E+00
number of requested modes 5
sturm sequence flag 0
restart option flag 0

continue

start lanczos run

start lanczos run

2-102

perform lanczos iteration

1 with 10 vectors

time = 0.62

2 with 15 vectors

time = 0.65
number of lanczos runs = 2

Example 3C

>

0 on tape 19

Requests 5 modes to be
extracted using the
lanczos method.

of yield

Typical iteration procedure.
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mode 1
frequency

frequency

mode 2
frequency

frequency

mode 3
frequency

frequency

mode 4
frequency

frequency

mode 5
frequency

frequency

end o

time =

commernit, recover instructs

recover

in

in

in

in

in

in

in

in

in

in

generalized mass=
radians per time =

cycles per time =

generalized mass=
radians per time =

cycles per time =

generalized mass=
radians per time =

cycles per time =

generalized mass=
radians per time =

cycles per time =

generalized mass=
radians per time =

cycles per time =

increment

0.70

1.

000E+00

L261E+02

.007E+01

.000E+00
.185E+02
.478E+01

.000E+00
.893E+02
.256E+02

.000E+00
.368E+03
L177E402

.000E+00
.218E+03
.530E+02

MARC Primer

The NO PRINT option

suppresses the printing

of eigenvectors.

marc to write the eigenvectors on the post tape

write eigenvectors on post tape for mode 1 to

zero reference amplitude entered,

continue

Rev. K.5

start

f

(o]

5

f increment 0.

increment

0. 1

Example 3C

no scaling of eigenvectors will be done.

2-103



MARC Primer

formatted post data at increment 0. 1 on tape 19
time = 0.76
modal recovery will be performed at this stage for mode 2
s tart o f increment 0. 2
e n d o f increment 0. 2
formatted post data at increment 0. 2 on tape 19
time = 0.80
modal recovery will be performed at this stage for mode 3
start o f increment 0. 3
end o f increment 0. 3
formatted post data at increment 0. 3 on tape 19
time = 0.85
modal recovery will be performed at this stage for mode 4
start o f increment 0. 4
en d o f increment 0. 4
formatted post data at increment 0. 4 on tape 19
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time = 0.89

modal recovery will be performed at this stage for mode

start o f increment 0. 5

en d o f increment 0. 5

formatted post data at increment 0. 5 on tape 19

time = 0.94

comment, begin modal dynamics

' Deftine lime Step
dynamic change

time time maximum assembly max iter
increment period sleps interval mcreep
1.000E-03 5.000E-01 500 500000 5
continue

auto control specified for time of 0.500E+00

start o f increment 1

load increments associated with each degree of freedom

summed over the whole model

distributed loads

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
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point loads

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

initial

modal

components

mode displacement velocity acceleration
We observe that modes 1 and 2
have the dominant modal
.6660 . -0.105 a2
! 0.6660E+00 0.0000E+00 0.1057E+05 participation factors based on
2 -0.1946E-11 0.0000E+00 0.9291E-07 initial displacement conditions.
3 -0.2184E+00 0.0000E+00 0.1357E+06
4 -0.4721E-14 0.0000E+00 0.8829E-08
5 0.4100E-02 0.0000E+00 -0.2017E+05
dynamic response based on 5 modes
modal components
incremental
mode load displacement velocity acceleration
1 0.000E+00 0.6608E+00 -0.1047E+02 0.1035E+05
2 0.000E+00 -0.1900E-11 0.9218E-10 0.9070E-07
3 0.000E+00 -0.1556E+00 0.1174E+03 0.8736E+05
4 0.000E+00 -0.9528E-15 0.6323E-11 0.1782E-08
5 0.000E+00 -0.2472E-02 -0.7255E+01 0.1216E+05
NOTE
Modal components will be printed
every increment. This is a clear indi-
cation of which modes are relevant
in the analysis.
MARC output for increment 1. modal superposition
dynamic change has reached time of 0.100E-02 of total time period 0.500E+00
total dynamic transient time = 1.00000E-03
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time =

start o

increment

1.10

formatted post data at increment

1. 0

f increment 499

distributed loads

summed over the whole model

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

point loads

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

mode

(S, I U UCE SR

Rev. K.5

incremental

o O O o o

load

.000E+00
.000E+00
.000E+00
.000E+00
.000E+00

modal

displacement

0.3026E-01
0.1181E-11
-0.5460E-03
0.3633E-14
0.2598E-02

dynamic response based on

components

velocity

-0.
0
-0.

8028E-01

.3380E-09

3029E-06

.4122E-11
.7034E+01

-0

-0.

-0

-0.
-0.

modes

acceleration

.4537E+03

5638E-07

.2837E-03

6795E-08
1278E+05

Example 3C

on tape 19

load increments associated with each degree of freedom

MARC Primer
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MARC Primer

dynamic change has reached time of 0.499E+00 of total time period 0.500E+00

total dynamic transient time = 4.99000E-01

e n d o f increment 499

formatted post data at increment 499. 0 on tape 19
time = 69.81
start of increment 500 - last increment

load increments associated with each degree of freedom

summed over the whole model

distributed loads

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

point loads

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

dynamic response based on 5 modes

modal components

incremental
mode load displacement velocity acceleration
1 0.000E+00 0.2995E-01 -0.5293E+00 -0.4432E+03
2 0.000E+00 0.1488E-11 0.2740E-09 -0.7105E-07
3 0.000E+00 -0.5460E-03 -0.4610E-06 -0.1939E-04
4 0.000E+00 -0.2219E-14 -0.5699E-11 0.4150E-08
5 0.000E+00 -0.4097E-02 -0.3568E+00 0.2015E+05
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dynamic change has reached time of 0.500E+00 of total time period 0.500E+00

total dynamic transient time = 5.00000E-01

end o f increment 500

formatted post data at increment 500. 0 on tape 19

time = 69.95

*** end of input deck - job ends

marc exit number 3004
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Results

The damped dynamic response of the top of the beam, subjected to the applied ini-
tial displacements, is shown below.

3

Displacements y

modal superposition Node 73

L

A A A
VIV

-3

increment (x100)

[o-o]
Emarc

Figure 3C.2

Time History of Tip Deflection

Lets first examine how the eigenvalue extraction using the Lanczos method per-
formed, prior to the modal superposition analysis.

Theoretical Inverse
Mode/ Frequenc Usin Power Lanczos %
Vibrating In q Y g Sweep (rad/sec) Difference
(rad/sec) (rad/sec)
1 X-Y plane 126.56 Iyy 126.38 126.1 -0.36
2 X-Z plane 219.20 | . 218.97 218.5 -0.11
3 X-Y plane 790.97 Iyy 792.03 789.3 +0.21
4 X-Z plane 1370.0 I« 1372.28 1368.0 +0.15
5 X-Y plane 2218.2 Iyy 2217.96 2218.0 -0.01

The agreement with theoretical frequencies is again excellent, with the Lanczos
method performing even slightly better than the inverse power sweep method.
Notice the worst error in frequency calculation is only about four-tenths of one per-

cent!
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