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Chapter 1

INTRODUCTION

During the last several decades, the finite element method has evolved from a linear
structural analysis procedure to a general technique for solving non-linear, transient,
partial differential equations. An extensive literature on the method exists which de-
scribes the theory necessary to formulate solutions for general classes of problems, as
well as, practical guidelines in its application to problem solution [1]-[11].

This manual describes many of the features of the general purpose Finite Element
Analysis Program (FEAP) to solve such problems. Many of the descriptions are di-
rected to the solution of problems in solid mechanics, however, the system may be
extended to solve problems in other subject areas by users adding modules to address
their class of problems. Such extensions have been made to solve problems in fluid
dynamics, flow through porous media, thermo-electrics, to name a few.

It is assumed that the reader of this manual is familiar with the finite element method
as describe in popular reference books (e.g., The Finite Element Method, 5th edition,
by O.C. Zienkiewicz and R.L. Taylor [1, 2, 3] or the 4th edition [12, 13]) and desires
either to solve a specific problem or to generate new solution capabilities.

The Finite Element Analysis Program (FEAP) is a computer analysis system designed
for:
1. Use in an instructional program to illustrate performance of different types of
elements and modeling methods;
2. In a research, and/or applications environment which requires frequent modifi-

cations to address new problem areas or analysis requirements.

The computer system may be used in either a UNIX (including Linux) or a Windows
environment and includes an integrated set of modules to perform:
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1. Input of data describing a finite element model;
2. Construction of solution algorithms to address a wide range of applications; and

3. Graphical and numerical output of solution results.

The problem solution step is constructed using a command language concept in which
the solution algorithm is completely written by the user. Accordingly, with this ca-
pability, each application may use a solution strategy which meets its specific needs.
There are sufficient commands included in the system for applications in structural or
fluid mechanics, heat transfer, and many other areas requiring solution of problems
modeled by differential equations; including those for both steady state and transient
problems.

Users also may add new routines for model description and command language state-
ments to meet specific applications requirements. These additions may be used to assist
generation of meshes for specific classes of problems or to import meshes generated by
other systems.

The current FEAP system contains a general element library. Elements are available to
model one, two and three dimensional problems in linear and non-linear structural and
solid mechanics and for linear heat conduction problems. Each solid element accesses
a material model library. Material models are provided for elasticity, viscoelasticity,
plasticity, and heat transfer constitutive equations. Elements also provide capability to
generate mass and geometric stiffness matrices for structural problems and to compute
output quantities associated for each element (e.g., stress, strain), including capability
of projecting these quantities to nodes to permit graphical outputs of result contours.

As noted above, users may add an element to the system by writing and linking a single
module to the FEAP system. Details on specific requirements to add an element as well
as other optional features available are included in the FEAP Programmers Manual
(see web site at: www.ce.berkeley.edu/~rlt/feap).

This manual describes how to use existing capabilities in the FEAP system. In the next
several sections the general features of FEAP are described. The discussion centers on
three different phases of problem solution:

1. Mesh description options;
2. Problem solution options; and
3. Graphical display options.

The general structure for an input file consists of alphanumeric data which describes
each of the above parts and is given as:
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FEAP * * Start record and title
Control and mesh description data

END

Solution and graphics commands
STOP

The FEAP Example Manual also may be consulted for examples on use of some input
and solution options described in this report (see: www.ce.berkeley.edu/~rlt/feap).

1.1 Example: A simple truss

To illustrate the form of an input file for FEAP we consider a simple king-post truss
shown in Fig. 1.1. For simplicity we shall assume that all members are elastic with
the same elastic modulus and cross-sectional area.

A complete input file to solve this problem is shown in Table 1.1. The first two lines
of the file are called the control information and describe the start record followed by
the number of nodes, number of elements, number of material sets, space dimension of
the mesh, maximum number of unknowns at any node, and number of nodes/element,
respectively. These records are followed by data sets which describe material and
geometric properties; the coordinates for each node; nodal connections and material

10.0 10.0 |
| 1

Figure 1.1: King-post truss example. ¢ = Nodes; (n) = Element n
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FEAP * * King-post truss analysis
4 5 1 2 2 2

MATErial 1
TRUSS
ELAStic modulus 10000.0
CROSs section 0.25

COORdinates
1 0 0.0 0.0
2 0 10.0 0.0
3 0 20.0 0.0
4 0 10.0 10.0
ELEMents
1 1 1 1 2
2 1 1 2 3
3 1 1 1 4
4 1 1 4 3
5 1 1 2 4

BOUNdary restraints

1 0 1 1
3 0 0 1
FORCe

END

BATCh
TANGent
FORM
SOLV
DISPlacement all
STREss all

END

STOP

Table 1.1: FEAP input data for king-post truss



CHAPTER 1. INTRODUCTION )

set identifier for each element; and the boundary restraint and load descriptions. The
END record informs FEAP that all data has been provided to define the problem. The
next set of records define a solution strategy, and here only information needed to
perform a steady state (static) analysis are given. This set of records uses a command
language strategy to define the algorithm. The final record informs FEAP that all
data has been processed and execution ceases.

This simple example is intended to give an overview of what is required to prepare an
input file for the program. Only very basic commands have been used here and many
other options are available to descrive the problem data, solution options, and graphics
capability available in the program. The remainer of this manual will describe many
of these features and the appendices give all the commands available in the current
release.

1.2 MANUAL ORGANIZATION

The user manual for FEAP is separated into several distinct parts. Each part describes
a specific function and the input data required for commands currently available in the
system. The manual consists of the following general sections:

1. Methods to describe input data records and files (Chapter 4);

2. Description of the start of a problem, control information, and mesh input data
(Chapter 5);

3. Description of the element library and material models (Chapters 6 and 7);
4. Terminating mesh description (Chapter 10);

5. Manipulating a mesh merge parts or boundaries (Chapter 11);

6. Description of contact surface interactions (Chapter 12);

7. Designating some parts of bodies as rigid (Chapter 13);

8. Description of the solution command language (Chapter 14) [This section of the
manual includes basic solution algorithms to solve problems|; and

9. Plot features contained within the program (Chapter 15).
The various options and parameters for each command to describe mesh input, prob-

lem solution, and plotting are included in the appendices to this manual. As noted
previously, a separate Ezample Manual showing some applications of the program and
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a Programmer Manual describing the procedures to add features and elements are also
available for users who wish to modify or extend the capabilities of FEAP. Updated
versions of all manuals are available at the web site www.ce.berkeley.edu/~rlt/feap.



Chapter 2

PROBLEM DEFINITION

To perform an analysis using the finite element method the first step is to subdivide
the region of interest into elements and nodes. In this process the analyst must make a
choice on: (a) the type of elements to use, (b) where to place nodes, (c¢) how to apply the
loading and boundary restraints, (d) the appropriate material model and parameters
values for each element, and (e) any other aspects relating to the particular problem.
The specification of the node and element data defines what we will subsequently refer
to as the finite element mesh or, for short, the mesh of the problem.

Once the analyst has defined a model of the problem to be solved it is necessary to
define the nodal and element data in a form which may be interpreted by the analysis
program. The steps to define a mesh for FEAP are contained in Chapters 5 to 11.
Each command available to define the mesh data is described in Appendix A and those
to perform further manipulation on the mesh data are in Appendix B.

Some problems in solid mechanics involve intermittent contact between bodies. FEAP
provides some capability to solve such problems and a description of the necessary input
data is described in Chapter 12 with a description of all options given in Appendix C.

The second phase of a finite element analysis specifies the solution algorithm for the
problem. This may range from a simple linear steady state (static) analysis for one
loading condition to a detailed transient non-linear analysis subjected to a variety
of loading conditions. FEAP permits the analyst to specify the solution algorithm
utilizing the command language described in Chapter 14. Each solution command is
described in Appendix D of this report.
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2.1 Execution of FEAP and Input/Output Files.

Once a file is prepared which contains all the steps necessary to describe the mesh
data and solution commands (later we shall see that this may be a minimal set of
statements) an execution of FEAP is initiated by issuing the command:

FEAP

In a Windows environment it is possible to execute the program using standard windows
options or to open an MS-DOS type window and execute with the above command.!
If this is a first execution of the program it is necessary to provide names for the file
containing the input data and those where the user wishes to place output information.
Upon a successful first execution of the program a file feapname will be written to disk
in the solution directory to preserve the name for each of the input and output file
names. If it is desired to reinstall the program the feapname file may be deleted and
the FEAP command then reissued.

For each subsequent execution of the program using the FEAP command, the analyst
receives prompts for a new input data filename, as well as for the filenames which are
to contain the output of results and diagnostics, and restart files (used if subsequent
analyses are desired starting with the final results of a previous execution). An in-
dicated default filename may be accepted by pressing the return (enter) key without
specifying any data. Prior to running FEAP it is necessary to create the input data
file using a standard text editor or word processing system. The other files are cre-
ated automatically by FEAP. A large part of the remainder of this manual is directed
toward defining the steps needed to create a valid input data file and to describe the
command language instructions needed to solve and output results for several classes
of problems.

Execution of FEAP also may be made without specifying filenames interactively. The
command line to perform this mode of execution is:

feap -iIfile -o0file -rRfile -sSfile -pPfile

Each parameter defines the name of the file which either contains input data or will be
used to produce the output data. The files are:

i = input : Ifile is file containing input
data

Tt is useful to write a batch program which describes the path to the executable so that the
solution may be easily initiated from any directory.
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output : Ofile is file for outputs

restart read file: Rfile is filename

restart save file: Sfile is filename

plot : Pfile is root name for file
containing time history data.

‘O m K O
I

Except for the name of the input data file, these parameters are optional. Thus, the
minimum command line for this form of execution is:

feap -ilfile
the other files are given by replacing the first character in the Ifile name by O, R, S, P.

Note: There can be NO blank characters between the -i, -o, etc. and the corre-
sponding file name. That is

feap -i Ifile

will cause an error.

2.2 Modification of Default Options

At the time that the executable version of FEAP is created default values for several
parameters may be set in the main program file feap74.f. These default parameters
may be changed without recompiling the program by creating a file named feap.ins
which contains the new values for specific parameters. This file must be placed in each
directory where problems are to be solved. The feap. ins file contains separate records
which define the default parameters to be employed during any solution. The current
options are given in Table 2.1.
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Option Parameter 1 Parameter 2 | Description

manfile mesh path Path to locate MESH
COMMAND manual pages
macr path Path to locate SOLUTION
COMMAND manual pages
plot path Path to locate PLOT
COMMAND manual pages
elem path Path to locate USER
ELEMENT manual pages

noparse Assumes input data is mostly
numeric

parse Assumes input data contains
parameters

graphic prompt off Turns off contour prompts
on Turns on contour prompts

default off Turns off graphics defaults

on Turns on graphics defaults

postscr color reverse Makes color PostScript files
with reversed order.

normal Makes color PostScript files
with normal order.

helplev basic Default level for commands
Same as: MANU,0

interm Default level for commands
Same as: MANU,1

advance Default level for commands
Same as: MANU,2

expert Default level for commands
Same as: MANU,3

increment  value Set increment value change to
force reduction in array size.

Table 2.1: Options for Changing Default Parameters
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ELEMENTS TYPES

The description of elements in FEAP is expressed as a set of nodes which describe the
connectivity. Elements may have a topology of a line, a surface or a solid. In FEAP
the nodes for each element are generally associated with the unknown parameters of
the problem. To describe a problem it is necessary to know what unknowns belong
to each node and to specify the maximum number which will be associated with any
node.

3.1 Line Elements

Line elements are defined by 2 or more nodes and the types included in the FEAP
library are shown in Fig. 3.1. Numbers shown with the elements describe the ordering
that connectivity is to be specified for each element. Note that while the element
library included with the system has only 2 or 3 node elements those with more may
be added by a user.

Two node elements may be used to describe truss and frame type elements for two and
three dimensional problems. Two and three node elements may be used to describe
shell segments for the meridian of an axisymmetric shell modeled in a two dimensional
analysis. Other uses for line type elements include description of pressure boundary
loads or thermal convection surface conditions for heat conduction problems.

Elements with the minimum number of nodes are called a simplex and those with more
nodes are of higher order. An advantage of higher order elements is that they may be
curved to better match boundaries or the shape of a body, as shown in Fig. 3.1 for the
3-node element.

11
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2-Node Element 3-Node Element

Figure 3.1: Line type elements in FEAP library
3.2 Surface Elements

Surface finite elements are generally described by triangular or quadrilateral shapes.
Triangular elements included with the system may be described by the 3-node simplex
or by the 6-node element shown in Fig. 3.2. A 6-node element may have curved sides,
as shown for the 3-node line element in Fig. 3.1. For most element formulations this is
accomplished using an isoparametric mapping as described in standard reference books
on finite elements [1].

Surface elements may also be of quadrilateral shape as shown in Fig. 3.3 The basic
element has 4-nodes and can be mapped using isoparametric concepts into a general
shape quadrilateral with straight sides. The elements with 8 and 12 nodes belong to
a family named Serendipity and the elements with 9 and 16 nodes to a family named
Lagrangian [1]. These elements are of higher order and may have curved sides when
mapped using the isoparametric concept. In general, it is preferable to use the 9 and 16

3 3
o
1 2 1 4 2

3-Node Simplex 6-Node Element

Figure 3.2: Triangular surface type elements in FEAP library
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4 3
[
1 2
4-Node Element
s . ’ ‘y 3 : K
11 @ @38
3@ @6
12 @ o7
[ & L] [ L & )
1 5 2 1 5 6 2
8-Node Element 12-Node Element
4 7 3 4 10 9 3
@ L 2 ] ® P °
16 15
11 @ [ ] [ ] @3
9
8@ @ 96
12 @ [ ] [ ] @7
13 14
[ & o [ L L
1 5 2 1 5 6 2
9-Node Element 16-Node Element

Figure 3.3: Quadrilateral surface type elements in FEAP library

node elements rather than those with 8 or 12 nodes. This is especially true if problems
in solid or fluid mechanics are solved in which near incompressibility conditions can
exist. Also, when lumped or diagonal mass matrices are used in transient situations the
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properties of those for Lagrangian type elements are better than those for Serendipity
type elements.

Surface elements are used in FEAP to model solids in a state of plane stress, plane
strain, or axisymmetric deformation. Most of the solid mechanics type problems in
two dimensions can use any of the types of elements shown in Figs. 3.2 and 3.3 (an
exception is the class called enhanced strain elements where only 4 node quadrilaterals
may be used). This class of element topologist is also used in two dimensional heat
conduction analysis. In addition, surface elements are used to model plate and general
shell problems; however, currently the element shape is restricted to a 3-node triangle
or a 4-node quadrilateral.

3.3 Solid Elements

Solid elements included in the FEAP library may be of tetrahedral or brick shape. The
simplex element is a 4-node tetrahedron and the first higher order element a 10-node
tetrahedron as shown in Fig. 3.4 and may have curved edges and faces when mapped
using an isoparametric concept.

Solid elements may also have a brick shape with the lowest order element described
by 8nodes as shown in Fig. 3.5. The next higher order elements may have either
20 or 27-nodes. The 20-node element is a member of the Serendipity family with the
27-node element belonging to the Lagrangian family. Figure 3.5 shows these two types
of elements.

2
4-Node Simplex 10-Node Element

Figure 3.4: Tetrahedron solid type elements in FEAP library
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o

Solid elements are used in FEAP to model general three-dimensional problems in solid
mechanics and heat conduction. All elements permit use of the 8-node brick and some
4-node tetrahedral or higher order brick elements. None of the elements currently fur-
nished use the 10-node tetrahedron. As for the two-dimensional elements it is preferable
to use the 27-node element rather than the 20-node element. However, contrasted with
the two dimensional case the cost of such use is much greater due to the added mid-face

nodes.

2
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Figure 3.5: Brick solid type elements in FEAP library
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INPUT RECORDS
SPECIFICATION

Data input specifications in FEAP consist of records which may contain from 1 to
255 characters of information in free format form. Each record can contain up to 16
alphanumeric data items. The maximum field width for any single data item is 15
characters (14 characters of data and 1 character for separating fields). Specific types
of data items are discussed below. Sets of records, called data sets, start with a text
command which controls input of one or more data items. Data sets may be grouped
into a single file (called the input data file) or may be separated into several files and
joined together using the include command described in Section 9.1. Sets of records
may also be designated as a save set and later read again for reuse (see Section 9.2).

Each input record may be in the form of text and/or numerical constants, parameters,
or expressions. Text fields all start with the letters a through z (either upper or
lower case may be used, however, internally FEAP converts upper case letters to lower
case). The remaining characters may be either letters or numbers. Constants are
conventional forms for specifying input data and may be integer or real quantities as
needed. Parameters consist of one or two characters to which values are assigned. The
first character of a parameter must be a letter (a to z); the second may be a letter (a to
z) or numeral (0 to 9). Expressions are combinations of constants, parameters, and/or
functions which can be evaluated as the required data input item. Each of these forms
is described below.

16
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4.1 Constants

Constants may be represented as integers or floating point numbers. Integers are
specified without a decimal point as 1, =10, etc; floating point numbers may only be
expressed in the forms

3.56, -12.37, 1.34e+5, -4.36d-05
In particular, the forms
1.0+3, -3.456-03

may not be used since they will be evaluated as an expression (see below). In particular,
the above two examples will yield data input values of 4.0 and -6.456, respectively.

4.2 Parameters

The use of parameters will simplify the data input required to define problems for a
FEAP solution. Data may be specified as a single character parameter (e.g., a, b,
through z), two character parameters (e.g., aa, ab through zz), or a character and
a numeral (e.g., e0 through e9). All alphabetic input characters are automatically
converted to lower case, hence there are 962 unique parameters permitted at any one
time. Values are assigned to parameters by the PARAmeter data command during mesh
generation or modification. The general form to assign a constant to a parameter is

PARAmeter
a = 3.567
el = 200.0e9
nu = 0.3

I Terminate definition of parameters

Blanks are permitted and are ignored in the processing of a record (except in expres-
sions). Once a parameter is defined it may be used in place of any constant in the data
input. For example, the following input could use the value of the parameter a defined
above

COORdinates
1,,a,0.
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and With this assignment the 1-coordinate of the 1-node would have a value of 3.567.

Parameters may have their values redefined as many times as needed by using the
PARAmeter data command followed by other commands and data using the values of
assigned parameters. A user may then specify another PARAmeter command to redefine
parameters, followed by additional data inputs, etc.

As noted above, the specification of each constant is restricted to 14 significant figures
(including the exponent value) plus a separator (either a comma or a blank). If more
significant figures are needed in an exponent form, parameters or an expression may
be used. For example,

al = 1.234567890123%1.e-5

produces a number with the full 14 digits but with an exponent larger than could
otherwise be obtained with this precision and stay within the 14 character limit.

4.3 Expressions

The most powerful form of data input in FEAP is through the use of expressions
in combination with parameters. An expression may include parameters and/or con-
stants. Expressions may include operations of addition, subtraction, multiplication,
division, and exponentiation. In addition, some functions may be used. A hierarchical
evaluation is performed according to the rules defined in Table 4.1.

Order Operation Notation
Parenthetical expressions ()
Functions
Exponentiation )

Multiplication or Division * or /
Addition or Subtraction  + or -

CU W=

Table 4.1: Hierarchy for expression evaluation
Evaluations within the hierarchy proceed from left to right in each expression. At the

present time only one level of parenthesis may appear in any expression. Accordingly,
the expression

1./4. + 4
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is evaluated as 4.25, whereas
1./(4. + 4)

is evaluated as 0.125.

All constants, parameters, and expressions are evaluated as double precision real quan-
tities, however, they are permitted in place of integer data also with the result computed
as the nearest integer of the real value obtained. Expressions may appear in any lo-
cation in place of a constant or a parameter. Accordingly, a force may be assigned
as

FORCe
1,,a/12. + 3.

Additionally, node and element numbers could also appear as expressions; however,
the use of the *NODe and *ELEment options described in Section 9.4 are a better way
to reuse mesh parts.

4.4 Functions

The following functions may appear in an expression, a statement, or a parameter
definition:

abs dec, exp, 1inc, int, log, sqrt,
sin, <cos, tan, atan, asin, acos,

sind, cosd, tand, atand, asind, acosd,

cosh, sinh, tanh,

The trigonometric and inverse trigonometric functions such as sind, etc., involve values
of angles in degrees; whereas, those such as sin, etc., involve values in radians.

Each function has one argument which is contained between a parenthesis (which counts
as the allowed one level of parenthesis depth). The argument may be an expression
but may not contain any additional parenthesis or functions. Thus, the expression

pi = 4.*atan(1)

or
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pi = acos(-1)

will compute the value of 7 to full numerical precision of the computer used and assign
it to the parameter pi. Internal computations are all performed in double precision
arithmetic (e.g., as REAL*8 variables). We note that the function parenthesis count as
one level, hence

q = tan(1./(3.+a))

is an illegal expression. It can be replaced by the pair of statements

1./(3.+a)
tan(q)

q
q

to avoid the double parentheses.



Chapter 5

MESH INPUT DATA
SPECIFICATIONS

The description of the mesh data for a problem to be solved by FEAP consists of
several parts as described in the following sections.

5.1 Start of Problem and Control Information

The first part of an input data file contains the control data which consists of two
records:

1. A start/title record which must have as the first four non-blank characters FEAP
(either upper or lower case letters may be used with the remainder used as a
problem title.

2. The second record contains problem size information with required data consisting

of:

(a) NUMNP - Number of nodal points;

(b) NUMEL - Number of elements;

(¢) NUMMAT - Number of material property sets;

(d) NDM - Space dimension of mesh;

(e) NDF - Maximum number of unknowns per node; and

(f) NEN - Maximum number of nodes per element.

21



CHAPTER 5. MESH INPUT DATA 22

As described in Chapter 4, input records for FEAP are in free format. Each data
item is separated by a comma, an equal sign or a blank characters. If blank characters
are used without commas, each data item must be included. That is multiple blank
fields are not considered to be a zero. Each data item is restricted to 14 characters (15
including the blank, equal or comma).

For standard input options included in the program modules, FEAP can automati-
cally determine the number of nodes (NUMNP), elements (NUMEL), and the number of
material sets (NUMMAT). Thus, their values on the control record may be specified as
zero (0). When using this automatic numbering feature it is generally advisable to
use mesh input options which avoid direct specification of a node or element number.
Specification of many types of inputs codes have options which begin with E for edge
and C for coordinate related options (e.g., CFORce for input of nodal forces by their
coordinate location; or EBOUndary for input of boundary restraint codes for nodes). It
is recommended these options be used whenever possible.

The use of the automatic determination of data requires the mesh data to be read
twice: Once to do counts and once to input data. For problems with a large number
of data records, this may result in some time lapse during the input data phase. The
need for a second read may be avoided by inserting a NOCOunt record before the FEAP
record and then providing the actual number of nodes, elements and material sets on
the control record.

We next consider commands used to describe the remainder of the finite element mesh.
In FEAP each data set starts with a command name of which only the first four
characters are used as identifiers. Appendix A describes options for each mesh input
command and Appendix B each mesh manipulation command. Immediately following
each command record the data to be processed must appear with no blank records
between. Where a variable number of records is needed to define the data set a blank
record is used to terminate input of the data set. Extra blank records before or after
complete data sets are ignored.

Commands may be in any order. If there is any order dependence FEAP will transfer
the input data to temporary files and process it after the mesh specification is termi-
nated by the END command. Thus, information will not necessarily occur in the output
file in the same order which data is placed in the input file.

By default all data from a mesh input is written to the output file. For very large
problems the size of the output file may become large. Once a mesh has been checked for
correctness it may not be necessary to retain this information for subsequent analyses.
Control of the data retained in the output file is provided by using the PRINt and
NOPRint commands. By default PRINt is assumed and all data is written. Insertion of
a NOPRint record before any data set (but not within a data set) suspends writing the
data to the output file until another PRINt command is encountered.
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5.2 Nodal Coordinate and Element Connections

The basic mesh for FEAP consists of nodes and elements. For the general finite
elements included with the program the mesh is described relative to a global cartesian
coordinate frame. For two-dimensional plane problems the mesh lies in the x;-x5 plane
(or the z —y plane). For axisymmetric problems the mesh lies in the r — z plane (which
is placed in the zi-z5 plane). For three dimensional problems a general xy, 9, 23 (or
x, y, z) coordinate system is used. In the sequel we will discuss the specification of
the input data relative to the x; components. While eventually all nodal coordinates
must be specified relative to the z; frame, it is possible to use other coordinate systems
(e.g., polar and spherical) as the input data and then transform these coordinates to a
cartesian frame (see Section 5.3 for more details). For example, the mesh for the curved
beam shown in Figure 5.1 may be input in polar coordinates and then, subsequently
transformed to cartesian coordinates.

f.

Figure 5.1: Curved Beam

5.2.1 The COORdinate Command

The coordinates for nodes may be specified using the COORdinate command. The indi-
vidual records defining each node and its coordinates are specified after the COORinate
command as:

N, NG, X_N, Y_N, Z_N

where

N Number of nodal point.

NG  Generation increment to next node.
X-N value of x; coordinate.

Y-N value of x5 coordinate.

Z-N value of z3 coordinate.
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It is only necessary to specify the components up to the spatial dimension of the mesh
(NDM on the control record). Thus for 2-dimensional meshes only X-N and Y-N need be
given.

As an example consider the commands needed to generate the coordinates for an eleven
node mesh of a circular beam with radius 5. These may be generated in two steps: (1)
first their polar coordinate form given by:

COORdinates
1 1 5.0 90.0
11 0 5.0 0.0

| Termination record

and (2) their converion from polar to cartesian form using the POLAr command. For
the coordinate input shown above this is given as:

POLAr
NODES 1 11 1
| Termination record

which converts the nodes 1 to 11 in increments of 1.

Generation of missing data is performed from data pairs given as:

M, MG, X_M, Y_M, Z_M
N, NG, X_N, Y_N, Z_N

Here, the missing data is generated from node M to node N in increments of MG; that
is the first generated node will be M+MG. Linear interpolation of coordinates is used to
define the intermediate values for the generated nodes. If MG is zero no generation is
performed. Nodes may be in either increasing or decreasing order. The sign of any
non-zero MG will be determined to ensure that generation is in the correct direction.

Coordinate data is processed to determine the total number of nodes (NUMNP) in a
mesh. Nodal coordinates may also be defined using the BLOCk the BLENd commands
(see Sections 5.2.3 and 5.2.4 below) or any combination of the commands.

5.2.2 The ELEMent Command

The ELEMent command may be used to input the list of nodes connected to an individual
element. For elements where the maximum number of nodes is less or equal to 13 (i.e.,
the NEN parameter on the control record), the records following the command are given
as:
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N, NG, MA, (ND_i, i=1,NEN)

where
N Number of element.
NG Generation increment for node numbers.
MA Material identifier associated with element.

ND-i i-Node number defining element .

For meshes which have elements with more than 13 nodes on each element, the sets of
records following the command are given as:

N, NG, MA, (ND_i, i=1,13)
(ND_i, i=14,29)

(ND_i, i=..,NEN)

That is, each record must contain no more than 16 items of data as mentioned in
Chapter 4.

The element numbers following each ELEMent command must be in increasing numerical
order. If gaps appear in consecutive records for the number of the element the missing
elements will be generated by adding the generation value NG to each non-zero ND-i of
the preceding element. Thus, the pair of records:

M, MG, MA, (MD_i, i=1,NEN)
N, NG, NA, (ND_i, i=1,NEN)

with N = M > 0 will generate the records:

M+1, -, MA, (MD_i+MG , i=1,NEN)
M+2, -, MA, (MD_i+MG*2, i=1,NEN)
N-1, -, MA, ......

until element N is reached.

Element data for the mesh for the curved line shown in Figure 5.1 is given by:

ELEMents
1 1 1 1 2
10 0 1 10 11
I Termination record
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Figure 5.2: Mesh for Curved Beam. 10 Elements

The mesh produced by this set of commands is shown in Figure 5.2

Element data is preprocessed to determine the total number of elements NUMEL in a
mesh. Element data may also be defined using the BLOCk and BLENd commands.

5.2.3 The BLOCk Command

Regular patterns of nodes and element may be input using the BLOCk command. The
block command can input patches of line elements (e.g., truss or frame elements); tri-
angles and quadrilaterals for surface elements and three dimensional hexahedra (brick)
or tetrahedra for solid element types.

The data to input a line of elements is defined as:

BLOCk
ctype,r-inc, ,nodel,elmtl,mat,r-skip
1,X_1,Y_1,Z_1

N,X_N,Y_N,Z_N
I Termination record

where ctype is the coordinate definition for the block master nodes and may be
CARTesian (default), POLAr or SPHErical. The first record is followed by a set of
master node numbers and coordinates with ordering as defined for the line, element
types given in Section 3.1.

The data to input a patch of triangular or quadrilateral element types is defined as:
BLOCk

ctype,r-inc,s-inc,nodel,elmtl,mat,r-skip,b-type
1,X_1,Y_1,Z_1
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N,X_N,Y_N,Z_N
I Termination record
Node ordering is defined as for the quadrilateral element types defined in Section 3.2.
The data to input a three dimensional block of hexaheral or tetrahedral elements are

defined as:

BLOCk
ctype,r-inc,s-inc,t-inc,nodel,elmtl,mat,b-type
1,X.1,Y_1,Z_1

N,X_N,Y_N,Z_N
| Termination record

Node ordering is defined as for the brick element types defined in Section 3.3.

The parameters of the BLOCk command are defined as:

Type - Master node coordinate type (CART, POLA, or SPHE).

r-inc - Number of nodal increments to be generated along
r-direction of the patch.

s-inc - Number of nodal increments to be generated along
s-direction of the patch.

t-inc - Number of nodal increments to be generated along

t-direction of the patch (N.B. Not input for 2-d).
Nodel - Number to be assigned to first generated node in
patch (default = automatic). First node is
located at same location as master node 1.
Elmt1 - Number to be assigned to first element generated in
patch; if zero no elements are generated
(default = automatic)

Matl - Material identifier to be assigned to all generated elements
elements in patch (default = 1 or last input value)
r-skip - For surfaces, number of nodes to skip between end of

an r-line and start of next r-line (default = 1)
(N.B. Not input for 3-d).
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Two Dimensional Elements
b-type =0: 4-node elements on surface patch;
2-node elements on a line;

=1: 3-node triangles (diagonals in 1-3 direction of block);
=2: 3-node triangles (diagonals in 2-4 direction of block);
=3: 3-node triangles (diagonals alternate 1-3 then 2-4);
=4: 3-node triangles (diagonals alternate 2-4 then 1-3);

(

(

=5: 3-node triangles (diagonals in union-jack pattern);

=6: 3-node triangles (diagonals in inverse union-jack pattern);

=7: 6-node triangles (similar to =1 orientation);

=8: 8-node quadrilaterals (7-inc and s-inc must be even
numbers); N.B. Interior node generated but not used;

=9: 9-node quadrilaterals (7-inc and s-inc must be even

=16: 16-node quadrilaterals (r-inc and s-inc must be
multiples of three);

Three Dimensional Elements

=10: 8-node hexahedra (bricks).

=11: 4-node tetrahedra.

=27: 27-node quadratic hexahedra (r-, s-, t-inc must be
even numbers)

=64: 64-node cubic hexahedra (r-, s-, t-inc must be
multples of three)

An example mesh input using the BLOCk command is the line elements shown in Figure
5.2. For two node elements the necessary data is:

BLOCk
POLAr 101 0 0 1
1 5.0 90.0
2 5.0 0.0
! Termination record

When using the BLOCk command one may enter zero for the Nodel and Elmtl parame-
ters. Values for the node and element numbers will then be automatically generated in
the sequence data is input. Restrictions apply when mixing BLOCk or BLENd options
with the ELEM option where numbers are required.

While polar coordinates may be used directly as input for the block master coordi-
nates using the POLAr option, the actual nodal coordinates generated will be converted
automatically from polar to Cartesian coordinates using the current SHIFt command
values for zg, 3o, and zo (see Section 5.3.

With this option it also is not necessary to know the numbers for the generated nodes,
as was required to use the COORdinate and POLAr commands. For three dimensional
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problems the POLAr option becomes a cylindrical coordinate transformation. For three
dimensional problems, it is also possible to use a spherical coordinate transformation
using the SPHErical option in place of the CARTesian or POLAr forms.

5.2.4 The BLENd Command

A block of nodes and elements also may be generated using a blending function ap-
proach (e.g., see [1], pp 226 ff or [12], pp 181 ff). In FEAP the blending function
meshes are created from a set of control points, call super-nodes input using the SNODe
command, edges input using the SIDE command and a description of the region using
the BLENd command. Meshes may be created as SURFaces in two and three dimensions
or as SOLIds in three dimensions.

Super-nodes: SNODe Command

The coordinates for super-nodes always are given in Cartesian form. The input form
is given as:

SNODes
N XN YN ZN

| Blank termination record

where N is sequenced from 1 to the maximum number needed to describe all blending
functions. No generation is available for the super-node input.

If loops are used to construct a mesh all SNODe definitions should be placed outside
any LOOP-NEXT pairs (see Section 9.3).

Sides of blending funcions: SIDE Command

The sides of any surface and the edges of any solid to be generated by the blend
command must be prescribed. Only sides for non-straight or non-uniformly spaced
increments need be given. FEAP will automatically add all straight uniformly spaced
sides not given as input data. The specification of sides using the SIDE command is
given by the general form:

SIDE
Type V1,V2,V3,....,V14
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where Type is the geometric type for the side, and Vi are a list of values. Sides are one
of three different Types:

1. Type = CARTesian: Lagrange interpolation in cartesian coordinates. The Vi
values are numbers of super-nodes used for the interpolation

x(©) = 3 L(Oxw

where L;(£) are Lagrange interpolation polynomials in the natural coordinate .

2. Type = POLAr: Lagrange interpolation in polar (or cylindrical) coordinates. The
interpolations are given as:

r€) = > Li©rvi
0(&) = Y Li(&)bv:
where the radii ry; use the last specified super-node number in the list for Vi for

the location of their origin.

3. Type = SEGMent: Multiple straight segments with uniform increments on each
segment. In this form the odd entries V1, V3, V5, ... are super-node numbers
and the even entries V2, V4, V6, ... are the number of increments between
the adjacent super-nodes.

If loops are used to construct a mesh all SIDE definitions should be placed outside any
LOOP-NEXT pairs (see Section 9.3).

Blending: BLENd Command

For two-dimensional blended meshes the SURFace option is used and four vertex super-
nodes specify the orientation of the region. The super-nodes must be given as an
anti-clockwise sequence (right hand rule). The input is given as:

BLENd
SURFace inc-1 inc-2 Nodel Eleml Matl Etype
sl s2 s3 s4

where the parameters are defined in Table 5.1.

The two dimensional blended mesh shown in Figure 5.3 has three straight sides and
one circular arc side. The spacing along each side is uniform, thus only end points



CHAPTER 5. MESH INPUT DATA 31

Type - Blend type (SURFace).

1-inc - Number of nodal increments to be generated along
1-2 edge.

2-inc - Number of nodal increments to be generated along
2-3 edge.

Nodel - Number to be assigned to first generated node in
patch (default = automatic). First node is
located at same location as master node 1.
Elmt1 - Number to be assigned to first element generated in
patch; if negative no elements are generated
(default = automatic)
Matl - Material identifier to be assigned to all generated elements
elements in patch (default = 1)
FEtype - Element type (same as for BLOCk command
(default is 4-node quadrilateral elements)

Table 5.1: Surface Blend Parameters

are required to specify the control points. For non-uniform spacing additional control
points may be given for edges. To construct this mesh the coordinates for the five
super-nodes, the one arc edge, and the vertices for the blend region must be specified
as shown in Figure 5.4.

Figure 5.3: Two-dimensional Blended Mesh

For three-dimensional blended meshes either the SURFace or the SOLId option may
be used to generate the mesh region. For the SURFace option the ordering is any
contiguous four super-node sequence and input is identical to that shown above (except
super-nodes must have z-coordinate values). For the SOLId option the vertex order is
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SNODes
1 0
2 5

o W

[y

~ o w

N+~ N~ oo
o

I Blank termination record
SIDE
POLAr 4 5 1
I Blank termination record
BLENd
SURFace 5 6 0 0 1
2 4 5 3
I Blank termination record

Figure 5.4: Two-dimensional blended mesh data

identical to that for the 8-node BLOCk command: That is, number the super-nodes by
right hand rule with the first four nodes on the bottom face and the last four on the
top face. The input is given as:

BLENd
SOLId inc-1 inc-2 inc-3 Nodel Eleml Matl Etype
sl s2 s3 s4 s5 s6 s7 s8

where the parameters are defined in Table 5.2.

A blended region for a three dimensional mesh is shown in Figure 5.5 and generated
using the data shown in Figure 5.6.

Figure 5.5: Three-dimensional Blended Mesh

Nodes and elements may be generated using a combination of the above schemes. Thus,
it is possible to mix the BLOCk and BLENd options with the COORdinate and ELEMent
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type - Blend type SOLId.

1-inc - Number of nodal increments to be generated along
1-2 edge.

2-inc - Number of nodal increments to be generated along
2-3 edge.

3-inc - Number of nodal increments to be generated along
1-5 edge.

Nodel - Number to be assigned to first generated node in
patch (default = automatic). First node is
located at same location as master node 1.

Elmt1 - Number to be assigned to first element generated in
patch; if negative no elements are generated
(default = automatic)

Matl - Material identifier to be assigned to all generated elements
elements in patch (default = 1)

FEtype - Element type (same as for BLOCk command
(default is 8-node brick elements)

Table 5.2: Three-dimensional Solid Blend Parameters

commands to generate the mesh. Furthermore, the mesh may be described using any
of the coordinate systems as inputs and subsequently (or in the case of the BLOCk and
BLENd options simultaneously) converting the input and/or generated coordinates to
cartesian coordinate values using the POLAr or SPHErical commands.

5.3 Coordinate and Transformation Systems

The coordinates in FEAP must all be given in a cartesian system. Input data, how-
ever, may be specified in cartesian, polar (which in three dimensions is interpreted as
cylindrical coordinates), or spherical coordinate systems. If polar or spherical coordi-
nates are used to define the nodal data using the COORdinate command, they may be
transformed to the required cartesian form using the POLAr or SPHErical commands,
respectively. Nodal coordinates generated with polar or spherical options in the BLOCk
command do not require transformation. The data for a polar command is:

POLAr
NODE,n1,n2,inc

where n1 and n2 define a range of nodes and inc is the increment to be added to n1 for
each step to n2. Alternatively, all currently defined nodes may be transformed using
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SNODes

1 0 0 O

2 10 0 O

3 0 10 O

4 5 0 O

5 3.563.5 0

6 0 5 0

7 0 0O 6

8 10 0 6

9 0 10 6

10 5 0O 6

11 3.5 3.5 6

12 0 5 6

I Blank termination record

SIDEs

POLA 2 3 1

SEGM 4 3 5 3 6

POLA 8 9 7

SEGM 10 3 11 3 12

I Blank termination record

BLEND

SOLID 6 4 5
2 3 6 4 8 9 12 10
Blank termination record

Figure 5.6: Three-dimensional blended mesh data

the command

POLAr
ALL

The transformation is given by

1 = xo + 7 cos b
Ty = Yo + 7 sin 0
and
T3 = 29 + 2

where z; are the cartesian coordinates, r, 6, z are the polar (cylindrical) inputs, and
Xo, Yo, 2o are shifts defined by the SHIFt command given as
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SHIFt
X_0,Y.0,Z_0

By default z, yo, 2o are zero.

The SPHErical command is similar to the POLAr command. The input records are
specified as:

COORdinate
N NG R THETA PHI

Transformations use the relations

x1 = Xy + 7 cos # sin ¢
Ty = Yo + 7 sin 6 sin ¢
and
r3 = Zp + rcos ¢

5.3.1 Coordinate Transformation

Cartesian systems may be translated, stretched, reflected and/or rotated using the
TRANsform command. Any coordinates input after this command are transformed
using

T Ty T Tis T Zo
To| = |Ton To To3 a2l + |Y
xs T3 T35 T33 X3 20

where z; are the input values and the transformation parameters are defined by the
command sequence

TRANsform
T_11 T_12 T_13
T_21 T_22 T_23
T_31 T_32 T_33
X_0 YO Z_0

which must appear before any coordinates (i.e., the ;) are specified.

The TRANsform command may be used as many times as needed. In particular, it may
be used with a portion of a mesh (substructure) in an include file to replicate repeated
parts of meshes (see Chapter 9). When a reflection is performed, FEAP notes the
coordinate transformation does not have a positive determinant and resequences the
node numbers on elements to maintain positive jacobians (provided the original data
is correct in its local cartesian basis - ;).
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5.4 Nodal Boundary Condition Inputs

The basic FEAP boundary condition quantities are values for non-zero nodal forces
and nodal displacements. For problems in solid mechanics these terms have physical
meaning; however, for general classes of problems forces and displacements are inter-
pretted in a generalized sense - e.g., as flux and dependent variable pairs. Non-zero
values for forces and displacements may both be input at each node. It is not necessary
to input conditions for any node where all the components are zero. The actual con-
dition to be imposed (i.e., force or displacement) is determined by the active values of
the boundary restraint conditions. A non-zero value of a boundary restraint condition
for a degree-of-freedom implies that the value of the specified nodal displacement is to
be imposed; whereas, a zero value implies that the value of the specified nodal force
is to be applied. Generally, these quantities are specified by components associated
with the directions in the global cartesian coordinates describing a mesh. It is possi-
ble, however, to specify components which are associated with directions different than
the global coordinate ones. At present, the only option is a set of coordinates which
are described by a rotation angle about the x3 axis with respect to the z; axis. The
input of boundary condition quantities associated with nodes may be specified based
on: Node numbers; Nodal coordinate values; or Edge coordinate values.

5.4.1 Basic input form.

The basic options to input the nodal quantities associated with boundary conditions is
shown in Table 11.1. The use of a basic form (i.e., BOUNdary, FORCe, DISPlacement,
ANGLe) implies a specification using a node number. The opther options do not require
node numbers and are preferred when possible.

Type Boundary | Forces | Displacements | Angle
Nodal BOUNdary | FORCe | DISPlacement | ANGLe
Edge EBOUndary | EFORce | EDISplacement | EANGle
Coordinate | CBOUndary | CFORce | CDISplacement | CANGle

Table 5.3: Nodal Boundary Condition Quantity Inputs

An example of the use of the nodal option for input of a force in the 2-direction on
node 19 is given by:

FORCe
19 O 0.0 10.0
I Termination record
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The input records for basic FORCe, DISPlacement, BOUNdary condition and ANGLe com-
mands are similar to those for COORinates with the node and generation increment in
the first two fields and the list of values for each degree-of-freedom in the remaining
field. The values of all arrays are set to zero at the start of each problem, hence only
non-zero values need be specified for forces, displacements, boundary conditions and
angles.

Similarly, the specification of a non-zero displacement at a node may be given using
the command

DISPlacement
19 0 0.0 -0.1

The value of a force or displacement will be selected based on the boundary restraint
code value. Non-zero boundary restraint codes imply a specified displacement and zero
values a specified load. The boundary restraint codes may be set using the command

BOUNdary codes
19 0 0 1

which states the first degree-of-freedom is a specified force (zero by default) and the
second a specified displacement (again zero by default). Thus, if both of the above
force and displacement commands are included only the non-zero displacement will be
used. During execution it is possible to change the boundary restraint codes to then
use the non-zero force.

To use the basic input option it is a users responsibility to determine the correct number
for each node - often the graphics capability of FEAP can assist in determining the
correct node numbers; however, for a very large number of forces this is a tedious
method. Accordingly, there are two other options available to input the nodal values.

5.4.2 Edge input form.

The second option available to specify the nodal quantities is based on coordinates
and is used to apply a common value to all nodes located at some constant coordinate
location called the edge value. The options EBOUndary, EFORce, EDISplacement,
EANGle are used for this purpose. For example, if it is required to impose a zero
displacement for the first degree of freedom of all nodes located at y = 0.5. The edge
boundary conditions may set using

EBOUndary
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2 0.5 1 0
I Termination record

In the above the 2 indicates the second coordinate direction (i.e., x3 or y for cartesian
coordinates) and 0.5 is the value of the x5 or y coordinate to be used to find the
nodes. The last two fields are the boundary condition pattern to apply to all the
nodes located. That is, above we are indicating the first degree-of-freedom is to have
specified displacements and the second is to have specified forces. FEAP locates all
nodes which are within a small tolerance of the specified coordinate after the mesh
mput is completed.

By default the edge options will be appended to any previously defined data at a node
by the pattern specified. If it is desired to replace the conditions edge options are
specified as:

EBOUndary,SET
1 0.5 1 0
2 0.5 0 1
! Termination record

By the default where no option is set or with the inclusion of the ADD parameter the
boundary restraint code at a node located at (0.5, 0.5) will be fully restrained (i.e.,
have both directions with a unit (1) restrained value). With the SET option as shown
above the node would have only its second degree-of-freedom restrained.

5.4.3 Coordinate input form.

Using the options CBOUndary, CFORce, CDISplacement, CANGle indicates that the
quantities are to be input based on the coordinates of a node. An example to specify a
10 unit force in the y-direction for a two-dimensional problem node located at z = 4.0
and y = 5.0 is given by:

CFORCe
NODE 4.0 5.0 0.0 10.0
! Termination record

This method will place the force on the node nearest the specified point. If two nodes
have the same or equally close coordinate only one will have the force applied. While
much easier, this method is still somewhat tedious if a large number of forces need
to be applied. Options exist to generate the forces automatically for some distributed
loading types (e.g., see Section 5.5).
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Once again, coordinate generated data will replace previously generated values unless
the ADD parameter is added. Thus the final outcome of the above CFORce command
would be to have a force value for the first degree-of-freedom of 10.0.

5.4.4 Hierarchy of input forms.

The input of the nodal boundary data is performed by FEAP in a specific order. Data
input in the basic form is interpretted immediately after the data records are read.
Values assigned by the basic input replace any previously specified values - they are
not accumulated.

Data input by the edge option is interpretted before any coordinate specified data. By
default the data is added to any previously specified information; however, if the data
is specified in a Exxx,SET option the information is replaced. Multiple edge sets may
be input and are interpretted later in the order they were encountered in the input file.
Thus, use of the sequence of commands

EBOUndary, SET
110.0 10
! Termination record
EBOUndary,ADD (or blank)
1 0.0 10
2 0.0 01
! Termination record

defines two data sets. The first will replace the boundary code definition for any node
which has x; equal to 10.0 by a restrained first dof and an unrestrained second dof.
Subsequently, the second set will restrain all the first dof at any node with x; equal to
zero and also restrain the second dof at any node with x5 equal to zero. Thus, if there
is a node with (z1, 23) of (0.0, 0.0) the node will be fully restrained

After all edge data sets are processed the data defined by the coordinate option is
processed. By default it is also interpretted in a SET mode unless the data set is
defined by a Cxxx,ADD command.

When using the coordinate or edge options it is recommended that the graphics options
in FEAP be used to check that all desired quantities are located. For the coordinate
method other options are available to specify forces, displacements, and boundary
conditions. These are described further in Appendix A.
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5.4.5 Time dependent load functions

Each nodal force or displacement may be multiplied by a time dependent, proportional
loading function. By default the sum of all proportional loads is used as the multiplying
factor. Each load function is defined by the PROPortional command during a solution
phase. Each proportional loading record is defined by a number. Thus, the number for
a proportional load varies from one (1) to a maximum (NPLD). Specific proportional
loading functions may be assigned to a nodal force or displacement using the FPROp,
EPROp, and/or CPROp commands. These commands are processed in a set mode in the
same basic, edge, and coordinate sequence defined above for the other nodal boundary
data. For example,

FPROportional
m mg pm_1 pm_2 ... pm_ndf
n Opn_l1lopn_2 ... pn_ndf

I Termination record

would generate a pattern of proportional loads between nodes m and n at increments
of mg. The patterns pm_i pn_i should be identical to produce predictable results.
Each pm_i refers to a specific proportional loading function (see section in command
language chapter). If a pm_i is zero the forced quantity will be multiplied by the sum
of all proportional loadings active at a particular time instant.

As a second example, the command sequence

EPROportional
1 10.0 1 0 3
I Termination record

would assign the non-zero force or displacement quantities of all nodes where z; is 10.0
to have their first dof multiplied by proportional loading number 1 and the third dof
by proportional loading number 3. Any second dof would be multiplied by the sum of
all defined proportional loading functions. For this to work properly it is necessary to
have at least three proportional loading functions defined during the solution phase.

Proportional loading functions may also be used to specify acceleration effects on
lumped masses. The MPROp command is used to specify the mass loading function
numbers on nodes which have discrete masses specified by the MASS mesh command.
The MPROp command is input as:

MPROportional
mmg mp_1l mp_2 ... mp_ndf
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nng np_1np_2 ... np_ndf
I Termination record

and generation can be performed in a manner similar to the FPROp command.

In each momentum equation a discrete mass term associated with an MPRO command
will be computed as:

My (& — g(x0)) (5.1)

where n is the node number and the components of g are defined as

gi(x,) = fiprope(t) where k = np;(n) (5.2)

The factors f; are specified using the GROUnd global command.

5.5 Surface Loading

FEAP uses the CSURface command to specify distributed tractions and displacements
on portions of two or three dimensional surfaces defined by interpolation patches. For
two dimensional problems the command has the structure

CSURface
type, data
LINEar
1,X_1,
2,X_2,

Y_1,P_1
Y_2,P_2

I blank termination record
or

CSURface
type, data
QUADratic
1,X_1,Y_1,P_1
2,X_2,Y_2,P_2
3,X_3,Y_3,P_3

I blank termination record

where type is an optional data type selected from: CARTesian; POLAr; GAP; NORMal
traction; TANGential traction; or DISPlacement pattern (default is normal traction). If
the data type is DISPlacement the parameter data specifies the coordinate direction for
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Figure 5.7: Two-Dimensional Surface Loading

the specified values. Multiple records of type may exist before input of interpolation
patches and patterns.

The parameters LINEar or QUADratic define the order of the interpolation patch. The
values of 1, y; and x5,y, define coordinate end points on the patch and, for quadratic
surfaces, x3, y3 define the middle point coordinates for the patch. The parameters py,
p2, and ps define the values of the traction or the displacement at the corresponding
coordinates on the patch.

FEAP will search for all nodes which are closer to the interpolation patch than GAP
(default is 1073). Using the element boundary segments which have outward normals
to the patch (by right hand coordinate rule as shown for a two-dimensional problem
in Figure 5.7) will be located and the values interpolated to nodes. For tractions the
equivalent nodal loads will be computed. In two dimensions it is not necessary for the
interpolation patch to exactly match the element boundary segments.

Use of the POLAr option permits the coordinates z; and x5 to be given as a radius and
angle (in degrees) and internally converted to cartesian form.

A common error is to have an incorrect sequence for the boundary segments so that
the outward normal points in the wrong direction. When no loads are computed it is
necessary to carefully check the normal direction to a patch. Also check that the value
of the proportional loading factor is non-zero. If none of these errors are identified then
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the value of the search gap can be increased by inserting the command
GAP,value

before the interpolation patch data.

For three dimensional problems the command has the structure

CSURface
type, data
SURFace

I blank termination record

where type is the data type selected from: GAP; NORMal traction or DISPlacement
pattern. No tangential option currently exists. Also, only those element surface facets
which lie on or within the interpolation patch are selected. No partial facets are
permitted.

The surface option may be used only for elements whose surface facets are either 3-node
triangles or 4-node quadrilaterals.

5.6 Regions and Element Groups

The elements in FEAP may be assigned to different groups using the REGIon command.
The command is given as

REGIon,number

where number is an integer constant of parameter defining the group number for the
elements. Any elements which are input after a region command is given belong to the
given group number. By default all elements are assigned to region zero.

The use of regions facilitates two aspects in FEAP. The first is for use in merging groups
of elements whose nodes should be common but have different numbers (e.g., those
defined using BLOCk commands). An illustration of this option is used in Example 4 in
the Example Manual. The second use is to activate or deactivate elements to represent
excavation or construction sequences. This option uses the ACTIvate or DEACtivate
command language instructions (see Appendix B). Elements in Region zero may not
be deactivated.



Chapter 6

ELEMENT LIBRARY

FEAP contains a library of standard elements and material models which may be
employed to solve a wide range of problems in heat transfer, solid mechanics and
structural mechanics analyses. In addition, users may program and add new elements
to the program. In this chapter we discuss the general features for each element type
included in FEAP along with some specific data commands which are used to input
material parameters. In Chapter 7 we present in more detail features for each material
type. Additional descriptions on formulation details for elements are included in the
FEAP Theory Manual.l'¥

The type of element to be employed in an analysis is specified as part of each MATErial
data set. The first record of each set also contains the material property number. Each
material property number is a unique integer ranging from one (1) to the maximum
number of material sets in the problem (the maximum number is generally set auto-
matically by FEAP but also may be specified on the control data record, see Sect. 5.1).
The second record of a material set data defines the type of element to be used for the
set. The library of standard elements includes the following types:

1. THERmal - A thermal element is used to compute temperatures in the mesh.
The degree of freedom for each node is temperature, T', and, by default, is placed
in the first position in the unknowns (i.e., first degree of freedom). The element
solves the Fourier heat conduction equation for one, two, or three dimensional
domains.

2. SOLId - The solid element is used to solve continuum problems with either small
or large deformations in . Options exist to use finite elements based on displace-
ment, mixed, and enhanced strain formulations. The material behavior for solid
elements may be modeled by elastic, viscoelastic, or elastoplastic constitutive
equations.

44
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3. FRAMe - The frame element is used to model structural members which include
axial, bending, and (optionally) shearing deformations only. The model is for-
mulated in terms of force resultants which are computed by integration of stress
components over the cross-sectional area of the member. Each element has 2-
nodes and may be used in a two or three dimensional problem. The degrees of
freedom on each node are: Displacements, u;, in the coordinate directions and;
A rotation, 6., about the z-axis for two dimensions and rotations, #;, about all
axes for three dimensions. The degrees of freedom are ordered as: 2-D uy, u,, 6.;
3-D ug,uy, u.,0,,0,,0.;

4. TRUSs - The truss element is used to model structural members which include
axial deformations and forces only. The axial force resultant is computed by
integration of the axial stress component over the cross-sectional area of the
member. Each element has 2-nodes and may be used in any one to three dimen-
sional problem. The degrees of freedom on each node are displacements, u;, in
each coordinate direction; thus, the number is the same as the spatial dimension
of the problem. The degrees of freedom are ordered as: u,, u,, u,

5. PLATe - The plate element is used to model structural behavior of planar bodies
which have one dimension small compared to the two other dimensions. The
element may be used for small deformation analyses only and includes bending
and transverse shearing deformations. Provisions are also included to permit
modeling of plates for which the transverse shearing deformations are ignored.
The model is formulated in terms of force resultants which are computed by
integration of stress components over the thickness of the plate. Each element
may be a triangle with 3-nodes or a quadrilateral with 4-nodes and is used in a two
dimensional problem. The degrees of freedom at each node are: The transverse
displacement, us = w, and rotations ¢, and 0, about the coordinate axes. The
degrees of freedom are ordered as: w, 0, 0,;

6. SHELI - The shell element is used to model structural behavior of curved bodies
which have one dimension small (a thickness normal to the remaining surface co-
ordinates) compared to the other dimensions of the surface. The shell for small
deformations includes bending and in-plane deformations only (no transverse
shearing strains). The model is formulated in terms of force resultants which are
computed by integration of stress components over the cross-sectional thickness
of the shell. Each element is a quadrilateral with 4-nodes and may be used in a
three dimensional problem. The degrees of freedom on each node are: Displace-
ments, u;, and rotations, 6;, about the coordinate axes. The degrees of freedom
are ordered as: Uy, Uy, U, 0,,0,,0, (6-dof); The large displacement shell element
includes in-plane, bending, and shearing deformations in a 5 degree-of-freedom
form. This element is formulated in an energy-momentum conserving form and
may not converge quadratically in general applications.
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7. MEMBrane- The membrane element is used to model structural behavior of
curved bodies which are thin and carry loading by in-plane loading only. These
elements are generally unstable unless attached to a contiguous solid or otherwise
restrained. The model is formulated in terms of the in-plane force resultants and
a cross-sectional thickness. Each element is a quadrilateral with 4-nodes and may
be used in a three dimensional problem. The degrees of freedom on each node
are: Displacements, u,;. The degrees of freedom are ordered as: ug, uy, u;;

8. POINt element - The point element may consist of a mass, linear dashpot, and/or
linear spring. The dashpot and spring are fixed at one end and added to the
degrees-of-freedom specified by the node of a 1-node element. The dashpot and
spring are oriented using a specified direction vector. The element may be used
in any two or three dimensional problem. The degrees of freedom are ordered as:
Uy, Uy, U, (ndm-dof);

9. PRESsure loading - The pressure loading element is used to apply normal loading
to the surface of two or three dimensional objects. The loading is associated with
elements which define the surface on which to apply the load. Loads may be
applied with respect to the normals in the reference configuration (dead loads) or
with repect to the current configuration (follower loads). For follower loads an
unsymmetric tangent matriz results and thus, only use of unsymmetric equation
solvers can result in quadratic rates of convergence. Indeed, convergence may not
be obtained when a symmetric solver is used.

10. GAP - The gap element is used to model a restraint between nodes which permits
only compressive loads to be transmitted. The restraint must be in one of the
coordinate directions. This element may be used in one, two, or three dimensional
problems. General problems involving intermittant contact may also be solved
using the contact option (see Chapter 12).

11. USER - Each user element must be developed and added to the program. Pro-
visions are included which permit the addition of up to 50 additional element
modules to the program. The shape of the element, the number of degrees of
freedom at each node, and other parameters may be set by the user. See the
FEAP Programmers Manual for information on adding a user element.

The first two records of the MATErial set must be:

MATErial ma
type unum mset doflist

where ma is the material set number, type is one of the above element types (e.g., solid,
truss, etc.), unum is the user element number, mset is the material set number given for
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each element (by default it is the material number - this option permits two material
types to access the same element connection list), and doflist is the list of global
degree-of-freedoms to assign the internal element order (by default this is the order
1,2,3,...,ndf). For the standard elements contained in FEAP one needs only the type
parameter unless degrees-of-freedom are to be relocated (e.g., for thermal analysis).

Each element requires additional input data as described below.

6.1 Thermal Elements

The thermal element solves the Fourier heat conduction equation in one, two, or three
dimensional domains. The equation is described by

VIKVT]+Q = pca—T
ot

where K are (constant) thermal conductivity values, V is the gradient operator, @
is heat added per volume, p is mass density and c is specific heat. The degree of
freedom for each node-« is a temperature, T¢, and, by default, is assigned to the first
degree of freedom. For one-dimensional problems each element may be a 2 node or a
3 node line element (see Section 3.1). Two dimensional problems are modeled using
a surface element and each element may be a 3 or 6 node triangle or a 4, 8, 9 or 16
node quadrilateral (see Section 3.2). Two dimensional analyses may be performed for
plain or axisymmetric geometry. Three dimensional problems are modeled using solid
elements and each element is a tetrahedron with 4 or 10 nodes or a hexahedron (brick)
with 8 or 27 nodes (see Section 3.3).

The thermal elements are all based on a standard displacement (Galerkin) formulation.
The material behavior for a thermal analysis is a linear Fourier model given by

q=—-KVT

where q are thermal fluxz values. Both isotropic and orthotropic models are available.
The thermal element is included using the commands:

MATErial 1
THERmal
FOURier isotropic K ¢
DENSity mass rho
LOAD HEAT Q

! blank termination record

for isotropic behavior or for orthotropic materials
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MATErial 1
THERmal
FOURier ORTHotropic K-1 K-2 K-3 ¢
DENSity mass rho
LOAD HEAT Q

! blank termination record

where K — ¢ are the principal conductivities. Input of the material set is terminated
with a blank record.

For an axisymmetric analysis in a two dimensional domain, it is necessary to add the
command AXISymmetric to the material data, thus for an isotropic material the data
is given as

MATErial 1
THERmal
FOURier isotropic K ¢
DENSity mass rho
LOAD HEAT Q
AXISymmetric

I blank termination record

Data in the set is not dependent on order except for the MATE and THERmal commands
which must be the first and second data records, respectively. Only data needed for
the analysis type to be performed must be included. Thus, if an anlysis is steady state
only (static) the DENSity record may be omitted. Similarly if ) = 0 the LOAD record
may be omitted.

FEAP will pick the quadrature order depending of the element type and order, however,
users may specify the quadrature order as data using the command

QUADrature order gq-1 g-2

where g-1 is the order used to compute arrays and q-2 the order for printed outputs.
Similarly, the mass matrix type is consistent by default. The command

MASS CONSistent
explicitly gives this option or alternatively a command

MASS LUMP
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may be used to specify a diagonal (lumped) mass. Indeed, an interpolation between a
consistent and a lumped mass may be specified using the command

MASS type a

in which a mass is computed using
M = (1 - Cl) Mlump + aMcons

In some cases a better or smoother answer may be obtained using an interpolated form
(e.g., see pp. 476 [1] and [15]).

6.2 Solid Elements

Solid elements are used to analyze problems in solid mechanics which are modeled as
plane stress, plane strain, axisymmetric deformations in two dimensions or as full three
dimensional deformations. This analysis type is designated within a material set by
the type SOLId. For two dimensional problems each element may be a triangle with 3
or 6 nodes or a quadrilateral with 4, 8 9, or 16 nodes (enhanced formulation permits
only 4-node quadrilaterals). The degrees of freedom on each node are displacements,
u;, in the coordinate directions. The degrees of freedom are ordered as: 2-D Plane
problems, u,, u,, coordinates are z,y; 2-D Axisymmetric problems, u,, u., coordinates
are r, z; For three dimensional problems each element is a 4 or 10 node tetrahedron
or an 8 or 27 node hexahedron (brick) with degree-of-freedoms u,,u,, u, (enhanced
element may only be an 8 node hexahedron).

6.2.1 Small deformation analysis

By default all analyses for solid elements are performed using a small deformation
assumption where strains € are expressed in terms of displacements as

1
€e=3 [Vu +(Vu)"

For small deformation analyses the material behavior may be linear elastic, linear
viscoelastic, or elaso-plastic.
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Linear elastic models

The constitutive behavior for linear elastic behavior is given by Hooke’s law expressed
as
oc=Dle— a(T -1T)]

where o are stresses, D are elastic moduli, « is coefficient of linear thermal expansion,
and Tj is a stress free temperature. The temperatures 7" may be either specified at
nodes (see Appendix A, command TEMP) or computed by a thermal analysis.

For an isotropic material in which the independent material properties are given as F,
v, a and p the input data is given by the command set

MATErial 1
SOLId
ELAStic ISOTropic E nu
DENSity mass rho

THERmal ISOTropic alpha T-0
I blank termination record

The property ELAStic is required for all types of SOLId elements. After the SOLId spec-
ification, commands may be given in any order. Input of the material set is terminated
with a blank record.

In addition to an istropic model FEAP permits analyses for transversely isotropic,
orthotropic and general anisotropic models. For a transversely isotropic material the
elastic properties are input as Fq, Es, 112, 31 and Gz = G371 as

ELAStic TRANsverse E-1 E-2 nu-12 nu-31 G-23

with coordinate direction 2 (y) is normal to the plane of isotropy. The direction of the
normal may be changed only by a rotation about the 3 (z) axis using the command

ANGLe  axis psi

where 1) describes the angle in degrees.

For an orthotropic material the properties are given as:
ELAStic ORTHotropic E-1 E-2 E-3 nu-12 nu-23 nu-31 G-12 G-23 G-31

and by default are described with respect to the 1 (z), 2 (y), and 3 (z) axes. Again a
rotation may be specified about the 3 axis using the ANGLe command.
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For general anisotropic behavior the properties may be input as moduli or as compli-
ances. The input data is specified as:

ELAStic COMP (or MODU) n

c-1,1 C-1,2 ... C-1,n
c-2,1 C-2,2 ... C-2,n
C-n,1 C-n,2 ... C-n,n

Although the full array must be input FEAP assumes symmetry and retains only a
triangular part. Users should be especially careful that the input compliances or moduli
define a positive definite matrix which has a unique inverse. For compliance inputs,
FEAP performs the inverse and saves the properties as moduli.

Currently, the most general input for the thermal expansion array is for orthotropic
behavior where input is given as

THERmal ORTHotropic alpha-1 alpha-2 alpha-3 T-0

for the principal directions. These are transformed also when a nonzero angle is given
by the ANGLe commend.

The default element formulation type is a displacement model. FEAP also contains a
mixed model and an enhanced strain model as options (see [1]). To designate another
formulation type the commands are given as:

MATErial,1
SOLId
ELAStic ....
MIXEd, ENHAnced, or DISPlacement

When an effective Poisson ratio is high (e.g., greater than 0.4) shear locking may be
avoided using either the mixed formulation or an enhanced strain formulation (see [1]).

There are five solid element types: (1) Displacement model; (2) Mixed u—p— 6 model,
(3) Enhanced strain model; (4) Mixed-Enhanced model; and (5) Energy-Momentum
conserving model. Types currently available in each analysis form are discussed next.

6.2.2 Two dimensional formulations

The input options for two dimensional analysis are:
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e PLANe STRAin, PLANe STREss or AXISymmetric;
e SMAL1 or FINIte;
e DISPlacement, MIXEd; ENHAnced; MIXEd ENHAnced or CONServing;

e MASS LUMPed, MASS CONSistent or MASS OFF;

In two dimensional applications the displacement and the mixed formulation may be
described by elements with between four (4) and sixteen (16) nodes. The elements
described by this range are shown in Figs. 3.2 and 3.3. The enhanced strain and
mixed-enhanced elements are limited to four (4) node quadrilaterals only. A three
node triangular element may be formed for the displacement model by repeating the
number of any node or by specifying only three nodes on an element.

6.2.3 Three dimensional formulations

The input options for threeo dimensional analysis are:

e SMALI or FINIte;
e DISPlacement, MIXEd; ENHAnced; MIXEd ENHAnced or CONServing;

e MASS LUMPed, MASS CONSistent or MASS OFF;

In three dimensional applications the displacement and the mixed formulation may
be described by elements with between eight (8) and twenty seven (27) nodes. The

Type: SOLId Command | Option Dimen. | Node/Elm.
Name Name NDM NEL
Displacement SMAL DISP 2 3-16
Mixed SMAL MIXE 2 3-16
Enhanced SMAL ENHA 2 4
Mixed-Enhanced | SMAL MIXE ENHA 2 4
Engy-Momentum | SMAL CONS 2 3-16
Displacement SMAL DISP 3 4-27
Mixed SMAL MIXE 3 4-27
Enhanced SMAL ENHA 3 8
Engy-Momentum | SMAL CONS 3 4-27

Table 6.1: Options for Small Deformation Solid Elements
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Type: SOLId Command | Option | Dimen. | Node/Elm.
Name Name NDM NEL
Displacement FINI DISP 2 3-16
Mixed FINI MIXE 2 3-16
Engy-Momentum | FINI CONS 2 4
Displacement FINI DISP 3 4-27
Mixed FINI MIXE 3 4-27
Enhanced FINI ENHA 3 8
Engy-Momentum | FINI CONS 3 8

Table 6.2: Options for Large Deformation Solid Elements

elements described by this range are shown in Fig. 3.4. The enhanced strain and
mixed-enhanced elements are limited to eight (8) node hexahedral bricks only. A four
node tetrahedral element may be formed for the displacement model by specifying
only four nodes on an element. The displacement model may also describe a wedge or
pyramid shape by coallescing appropriate nodes of a hexahedron.

The options available for use with the solid elements are summarized in Tables 6.1 and
6.2 and in Chapter 7.

6.3 Frame Elements

Frame elements can treat small and large displacement problems. for two and three
dimensional geometries. A frame element is included using the commands:

MATErial,1
FRAMe

All frame elements have two nodes.

Four types of elements are provided in two dimensions: A small displacement element
based on Euler-Bernouli theory (no shear deformation); a small displacement element
based on Timoshenko theory (with shear deformation); a large displacement with small
rotation element (2nd order theory, no shear deformation); and a large displacement
and large rotation element with shearing deformation. All element types can consider
linear elastic behavior and the elements with shearing deformation can consider in-
elastic behavior for bending and axial effects but retain linear elastic response in the
transverse shear terms.
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Type: FRAMe Command | Dimen. | Interp. Material Models

Name NDM Order | Elastic | Viscoelastic | Plastic | User
Euler-Bernouli 2 SMAL | Cubic Yes No No No
Euler-Bernouli 3 SMAL | Cubic Yes No No No
Second Order 2 NONL | Cubic Yes No No No
Second Order 3 NONL | Cubic Yes No No No
Simo-Vu Quoc 2 FINI Linear Yes Yes Yes Yes
Simo Engy Mom. 2 FINI Linear Yes Yes Yes Yes
Ibrahimbegovic 3 FINI Linear Yes Yes Yes Yes
Simo Engy Mom. 3 FINI Linear Yes Yes Yes Yes

Table 6.3: Options and Material Models for Frame Elements

Two types of elements are provided for three dimensions: A small deformation element
based on Euler-Bernouli theory and a large displacement, large rotation element based
on exact the kinematic formulation of Simo et. al. ~ [16, 17| and Ibrahimbegovic [18].
The large displacment element includes elastic resultant and one dimensional models
with inelastic behavior based on integration over the cross section. Cross sectional
shapes are included for thin tubes, solid circular shape, rectangles, angles, channels,
and wide flange shapes.

For elastic behavior only the large displacement elements may be used in transient
analyses based on the energy-momentum conserving algorithm of Simo [19].

The required data for frame elements is the material model, cross section data, and for
three dimensional frames geometric information to orient the coordinate axes of the
cross section. To definie the orientation of the cross section for a three dimensional
analysis it is necessary to define a REFErence VECTor, DIREction, or NODE.

MATErial,1
FRAMe
REFErence VECTor or NODE or DIREction

ELAStic models are required with inelastic models supplemented by plastic or vis-
coelastic properties. The cross section data is given either as CROSs section properties
or SECTion types. The geometric data for orienting cross section axes is given by
REFErence VECTor or REFErence NODE options.
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6.4 Truss Elements

The truss elements include small and large deformation formulations. The elements
have two nodes and include a number of one dimensional constitutive models as indi-
cated in the next chapter. The truss element is included using the commands:

MATErial,1
TRUSs

Required data is material model (e.g., typically ELAStic) and cross section CROSs
giving the area of the section.

6.5 Plate Elements

The plate element is restricted to small deformation applications in which only the
bending response of flat slabs is included. The problem is treated as a two-dimensional
problem for the mesh (in the x;-z5 coordinate plane). At present only linear thermo-
mechanical response is included for the material models. Each element may be a three
node triangle or a four node quadrilateral. The plate element is included using the
commands:

MATErial,1
PLATe

Required data is the material model (e.g., ELAStic) and the thickness given by the
THICk option.

6.6 Shell Elements

The shell elements are capable of both small and finite deformation analysis. Both
resultant and through thickness integration forms are available for the small displace-
ment formulation. For the through thickness formulation all the constitutive forms
available for the two-dimensional small deformation analyses are also available for the
shell. The resultant formulation is restricted to elastic behavior. The large displace-
ment element is also currently restricted to an elastic resultant formulation. The small
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deformation model includes bending and membrane strains only - no transverse shear-
ing deformation is included - thus restricting application to thin shell problems only.
The finite deformation shell is based on the energy-momentum conserving development
of Simo et. al. [20] and includes exact large displacement deformations for membrane,
bending and shearing strains. Since the formulation is based on the energy-momentum
algorithm it is necessary to specify a TRANsient analysis with either the STATic or
CONServing options (see chapter on transient solutions). Also, the tangent matrix is
non-symmetric, thus to achieve quadratic rates of convergence the UTANgent solution
command must also be employed. The shell element is included using the commands:

MATErial,1
SHEL1

Required data is the material model (e.g., ELAStic) and the thickness given by the
THICk option.

6.7 Membrane Elements

The membrane elements are derived from the shell elements by deleting the bending
and shearing deformations, thus leaving only the in-plane strain deformation terms.
Elements for small and large displacements are included but are restricted in the current
release to elastic behavior. The membrane element is included using the commands:

MATErial,1
MEMBrane

Required data is the material model (e.g., ELAStic) and the thickness given by the
THICk option.

6.8 Point Element

The point elements are restricted to linear elastic behavior with linear dashpot and
point mass. The point element material set is included using the commands:

MATErial,1
POINt
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MASS m
DAMPer c
SPRIng k
ORIEnt v_1,v_2,v_3 (ndm values)

The ORIEnt vector is used to describe the direction cosines for the orientation of the
dashpot and spring. The input order for MASS, DAMPer, SPRIng and ORIEnt is ar-
bitrary. Unspecified terms are assumed zero. The ORIEnt command is required if a
damper or spring is specified.

6.9 Pressure: Follower loads

The pressure load element is specified by material set records:

MATErial,1
PRESsure
LOAD p prop-1d

Loading is specified by options LOAD and, for follower loads by FINIte or FOLLower.
Loading intensity may be associated with the proportional loading number prop-1d.

6.10 Gap Element

The gap element requires very little data to use. The material record is given as:

MATErial,1
GAP
DIREction,x-dir
DEGRee,n-dof
PENAlty,pen-value
! blank termination record

where x-dir is an integer ranging from 1 to ndm; n-dof is the degree-of-freedom to
which the gap condition is applied and pen-value is a penalty parameter used to
enforce the constraint. The gap element is used with a two node element where, if
x-dir is positive, the first to second node indicate a positive direction to enforce the
constraint and if x-dir is negative the first to second node are taken in a negative
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coordinate sense. If n-dof has the same value as the absolute value of x-dir the gap
is treated in a phsical sense. However, if it is different, a 'gap’ condition between the
displacements of the two nodes is used. Thus, for the equal sense and a positive x-dir
a movement of the second node in a positive x-dir relative to the first node opens the
gap without restraint or reduces the restraint force until an opening takes place. A
negative motion of the second node relative to the first closes the gap, and when the
distance between the two is negative or zero a penalty restraint is inserted. If x-dir is
negative an opposite interpretation to the above is used. If the penalty is too small an
overlap of the regions will exist and if it is considered to be excessive either the penalty
parameter value should be increased or an augmented Lagrangian solution should be
performed.

A fully Lagrange multiplier form of the gap element may also be used by specifying
a third node on the element. One degree of freedom from the third node (i.e., the
dof n-dof) will be used to store the Lagrange multiplier value. Special care must be
used when using any Lagrange multiplier solution method as no diagonal results in the
tangent solution matrix for this equation. To avoid solution difficulties it is usually
required to use a direct solution method in which the profile (active column)solver is
used — this is the default solver or may be specified using either of the commands:

DIREct | In-core solver

DIREct,BLOCk I Qut-of-core blocked solver

while in BATCh or INTEractive solution mode.

6.11 User Elements

The specification of user elements must contain a number of an element module
which has been added to FEAP. Each user developed element module is designated as
subroutine elmtnn(...), where nn ranges from 01 to 50. Accordingly, a typical set
of data for a user element elmt12 is given as:

MATErial,1
USER 12 ! Use elmt12(...) module
XXXXXX I Additional data records

I blank termination record
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MATERIAL MODELS

The data input for each of the current material options is summarized below. Tables
are included to indicate which elements types can use each type of data option. As
much as possible a common format and notation is used for all the element types.

7.1 Heat Conduction Material Models

For thermal analysis a linear heat conduction capability is included in FEAP. The
constitutive equation is given by a linear Fourier model in which the heat flux q is
related to the thermal gradient h = VT by the relation

q = — Kh (7.1)
where, in the principal directions,
) K, 0 O
K = 0 Ky O (7.2)
0 0 K;

The principal conductivities K may be transformed to a global set using
K=R"KR (7.3)

Currently the transformation array may only be specified as a rotation ¢ about the
global 3-axis (z-axis) which gives

cosy —siny 0
R |siny cosv 0
0 0 1

59
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The rotation angle in degrees is given by the ANGLe command (see Table 7.1).

The values for K; and, for transient problems, the specific heat, ¢, are specified using the
command FOURier,0RTHotropic or for the case where all are equal using FOURier,ISOTrop-
ic as indicated in Table 7.1. The mass density is given by the DENSity command.

Command | Type Parameters
FOURIier | ISOTropic K, c
FOURier | ORTHotropic | K1, Ks, K3, ¢
ANGLe Y

DENSity p

Table 7.1: Heat Conduction Material Model Data Inputs

7.2 Linear Elastic Models

A linear elastic material model in FEAP is given by
e=Co+é€" (7.4)

where € and o are the stress and strain arrays and C is the elastic compliance array.

For analysis purposes the model in inverted to:
oc=D[e—€"]=De+p" (7.5)
where D is the elastic modulus array defined as:
D=C! (7.6)

and
B =-De" (7.7)

FEAP permits use of either isotropic, transversely isotropic, orthotropic or general
anisotropic linear elastic models which include both mechanical and thermal effects.

7.2.1 Isotropic Linear Elastic Models

An isotropic model is defined by two independent elastic parameters for C and two
parameters for 8.
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The elastic parameters used to define C are taken as Young’s modulus, E, and Poisson’s
ratio, v. The elastic compliance array is defined as:

A A
EE IS
- | E E E
C = 0 0 0 & 00 (7.8)
0 0 0 0 & 0
0 0 0 0 0 ]
with the shear modulus G related through
E
G = —— . 7.9
2(1 +v) (7.9)
For isotropic materials the thermal strain is given by
e = AT (7.10)

So oL QR

where « is the coefficient of linear thermal expansion and AT = T — Ty, where Ty is
the temperature where thermal strains vanish.

The data input for the thermo-mechanical isotropic model is given as:

MATErial 1
SOLId
ELAStic ISOTropic E nu
THERmal ISOTropic alpha TO
! blank termination record

Additional data options and parameters are defined in Table 7.2.

For problems in which no thermal effects are included it is not necessary to specify
values for o and Ty.
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Command Type Parameters

ELAStic I[SOTropic E v

ELASth ORTHOtI‘OpiC El, EQ, E3, V19, V23, V13, Glg, Ggg, Ggl
ELAStic TRANsverse | E1, Es, 110,113, G31

DAMPing RAYLeigh a0 , al

PLAStic MISEs Yo, Yo, 3

PLAStic HARDening | H;s, Hyin

VISCoelastic i, Ti

THERmal [SOTropic a, Ty
THERmal ORTHotropic | aq, as, as, T
FOURier [SOTropic K, c
FOURIier ORTHotropic | Ky, Ky, K3, ¢
ANGLe (0

DENSity p

Table 7.2: Material Model Data Inputs

The elastic moduli for all cases except plane stress is given by

[ (1-v) v v 0 0 0
v (1—-v) v 0 0 0
D — E v v (1—-v) 0 0 0
(A +v)(1-2v) 0 0 0  (1-2v)/2 0 0
0 0 0 0 (1-2v)/2 0
| 0 0 0 0 0 (1-2v)/2
7.11)
For plane stress the condition o33 = 0 is enforced to give
€33 — — % ((711 + (722) + a AT (7.12)
and ) )
(1—-v) v 0 0 0 0
v (1—v) 0 0 00
E 0 0 0 0 0 0
b = (1—12) 0 0 0 (1-v)/2 0 0 (7.13)
0 0 0 0 0 0
0 0 0 0 0 0 ]

In general, all constitutive models in FEAP are defined in terms of all possible stress/strain
components. For plane and axisymmetric deformations the components €y3 and €31 are
zero and thus also give 0,3 and 031 as zero.
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7.2.2 Orthotropic Linear Elastic Models

The linear orthotropic elastic material model in FEAP is expressed in the principal
material directions as

¢ = Cé + & (7.14)
where € and o are the stress and strain arrays in the principal material directions and
the elastic compliance array C in principal material directions is given by:

B om0 000
“E g R0 00
. T (R
— E. E. E
C=1¢ ¢ ¢ & o o (7.15)
0 0 0 0 & o0
0 0 0 0 0 &

where E; are Young’s moduli in principal directions, v;; are Poisson ratios for strains
measured in principal directions and G;; are shear moduli for the principal directions.
The above sign convention corresponds to

1 i .
Cii:E and Cij:—%z for 4,7=1,2,3

and the definition of terms is identical to that given by Christensen [21] (except for
shear modulus terms).

The thermal strain is given by:

o
&%)
e = 063 AT = &AT (7.16)
0
_0_
where
AT =T — Ty, (7.17)

«; are coefficients of linear thermal expansion and Tj is a specified reference tempera-
ture.

The orthotropic material parameters are input as shown in Table 7.2 using the com-
mands ELAStic,0RTHotropic and THERmal,ORTHotropic. For 2-dimensional analyses
the values of Go3 and G3; are not used and may be omitted. The angle the principal
directions makes with the x; (or x) axis for plane stress and plane strain analyses or
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the r axis for axisymmetric analysis may be specified using the material ANGLe com-
mand as shown in Table 7.10. Using this angle FEAP transforms the input material

compliances to R
C=R'CR (7.18)
and converts the constitutive equation to the form given in Eqgs. 7.5 to 7.7.

Material data is given by the command set:

MATErial 1
SOLId
ELAStic ORTHotropic el e2 e3 nul2 nu23 nu3l gl2 g23 g31

THERmal ORTHotropic al a2 a3 tO

ANGLe  axis-1 psi
! blank termination record

The ANGLe command describes the angle in degrees which the principal material axis
1 makes with the x; axis. For the transformation defining R it is assumed that the
principal material axis 3 coincides with the direction of the z3 axis.

Additional data options to describe materials and their parameters are defined in Table
7.2.

The types of elements for which elastic material models may be specified is indicated
in Table 7.3.

Command Solid | Truss | Frame | Plate | Shell | Membrane | Thermal
ELAStic X X X S X X -
PLAStic X X F - S -

VISCoelastic X X F - - - -
THERmal X X X X - X -
FOURIier X X - - - _ X
ANGLe X - - X X X X
DENSity X X X X X X X

Table 7.3: Material Commands vs. Element Types. X=all, F=finite, S=small.

7.3 Isotropic Finite Deformation Elastic Models

Finite deformation hyper-elastic models are provided in FEAP for several stored energy
functions which are written in terms of deformation measures.
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Deformation measures may be defined in terms of positions in the reference configu-
ration, denoted by X, and positions in the current configuration, denoted by x. The
motion of a point from the reference to the current configuration at time ¢ is expressed
as

x=p(X,1) (7.19)
The deformation gradient is then defined as
Iy
F = 2
X (7.20)

Additional measures of deformation are given by the right Cauchy-Green deformation
tensor

C=F"F (7.21)

and the left Cauchy-Green deformation tensor
b=FF" (7.22)

A measure of strain is provided by the Green strain

E = % (C—1) (7.23)

The hyper-elastic model expressed in terms of the strain energy function as a function

of C is given by

oW (C)
oC

where W is a stored energy function. Stress in the current configuration may be deduced

by transformation (pushing) the stress. Accordingly

S:

(7.24)

o= %FSFT (7.25)

Isotropic models may be expressed in terms of the invariants of the deformation tensor.
Accordingly, the three principal invariants given by

Io =trC (7.26)
1
e =3 (12 —trC?) (7.27)
and
IIlg =detC = J? (7.28)

where J is det F may be used to write the stored energy function.
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The deformation tensor may also be expressed in terms of principal stretches, A4, and
their associated eigenvectors, IN 4. Accordingly, one may write

3
C=> MiNi®Ny4 (7.29)
A=1

The invariants are then given by

Ic =X+ X+ )3 (7.30)
To = N3+ A3A; + A3\ (7.31)

and
I1Ie = MA3)3 (7.32)

Alternatively, the three principal stretches may be used directly to write the stored
energy function. Both forms are used in FEAP.

In FEAP the isotropic elastic moduli are defined to match results from the small strain
isotropic elastic models. Accordingly, they only require specification of the elastic
modulus, F, and Poisson ratio, v or, equivalently, the bulk modulus, K, and shear
modulus, G.

7.3.1 St. Venant-Kirchhoff and Energy Conserving Model

The simplest model is a St. Venant-Kirchhoff model given by:
S=DEFE (7.33)

where S is the second Piola-Kirchhoff stress, E is the Green strain, and D are the
elastic moduli. This model may be deduced from the stored energy function

1
WziﬁbE (7.34)
For isotropy the model may be written in terms of the invariants of E; however, the

D will have the same structure as in an isotropic linear elastic material (see Section
7.2.1).

The material data set for the St. Venant-Kirchhoff model is given as

MATErial 1
SOLId
ELAStic STVE(or STVK) E nu
! blank termination record

for an isotropic material where a FINIte statement is optional; or by for an orthotropic
material where the FINIte is required to distinguish from the small deformation case.
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Energy Conserving Model

The same constitution is used to implement an energy-momentum algorithm for finite
deformation analyses. The data to perform an energy-momentum conserving form is
given as

MATErial 1
SOLId
FINIte
ELAStic CONServing E nu
! blank termination record

Recall that the location of the FINIte command is not order dependent so that the
commands can also be.

MATErial 1
SOLId
ELAStic CONServing E nu
FINIte
! blank termination record

Optionally the finite deformation designation also may be given for all elements as
GLOBal data as:

GLOBA1
FINIte
I blank termination record

Fung Model

A variant of the St. Venant-Kirchhoff model which is used in some biomechanics
applications is the Fung model expressed by the stored energy function as

W(E) = C exp(ETAE) (7.35)

Here the array A has identical structure to an orthotropic elastic tensor, but is di-
mensionless, and the parameter C' has dimensions of modulus. The input for the Fung
model is given as:

MATErial 1
SOLId
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ELAStic FUNG C A_11 A_22 A_33 A_12 A_23 A_31 A_44 A_55 A_66
ANGLe  axis-1 psi
FINIte

! blank termination record

The St. Venant-Kirchhoff and Energy Conserving models should not be used for prob-
lems where large compressive deformations are expected. For the parameters selected,
these models give identical results to the small deformation isotropic model if deforma-
tions are truly infinitesimal. It is also an acceptable model to use if the displacements
are large, but strains remain small. For situations where large elastic deformations
are involved the NEOHookean, MNEQhookean, or 0GDEn models discussed next should be
used. All the available isotropic models and their required inputs are summarized in
Table 7.4.

Command | Type Parameters
ELAStic NEOHookean | E,v
ELAStic | MNEOhookean | E, v

ELAStic OGDEn K, Cl, ai, CQ, aa, 037 as
ELAStic | STVK E,v
ELAStic | STVE E,v
ELAStic CONServe E v

Table 7.4: Isotropic Finite Deformation Elastic Material Models and Inputs

7.3.2 Neo-Hookean and Modified Neo-Hookean Models

The stored energy functions for finite deformation hyper-elastic models are split into
two parts. The first part defines the behavior associated with volume changes and the
second the behavior for other deformation states. The volumetric deformation part is
defined by a function U(.J), where J is the determinant of the deformation gradient F,
multiplied by a material parameter. The volumetric function in FEAP is taken as

U(J) =1In*J (7.36)
where [n is the natural logarithm.

The neo-Hookean hyper-elastic model is deduced from the stored energy function

W= (K - §G> U(J) + %G (I — 3) (7.37)



CHAPTER 7. MATERIAL MODELS 69

The parameters K and G are equivalent to the small strain bulk and shear moduli,
respectively. Input data for the model is specified in terms of the equivalent small
strain modulus (£) and Poisson ratio () such that the K and G are given by

E E
K:m : G:m (7.38)

The data set to use this form is given by

MATErial 1
SOLId
FINIte
ELAStic NEOHook E nu
! blank termination record

A modified form to the neo-Hookean model is also available. The modified form defines
a stored energy function which splits the two terms into pure volumetric behavior and
pure deviatoric behavior. To accomplish the construction the deformation gradient is
split into the product of a volumetric and deviatoric form as

F=F,, Fy, (7.39)
where
F,,=J"1 (7.40)
and
Fy, = J PF (7.41)

The stored energy function is then given as

W=KU(J)+ % G (J*PIc - 3) (7.42)

The parameters K and G are again specified by their small strain equivalent £ and v
defined in Eq. 7.38.

The data set to use the modified form is given by

MATErial 1
SOLId
FINIte
ELAStic MNEOHook E nu
! blank termination record
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7.3.3 Ogden Model

FEAP also contains a model for hyper-elastic behavior which is expressed directly in
terms of dewviatoric principal stretches, A4. This model has a stored energy function
expressed in the form:

W=KU(J)+ 23: w(ha, J) (7.43)

and is based on the Valanis-Landel hypothesis (|22, 23]). The deviatoric principal

stretches are defined as .
g = J 3, (7.44)

and used to write the scalar stored energy functions as

wiha) =Y G (Xfﬁ{ - 1) (7.45)

— Q;
j J

where, in FEAP, j can range from 1 to 3 terms. The data input for the Ogden model
is given as

MATErial 1
SOLId
FINIte
ELAStic OGDEn K C_1 a_1 C_2 a_2 C_3 a_3
! blank termination record

7.3.4 Logarithmic Stretch Model

An alternative principal stretch model is defined by strains expressed as
eq = log Ay (7.46)

The stored energy function for this form is identical to the small strain isotropic model
expressed in principal strains. Accordingly,

3

W) = % (K - §G> (Z eA> +G Zei (7.47)
A=1

A=1

The stress-strain behavior for principal stresses o4 and principal strains €4 is given by

o1 (1-v) v v €1

E
gy p = v (1—-v) v ) (7.48)
o3 (L+v)(1—2v) v v (1—-v) €3
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The transformation to the global stresses is carried out as defined in Ogden [23].

This form of the finite strain implementations in FEAP is the only one which may be
used in elastic-plastic analyses. It is not recommended for situations involving hyper-
elastic behavior at large strains. The data input for the logarithmic stretch model is
given as

MATErial 1
SOLId
FINIte
ELAStic log E nu
! blank termination record

Note that the descriptor log is placed to fill the second field, it is not used explicitly
by FEAP, indeed any word except STVK, STVE, ORTH, NEOH, MNEQ, OGDE or CONS may be
used here. One choice is to use ISOT since then the FINIte command may be removed
to test the mesh in a small deformation environment (which converges more quickly
than the finite one and thus may be used to find mesh errors more easily).

7.4 Viscoelastic Models

Materials which behave in a time dependent manner require extensions of the elastic
models cited above. One model is given by viscoelasticity where stress may be related
to strain through either differential or integral constitutive models (e.g., see FEAP
Theory Manual). At present, the implementation in FEAP is restricted to isotropic
viscoelasticity in which time effects are included for the deviatoric stress components
only. If we split the stress as:

O = Oyol 1+ O dev (749)

where o0, represents the spherical part given by %akk and o 4., 1s the deviatoric stress
part. Similarly the strain may be split as

1
€ = 591 + Edew (7.50)

where 6 is the trace of the strain (ex) and €4, is the deviatoric part.

The constitutive equation may now be written as

t
ey = QG/ p(t —7) dedey dr (7.51)

o dr
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where pu(t) is a relaxation function. The term G u(t) is called the relaxation modu-
lus function. In FEAP the relaxation function is represented by a Prony series (in
exponential terms)

w(t) = po+ Z [1; exp —t/7; (7.52)

The 7; are time parameters defining the relaxation times for the material and the u; are
constant terms. Currently, FEAP limits the representation to three (3) exponential
terms. The value of p is computed from

po = 1— Z i (7.53)

Thus, the elastic modulus G represents the instantaneous elastic response and G pg the
equilibrium, or long time, elastic modulus. Only positive u; are permitted and care
must be taken in defining the u; to ensure that pug is positive or zero. If uq is zero the
response can have steady creep and never reach an equilibrium configuration.

Input data for a one term model is given by the following data set:

MATErial 1
SOLId
ELAStic ISOTropic 30e+06 0.3
VISCoelastic terml 0.7 10.0
! blank termination record

Here py is 0.7 giving a pg of 0.3. The relaxation time is 10 time units.

After defining the response by the above exponential representation, the constitutive
equations are integrated in time by assuming the strain rate is constant over each time
step. The method for integration uses exact integration over each time step and leads
to a simple recursion for each exponential term (e.g., see [24]). Additional details are
also given in the FEAP Theory manual.

For finite deformation problems the viscoelastic parameters are related to the second
Piola-Kirchhoff stress and Green strain.

7.4.1 Frequency based solutions

Linear viscoelastic problems may also be formulated in a form dependent on steady
state cyclic loading at a frequency w. In this form the response quantities must be
expressed in complex arithmetic, with a real response defining amplitude and an imag-
inary one phase change. We represent the complex stress as * and the complex strain
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as €* in which

o = optiog

€ = eptieg (7.54)
with i = v/—1. With this representation we may then write the viscoelastic material
response as

o*(w) = D*(w) €*(w) (7.55)

where D*(w) are frequency dependent complex moduli.

If we split the stress into volumetric and deviatoric components as

*x * *
o = Oyal 1 + O dev

€ = 0e+e€,

(7.56)
and consider isotropic materials only we can write the response in terms of two complex
modulus functions as

oy = K*0* and o),,=2G"¢€;, (7.57)
where K* and G* are the complex bulk and shear moduli, respectively. The bulk and
shear modulus functions have the real and imaginary parts

K* = Kp+iKg
G* = Gp+iGg . (7.58)
In the sequel we shall assume that the volumetric response is purely elastic so that

Kg =0 at all values of w.

In FEAP the viscoelastic relaxation (time)(time) function is represented by a series of
exponential terms and written as

G(t) =G

fo + Z i €Xp —t/n] : (7.59)

In this form G is the elastic modulus of elasticity, 7; are relazation times and p;;i =
0,1,,n are dimensionless parameters which again satisfy

po+ Y pi=1 withuopu; >0 . (7.60)

(]

The complex shear modulus for this representation has real and imaginary parts given
by

Gr = G

- WT;
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The input form for input of the viscoelastic parameters is described in Section 7.4.
When a problem form is given as:

*COMplex ' Requests complex storage/solution
FEAP * *x title record

MATErial
SOLId
ELAStic  ISOTropic E nu
VISCoelastic term_i mu_i tau_i

END

the problem will be considered to be frequency dependent. In this case the solution
command sequence given by

DT, ,Domega
LOOP frequency nn
TIME | omega <- omega + Domega
TANG, ,1 I performs complex solution
NEXT

defines the solution process for uniformly space w steps. Changing the value in the
command DT changes the frequency interval. Note that solutions in the frequency
domain must be linear; thus, no iterations are required (if iteration is specified the
residual should be zero for the second and any subsequent iterations). Note that
omission of the *COMplex statement before the FEAP start record will result in the
program performing all operations in real arithmetic.

Remark 1: Currently, only the solid, displacement model elements can treat complex
materials.

Remark 2: Omission of the viscoelastic terms results in a material with all imaginary
moduli set to zero. Linear elastic and viscoelastic materials may be used in the same
analysis.

7.5 Plasticity Models

Classical elasto-plastic material models are included in FEAP for small and finite
deformation problems. The finite deformation model is based on logarithmic principal
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stretches and product split of the deformation gradient. This leads to a form which is
similar to that for small strains. Accordingly, here we limit our discussion to the small
strain problem.

The stress for an elasto-plastic material may be computed by assuming an additive
split of the strain as
€= et (7.62)

An associative flow rule is assumed so that the plastic strain rate may be computed

from a yield function, F, as
L OF

=4 —

s
The relation may be integrated in time using a backward Euler (implicit) time inte-
gration to compute a discrete form of the problem.

(7.63)

Isotropic and kinematic hardening are also added to the model. The kinematic hard-
ening is limited to a linear form where it is assumed that

a = Hyp, €7 (7.64)

where « is the back stress and Hy;, is the kinematic hardening modulus. The isotropic
hardening is taken in a linear and saturation form as

Y(epl) =Y+ (Yo —Y)exp(—p epl) + H;,, e (7.65)

where Y is the initial uniaxial yield stress, Y, a stress at large values of strain, § a
delay constant, and H;,, is a linear isotropic hardening modulus. The accumulated
plastic strain is computed from

t
el = / ydr (7.66)
0
In FEAP the discrete problem is solved using a closest point return map algorithm
(e.g., see [25, 26, 27]).

Input properties for a simple material with no saturation hardening and linear isotropic
hardening is given by:

MATErial 1
SOLId
ELAStic ISOTropic 30e+06 0.3
PLAStic MISEs 30e+03

PLAStic HARDening 3000 O
! blank termination record
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7.6 Mass Matrix Type Specification

The mass matrix for continuum problems and the specific heat matrix for thermal
problems may be either a consistent, lumped, or interpolated form. By default FEAP
uses a lumped matrix. If Mc,,s is the consistent matrix and My, is the diagonal
lumped matrix, the interpolated matrix is defined as:

Minterp = (1 - CL) Mcons + aMlump (767>

The type of mass and, where required, the parameter a are input using the MASS
command as shown in Table 7.5 and the elements which are affected by the command
are indicated in Table 7.6.

Command | Type Parameters
MASS LUMPed
MASS CONSistent
MASS OFF

MASS a

Table 7.5: Material Model Mass Related Inputs

‘Command Solid | Truss | Frame | Plate | Shell | Membrane | Thermal
\MASS X X X X - - X

Table 7.6: Mass Command vs. Element Types

7.7 Rayleigh Damping

The effects of damping may be included in transient solutions assuming a damping
matrix in the form

C =aM+ K (7.68)

This defines a form called Rayleigh Damping. The input for this form of damping is
given by:

MATERIAL

DAMPing RAYLeigh a0 al
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This command is only included for small deformation elements using a linear elastic
material model and is used only for time dependent solutions specified by a TRANsient
solution command. Rayleigh damping may also be defined for modal solutions (Section
14.3.2).

7.8 Element Cross Section and Load Specification

7.8.1 Resultant formulations

The plane stress and structural elements require specification of cross-section informa-
tion. For the plane stress, plate, and shell elements this is a thickness which is specified
using the THICkness command as shown in Table 7.7. The plate element also per-
mits the effects of transverse shear deformation to be included and, if this is different
than the 5/6 default value it is also given using the thickness command. For the truss
and frame elements it is necessary to provide cross-sectional property for area, and for
the frame elements, flexural effects as indicated in Table 7.7.

Element loads for surface pressure and body force are input using the LOAD and BODY
force commands as shown in Table 7.7.

The types of elements affected by the THICkness, LOAD and BODY commands is indicated
in Table 7.8.

Command | Type Parameters

THICkness h, Kk

CROSS section | A, Ly, Ly, Loy, Jozy Kay Ky
BODY forces | by, bo, b3

LOAD normal | ¢

Table 7.7: Cross Section and Body Force Inputs

Command | Solid | Truss | Frame | Plate | Shell | Membrane | Thermal
THICkness X - - X X X X
CROSs - X X - - - -
BODY X X X - X X -
LOAD - - - X X X -

Table 7.8: Geometry and Loads vs. Element Types
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7.8.2 Section integration formulations

Structural element behavior may also be defined by numerical integration over the
cross section using the SECTion command. For the three-dimensional truss and frame
elements the cross section may be defined by alternate forms which include: TUBE, a
thin circular tube; RECTangle, a rectangular solid section; WIDE flange, a wide flange
composite section; CHANnel, a channel composite section; ANGLe, an angle composite
section; and CIRCle, a solid circular section. The basic form of a section command is:

SECTion TYPE (EV(i),i=1,6)

The data parameters EV for each type are summarized in Table 7.9.

TYPE EV(1) | EV(1) | EV(2) | EV(3) | EV(4) | EV(5) | EV(6)
TUBE r t n qn

RECTangle Yp 2 Yy 2 Qy q-

WIDE flange h fi fo t ty tw

CHANnel h ft fb tt tb tw

ANGLe h f th tf

CIRCle r q

Table 7.9: Types and data for integrated cross-sections.

In Table 7.9 r denotes radius, t thickness, h height, f flange width, ¢ top, b bottom, ¢
quadrature order, and n number of segments. The cross section is assumed to lie in a
y-z plane.

7.9 Miscellaneous Material Set Parameter
Specifications

In addition to the above material, geometric and loading parameters the values for
some other variables may also be set.

It is possible to replace global parameters for the type of two dimensional analysis
using the PLANe STREss, PLANe STRAin, or AXISymmetric commands. Similarly the
global value for the temperature degree of freedom to use in coupled thermo-mechanical
problems may be changed for the current material set using the TEMPerature command.
The formats are indicated in Table 7.10 and the affected element types in Table 7.11.
The values for the number of quadrature points (in elements, not cross sections) to
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be used for computing arrays and element outputs may be set using the QUADrature
command. Generally, FEAP will select an appropriate order of quadrature to be used
in computing the arrays and for output of element quantities. Thus, care should be
used in changing the default values.

FEAP includes capabilities to solve finite deformation problems using the SOLId,
FRAMe, TRUSs, SHEL1, MEMBrane and GAP elements. To select the finite deformation ele-
ment it is necessary to use the FINIte deformation option instead of the default SMAL1
deformation option. This may be done for all materials using the GLOBal command.
There are three different element technologies which may be selected DISPlacement
(which is the default), MIXEd, or ENHAnced strain types. The data options for these
are indicated in Table 7.10 and the affected element types in Table 7.11.

Command Type Parameters
QUADrature Narrays Moutput
PENAIlty Epen
ADAPtive ERROr n
TEMPerature Thof
SMALI deformation

FINIte deformation

NONLinear

DISPlacment

MIXEd

ENHAnced strain

PLANe STRESss

PLANe STRAin

AXISymmetric

Table 7.10: Miscellaneous Material Model Inputs

7.10 Global Data

FEAP uses the GLOBal command to specify data which is common to all elements.
For example, in two-dimensional applications it is possible to specify that all elements
should select a plane stress, a plane strain, or an axisymmetric representation. If the
example problem is to be solved as a plane strain problem, the global data is specified
as:

GLOBal
PLANe STRAin
I blank termination record
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Command Solid | Truss | Frame | Plate | Shell | Membrane | Thermal
QUADrature X - - - X X X
PENAlty
ADAPtive ERRor
TEMPerature
SMALI

FINIte
NONLinear
DISPlacement
MIXEd
ENHAnced
PLANe STREss
PLANe STRAin
AXISymmetric

K| R
PSR

SRRl

SRRl

Table 7.11: Miscellaneous Material Commands vs. Element Types

Thus, by changing the record describing the type of two dimensional analysis the
system elements will all use the same type of behavior. If it is desired, for some
modeling reason, to have one type of element use a different formulation the global
data can be ignored by specifying the particular type of analysis needed as part of the
MATErial property data.

A problem in solid mechanics may be designated as SMAL1 or FINIte deformation using
global commands. In addition, the variable used for temperature in a coupled thermo-
mechanical analysis and the REFErence vector or node for three dimensional problems
using structural frame elements may be defined globally. Options also exist for users
to add their own global options.

Problems for which ground accelerations are specified as proportional load tables may
be solved using a specified pattern of amplification factors, f;, for each degree of free-
dom. These factors are applied to a discrete masss input using the MASS command
using the command

GLOBal
GROUnd factors f_1 f_2 ... f_ndf
I blank termination record

For small deformation transient analysis damping effects may be introduced for use by
the solid and structural elements as Rayleigh damping. Each material may have dif-
ferent Rayleigh damping parameters (see 7.7). Alternatively, the Rayleigh parameters
may be assigned as global values using the commands
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GLOBal
RAYLeigh damping a0 al
I blank termination record

where the parameters a0 and al are defined in Section 7.7. The global damping value
may also be used for modal solutions as described in Section 14.3.2.



Chapter 8

NODAL MASS, DAMPERS AND
SPRINGS

FEAP has options to add discrete mass, damping, and stiffness terms to a problem.

8.1 Nodal Mass

Mass may be added at a node as lumped terms at each degree of freedom. The data
for discrete masses are included as input in the form

MASS
m,mg,Ml_m,M2_m,M3_m ... Mndf_m
n,ng,M1_n,M2_n,M3_n ... Mndf_n

I blank termination record

where m, n are node numbers, mg, ng are generation increments to nodes, and Mi m,
Mi_n are discrete mass values. Generation of missing nodes will take place if the mg value
is non-zero. Mass values will be interpolated linearly for the i-th degree of freedom.

8.2 Nodal Dampers

Damping values also may be specified for any node. Each linear damper is fixed at one
end and attached to a degree of freedom at the other. Damping values are input as

DAMPer
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m,mg,Cl_m,C2_m,C3_m ... Cndf_m
n,ng,C1_n,C2_n,C3_n ... Cndf_n
! blank termination record

whereCi m, Ci_n are discrete damper values for the i-th degree of freedom.

8.3 Nodal Stiffness

Finally, linear stiffness (springs) may be attached to any node. Each linear spring is
fixed at one end and attached to a degree of freedom at the other. Stiffness values are
input as

STIFness
m,mg,K1_m,K2_ m,K3_m ... Kndf_m
n,ng,K1 n,K2_n,K3_n ... Kndf_n

I blank termination record

whereKi m, Ki n are discrete stiffness values for the i-th degree of freedom.
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INCLUDE AND LOOPING: DATA
REUSE

Often in constructing a model it is possible to replicate one part to produce a new part
of the mesh. FEAP provides several options to facilitate such reuse. The basic method
is to place the part of the problem to be reused in a separate file, called an include file,
and to input the data by adding a statement INCLude filename where the data is to
be inserted. This feature is described in the next section. A second option is to mark
the data using a SAVE command and to READ the data where it is again needed. This
is described in Section 9.2. Finally, it is possible to reread the data parts several times
using a LOOP-NEXT option as described in Section 9.3.

9.1 Include Commands in Mesh Input

Any set of data input records may be placed in a separate file and read using the
INCLude command. The form for an include is a single record

INCLude filename

where filename is the name of the file containing the input data items. This command
may be used at any time and include files may call other include files (to a maximum
level of 9). Thus, if the nodal coordinates are created by another program and written
to a file named Blockxy !, they may be input as FEAP data using:

COORdinates

IUpper and lower case letters are different in UNIX or LINUX environment but the same in a
Windows one
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INCLude Blockxy
I blank termination record

The information in each file must always be in the format required by FEAP. If another
format is written, then it is necessary to either translate the data to the correct form
or to write and link a user routine which can input the data. The creation of user
routines is discussed in the FEAP Programmers Manual [28].

9.2 Read and Save Commands in Mesh Input

A group of mesh input statements also may be retained for future use by placing them
between the statements

SAVE,filename

SAVE,END

filename may be any 1 to 14 alphanumerical characters. Thus if a SAVE MSH1 is used
a new file named MSH1 will be created to store the mesh commands to be saved.

For example, the following option may be used to generate nodal forces with a variation
in a load parameter

PARAmeter
a= b.
! end with blank record
SAVE,msh1l ! may also be SAVE,mesl
PARAmeter
b= a/2
! end with blank record
FORCe
31,0,b
32,1,a
34,0,a
35,0,b
! end with blank record
SAVE,END

A different loading state may then be specified by:
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PARAmeter
a= —4.
! terminator
READ,msh1

The value of b will be recomputed using the new value of a and the nodal forces will
then be recomputed. Many options are possible using the features of parameters,
expressions, INCLude, and SAVE and READ commands.

9.3 Looping to Replicate Mesh Parts

Many models for problems analyzed by finite element methods have mesh parts which
are similar except for stretching and rotation transformations. FEAP provides in-
put capabilities to generate the model using LOOP-NEXT commands. The basic input
structure is given by the command sequence

LOOP,n
NEXT

where n defines the number of times to repeat the commands contained within the
loop. The value of n may be a constant or a parameter. Any standard FEAP mesh
commands may be used between the LOOP and NEXT statements, however, it is easiest
to use commands which do not require explicit definitions for node or element numbers.

Figure 9.1: Two blocks using LOOP-NEXT commands

A simple example is the repetition of two blocks of identical elements in which the
material number is different. Assume first that a file named Imblock is constructed
which contains the commands
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BLOCk
CART n1 n2 0 0 ma
1 0 O
2 a O
3 a b
4 0 b
PARAMeter

ma = ma + 1

Then a second file is given which defines the initial values of parameters and the looping
control. This file is given by the statements shown in Table 9.1 where we note the use
of the loop using the TRANsform command. The above example produces the mesh
shown in Fig. 9.1 and is trivial (also not much is gained over a construction using two
block commands directly).

Figure 9.2: Disk with holes

A more involved example is shown in Fig. 9.2 for a disk containing circular holes.
This example was constructed using the commands shown in Table 9.2. The file Iwseg
contains the mesh for one part of the repeating mesh as shown in Fig. 9.3.

Many more involved mesh constructs may be considered using the LOOP-NEXT com-
mands. When using this option with blending functions, however, do not place SNODe
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FEAP * x Two block problem
0O 0 0 2 2 4
PARAmeters
a =5
b
nl
n2
ma

= W O b

LOOP, 2
INCLude Imblock
TRANsform
100

010
001
a0o0
NEXT
MATE 1

SOLID
ELAStic ISOTropic 1000 0.25

MATE 2
SOLID
ELAStic ISOTropic 2000 0.25

END

Table 9.1: LOOP-NEXT mesh construction

Figure 9.3: Mesh segment for disk with holes

88
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LOOP 5
TRANSform
cosd(th) sind(th) 0
-sind(th) cosd(th) 0
0 0 1
0 0 0
INCLude Iwseg
TRANSform
cosd(th) sind(th) 0
sind(th) -cosd(th) 0
0 0 1
0 0 0
INCLude Iwseg
PARAmeter
th = th + 72

NEXT

Table 9.2: LOOP-NEXT disk mesh construction

or SIDE commands within any looping instructions. In this case a correct structure is:

SNQODe
1
etc.

SIDE
POLAr ... (or other)
etc.

LOOP,n
TRANsform coordinates

As a rule, any other commands which describes node or elements may be placed within
a LOOP-NEXT pair.
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9.4 Node and Element Numbers: *NOD and *ELE

When using the include and loop options described above it is often necessary to assign
new node and element numbers to the input values. It is possible to set node numbers
using parameters with constructs such as

COORdinates
ntl 1 0.0 0.0
n+5 0 10.0 0.0

and then reassign the value of the parameter n. However, a more expedient method is
to use the *NODe and *ELEment option.

To use a *NODe option a command
*NODe = ’expression’

where ’expression’ can be any FEAP constant, parameter or function expression.
The value obtained from the expression will then be added to any nodal values appear-
ing in an input. For example an input of an element statement as:

ELEMent
501 32 45

would add the current value of the *NODe to the input values 32 and 45 to produce
new values of the nodes for this element.

Use of a *ELEment option is given by a command
*ELEment = ’expression’

and any input of an element value would be incremented by the value of the expression.

It is not necessary to use the *NODe and/or *ELEment commands with BLOCk or BLENd
inputs.

The default value for *NODe and *ELEment is zero.
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END AND MISCELLANEQOUS
BASIC MESH COMMANDS

The above set of commands are part of the basic mesh input commands available
in FEAP to generate a mesh. The basic set also include the commands PRINt and
NOPRint which turn on and off, respectively, the writing of data to the FEAP output
data file. Once a mesh has been generated and checked it is usually not necessary to
continue writing the input data to the output file. For large problems the writing not
only generates large disk files but also requires additional processing time.

The final data item for the specification of the mesh data is the END command. Once
this command is issued FEAP stops processing mesh input commands, may generate
missing data, and looks for commands to manipulate the mesh or to solve a problem
using a BATCh or INTEractive method of processing data. The options to manipulate
the mesh are described in Chapter 11 and procedures to solve and plot results are
presented in Chapters 14 and 15, respectively.

The basic structure for defining a finite element mesh for FEAP has been presented in
the previous sections. The basic structure defined was:

FEAP * * title record ! start analysis
0 0 O ndm ndf nen ! Control record

PRINt/NOPRint ! place data in output file or not
Define the mesh data for nodes and elements
Define boundary conditions and loads

MATErial number
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type_element ...
material parameters
geometric parameters, etc.

END

In the next sections we describe how the mesh data may be further modified and also
the steps to construct and display a solution for the problem.
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MESH MANIPULATION
COMMANDS

Once an initial mesh is completely defined it may be further processed to merge nodes
with the same coordinates using the TIE command, or force a sharing of degrees-of-
freedom using the LINK and/or ELINk commands. These commands may be given in
any order immediately following the mesh END command. While they may be in any
order the data is first saved in temporary files and FEAP later executes the commands
in a definite order. Thus if data printing is on information may appear in a different
order than given in the input file.

11.1 The TIE Command

The ability to merge nodes which have the same coordinates permits the generation
of a mesh in separate parts without having to consider a common node numbering
system between the individual parts. The TIE command permits merging based on
material set numbers, region numbers, a range of node numbers, or on all the defined
node numbers. The latter is achieved by entering the command as:

TIE

without any parameters. A range of node numbers to search may be specified also.
For example, if the merge is to be done only for nodes numbered between 34 and 65
the command is issued as:

TIE,, 34, 65
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It is however, not possible to merge nodes from two different ranges of numbers.

It is also possible to merge parts based on material numbers. For example, if a problem
with two bodies is generated using material set 1 for body one and material set 2 for
body two, a merge may be achieved for the parts of each body without any possibility of
merging nodes in body one to those in body two. This is achieved using the commands:

TIE MATErial 1 1
TIE MATErial 2 2

If it is desired to tie nodes for materials 1 and 2 together, the command
TIE MATErial 1 2

may be used.

Alternatively, the nodes to be merged may be associated with a region. In this option
it is necessary to include REGIon commands as part of the element generation process
(i.e., using either ELEMent or BLOCk). An example of this option is explained as part
of Example 4 in the Example Manual. The basic command to merge parts in Region
m to those in Region n is

TIE REGIon m n

The parameters m and n may have the same or different values.

When the tie option is used one node from a merged pair is deleted from the mesh
and its number on the element connections replaced by the retained number. It is not
possible to display or output values for the deleted node. If printing is in effect at
the end of the mesh generation process, the nodes deleted are listed in the FEAP data
output file. For plots, the projections will also be performed assuming the deleted node
does not exist. This is different than creating common solution values for degree of
freedoms associated with two nodes using the LINK and ELINk options described below.
In a link option the node is not deleted, and thus projections may create a different
solution at the two nodes.

11.2 The LINK and ELINk Commands

The link options may be used to make the solution of one or more of the degrees-
of-freedom associated with two nodes have the same value. This option is useful in
creating repeating type solutions, that is, those in which the solution on a surface is



CHAPTER 11. MESH MANIPULATION COMMANDS 95

repeated on an identical surface with a different location. The link may be performed
based on node numbers using the LINK command, or for all nodes on an edge using the
ELINk command.

11.3 The PARTition Command

The solution of coupled problems may be performed by FEAP either as a total prob-
lem or by partitioning the problem into separate smaller problems. For example, the
solution of a coupled thermo-mechanical problem may be performed by solving the
thermal and the mechanical parts of the problem separately for each solution time.

By default all the degree-of-freedoms in a problem are assigned to the first partition.
To assign individual degree-of-freedoms to different partitions the command

PARTition
P1,P2,P3, ...

is inserted after the mesh END command and before the first solution command. Values
for P-i must be between 1 and 4 and must be specified for all active degree-of-freedoms
(i.e., the total number specified on the control record described in Section 5.1).

The use of partitions can significantly reduce the cost of solving some coupled problems
since the size of the coefficient matrix for each of the parts is much smaller than that
of the total problem. Furthermore, in FEAP the type of algorithm to solve each part
can be set individually. Thus, it is possible to set a static option for the mechanical
part and a transient algorithm for the thermal part. The individual parts may also be
symmetric whereas the fully coupled problem is often unsymmetric. Such is not the
case for the fully coupled solution algorithm where some care must be given to prevent
numerical problems. One is the different order of the equations which may be treated
as described next.

11.4 The ORDEr Command

In the solution of coupled problems the individual parts often involve solution of tran-
sient problems with different orders. For example, in the solution of coupled thermo-
mechanical problems a transient heat problem is of first order while a transient me-
chanical problem is of second order. Solution of these problems in a fully coupled
mode requires use of a single transient algorithm. Thus, for example to solve the fully
coupled transient thermo-mechanical problem can be performed using any of the al-
gorithms defined in Section 14.2.3. There can be numerical problems in solving the
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thermal problem if large numbers of time steps are used. The problems originate from
the missing second order rate term in the thermal problem which may cause the nu-
merical acceleration to generate an overflow and thus terminate an analysis. To avoid
this difficulty the ORDEr command may be inserted as

ORDEr
01,02,03,....

where the 0i define the order of the transient term for each degree-of-freedom and for
FEAP must be defined between 0 (static) and 2 (second order). Thus, for a coupled
thermo-mechanical problem the temperature degree-of-freedom should be set to one
(1) and the displacement degree-of-freedoms to two (2).



Chapter 12

CONTACT PROBLEMS

The solution of problems in which the boundaries of one part of the system may interact
with the boundaries of another part are called contact problems. FEAP provides
options to solve problems in two or three dimensions in which conditions are imposed
to prevent the penetration of one body into another. In order to specify a contact
analysis it is necessary to define the surfaces of the bodies which are to be considered
during a contact analysis. In addition a user must describe which of these surfaces are
to be considered as possible contacting pairs. Finally, the modeling of the behavior of
one surface interacting and/or sliding against another must be specified.

In the current release of FEAP the control of the penetration between bodies is imple-
mented as a penalty or an augmented Lagrangian method. Provisions are included to
permit adding a Lagrange multiplier option at a later date. For general problems the
penetration is monitored from a slave point and a master point. The slave point is a
node and the master point is interpolated from a simple facet form associated with the
boundary of an element. This is often called a point to surface strategy.

A contact problem is described by inserting the above information into the input data
file after the mesh END record and before the first solution commands. Contact data
may be given either before or after mesh manipulation commands. The command
sequence:

CONTact options

END contact

defines the extent of contact input records.
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12.1 Surface Definitions

After the CONTact command it is necessary to define at least two surfaces which will
be considered during the contact. A surface command is defined by the form

SURFace number
surface_type
surface data sets
! termination record

where number is a numerical identifier for the surface which will be used as part of the
PAIR data defined below. The surface-type defines the shape of a contact facet and
must be selected from: POINt, LINE, TRIAngle, or QUADrilateral. The POINt and LINE
options are used for two dimensional problems. The POINt, TRIAngle, and QUADrilaterall
options are used for three dimensional problems. The surface data sets may be defined
using a FACEt, BLOCk, BLENd, or REGIon option. Using the FACEt option requires
specification of the node numbers for each element boundary segment. Typical data
for a two dimensional problem with 2-node element boundary segments consists of:

SURFace number
LINE
FACEts
M MG Mnode_1 Mnode_2
N NG Nnode_1 Nnode_2

| termination record

where generation occurs from facets M to N using increments of MG to each Mnode-i.
This is performed in a manner similar to the element generations using the ELEMent
mesh command. The facet inputs must describe a single surface entity, that is,‘there
can be no gaps between any facets. The facets do not need to be in order but must be
complete for a single surface.

A surface may be open, with two distinct end points, or closed as for a wheel.

The BLOCk option is analogous to the way surface loads are generated using the CSURface
mesh command. The data for 2-node boundary segments is given as

SURFace number
LINE
BLOCk SEGMent
1 x_1y_1
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| termination record

If only two master nodes are used to describe a block the segment is a straight line,
whereas three points describe a parabola in the natural coordinate space. The BLOCk
SEGMent command may be preceded by a BLOCk GAP value to increase or decrease a
search tolerance and/or by a BLOCk POLAr command to perform the search in polar
(or cylindrical) coordinates.

The BLENd option is analogous to the way sides are generated for blending function
mesh generation. At present only two dimensional surfaces may be defined by the
contact blend option. The data input is

SURFace number
LINE
BLENd SEGMent
type sn_1 sn_2 sn_3 ....
! termination record

where type is selected from CARTesian, POLAr, or SEGMent.

12.2 Contact Material Models

The behavior of one surface interacting with another may be modeled in different ways.
The current release includes very simple model in which the surface is considered as
regular (no roughness or micro-mechanical details are to be specified) but may have
frictional resistance. For frictionless contact no material definition is required - FEAP
will assign default conditions. If friction is present it is necessary to define a Coulomb
frictional behavior. This is included as the data set

MATErial number
STANDard
FRICtion COULomb value
! termination record

where value is a constant coeflicient of friction.
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12.3 Pair Definition

The interaction between two surfaces is controlled by the PAIR command. This com-
mand describes which two surfaces are to be considered, the type of contact solution,
the solution method, and solution tolerances. A typical data set for solution of prob-
lems is given by

PAIR number
NTOS slave master
SOLM PENAlty k_n k_t
TOLE values t_1 t_2 t_3
! termination record

The parameter number is an identifier numeral for the pair. The basic solution strat-
egy in two dimensions is node-to-segment (NTOS) and requires the specification of a
slave surface identifier numeral and a master surface identifier numeral. The solution
method may be given as SOLM PENAlty with k-n and k-t the penalty parameters used
for normal penetration control and tangential stick control, respectively. alternatively,
the command may be given as SOLM LAGM to impose normal gap constraints using a
Lagrange multiplier method. The parameter k-n may also be used to provide some
stiffness on the surface. This stiffness is effective only during iteration process — fi-
nal gap is imposed exactly using the Lagrange multiplier approach. The TOLErance
option defines the values for solution tolerances: t-1 is a tolerance for defining initial
penetration; t-2 is a tolerance for considering a contact open; and t-3 is an out of
segment tolerance. Generally, some value for the out of segment tolerance is required
to maintain contact when a slave node moves from one master segment to the next.
Other options exist to define augmentation forms and material models.

12.4 Solution Commands

The solution of a contact problem requires two basic steps. In the first step the de-
termination of the node/element pairs to be in contact is determined. This involves a
search over the facets defining the master and slave surfaces to determine which are
in a contact state. This step is require first to ensure that the necessary storage is
available to handle the stiffness coefficients to be generated, which is the second step.

There are several options which may be considered to handle the setting of the contact
states between the master and slave surfaces. One option is to set the state and then
perform a Newton type solution until convergence is obtained. Once convergence is
obtained the contact state is checked again and then another Newton type solution.
The command language statemens to perform this type of solution are given as:
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LOOP conact n\_check
CONTact CHECk
LOOP newton n\_iters
TANGent, ,1
NEXT newton
NEXT contact

The three dimensional contact algorithm is programmed only for this option and the
CONTact CHECk command must always exist within the solution algorithm statements
in order for a contact solution to be performed.

A second option is to check at each iteration. In this case a single loop solution
algorithm can be given as:

LOOP newton n\_iters
CONTact CHECk
TANGent, ,1

NEXT newton

Since a finite element problem is discrete in nature it is possible for a contact state to
oscillate between facets and, therefore, no full convergence is obtained for the New-
ton solution strategy. Indeed the quadratic asymptotic convergence rate may not be
obtained due to this phenomenon.



Chapter 13

RIGID BODY ANALYSIS

The rigid body capabilities are split into two classes. One for small displacement
problems where translation and rotation parameters are linear and one for the large
displacement case where the rotational parameters appear in a non-linear form.

13.1 Small Displacement Analyses

For the small displacement case the treatment of rigidity may be performed using a
master-slave concept for prescribed degrees-of-freedom. A simple implementation is
included in the current version which permits degrees-of-freedom for a slave node or a
constant coordinate value to be represented in terms of degrees-of-freedom at a master
point. It is possible to have some degrees-of-freedom rigid while others remain flexible.
For example, a floor slab of a building may be constrained to be rigid for in-plane
deformations but flexible in transverse (plate bending) motions. The commands for
specifying the master-slave set are inserted after the mesh END command and before
the first solution data set. The basic structure is:

MASTer
TYPE (EV(i),i=1,n)
The TYPE options are : NODE, SURFace, and GAP. For NODE the input record is:
NODE (Xm(i),i=1,ndm) (Xs(i),i=1,ndm) (RLINK(i),i=1,ndf)

The nodes closest to the specified coordinates will be selected as the master (Xm) and
slave (Xs) nodes. Zero values in the RLINK pattern define the degrees-of-freedom to be
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considered during the slave phase. The pattern must be consistent for proper behavior.
Thus, if the z; and x5 displacements are slaved so must the 63 rotation parameter.
Similarly, for other patterns.

The record for SURFace is input as:
SURFace (Xm(i),i=1,ndm) dir (RLINK(i),i=1,ndf)

Here in addition to the master node coordinates, the direction of a normal to the plane
passing through the master node must be given. Thus if Xm is given as (0 0 5) and
dir as 3 then all other nodes within the gap value with coordinates (x; 2 and 5) will
be treated as slave nodes. The value of the gap may be reset from its default value of
10~® using the GAP EV(1) command.

13.2 Large Displacement Analyses

In performing a rigid-flexible body analysis for problems which undergo large motions
and rotations it is necessary to designate the elements which are rigid and those which
are flexible. In addition it is necessary to activate the analysis option. Designation of
elements to be rigid or flexible is given during mesh generation and activation as part
of the mesh manipulation commands.

13.2.1 Flexible or Rigid Groups

FEAP permits the use of both flexible and rigid finite elements. By default all elements
are flexible. If it is desired to designate an element as rigid the command

RIGId,number

must be inserted in the mesh data just before the elements belonging to rigid body
number are input or generated using the ELEMent, BLOCk, or BLENd commands.

To designate elements as flexible the command
FLEXible

must be inserted immediately before element groups which are to remain deformable.
It is not necessary to include this statement if all elements are flexible.

The current release of FEAP does not fully support all rigid body options. Problems
may be solved using the energy conserving algorithms; however, other algorithms may
not converge quickly.
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13.2.2 Activation

As noted above FEAP permits groups of finite elements to be declared as rigid or
flexible during the input of mesh data. In order to activate the rigid option, it is
necessary to also define the type of integrations to perform for the rigid bodies and
to define any interconnections (joints) that exist between different rigid bodies or
a rigid body and a flexible body node. The activation is achieved by inserting a
RIGId command after the END of mesh record and before the first solution BATCh or
INTEractive command. Similarly, to define joint interconnections any JOINt commands
are also placed in the same location.

FEAP will automatically constrain groups of rigid elements which are contiguous to
flexible elements to perform a combined flexible-rigid body analysis. At present the
rigid body options are limited to solid (continuum) elements only. Both explicit and
implicit transient solutions are possible; however, for the explicit option only the Spher-
ical (Ball and Socket) Joint described below is permitted. The implicit formulation is
available for the energy-momentum formulation only and permits the use of several
types of joints and all constraints are formulated using a Lagrange multiplier method.
It is not possible to consider closed loops consisting of only rigid bodies since redundant
Lagrange multiplier constraints will exist.

To activate the rigid body options and to define the integration method the single
record

RIGId,Nrbdof,Npart,Ntype

is inserted between the END mesh command and the first solution command (BATCh or
INTEractive). In this statement Nrbdof is the number of rigid body degree-of-freedoms,
Npart is the partition number of the rigid body, and Ntype is the integration type. For
most analyses the parameters may be omitted and FEAP will insert correct default
values. The default values for Nrbdof are:

Mesh Dimension ‘ Value

1 1
2 3
3 6

By default Npart is assigned to partition 1 and Ntype is set to the energy-conserving
algorithm which is number 5. (N.B. Other options have not been tested and, thus may
not be operational).
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13.2.3 Joints

Rigid bodies may be interconnected using joints. The specification of the joints is
initiated using a JOINt command which also is located after the END mesh command
and before the first BATCh or INTEractive solution command. Two of the selections
from the library of joints are:

1. Ball and Socket: Two rigid bodies may rotate freely about a specified point. A
ball and socket joint is specified by a record

BALL,RB_1,RB_2,X,Y,Z

where RB-1 and RB-2 are the rigid body numbers associated with the ball and
socket, and X, Y, and Z are the reference system coordinates for the location of
the ball and socket.

2. Revolute: Two rigid bodies may be constrained to rotate relative to a specified
direction in the reference coordinate system. A classical revolute is formed by
combining the FEAP REVOlute with a BALL joint. The revolute is specified as:

REVOlute,RB_1,RB_2,X_1,Y_1,Z 1, X 2,Y_2,Z_2

where now the two coordinate points identify the direction of the rotational axis
in the reference state. This axis is free to rotate in space unless constrained by
other restraints.

Other types of joints are described in Appendix A.

N.B. The rigid body options are in a development mode and are not operational for
all types of solution methods.



Chapter 14

COMMAND LANGUAGE
PROGRAMS

FEAP performs solution steps based upon user specified command language statements.
The program provides commands which can be used to solve problems using standard
algorithms, such as linear static and transient methods and Newton’s method to solve
non-linear problems. Appendix B of the Users Manual describes all the programming
commands which are included in the current system. These commands are combined
to define the solution algorithm desired.

To enter the solution command language part of FEAP the user issues the command
BATCh or for an interactive execution mode the command INTEractive. A solution
is terminated by the command END (QUIT or just Q also may be used in interactive
mode).

Thus, the input file must contain at least one set of

BATCh
I Solution specification steps
END
or
INTEractive

for any solution process to be possible.

More than one BATCh-END and/or INTEractive-END sequence may be used during
the solution process.

The set of basic solution commands is:
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ACCE CAPT CHEC DEBU DISP DT EIGE EPRI
FORM  INIT LIST LOOP MASS MESH NEXT NOPR
PARA PLOT PRIN PROP REAC SHOW SOLV  STRE
SUBS TANG TIME TOL TPLO TRAN UTAN VELO

Descriptions to use the above commands are contained in Appendix B. All commands
available in an installed program may be displayed during an interactive mode of
solution by issuing the command MANUal, , 3 followed by a HELP command. However,
with the basic set of commands given above quite sophisticated solution algorithms
may be constructed. Each of the commands may be issued in a lower or upper case
mode. For example, a command which always should be issued when first solving a
problem is the CHECk command. In either a batch or interactive mode, the command
is issued as:

CHECk Iperform check of mesh correctness

This command instructs FEAP to make basic checks for correctness of the mesh data
prepared by the user’. One of the basic checks is an assessment of the element volume
(or area) at each node based on the specified sequence of element nodes. If the volume
Jacobian of an element is negative or zero at a node a diagnostic will be written to the
output file. If all the volumes (or areas) are negative most of the system element rou-
tines will perform a resequencing of the nodes and repeat the check. If the resequencing
gives no negative results the mesh will be accepted as correct.

A check also may reveal and report element nodes which have zero volume. This may be
an error or may result from merging nodes on quadrilaterals to form triangles. This is an
acceptable way to make 3-node triangular elements from 4-node quadrilateral elements,
but in other cases may not produce elements preserving the order of interpolation of the
quadrilateral. It is the responsibility of the analyst to check correctness of finite element
solution software. One good procedure is the patch test in which basic polynomial
solutions, for which the user can compute exactly the correct solution (by hand), can
be checked (see Chapter 11 in Volume 1 of Zienkiewicz and Taylor for a description of
the patch test).

The CHECk command should always be used in situations where either a new mesh has
been constructed or modifications to the element connection lists have been made. No
analysis should be attempted for a mesh with negative volumes as incorrect results will
result. Note, however, that if a correct mesh is produced after the CHECk command
resequences nodes, the data in the input file is not corrected, consequently, it will be
necessary to always use a CHECk command when solving a problem with this data input

!The check part of user developed elements must be implemented for the check command to work
properly
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file. Since the amount of output from a CHECk can be quite large, it is recommended
that the user correct the mesh for subsequent solutions. Alternatively, it is possible
to produce a new input data file, which is correct, using the 0UTMesh command. The
command is given as:

0UTMesh I0utput current mesh to "Ifile".opt

The output is written to a file with the same name as the input file but with a .opt
extender added. The file only includes the mesh coordinates, element connections,
boundary restraint codes, and nodal force and displacement values. It is necessary to
append the material set data and any solution steps. It is not necessary to specify
any TIE commands as the results from merges are incorporated as part of the mesh
produced by the OUTMesh command.

14.1 Problem Solving

Each problem is solved by using a set of the command language statements which
together form the algorithm defining the particular solution method employed. The
commands to solve a linear static problem are:

BATCh linitiate batch execution
TANG 'form tangent matrix
FORM Iform residual
SOLVe Isolve equations
DISPlacement,ALL !output all displacements
STREss,ALL loutput all element stresses
REACtion,ALL loutput all nodal reactions.
END lend of batch program

The command sequence

TANG
FORM
SOLVe

is the basic solution step in FEAP and for simplicity (and efficiency) may be replaced
by the single command

TANG, ,1
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This single statement is more efficient in numerical operations since it involves only
a single process to compute all the finite element arrays, whereas the three statement
form requires one for TANG and a second for FORM. Thus,

BATCh linitiate batch execution
TANG, ,1 Iform and solve
DISPlacement,ALL !output all displacements
STREss ,ALL loutput all element stresses
REACtion, ALL loutput all nodal reactions.

END lend of batch program

is the preferred solution form. Some problems have tangent matrices which are unsym-
metric. For these situations the TANGent command should be replaced by the UTANgent
command. The statements DISPlacement, STREss, and REACtion control information
which is written to the output file and to the screen. The commands PRINt and NOPRint
may be used to control or prevent information appearing on the screen - information
always goes to the output file. Printing to the screen is the default mode. See Appendix
B for the options to control the displacement, stress, and reaction outputs.

Additional commands may be added to the program given above. For example, insert-
ing the following command after the solution step (i.e., the TANG,,1 command) will
produce a screen plot of the mesh:

PLOT,MESH Iplot mesh

Further discussion for plotting is given in Chapter 15.

14.1.1 Solution of Non-linear Problems

The solution of non-linear problems is often performed using Newton’s method which
solves the problem

R(u)=0 (14.1)
using the iterative algorithm
1. Set initial solution

u’ =0 (14.2)

2. Solve the set of equations . '
KAu' = R(u") (14.3)

where IR

K=-—— (14.4)
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3. Update the solution iterate A A A
ut =u’ + Au’ (14.5)

The steps are repeated until a norm of the solution is less than some tolerance.

FEAP implements the Newton algorithm using the following commands:

LOOP,iter,10 Iperform up to 10 Newton iterations
TANG, ,1 Iform tangent, residual and solve
NEXT,iter Iproceed to next iteration

The tolerance used for controlling the solution is
E'=Au'-R’ (14.6)

with convergence assumed when '
E' < tol E° (14.7)

The value of the tolerance is set using the TOL command (default is 107'2).

While the sample above specifies 10 iterations, fewer will be used if convergence is
achieved. Convergence is tested during the TANG,,1 command. If convergence is
achieved, FEAP transfers to the statement following the NEXT command. If conver-
gence is not achieved in 10 iterations, FEAP exits the loop, prints a NO CONVERGENCE
warning, and continues with the next statement. For the algorithm given above, the
only difference between a converged and non-converged exit from the loop is the num-
ber of iterations used. However, if there are commands inserted between the TANG
and NEXT statements they are not processed for the iteration in which convergence is
achieved. Obviously, solutions which do not converge during a time step may produce
inaccurate results in the later solution steps. Consequently, users should check the
output log of non-linear solutions for any NO CONVERGENCE records.

Remarks:
1. Blank characters before the first character in a command are ignored by FEAP,

thus, the indenting of statements shown is optional but provides for clarification
of key parts in the algorithm.

2. In the above loop command the ITER in the second field is given to provide clarity.
This is optional; the field may be left blank.

By replacing the Newton steps
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LOOP,iter,10

TANG, ,1

NEXT,iter

with

TANG Iform tangent only

LOOP,iter,10 Iperform 10 modified Newton iterations
FORM Iform residual
SOLVe Isolve linearized equations

NEXT,iter Iproceed to next iteration

a modified Newton algorithm results. The modified Newton method forms only one
tangent and each iteration is performed by computing and solving the residual equa-
tion with the same tangent. When FEAP forms the tangent while in a direct solution
of equations mode the triangular factors are also computed so that the SOLVe only
performs re-solutions during each iteration. While a modified Newton method involves
fewer computations during each iteration it often requires substantially more iterations
to achieve a converged solution. Indeed, if the tangent matrix is an accurate lineariza-
tion for the non-linear equations, the asymptotic rate of convergence for a Newton
method is quadratic, whereas a modified Newton method is often only linear (if the
residual equation set is linear the tangent matrix is constant and both the Newton and
modified Newton methods should converge after one iteration, that is, iteration two
should produce a residual which is zero to within the computer precision).

The FEAP command language is capable of defining a large number of standard algo-
rithms. Each user is urged to carefully study the complete set of available commands
and the options available for each command. In order to experiment with the capabili-
ties of the language, it is suggested that small problems be set up to test any proposed
command language program and to ensure that the desired result is obtained.

14.1.2 Solution of linear equations

The use of Newton’s method results in a set of linear algebraic equations which are
solved to give the incremental displacements. FEAP includes several options for solv-
ing linear equations. The default solution scheme is the variable band, profile scheme
discussed in Chapter 15 of The Finite Element Method, Vol 1, 4th edition. This solu-
tion scheme may be used to solve problems where the incremental displacements are
either in real arithmetic or in complex arithmetic. The coefficient matrix of the linear
equations results in large storage requirements within the computer memory. A profile
optimization scheme is available to renumber the equations in an attempt to minimize
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this storage. The solution command OPTImize may be used to perform the profile
minimization. A summary of the results is given and may be compared to that with-
out optimization. If necessary, the optimization may be omitted using the command
OPTI,OFF. The default solution is without optimization.

For problems in which the memory requirements exceed that which is provided in the
program (i.e., the dimensioned size of the blank common), there are alternatives which
require reduced amounts of storage. The alternatives are available for problems in real
arithmetic only. For problems with symmetric coefficient arrays (i.e., those for which
the command TANGent is used to form the array), a sparse solver may be used. The
sparse solver is activated by issuing the solution command DIREct,SPARse before the
first use of the TANGent command. WARNING: If the sparse solver requires more space
than dimensioned in blank common the current version of the program can crash with
no error message printed in a file or to the screen. Alternatively, the profile solution
scheme may be employed with a blocking scheme used to retain unneeded parts of the
coefficient array d