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w Preface

This manual contains the updates to Volume E, Demonstration Problems for the K6 release.
The Volume E, Demonstration Problems demonstrates most of the MARC program
capabilities. The MARC program is a powerful, modern, general-purpose nonlinear finite
element program for structural, thermal, and electromagnetic analyses.

In a typical finite element analysis, you will need to define the:

mesh (which is an approximate model of the actual structure);
material properties (Young’'s modulus, Poisson’s ration, etc.);
applied loads (static, dynamic temperature, inertial, etc.);
boundary conditions (geometric and kinematic constraints); and
type of analysis (linear static, nonlinear, buckling, thermal, etc.).

The steps leading up to the actual finite element analysis are generally termed
preprocessing; currently, many users accomplish these steps by using an interactive color
graphics pre- and post-processing program such as the Mentat Il graphics program. After
an analysis, the results evaluation phase (post-processing) is where you check the
adequacy of the design (and of the approximate finite analysis model) in terms of critical
stresses, deflection, temperatures, and so forth.

This update manual is divided into two sections: the K6 Additions and the K6 Changes. This
section, K6 Additions, highlights the additions to the MARC K6 release. It is organized
similar to the complete Volume E, Demonstration Problems.

Volume E, Demonstration Problems is divided into four parts with each part containing two
chapters. The manual has eight chapters grouped by the type of demonstration problems.

Part 1
Chapter 1, Introduction provides a general introduction to
the problems demonstrated in all
parts of Volume E, Demonstration
Problems. Following the text is a set of
cross reference tables showing
keywords for the following;:
parameter options
model definition options
mesh display options
history definition options
mesh rezoning options
element types
user subroutines

Each keyword is cross-referenced to
the problem in which its use is
demonstrated
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Volume E: Demonstration Problems

Chapter 2, Linear Analysis

Part Il
Chapter 3, Plasticity and Creep

Chapter 4, Large Displacement

Part lll
Chapter 5, Heat Transfer

Chapter 6, Dynamics

Part IV

Chapter 7, Contact and Advanced Topics

E - iv

demonstrates most of the element
types available to the user. Many
linear analysis features are
illustrated. The use of adaptive
meshing for linear analysis is
demonstrated here.

demonstrates the nonlinear material
analysis capabilities. Both plasticity
and creep phenomena are covered.

demonstrates the program’s ability to
analyze both large displacement and
small strain effects.

demonstrates both steady-state and
transient heat transfer capabilities.

demonstrates many types of
dynamic problems. These include
analyses performed using both the
modal and direct integration
methods. The influences of fluid
coupling and initial stresses on the
calculated eigenvalues are shown.

Harmonic and spectrum response
analysis is also demonstrated here.

demonstrates some of the special
program capabilities of the MARC
program. This includes the ability to
solve rubber (incompressible), foam,
viscoelastic, contact, and composite
problems as well as others.
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Chapter 8, Advanced Topics

Volume E: Demonstration Problems

demonstrates the capabilities most
recently added to the MARC
program. They include the ability to
use substructures, in both linear and
nonlinear analysis, to perform
cracking analysis, analysis of contact
problems, the ability to perform
coupled thermal-mechanical
analysis, electrostatic, magnetostatic
and acoustic analysis. The use of
adaptive meshing to solve nonlinear
analysis is demonstrated here.

Volume E, Demonstration Problems summarizes the physics of each problem and describes
the options required to define the problem. Figures are given of the mesh geometry and
typical output results. The actual input and user subroutines are not included in the
manual. They may be found on the distribution media associated with the MARC

installation.

Each problem in Volume E, Demonstration Problems has a Summary of Options Used. Options
and user subroutines are called out in the text by the use of a different type font — such as
CONTINUE option, CHANGE STATE option, user subroutine UFCONN and user subroutine

UFXORD.
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Volume E: Demonstration Problems

Table E 1.0-1 Parameter Option Cross Reference

adaptive
e2x10c.dat e2x9d.dat e3x21d.dat e7x20c.dat e8x12c.dat e8x40.dat
e8x41.dat e8x42.dat e8x43.dat e8x44.dat

alias

e2xl12d.dat e2x70.dat e3x30a.dat e6x20a.dat e6x20b.dat e8x43.dat

all points
e2x40a.dat e2x40b.dat e2x41.dat e2x68.dat e3x6.dat edx11.dat
ebx17a.dat e5x17b.dat ebx18a.dat e5x18b.dat e7x23.dat e8x41.dat

buckle
edxl2a.dat edx12b.dat edx12c.dat

comment

e5x17b.dat
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Volume E: Demonstration Problems

Table E 1.0-1 Parameter Option Cross Reference (Continued)

couple
e7xlb.dat  e7xlc.dat
dist loads
e2x40a.dat e2x40b.dat e2x4l.dat  e2x68.dat ed4x11.dat
ebx17a.dat ebx17b.dat ebx18a.dat e5x18b.dat e6x21.dat  e7x20b.dat
e7x20c.dat e8x42.dat  e8x43.dat
dynamic
e6x18.dat  e6x19.dat  e6x20b.dat e6x21.dat
elastic
e2x10c.dat e2x9d.dat  e8x40.dat  e8x41.dat
E1.0 - 42 Rev. K.6



Volume E: Demonstration Problems

Table E 1.0-1 Parameter Option Cross Reference (Continued)

elements

€2x10c.dat  e2x12d.dat e2x12e.dat e2x34.dat  e2x40a.dat e2x40b.dat
e2x4l.dat  e2x46d.dat e2x68.dat  e2x69.dat  e2x70.dat  e2x9d.dat

e3x21d.dat e3x30a.dat e3x30b.dat e3x31.dat e3x6.dat edx11.dat

edx12a.dat ed4x12b.dat edx12c.dat edx2a.dat edx2b.dat  edx7b.dat

edx17a.dat ebx17b.dat e5x18a.dat e5x18b.dat e6x18.dat  e6x19.dat

e6x20a.dat e6x20b.dat eb6x21.dat  e7x19b.dat e7xlb.dat  e7xlc.dat

e7x20b.dat e7x20c.dat e7x23.dat  e7x24a.dat e7x24b.dat e7x25.dat

e7x26.dat  e7x6b.dat  e8x12c.dat e8xl14f.dat e8x18b.dat e8x38a.dat
e8x38b.dat e8x38c.dat e8x39.dat  e8x40.dat  e8x4l.dat  e8x42.dat

e8x43.dat  e8x44.dat

E10 - 43
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Volume E: Demonstration Problems
Table E 1.0-1 Parameter Option Cross Reference (Continued)

elsto

edx2a.dat edx2b.dat
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Volume E: Demonstration Problems
Table E 1.0-1 Parameter Option Cross Reference (Continued)
finite
e3x21d.dat e3x31.dat  e8x12c.dat e8xl4f.dat e8x18b.dat e8x38a.dat
e8x38b.dat e8x38c.dat e8x44.dat

follow for

e6x21.dat e7x20b.dat e7x20c.dat e8x42.dat e8x43.dat

heat
eb5x18a.dat ebx18b.dat

istress

e3x30a.dat
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Volume E: Demonstration Problems
Table E 1.0-1 Parameter Option Cross Reference (Continued)

large disp
e3x21d.dat e3x31.dat  edxll.dat  ed4x12a.dat edx12b.dat edx12c.dat
ed4x2a.dat  ed4x2b.dat  edx7b.dat e6x21.dat  e7x19b.dat e7x20b.dat
e7x20c.dat e7x23.dat  e7x25.dat  e7x26.dat  e8x12c.dat e8xl4f.dat
e8x18b.dat e8x38a.dat e8x38b.dat e8x38c.dat e8x39.dat  e8x42.dat
e8x43.dat  e8x44.dat

lump

eb5x18a.dat ebx18b.dat e6x19.dat

E10 - 46 Rev. K.6



Volume E: Demonstration Problems
Table E 1.0-1 Parameter Option Cross Reference (Continued)

print
e2x70.dat  e3x30a.dat e3x30b.dat e3x3l.dat ed4x7b.dat ebx17a.dat
ebx17b.dat e6x19.dat  e7x20b.dat e7x20c.dat e7x23.dat e7x26.dat
e8x12c.dat e8x14f.dat e8x18b.dat e8x38a.dat e8x38b.dat e8x38c.dat
e8x39.dat  e8x40.dat  e8x43.dat  e8x44.dat

processor

e2x12e.dat e2x46d.dat

r-p flow

e3x30a.dat e3x30b.dat e7x1b.dat e7x1c.dat
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Table E 1.0-1 Parameter Option Cross Reference (Continued)

response
e6x18.dat

setname
e2x40a.dat e2x40b.dat e2x41l.dat  e2x46d.dat e2x68.dat  e2x70.dat
e3x3l.dat  e3x6.dat edxll.dat  eSx17a.dat eb5x17b.dat e5x18a.dat
ebx18b.dat ebx2l.dat  e7x20c.dat e7x23.dat  e8x42.dat

shell sect
e2x40a.dat e2x40b.dat e2x41.dat  e2x68.dat  e2x69.dat  e2x70.dat
e3x6.dat ed4xll.dat  ed4x7b.dat  eSx18a.dat ebx18b.dat e7x24a.dat
e7x24b.dat e7x25.dat  e7x26.dat  e7x6b.dat  e8x18b.dat e8x38a.dat
e8x38b.dat  e8x38c.dat

sizing

e2x10c.dat e2x12d.dat e2x12e.dat e2x34.dat  e2x40a.dat e2x40b.dat
e2x4l.dat  e2x46d.dat e2x68.dat  e2x69.dat  e2x70.dat  e2x9d.dat
e3x21d.dat e3x30a.dat e3x30b.dat e3x31.dat  e3x6.dat edx11.dat
ed4x12a.dat ed4x12b.dat edx12c.dat edx2a.dat  ed4x2b.dat  edx7b.dat
ebx17a.dat e5x17b.dat eb5x18a.dat e5x18b.dat e6x18.dat  e6bx19.dat
e6x20a.dat e6x20b.dat e6bx21.dat  e7x19b.dat e7xlb.dat  e7xlc.dat
e7x20b.dat e7x20c.dat e7x23.dat  e7x24a.dat e7x24b.dat e7x25.dat
e7x26.dat  e7x6b.dat  e8x12c.dat e8xl4f.dat e8x18b.dat e8x38a.dat
e8x38b.dat e8x38c.dat e8x39.dat  e8x40.dat  e8x4l.dat  e8x42.dat
e8x43.dat  e8x44.dat
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Table E 1.0-1 Parameter Option Cross Reference (Continued)
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Table E 1.0-1 Parameter Option Cross Reference (Continued)
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Table E 1.0-1 Parameter Option Cross Reference (Continued)

thermal
e2x46d.dat
title
e2x10c.dat e2x12d.dat e2x12e.dat e2x34.dat  e2x40a.dat e2x40b.dat
e2x4l.dat  e2x46d.dat e2x68.dat  e2x69.dat  e2x70.dat  e2x9d.dat
e3x21d.dat e3x30a.dat e3x30b.dat e3x31l.dat  e3x6.dat edx11.dat
ed4x12a.dat ed4x12b.dat edx12c.dat edx2a.dat  edx2b.dat  edx7b.dat
ebx17a.dat ebx17b.dat ebx18a.dat ebx18b.dat e6x18.dat  e6x19.dat
e6x20a.dat e6x20b.dat ebx2l.dat  e7x19b.dat e7x1lb.dat  e7xlc.dat
e7x20b.dat e7x20c.dat e7x23.dat  e7x24a.dat e7x24b.dat e7x25.dat
e7x26.dat  e7x6b.dat  e8x12c.dat e8x14f.dat e8x18b.dat e8x38a.dat
e8x38b.dat e8x38c.dat e8x39.dat  e8x40.dat  e8x4l.dat  e8x42.dat
e8x43.dat  e8x44.dat
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Table E 1.0-1 Parameter Option Cross Reference (Continued)
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Table E 1.0-1 Parameter Option Cross Reference (Continued)

update
e3x21d.dat e3x31.dat e4x7b.dat e7x25.dat e8x12c.dat e8x14f.dat
e8x18b.dat e8x38a.dat e8x38b.dat e8x38c.dat e8x44.dat
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Table E 1.0-2 Model Definition Option Cross Reference

adaptive
e2x10c.dat e2x9d.dat e7x20c.dat e8x12c.dat e8x40.dat e8x41.dat
e8x42.dat e8x43.dat e8x44.dat

anisotropic

e7x6b.dat

attach node

e2x9d.dat e7x20c.dat e8x40.dat e8x42.dat

buckle increment

edx12c.dat

change state

e2x41.dat

composite

e7x24a.dat e7x24b.dat e7x25.dat e7x6b.dat

conn fill

e2x34.dat

conn gener

e2x34.dat e6x18.dat
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)

connectivity

All MARC input files must have a CONNECTIVITY option.
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)

contact
e3x30a.dat e3x30b.dat e3x31.dat ed4x7b.dat e6x19.dat  e7x20b.dat
e7x20c.dat e7x23.dat  e8x12c.dat e8xl4f.dat e8x18b.dat e8x38a.dat
e8x38b.dat e8x38c.dat e8x39.dat  e8x42.dat  e8x43.dat  e8x44.dat
contact table
e3x3l.dat  e6x19.dat  e8x38a.dat e8x38b.dat e8x38c.dat e8x44.dat
control
e2x70.dat  e2x9d.dat  e3x21d.dat e3x30a.dat e3x30b.dat e3x31.dat
edxl2a.dat ed4x12b.dat edxl2c.dat edx2a.dat ed4x2b.dat  edx7b.dat
ebx17a.dat eS5x17b.dat e6x21.dat  e7xlb.dat e7xlc.dat  e7x20b.dat
e7x20c.dat e7x23.dat  e7x25.dat  e7x26.dat  e8x12c.dat e8x14f.dat
e8x18b.dat e8x38a.dat e8x38b.dat e8x38c.dat e8x39.dat  e8x41.dat
e8x42.dat  e8x44.dat
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)

coordinate

e2x10c.dat e2x12d.dat e2x12e.dat e2x34.dat e2x40a.dat e2x40b.dat
e2x41l.dat  e2x46d.dat e2x68.dat  e2x69.dat  e2x70.dat  e2x9d.dat

e3x21d.dat e3x30a.dat e3x30b.dat e3x3l.dat e3x6.dat e4x11.dat

edx12a.dat ed4x12b.dat ed4x12c.dat ed4x2b.dat ed4x7b.dat  e5x17a.dat
e5x17b.dat e5x18a.dat e5x18b.dat e6x18.dat  e6x19.dat  e6x20a.dat
e6x20b.dat e6x21.dat e7x19b.dat e7xlb.dat e7xlc.dat  e7x20b.dat
e7x20c.dat e7x23.dat  e7x24a.dat e7x24b.dat e7x25.dat  e7x26.dat

e7x6b.dat  e8x12c.dat e8x14f.dat e8x18b.dat e8x38a.dat e8x38b.dat
e8x38c.dat e8x39.dat  e8x40.dat  e8x4l.dat e8x42.dat  e8x43.dat

e8x44.dat
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)

define

e2x40a.dat e2x40b.dat e2x4l.dat  e2x46d.dat e2x68.dat  e2x70.dat
e3x31l.dat  e3x6.dat edx1l.dat  ed4x12a.dat edx12b.dat edx12c.dat
ebx17a.dat e5x17b.dat e5x18a.dat e5x18b.dat e6x19.dat  e6x21.dat
e7x19b.dat e7x20b.dat e7x20c.dat e7x23.dat e7x6b.dat  e8x42.dat

dist fluxe
ebx18a.dat e5x18b.dat

dist loads
e2x12d.dat e2x12e.dat e2x40a.dat e2x40b.dat e2x69.dat  e2x9d.dat
e3x31l.dat  e4x2a.dat  ed4x2b.dat e6x20a.dat e6x20b.dat e6x21.dat
e7x20b.dat e7x6b.dat  e8x38a.dat e8x38b.dat e8x38c.dat e8x42.dat
e8x43.dat
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)

error estimate

e2x34.dat  e8x41.dat

fail data
e7x25.dat

fixed disp
e2x10c.dat e2x12d.dat e2x12e.dat e2x34.dat  e2x40a.dat e2x40b.dat
e2x4l.dat  e2x46d.dat e2x68.dat  e2x69.dat  e2x70.dat  e2x9d.dat
e3x21d.dat e3x30a.dat e3x30b.dat e3x31.dat e3x6.dat edx11.dat
e4x12a.dat edx12b.dat edx12c.dat edx2a.dat ed4x2b.dat  ed4x7b.dat
ebx18.dat  e6x19.dat  ebx20a.dat e6x20b.dat e7x19b.dat e7x1b.dat
e7xlc.dat  e7x23.dat  e7x24a.dat e7x24b.dat e7x25.dat  e7x26.dat
e7x6bb.dat  e8x12c.dat e8xl4f.dat e8x18b.dat e8x38a.dat e8x38b.dat
e8x38c.dat e8x39.dat  e8x40.dat  e8x41l.dat  e8x42.dat  e8x43.dat
e8x44.dat
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)

fixed temperature

ebx17a.dat ebx17b.dat e5x18a.dat e5x18b.dat e7x1b.dat e7x1c.dat

fluid drag
e6x20a.dat e6x20b.dat

foam

e7x19b.dat e7x23.dat

Rev. K.6 E10 - 65



Volume E: Demonstration Problems

Table E 1.0-2 Model Definition Option Cross Reference (Continued)

gap data
e2x70.dat  e7x26.dat

geometry
e2x10c.dat e2x34.dat  e2x40a.dat e2x40b.dat e2x41.dat  e2x46d.dat
e2x68.dat  e2x9d.dat  e3x21d.dat e3x30a.dat e3x30b.dat e3x6.dat
ed4xll.dat  ed4x12a.dat edxl12b.dat edx12c.dat ed4x2a.dat  edx2b.dat
ed4x7b.dat  ebx18a.dat ebx18b.dat e6x18.dat  e6x20a.dat e6x20b.dat
e6x21.dat  e7x19b.dat e8xl12c.dat e8x14f.dat e8x18b.dat e8x38a.dat
e8x38b.dat e8x38c.dat e8x39.dat  e8x4l.dat  e8x44.dat
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)

initial state

e2x41.dat
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)

initial temperature

e2x46d.dat ebx17a.dat e5x17b.dat ebx18a.dat e5x18b.dat e7xlb.dat
e7x1c.dat
initial velocity
e6x19.dat
isotropic
e2x10c.dat e2x12d.dat e2x12e.dat e2x34.dat  e2x40a.dat e2x40b.dat
e2x4l.dat  e2x46d.dat e2x68.dat  e2x69.dat  e2x70.dat  e2x9d.dat
e3x21d.dat e3x30a.dat e3x30b.dat e3x31.dat e3x6.dat edx11.dat
ed4x12a.dat ed4x12b.dat edx12c.dat edx2a.dat edx2b.dat  edx7b.dat
ebx17a.dat ebx17b.dat e6x18.dat  e6bx19.dat  e6bx20a.dat e6x20b.dat
e7xlb.dat  e7xlc.dat e7x26.dat  e8x12c.dat e8xl4f.dat e8x18b.dat
e8x38a.dat e8x38b.dat e8x38c.dat e8x39.dat  e8x40.dat  e8x41.dat
e8x42.dat  e8x44.dat
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)

mooney

e8x43.dat

no print
e2x40a.dat e2x40b.dat e2x4l.dat  e2x68.dat  e3x3l.dat  e3x6.dat
edx11.dat ebx17a.dat eSx17b.dat eb5x18a.dat e5x18b.dat e7x1b.dat
e7xlc.dat  e7x20b.dat e7x20c.dat e7x23.dat  e8x12c.dat e8x14f.dat
e8x18b.dat e8x38a.dat e8x38b.dat e8x38c.dat e8x40.dat  e8x42.dat
e8x43.dat  e8x44.dat
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)

node fill
e2x34.dat  e6x18.dat
B oadon
e7x20b.dat e7x20c.dat
optimize
e2x10c.dat e2x34.dat  e2x40a.dat e2x40b.dat e2x41l.dat  e2x46d.dat
e2x68.dat  e2x70.dat  e3x6.dat edx11.dat ed4x12a.dat edx12b.dat
edx12c.dat e5x18a.dat ebx18b.dat e6bx21.dat  e7x20b.dat e7x23.dat
e7x26.dat
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)

orientation
e2x4l.dat  ebx18a.dat eb5x18b.dat e7x24a.dat e7x24b.dat e7x25.dat
e7x6b.dat

orthotropic *
e2x70.dat  ebx18a.dat e5x18b.dat e7x24a.dat e7x24b.dat e7x25.dat

point load
e2x10c.dat e2x68.dat  e2x70.dat  edxll.dat  ed4x12a.dat edx12b.dat
ed4x12c.dat e6bx20a.dat eb6x20b.dat e8x39.dat  e8x40.dat

point temperature
e2x46d.dat
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)

Rev. K.6

post
e2x10c.dat e2x12d.dat e2x12e.dat e2x34.dat  e2x40a.dat e2x40b.dat
e2x41.dat  e2x46d.dat e2x68.dat  e2x69.dat  e2x70.dat  e2x9d.dat
e3x21d.dat e3x30a.dat e3x30b.dat e3x3l.dat  e3x6.dat edx11.dat
edx12a.dat ed4x12b.dat edx12c.dat edx2a.dat edx2b.dat  edx7b.dat
ebx17a.dat ebx17b.dat ebx18a.dat e5x18b.dat e6x18.dat  e6x19.dat
e6x20a.dat e6x20b.dat e6x21.dat  e7x19b.dat e7xlb.dat  e7xlc.dat
e7x20b.dat e7x20c.dat e7x23.dat  e7x25.dat  e7x26.dat  e7x6b.dat
e8x12c.dat e8xl4f.dat e8x18b.dat e8x38a.dat e8x38b.dat e8x38c.dat
e8x39.dat  e8x40.dat  e8x41l.dat  e8x42.dat  e8x43.dat  e8x44.dat
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)

print choice

e3x21d.dat e3x30a.dat e3x30b.dat ed4x2a.dat edx2b.dat edx7b.dat
e7x19b.dat

print element

e2x46d.dat  e2x69.dat e2x70.dat e6x19.dat e7x24a.dat e7x24b.dat
e7x6b.dat e8x39.dat

print node

e2x46d.dat e2x70.dat e6x19.dat e8x39.dat
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)

restart

e8x42.dat e8x44.dat

restart last

e3x31.dat
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)

solver
e2x12e.dat e2x40a.dat e2x40b.dat e2x41l.dat  e2x46d.dat e2x68.dat
e3x6.dat edx1l.dat  edx12a.dat ed4x12b.dat edx12c.dat e5x18a.dat
ebx18b.dat e6x21.dat  e7x23.dat  e8x38b.dat e8x38c.dat e8x40.dat
e8x42.dat

surface
e2x9d.dat  e7x20c.dat e8x40.dat  eB8x42.dat
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)

tying
e2x70.dat  e7x19b.dat e7x25.dat
udump
e3x21d.dat
ufconn
e2x34.dat
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)

velocity

ebx17a.dat ebx17b.dat
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Table E 1.0-2 Model Definition Option Cross Reference (Continued)

work hard

e3x21d.dat e3x30a.dat e3x30b.dat e8x18b.dat e8x38a.dat e8x38b.dat
e8x38c.dat e8x44.dat

E10 - 80 Rev. K.6



Volume E: Demonstration Problems

Table E 1.0-3 Load Incrementation Option Cross Reference

auto increment

e3x6.dat edx7b.dat  e8x39.dat
H auto load

e2x70.dat  e3x21d.dat e3x30a.dat e3x30b.dat e3x3l.dat  edxll.dat
edx12a.dat e4x12b.dat edx12c.dat ed4x2a.dat edx2b.dat  eb6x21.dat
e7x19b.dat e7xlb.dat e7xlc.dat  e7x20b.dat e7x20c.dat e7x23.dat
e7x25.dat  e8x12c.dat e8x14f.dat e8x18b.dat e8x38a.dat e8x38b.dat
e8x38c.dat e8x42.dat  e8x43.dat  eB8x44.dat
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Table E 1.0-3 Load Incrementation Option Cross Reference (Continued)

Rev. K.6

buckle
ed4x12a.dat e4x12b.dat

change state
e2x70.dat

contact table
e8x44.dat

continue
e2x70.dat  e3x21d.dat e3x30a.dat e3x30b.dat e3x31.dat e3x6.dat
edx1l.dat  edxl12a.dat edx12b.dat edxl12c.dat edx2a.dat  edx2b.dat
edx7b.dat  ebx17a.dat ebx17b.dat eb5x18a.dat eb5x18b.dat e6x18.dat
e6x19.dat  e6x20b.dat e6bx21l.dat  e7x19b.dat e7xlb.dat e7xlc.dat
e7x20b.dat e7x20c.dat e7x23.dat  e7x25.dat  e7x26.dat  e8x12c.dat
e8x14f.dat e8x18b.dat e8x38a.dat e8x38b.dat e8x38c.dat e8x39.dat
e8x42.dat  e8x43.dat  e8x44.dat

control
e3x6.dat ed4x1l.dat  ebx18a.dat e5x18b.dat e6x21.dat  e8x43.dat
e8x44.dat
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Table E 1.0-3 Load Incrementation Option Cross Reference (Continued)

disp change
e3x31.dat e6x21.dat e7x19b.dat e8x43.dat

dist fluxes

ebx18a.dat eb5x18b.dat

dist loads
e3x31.dat e3x6.dat edx2a.dat edx2b.dat eb6x21.dat e7x20b.dat
e7x26.dat e8x42.dat e8x43.dat

dynamic change

e6x19.dat e6x20b.dat
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Table E 1.0-3 Load Incrementation Option Cross Reference (Continued)

modal shape
e6x18.dat  e6bx21.dat

motion change
e3x30a.dat e3x30b.dat e7x20b.dat e7x20c.dat e8x18b.dat e8x42.dat
e8x44.dat

no print
e3x3l.dat  e7x25.dat

point load
e2x70.dat  edx1l.dat ed4x12a.dat ed4x12b.dat ed4x12c.dat edx7b.dat
e6x20b.dat e7x25.dat  e8x39.dat

post increment
e3x3l.dat  e7x25.dat

print elem
e7x25.dat
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Table E 1.0-3 Load Incrementation Option Cross Reference (Continued)

proportional increment

e2x70.dat e3x21d.dat e7x25.dat

recover
e6x18.dat  e6x21.dat

release
e8x44.dat

spectrum
e6x18.dat
steady state

ebx18a.dat
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Table E 1.0-3 Load Incrementation Option Cross Reference (Continued)

temp change

ebx18a.dat eb5x18b.dat

time step
e3x30a.dat e3x30b.dat e3x31.dat edxll.dat e6x21.dat e7xlb.dat
e7x1c.dat e7x20b.dat e7x20c.dat e7x23.dat  e8x12c.dat e8x14f.dat
e8x18b.dat e8x38a.dat e8x38b.dat e8x38c.dat e8x42.dat  e8x43.dat
e8x44.dat

transient
ebx17a.dat ebx17b.dat e5x18b.dat
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Table E 1.0-7 User Subroutine Cross Reference

anelas
u2x45.f u2x50.f u2x53.f u3x8.f u8x8.f
ankond
ubx7a.f
anplas
u3x6.f
crede
u2x46a.f u2x46b.f u2x4é6c.f u2x51la.f u3x13f
crplaw
u3x12.f u3x22c.f u3x24.f
film
u3x22a.f u5x5.f u5x6.f ubx8.f u5x13.f ubx14.f
flow |
u5x14.f
flux
u5x8.f
forcdt
u3x26.f ubx2.f u7x17.f u8x26.f
forcem
u2x35.f u2x43.f u2x46.f
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Table E 1.0-7 User Subroutine Cross Reference (Continued)

gapu
u2x70
hooklw
u8x8.f
impd
u3x3.f u3x3b.f u3x19.f u3x19b.f u3x19c.f u3x2la.f
u3x2lc.f u2x21d.f udx7.f u8x15b.f
motion
u8x16.f u8x19.f
orient
u2x50.f u2x50b.f u2.53.f
plotv
u2x26.f u2x26b.f u2x26¢.f u2x26d.f
rebar
u2x14.f u2x37.f u2x38.f u2x39.f u8x6.f
sstran
u8x1.f
ubeam
u8x10.f
ubear
u7x16.f
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Table E 1.0-7 User Subroutine Cross Reference (Continued)

ufconn
u2x20.f u2x27.f u2x34.f u2x46a.f u2x46b.f u7x15.f
uforms
u2x4.f u2x43.f
ufour
u7x8c.f u7x9b.f
ufxord
u2x16.f u2x17.f u2x18.f u2x19.f u2x20.f u2x55.f
u2x56.f u3xb.f u3x16.f u3x17.f u3x23.f u3x27.f
udx1.f udx5.f udx7.f u6x3.f u7x3.f u7x15.f
ugroov
u7x15.f
uinstr
u2x38.f u3x30a.f
ushell
u2x40b.f
ussd
u6x18.f
uthick
u7x15.f u7x16.f
utrans

u2x62.£

Rev. K.6 E1.0 - 105



Volume E: Demonstration Problems

Table E 1.0-7 User Subroutine Cross Reference (Continued)

uveloc
u7.15.f
vswell
u3x13.f
wkslp
u3xb.f u3x8.f u3x30a.f u3x30b.f u8x2.f u8x18.f
E1.0 - 106
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w Chapter 2 Linear Analysis

The MARC program allows the user to perform an elastic analysis using any element in
the program. Problems in this chapter deal only with linear, elastic stress analysis and are
designed to guide the user through various input options. The problems demonstrate the
use of different elements such as plane stress, plane strain, generalized plane strain,
axisymmetric, truss, beam, membrane, plate, shell and three-dimensional solids. They
also illustrate the selection of isotropic or anisotropic elastic behavior. The options

demonstrated are outlined below. For further details, see Volume C, User Input.

Mesh generation

MESH2D
MESH3D
Incremental
FXORD

Kinematic constraints

Tying
Servolinks
Springs

Transformations
Loads

Point loads
Distributed loads
Centrifugal loads
Thermal loads
Initial stress

Controls

J-Integral

Sorting

Print choices
Restart

Case combination

Rev. K.6

User subroutine UFXORD
User subroutine UFCONN

Fixed Displacement

Elastic foundations
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Table E 2.0-1 shows MARC elements and options used in these demonstration problems.
It should be pointed out that any example shown here can be considered as the first step
in the solution of a nonlinear problem. Extensions to more complex solutions are
accomplished by addition of further options using the keyword selection for those
options as illustrated in the examples in later chapters.

E20 -2 Rev. K.6
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E 2.68 Linear Analysis of a Hemispherical Cap Loaded by Point Loads

A hemispherical cap with an 18° hole is loaded by two inward and two outward
forces (see Figure E 2.68-1).

Elements (Ref. B49.1)

Library element type 49, a 6-node triangular thin shell element, is used.

Model

The dimensions of the cap and the finite element mesh are shown in Figure E 2.68-1.
Based on symmetry considerations, only one quarter of the cap is modeled. The
mesh is composed of 128 elements and 289 nodes.

Material Properties

The material is elastic with a Young” modulus of 6.835 x 107 N/mm? and a
Poisson’s ratio of 0.3.

Geometry

A uniform thickness of 0.04 mm is assumed. In the thickness direction, three layers
are chosen using the SHELL SECT parameter option. Notice that for this problem,
which is dominated by nearly inextensional bending, the initial curvature of the
elements is important. This means that the default setting for the fifth geometry
tield must be used.

Loading
The loading consists of 2 inward and 2 outward point loads with a magnitude of 20 N.

Boundary Conditions

Symmetry conditions are imposed on the edges x = 0 (u, =0, ¢ =0) and

y =0 (u, =0, ¢ = 0). Notice that the rotation constraints only apply for the midside
nodes. To suppress the remaining rigid body motion for node 278, the
z-displacement is fixed.

Results

The reference solution for the displacements of the points of application of the load
is 0.93 (see e.g., J. C. Simo, D. D. Fox, and M. S. Rifai, “On a stress resultant
geometrically exact shell model, Part II: The linear theory: computational aspects”,
Comp. Meth. Appl. Mech. Eng., 79, 21-20, 1990). The results found by MARC (0.93027
for the inward displacement and 0.02708 for the outward displacement) are in close
agreement with the reference solution. Finally Figure E 2.68-2 shows the equivalent
von Mises stress for layer 1.
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Summary of Options Used

Listed below are the options used in example e2x68.dat:

Parameter Options

ELEMENTS
END

SHELL SECT
SIZING
TITLE

Model Definition Options

CONNECTIVITY
COORDINATE
END OPTION
FIXED DISP
GEOMETRY
ISOTROPIC
NO PRINT
OPTIMIZE
POINT LOAD
POST
SOLVER

E268 -2 Rev. K.6
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INC
SUB

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

5.629e+04
5.172e+04
4.714e+04
4.256e+04

| 3.798e+04

| 2.4246+04
| 1,9666+04

|| 1.508e+04

1.051e+04

E268 - 4

job1

Equivalent Von Mises Stress Layer 1

Figure E 2.68-2 Stress Contours Layer 2 (Equivalent von Mises Stress)

Smarc
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E 2.69 Pipe Bend with Axisymmetric Element 95

This problem demonstrates the use of the axisymmetric element with bending
(element 95) to model the flexure of a straight pipe. Units [N, mm].

The quadrilateral element 95 represents the cross-section of a ring in the 1,z
symmetry plane at 8 = 0°. A pure axisymmetric deformation induces displacements
u,v in the z,r plane which remain constant for 6 ranging from 0° to 360° degrees. A
flexural deformation in the z,r plane induces different displacements u,v at the
opposite sections; 8 = 0° and 6 = 180° along the ring. A twist in the ring induces a
circumferential displacement w, equal at every 6, and assigned to the position

8 =90.

Elements (Ref. B95.1)
Thus, five degrees of freedom are associated to each node:

u,v displacements, at 0° and 180°, respectively
w circumferential displacement at 90° angle

Element 95 is integrated numerically in the circumferential direction. The number
of integration points (odd number) is given on the SHELL SECT parameter option.
The points are equidistant on the half circumference. See Figure E 2.69-1.

Models

The FEM model represents the longitudinal section of the pipe in the z,r plane (x,y
plane for Mentat) is shown in Figure E 2.69-2. The FEM mesh consists of 80 type 95
elements for a total of 123 nodes as shown in Figure E 2.69-3.

Material Properties

The Young’s modulus of the material is 2.0E5 N/mm?; the Poisson’s ratio is .3.

Loading

A distributed load, P = 100 N/mm?, is assigned at increment 1, at elements 79 and
80. The load acts as a pressure in the longitudinal direction and is distributed with a
sinusoidal variation along 8 between 0° and 180° and producing a bending moment

around z; M = (2-(P-g't-R)-R) = 2-1.57E5- 100 = 3.1416E7 applied at the

free edge of the beam. See Figure E 2.69-4.

Rev. K.6 E2.69 -1
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Resuits

The analytic solution is compared with the MARC, element 95, solution in
Table E 2.69-1.

Table E 2.69-1 Analytical Solution

Analytic MARC
M12
Y ax = >E] 0.624 mm 0.636 mm (Node 122)
Mz
T 7Y
T4 4 . 99.73 N/mm2 | 100.5 N/mm? (Element 80, Node 122)
J = Z(Re—Ri) = 3.149E7 mm

Atincrement 0, the y displacement difference is of the order of 1.9% while the stress
o, value difference is of the order of 0.7%.

Figure E 2.69-5 shows the distribution of the y deflection along the axis of the pipe
and the deformed shape under flexural load.

4 NOTE:

N

Only the deformed shape at 0° can be visualized with the Mentat graphics program even if all the
elements variables can be visualized. The displacements and all the nodal quantities referring to 180°
can be seen on the output file.

J

Summary

of Options Used

Listed below are the options used in example e2x69.dat:

Parameter Options

ELEMENT
END

SHELL SECT
SIZING
TITLE

Model Definition Options

E269 - 2

CONNECTIVITY
COORDINATE
DIST LOADS
END OPTION
FIXED DISP
ISOTROPIC
POST

PRINT ELEM
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t\\\\

Figure E 2.69-1 Element 95 Layer Points

500
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R100

Figure E 2.69-2 Longitudinal Section of the Pipe
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Figure E 2.69-3 FEM Model of the Longitudinal Section of the Pipe

[ [ [ 7 7 7777 L

L.

/[ 7 77 7 7 777 7777 77 7 71— L\

Figure E 2.69-4 Distribution of the Longitudinal Pressure

E2.69 - 4
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INC 0 MARC
SUB 3 %
TIME : 0.000e+00

FREQ : 0.000e+00

problem e2x69

Figure E 2.69-5 Deflection of the Longitudinal Section of the Pipe
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E 2.70 Flange Joint Between Pressurized Pipes

This problem demonstrates the capability of the axisymmetric elements 95 together
with the axisymmetric gap element 97 to model a flange joint between pressurized
pipes including the gasket. These elements may be used even if the loads are
nonaxisymmetric as in the case of bending moment and shear applied to the cross-
section of one of the pipes.

The model represents an actual joint (see Figure E 2.70-1). A square section cavity is
filled with a thoroidal gasket. Under the gasket, a tooth of the right-hand flange
penetrates into the left-hand flange. Units [N, m].

Object of the analysis is to compute:

Stresses on the flanges and pipes
Axial loads on each bolt
Value of the applied moment that opens the flanges (loss of pressure)

The quadrilateral element 95 represents the cross-section of a ring in the z,r
symmetry plane at 8 = 0°. A pure axisymmetric deformation induces displacements
u,v in the z,r plane. These remain constant for 6 ranging from 0° to 360°. A flexural
deformation in the z,r plane induces different displacements u,v at the opposite
sections, 8 = 0° and 6 = 180°, along the ring. A twist in the ring induces a
circumferential displacement w, equal at every 6, and assigned to the position

0 =90".

The gap element 97 works in the flexural mode. Extra degrees of freedom have been
added to account for independent contact and friction between the facing sides of
element 95 (q = 0° - 180°).

Elements (Ref. B95.1, B97.1)

Element 95 had five degrees of freedom associated to each node:

u,v displacements at 0° and 180°, respectively.
w circumferential displace at 90° angle

Element 95 is integrated numerically in the circumferential direction. The number
of integration points (odd number) is given in the SHELL SECT parameter option.
The points are equidistant on the half circumference (see Figure E 2.70-1). Here
seven integration points along the half circumference are chosen via the SHELL SECT
parameter option.

Element 97 is a 4-node gap and friction link with double contact and friction
(0° - 180°). It is designed to be used with element type 95.
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Model

The FEM model represents the longitudinal section of the pipe joint in the z,r plane.
The mesh consists of 613 elements type 95 and 18 elements type 97 for a total of 751
nodes. The mesh is shown in Figure E 2.70-1.

The 12 bolts are “smeared” into a ring of equivalent stiffness that is represented by
the central strip in the shadowed area in Figure E 2.70-1. The remainder of the
shaded area represents the “fill” in the section of the bolt.

Material Properties

The two pipes are made with the same material:

E (Young modulus) = 2.05 E11 N/m?
v (Poissonratio) =0.3

The 12 bolts are modeled with an equivalent axisymmetric ring having material
properties:

E (Young modulus) = 2.702 E13 N/m?
v (Poissonratio) =0.3

The gasket material between bolts is modeled with a coarse mesh of elements type
95 having reduced properties:

E (Young modulus) = 9.04 E10 N/m?
v (Poissonratio) =0.3

For the bolts and the gasket, the moduli in the hoop direction are strongly reduced.

Loading

Tying

Gap

Bolts are pre-loaded with an axial force. This is modeled with a local reduction of
temperature on the elements modeling the bolts. The bending moment applied to
the pipe is assigned with a couple of point loads at the edge of the left pipe as
shown in Figure E 2.70-2.

The bolts are connected with the external faces of flange with a tying that links all
the degrees of freedom of the joined nodes as shown in Figure E 2.70-3.

The contact between the flanges is modeled with 18 gap elements placed as shown
in Figure E 2.70-3. Friction is not taken into account. All closure distances are nil;
therefore, all gaps are closed until a force greater than 100. N acts on the gap (tensile
force). A gap with assigned stiffness represents the gasket.
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Boundary Condition
The edge of the right pipe is clamped. Therefore, all degrees of freedom are
prescribed to be zero on this edge (see Figure E 2.70-2).

Resuits

The results produced by the MARC program for the flange joint are shown in the
following figures:

Figure E 2.70-3 The von Mises stress at 0° at increment 1 (pre-load)
Figure E 2.70-5 The von Mises stress at 0° at increment 19 (bending
moment)

-

NOTE: Only the deformed shape at 0° can be visualized with the Mentat graphics program even if all the element
variables can be visualized. The displacements and all the nodal quantities referring to 180 degrees can
be read from the MARC output file.

N J
In Table E 2.70-1, the balance of the bending moment M, about the symmetry axis is
checked by comparing the sum of all moments due to increments of compressive

force in the gaps plus the increment of force in the bolts with the moment of the
applied load.

Rev. K.6 E270 - 3
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Table E 2.70-1 Balance of Moments

Gap | Node1 | Node 2 Flyrg:[:q] Foreo [13] [ﬁ] Dis[tr?\?ce [NMzm]
359 359 735 3653 3651. -2. 0.0235 -0.0470
360 358 734 2671. 2674. 3. 0.023875  0.0716
361 357 737 2313 2319. 6. 0.02425 0.1455
362 356 738 2158. 2167. 9. 0.024625  0.2216
363 355 740 2029 2041. 12. 0.025 0.3000
364 354 739 1871. 1886. 15. 0.025375  0.3806
365 353 751 836. 845. 9. 0.02575 0.2318
366 368 749 1243. 1228. -15. 0.016 -0.24
367 367 750 1768. 1743. -25. 0.016375  -0.4094
368 366 741 1788. 1761. -27. 0.01675  -0.4523
369 365 742 2059. 2028. -31. 0.017125  -0.5309
370 364 748 2821 2782. -39. 0.0175 -0.6825
371 230 747 -74. 0. 74. 0.00825 0.6105
372 228 746 45, -99. -144, 0.009375  -1.3500
373 223 744 375. 275. -100. 0.0105 -1.0500
374 222 736 840. 751. -89. 0.011625  -1.0346
375 219 745 1047. 997. -50. 0.01275 -0.6375
376 349 743 760. 713. -47. 0.014766  -0.6940
)y 2.82E4 -441. -5.1665
Bolt Stress [N/m?] 4.3778E8 4.495E8 1.17E7
(x-1.288E-4/2)
Bolt Force [N] -753. 0.0205  -15.45
-20.62
Applied Moment [N. m] 900 x 2 = 1800. 0.013875 24.98
A% = 17%
E270 - 4 Rev. K.6
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Volume E: Demonstration Problems

Listed below are the options used in example e2x70.dat:

Parameter Options

ALIAS
ELEMENT
END

PRINT
SETNAME
SHELL SECT
SIZING
TITLE

Model Definition Options

CONNECTIVITY
CONTROL
COORDINATE
DEFINE

END OPTION
FIXED DISP
GAP DATA
ISOTROPIC
OPTIMIZE
ORTHOTROPIC
POINT LOAD
POST

PRINT ELEM
PRINT NODE
TYING

Load Incrementation Options

AUTO LOAD
CHANGE STATE
CONTINUE
POINT LOAD

PROPORTIONAL INC

Rev. K.6
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NN

e — — - - -

Figure E 2.70-1 Element 95 Layer Points

E270 - 6 Rev. K.6



Volume E: Demonstration Problems
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Y
Bending Couple

Figure E 2.70-2 Loads on the Flange Joint
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Gaps

110
MY
T

Tying \] ]

L ANA

CMARC

Tying

T 1
JER AWM Y

T

Gaps

Figure E 2.70-3 Tying in the Flange Joint
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INC : 1 $MARC
SuUB 0

TIME : 0.000e+00

FREQ : 0.000e+00

4.701e+08
4.231e+08

3.761e+08

FARAN

3.291e+08

—

B 2.821e+08

1l
T
i

2.351e+08 =

1T

| 1.881e+08

..

1.411e+08

L | 9.409e+07

|| 4.709e+07

9.389%e+04 Y
I L X

problem e2x70

equivalent von mises str

Figure E 2.70-4 von Mises Stress Induced by Preload
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INC 19 gmarc
SuB : 0

TIME : 0.000e+00

FREQ : 0.000e+00

4.732e+08
4.259e+08

3.786e+08

JAAN

3.313e+08

2.840e+08

2.367e+08 us

Awt

1.893e+08

T

1.420e+08

L | 9.470e+07

| | 4.738e+07

6.411e+04 Y

problem e2x70

equivalent von mises str

Figure E 2.70-5 von Mises Stress Induced by Moment
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E 2.71 Spinning Cantilever Beam

This problem demonstrates the use of MARC element type 98 for the solution of
spinning cantilever beam. The beam rotates at a constant angular velocity. The
beam also has an initial velocity which induces Coriolis effect. The options
ROTATION A and DIST LOADS are used for the input of Centrifugal load. INITIAL VEL
option is used to input the initial velocity.

Elements (Ref. B98.1)
The element (Element 98) is a 2-node straight elastic beam in space and includes the
transverse shear effects in its formulation.

Model

As shown in Figure E 2.71-1, the finite element mesh consists of five elements and
six nodes. The span on the beam is five inches and the cross section of the beam is
assumed to be a closed, thin, square section.

Geometry

The GEOMETRY block is used for entering the beam section properties. The section
properties (area = 0.0369 inches?, I, = I, = 6.4693 x 10~ inches*) are entered through
the GEOMETRY block.

Material Properties
The material of the beam is assumed to have a Young’s modulus of 3.0e+08 psi,
Poisson’s ratio of 0.3, and a mass density of 0.281 Ib-seconds/inch*.

Loading

The beam is subjected to Centrifugal loading (IBODY = 100) resulting from the

rotation of the beam. With an angular velocity of 20 e radian/seconds (w? = 400) and

the axis of rotation is the y axis. The beam has an initial velocity of

100 inches/second in the x-direction which induces Coriolis effect IBODY = 103).
Boundary Condition

At node 1, all the degrees of freedom are constrained (U, = U, = U,=6,=6,=6,=0).

Results

The deformation of the beam is given is Table E 2.71-1.
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Table E 2.71-1 Beam Deflection (Inches)

Node 3,(x10) 8,(x10%)
(Due to Centrifugal Loading) (Due to Coriolis Effect)

1 0.

2 1.305 1.61

3 2.385 5.022

4 3.2083 9.422

5 3.722 14.241

6 3.903 19.135

Summary of Options Used

Listed below are the options used in example e2x71a.dat:

Parameter Options

ELEMENT
END
SIZING
TITLE

Model Definition Options

CONNECTIVITY
COORDINATE

DIST LOADS

END OPTION

FIXED DISP
GEOMETRY
ISOTROPIC
POST

ROTATION A

Listed below are the options used in example e2x71b.dat:

Parameter Options

ELEMENT
END
SIZING
TITLE

Model Definition Options

CONNECTIVITY
COORDINATE

DIST LOADS

END OPTION

FIXED DISP
GEOMETRY
ISOTROPIC
POST
ROTATION A
INITIAL VEL

E271 -2
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5 Inches

"T 'y

L @ L4 @
2 3 4

Figure E 2.71-1 Finite Element Model
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w Chapter 3 Plasticity And Creep

The MARC program contains an extensive material library. A discussion on the use of
these capabilities is found in Volume A, User Information. In this chapter, material
nonlinearity often exhibited in metals will be demonstrated. Material nonlinearity
associated with rubber or polymer materials may be found in Chapter 7. The capabilities
demonstrated here may be summarized as:

Variable load paths

* Proportional loads
¢ Nonproportional loads

Choice of yield functions

von Mises

Drucker-Prager, Mohr-Coulomb
Gurson

Shima

Strain magnitude

¢ Infinitesimal plasticity
¢ Finite strain plasticity

Strain hardening

¢ Limit Analysis

¢ Isotropic hardening

¢ Kinematic hardening
Rate effects

¢ Deviatoric creep
¢ Volumetric swelling
¢ ORNL

Compiled in this chapter are a number of solved problems. Table E 3.0-1 summarizes the
element type and options used in these demonstration problems.
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E 3.30 3-D Forming of a Circular Blank Using
Rigid-Plastic Formulation

This problem demonstrates the program’s ability to perform stretchforming by a
spherical punch using the CONTACT option and the rigid-plastic formulation. The
problem will first be analyzed using membrane elements and then be analyzed
with shell elements.

Parameters

The R-P FLOW option is included in the parameter section to indicate that this is a
rigid-plastic flow problem. The PRINT,8 option requests the output of incremental
displacements in the local system. Element type 18, the 4-node membrane element,
is used in the first analysis. Element type 75, the four-node thick shell element, is
used in the second analysis. Eleven layers are used through the thickness of the
shell. The ISTRESS parameter is used to indicate that an initial stress is going to be
imposed which stabilizes the membrane element solution. In the membrane
analysis, the ALIAS option is used to change the element type.

Geometry
A shell thickness of 1 cm is specified through the GEOMETRY option in the first field
(EGEOM).

Boundary Conditions

The first boundary condition is used to model the binding in the stretch forming
process. The second and third boundary conditions are used to represent the
symmetry conditions.

POST

The following variables are written to a formatted post tape:

7 } Equivalent plastic strain 17 } Equivalent von Mises stress
20 } Element thickness

Furthermore, the above three variables are also requested for all shell elements at
layer number 4, which is the midsurface.
Control

A full Newton-Raphson iterative procedure is requested. Displacement control is
used, with a relative error of 5%. Fifty load steps are prescribed, with a maximum of
30 recycles (iterations) per load step.

Rev. K.6 E3.30 - 1
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Material Properties

The material for all elements is treated as an rigid-plastic material an initial yield
stress of 80.6 1bf/cm?. The yield stress is given in the form of a power law and is
defined through the WKSLP user subroutine.

Contact

This option declares that there are three bodies in contact with Coulomb friction
between them. A coefficient of friction of 0.3 is associated with each rigid die. The
first body represents the work piece. The second body is the lower die, defined as
three surfaces of revolution. The first and third surfaces of revolution use a straight
line as the generator, the second uses a circle as the generator. The third body (the
punch) is defined as two surface of revolution. These surfaces are extended from -
0.5 to 101.21 degrees.The rigid surfaces are shown in Figure E 3.30-1. The relative
slip velocity is specified as 0.01 cm/sec. The contact tolerance distance is 0.05 cm.
When using the rigid-plastic option, nodal based friction should be used. This is
because the solution of the stresses may not be accurate.

Load Control

This problem is displacement controlled with a velocity of 1 cm/sec. applied in the
negative Z direction with the AUTO LOAD option. The load increment will be applied
40 times. The MOTION CHANGE option is illustrated to control the velocity of the rigid
surfaces.

Results

Figure E 3.30-2 shows the deformed body at the end of 40 increments with the
deformation at the same scale as the coordinates. Due to the high level of friction,
significant transverse deformation is shown along the contact surfaces.

Figure E 3.30-3 shows the equivalent plastic strain contours on the deformed
structure at increment 40, with the largest strain level at 60% using membrane
elements.

Figure E 3.30-4 shows the equivalent von Mises stress contours on the deformed

structure at increment 40 with peak values at 527 1bf/cm? using membrane
elements.

Figure E 3.30-5 shows the equivalent plastic strain contours on the deformed
structure at increment 40, with the largest strain level at 52% using shell elements.

Figure E 3.30-6 shows the equivalent von Mises stress contours on the deformed
structure at increment 40 with peak values at 512 Ibf/cm? using shell elements.
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You can observe very good correlation between the two element formulations. And,
comparing problem e3x30 with e8x18, there is also very good agreement. As long as
springback is not required, the rigid-plastic formulation is viable for performing
sheet forming simulations. It is computationally significantly less expensive than
the elastic-plastic formulation.

Summary of Options Used

Listed below are the options used in example e3x30a.dat:

Parameter Options

ALIAS
ELEMENT
END
ISTRESS
PRINT
R-P FLOW
SIZING
TITLE

Model Definition Options

CONNECTIVITY
CONTACT
CONTROL
COORDINATE
END OPTION
FIXED DISP
GEOMETRY
ISOTROPIC
OPTIMIZE
POST

PRINT CHOICE
WORK HARD

Load Incrementation Options

AUTO LOAD
CONTINUE
MOTION CHANGE
TIME STEP

Listed below are the user subroutines used in example u3x30a.f:

WKSLP
UINSTR
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Listed below are the options used in example e3x30b.dat:

Parameter Options

ELEMENTS
END

PRINT

R-P FLOW
SIZING
TITLE

Model Definition Options

Load Incrementation Options

Listed below is the user subroutine used in example u3x30b.f:

E3.30 - 4

CONNECTIVITY
CONTACT
CONTROL
COORDINATE
END OPTION
FIXED DISP
GEOMETRY
ISOTROPIC
OPTIMIZE
POST

PRINT CHOICE
WORK HARD

AUTO LOAD
CONTINUE
MOTION CHANGE
TIME STEP

WKSLP
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Second Body

Figure E 3.30-1 Circular Blank Holder and Punch

E3.30 - 5

Rev. K.6



Volume E: Demonstration Prob

E3.30 - 6



Volume E: Demonstration Problems

INC : 40 QMARC
sus : 0

TIME  : 4.000e+01

FREQ : 0.000e+00

5.906e-01
5.369e-01
4.832e-01
4.295e-01
3.757e-01
3.220e-01

2.683e-01

2.146e-01

L4 1.608e-01

L | 1.071e-01

5.340e-02

e3x30a circular blank  r-p flow formulation

Total Equivalent Plastic Strain

Figure E 3.30-3 Equivalent Plastic Strains in Membrane
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INC : 40
suB : 0 QMMC

TIME  : 4.000e+01
REQ : 0.000e+00

5.266e+02

5.054e+02

4.841e+02

4.626e+02

4.415e+02

4.202e+02

3.989e+02

3.777e+02

— 3.564e+02

- 3.351e+02

3.138e+02
\[
e3x30a circular blank  r-p flow formulation

Equivalent Von Mises Stress

Figure E 3.30-4 Equivalent Stresses in Membrane
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INC : 40 MARC
suB 0 ®

TIME : 4.000e+01
FREQ : 0.000e+00

5.222¢-01

4.841e-01

4.460e-01

4.080e-01

3.699e-01

3.318e-01

2.938e-01

2.557e-01

2.176e-01

1.795e-01

1.415e-01

Y\Lx
e3x30b circular blank - r-p flow - shell elements

Total Equivalent Plastic Strain Layer 4

Figure E 3.30-5 Equivalent Plastic Strains at Midlayer of Shell
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INC : 40 MARC
SuB : 0 w

TIME : 4.000e+01
FREQ : 0.000e+00

5.119e+02
4.993e+02
4.867e+02
4.742e+02
4.616e+02
4.490e+02
4.364e+02
4.239e+02
4.113e+02

3.987e+02

3.861e+02

Y
\LX
e3x30b circular blank - r-p flow - shell elements

Equivalent Von Mises Stress Layer 4

Figure E 3.30-6 Equivalent Stresses at Midlayer of Shell
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E 3.31 Formation of Geological Series

This problem demonstrates the capability of the MARC program to analyze the
sliding of geological strata along fault planes, until reaching a partial overlap.

In this case, there are two strata separated by an inclined fault. The upper stratum is
pushed in the horizontal direction to move against the fault. It will slide along the
fault overlapping the lower stratum. The stratum is 6 Km deep and 100 Km long.
The computational model is plane strain. The cross section of the strata is
represented. Units [N, m].

Elements (Ref. B11.1)
Library element type 11 is a plane-strain 4-node isoparametric quadrilateral
element.

Model

The geometry of the strata and their mesh is shown in Figure E 3.31-1. The model
consists of 696 plane-strain, type 11, element for a total of 856 nodes. Figure E 3.31-3
shows the details of the mesh at the fault plane.

Geometry

This option is not required for a plane-strain element as a unit thickness is assumed.

Boundary Conditions

Symmetry conditions are applied at the edges 1, 2, and 3 (see Figure E 3.31-1).
Automated contact is applied at the interface of the fault. No friction is assumed
between the two deformable strata.

Material Properties

The material of the strata is assumed to be isotropic (no variation along the
thickness) with the properties:

Young modulus E = 34.15E8 N/m?
Poisson ratio v =023
Mass density p = 2200 kg/m?3

The linear Mohr-Coulomb criterion is assumed for the ideal yield surface with
values of the two constants (refer to Volume A, User Information):

o = 22.25E6 N/m?
o = .15 N/m?

Rev. K.6 E3.31 -1



Volume E: Demonstration Problems

Loading

The strata are loaded with the gravity load in ten increments. In the subsequent 25
increments, an incremental displacement of 250 m in the horizontal direction is
assigned to the upper part of edge 3 (see Figure E 3.31-1).

Results

The results produced by the MARC program are shown in the following figures:

Figure E 3.31-3 The deformed shape of the strata after a slide of the
upper stratum of 6250 m. Notice the growth of a hill
of 1019 m in the neighboring of the fault.

Figure E 3.31-4 The distribution across the strata of the o,, stress
components (referred to the global axes) at the final
step.

Figure E 3.31-5 The distribution across the strata of the oy, stress
components (referred to the global axes) at the final
step.

Summary of Options Used

Listed below are the options used in example e3x31.dat:

Parameter Options

ELEMENT
END

FINITE
LARGE DISP
PRINT
SETNAME
SIZING
TITLE
UPDATE

Model Definition Options

CONNECTIVITY
CONTACT
CONTACT TABLE
CONTROL
COORDINATE
DEFINE

DIST LOADS
END OPTION
FIXED DISP
ISOTROPIC

NO PRINT
POST
RESTART LAST

E3.31 -2 Rev. K.6



Volume E: Demonstration Problems

Load Incrementation Options

AUTO LOAD
CONTINUE

DISP CHANGE
DIST LOADS

NO PRINT

POST INCREMENT
TIME STEP
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Figure E 3.31-1 FEM Model of the Geological Strata
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Figure E 3.31-2 Detailed Mesh at the Fault Plane
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suB : 0
TIME  : 3.325e+01
FREQ : 0.000e+00

A1

44—

auEE

44
4

A

problem e3x31

Figure E 3.31-3 Overlap of the Geological Strata
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INC : 34 MARC
SuB : 0 x

TIME  : 3.325e+01
FREQ : 0.000e+00

1 | 3.818e+07
| | 9.897e+06

|| -1.839e+07

-4.667e+07

-1.315e+08
-1.598e+08
-1.881e+08

-2.164e+08

-2.447e+08 l
X

problem e3x31

1st comp of total stress

Figure E 3.31-4 Distribution of the ¢, Stress Component (Global Axes)
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INC : 34 &marc
suB 0

TIME : 3.325e+01
FREQ : 0.000e+00

L | 5.011e+07
| | 2.836e+07

| 6.610e+06

-1.514e+07

| I+
L L1
S
e

ame

-8.038e+07
-1.021e+08
-1.239e+08

-1.456e+08

-1.674e+08
X

problem e3x31

2nd comp of total stress

Figure E 3.31-5 Distribution of the Gyy Stress Component (Global Axes)
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w Chapter 4 Large Displacement

MARC contains an extensive large displacement analysis capability. A discussion of the
use of this capability can be found in Volume A, User Information and a summary of the
features is give below.

Selection of elements
e Available in all stress elements
Choice of operators

* Newton-Raphson
¢ Strain-Correction
* Modified Newton-Raphson

Estimation of buckling loads
¢ Elastic-, plastic-, static- and dynamic-buckling
Choice of procedures

¢ Total Lagrangian
¢ Updated Lagrangian
¢ Eulerian

Large strain elastic analysis

Hyperelastic material (Mooney) behavior

Large strain elastic-plastic analysis

Distributed loads calculated based on deformed structure

Compiled in this chapter are a number of solved problems. These problems illustrate the
use of LARGE DISP option for various types of analyses. Table E 4.0-1 shows MARC
elements and options used in these demonstration problems.
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E 4.11 Geometrically Nonlinear Analysis of a Tapered Plate

A tapered plate is clamped at one edge and loaded by a bending moment at the
opposite edge (see Figure E 4.11-1). By means of this problems, the capability of a
finite element to represent inextensional bending in the geometrically nonlinear
regime can be investigated.

Element (Ref. B49.1)

Library element type 49 — a 6-node triangular thin shell element - is used. This
element allows finite rotational increments so that large load steps can be chosen.

Model

The dimensions of the plate and the finite element mesh are shown in Figure E 4.11-1.
Based on symmetry considerations, only one-half of the plate is modeled. The mesh
is composed of 80 elements and 243 nodes.

Geometry

A uniform thickness of 0.5 mm is assumed. In thickness direction, three layers are
chosen using the SHELL SECT parameter option. Although initially the mesh
consists of flat elements, the coupling between the changes of curvature and the
membrane deformations becomes important during the loading process. This
means that the default setting for the fifth geometry field must be used.

Material Properties
The material is elastic with a Young’s modulus of 2.1 x 10° N/mm? and a Poisson’s
ratio of 0.0.

Loading

The loading consists of a bending moment at the edge opposite to the clamped
edge. The magnitude of this bending moment is written as f * 365.284 Nmm, where
the maximum value of the scalar multiplier f equals 1.5. The total load is applied in
15 equally sized increments.

Boundary Conditions

Symmetry conditions are imposed on the edge y = 0 (u, = 0, ¢ = 0). Clamped
conditions are applied to the edge x = 0 (u, =0, u, = 0, and ¢ = 0). Notice that the
rotation constraints only apply for the midside nodes.
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Results

The final deformed configuration is outlines in Figure E 4.11-5. Since this state has

been reached in 15 equally sized increments, a finite rotation formulation is

necessary. The horizontal and vertical tip displacements as a function of the load
factor f (notice that this factor corresponds to the time) are given in Figure E 4.11-3.
An analytical solution for this problem can be found in Y. Ding, Finite-Rotations-
Elements zur geometrisch nichtlinearen Analyse algemeiner Flachentragwerke, Thesis

Insititut fir Statik und Dynamik, Ruhr-Univ Rochum, Germany (1989). The

analytical solution for the above mentioned displacements components is given in
Figure E 4.11-4 and Figure E 4.11-5. The finite element and the analytical solutions

are in good agreement.

Summary of Options Used

Listed below are the options used in example e4x11.dat:

Parameter Options

Model Definition Options

ALL POINTS
DIST LOADS
ELEMENTS
END

LARGE DISP
SETNAME
SHELL SECT
SIZING
TITLE

CONNECTIVITY
COORDINATE
DEFINE

END OPTION
FIXED DISP
GEOMETRY
ISOTROPIC
NO PRINT
OPTIMIZE
POST
SOLVER

Load Incrementation

E4.11 -2

ACTIVATE
AUTO LOAD
CONTINUE
DISP CHANGE
POINT LOAD
TIME STEP
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$MARC

Figure E 4.11-1 Clamped Tapered Plate, Geometry, and Finite Element Mesh
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INC 15
SUB : 0
TIME : 1.500e-01
FREQ : 0.000e+00

nonlinear_tapered_beam_elmt_49

Figure E 4.11-2 Undeformed and Final Deformed Configuration
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MARC
Y (x1000) nonlinear_tapered_beam_eimt_49 Node 241 ®
o .
\\
AN \ vz
.| p
\ —
\\,__—4///
-1
0 1.5
time
=—s—a Displacement x stk Displacement z

Figure E 4.11-3 Finite Element Solution Horizontal and Vertical Tip Displacement
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reference_solution wm
deflection (x100)

0

0 1.5

force factor

Figure E 4.11-4 Reference Solution Tip Deflection
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reference_solution wm
horizontal displacement (x100)
1.5
force factor

Figure E 4.11-5 Reference Solution Horizontal Tip Displacement
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E 4.12 Perturbation Buckling of a Strut

An elastic post buckling analysis is conducted on an initially straight strut. The
perturbation buckling technique will be demonstrated.

Model/Element

The model consists of 20 plane stress element, type 3, as shown in Figure E 4.12-1.
The length is 2.0 meters and the width is 0.1.

The LARGE DISP option is used to indicate that the total Lagrange large
displacement formulation will be used. The BUCKLE option indicates how many
buckling modes are to be extracted.

Material Properties

The material has a Young’s modulus of 1 x 10° N/m? and the Poisson’s ratio is 0.3.

Geometry

The strut has a uniform thickness of 1 cm.

Boundary Conditions

The bottom of the strut is clamped, and, at the top, no motion is allowed in the
x-direction.

Loading

This analysis is performed using four different procedures:

In the first analysis, a load is applied of magnitude 6000 (3000 at nodes 1 and 4)
in increment 1, followed by 200. A buckle eigenmode is extracted and then a
perturbation is applied, and then a load of 1800 is applied over nine increments.
The first perturbation buckling mode is selected through the BUCKLE load
incrementation option.

In the second analysis, a load is applied of magnitude 10,000 in increment 1,
followed by 200. A buckle eigenmode is extracted and then a perturbation is
applied, and then a load of 9000 is applied over nine increments. The second
perturbation buckling mode is selected through the BUCKLE load incrementation
option.

In the third analysis, a load is applied of magnitude 6000, followed by a load of
2000 over ten increments. Hence, the total load is the same as in the first analysis.
In this analysis, the BUCKLE INCREMENT mode definition option is used to add the
first buckle perturbation mode at the end of increment 2.
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The fourth analysis is identical to the third analysis, except that the increment at
which the perturbation is applied will be determined by the program
automatically. The perturbation will be applied in the increment after the
increment where a nonpositive definite system occurs.

In all problems, the perturbation has a scaled magnitude of 0.001.

Control

The CONTROL option is used to specify that displacement testing is to be performed
with a tolerance of one percent. The solution of nonpositive definite systems will be
forced.

Results

The linear collapse load of this strut is 6050 N. Figure E 4.12-2 shows the resultant
deformation from the first analysis when the first mode is used. Figure E 4.12-3
shows the resultant deformation from the second analysis when the second mode is
used. The results of the third analysis are identical to the first analysis. When the
fully automatic perturbation procedure is used in the fourth analysis, the MARC
program senses the nonpositive definite system in increment 2, and then
automatically extracts the buckle mode. This gives the same results as before. Note
that after the perturbation is applied and there is some lateral deflection, you again
have a stable physical system and no longer have a nonpositive definite numerical
problem.

Summary of Options Used

Listed below are the options used in example e4x12a.dat and e4x12b.dat:

Parameter Options

BUCKLE
ELEMENTS
END

LARGE DISP
SIZING

Model Definition Options

CONTROL
CONNECTIVITY
COORDINATES
DEFINE

END OPTION
FIXED DISP
GEOMETRY
ISOTROPIC
OPTIMIZE
POINT LOAD
POST

SOLVER

E412 - 2 Rev. K.6



Load Incrementation

AUTO LOAD
BUCKLE
CONTINUE
POINT LOAD

Volume E: Demonstration Problems

Listed below are the options used in example e4x12c.datand e4x11d.dat:

Parameter Options

BUCKLE
ELEMENTS
END

LARGE DISP
SIZING

Model Definition Options

BUCKLE INCREMENT
CONTROL
CONNECTIVITY
COORDINATES
DEFINE

END OPTION
FIXED DISP
GEOMETRY
ISOTROPIC
OPTIMIZE
POINT LOAD
POST

SOLVER

Load Incrementation

Rev. K.6

AUTO LOAD
CONTINUE
POINT LOAD
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INC 0
SuB : 0
TIME : 0.000e+00
FREQ : 0.000e+00

buckling of strut: perturbation method - first mode

Figure E 4.12-1 Mesh of Strut
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INC : 10

SuB : 0 SOMARC
TIME : 0.000e+00

FREQ : 0.000e+00

Y

-

buckling of strut: perturbation method - first mode

Figure E 4.12-2 Displacements Using First Mode
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INC 11

SUB : 0 wMARC
TIME : 0.000e+00

FREQ : 0.000e+00

Y

L

buckling of strut: perturbation method - second mode

Figure E 4.12-3 Displacements Using Second Mode
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w Chapter 5 HeatTransfer

MARC contains a solid body heat transfer capability for one-, two- and three-
dimensional, steady-state and transient analyses. A discussion of the use of this capability
can be found in Volume A, User Information and a summary of the features is given below.

Selection of elements:

1-D: Three-dimensional links (2-, 3-node)

2-D: Planar and axisymmetric elements (3-, 4-, 6-, and 8-node)
3-D: Brick elements (8- and 20-node)

Reduced integration elements with hourglass control

Time integration operator:

* Backward difference — unconditionally stable for linear problems; automatic
time-step choice; in-core and out-of-core solutions.

Temperature dependent materials (including latent heat effects); anisotropic thermal
conductivity.

Extrapolated averaging for the evaluation of temperature-dependent properties.
Non-uniform initial conditions.

Temperature, time-dependent boundary conditions: prescribed temperature history,
volumetric flux, surface flux, film coefficients, radiation; change of prescribed
temperature boundary conditions during analysis.

Tying constraints on nodal temperatures.

Two- and three-dimensional mesh generation; bandwidth optimization.
Contour or temperature time history plots; mesh plots.

Ability to restart the analysis.

Selective print of nodal and/or element temperatures; consistent nodal fluxes.
Direct interface with stress analysis.

User subroutines.

A number of solved problems are compiled in this chapter. These problems illustrate the
use of various MARC heat transfer elements and demonstrate the selection of different
options. Table E 5.0-1 shows MARC elements and options used in these demonstration
problems.
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Summary of Options used

Listed below are the options used in example e5x17a.dat:

Parameter Options

ALL POINTS
COMMENT
DIST LOADS
END

HEAT

PRINT
SETNAME
SIZING
TITLE

Model Definition Options

CONNECTIVITY
CONTROL
COORDINATE

DEFINE

END OPTION

FIXED TEMPERATURE
INITIAL TEMPERATURE
ISOTROPIC

NO PRINT

POST

VELOCITY

Load Incrementation Options

ES17 -2

CONTINUE
TRANSIENT NON AUTO
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Listed below are the options used in example e5x17b.dat:

Parameter Options

ALL POINTS
COMMENT
DIST LOADS
END

HEAT

PRINT
SETNAME
SIZING
TITLE

Model Definition Options

CONNECTIVITY
CONTROL
COORDINATE

DEFINE

END OPTION

FIXED TEMPERATURE
INITIAL TEMPERATURE
ISOTROPIC

NO PRINT

POST

VELOCITY

Load Incrementation Options

Rev. K.6

CONTINUE
TRANSIENT NON AUTO

ES17 -3



Volume E: Demonstration Problems

OMARC
A
£
(3
bl
v
< 2.0cm >
Y
Z X
Figure E 5.17-1 Complete Finite Element Mesh
Rev. K.6
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®OMARC

=

0.125

_1_
!

Figure E 5.17-2 Finite Element Mesh of Chips and Board
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INC : 50 LMARC

SUB : 0
TIME : 5.000e+01
FREQ : 0.000e+00

3.689e+01

3.420e+01

3.151e+01

2.882e+01

2.613e+01

2.344e+01

2.076e+01
| 1.807e+01

1.538e+01

.
.

1.269e+01

1.000e+01 A\

. x
prob e5.17a cooling of chips: heat convection
Temperature

Figure E 5.17-3 Temperature Distribution Excluding Heat Convection

ES.17 -6
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INC : 50 SMARC
SUB : 0

TIME : 5.000e401

FREQ : 0.000e+00

2.281e+01
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Figure E 5.17-4 Temperature Distribution Including Heat Convection
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E 5.18 Square Plate Heated at a Center Portion

A square plate with an initial temperature of 20°C is heated at the upper side of a
square center portion (see Figure E 5.18-1). The temperature at the outer edges is
kept constant.

Element (Ref. B50.1)

Library element type 50, a 3-node triangular heat transfer shell element, is used.

Model

The dimensions of the plate and the finite element mesh are shown in Figure E 5.18-1.
Based on symmetry considerations, only one quarter of the plate is modeled. The
mesh is composed of 128 elements and 81 nodes.
Material Properties
The material is orthotropic with the following material constants:
Conductivity: A;; =50 W/m°C, A,, = 5000 W/m°C, A3 = 500 W/m"C

Density: p = 7000 kg/m3
Specific Heat: c=450]/kg’C

Since, by default, the properties are applied with respect to element directions, the
orientation option is used to specify an offset of 0 to the zx-plane (see Figure E 5.18-1).
Geometry

A uniform thickness of 0.5 m is assumed. In thickness direction, a parabolic
temperature distribution is selected using the HEAT parameter option. The number
of layers is set eq<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>