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Introduction to AceFEM

Preface

© Prof. Dr.-Ing. JoZe Korelc, 2006-2018
Ravnikova 4, SI - 1000, Ljubljana, Slovenia
E-—mail : AceProducts@fgg.uni-lj.si
http://symech.fgg.uni-lj.si
The AceFEM package is a general finite element environment designed to solve multi-physics and multi-field
problems. The AceFEM package explores advantages of symbolic capabilities of Mathematica while maintaining
numerical efficiency of commercial finite element environments. The main part of the package includes proce-
dures that are not numerically intensive, such as processing of the user input data, mesh generation, control of the
solution procedures, graphic post-processing of the results, etc.. Those procedures are written in Mathematica
language and executed inside Mathematica. The numerical module includes numerically intensive operations,
such as evaluation and assembly of the finite element quantities (tangent matrix, residual, sensitivity vectors, etc.),
solution of the linear system of equations, contact search procedures, etc.. The numerical module exists as Mathe-
matica package as well as external program written in C language and is connected with Mathematica via the
MathLink protocol. This unique capability gives the user the opportunity to solve industrial large-scale problems
with several 100000 unknowns and to use advanced capabilities of Mathematica such as high precision arithmetic,
interval arithmetic, or even symbolic evaluation of FE quantities to analyze various properties of the numerical
procedures on relatively small examples. The AceFEM package comes with a large library of finite elements (solid,
thermal, contact,... 2D, 3D,...) including full symbolic input for most of the elements. Additional elements can be
accessed through the AceShare finite element file sharing system. The element oriented approach enables easy
creation of customized finite element based applications in Mathematica. In combination with the automatic code
generation package AceGen the AceFem package represents an ideal tool for a rapid development of new numeri-
cal models.
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Institute of Fundamental Technological Research, Swietokrzyska 2, Warszawa, Poland for helpful discussions and
implementation of contact search routines.

General

Commercial FE systems have incorporated ten to several hundred different element formulations. This of course can not be done
manually without the use of reusable parts of the code (often element shape functions, material models, pre and post-processing
procedures are written as reusable codes). The complexity of advanced numerical software arises also from other sources which
include: necessity for realistic description of physical phenomena involved in industrial problems, requirements for highly efficient
numerical procedures, and the complexity of the data structure. Normally the complete structure appears inside the FE environment
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which is typically written in FORTRAN or C language. In the last decade or so the use of object oriented (O0) approach was considered
as the main method of obtaining reusable and extensible numerical software. However, despite its undoubted success in many areas,
the OO approach did not gain much popularity in the field of finite element methods, and all the main FE systems (ABAQUS, ANSYS,
MARC, etc.) are still written in a standard way. Also most of the research work is still based on a traditional approach. One of the
reasons for this is that only the shift of complexity of data management has been performed by utilizing 00O methods, while the level of
abstraction of the problem description remains the same. The symbolic approach can bypass this drawback of the 00 formulation
since only the basic functionality is provided at the global level of the finite element environment which is manually coded, while all
the codes at the local level of the finite element are automatically generated. The AceFEM package has been designed in a way that
explores advantages of this new approach to the design of finite element environments.

The element oriented concept is the basic concept behind the formulation of the AceFEM environment. The idea is to design a FE
environment where code complexity will be shifted out of the finite element environment to a symbolic module, which will provide all
the necessary formulation dependent codes by automatic code generation. The shift concerns the data structures (organization of
environment, nodal and element data) as well as numerical algorithms at the local element level. The traditional definition of the finite
element treats the chosen discretization of the unknown fields and a chosen variational formulation as the "definition of the finite
element", while different material models then entail only different implementation of the same elements. This approach requires the
creation of reusable code for material description and element description. In the present formulation an element will be identified by
its discretization and material models, so no reusable code is needed at the local level. In principle each element has a separate source
file with the element user subroutines. This is the way how the "element oriented" concept can be fully exploited in the case of multi-
field, multi-physic, and multi-domain problems. Usually it is more convenient to have a single complex symbolic description and to
generate several separate elements for various tasks, than to make a very general element which covers several tasks.

AceFEM

General procedures CDriver
- input data processing hLi - data base
- mesh generation - evaluation of element quantities
- solution strategies - assembly of element contributions
- command language - various linear solvers
- graphic post-processing

MDriver

- Mathematica language element | 4Yelement 2
T ditfile /| dll file

- evaluation of element quantities

- assembly of element contributions element ...

- MMA linear algebra (Il file

element 1

m file Aenen - FEM file sharing system
- download .dll or .m files
.m file

AceFEM organization scheme

The AcefFEM package is a general finite element environment designed to solve multi-physics and multi-field problems. The AceFEM
package explores advantages of symbolic capabilities of Mathematica while maintaining numerical efficiency of commercial finite
element environment. The AceFEM package is designed to solve steady-state or transient finite element and similar type problems
implicitly by means of Newton-Raphson type procedures.

The main part of the package includes procedures that are not numerically intensive such as processing of the user input data, mesh
generation, control of the solution procedures, graphic post-processing of the results, etc.. Those procedures are written in Mathemat-
ica language and executed inside Mathematica. The second part includes numerically intensive operations such as evaluation and
assembly of the finite element quantities (tangent matrix, residual, sensitivity vectors, etc.), solution of the linear system of equations,
contact search procedures, etc.. The numerical module exists in two versions.

The basic version called CDriver is independent executable written in C language and is connected with Mathematica via the MathLink
protocol. It is designed to solve industrial large-scale problems with several 1.000.000 unknowns. The element subroutines are not
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linked directly with the CDriver but dynamically when they are needed. Consequently, there are as many dynamically linked library
files (dll file) as is the number of different elements. The dll file is created automatically by the SMTMakeD11 function. User can derive
and use its own user defined finite elements or it can use standard elements from the extensive library of standard elements
(AceShare).

The alternative version called MDriver is completely written in Mathematica's symbolic language. It has advantage that we can use
advanced capabilities of Mathematica, such as high precision arithmetic, interval arithmetic, or even symbolic evaluation of FE
quantities to analyze various properties of the numerical procedures on relatively small examples. The MDriver has the same data
structures and command language as the CDriver, but due to the limited functionality and efficiency it should be primary used in
element development phase for the problems with less than 10.000 unknowns. It also does not support advanced post processing,
contact searches, etc..

The AceGen package represents suitable environment for debugging and testing of a new finite element before it is included into the
commercial finite element environment. For example, the following tests can be performed directly in Mathematica:

=  convergence of iterative procedures,
= different forms of the patch tests,
= elementdistortion tests,

= tests of the element eigenvalues,

4

test of objectivity.

The AceFEM package has also some basic pre-processing and post-processing functions (SMTAddMesh, SMTShowMesh). It can be used
for the geometries that can be discretized by the structured meshes of arbitrary shape. For a more complex geometries the commer-
cial pre/post-processor has to be used. The AceFEM has built-in interface to commercial pre/post-processor GID developed by
International Center for Numerical Methods in Engineering, Edificio C1, Campus Norte UPC, Gran Capitan, 08034 Barcelona, Spain,
http://www.cimne.upc.es.

The AceFEM environment comes with a small built-in library including standard solid, structural, thermal and contact elements.
Additional elements are accessed and automatically down-loadable through the AceShare system. The AceShare system is a finite
element file sharing mechanism built in AceFEM that makes AceGen generated finite element source codes available for other users to
download through the Internet. The AceShare system enables: browsing the on-line FEM libraries; downloading the finite elements
from the on-line libraries; formation of the user defined library that can be posted on the internet to be used by other users of the
AceFEM system. The AceShare system offers for each finite element included in the on-line library: the element home page with basic
descriptions, links, authors data, etc.. , the AceGen template (Mathematica input) for the symbolic description of the element, the
element source codes for all supported finite element environments (FEAP, AceFEM-MDriver, Abaqus, ...), the element Dynamic Link
File (dll) used by AceFEM, an additional documentation and benchmark tests. The files are stored on and served by personal comput-
ers of the users.

The already available AceShare on-line libraries include AceGen templates for the symbolic description of direct and sensitivity analysis
of the most finite element formulations that appear in the description of problems by finite element method (steady state, transient,
coupled and coupled transient problems). This large collection of prepared Mathematica inputs for a broad range of finite elements
can be easily adjusted for users specific problem. The user can use the Mathematica input file as a template for the introduction of
modifications to the available formulation (e.g. modified material model) or combine several Mathematica input files into one that
would create a coupled finite element (e.g. the AceGen input files for solid and thermal conduction elements can be combined into
new AceGen input file that would create a finite element for thermomechanical analysis).

AceFEM Palettes

= Main AceFEM palette.
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AceFEM
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CDriver (64)
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m AceShare library browser and run-time element source code generation

## AceShare - Element selector

~ Select efement basic keywords:

Physical problem: SE: Solid static

Continuum modek: PE: Plane strain b
Element topology: T1: triangle with 3 nodes in 2D
Variational formulatione | DF: Standard Galerkin
Physical moded: LE: Linear ¢lastic

Element acronym:

T1: Isoparametric formulation =

~ Interpolated fields:

Displacement field (Dk v
Thermal field [Tk
Liquid pressure field (PIy. [
Gas pressure field (Pg): [

~ Material model:

Strain energy: ' Linear Hooke-s law ..

Checkédnfo || Paste UEC Generate element Close

-
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## AceShare - Generate source code

vec ML:SEPET1DFLET1DHooke

SE Solid static

PE Plane strain

T triangle with 3 nodes in 2D
DF Standard Galerkin

LE Linear elastic

™ Isoparametric formulation
D Displacement field (D)
Hooke Linear Hooke=s law

“ Advanced oplions
Make Dil [v] Save source|

Erwironment

Location

Code generation will stop current Acef EM/AceGen session!

Generate element code  paste UEC Close
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AceFEM Overview
Input data phase

Input Data Phase

SMTInputData — startinput data phase

SMTAnalysis — start analysis phase

SMTAddDomain — define element types

Element Mesh Generation

SMTAddMesh . SMTAddElement . SMTAddNode — mesh generation

Selecting nodes, elements and bodies

Boundary Conditions

SMTAddEssentialBoundary . SMTAddNaturalBoundary . SMTAddInitialBoundary. — define boundary conditions

Analysis phase

Analysis Phase

SMTNewtonIteration — perform one Newton type iteration

SMTConvergence . SMTNextStep . SMTStepBack — continuation procedures

Independent Batch Mode

SMTDump . SMTRestart — dump complete analysis to file and restart later
SMTStatusReport.SMTSessionTime . SMTErrorCheck . SMTSimulationReport — progress reports
User Defined Tasks

SMTTask — execute user defined tasks

SMTSetSolver — reset linear solver after the change of mesh, boundary conditions,, etc.

Iterative Arc - length Solution Procedure

Linear Algebra

SMTSchurComplementOfEssentialBC - Schur complement of essential boundary conditions.

Post-processing and visualization

Visualization and Post - processing Phase

SMTShowMesh — show mesh and results

SMTResidual.SMTPostData.SMTData ....

SMTPut . SMTGet . SMTSave — save data to file and retrieve data from file for post-processing
SMTStatusReport.SMTSessionTime . SMTErrorCheck . SMTSimulationReport — progress reports

Complete data base control

Data Base Manipulations



SMTIData . SMTRData . SMTNodeData . SMTNodeSpecData . SMTElementData
data

SMTFindNodes . SMTFindElements — select nodes and elements

Create shared finite element libraries

AceShare

SMTSetLibrary —initializes the library
SMTAddToLibrary — add new element to library
SMTLibraryContents — prepare library for posting

Advanced features

User Defined Tasks
Sensitivity Analysis
Contact Problems

Isogeometric Formulations

AceFEMPrint.nb | 17

. SMTDomainData — manipulate node and element
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Summary of Examples

The examples given in examples section of the manual are meant to illustrate the general symbolic approach to computational
problems and the use of AceGen and AceFEM in the process. They are NOT meant to represent the state of the art solution or formula-
tion of particular numerical or physical problem.

All the examples come with a full AceGen input used to generate AceFEM source codes and dll files. All "dll" files are also included as a
part of installation (at directory $BaseDirectory/Applications/AceFEM/Elements/), thus one does not have to create finite element
codes with AceGen in order to run simulations that are part of the examples. More examples are available at http://symech.fgg.uni-

lj.si/examples/.
Standard performance evaluation tests

Basic examples how to use AceFEM
= Standard FE Procedure
= Simple bending of the column
= Bending of the column (path following procedure, animations, 2D solids)
= Boundary conditions (2D solid)
= Standard 6-element benchmark test for distortion sensitivity (2D solids)
m Cyclic tension test
= Solution Convergence Test
= Postprocessing (3D heat conduction)
= Advanced control of boundary conditions
= Round-off Error Test
= Houglassing test with animation
= Adaptive mesh refinement
= Analysis of Equilibrium Paths
m Analysis of cylindrical shell structure
m Global task that finds neighboring elements of the given set of elements
m Simulation of process of delamination
m Numerical efficiency of AceFEM datamanipulations
Examples where AceGen is first used to generate elements
= Simple 2D Solid, Finite Strain Element
= Mixed 3D Solid FE, Elimination of Local Unknowns
= Mixed 3D Solid FE, Auxiliary Nodes
= Cubic triangle, Additional nodes
m Gas Pressure Element - Inflating the Tyre
= Sensitivity analysis
m Finite Strain Element for Direct and Sensitivity Analysis
m Parameter Shape and Load Sensitivity Analysis of Multi - Domain Example
= Elasto-plastic analysis

= Three Dimensional, Elasto-Plastic Element
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= Axisymmetric, finite strain elasto-plastic element

m Cyclic tension test, advanced post - processing, animations
Dynamic analysis

= Solid, Finite Strain Element for Dynamic Analysis

Elements that Call User External Subroutines

Examples of Contact Formulations

2D slave node - line master segment element

2D indentation problem

2D slave node - smooth master segment element

2 D snooker simulation

3D slave node - triangle master segment element

3D slave node - quadrilateral master segment element

3D slave node - quadrilateral master segment and 2 neighboring nodes element
3D slave triangle and 2 neighboring nodes - triangle master segment element
3D slave triangle - triangle master segment and 2 neighboring nodes element

3D contact analysis

Implementation of Finite Elements in Alternative Numerical Environments

ABAQUS
FEAP
ELFEN

User Defined Environment Interface

Summary of stochastic analysis examples

Material parameter as stochastic variable, time independent, hyper-elastic problem, parameter is modeled as
stochastic variable, perturbation approach;

Stochastic analysis with Monte - Carlo method, time independent, hyper-elastic problem, parameter is modeled as
stochastic variable, Mote-Carlo simulations;

Material parameter as stochastic field, time independent, hyper-elastic problem, parameter is modeled as stochastic
field, perturbation approach;

Stochastic analysis of time dependent problems, time dependent elasto-plastic problem, parameter is modeled as
stochastic field, perturbation approach.



CHAPTER 2

AceFEM Basics
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Standard AceFEM Procedure

The standard AceFEM procedure is comprised of three major phases:

= Input data phase (see Input Data Phase)
m Phase starts with SMTInputData followed by
= element description (SMTAddDomain, actual element codes have to generated before the analysis by AceGen code generator
or taken from AceShare,
m definition of the mesh (SMTAddMesh, SMTAddElement...)
= definition of boundary conditions (Boundary Conditions)and
m sensitivity input data (SMTSensitivityProblem).
= Analysis phase (see Iterative Solution Procedures)

m Phase starts with SMTAnalysis followed by
= the solution procedure executed accordingly to the Mathematica input given by the user.

m AcefEM is designed to solve time-independent or time-dependent finite element and related problems implicitly by the

means of Newton-Raphson type procedures.
= Visualization and post-processing phase (SMTShowMesh)
m Visualization of the results can be part of the analysis phase (SMTShowMesh) or done later independently of the analysis.
(SMTPut)

Let us consider a simple one element example to illustrate the standard AceFEM procedure. The problem considered is steady-state
heat conduction in a three-dimensional domain. The procedure to generate heat-conduction element that is used in this example is
explained in AceGen manual section Standard FE Procedure. The element dll file (ExamplesHeatConduction.dll) is also included as a
part of installation (in directory $BaseDirectory/Applications/AceFEM/Elements/), thus one does not have to create dll with AceGen in

order to run the example.
Here the AceFEM is used to analyze simple one element example.
= This loads the AceFEM package, and prepares input data structures and starts input data section

nf9)= << AceFEM" ;
SMTInputDatal[];

= Here the domain description is given that defines the name of the element, the source code file with the element subroutines, the
material data (in this case ko, ki, k;) and the initial value of the heat source Q = 1.
inf11= SMTAddDomain ["A", "ExamplesHeatConduction",
{"k@ *" ->10., "k1 *" -> .5, "k2 *"->.1, "Q *" ->1.}];

= Here the element, the node coordinates and the boundary conditions of the problem depicted below.
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2
¢1=0-1&¢é=02

inf12= SMTAddElement ["A", {{-0.5, 0, -0.5}, {1, @, O},
{1, 1.5, @}, {0, 1.5, 0}, {0, 0, 1.1}, {1, 0, 1}, {1.35, 1, 1}, {0, 1, 1}}];
SMTAddNaturalBoundary[{7, 1->5.5}];
SMTAddEssentialBoundary[{1, 1->0.1}, {2, 1->0.2}, {3, 1->0.3}, {4, 1->1.1}];

= This checks the input data, creates data structures and starts the analysis. The SMTAnalysis also compiles the element source
files and creates dynamic link library files (dll file) with the user subroutines (see also SMTMakeD11) or in the case of MDriver
reads all the element source files into Mathematica.

in[15)= SMTAnalysis[];

= Here we define factor A whit which the intensity of the boundary conditions and the heat source is multiplied. A is traditionally
refer as “load level”.

inf167= SMTNextStep["A" - 1];

= Here the problem is solved by the standard quadratically convergent Newton-Raphson iterative method. Observed quadratic
convergence is also a partial confirmation that the problem was correctly linearized. This test can be used as one of the code
verification tests.

nf177= While [SMTConvergence[10~-12, 10], SMTNewtonIteration[];
SMTStatusReport [SMTPostData["Temperature"”, Point[{-0.5, 0, -0.5}1111;

Step/Iter=1/1 A/AXx=1./1. uApn/uRu=1.10033/3.66682 Events=0 Status=0/{} Tag={0.1}
Step/Iter=1/2 A/AA=1./1. uApn/uRi=0.0370544/0.142921 Events=0 Status=0/{} Tag={0.1}

Step/Iter=1/3 x/Ax=1./1. uApu/uRu=
0.0000510625,/0.000203298 Events=0 Status=0/{} Tag={0.1)

Step/Iter=1/4 A/AX=1./1. ulApu/nRu=
8.83286x10711/3.5599x107 1% Events=@ Status=0/{} Tag={0.1}

Step/Iter=1/5 A/AX=1./1. uApu/nRu=
1.40404x10°'7/8.88612x10°Y7 Events=@ Status=0/{} Tag={0.1}

= During the analysis we have all the time full access to all environmental, nodal and element data. They can be accessed and
changed with the data manipulation commands (see Data Base Manipulations). This gives AceFEM flexibility that is not shared by
other FE environments as shown on the following example.
Here an additional step is made, however instead of increasing the load level, the temperature in node 3 is directly set to 1.5.
More about  the advanced control of boundary conditions can be found in chapter
Advanced control of boundary conditions.



inf18]= SMTNextStep["AA" » 0] ;

SMTNodeData[3, "Bp", {1.5}];

While [SMTConvergence[10~-12, 10], SMTNewtonIteration[];];
SMTStatusReport [SMTPostData["Temperature"”, Point[{1, 1.5, 0}]11;

Step/Iter=2/5 A/AX=1./@. uApi/uRi=7.94178x10° %
/3.98158x10°'* Events=0 Status=0/{Convergence} Tag={1.5}

Inf22;= SMTSimulationReport[];

= The SMTSimulationReport command displays vital characteristics of the analysis performed.
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No. of nodes

No. of elements

No. of equations

Number of threads used/max
Data memory (KBytes)
Tangent matrix (KBytes)
Solver memory (KBytes)
Total driver (KBytes)

MMA kernel memory (KBytes)

Total memory (KBytes)
Solver type

Matrix type

No. of steps

No. of steps back

Step efficiency (%)
Total no. of iterations
Average iterations/step
Terminal BC multiplier (Q)
Terminal time (t)
Terminal parameter (y)

MMA front end memory (KBytes)

142

143
62513
614 601
677 257
Pardiso
1

2

]

100.

o ® kP U

Total absolute time (s)
Total driver time (s)

Total driver time (%)

Total linear solver time (s)
Total linear solver time (%)
Total K&R time (s)

Total K&R time (%)

Average time/iteration (s)
Average linear solver time (s)
Average Ke&Re time (s)

CPU Mathematica time (s)

CPU Mathematica time (%)

0.3172100
0.194
61.1582
0.101
31.8401
.000999928
.315226
.0194
.0101
.0000999928
.078
24.5894

[OOSR ]

= Here the SMTShowMesh function displays three-dimensional contour plot of the current temperature distribution. Additional

examples how to post-process the results can be found in Solution Convergence Test.

inf23= SMTShowMesh["Marks" - True, "Field" -» "Temx", "Contour" - True]

AceFEN
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Input Data Phase

Contents
= Overview
= Input Data Phase Functions
m SMTInputData
= SMTAddDomain
= SMTMakeD11
m SMTElementReport

= Example : One element

Overview
The obligatory parts of the input data phase are:
= The input phase starts with the initialization (see SMTInputData).

= The type of the elements and the data common to all elements of the specific type is specified by the SMTAddDomain command.
The actual element codes have to be generated before the analysis (see Standard FE Procedure) or taken from the AceShare
libraries.

m AceFEM is an element oriented environment that provides mechanisms for the elements to take active partin construction of the
actual mesh. The topological mesh is a base on which the actual finite element mesh is constructed. If there are no elements that
take active part in construction of the mesh, then are the actual mesh and the topological mesh identical.

The node coordinates and the connectivity of nodes for topological mesh can be given by SMTAddNode, SMTAddMesh and

SMTAddElement commands.

= The essential and the natural boundary conditions of the problem are specified by the SMTAddEssentialBoundary, the
SMTAddNaturalBoundary and the SMTAddInitialBoundary commands. The imposed essential boundary conditions usually

correspond to Dirichlet boundary conditions and the imposed natural boundary conditions to the weighted Neumann boundary
conditions of the underlying partial differential equations. However, the actual relation between the imposed boundary condi-
tions and the boundary conditions of the underlying boundary value problem has to be derived from the physical meaning of the
nodal DOF. The physical meaning of the nodal DOF is implicitly defined by the algebraic equations associated with the nodal
DOF. In AceFEM there are no predefined physical meanings of the nodal DOF. If the imposed essential and natural boundary
conditions do not correspond to the requested boundary conditions of the underlying boundary value problem then true
boundary conditions have to be imposed by the additional constraints. The additional constraints can be imposed by e.g.
Lagrange multiplier method and implemented as separate finite elements.

= [f sensitivity analysis is required then the SMTSensitivityProblem command specifies the type and the values of the sensitiv-
ity parameters.

Note that the node numbering can be changed after the input data phase due to the process of joining the nodes which have
the coordinates and the node identification with the same value.

See also: Simple bending of the column

Input Data Phase Functions

SMTInputData

SMTInputData[]
initialize input data arrays and launch the numerical module (all the data from the previous AceFEM session is erased)
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Initialize the input data phase.

The SMTInputData is the first command of every AceFEM session. See also: Standard AceFEM Procedure.

option default description

"LoadSession" False "session_name" = the data and definitions associated
with the derivation of the element "session_name" are reloaded
from the automatically generated file. The session name,
the element source file name and the element name has to be the same

for the proper run-time debugging. See also Run Time Debugging.

"NumericalModule" "CDriver" specifies numerical module:
"CDriver" = C language
"MDriver" = Mathematica language

"Precision" $MachinePrecision starts the MDriver numerical module with the
numerical precision set to # (it has no effect on CDriver)

"Console" False starts the CDriver module as console application
(or terminal application) and connect it with the Mathematica
through MathLink protocol (it has no effect on MDriver)

"Threads" All sets the number of processors that are available for the parallel execution

"SeriesMethod" "Lagrange" specifies the power series expansion
method (see also Semi-analytical Solutions)

"SeriesData" False specifies the power series expansion parameters,
the expansion point and the order of the power series expansion

{{X,xo,nx},{y7yo,ny},~~~}
(see also Semi-analytical Solutions)

Options of the SMTInputData function.

Printing additional messages to terminal window

The CDriver numerical module is an executable written in C language and connected with the Mathematica through the MathLink
protocol. Printing on standard output device (e.g. printf(“hello”)) from C language would NOT produce a print out to the Mathematica

notebook but to the separate window depending on operating system used.

= Windows
On Windows operating system the CDriver can be started in a separate window with the option "Console"->True. Additional
messages are then printed to command window as shown below.

W Program Files'Wolfram

Input file SMTHanual.nb B
Output file NOME
lorking directory C:Ntemp

Mumber of nodes 1331
Number of elements 188a8

ELEMENT = heatconduction

unzymmetric LU
818

1176144
1459384

188

Solver algorithm
Mumbher of equations
Profile zize Chytes?
Total memory Chytes
fAverage band width

= MacOS
In order to see printouts on Mac Mathematica has to be started from terminal as follows:

= open Terminal (look under Applications-Utilities for Terminal.app),
m start Mathematica form Terminal (e.g. /Applications/Mathematica.app/Contents/MacOS/Mathematica),
= messages will now be printed to terminal window.

= Linux
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In order to see printouts on Linux Mathematica has to be started from terminal as follows:

m open Terminal (e.g. search for Terminal),

m start Mathematica form Terminal (e.g.Mathematica &),

= messages will now be printed to terminal window as shown below.

7 jkorelc@jkorelc-VirtualBox: ~

Working directory
Number of nodes
Number of elements
Data storage (KBytes)
Number of threads

W uwuwuwuwn

SMTAddDomain

TestInstallation.nb

NONE

/home fjkorelc/Documents/SMS/Benchmark
66

50

18

4

SEPEQ1DFLEQ1Hooke
E -elastic modulus

S[Nu]$ -Poisson ratio
t -thickness

SMTAddDomain[dID,UEC,{dkey->d,,dkey,->d>,...},option]
add domain data to the list of domains with input data given as a list of rules

The domain is identified by the unique string d/D used within the session, the unified element code UEC (Unified Element Code)and
the input data values that are common for all elements within the domain {dy, d,, ...}. The input data values are defined by the
SMSDomainDataNames template constant and are specific for each element used. Input data values is given as a vector or a list of

rules (dkey, - d;). The keys of the data can be abbreviated (e.g. "Factor" can be given as "F*"). Only those values that are not equal to

the default values (see SMSDefaultData) have to be given.

THe UEC is in the case of locally generated elements the name of the DLL file where the element definitions are stored. If the element is
taken from the AceShare then the full Unified Element Code has to be given. For example, the "ML:SEPEQ1HRLEPianSumDHooke"
represents UEC for the the well-known Pian-Sumihara element derived for isotropic Hook's material and stored in a main on-line
AceFEM library "ML". The library UEC can also be given split to its constituent parts e.g. {"ML:","SE","PE","Q1","HR","LE","-

PianSum","D","Hooke"}.

option default description
"Source" Automatic specification of the location of element' s source code
"AdditionalData" {} additional data common for all the

elements within a particular domain (e.g. flow curve)

Options for domain input data.

Several data sets can be added at the same time as well. For example:

in247= SMTAddDomain[{{"A", "steel", {"E %" ->21000, "p *" ->2700}},
{"A", "concrete", {"E *" 3000, "o *x" - 800}}}]

{Null, Null}

SMTMakeDII

SMTMakeDlI[source]
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Function creates dll file from the source. source parameter can be an AceShare element code or a name of ¢ source file.
Function returns the following list:

{full dll file name

, source

, AceShare library index or 0 if the element is not from the AceShare}

SMTMakeDII[]
create dll file from the last generated AceGen code (if possible)

option default description

"OptimizeDIl" True True = create dll file optimised by the compiler
False = create dll file without additional compiler optimisation
the data is not saved if the absolute difference in multiplier for
two successive SMTPut calls is less than "MultiplierFrequency"

"AdditionalSourceF- {} list of additional source files (they are always recompiled)
iles"

"AdditionalLibraries {} list of additional libraries

"AdditionalObjectFi- {3} list of additional object files

les"

"Debug" False pause on exit and keep all temporary files

Options of the SMTMakeDIl function.

The dll file is created automatically by the SMTMakeDll function if the C compiler is available. For details see installation instructions at
http://symech.fgg.uni-lj.si/User/Acelnstallation.htm .

SMTElementReport

SMTElementReport[UEC]
returns basic element characteristics as a list of rules.
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inf77;= SMTElementReport[{"ML:", "SE", "PE", "Q1", "DF", "LE", "Q1", "D", "Hooke"}] // TableForm

UEC -» {ML:, SE, PE, Q1, DF, LE, Q1, D, Hooke}
Code — SEPEQ1DFLEQ1DHooke
Topology - Q1

SpecIndex - @
NoDimensions - 2
NoDOFGlobal - 8
NoDOFCondense - ©
NoNodes - 4
NoDomainData - 6
NoSegmentPoints - 10
IntCode - 2
NoTimeStorage - @
NoElementData - ©
NoIntPoints - 4
NoGPostData - 13
NoNPostData — 4
SymmetricTangent » 1
NoIntPointsA - 4
NoIntPointsB — @
NoIntPointsC —» @
NoSensNames — @
ShapeSensitivity » @
NoIData —» @

NoRData — @
DefaultIntegrationCode - 2
LocalReKe - @
NoAdditionalData —» ©
NoCharSwitch - @
NoIntSwitch - 1
NoDoubleSwitch —» @
dummyl - -2147482623
PostIterationCall - @
Active - 1

DOFScaling - @
EBCSensitivity — @
SensitivityOrder - 0
WorkingVectorSize - 521
NoTopologyNodes - 4
SpatialDimensions —» 2
ElementDimensions - 2

B Example: One element

= Here follows the input data for a single element example depicted below.



nf270):= << ACeFEM™
SMTInputDatal[];
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= Here are the element material data, the integration code, and the type of the element. The element name is usually used also for

the file name of the file where element subroutines are stored.

in2721= SMTAddDomain[ {"patch", {"ML:", "SE", "PE", "Q1", "DF", "LE", "Q1", "D", "Hooke"},

{"E " ->3000., "v %" ->0.3, "t *" ->2.}}]
1

= Definition of nodes.
in273- SMTAddNode[{-0.5, 0.1}, {1.2, -0.3}, {1.1, 1.3}, {0.1, 1.4}]
{1, 2, 3, 4}
= Definition of elements.

inf274)= SMTAddElement [ {"patch", {1, 2, 3, 4}}]
1

= Definition of boundary conditions.

inj275)= SMTAddEssentialBoundary[{1, 1 ->0.015, 2 -> -0.12},
{2, 2->0.02}, {3, 2->0.015}, {4, 1->0.021}]
SMTAddNaturalBoundary[{2, 1 ->105}]

(4,1 0.021)

(2,1 105}

= Here the finite element data structures are established. Note that the node numbering can be changed after the SMTAnalysis
due to the process of joining the nodes which have the coordinates and the node identification with the same value.

inf2771= SMTAnalysis[]

True

inj27¢)= SMTShowMesh ["Marks" - True, "BoundaryConditions" - True]
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m 3D mesh structured mesh types
m 2D and 3D surface structured mesh types with mesh refinement

m 3D structured mesh types with mesh refinement

Introduction

Many numerical solution techniques work by replacing a region of interest with an approximation of that region. This approximation is
called a discrete region. The discrete region is partitioned into a collection of smaller elements that, as a sum, make up the entire
discrete region. This partitioned discrete region is called a mesh. Mesh is typically created as a part of input data phase by a pre-
processor or mesher. AceFEM is an element oriented environment that provides mechanisms for the elements to take active part in
construction of the actual mesh. The main mechanism is the AceGen option SMTAdditionalNodes that can be used to actively add
additional nodes to elements generated by the mesher. The connection between the mesh and the elements is established by

definitions of domains and associated domain identifications (see SMTAddDomain,Mixed Element Types, Element Topology).

Thus, within the AceFEM we can talk about two types of meshes:

= Topological mesh generated by the mesher

= Topological mesh is defined by a list of node coordinates and corresponding connectivity table that defines a list of elements.
The topological mesh is defined by the type of the mesh or mesh type and the type of the elements that form topological
mesh or mesh element type (see Mixed Element Types).

= Actual mesh used to perform simulation

m The topological mesh is a base on which the actual finite element mesh is constructed. The type of the elements of the actual
mesh or actual element type (see Mixed Element Types, Element Topology) is specified by the domain identification

diD.
Additionally we define:

= mesh type

m Mesh type is the type of the mesh generated by the mesher (e.g. various structured meshes, unstructured meshes).

= mesh element type

= Mesh element type is type of the elements that form topological mesh generated by mesher. Mesher can partition the region
into elements of various types accordingly to the shape (line, triangle, quadrilateral, tetrahedron, hexahedron are the most
usual shapes of elements generated by meshers) and various number of nodes that defines the order of interpolation (first
order or linear, second order or quadratic are the most common orders).

= actual element type

m The type of the elements of the actual mesh is defined by the element code (see Unified Element Code,
Element Topology) and specified by the domain identification dID (see SMTAddDomain).

If there are no finite elements that take active part in construction of the mesh (self-generating meshes), then the actual mesh and the
topological mesh are identical. Meshes are generated or imported by the SMTAddMesh command. The SMTAddMesh function returns a
list of global node numbers of the nodes added and a list of global indexes of the elements added. The SMTAddMesh function can be
repeated several times and used to combine several meshes generated by Mathematica, AceFEM or an arbitrary external mesher. In
general it is assumed that the numbering of the nodes is done locally for each SMTAddMesh call. Thus, after the SMTAddMesh call the
indexes of the nodes can be changed in rather unpredictable way.

Meshers
Withing the AceFEM meshes can be generated using three different meshers:

= built-in mesher that generates an arbitrary structured mesh (see Types of Structured Meshes) for an arbitrary shaped 2D

quadrilateral or 3D hexahedron region and meshed with elements with an arbitrary topology (Element Topology).
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m For example SMTAddMesh[Polygon[{p1,p,,p3,p4}], dID, "Division"-> {n,,n}] command generates structured mesh for an
arbitrary quadrilateral region where {n,,n,} is the number of elements along local x and y axis. The domain identification d/D

defines the actual element type.

™ SMTAddDomain[HQ"’ {I|ML:"’HSEH’"PEH’IIQlll’IIDFII’"LEI|’"Q1I|,|IDll’llHooke"}’ {IIE *1 > 1000’ llv*ll > 0-3}];
SMTAddMesh[Polygon[{{0, 0}, {L, 0}, {L/2, 2 H}, {0, H}], “Q”, "Division"-> {5, 3}]

master Polygon
L]

p3

pl

actual mesh 5x3

p2

= built-in mesher that generates unstructured mesh composed of triangular (2D) or tetrahedron (3D) elements of various orders,

m For example SMTAddMesh[mesh_ElementMesh,

dID] command adds mesh defined by ElementMesh data object generated by

built-in Mathematica mesher (see Element Mesh Generation)and domain identification d/D that defines the actual

element type. The actual element type must correspond to the mesh element type.

m SMTAddDomain["Q" ,{"ML:","SE","PE","T1","DF
SMTAddMesh[ ToElementMesh[ ImplicitRegion[.
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= mesh generated by an arbitrary third-party mesher that produce a list of nodes and element connectivity table in a format that
can be imported into Mathematica and AceFem using the Import command.

m For example SMTAddMesh[{{X1,Y1,Z:},{X5,Y,,Z,},

}: {dlDl_>{{ni;n%:---}:{n%’n%:---}:---}: dlDZQ{{ni:n%a'"};{n%:n%;"'};"'}; }]

command imports mesh defined by the list of node coordinates {{X;,Y1,Z1},{X5,Y2,Z5},...} and a list of regions defined by
domain identification dID; and connectivity table, {{ni,né,...},{n%,n%,...},...}.

- sMTAddDOmain[{"Q",{"ML:","SE","PE","Q].",”DF","LE","Ql","D","Hooke"}, {"E LIS 1000’ LIVALIES 03}}],
SMTAddMesh[ {{0., 0.}, {0., 2.5}, {0., 5.}, {2.5, 0.}, {2.5, 2.5}, {2.5, 5.}, {5., 0.}, {5., 2.5}, {5., 5.}}
{"Q"->{{1,4,5,2},{2,5,6,3}, 14,7, 8,5}, {5, 8,9, 6}}}];

b

L

Bodies and boundary meshes

Elements can be grouped together to form a "body"

. Body is defined by its identification bodyID. bodyID is a string that uniquely

defines the body and is defined as a part of mesh generation process (SMTAddMesh option "BodyID"). The primal purposes of defining

bodiesisto:
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= select the elements/nodes that belong to the same body (e.g. SMTFindNodes[{"BodyID",bodyIDSelector}]),
= formulate contact problem (see Implementation Notes for Contact Elements),
= add elements at the body boundary (SMTAddMesh option "BoundaryDomainID").

Algorithm: The boundary of the body is first divided into line segments in 2D or triangular or quadrilateral segments in 3D. The surface
segments are then used to create boundary mesh. Consequently, the boundary elements can only be first order elements ("L1", "P1"
or "S1" topology) or points ("V2" or "V3" topology) on the surface.

Example 1:

Here two bodies are created ("B1" and "B2"). The boundary of the bodies is then enveloped into a layer of contact elements. Contact
element is defined by its slave node (red dots).

Inf567]:= << ACEFEM™
SMTInputDatal[];
SMTAddDomain [
{"Solid1", "ExamplesHypersolid2D", {"E %" ->70000, "v x" ->0.3}},
{"Solid2", "ExamplesHypersolid2D", {"E %" ->210000, "v *" ->0.3}},
{"Contact", "ExamplesCTD2N1L1Pen", {"p *" ->200000}}];
SMTAddMesh [Polygon[{{-1/2, ©.1}, {1/2, 0.1}, {1/2, 0.6}, {-1/2, 0.6}}],
"Solid1", "Division" -> {5, 4},
"BodyID" - "B1", "BoundaryDomainID" -> "Contact"];
SMTAddMesh [Polygon[{{-1, -1}, {1, -1}, {1, @}, {-1, @0}}], "Solid2", "Division" -> {5, 5},
"BodyID" - "B2", "BoundaryDomainID" -> "Contact"];
SMTAddEssentialBoundary[{"Y"==-1 &, 1->0, 2->0}, {"Y"==0.6 & 1->0, 2->-1}];
SMTAnalysis["Output"” -> "tmpl.out"];
SMTShowMesh [ "BoundaryConditions" - True, "Marks" -» {"ElementNumber"}]

» » ® » -
4 8 12 16 20

I 3 7 11 15 19

2 6 10 14 18
1 5 S 13 17
t 7 o ——88
25 30 35 40 45
24 29 34 39 44
23 28 33 38 43
22 27 32 37 42
21 26 31 36 41
(2 » - L ® -

Example 2:

Here a heat transfer boundary condition elements are created on the surface of the domain. Although the solid is discretized with
quadratic elements, the surface can only be discretized with first order elements.
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n591;:= SMTInputDatal[];
L=100; H=20; nx =3; ny = 3;
points = {{@, @}, {L, 0}, {L/2, 2H}, {0, H}};
SMTAddDomain["A", {"ML:", "TH", "D2", "Q2S", "DF", "ST", "Q2s", "T", "Fourier"}, {}1;
SMTAddDomain["B", {"ML:", "TH", "S2", "L1", "DF", "FL", "L1", "T", "Const"}, {}];
SMTAddMesh [Polygon[points], "A",
"Division" -> {nx, ny}, "BoundaryDomainID" - "B", "BodyID" - "B1"];
SMTAnalysis[];
SMTShowMesh ["Marks" - True]

Basic mesh generation

SMTAddMesh[geoObject, dID]
Adds unstructured mesh defined by given geometric object geoObject and domain identification dID. Topology of the mesh is
implicitly defined by the domain identification dID.

SMTAddMesh[geoObject, dID, "Division"->div]
Adds structured mesh defined by given geometric object geoObject, domain identification d/D and mesh division div. Topology
of the mesh is implicitly defined by the domain identification dID.

geoObject description

Polygon({pi,p2,P3,P4,---}]1 polygon in 2D or 3D

Polygon[ collection of polygonsin 2D or 3D
{p11,P12:P13,.-- 31 {P21.,P22,--- 3 F4-]

Line[{p1,pP2,---,Pm ] mesh of m-1+2D or 3D line elements
Line[{{p11,p15,...3,{P21,P22 s--- 3 },.-.] collection of lines elements

Hexahedron[{p1,p>,P3,P4,P5,P6,P7,Ps}]  structured mesh for an arbitrary

,/Bim p7
Psg” D 4
i 5\ P y
hexahedron region ( 2 )
/\ Pz
Raster[raster] structured mesh for an
arbitrary shaped 2 D region with four
curved edges (curved quadrilateral)
Raster3D[raster] structured mesh for 3 D region defined by six

arbitrary shaped surfaces (curved hexahedron)

Possible geometric objects.
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option default description

"BodyID" None body identification string

" {3 domain identification (one or more) for the elements additionally
BoundaryDomainID generated on the outer surface of body generated by SMTAddMesh
"Division" None "Division" is relevant only for structured meshes:

ny = number of elements along the local x for line elements
{nx,ny} = number of elements along

the local x and y axis for 2D elements in 2D or 3 D
{nx,ny,n,} = number of elements along the local x,

y and z axis for solid elements

all for unstructured meshes all options that can be given to
ToElementMesh ToElementMesh command (e.g. "MaxCellMeasure", "MeshOrder",...)
options

General options of the SMTAddMesh function.

Examples of 2D meshes

n313]:= << ACeFEM™ ;
pOlngﬂ =Polygon[{{0, 0}, {L, @}, {L, H}, {0, H}}1;

in316):= SMTInputDatal[];
SMTAddDomain["A", {"ML:", "SE", "PS", "T1", "DF", "HY", "T1", "D", {{"NeoHooke", "WA"}}}, {}1;
SMTAddMesh [polygon, "A"];
SMTAnalysis|[];
SMTShowMesh [ "NodeMarks" - True]

nf3417:= SMTInputDatal[];
SMTAddDomain["A", {"ML:", "SE", "PS", "T1", "DF", "HY", "T1", "D", {{"NeoHooke", "WA"}}}, {}1;
SMTAddMesh [polygon, "A", "MaxCellMeasure" - 20];
SMTAnalysis[];
SMTShowMesh [ "NodeMarks" - True]




In[321]:=

In[42]:=

In[52]:=

In[57]:=

SMTInputDatal[];

SMTAddDomain["A", {"ML:", "SE", "PS", "T2", "DF",

SMTAddMesh [polygon, "A"];
SMTAnalysis[];
SMTShowMesh [ "NodeMarks" - True]

AceFEMPrint.nb | 35

"HY", "T2", "D", {{"NeoHooke", "WA"}}}, {}1;

SMTInputDatal[];

SMTAddDOmain["A“, '["ML:“, "SE", "PS“, qun, "DF“, "HY", "Q1“) "D", {{"NeoHooke", "wA“}}}, {}];

SMTAddMesh [polygon, "A"];
SMTAnalysis[];
SMTShowMesh [ "NodeMarks" - True]

& B 8¢

SMTInputDatal[];

SMTAddDOmain["A“, '["ML:“, "SE", "PS“, "T].", "DF“, "HY", ||T1||, "D", {{"NeoHooke", "wA“}}}, {}];

SMTAddMesh [polygon, "A", "Division" -» {10, 5}1];
SMTAnalysis[];
SMTShowMesh [ "NodeMarks" - True]

SMTInputDatal[];

SMTAddDOmain["A“, '["ML:“, "SE", "PS“, qun, "DF“, "HY", "Q1“) "D", {'["NeoHooke", "wA“}}}, {}];

SMTAddMesh [polygon, "A", "Division" -» {10, 5}1];
SMTAnalysis[];
SMTShowMesh [ "NodeMarks" - True]
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nf471= SMTInputDatal[];
SMTAddDomain["A", {"ML:", "SE", "PS", "Q2", "DF", "HY", "Q2", "D", {{"NeoHooke", "WA"}}}, {}1;
SMTAddMesh [polygon, "A", "Division" - {10, 5}1;
SMTAnalysis[];
SMTShowMesh [ "NodeMarks" - True]

Examples of 3D solid meshes

)= L=100; H=20; V=30; nx=5; ny=3; nz=4;
points = {{@, ©, 0}, {L, 0, 0}, {L/2, 2H, 0}, {0, H, 0},
(e, 0, V}, {L, @, V}, {L/2, 2H, V}, {@, H, V}, {L/2, H/2, 2V}};
body = Polygon[{points[[{1, 2, 6, 5}]], points[[{1, 2, 3, 4}]], points[[{1, 4, 8, 5}]],
points[[{4, 3, 7, 8}]], points[[{2, 6, 7, 3}]], points[[{5, 6, 9}11,
points[[{6, 7, 9}]1], points[[{7, 8, 9}]], points[[{8, 5, 9}]1}];

4= << ACeFEM™ ;
SMTInputDatal[];
SMTAddDomain["A", {"ML:", "SE", "D3", "01", "DF", "LE", "01", "D", "Hooke"}, {}1;
SMTAddMesh [body, "A"];
SMTAnalysis[];
SMTShowMesh [ "NodeMarks" - True]

inf10}= << ACeFEM" ;
SMTInputDatal[];
SMTAddDomain["A", {"ML:", "SE", "D3", "02", "DF", "LE", "02", "D", "Hooke"}, {}1;
SMTAddMesh [body, "A"];
SMTAnalysis[];
SMTShowMesh [ "NodeMarks" - True]
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Examples of 3D shell meshes

n2177= shellUnstructured = Polygon[ {points[[{1, 2, 6, 5}]], points[[{1, 2, 3, 4}]1],
points[[{1, 4, 8, 5}]], points[[{4, 3, 7, 8}]], points[[{2, 6, 7, 3}]1],
points[[{6, 7, 9}]], points[[{7, 8, 9}]], points[[{8, 5, 9}]1}1;

inf2181= << ACeFEM" ;
SMTInputDatal[];
SMTAddDomain["A", {"ML:", "SE", "MS", "P1", "DF", "HY", "P1P6", {"D", "Fi"}, "SVenant"}, {}];
SMTAddMesh [shellUnstructured, "A"];
SMTAnalysis[];
SMTShowMesh [ "NodeMarks" - True]
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Inf2247= << ACeFEM" ;
SMTInputDatal[];
SMTAddDomain["A", {"ML:", "SE", "MS", "P2", "DF", "HY", "P2P6", {"D", "Fi"}, "SVenant"}, {}];
SMTAddMesh [shellUnstructured, "A"];
SMTAnalysis[];
SMTShowMesh [ "NodeMarks" - True]

inf230;= shellStructured = Polygon[{points[[{1, 2, 6, 5}]],
points[[{1, 4, 8, 5}11, points[[{2, 6, 7, 3}]], points[[{4, 3, 7, 8}]]}1;

inf231= << ACeFEM" ;
SMTInputDatal[];
SMTAddDomain["A", {"ML:", "SE", "MS", "P2", "DF", "HY", "P2P6", {"D", "Fi"}, "SVenant"}, {}1;
SMTAddMesh [shellStructured, "A", "Division" - {6, 3}1];
SMTAnalysis[];
SMTShowMesh [ "NodeMarks" - True]
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In[2371= << ACeFEM" ;
SMTInputDatal[];
SMTAddDomain["A", {"ML:", "SE", "MS", "S1", "DF", "HY", "S1P6", {"D", "Fi"}, "SVenant"}, {}];
SMTAddMesh [shellStructured, "A", "Division" -» {6, 3}];
SMTAnalysis[];
SMTShowMesh [ "NodeMarks" - True]

Inf243;= << ACeFEM" ;
SMTInputDatal[];
SMTAddDomain["A", {"ML:", "SE", "MS", "S2", "DF", "HY", "S2P6", {"D", "Fi"}, "SVenant"}, {}1;
SMTAddMesh [shellStructured, "A", "Division" - {6, 3}];
SMTAnalysis[];
SMTShowMesh [ "NodeMarks" - True]

Advanced SMTAddMesh

Importing ElementMesh meshes

SMTAddMesh[elementMesh, dID]
Adds mesh defined by ElementMesh data object elementMesh generated by built-in Mathematica mesher (see
Element Mesh Generation, ToElementMesh )and domain identification diD that defines the actual element type. Mesh

must not be divided into sub-regions and have to be composed of only one type of mesh elements. The actual element type
must correspond to the mesh element type.
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SMTAddMesh[elementMesh, {meshElementType,;-dID,,meshElementType,—~dID,,...}]

Adds mesh defined by ElementMesh data object elementMesh generated by built-in Mathematica mesher ( see

Element Mesh Generation).Mesh must notbe divided into sub-regions, but it can be composed of different types of mesh
elements. Second argument defines the mapping between the mesh elements type (meshElementType) generated by mesher (
seeMixed Element Types)and the actual element type defined by the domain identification dID.

SMTAddMesh[elementMesh,{{meshElementType,,regionMarker, }-
dIDy,{meshElementType,,regionMarker,}-dID,,...,{meshElementType,,regionMarker,}—dID,}]
Adds an arbitrary mesh defined by ElementMesh data object elementMesh generated by built-in Mathematica mesher (see

ToElementMesh ,Mixed Element Types).

option default description

"MeshElements" True True = import mesh elements
False = skip mesh elements

"BoundaryElements Automatic True = import boundary elements

" Automatic =
import boundary elements only if mesh elements are not defined
False = skip boundary elements

"PointElements" False True = import point elements
False = skip point elements

Generation of an arbitrary unstructured mesh.

Importing MeshRegion meshes

SMTAddMesh[meshRegion,dID]
Adds an arbitrary mesh defined by MeshRegion data object generated by Mathematica (see
Mesh-Based Geometric Regions).Generated elements can have an arbitrary number of nodes in 2D and 3D depending on

MeshRegion data object as described in a table below. Generated elements are associated with domain identification dID.

Point [i] (2] point
Line [{ii,i2,...}] 1 line segments {iy,ix}, {ix,is}, ...
Triangle [{ij,i2,i3}] 2 filled triangle
Polygon [{i1,i2,...}] 2 filled polygon
Tetrahedron [ {ij,...,is4}] 3 filled tetrahedron
Hexahedron [ {ij,...,ig}] 3 filled hexahedron
Pyramid [ {ij,...,i5}] 3 filled pyramid
Prism [ {ij,...,ic}] 3 filled prism
Simplex [ {i1,...,0;}] 0, 1, 2, 3 filled simplex

SMTAddMesh[meshRegion, {cellType,~dIDy,cellType,~»dID,,...}]
Adds an arbitrary mesh defined by MeshRegion data object generated by Mathematica (see
Mesh-Based Geometric Regions), where cellType can be Point, Line,Triangle, Polygon,Tetrahedron,Hexahedron,Pyramid

or Prism (see MeshRegion ). Generated elements of different types are associated with different domain identifications.

Structured meshes

SMTAddMesh[Polygon[{pi,p2,P3,P4}], dID, meshType, {ny,ny}]
Generates structured mesh for an arbitrary quadrilateral region where {n,,n,} is the number of elements along local x and y axis.
The domain identification d/D defines the actual element type and the meshType mesh type

(Types of Structured Meshes).

SMTAddMesh[Hexahedron[{p1,pz,p3,p4,p5,p6,p7,p8}], dID/ mEShT)’Pe/ {nXInXInZ}]
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Generates structured mesh for an arbitrary hexahedron region where {n,,ny,n, } is the number of elements along local x and y
and z axis. The domain identification dID defines the actual element type and the meshType the mesh type
(Types of Structured Meshes).

SMTAddMesh[Line[{pi,p2,...,.Pm}], dID, meshType]
Generates mesh of m-1 2D or 3D line elements with given coordinates of the nodes {p;,p,,...,pm}. The domain identification dID
defines the actual element type and the meshType mesh type (see 1 D structured mesh types).

SMTAddMesh[Line[{p1,p>2,...,Pm}], dID, meshType, n]

Generates mesh of n 2D or 3D line elements. The coordinates of the nodes of the actual mesh are obtained by interpolation of
given points Line[{p1,p,,...,Pm}]. The order of interpolation is defined by the "InterpolationOrder" option with the default value
3. The domain identification dID defines the actual element type and the meshType mesh type (see

1D structured mesh types).

Generation of structured mesh.

SMTAddMesh[Raster[raster], dID, meshType, {ny,ny}]

Generates structured mesh for an arbitrary shaped 2D region with four curved edges (curved quadrilateral) where {n,,n,} is the
number of elements along local x and y axis. The region is defined by the two-dimensional array of points or raster. The domain
identification dID defines the actual element type and the meshType the mesh type (Types of Structured Meshes).

SMTAddMesh[Raster3D[raster], dID, meshType, {ny,Ny,N; }]

Generates structured mesh for 3D region defined by six arbitrary shaped surfaces (curved hexahedron) where {n,,n,,n,} is the
number of elements along local x and y and z axis.The region is defined by the three-dimensional array of points or raster. The
domain identification dID defines the actual element type and the meshType the mesh type

(Types of Structured Meshes).

option default description

"InterpolationOrder 3 The degree of raster interpolation is specified

" by the option "InterpolationOrder". By default the third-
order (or less if the number of points in one direction is less than 4)
polynomial interpolations of coordinates X,Y,Z is used.
Option applies only to structured meshes defined by a raster of points.

Generation of an structured mesh defined by raster of points.

Importing meshes generated by an arbitrary external meshers

SMTAddMesh[{{X1,Y1,Z1},{X2,Y2,Z53},...}, {dID1->{{n},n},..} {n2,n3,..},...}, dID;~>
{{nin}, 3.4n3n3,. . 3,3 .. }]

Imports mesh defined by the list of node coordinates {{X;,Y1,Z1},{X2,Y2,Z5},...} and a list of regions defined by domain
identification dID; and connectivity table, {n},n},...},in%,n2,...},...}. This form can be used to import mesh generated by an
arbitrary external mesher. Node numbers in connectivity table refer to the successive indexes of the nodes given.

SMTAddMesh[{dID;->{{n},ni,...},{n%,n3,..},...}, dID,->{{n},n},.. 3 {n3,n3,..},..}, ..}]

Imports mesh defined by a list of regions defined by domain identification dID; and connectivity table, {{n1,n3,...1,{n2,n%,...},..}.
Node numbers in connectivity table refer to the global node numbers. This form can be used to import several sub-meshes
imposed on the existing mesh of spatial nodal points.

SMTAddMesh[{gn,,gn,,...}, {dID;->{{n},n},..},{n?,n3,...},...}, dID;->{{n},n},.. 3 {n3,n3,..},..}, ..}]
Imports mesh defined by a list of regions defined by domain identification dID; and connectivity table, {{ni,n3,...1,{n2,n%,...},..}.
Node numbers in connectivity table refer to the successive elements in the list of global node numbers {gn, ,gn;,...} where gn; is
a global node number of the i-th local node. This form can be used to import several sub-meshes imposed on the existing mesh
of spatial nodal points where each sub-mesh has its own node numbering.

Importing meshes generated by an arbitrary external meshers into AceFEM.

Function SMTAddMesh returns the range of node indexes added and the range of element indexes ({{nodMin,nodeMax},{elementMin,-
elementMax}}). If global node numbering is used it returns only the range of element indexes ( {Null,{elementMin,elementMax}} ).

Obsolete SMTMesh command has been incorporated into a more general SMTAddMesh command.
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Unstructured Meshes

Simple unstructured meshes

SMTAddMesh[elementMesh, dID]

Adds mesh defined by ElementMesh data object generated by ToElementMesh or ToBoundaryMesh mesher (see

Mixed Element Types)and domain identification dID that defines the actual element type. Mesh must not be divided into
sub-regions and have to be composed of only one type of mesh elements.

See the ToElementMesh function documentation for the instructions how to generate mesh with Mathematica and

Element Mesh Generation documentation for the general description of the Mathematica’s meshing capabilities.

The actual element type must directly correspond to the mesh element type. The ToElementMesh mesher generates unstructured
meshes composed of first order (topology T1) and second order (topology T2) TriangleElement, first order (topology Q1) and
second order (topology Q2S) QuadElement, first order (topology O1) and second order (topology 02) TetrahedronElement and
first order (topology H1) and second order (topology H2S) HexahedronElement. It is the user responsibility to choose an appropriate

elements (see Mixed Element Types).

Arbitrary 2D polygon

n78l= << ACeFEM™ ;
SMTInputDatal[];
SMTAddDomain [ {"Q",
{"ML:", "Se", "PE", "T2", "DF", "LE", "T2", "D", "Hooke"}, {"E %" ->1000, "v *" ->0.3}}];
points = {{0, @}, {10, 0}, {10, 10}, {5, 10}, {5, 5}, {0, 2}};

= Create a mesh made of quadratic triangles with the maximal area 2 (MaxCellMeasure).
infg2;= mesh = ToElementMesh[Polygon[points], MaxCellMeasure - 2];
SMTAddMesh [mesh, "Q"];

SMTAnalysis[];
SMTShowMesh [ "NodeMarks" - True]
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3D Hexahedron

inf58]:= << ACEFEM™
SMTInputDatal[];
L=100; H=20; V=30; nx=5;ny=3;nz=4;
points =
{{e, o, 0}, {L, 0, 0}, {L/2, 2H, 0}, {0, H, @}, {0, 0, V}, {L, O, V}, {L/2, 2H, V}, {0, H, V}};
SMTAddDomain["A", {"ML:", "SE", "D3", "01", "DF", "LE", "01", "D", "Hooke"}, {}];
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= Create a mesh made of linear tetrahedral elements with the maximal volume 600 (MaxCellMeasure).

nf63;= mesh = ToElementMesh [Hexahedron[points], "MeshOrder" - 1, MaxCellMeasure - {"Volume" - 30}];
SMTAddMesh [mesh, {"01" - "A"}];
SMTAnalysis|[];

infee= GraphicsRow [
{Graphics3D[{LightBlue, {Opacity[0.2], Hexahedron[points]}, Black, PointSize[0.02], Point|[
points], Black, MapIndexed[Text["p" <> ToString[#2[[1]]], #1+2 {1, 1, -3}] &, points]},
PlotLabel -» "master Hexahedron", Boxed - False],
SMTShowMesh["Label" - "actual mesh", "Opacity" ->0.9]}, -10, ImageSize -» 500]

master Hexahedron

actual mesh

fd]

p2

Arbitrary 3D Polyhedron

in[11= << AceFEM" ;
SMTInputDatal[];
L=100; H=20; V=30; nx=5;ny=3;nz=4;
points = {{0, 0, 0}, {L, ©, 0}, {L/2, 2H, @}, {0, H, 0},
{e, @, V}, {L, @, V}, {L/2, 2H, V}, {@, H, V}, {L/2, H/2, 2V}};
body = Polygon[ {points[[{1, 2, 6, 5}]], points[[{1, 2, 3, 4}]], points[[{1, 4, 8, 5}11,
points[[{4, 3, 7, 8}]], points[[{2, 6, 7, 3}]], points[[{5, 6, 9}1],
points[[{6, 7, 9}1], points[[{7, 8, 9}]], points[[{8, 5, 9}11}1;
SMTAddDomain["A", {"ML:", "SE", "D3", "01", "DF", "LE", "01", "D", "Hooke"}, {}1;
mesh = ToElementMesh [body, "MeshOrder" » 1, MaxCellMeasure » {"Volume" -» 30}1];
SMTAddMesh [mesh, {"01" - "A"}];
SMTAnalysis[];
GraphicsRow[
{Graphics3D[{LightBlue, {Opacity[0.2], body}, Black, PointSize[0.02], Point[points],
Black, MapIndexed[Text["p" <> ToString[#2[[1]]], #1+2 {1, 1, -3}] &, points]},
PlotLabel -» "master Hexahedron", Boxed - False],
SMTShowMesh["Label" - "actual mesh", "Opacity" ->0.9]}, -10, ImageSize - 500]
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master Hexahedron actual mesh

Cylindrical shell

In[304)= << AceFEM" ;
R=300; H=600; t =1;
SMTInputDatal[];
SMTAddDomain ["shell",
{"ML:", "SE", "MS", "P2", "DF", "HY", "P2P6", {"D", "Fi"}, "SVenant"}, {"t *"->t}];

= Create a mesh made of quadratic shell elements with the maximal area "total surface"/10.

nf308):= surface =2 7w RH;
mesh = ToBoundaryMesh [Cylinder[{{0, 0, 0}, {0, O, H}}, R],
"MeshOrder" - 2, MaxCellMeasure » ("Area" -> surface/10)];
SMTAddMesh [mesh, "shell"];

= Cylinderis clamped at the bottom and subjected to the surface load at the top.

na10;= SMTAddEssentialBoundary["Z" --© && "ID" == "D" &, 150, 250, 3-50];
SMTAddNaturalBoundary["Z" ==H &% "ID" == "D" &, 3 ->Polygon[{-0.01}]];
SMTAnalysis[];

SMTShowMesh [ "BoundaryConditions" - True]
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2D region with circular hole

m Here presented is an example of rectangular region with the hole. The element code {"ML:","SE","PE","T2",-
"DF","LE","T2","D","Hooke"} her defines the actual element type as six nodded triangle which corresponds with the default
value of the option “MeshOrder”-2 of the ToElementMesh command.

Infgs):= << ACEeFEM™ ;
SMTInputDatal[];
SMTAddDomain[{"Q",
{"ML:", "SE", "PE", "T2", "DF", "LE", "T2", "D", "Hooke"}, {"E %" ->1000, "v %" ->0.3}}];
mesh = ToElementMesh [ImplicitRegion[x*2 +y~2>0.5, {Xx, Y},
{{-1, 1}, {-1, 1}}, MaxCellMeasure -»1];
SMTAddMesh [mesh, "Q"];
SMTAnalysis|[];
SMTShowMesh [ "NodeMarks" - True]
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m The element code "ML:SEPET1DFLET1DHooke" here defines the actual element type as three nodded triangle. In order to create
corresponding mesh an option “MeshOrder”-1 has to be specified, since, by default, the 6 nodded triangles are generated by the
ToElementMesh command.

no1:= << ACeFEM™ ;
SMTInputDatal[];
SMTAddDomain[{"Q",
{"ML:", "SE", "PE", "T1", "DF", "LE", "T1", "D", "Hooke"}, {"E *" ->1000, "v %" ->0.3}}];
mesh = ToElementMesh [ImplicitRegion[x*2 +y~2>0.5, {X, Y},
{{-1, 1}, {-1, 1}}, "MeshOrder" -» 1, MaxCellMeasure » 1];
SMTAddMesh [mesh, "Q"];
SMTAnalysis[];
SMTShowMesh [ "NodeMarks" - True]

. . . L 1 .
. —
. e .
. » [\ A—= -
- Y .
- > - .
. - - »
- = . o
” .
. - )
-
—X
.
. .
- —AR .
.
..
—
. »
. . e
»
.-
. . . .
.
.
»
.
=T ]
.
.
K
L R .
. s
. a .
.  — .
.
-
. 1 . .
. 61 . ) .
A R x
AP L
G * -
.
. x -
.
K
. L S T S 3 . . .

Arbitrary 3D Regions

= The Wolfram Language provides several ways of deriving new regions from existing ones, including combining them through
Boolean operations and transforming them through a mapping. Here voids are inserted randomly into solid body.

n78):= << ACEeFEM™ ;
SMTInputDatal[];
L=100; H=20; V=30; nX=5; ny=3; nz=4;
points = {{0, O, @0}, {L, ©, O}, {L/2, 2H, @}, {0, H, 0},
{0, o, V}, {L, 0, V}, {L/2, 2H, V}, {@, H, V}, {L/2,H/2, 2V}};
balls = {{{0, 0, 30}, 10}, {{50, 10, 10}, 10}, {{60, 10, 10}, 20}};
SMTAddDomain["A", {"ML:", "SE", "D3", "O1", "DF", "LE", "01", "D", "Hooke"}, {}1;
body = BoundaryMeshRegion[points, Polygon[{{1, 2, 6, 5}, {1, 2, 3, 4}, {1, 4, 8, 5},
{4, 3, 7, 8}, {2, 6,7, 3}, {5, 6, 9}, {6, 7, 9}, {7, 8, 9}, {8, 5, 9}}11;
ballsmesh = Map [BoundaryDiscretizeRegion[Ball[#1[[1]], #1[[2]]],
MaxCellMeasure -» {"Length" -» 10}, Method -» "MarchingCubes"] &, balls];
regionholes = Pick [balls, Map [RegionWithin[body, #] &, ballsmesh]];
region = Fold[RegionDifference, body, ballsmesh];
mesh = ToElementMesh[region, "MeshOrder" - 1, "MaxCellMeasure" -» {"Length" - 10},
"MaxBoundaryCellMeasure" -» {"Length" -» 10}, "BoundaryMeshGenerator" - "RegionPlot",
"ImproveBoundaryPosition" -» False, "MeshElementType" - TetrahedronElement,
"MeshOrder" » 1, "RegionHoles" -> regionholes[[All, 1]]];
SMTAddMesh [mesh, {"01" - "A"}];
SMTAnalysis[];
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nfo1= GraphicsRow[ {Show[ {body, ballsmesh}],
SMTShowMesh["Label" - "actual mesh", "Opacity" ->0.9]}, -10, ImageSize - 600]

actual mesh

Element Meshes with Subregions

SMTAddMesh[elementMesh,{{meshElementType, ,regionMarker,}-
dID,,{meshElementType,,regionMarker,}-dID,,...,{meshElementType,,regionMarker, }—»dID,}]
Adds mesh divided into sub-regions defined by successive region markers regionMarker;.

Generation of an arbitrary unstructured meshes composed of sub-regions.

2D region with circular hole and subregions

nf2j= Q= ImplicitRegion[(x-1/2)7"2+ (y-1/2)"22> (1/2)"28&&
(Xx+1/2)22+ (y+1/2)"22(1/2)~2, {{x, -2, 2}, {Y, -2, 2}}1;
mesh = ToElementMesh[Q, "RegionHoles" -» {{-1/2, -1/2}},
"RegionMarker" - {{{1/2, 1/2}, 2}, {{1/2, -1/2}, 1}}, "MaxBoundaryCellMeasure" »1];

inf64j= << ACEFEM" ;
SMTInputDatal[];
SMTAddDomain [
{"T2 matrix",
{"ML:", "SE", "PE", "T2", "DF", "3C", "T2", "D", {{"NeoHooke", "WA"}, {"Mises", "ExH"}}},
{"E *" ->1000, "v *x" ->0.3, "oy *"->10, "Kh " > 100}},
{"T2 inclusion", {"ML:", "SE", "PE", "T2", "DF", "3C", "T2", "D", {{"NeoHooke", "WA"},
{"Mises", "ExH"}}}, {"E *" ->100, "v %" ->0.3, "oy *" ->10, "Kh *" > 10}}
15
SMTAddMesh [mesh, {{"T2", 1} -> "T2 matrix", {"T2", 2} - "T2 inclusion"}];
SMTAnalysis[];
SMTShowMesh [ ]

| 47
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Mixed Element Types

In most cases the ToElementMesh generated mesh can be composed of different types of elements. In that case the mapping
between the mesh element type generated by the mesher (Element Mesh Generation) and the actual element type

(Element Topology) defined by domain identification dID has to be provided explicitly as follows.

SMTAddMesh[mesh_ElementMesh, {meshElementType,~dID,,meshElementType,—~dID,,...}]
If the mesh is composed of different types of elements then the second argument defines the mapping between the mesh
element type of elements generated by mesher and the actual element type defined by domain identification dID.
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meshElementType "MeshOrder" option Actual mesh type

T2" Automatic "T2"

"T1" 1 "T1"

"T2" 2 "T2"

"Q2s" Automatic "Q2S" (serendipity)

"Q1" 1 "Q1"

"Q2s" 2 "Q2S" (serendipity)

"Q2"* 2 "Q2" (second order Lagrange)
"o2" Automatic "o2"

"o1" 1 "01"

"02" 2 "02"

"H2S" Automatic "H2S" (serendipity )

"H1" 1 "H1"

"H2S" 2 "H2S" (serendipity )

"H2" 2 "H2" (second order Lagrange)

Note that second order ToElementMesh generated quadrilateral and hexahedron elements are of serendipity type elements (topol-

ogy Q2S and H2S). If Lagrange type elements (Q2, H2) are required then each element of the mesh is automatically augmented with an

additional center node. Quadrilateral and hexahedron elements are in general not generated by the ToElementMesh directly.

nf7;= coordinates = {{0., 0.}, {1., 0.}, {2., 0.}, {2.5, 0.5}, {0., 1.},

(1., 1.}, {2., 1.}, {3., 1.}, {2.5, 1.5}, {0., 2.}, {1., 2.}, {2., 2.}};
el = QuadElement[{{1, 2, 6, 5}, {2, 3, 7, 6}, {5, 6, 11, 10}, {6, 7, 12, 11}}];

e2 = TriangleElement[{{3, 4, 7}, {4, 8, 7}, {7, 9, 12}, {7, 8, 9}}1;

mesh = ToElementMesh["Coordinates" - coordinates, "MeshElements" -» {el, e2}];

n71):= << ACEeFEM™ ;
SMTInputDatal[];

SMTAddDomain[ {"trangle", {"ML:", "SE",
{("quad", {"ML:", "SE", "PE", "Q1", "DF", "LE", "Q1", "D", "Hooke"}, {}}1;

"PE",

SMTAddMesh [mesh, {"T1" -> "trangle", "Q1" - "quad"}];

SMTAnalysis[];
SMTShowMesh [ ]

"T1", "DF", "LE", "T1", "D", "Hooke"}, {}},
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Structured Meshes
Line

SMTAddMesh[Line[{pi,p2,...,.Pm}], dID, meshType]
Generates mesh of m-1 2D or 3D line elements with given coordinates of the nodes {p1,p,,...,pm}. The domain identification dID
defines the actual element type and the meshType mesh type (see 1 D structured mesh types).

SMTAddMesh[Line[{p1,P>2,....Pm}], dID, meshType, n]

Generates mesh of n 2D or 3D line elements. The coordinates of the nodes of the actual mesh are obtained by interpolation of
given points Line[{p1,p,...,Pm}]. The order of interpolation is defined by the "InterpolationOrder" option with the default value
3. The domain identification dID defines the actual element type and the meshType mesh type (see

1D structured mesh types).

= Simple set of line elements.

n791:= << ACeFEM™ ;

SMTInputDatal[];

SMTAddDomain ["A", "ExamplesGasPressure", {}];

points = { {0, @0}, {1, 1}, {2, 1}};

SMTAddMesh[Line [points], "A", "L1"];

SMTAnalysis[];

GraphicsRow[
{Graphics[{LightBlue, Line[points], Black, PointSize[0.02], Point[points], Black, MapIndexed [

Text["p" <> ToString[#2[[1]]], Offset[{15, -10}, #1]] &, points]}, PlotLabel - "points"],

SMTShowMesh["Label" - "mesh", "Marks" - True]}, -50, ImageSize - 600]

points mesh
° ° 2 a 3
p2 p3

°
p1

= Higher order interpolation of given points.



AceFEMPrint.nb | 51

nfgel= << ACEeFEM™ ;
SMTInputData[]; nx =6;
SMTAddDomain ["A", "ExamplesGasPressure", {}];
points = { {0, @0}, {1, 1}, {2, 1}};
SMTAddMesh[Line[points], "A", "L1", nx, "InterpolationOrder" - 3];
SMTAnalysis[];
GraphicsRow[
{Graphics[{LightBlue, Line[points], Black, PointSize[0.02], Point[points], Black, MapIndexed [
Text["p" <> ToString[#2[[1]]], Offset[{15, -10}, #1]] &, points]}, PlotLabel - "points"],
SMTShowMesh["Label" - "actual mesh", "Marks" - True]}, -50, ImageSize - 600]

points actual mesh
° Y 5 6
p2 p3 7

[}
p1

Quadrilateral

SMTAddMesh[Polygon[{p1,p2,P3,P4}], dID, meshType, {ny,ny}]

Generates structured mesh for an arbitrary quadrilateral region where {n,,n,} is the number of elements along local x and y axis.
The domain identification d/D defines the actual element type and the meshType mesh type (see

Types of Structured Meshes). For meshing the polygons with more or less than 4 corners see

Simple unstructured meshes.

n93)= << ACeFEM™ ;

SMTInputDatal[];

L=100; H=20; nx=5; ny = 3;

points = { {0, @}, {L, @}, {L/2, 2H}, {0, H}};

SMTAddDomain ["A",
{"ML:", "SE", "PE", "Q1", "DF", "3C", "Q1", "D", {{"NeoHooke", "WA"}, {"Mises", "ExH"}}},
{"E *" 21000, "v x" 0.2, "oy *" 24, "Kh x" >200}];

SMTAddMesh [Polygon[points], "A", "Q1", {nx, ny}];

SMTAnalysis[];

inf1001= GraphicsRow[
{Graphics[{LightBlue, Polygon[points], Black, PointSize[0.02], Point[points], Black,
MapIndexed[Text["p" <> ToString[#2[[1]]], Offset[{15, -10}, #1]] &, points]},
PlotLabel -» "master Polygon"],
SMTShowMesh["Label" - "actual mesh 5x3"1}, -50, ImageSize - 600]

master Polygon actual mesh 5x3
L]
pd

pl p2
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Hexahedron

SMTAddMesh[Hexahedron[{p1,P>,P3,P4,Ps5,Ps,P7,P8}]1, dID, meshType, {ny,ny,n,}]

Generates structured mesh for an arbitrary hexahedron region where {n,,ny,n, } is the number of elements along local x and y
and z axis. The domain identification dID defines the actual element type and the meshType the mesh type (see

Types of Structured Meshes).

in[101= << AceFEM" ;
SMTInputDatal[];
L=100; H=20; V=30; nX=5; ny =3; nzZ=4;
POiI"tS = {{0, 0, 0}, {L, 0, 0}, {L/2, 2H, 0},

{0, H, 0}, {0, 0, V}, {L, 0, V}, {L/2, 2H, 2V}, {0, H, 2V}};
SMTAddDomain["A", {"ML:", "SE", "D3", "H1", "DF", "LE", "H1", "D", "Hooke"}, {}1;
SMTAddMesh [Hexahedron[points], "A", "H1", {nx, ny, nz}];

SMTAnalysis[];

inf108)= GraphicsRow[
{Graphics3D[{LightBlue, {Opacity[@.2], Hexahedron[points]}, Black, PointSize[0.02], Point[
points], Black, MapIndexed[Text["p" <> ToString[#2[[1]]], #1+2 {1, 1, -3}] &, points]},
PlotLabel - "master Hexahedron", Boxed - False],
SMTShowMesh ["Label" -» "actual mesh 5x3x4", "Opacity" ->0.9]}, -10, ImageSize - 500]

master Hexahedron

pl

p2

Curved quadrilateral

SMTAddMesh[Raster[raster], dID, meshType, {ny,ny}]

Generates structured mesh for an arbitrary shaped 2D region with four curved edges (curved quadrilateral) where {ny,n,} is the
number of elements along local x and y axis. The region is defined by the two-dimensional array of points or raster. The domain
identification dID defines the actual element type and the meshType the mesh type (see Types of Structured Meshes).

The raster parameter is a regular two dimensional array of arbitrary number of points that outlines the boundary of the problem
domain. The coordinates of nodes of the actual mesh are obtained as multidimensional interpolation of raster points. The order of
interpolation is defined by the "InterpolationOrder" option.

IMPORTANT: The raster points have to be given in a order that defines a counter-clockwise local coordinate system.

IMPORTANT: The "InterpolationOrder" is NOT related to the interpolation order of the elements used, the interpolation order of the
elements is defined by the actual element type.



Correct ordering of the raster
points defines counter-clockwise
localcoordinate system.

2D mesh defined by 2D raster of points

n1091:= << ACeFEM™ ;

L=10.;
raster = {Table[ {x, Sin[4x/L]}, {x, 0, L, 2}],
Table[ {x, Sin[4 x/L] + 2}, {x, 0, L, 2}],

Table[ {x, Sin[2x/L] +4}, {x, 0, L, 2}1};
SMTInputDatal[];

SMTAddDomain["A", {"ML:", "SE", "PS",
{"E %" ->1000., "v *" ->.49}];
SMTAddMesh [Raster [raster], "A", "Q1", {20, 4}];

SMTAnalysis|[];

"L,

"DE",
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o

False ordering of the raster points
defines a clockwise
system that is not consistent with most
FEM formulations.

local coordinate

"HY", "Q1", "D", {{"NeoHooke", "WA"}}},

inf116;= GraphicsRow[ {Graphics[{Green, PointSize[0.04], Point[Flatten[raster, 1]], Red, Thick,

Map[Line, raster], Green, Map[Line, raster // Transpose], Black, MapIndexed [
Text["p" <> ToString[#2[[1]]] <> "," <> ToString[#2[[2]]], Offset[{15, -10}, #1]] &,
raster, {2}]}, PlotLabel -» "master raster"],

SMTShowMesh ["Label" -» "actual mesh 20x4"], Show[SMTShowMesh[],
Graphics [ {Green, PointSize[0.04], Point [Flatten[raster, 1]], Red,
Thick, Map[Line, raster], Green, Map[Line, raster // Transpose]}],
PlotLabel - "master raster+actual mesh"]}, -20, ImageSize - 800]
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master raster actual mesh 20x4 master raster+actual mesh

3D surface mesh defined by 2D raster of points.

n117]:= << ACeFEM™
{a=10, b=8, h=2};
geometry = {{{0, O, 0}, {a, 0, 0}}, {{0, b, O}, {a, b, ©@}}} //N;
ShapeFunc[x_, y_] := (Sin[nrx/a] Sin[ny/b]);
mastermeshdivision = {4, 3};
raster = Array[ {#2, #1, h ShapeFunc[#2, #1]} &, mastermeshdivision, {{@, b}, {©, a}}] //N;
SMTInputDatal[];
SMTAddDomain ["Shelll",
{"ML:", "SE", "MS", "S1", "ES", "HY", "ANSE2P6", {"D", "Fi"}, "SVenant"}, {}1;
SMTAddMesh [Raster [raster], "Shelll", "S1", {10, 5}];
SMTAnalysis[];

inf1271= GraphicsRow[ {Graphics3D[ {Green, PointSize[0.04], Point[Flatten[raster, 1]],
Red, Thick, Map[Line, raster], Green, Map[Line, raster // Transpose], Black,
MapIndexed[Text["p" <> ToString[#2[[1]]] <> "," <> ToString[#2[[2]]], #1 + {©0.5, @, -0.5}] &,
raster, {2}]}, PlotLabel - "master raster"],
SMTShowMesh["Label" - "actual mesh 10x5"], Show[SMTShowMesh["Opacity" ->0.5],
Graphics3D[ {Green, PointSize[0.04], Point[Flatten[raster, 1]], Red,
Thick, Map[Line, raster], Green, Map[Line, raster // Transpose]}],
PlotLabel - "master raster+actual mesh"]}, -20, ImageSize - 800]

master raster actual mesh 10«

5 master raster+actual mesh

Curved Hexahedron

SMTAddMesh[Raster3D[raster], dID, meshType, {ny,Ny,N; }]

Generates structured mesh for 3D region defined by six arbitrary shaped surfaces (curved hexahedron) where {n,,n,,n,} is the
number of elements along local x and y and z axis.The region is defined by the three-dimensional array of points or raster. The
domain identification dID defines the actual element type and the meshType the mesh type (see

Types of Structured Meshes).

The raster parameter is a regular three dimensional array of arbitrary number of points that outlines the boundary of the problem
domain. The coordinates of nodes of the actual mesh are obtained as multidimensional interpolation of raster points. The order of
interpolation is defined by the "InterpolationOrder" option.

IMPORTANT: The raster points have to be given in a order that defines a counter-clockwise local coordinate system.
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IMPORTANT: The "InterpolationOrder" is NOT related to the interpolation order of the elements used, the interpolation order of the
elements is defined by the actual element type.

AZ

Correct ordering of the raster points defines 3D
counter-clockwise local coordinate system.

3D mesh defined by 3D raster of points

inf128]:= << ACEFEM™ ;
a=10; b=8; h=3;
geometry = {{{0, O, O}, {a, 0, O}}, {{0, b, O}, {a, b, ©}}} //N;
ninp = {0.5, 0.5};
ShapeFunc[x_, y_1 := (Sin[ninp[[1]] x] Sin[2ninp[[2]] ¥]);
mastermeshdivision =10 {3, 2, 2};
raster = Array [ {#3 Sin[#1] , #3 Cos [#1], #2 + h ShapeFunc[#3, #1]} &, mastermeshdivision,
{{rx/4, 37/4}-n/2, {0, h}, {5, 20}}] //N;
SMTInputDatal[];
SMTAddDomain["Solid1l",
{"ML:", "SE", "D3", "H1", "ES", "HY", "H1E9", "D", {{"NeoHooke", "WA"}}}, {}1;
SMTAddMesh [Raster3D[raster], "Solid1", "H1", div=3 {10, 2, 6}];
SMTAnalysis[];

inf139)= GraphicsRow[ {Graphics3D[ {Black, PointSize[0.02], Point [Flatten[raster, 2]], Red, Thick,
Map[Line, raster, {2}], Green, Map[Line, Transpose[raster, {3, 2, 1}], {2}],
Black, Map[Line, Transpose[raster, {1, 3, 2}], {2}], Blue,
MapIndexed[Text["p" <> ToString[#2[[1]]] <> "," <> ToString[#2[[2]]] <>
"," <> ToString[#2[[3]]], #1 + {0.5, 0.5, -1.5}] &, raster, {3}1},
PlotLabel » Row[ {"master raster "
SMTShowMesh["Opacity" - 0.2, "Label"” - Row[{"actual mesh ", div}]],
Show [SMTShowMesh["Opacity" - 0.2],

Graphics3D[ {Black, PointSize[0.02], Point[Flatten[raster, 2]], Red, Thick,
Map[Line, raster, {2}], Green, Map[Line, Transpose[raster, {3, 2, 1}], {2}],
Black, Map[Line, Transpose[raster, {1, 3, 2}1, {2}1}1,

PlotLabel - "master raster+actual mesh"]}, -100, ImageSize - 800]

, mastermeshdivision}], Axes - True, Boxed - False],
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rmaster raster {3, 2, 2} actual mesh {10, 2, B} master raster+actual mesh

= Denser raster and mesh for the same problem

; . actual rmesh {10, 2, 6 master raster+actual mesh
master raster (6,4, 4}

Importing Externally Generated Meshes

SMTAddMesh[{{X1,Y1,Z1},{X2,Y2,Z53},...}, {dID1->{{n},n},..} {n2,n3,..},...}, dID;~
{{ni,n%,...},{n%,n%,...},...}, 3]

Imports mesh defined by the list of node coordinates {{X;,Y1,Z1},{X,,Y2,Z,},...} and a list of regions defined by domain
identification dID; and connectivity table, {n},n},...}in%,n2,...},...}. This form can be used to import mesh generated by an
arbitrary external mesher. Node numbers in connectivity table refer to the successive indexes of the nodes given.

SMTAddMesh[{dID;->{{n},ni,...},{n?,n3,..},...}, dID,->{{n},n},.. 3} {n3,n3,..},..}, ..}]

Imports mesh defined by a list of regions defined by domain identification diD; and connectivity table, {{ni,n3,...},inZ,n2,...},..}.
Node numbers in connectivity table refer to the global node numbers. This form can be used to import several sub-meshes
imposed on the existing mesh of spatial nodal points.

SMTAddMesh[{gn,,gn,,...}, {dID;->{{n},n},..} {n?,n3,..},...}, dID;->{{n},n},.. 3 {n3,n3,..},..}, ..}]
Imports mesh defined by a list of regions defined by domain identification dID; and connectivity table, {{n1,n3,...1,{n2,n%,...},..}.
Node numbers in connectivity table refer to the successive elements in the list of global node numbers {gn, ,gn;,...} where gn; is
a global node number of the i-th local node. This form can be used to import several sub-meshes imposed on the existing mesh
of spatial nodal points where each sub-mesh has its own node numbering.

Combine several meshes defined by the list of nodes and elements
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0 | O

The input data for the example above is created using local (independent) node numbering for domains Q, and Q;. The domains are
tied together after SMTAnalysis command. Note that the boundary conditions should be here defined using geometric entities since

the actual (global) node numbers are not known in advance.

Inf140):= << ACEFEM™
SMTInputDatal[];
SMTAddDomain [
{"Q.", {"ML:", "SE", "PE", "Q1", "ES", "LE", "Q1E4", "D", "Hooke"},
{"E %" ->1000, "v %" ->0.3}},
{"Q,", {"ML:", "SE", "PE", "Q1", "ES", "LE", "Q1E4", "D", "Hooke"},
{"E %x" ->5000, "v %" ->0.2}}
15
SMTAddMesh [
{{9., 0.}, {0., 2.5}, {0., 5.}, {2.5, @©.}, {2.5, 2.5}, {2.5, 5.}, {5., @.}, {5., 2.5}, {5., 5.}}
, {"o"->{{1, 4, 5, 2}, {2, 5, 6, 3}, {4, 7, 8, 5}, {5, 8,9, 6}}}
15
SMTAddMesh [
{{5., 0.}, {5., 2.5}, {5., 5.}, {7.5, 0.},
{7.5, 2.5}, {7.5, 5.}, {10., 0.}, {10., 2.5}, {10., 5.}}
, {"o" ->{{1, 4, 5, 2}, {2, 5, 6, 3}, {4, 7, 8, 5}, {5, 8,9, 6}}}
15
SMTAddEssentialBoundary[Point[ {0, 0}], 1->0, 2-0];
SMTAddEssentialBoundary[Point[{10, 0}], 1->0, 2-50];
SMTAddNaturalBoundary[Point[{5, 5}], 2> -1];
SMTAnalysis[];
SMTShowMesh ["Marks" -> True, "BoundaryConditions" -> True]

The input data for the above example is here created by first defining nodes and after that domains Q, and Q;. The mapping from local
to global node numbers is stored in list nodes. Note that the boundary conditions are here defined using actual (global) node numbers

and the "Tie" is prevented.
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nf150;:= << ACEFEM™
SMTInputDatal[];
SMTAddDomain [
{"e,", {"ML:", "SE", "PE", "Q1", "ES", "LE", "Q1lE4", "D", "Hooke"},
{"E %" ->1000, "v %" ->0.3}},
{"e,", {"ML:", "SE", "PE", "Q1", "ES", "LE", "Q1lE4", "D", "Hooke"},
{"E %" ->5000, "v %" ->0.2}}
15
nodes = SMTAddMesh [
{{0., 0.}, {0., 2.5}, {O@., 5.}, {2.5, 0.}, {2.5, 2.5}, {2.5, 5.}, {5., 0.}, {5., 2.5},
{5., 5.}, {7.5, 0.}, {7.5, 2.5}, {7.5, 5.}, {10., 0.}, {10., 2.5}, {10., 5.}}
> {1}
1001115
SMTAddMesh [Range @@ nodes
, {("Q" -> {{7, 10, 11, 8}, {8, 11, 12, 9}, {10, 13, 14, 11}, {11, 14, 15, 12}},
"o." -> ({1, 4, 5, 2}, {2, 5, 6, 3}, {4, 7, 8, 5}, {5, 8,9, 6}}}
15
SMTAddEssentialBoundary[{1, 13}, 1->0, 2-50];
SMTAddNaturalBoundary[9, 2 - -1];
SMTAnalysis["Tie" -> False];
SMTShowMesh ["Marks" -> True, "BoundaryConditions" -> True]

Ba

Adding Individual Elements and Nodes

SMTAddNode

SMTAddNode[{X,Y,Z}]
SMTAddNode[{X, Y}]

SMTAddNode[{X}]
appends a new (1D, 2D or 3D) node to the list of nodes and returns node indices of newly created nodes

SMTAddNOde[{{Xll Yllzl}l{XZI YZ/ZZ}I~ . }]
appends a collection of nodes to the list of nodes and returns indexes of newly created nodes

Several data sets can be added at the same time as well. For example: SMTAddNode[{{1,1},{2,2}}] adds 2 nodes.

The function returns the node index or the range of indexes of newly created nodes.

SMTAddElement

SMTAddElement[dID,{node;, node,,...}]
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appends new element to the list of elements (element s defined by the list of nodes {node;,node,,...} and domain identification
dID where node; can be either global node number or a coordinates of the node {X;,Y;,Z;})

SMTAddEIement[{ {dIDl,{nl’l, nllz,...}}, {dIDz,{nzll, nz’z,...}},... }]
appends a collection of new elements where dID; is domain identification of i-th element and n; ; is j-th node of i-th element

option default description

"BodyID" "None" body identification string

" {} domain identification (one or more) for the elements additionally
BoundaryDomainID generated on the outer surface of elements with the same BodylD

Options of the SMTAddElement function.

The function returns the element index or the range of indexes of new elements.
Several data sets can be added at the same time as well. For example: SMTAddElement[{{"A",{1,2}},{"A",{2,3}}}] adds 2 elements.

Example: Adding individual elements and nodes

nf1591:= << ACeFEM™

SMTInputDatal[];

SMTAddDoma:i.n["A", {"mL:", "se", "ps", "Q1", "ES", "LE", "Q1E4", "D", "Hooke"},
"E #"->11.-107, "v %" ->0.3, "t " ->0.1}];

SMTAddNode[{{0.0, -0.2}, {1.1, -0.2}, {1.9, -0.2}, {3.1, -0.2}, {3.9, -0.2},
{5.1, -0.2}, {6.0, -0.2}, {0.0, 0}, {0.9, 0}, {2.1, 0},
{2.9, 0}, {4.1, 0}, {4.9, 0}, {6.0, 0}}];

SMTAddElement[{{"A", {1, 2, 9, 8}}, {"A", {2, 3, 10, 9}}, {"A", {3, 4, 11, 10}},

{"A", {4, 5, 12, 11}}, {"A", {5, 6, 13, 12}}, {"A", {6, 7, 14, 13}}}];

SMTAddNaturalBoundary["X" =6 &, 2->-0.5];

SMTAddEssentialBoundary["X" =0&, 1->0, 2->0];

SMTAnalysis[];

SMTShowMesh [ "BoundaryConditions" -> True, "Marks" - True]

L 3 S . WL N S S N

inf16s;= SMTNextStep["A" ->1];
While [SMTConvergence[10~-12, 10], SMTNewtonIteration[]];
SMTPostData["v", Point[{6, ©0}]]
SMTShowMesh [ "BoundaryConditions" -> True, "DeformedMesh" -> True, "Scale" -> 1000]

-0.000264364

I N W
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Advanced Examples

Space Shuttle

Inf172]:=

<< AceFEM ;

gc = DiscretizeGraphics [ExampleData[ {"Geometry3D", "SpaceShuttle"}, "GraphicsComplex"]1];
mesh = ToElementMesh[gc, "MeshOrder" » 1, MeshQualityGoal »1];

SMTInputDatal[];

SMTAddDomain ["SpaceShuttle", {"ML:", "SE", "D3", "01", "DF", "LE", "01", "D", "Hooke"}, {}1;
SMTAddMesh [mesh, "SpaceShuttle"];

SMTAnalysis|[];

SMTAddNaturalBoundary [ {"DistributedOver", "SpaceShuttle"}, 3> -1];
SMTAddEssentialBoundary["Z" < -1.3&, 150, 250, 3-50];

SMTNextStep["AA" »1];

SMTNewtonIteration[];

SMTShowMesh [ "DeformedMesh" - True, "BoundaryConditions" - False, "Field" - "Sxxx", "Mesh" -» False]

Moace,
0.1052e4
bdin

0.384e4
AceFEM

2D region with circular holes and subregions

In[184]:=

In[186]:=

Q =ImplicitRegion[(x-1/2)"2+ (y-1/2)"22 (1/2)"28&&
(x+1/2)72+ (y+1/2)"22 (1/2) "2, {{X, -2, 2}, {y, -2, 2}}];
mesh = ToElementMesh[Q, "RegionHoles" -» {{-1/2, -1/2}},
"RegionMarker" -» {{{1/2, 1/2}, 2}, {{1/2, -1/2}, 1}}, "MaxBoundaryCellMeasure" »1];

<< AceFEM ;
SMTInputDatal[];
SMTAddDomain [
{"T2 matrix",
{"ML:", "SE", "PS", "T2", "DF", "3C", "T2", "D", {{"NeoHooke", "WA"}, {"Mises", "ExH"}}},
{"E %" ->1000, "v *" ->0.3, "oy *" >10, "Kh *" »>100}},
{"T2 inclusion", {"ML:", "SE", "PS", "T2", "DF", "3C", "T2", "D", {{"NeoHooke", "WA"},
{"Mises", "ExH"}}}, {"E *" ->100, "v *" ->0.3, "oy *" 510, "Kh %" > 10}}
15
SMTAddMesh [mesh, {{"T2", 1} -> "T2 matrix", {"T2", 2} - "T2 inclusion"}];
SMTAddEssentialBoundary[Line[{{-2, -2}, {2, -2}}], 150, 250];
SMTAddNaturalBoundary[Line[{{-2, 2}, {2, 2}}], 2> Line[{0@, -1}]11;
SMTAnalysis|[];
SMTShowMesh [ "BoundaryConditions" - True]
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In[194]= A@ = @.1; AAMin = ©0.001; AAMax = 0.2; AMax = 10;
tolNR = 10~ -8; maxNR = 10; targetNR =7;
SMTNextStep["AX" » 207 ;
While [
While[
step = SMTConvergence [tolNR, maxNR, {"Adaptive BC", targetNR, AAMin, AxMax, AMax}]
, SMTNewtonIteration[];
15
If[step[4] === "MinBound", SMTStatusReport["AX < AAMin"];];
step[3]
, If[step[1], SMTStepBack[];];
SMTNextStep["AA" - step[2] ]
15
SMTShowMesh [ "DeformedMesh” -» True, "BoundaryConditions" - True, "Field" - "Acc+"]
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Partial tie of subregions

nf1991:= SMTInputDatal[];
L=10;Q=15;v=1;
SMTAddDomain[{"Q;",
{"ML:", "SE", "PS", "Q1", "DF", "LE", "Q1", "D", "Hooke"}, {"E %" ->1000, "v %" ->0.3}},
{"Q,", {"ML:", "SE", "PS", "Q1", "DF", "LE", "Q1", "D", "Hooke"},
{"E %" ->5000, "v " ->0.2}}];
SMTAddEssentialBoundary[ "X" --0&, 1->0, 2-50];
SMTAddNaturalBoundary[ "Y"=L/2 &, 2-»Line[{-Q}]1];
SMTAddMesh [Polygon[{{@, @}, {L/2, @}, {L/2, L/2}, {8, L/2}}], "o,", "Q1", {20, 20}];
SMTAddMesh [Polygon[{{L/2, @}, {L, @}, {L, L/2}, {L/2, L/2}}], "@", "Q1", {20, 20}];
SMTAnalysis["Tie" -» {True, ("X"==L/2 &% "Y" >L/4 &)}];
SMTNextStep["A" ->1];
SMTNewtonIteration[];
GraphicsRow [ {SMTShowMesh["BoundaryConditions" - True],
SMTShowMesh [ "DeformedMesh" - True, "BoundaryConditions" - True]}, ImageSize - 600]

In[210]:=
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Convert an image to an element mesh

n211):= << ACeFEM™

shape = ColorConvert[ B "Gr‘ayscale"] H

n2131= dist = DistanceTransform[Image[1 - ImageData [EdgeDetect [shape]]]];
data = Transpose [Reverse [-ImageData[dist] » (2 x ImageData[shape] -1)]1;
dataRange = Dimensions [data] /Max[Dimensions [data]] //N;
levelset =
ListInterpolation[ data, Transpose[{-dataRange, dataRange}], InterpolationOrder -»1];
bundary = ToBoundaryMesh [ImplicitRegion[levelset[x, y] <=0 , {X, y}1,
Transpose[ {-dataRange, dataRange}], "BoundaryMeshGenerator" - "RegionPlot"];

nj218)= Show [bundary ["Wireframe" [Axes -» True, GridLines » {Range[-1, 1, ©.1], Range[-1, 1, 0.1]}]1],
bundary["Wireframe" ["MeshElement" -» "PointElements", "MeshElementIDStyle" » Red]],
AspectRatio - Automatic, Frame - True]
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inf219= mesh = ToElementMesh [bundary] ;

nf2201= SMTInputDatal[];
SMTAddDomain [
{"Horse",
{"ML:", "SE", "PS", "T2", "DF", "LE", "T2", "D", "Hooke"}, {"E *" ->1000, "v *" ->0.3}}
15
SMTAddMesh [mesh, "Horse"];
SMTAddEssentialBoundary["Y" < -0.84&, 150, 2-50];
SMTAddNaturalBoundary[ {"DistributedOver", "Horse"}, 2 -1];
SMTAnalysis[];
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in226]= SMTShowMesh [ "BoundaryConditions" - True]

inf2271= SMTNextStep["A" -» 10];
SMTNewtonIteration[];

inf229]:= SMTShowMesh [ "DeformedMesh" - True, "Field" -» "Mises x"]

Mises -

037773
i,
057268 -1
AceFEN

Convert triangular mesh to quadrilateral mesh

SMTTriangularToQuad[triangularElementMesh]
Converts triangular mesh defined by ElementMesh data object triangularElementMesh generated by built-in Mathematica
mesher (see Element Mesh Generation)into quadrilateral only mesh data object.

ToElementMesh directly creates only triangular meshes. Unstructured mesh composed of linear triangles can be converted to
unstructured mesh composed of quadrilateral with the help of an additional function defined here. Algorithm is base on procedures
described in HOUMAN BOROUCHAKI AND PASCAL J. FRE, ADAPTIVE TRIANGULAR QUADRILATERAL MESH GENERATION, INTERNA-
TIONAL JOURNAL FOR NUMERICAL METHODS IN ENGINEERING, VOL. 41, 915-934 (1998).
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In[230;= << ACeFEM" ;
= 2D region with circular hole and subregions is here meshed with unstructured triangular mesh.

ne31= Q= ImplicitRegion[ (x-1/2)"22+ (y-1/2)"22 (1/2)"28&&
(X+1/2)"2+ (y+1/2)"22(1/2)"2, {{x, -2, 2}, {y, -2, 2}}];
mesh = ToElementMesh[Q, "RegionHoles" -» {{-1/2, -1/2}},
"RegionMarker" - {{{1/2, 1/2}, 2}, {{1/2, -1/2}, 1}},
"MaxBoundaryCellMeasure" -» 1, "MeshOrder" - 1, MeshQualityGoal - 1];
mesh["Wireframe"]

= Unstructured triangular mesh is here converted to unstructured quadrilateral mesh. The resulting mesh is twice denser than the
original triangular mesh.

inf2347= mesh = SMTTriangularToQuad [mesh];
mesh["Wireframe"]
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= Generated mesh is here imported into CDriver.

in[2361= << ACEeFEM" ;
SMTInputDatal[];
SMTAddDomain [
{"Q1 matrix",
{"ML:", "SE", "PS", "Q1", "DF", "3C", "Q1", "D", {{"NeoHooke", "WA"}, {"Mises", "ExH"}}},
{"E *" ->1000, "v *" ->0.3, "oy *"->10, "Kh *" >100}},
{"01 inclusion", {"ML:", "SE", "PS", "Q1", "DF", "3C", "Q1", "D", {{"NeoHooke", "WA"},
{"Mises", "ExH"}}}, {"E *" ->100, "v %" ->0.3, "oy *" 10, "Kh %" > 10}}
15
SMTAddMesh [mesh, {{"Q1", 1} -> "Q1 matrix", {"Q1", 2} » "Q1 inclusion"}];
SMTAnalysis[];
SMTShowMesh [ ]
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3D hexahedral unstructured/structured mesh

st

] )

l"! 'l'q
'4..3," ey

Two-dimensional triangular mesh can always be converted into two-dimensions unstructured quadrilateral mesh. However, the
similar procedure that would convert three-dimensional tetrahedral mesh into three-dimensional hexahedral mesh does not exist. In
the case that the shape of the structure is relatively simple in at least one direction, one can combine two-dimensional unstructured

quadrilateral mesh in layers in order to produces three dimensional unstructured/structured hexahedral mesh as presented on an
example below.

Inf242]= << AceFEM”
= 2D region with the holes is here meshed with two-dimensional quadrilateral mesh.

inf243= Q = ImplicitRegion[ (x-0.7) "2 +y”"2> (1/2)"28&& (X+0.7)"2+y" 2> (1/2)"28&&
X*2+y”*2<3+Cos[8ArcTan[x, y11, {{x, -2, 2}, {y, -2, 2}}];
mesht = ToElementMesh[Q, "MeshOrder" - 1, "MaxCellMeasure" - .05,
"BoundaryMeshGenerator" -» "RegionPlot"];
mesh = SMTTriangularToQuad [mesht];
mesh ["Wireframe"]
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= 20 layers of 2D mesh is here combined into 3D hexahedral mesh. Each layer is additionally rotated for fixed angle and stretched
in radial direction.

n2477= H=53 ¢ = -/ 2; stretch=-0.2;
nlay = 20;
dz =H/nlay; d¢ = ¢ / nlay; dstretch = stretch/nlay;
D2coord = mesh["Coordinates"];
D2elem = mesh["MeshElements"] [[1, 1]];
D2nnodes = D2coord // Length;
nodes = Flatten[Table[rot = RotationTransform[ (1 - 1) d¢];
Map[Join[ (1 + (1 -1) dstretch) rot[#], {(1-1) dz}] &, D2coord] , {1, nlay +1}], 1];
Hlelem = Flatten[Table [Map[Join[D2nnodes (1 - 1) + &, D2nnodes 1 + #] &, D2elem], {1, nlay}], 1];

= Problem is meshed with 3D elasto-plastic problems. The upper surface is then rotated for 360 degrees.

Inf2551:= << ACEFEM™
SMTInputDatal[];
SMTAddDomain ["H1 body",
{"ML:", "SE", "D3", "H1", "DF", "HY", "H1", "D", {{"NeoHooke", "WA"}}}, {}1;
SMTAddMesh [nodes, {"H1 body" ->Hlelem}];
SMTAddEssentialBoundary["Z" ==90&, 1->0, 250, 3-50];
SMTAddEssentialBoundary["Z" ==H&, 1->0, 2-50];
SMTAnalysis[];

inj262).= SMTShowMesh [ "BoundaryConditions" - True]
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n[2631= dMax = /2 // N; ApMin = pMax / 1000; A¢O = ¢Max / 100; ApMax = pMax / 30;
SMTNextStep["A" -» A¢O] ;
Mo = {{0, 0}};
UpperSurface = SMTFindNodes|[ "Z" ==H&];
Bp = SMTNodeData [UpperSurface, "Bp"];
While[
¢ = SMTRData["Multiplier"]; A¢ = SMTRData["MultiplierIncrement"];
Bt =Map[{-#[[1]] Cos[(Pi -¢) /2] - #[[2]] Sin[(Pi -¢) /2], #[[1]]1Sin[(Pi -¢) /2] -
#[[2]] Cos[(Pi -¢) /2], ©} 2Sin[¢ /2] &, SMTNodeData [UpperSurface, "X"]1];
SMTNodeData [UpperSurface, "dB", (Bt -Bp) /Ad];
While[step = SMTConvergence[10~ -8, 16, {"Adaptive BC", 12, A¢Min, A¢dMax, ¢Max}],
SMTNewtonIteration[];];

If[step[4] === "MinBound", SMTStatusReport["Analyze"]; SMTStepBack[];];
If[Not[step[1l],

M = Total [MapThread [Norm[Cross [#1, #2]] &, {SMTNodeData[UpperSurface, "X"] +
SMTNodeData [UpperSurface, "at"], SMTResidual [UpperSurface]}]];

AppendTo[Me, {¢, M}1;
SMTShowMesh [ "DeformedMesh"” - True, "Show" -> "Window"];

15

step[3]

, If[step[1], SMTStepBack[];];

SMTNextStep["AA" » step[2]];

1

inf269)= SMTShowMesh [ "DeformedMesh" -> True, "Field" -> "Mises stress", "Mesh" -> False,
"Combine" -> (GraphicsRow[{ListLinePlot [M¢, AxesLabel -> {"¢", "M"}], #}, ImageSize -> 600] &) ]

| 69
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Convert voxel image to 3D element mesh

92862
86762

80562
74482
6832

52262
56162

A voxel represents a value on a regular grid in three-dimensional space. 3D image with pixel values given by the array (voxels) can be
converted into 3D mesh composed of 3D hexahedral elements by the presented procedure.

= Here a 3D grayscale image is imported.

infe70;= image® = Import ["ExampleData/CTengine.tiff", "Image3D"]
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nj2721- ImageColorSpace [image®]

Grayscale

= Originalimage is first resized to a desired mesh density.

inf2731= ImageDimensions [image®]
imagel = ImageResize [image®, Round [ImageDimensions [image@] /1.5]1];

(256, 256, 110}

= Image is here converted from 0-256 grayscale image to 0-1 bit image, where a threshold value of 50 is chosen for conversion.

nf2751= treshhold = 50;
imagedata® = Map [If[# > treshhold, 1, 0] &, ImageData[imagel, "Byte"], {3}1;

= |solated cells are here deleted from the mesh.

inf2777= dim@ = imagedata®@ // Dimensions;
imagedatal = MapIndexed[
If[ft===
> {4, j: k} = #2;
If[If[i>1, imagedata@[[i-1, j, k]], O] + If[i<dim@[[1]], imagedata®[[i+1, j, k]], O] +
If[j>1, imagedata@[[i, j-1, k]], @] + If[j<dim@[[2]], imagedata@®[[i, j+1, k]], O] +
If[k>1, imagedata@[[i, j, k-1]], @] +
If[k<dim@[[3]], imagedata@[[i, j, k+1]], 0] >0, 1, 0]
, 0
1 &, imagedata®@, {3}1];

= Thisis the finalimage that will be converted to the finite element mesh.

nfe79r= Image3D[imagedatal, "Bit"]
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= Voxel array is here converted to mesh nodes and element connectivity table.

injegop= dim = imagedatal // Dimensions;
nodesNeeded = Array [False &, dim + 1];

nj262)= elementsNeeded = MapIndexed [If [#===1,
nodesNeeded [ [Sequence @@ (#2 + {0, O, 0})]] = True;
nodesNeeded [ [Sequence @@ (#2 + {1, ©, ©})]1] = True;
nodesNeeded [ [Sequence @@ (#2 + {1, 1, ©})]] = True;
nodesNeeded [ [Sequence @@ (#2 + {0, 1, ©})]1] = True;
nodesNeeded [ [Sequence @@ (#2 + {0, O, 1})]] = True;
nodesNeeded [ [Sequence @@ (#2 + {1, ©, 1})]] = True;
nodesNeeded [ [Sequence @@ (#2 + {1, 1, 1})]] = True;
nodesNeeded [ [Sequence @@ (#2 + {0, 1, 1})]] = True;
True, False] &, imagedatal, {3}];

inf283;= 1 = @3 nodeNumbers = nodesNeeded /. {False -9, True: (++1i)};

Inj264]= conectivity =
Flatten[MapIndexed [If[#, Extract[nodeNumbers, {#2 + {0, 0, O}, #2 + {1, @, O}, #2 + {1, 1, @},
H2 + {0, 1, 0}, #2 + {0, O, 1}, #2 + {1, 0, 1}, #2+ {1, 1, 1},
#2 + {0, 1, 1}}], Nothing] &, elementsNeeded, {3}], 2];

= Node coordinates are scaled in a way that the the largest dimension of the mesh bounding box is 1.

inf2es)= maxdim = Max [dim] ;
dims = dim/maxdim // N;

nj2671= nodeX = Flatten [MapIndexed [If[#, { (#2[[3]] - 1) /maxdim,
dims[[2]] - (#2[[2]] - 1) /maxdim, dims[[1]] - (#2[[1]] - 1) /maxdim} // N, Nothing] &,
nodesNeeded, {3}], 2];

= Element mesh is generated here for the 3D thermal analysis of the engine part. The front part is heated to 100 degrees and the
back part cooled to 50 degrees. Stationary temperature distribution within the engine is calculated and displayed.

In[288]= << ACeFEM" ;
SMTInputDatal[];
SMTAddDomain["engine", {"ML:", "TH", "D3", "H1", "DF", "ST", "H1", "T", "Fourier"}, {}1;
SMTAddMesh [nodeX, {"engine" -> conectivity}];
SMTAddEssentialBoundary["Y" <=0.1&, 1-100];
SMTAddEssentialBoundary["Y" >0.8&, 1 50];
SMTAnalysis[];
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in[295)= SMTNextStep["A" » 1] ;
SMTNewtonIteration(]
SMTNewtonIteration[]

77.604
2.70035 x 10711

inf29s= SMTShowMesh [Axes -» True, AxesLabel -» {"X", "Y", "Z"}, "BoundaryConditions" - True, "Field" -> "T"]

Types of Structured Meshes
m 1D structured mesh types
m 2D and 3D surface structured mesh types
m 3Dmesh structured mesh types
m 2D and 3D surface structured mesh types with mesh refinement

m 3D structured mesh types with mesh refinement

1D structured mesh types
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Q281
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3D structured mesh types with mesh refinement
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Selecting nodes, elements and bodies

Contents
m Selecting Nodes

m SMTFindNodes

m Examples : Selecting nodes
m Selecting Elements

m SMTFindElements

m Examples : Selecting elements
m Selecting Domains

m SMTFindDomains

m Examples : Selecting domains
m Selecting Bodies

m SMTFindBodies

m Examples : Selecting bodies

Selecting Nodes

SMTFindNodes

SMTFindNodes[nodeSelector]

The parameter nodeSelector is a criteria used to select nodes. It has one of the forms described below.
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nodeSelector

description

Point[T,] or Point[{T,T>,...,To}]

Point[T,,NodelD] or
Point[{T,T>,...,Tn},NodelD]

Point[T,,NodelD,r] or
Point[{T{,T>,...,Tn},NodelD,r]

all nodes at given points {T1,T5,...,Ty}

all nodes at given points and with node identification NodelD

all nodes inside the circle (2 D case) or sphere (3 D case) with radius 7,
center T; and node identification NodelD

Line[{Ty,To,...,Tn},
NodelD, tolerance]

Line[{{Ty,T,,...,Tn}, NodelD]
Line[{T1,To,...,Tn}l

all nodes within the distance less than tolerance from the line (2 D or 3 D) joining
a sequence of points {T1,T5,...,Ty} and with the node identification NodelD

= Line[{T,,T>,..., Ty}, NodelD, Automatic]

= Line[{T,T5,..., Ty}, All, Automatic]

Pongon[{Tl,Tz, v ITn}I
NodelD, tolerance]

Polygon[{Ty,T5,...,Tn}, NodeID]
Pongon[{Tl,Tz,. . 'ITn}]

all nodes inside the polygon {T,T,...,Ty} (2D or 3 D)

expanded for the folerance and with node identification NodelD

In 3 D it is assumed that the polygon is planar with the plane defined by
the first three points. FIRST THREE POINTS CANNOT BE COLINEAR!

= Polygon[{T},T>,..., Ty}, NodelD, Automatic]

= Polygon[{T},T»,..., Ty}, All, Automatic]

Tetrahedron[{T,T>,T3, T4},
NodelD, tolerance]

Tetrahedron[{T,T,, T3, T4}, NodeID]
Tetrahedron[{T{,T>,T3,T4}]

all nodes inside the tetrahedron defined by four corner nodes {T,T,,T3,T4}
expanded for the folerance and with node identification NodelD

= Tetrahedron[{T;,T,,T3,T4}, NodelD, Automatic]

= Tetrahedron[{T,T,,T3,T4}, All, Automatic]

Hexahedron]
{Tl /TZ IT3 IT4IT5 /TG IT7IT8}I
NodelD, tolerance]

Hexahedron|
{Tl /TZ IT3 IT4IT5 /TG IT7IT8}I NOdeID]

Hexahedron]
{T1,T2,T3,T4,T5,T6,T7,Te}

Nodes selector based on geometric regions.

nodeSelector

all nodes inside the hexahedron defined by

8 corner nodes {T,T,,T3,T4,T5,Ts,T7,Ts} expanded

for the tolerance and with node identification NodelD

Only regular hexahedron (Cube) is supported! If the given points
are not vertices of a cube than the bounding box is used instead.

= Hexahedron[{T,T,,T3,T4,T5,T¢,T7,Ts}, NodelD, Automatic]

= Hexahedron[{T;,T,,T3,T4,T5,T,T7,Tg}, All, Automatic]

description

{"NodelD",nodeIDSelector}

{"DomainID",domainIDSelector}

{"BodyID",bodyIDSelector}

{"BoundaryNodes",
domainIDSelector,
bodyIDSelector,nodeIDSelector}

{"BoundaryNodes"}
nodelD_String

all nodes with node identification NodelD (see Node Identification )

all nodes that a part of elements from domains

defined by domainiDSelector (see Selecting Domain s)

all nodes that a part of elements from bodies defined by bodyIDSelector

all nodes that form the boundary of the selected bodies or the boundary between
the subregions of the selected bodies with selected node identification

= {"BoundaryNodes",All,All,All}

= {"NodelD",nodelD}
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Nodes selector based on mesh regions.

nodeSelector description
crit_Function nodes for which test crit[x;, y;,z;,nID;] yields True
{inq,in,,...inN} nodes with the node indices iny,in,,...inN

(note that node index can be changed due
to the "Tie" command after the SMTAnalysis command)

{1}
All ={1.2,...n}

Alternative ways of selecting nodes.

i_Integer

nodeSelector description
nodeSelector; && nodeSelector, ... gives a sorted list of the node indexes that match all the given criteria
nodeSelector; || nodeSelector, ... gives a sorted list of all the distinct node indexes that match any of the given criteria

Boolean type expressions involving And, Or Boolean operators and arbitrary nodeSelector-s.

Geometric regions Point, Line and Polygon accept two-dimensional and three-dimensional points.

The parameter crit is a pure function applied to each node in turn. Nodes for which test function crit returns True are selected. The
standard Mathematica symbols for the formal parameters of the pure function (#1,#2,#3,..) can be replaced by the strings representing

coordinates "X","Y","Z", and the node identification with string "ID" (see Node Identification ).
The Boolean type expressions can be nested.

Examples: Selecting nodes

= SMTFindNodes[Polygon[{{0,0},{1,0},{0,1}}]] returns a list of indexes of all nodes inside the triangle {{0,0},{1,0},{0,1}}.

SMTFindNodes["Temp"] returns a list of indexes of all nodes with node identification "Temp".

SMTFindNodes["X"<5 && "Z">2 &] returns a list of indexes of all nodes in region "X"<5 && "Z">2.

SMTFindNodes[{1,2,200}] returns {1,2,200}.

SMTFindNodes[(Line[{{0,0},{10,0}}] || Line[{{10,0},{10,5}}]) && (“Y”<2.5&)] returns a list of indexes of all nodes that lies either on
line {{0,0},{10,0}} or on line {{10,0},{10,5}} and with Y coordinate less than 2.5

nf300):= << ACEFEM™ ;
SMTInputDatal[];
SMTAddDomain [

{"Test", {"ML:", "SE", "PE", "T1", "DF", "LE", "T1", "D", "Hooke"}, {"E *" ->1, "v *" ->0}}];
SMTAddMesh [Polygon[{{0, @}, {48, 44}, {48, 44 + 16}, {0, 44}}], "Test", "T1", {3, 3}];
SMTAddEssentialBoundary[ "X" --0&, 150, 2-50];

SMTAddNaturalBoundary[ "X" =48 &, 2> -.1];
SMTAnalysis[];

in3077:= SMTShowMesh ["Marks" - True, Axes - True]
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inf308;= SMTFindNodes ["D"]

{1, 2, 3, 4, 5,6, 7,38,9, 10, 11, 12, 13, 14, 15, 16}
inf309;= SMTFindNodes [Point [ {48, 44}]]
{13}
in310= SMTFindNodes [Point [ {48, 44}, All, 20]]
{10, 11, 12, 13, 14, 15, 16}
n3117= SMTFindNodes [Line[ {{©, @}, {0, 50}}] || Line[{{0, 0}, {48, 44}}]]
{1, 2, 3, 4, 5, 9, 13}
inf312)= SMTFindNodes [ { "DomainID", "Test"}]
{1, 2, 3, 4, 5,6, 7, 38,9, 10, 11, 12, 13, 14, 15, 16}
in313)= SMTFindNodes [ { "NodeID", "D"}]
{1, 2, 3, 4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16}
inf314)= SMTFindNodes [ { "BoundaryNodes"} ]
{1, 2, 3, 4,5, 8,9, 12, 13, 14, 15, 16}
in[315= SMTFindNodes [ { "BoundaryNodes", All, All, "D"}]
{1, 2, 3, 4,5, 8,9, 12, 13, 14, 15, 16}
in3167= SMTFindNodes [Polygon[{{@, 0}, {48, 44}, {0, 44}}]1]
{1, 2, 3, 4,5, 6, 7,9, 10, 13}

nf3177= SMTFindNodes ["Y" > 20 &]

{3, 4,6,7,8,9, 10, 11, 12, 13, 14, 15, 16}
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Selecting Elements

SMTFindElements

SMTFindElements[elementSelector]
The parameter elementSelector is used to select elements. It has one of the forms described below.

elementSelector description

{nodeSelector, domainSelector} The parameter nodeSelector is first used to select nodes. It has one
of the forms described in section Selecting Nodes. The parameter
domainSelector is then used to select relevant domains or element types. It
has one of the forms described in section Selecting Domains. After

that the elements are selected with all nodes within the selected nodes
and the domain identification within the selected domain identifications.

{nodeSelector, Find all elements that satisfy all three criteria nodeSelector, domainSelector,
domainSelector, bodyIDSelector} bodyIDSelector. (see Selecting Nodes, Selecting Domains, Selecting Bodies)

{"BoundaryElements", all segments that form the boundary of the selected bodies or the boundary between
domainIDSelector, bodyIDSelector} the subregions of the selected bodies and with domain identification dID

ncrit_Function selection of elements with the nodes for which test ncrit[x;, y;, z;, nID;] yields True
dID_String = {All,dID}
all elements with domain identification d/D
{iey,iey,...ieN} elements with the element indices iey,ies,...len
i_Integer ={i}
All ={1,2,...,n,}

Forms of input data for selecting elements.

Many functions require as input a list of elements on which certain action is applied. The parameter that is used to select elements can
have various forms described above.

The parameter ncrit is a pure function applied to all nodes of the element in turn. Elements for which all nodes return True are
selected. The standard Mathematica symbols for the formal parameters of the pure function (#1,#2,#3,..) can be replaced by the strings
representing coordinates "X","Y","Z", and the node identification "ID".

The parameter dcrit is a pure function applied to all domain identifications in turn. Domains for which test dcrit[dID] yields True are
selected.

Examples:
= SMTFindElements[{Polygon[{{0,0},{1,0},{0,1}}], All}] returns a list of indexes of all elements inside the triangle {{0,0},{1,0},{0,1}}.
m SMTFindElements["bottom"] returns a list of indexes of all elements with domain identification "bottom".

m SMTFindElements[{"X"<5 && "Z">2 &,"bottom"}] returns a list of indexes of all elements in region "X"<5 && "Z">2 and with the
domain identification "bottom".
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Examples: Selecting elements

inf3181= << ACeFEM™ ;
SMTInputDatal[];
SMTAddDomain [

{"Test", {"ML:", "SE", "PE", "T1", "DF", "LE", "T1", "D", "Hooke"}, {"E *" ->1, "v *" ->0}}];
SMTAddMesh [Polygon[{{0, @}, {48, 44}, {48, 44 + 16}, {0, 44}}], "Test", "T1", {3, 3}1;
SMTAddEssentialBoundary[ "X" --0&, 150, 2-50];

SMTAddNaturalBoundary[ "X" =48 &, 2> -.1];
SMTAnalysis[];

inf325):= SMTShowMesh ["Marks" - True, Axes - True]

inf326)= SMTFindElements["Test"]

(1,2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18}

inf3277= SMTFindElements [ {Polygon[{ {0, 0}, {48, 44}, {0, 44}}], All}]
{1, 2, 3, 4,7, 8}
inf328)= SMTFindElements [ {"Y" > 20 &, "Test"}]

(5, 6,9, 10, 11, 12, 13, 14, 15, 16, 17, 18}

inf3297= SMTFindElements [ { "BoundaryElements"”, "Test", All}]

{{2, 1}, {1, 5}, {3, 2}, {8, 4}, {4, 3}, {5, 9},
{12, 8}, {9, 13}, {13, 14}, {14, 15}, {16, 12}, {15, 16}}

Selecting Domains

SMTFindDomains

SMTFindDomains[domainSelector]
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The parameter domainSelector is used to select domains. It has one of the forms described below. The functions returns a list of
indexes of selected domains.

domainSelector description

dID_String domain with identification dID

{dID,,dID,, ...} set of domains with given identifications dID;
dcrit_Function all domains for which test dcrit[dID;] yields True
All all domains

{idy,idy, ...} domains with the indices id; ,id,, ...

Input data for selecting domains.

Many functions require as input a list of domains on which certain action is applied. The parameter that is used to select domains can
have various forms described above.

Examples: Selecting domains

Inf330]:= << ACeFEM™ ;
SMTInputDatal[];
SMTAddDomain [
{"Solid1", "ExamplesHypersolid2D", {"E %" ->70000, "v x" ->0.3}},

{"Solid2", "ExamplesHypersolid2D", {"E %" ->210000, "v *x" ->0.3}},

{"Contact", "ExamplesCTD2N1L1Pen", {"p *" ->200000}}];

SMTAddMesh [Polygon[{{-1/2, ©.1}, {1/2, ©0.1}, {1/2, 0.6}, {-1/2, 0.6}}], "Solid1",

"Q1", {13, 7}, "BodyID" - "B1", "BoundaryDomainID" -> "Contact"];
SMTAddMesh[Polygon[{{-1, -1}, {1, -1}, {1, @}, {-1, @}}], "Solid2",

"Q1", {10, 10}, "BodyID" - "B2", "BoundaryDomainID" -> "Contact"];
SMTAddEssentialBoundary[{"Y" ==-1 &, 1->0, 2->0}, {"Y"==0.6 &, 1->0, 2->-1}];
SMTAnalysis|[];

SMTShowMesh [ ]
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inf3381= SMTFindDomains [All]
{1, 2, 3}

inf3397= SMTFindDomains [ {"Contact"}]
{3}

inf340;= SMTFindDomains [ {1, 3}]
{1, 3}

inf341= SMTFindDomains [StringMatchQ[#, "Solid%"] &]

{1, 2}

Selecting Bodies

SMTFindBodies

SMTFindBodies[bodySelector]
The parameter bodySelector is used to select bodies. It has one of the forms described below. The functions returns a list of
indexes of selected bodies.

bodySelector description

bID_String body with identification 51D

{bID,,bID,, ...} set of bodies with given identifications bID;
dcrit_Function all bodies for which test dcrit[bID;] yields True
All all bodies

{ibl ,iby, } bodies with the indices ib; ,ib, ...

Input data for selecting bodies.

Many functions require as input a list of bodies on which certain action is applied. The parameter that is used to select bodies can have
various forms described above.

Examples: Selecting bodies

Inf342]:= << ACEeFEM™ ;
SMTInputDatal[];
SMTAddDomain [
{"Solid1", "ExamplesHypersolid2D", {"E %" ->70000, "v x" ->0.3}},

{"Solid2", "ExamplesHypersolid2D", {"E %" ->210000, "v *x" ->0.3}},

{"Contact", "ExamplesCTD2N1L1Pen", {"p *" ->200000}}];

SMTAddMesh [Polygon[{{-1/2, ©.1}, {1/2, ©0.1}, {1/2, 0.6}, {-1/2, 0.6}}], "Solid1",

"Q1", {13, 7}, "BodyID" -» "B1", "BoundaryDomainID" -> "Contact"];
SMTAddMesh[Polygon[{{-1, -1}, {1, -1}, {1, @}, {-1, @}}], "Solid2",

"Q1", {10, 10}, "BodyID" -» "B2", "BoundaryDomainID" -> "Contact"];
SMTAddEssentialBoundary[{"Y" ==-1 &, 1->0, 2->0}, {"Y"==0.6 &, 1->0, 2->-1}];
SMTAnalysis[];

SMTShowMesh [ ]
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inf350;= SMTFindBodies [All]
{1, 2}
inf351= SMTFindBodies ["B2"]
{2}
inf3527= SMTFindBodies [ {2, 1}]
{2, 1}
in353= SMTFindBodies [StringMatchQ[#, "B+"] &]

{1, 2}
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Boundary Conditions

Contents
m Essential Boundary Conditions
m SMTAddEssentialBoundary
= Natural Boundary Conditions
m SMTAddNaturalBoundary
m Discrete Natural Boundary Conditions
m Distributed Natural Boundary Defined by Nodes
m Distributed Natural Boundary Defined by Elements
m Initial Boundary Conditions
m SMTAddInitialBoundary

m Examples of Prescribed Boundary Conditions

Introduction
In AceFEM one can directly apply two types of boundary conditions:

= Essential (Dirichlet) boundary conditions (SMTAddEssentialBoundary)

Effectively the values of selected degree of freedom in selected node takes prescribed value.

= Natural (Neumann) boundary conditions (SMTAddNaturalBoundary)
Effectively the prescribed value of the boundary condition is subtracted from the element of the global residual vector that
corresponds to the selected degree of freedom in selected node.
The current value of the boundary condition (Bt) is defined as Bt =Bp+AAdB, where AA is the boundary conditions multiplier
increment (see Iterative Solution Procedures). AceFEM generally deals with the nonlinear problem and uses various path
following procedures to solve it. By default, the state of the system at the beginning of the path-following procedure is zero state.
Alternatively, an initial nonzero state of either essential or natural boundary conditions can be set by SMTAddInitialBoundary.

Boundary conditions are prescribed as a part of the input data phase. At the input data phase all the data related to the prescribed
boundary conditions is collected and then applied in the following order:

= first the initial boundary conditions are applied,
= then the natural boundary conditions are applied,
= at the end the essential boundary conditions are applied.

Thus when both the essential and the natural boundary conditions are prescribed for the same DOF, then the precedence goes to the
essential boundary conditions. Initial boundary condition is by default natural boundary condition.

Boundary conditions can be applied as a part of input data (before SMTAnalysis) or after the SMTAnalysis at the analysis phase. At the
analysis phase the boundary conditions commands are executed immediately. In order to apply natural boundary condition at
analysis phase, the eventual essential boundary condition have to be removed first with the SMTAddEssentialBoundary[nodes, dof -»
Null] command.

Essential Boundary Conditions

SMTAddEssentialBoundary[nodeSelector, dof;»dB,, dof,~»dB,,...]
increment or set reference value of essential (Dirichlet) boundary condition in selected nodes (see Selecting Nodes)where
dB; is the reference value of the intensity of essential boundary condition (support) for the dof;-th unknown
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intensity of essential description
boundary condition

dB_Number value dB is set to all nodes that match nodeSelector

f _Function The parameter f[n,X,Y,Z] is a function applied to each
node that match nodeSelector in turn where n is a node number.
(e.g. 2-Function[{n,X,Y,Z},10 Y] would apply boundary condition with the value
proportional to the Y coordinate of the node to second DOF in all selected nodes).

{dB4,dB,,...,dBy\} value dB,; is set to the i—th node that match nodeSelector

Null remove the prescribed essential boundary
condition if set by previous definitions (unconstrained DOF)

Forms of intensity of prescribed essential boundary conditions.

options default description

"Set" False override the previous defined boundary conditions for
the chosen degrees of freedom with the newly defined values

Options for prescribed essential boundary conditions.

The value of boundary condition is by default incremented by the given value. With the "Set"->True option the new value overrides all
the previous definitions. With the dof»Null input form all the previously defined boundary conditions are deleted for the dof;-th
degree of freedom.

The current value of the boundary condition (Bt) is defined as Bt =Bp+AAdB, where AA is the boundary conditions multiplier
increment (see Iterative Solution Procedures).

The nodeSelector parameter is defined in Selecting Nodes.

Examples:
= The third degree of freedom in all the nodes on line segment {(0,0),(1,1)} and with node identification "D" is incremented by 1.5.
inf354)= SMTAddEssentialBoundary[Line[{ {0, 0}, {1, 1}}, "D"], 3-»1.5]

= The third degree of freedom in all the nodes on line segment {(0,0),(1,1)} and with node identification "D" is incremented by 10
X+2y.

SMTAddEssentialBoundary[Line[{{@, 0}, {1, 1}}, "D"], 3 -» Function[{n, X, Y, Z}, 16X +2Y]]

= All the nodes on line segment {(0,0),(1,1)} and with node identification "D" get a prescribed value 1.5 for the third degree of
freedom.

SMTAddEssentialBoundary[Line[ {{0@, 0}, {1, 1}}, "D"], 3-1.5, "Set" -> True]

= Remove the prescribed essential boundary condition for the third degree of freedom for all the nodes on line segment {(0,0),(1,1)}
and with node identification "D".

SMTAddEssentialBoundary[Line[{{@, 0}, {1, 1}}, "D"], 3 - Null]

Natural Boundary Conditions
Prescribed natural boundary conditions are of three types:

u discrete natural boundary condition prescribed in nodes of the mesh (concentrated load), see
Discrete Natural Boundary Conditions

m  distributed natural boundary condition prescribed on the volume of the domain (volume load), see
Distributed Natural Boundary Defined by Nodes or Distributed Natural Boundary Defined by Elements
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m  distributed natural boundary condition prescribed on the surface of the domain (surface load), see
Distributed Natural Boundary Defined by Nodes

surface load

discrite load

In the case of distributed natural boundary conditions (surface or volume) the distributed load has to be transformed into the
equivalent discrete loads applied in corresponding nodes of the mesh. Actual nodal values are calculated on the assumption of a
standard izoparametric interpolation of all fields as

dB; = [,db (X)N; (X)dx

where N; is a standard izoparametric shape function that belongs to the i-th node and db(X) is the intensity of the prescribed natural
boundary condition as a function of the spatial coordinate X. The distributed natural boundary conditions can be applied on two ways
depending on the definition of integration domain Q. The integration domain Q can be specified as:

= Qisthe volume (surface or line) of the actual selected elements (see Distributed Natural Boundary Defined by Elements)

mQ is a volume (surface or line) of elements temporarily created from the selected nodes
(Distributed Natural Boundary Defined by Nodes)

If the surface of the domain is created from the selected nodes then it is divided into triangular or quadrilateral segments regardless
on topology of the underlying elements. The results is not exact for the higher order elements.

The topology of the underlying elements is exactly accounted for when the distributed natural boundary condition is applied on
elements directly (Distributed Natural Boundary Defined by Elements) .

Natural boundary conditions are prescribed by the SMTAddNaturalBoundary command.

SMTAddNaturalBoundary[selectedNodesOrElements, dof;->ints;, ints,->ints;,...]
increment or set reference value of natural (Neumann) boundary condition in selected nodes or elements
(Selecting Nodes, Selecting Elements)where the parametersints; is used to calculate the reference value of intensity

of natural boundary condition for the dof;-th nodal unknown
The actual form of parameters selectedNodesOrElements and ints; depends on the type of prescribed boundary condition and is given
on examples throughout this chapter. The current value of the boundary condition (Bt) is defined as Bt = Bp+AAdB, where AA s the
boundary conditions multiplier increment (see Iterative Solution Procedures). The total reference value of the boundary
condition is for specific DOF in specific node for each SMTAddNaturalBoundary call incremented by the given value. With the "Set"-
>True option the new value overrides all the previous definitions.

option default description

"Set" False False = the total reference value of the boundary
condition is for specific DOF in specific node for each
SMTAddNaturalBoundary call incremented by the given value
True = override the previous defined boundary conditions for
the chosen degrees of freedom with the newly defined values

Options for the SMTAddNaturalBoundary command.
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SMTAddNaturalBoundary[nodeSelector, dof,->dB;, dof>->dB,,...]
increment or set reference value of natural (Neumann) boundary condition in selected nodes (see Selecting Nodes) where
dB; is the reference value of intensity of discrete natural boundary condition (force) for the dof;-th unknown as described in

table below

Applying discrete natural boundary conditions.

dB;
reference boundary
condition intensity

description

dB_Number

f_Function

{dB, ,dB,,... )

Point[{arc_length,dB}]

Null

value dB is set to all nodes that match nodeSelector

The parameter f[n,X,Y,Z] is a function applied to each node that match
nodeSelector in turn where 7 is a node number. (e.g. 2-Function[{n,X,Y,Z},10 Y]).

value dB; is set to the i—th node that match nodeSelector

This form assumes that the nodes that match nodeSelector

form line or curve segment. The discrite boundary condition with the
intensity dB is applied at the given arc length distance from the start

of the curve. Nodal values in effected nodes are then calculated on the
assumption of a standard izoparametric interpolation of all fields as dB;=
dB N; (X) where N; is a standard izoparametric

shape function that belongs to the i—th node.

remove the coresponding prescribed natural
boundary conditions if set by previous definitions

Forms of intensity of prescribed discrete natural boundary conditions.

The nodeSelector parameter is defined in Selecting Nodes.

Examples:

= Generic example:

H

m (A) concentrated load applied on the selected nodes

m (B) concentrated load applied on an arbitrary spatial point
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Inf355):= << ACEFEM™
SMTInputDatal[];
L=9;H=3;
SMTAddDomain["Q", {"ML:", "SE", "PE", "Q1", "DF", "HY", "Q1", "D", {{"NeoHooke", "WA"}}}, {}1;
SMTAddMesh [Polygon[{{@, 0}, {L, ©}, {L, H}, {0, H}}1, "@", "Q1", {30, 10}];
(*Ax) SMTAddNaturalBoundary[Line[ {{L, 0}, {L, H}}], 1 ->Point[{©.67H, -20}]];
(*B%) SMTAddNaturalBoundary[Point[{L, ©}], 1> -10, 2 ->10];
SMTAnalysis[];
SMTShowMesh [ "BoundaryConditions" - True]

= This would apply boundary condition with the intensity proportional to the Y coordinate of the node to second DOF in all selected

nodes.
inf364)= SMTAddNaturalBoundary[Line[{{L, 0}, {L, H}}], 2 -> Function[{n, X, Y, Z}, 10Y]]

11

Distributed Natural Boundary Defined by Nodes

SMTAddNaturalBoundary[nodeSelector, dof,->db., dof>->db,,...]
increment or set reference value of natural (Neumann) boundary condition in selected nodes (see Selecting Nodes) where
db; is the reference value of distributed natural boundary condition (force) for the dof;-th unknown as described below

Applying distributed natural boundary conditions on volume (surface, line) defined by nodes.
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boundary condition intensity description

Line[{db}] This form assumes that the nodes that match nodeSelector form
line or curve segment and that the uniformly distributed boundary
condition with the intensity db is prescribed on the segment. The result is
approximate for the elements with higher than quadratic approximation.

Line[{dby, db}] Form defines lineary distributed natural boundary condition. dbg
is intensity of distributed boundary condition in the first node that
match nodeSelector and db, is intensity of distributed boundary
condition in the last node that match nodeSelector. The result is
approximate for the elements with higher than quadratic approximation.

Line[f_Function] This form assumes that the nodes that match nodeSelector form line or curve
segment and that the distributed boundary condition is prescribed on a segments of
the curve. Parameter f is a function used to evaluate the intensity of the distributed
boundary condition accordingly to the topology of the segments as follows:

"L1" = db= f[X, Y,tx,ty]

"L2" = db=f|X.V 1 1,
"C1" = db=f|X.Y,Z 1 1,1 |
"C2" = db= f[X, Y,Z,tx,ty,tz]

Vector (tx Sty ,tz) is unit tangent vector in the direction of the curve in point (X, Y).

Polygon[{db}] This form assumes that the nodes that match nodeSelector form a
surface (2 D or 3 D) and that the uniformly distributed boundary condition
with the intensity db is prescribed on the surface. The surface is first
divided into triangular or quadrilateral segments accordingly to the
surface triangulation option (see SMSSegmentsTriangulation ) The
nodal values are then calculated on the assumption of a standard linear
izoparametric interpolation of all fields on resulting 3 D triangles or
quadrilaterals. The result is approximate for the higher order elements.

Polygon[f_Function] This form assumes that the nodes that match nodeSelector form a surface
(2 D or 3 D) and that the distributed boundary condition is prescribed on the
surface. Parameter / is a function used to evaluate the intensity of the distributed
boundary condition accordingly to the topology of the surface segments as follows:
"T1" = db=f[X,Y]
"Q1" = db=f[X,Y]
"P1" = db= f[X, Y,Z,nx,ny,nz]
"SI" = db:f[x, Y,Z,nx,ny,an
Vector (nX Ny ,nz) is a unit normal vector on the surface in point
(X,Y,Z). The surface is divided into triangular or quadrilateral

segments regardless on topology of the underlying elements.

Null remove the coresponding prescribed natural
boundary conditions if set by previous definitions

Forms of intensity of distributed natural boundary conditions when domain is defined by nodes.

Examples:
= Generic example:
= (A) constant distributed surface load
m (B) distributed surface load with linear distribution of intensity

m (C) distributed surface load with an arbitrary distribution of intensity
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= (D) constant distributed volume load

(A} pY:-]_

P\r:*l

\(€)
p=-Y(H-Y)
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-
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v

In[365= << ACeFEM" ;
SMTInputDatal[];
L=9;H=3;
SMTAddDomain["Q", {"ML:", "SE", "PE", "Q1", "DF", "HY", "Q1", "D", {{"NeoHooke", "WA"}}}, {}1;
SMTAddMesh [Polygon[{{0, @}, {L, 0}, {L, H}, {@, H}}], "@", "Q1", {30, 10}];
(*Ax) SMTAddNaturalBoundary[Line[{{@, H}, {L/2, H}}], 2 ->Line[{-1}]];
(*Bx) SMTAddNaturalBoundary[Line[{{L/2, H}, {L, H}}], 2 ->Line[{-1, -3}]];
(*Cx) SMTAddNaturalBoundary[Line[{{L, 0}, {L, H}}], 1 -> Line[Function[{X, Y}, -Y (H-Y)111;
(*Gx)
SMTAddNaturalBoundary[Polygon[{{@, 0}, {L/2, @}, {L/2, H/2}, {@, H/2}}], 2->Polygon[{-5}11;
SMTAnalysis|[];
SMTShowMesh [ "BoundaryConditions" -> True]

Distributed Natural Boundary Defined by Elements

SMTAddNaturalBoundary[{"DistributedOver", elementSelector}, dof;->db,, dof,->db,,...]
increment or set reference value of natural (Neumann) boundary condition in nodes of selected elements (see
Selecting Elements)where db; is the reference value of the distributed natural boundary condition (force) for the dof;-th

unknown as described below
Applying distributed natural boundary conditions on volume (surface, line) defined by elements.
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boundary condition intensity description

db_Number This form assumes that uniformly distributed boundary
condition with the intensity db is prescribed on all selected elements.

f_Function This form calculates the intensity of the distributed boundary
condition accordingly to the topology of the elements as follows:
"LI"L2" = db=f[ X,V 1 t, |
"T1","T2","Q1","Q2","Q2S" = db=/[X.Y]
"C1","C2" = db= f[X, Y,Z,tx,ty,tz]
"P1","P2","S1","S2","S2S" = db:f[X, Y.Zny,ny,n;
"01","02","H1","H2","H2S" = db=f[X,Y.Z]
Vector (nx Ny ,nz) is a unit normal vector on the surface in point (X,Y,Z). Vector

(tx by ,tz) is unit tangent vector in the direction of the curve in point (X, Y).

Null remove the coresponding prescribed natural
boundary conditions if set by previous definitions

Forms of intensity of distributed natural boundary conditions when domain is defined by elements.
only elements With tOpOlOgieS llLlll’ "L2"’ llClll’ IIC2Il’ IITlll’ IIT2Il’ IlPlIl’ "P2", IlQlll’ IlQZII’ IlQZSII’ llslll’ llszll’ llHlIl’ IIH2II’ "HZS"’ "01",
"02" are supported.
Examples:
= Generic example:

= add self weight to the domain "Q" where pis the density and g is the gravitational acceleration.

'
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Inf383= << ACeFEM" ;
SMTInputDatal[];
L=9;H=3; p=8100; g =9.81;
SMTAddDomain["Q", {"ML:", "SE", "PS", "Q1", "DF", "HY", "Q1", "D", {{"NeoHooke", "WA"}}}, {}1;
SMTAddMesh [Polygon[{{@, 0}, {L, ©}, {L, H}, {0, H}}1, "@", "Q1", {30, 10}];
SMTAddNaturalBoundary [ {"DistributedOver", "Q"}, 2 -pg];
SMTAnalysis|[];
SMTShowMesh [ "BoundaryConditions" -> True]

m |ets assume that we have modelled a shell like structure with shell finite elements. This would add a snow like distributed load
with intensity g on the surface of the shell.

inf3s2;= SMTAddNaturalBoundary [ {"DistributedOver", "shell"},
2 » Function[{X, Y, Z, nx, ny, nz}, qAbs[nz]]]

m Lets assume that we have a shell structure filed with liquid and that the Z coordinate is the depth of the liquid with density p. This
would add hydrostatic pressure on the surface of the shell.

lguid

SMTAddNaturalBoundary[ {"DistributedOver", "shell"}, 1 - Function[{X, Y, Z, nx, ny, nz}, pg Znx],
2 - Function[{X, Y, Z, nx, ny, nz}, pgZny], 3- Function[{X, Y, Z, nx, ny, nz}, pgZnz]]

Initial Boundary Conditions

SMTAddInitialBoundary[selector, dof;->v,, dofy->v>,...]
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increment or set initial state of the problem where v; is the initial state for the dof;-th unknown and ibtype the type of prescribed
initial boundary condition accordingly to the table below where selector can be used to select nodes (see Selecting Nodes)

or elements (see Selecting Elements)on which boundary condition is applied

option default description
"Set" False override the previous defined boundary conditions for

the chosen degrees of freedom with the newly defined values
"Type" Automatic see table below

Options for prescribed boundary conditions.

AceFEM generally deals with the nonlinear problem and uses various path following procedures to solve it. By default, the state of the

system at the beginning of the path-following procedure is zero state. Alternatively, an initial nonzero state of either essential or

natural boundary conditions can be set by SMTAddInitialBoundary.

The initial boundary condition can be either initial essential or initial natural boundary condition or initial value of chosen DOF. Default

type of initial boundary condition is initial natural unless the essential boundary condition is also defined for the same DOF by the
SMTAddEssentialBoundary command. With the option "Type"->ibtype is the type of initial boundary condition explicitly defined. The

parameter selector is by default used to select nodes (see Selecting Nodes), except for the "Type"->"Distributed" where the

elements on which distributed load is applied have to be selected (see Selecting Elements).

"Type"

description

Automatic

"EssentialBoundary"

"InitialCondition"

"Distributed"

If the chosen DOF is also constrained by the SMTAddEssentialBoundary command
then this sets initial value (Bp;=Bt;=v;) of essential boundary condition,

otherwise the initial value (Bp;=Bt;=v;) of the natural boundary

condition is set for the chosen DOF in selected nodes.

Constrain chosen DOF and set initial value of the chosen DOF (Bp;=Bt;=v;)

in selected nodes as described in Essential Boundary Conditions.

Set initial value of chosen DOF (ap=at=v) for e.g. Initial value problems. Eventual
boundary conditions previously attached to chosen DOF are left unchanged!

Adds distributed initial natural boundary conditions (Bp;=Bt,;=v;) on selected

elements as decribed in Distributed Natural Boundary Defined by Elements.

Option "Type" for SMTAddInitialBoundary command.

= Set theinitial condition for first DOF in all nodes with node identification "D" to be 1/2.

SMTAddInitialBoundary["D", 1->1/2, "Type" -> "InitialCondition"]

Examples of Prescribed Boundary Conditions

2D Example
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Inf390;= << ACeFEM" ;

SMTInputDatal[];

L =100; H=50;

q1=25092=1;93=1;

nx =40; ny = 10;

SMTAddDomain["A", {"ML:", "SE", "PS", "Q1", "DF", "HY", "Q1", "D", {{"NeoHooke", "WA"}}},
{"E %" ->1000., "v %" -> .49, "t *" ->1.}];

SMTAddMesh[Polygon[{{0, @0}, {L, @}, {L, H}, {O©, H}}], "A", "Q1", {nx, ny}];

(*A+) SMTAddEssentialBoundary[Line[{{0@, @0}, {0, H}}], 1->0];

(*Bx) SMTAddEssentialBoundary[Line[{{@, ©}, {L/2, ©0}}], 2->0];

(*C+) SMTAddNaturalBoundary[Line[{{©®, H}, {L, H}}], 2 ->Line[{-q1}]1];

(*D*) SMTAddNaturalBoundary[Line[{{L/2, H}, {L, H}}]1, 2->Line[{-q2, -5q2}]];

(*E+) SMTAddNaturalBoundary[Line[{{L, ©}, {L, H}}], 1 ->Point[{H/2, 10}]];

(*Fx) SMTAddNaturalBoundary[Point[{L, ©}], 2 ->10];

(*G») SMTAddNaturalBoundary [
Polygon[{{H/4, H/4}, {3L/4,H/4}, {3L/4, H/2}, {H/4, H/2}}], 2->Polygon[{-1}11];

SMTAnalysis[];

SMTNextStep["A" ->10];

SMTNewtonIteration[];

SMTShowMesh [ "BoundaryConditions" -> True, "DeformedMesh" -> True, "Field" -> "Sxx"]

Sxx

Ilane.

0.2 4e5

hiri.
09964

AceFEM
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3D Example

Inf408]= << AceFEM" ;
SMTInputDatal[];
ql =20;q9q2=59; q3 =10;
H=50; A=100; B=75;
SMTAddDomain ["A",
{"ML:", "SE", "D3", "H1", "DF", "LE", "H1", "D", "Hooke"}, {"E *" ->1000., "v *" -> .49}];
{nx, ny, nz} = {20, 10, 10};
SMTAddMesh [Hexahedron[{{©, 0, 0}, {A, O, 0}, {A, B, 0}, {9, B, 0},
{0, @, H}, {A, 0, H}, {A, B, H}, {0, B, H}}], "A", "H1", {nx, ny, nz}];

inf4151= (%*Ax) SMTAddEssentialBoundary [
Polygon[{{e, 0, 0}, {0, B, 0}, {0, B, H}, {0, 0, H}}], 150, 2->0, 3->0];
(*B%) SMTAddNaturalBoundary[Line[{{©, ©, H}, {A, @, H}}], 3 ->Line[{-q1}]];
(*Cx) SMTAddNaturalBoundary[Line[{{A/2, O, H}, {A, @, H}}], 3 ->Line[{-q1, -q2}]];
(*D+) SMTAddNaturalBoundary[Line[{{A, ©, O}, {A, 0, H}}], 1 ->Point[{H/2, 100}]];
(*Ex) SMTAddNaturalBoundary[Point[{A, @, ©}], 1 -> 400, 3 -> -200];
(*F%) SMTAddNaturalBoundary [
Polygon[{{0, B/2, H}, {A/2, B/2, H}, {A/2, B, H}, {0, B, H}}], 3> Polygon[{-2}]1;

inf421)= SMTAnalysis|[];

inf4221= SMTNextStep["A" -» 30];
While [SMTConvergence[10~ -8, 10], SMTNewtonIteration[];]
SMTShowMesh [ "DeformedMesh" - True,
"BoundaryConditions" - True, "DeformedMesh" -> True, "Field" » "u"]
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General Description

The standard parts of the analysis phase are:

= The analysis phase starts with the initialization (see SMTAnalysis).
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= The AceFEM is designed to solve steady-state or transient finite element and related problems implicitly by means of Newton-
Raphson type procedures. The actual solution procedure is executed accordingly to the Mathematica input given by the user. The
details are given in Iterative Solution Procedures.
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The graphic post-processing of the results can be part of the analysis (SMTPostData, SMTShowMesh) or done later indepen-
dently of the analysis (SMTPut).

All the data in the data base can be directly accessed from Mathematica and most of the data can be also changed during the
analysis using Data Base Manipulations .

The SMTAnalysis command does the following:

checks the correctness of the input data structures;
transcripts input data structures into analysis data base structures;
correct mesh input data in a way that:

= nodes which have coordinates and node identification with the same value are joined into single node (see "Tie" command
of SMTAnalysis command);

m for elements modified with SMSAdditionalNodes (see Self - transforming meshes) option given set of nodes is
transformed into the true element nodes;

compiles the element source files and creates dynamic link library files or in the case of MDriver numerical;
modaule reads all the element source files into Mathematica;

performs initialization of the data base structures (see Iterative Solution Procedures).

The numbering of the nodes is changed after the data base construction (SMTAnalysis). Thus, the node numbers used at the input data

phase are not valid any more at the analysis phase. They have to be replaced by the true node numbers. If n is the index of the node at
the input data phase then SMTTrueNodeNumber|[[n]] is the index of the same node at the analysis phase (after SMTAnalysis). Note that
nodes that had different indexes at the input data phase can share the same index after the SMTAnalysis command.

Main iterative loop

Symbol table:

ot currentiterative value

op value at the end of previous time (load) step

Bt current value of boundary conditions

Bp value of boundary conditions at the end of previous step

dB vector associated with the pattern of the applied boundary conditions

Bt part of the current boundary conditions vector (Bt) where essential boundary conditions are prescribed by
SMTAddEssentialBoundary

Bt part of the current boundary conditions vector (Bt) where natural boundary conditions are prescribed

By default all the unknowns have prescribed natural boundary condition (set to 0), thus Bt:= Bt\Bt. The nonzero value of the

natural boundary condition can be prescribed by SMTAddNaturalBoundary.

Bi initial boundary conditions

The initial boundary conditions are not stored into the analysis data base. They are used for the initialization of the Bp vector at
the start of the analysis and discarded after.

ap,at  globalvariables with unknown value

ap, at global variables with prescribed value (essential boundary condition)

ht, hp vector of time dependent variables that are local to specific element

The following steps are performed at the start at of the analysis:
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® dataissettozero
at=ap=ht=hp=0
® boundary conditions are set to initial boundary conditions (Bi) prescribed by SMTAddInitialBoundary
Bt:=Bi
Bp:=Bi
The following steps are performed at the start of time or multiplier increment:
® timeand boundary conditions multiplier are incremented by SMTNextStep.
t:=t+At
A=A+AA
y=y+Ay
® globalvariables at the end of previous step are reset to the current values of global variables
ap:=at
® boundary conditions at the end of previous step are reset to the current values of boundary conditions
Bp:=Bt
The following steps are performed for each iteration:

® global vector R and global matrix K are initialized

R:=0, K:=0

boundary conditions are updated as follows:
the current boundary value is calculated as Bt:= Bp+A4A4dB, where AAis the multiplier increment
essential boundary conditions are set at := Bt
the global vector of natural boundary conditions is subtracted from the global vector R:=R+Bt
® usersubroutine "Tangent and residual" is called for each element,
the element tangent matrix Ke is added to the global matrix K:=K+Kq,
element residual R, is taken from the global vector R:= R-R,
® setoflinearequationsissolved K 4a=R,

® solutionisincremented at:=at+A4a.

Main Analysis Phase Functions

SMTAnalysis

SMTAnalysis[options]
check the input data, create data structures and start the analysis

The SMTAnalysis also compiles the element source files and creates dynamic link library files (dll file) with the user subroutines (see
also SMTMakeD11) or in the case of MDriver numerical module reads all the element source files into Mathematica.
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option default

description

"Output" False
(no output file)

"DumpInputTo" False

"BatchModeSteering False

"Solver" 0

"OptimizeDIl" Automatic

"SearchFunction" (#&)

"Precision" 6
"Tolerance" 10710
"Tie" True
"Debug" False
"NodeReordering" Automatic
"ContactPairs" Automatic

Options of the SMTAnalysis function.

SMTNewtonlteration

SMTNewtonIteration[]

output file name (for comments, debugging, etc.)

file name for storing input data

Input data is

stored to files name.m and name.h5

that are used by AceFEM for independent post-

processing (see Separate Visualization) or to run batch
mode analysis (see Independent Batch Mode ). For

full save/restart of the AceFEM session see SMTDump.

the name of the C source file for the steering of
the batch mode analysis (see Independent Batch Mode )

0 = appropriate linear solver is chosen automatically

None = solver is not set automatically, use SMTSetSolver directly
solverID = solver with linear solver identification number solverID
{solverID,p;, pa,... } = solver with linear solver identification number
solverID and set of parameters for initialization (see also SMTSetSolver)

True = set compiler options for the fastest code
False = set compiler options for debugging

function applied on coordinates of nodes before the search procedures if the
coordinates are not numbers (e.g before "Tie", SMTFindNodes, etc.)

number of significant digits used within the search
procedures (e.g for the "Tie" option, SMTFindNodes, etc.)

the numbers smaller in absolute magnitude than
"Tolerance" are replaced by 0 within the search procedures

True = join nodes which have

coordinates and node identification with the same values

{True, nodeselctor} = join nodes which have coordinates

and node identification with the same values,

except the nodes that match the nodelector (see also Selecting Nodes)

False = suppress tie
(the tie is by default suppresed for all nodes that
have node identification switch -T, see Node Identification)

True = prevent closing of the CDriver console on exit

Reordering of the nodes effects the numerical efficiency

of the linear solver used as well as memory consumption,

however there is no assurance that the node

reordering will actually have positive effect.

False = no node reordering apart from the nodes with the node
identification switch -E that are always positioned at the end
"AdvancingFront" = Simple reordering scheme based on the element
connectivity table. Additional nodes of the element are always
positioned after the topological nodes. The nodes with the switch -
E are always positioned at the end.

Automatic = "AdvancingFront"

specify the pairs slave-body/master -
body for which the possible contact condition is checked
{{slaveBodyID,masterBodyID, },{slaveBodyID, ,masterBodyID, } ...}

executes one iteration of the general Newton-Raphson iterative procedure.

Detailed description and examples are given in section Iterative Solution Procedures.
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option default description

"AlINorms" False False = The function returns modified
Euklid's norm of the increment of global d.o.f [|dal|g.
True = returns the error analysis table E

"EBCUpdate" Default the metod for the update of the essential BC (see table below)

Options of the SMTNewtonlIteration function.

"EBCUpdate" IData[ description
"LinearEstimate"]
Default 1 = "EBC to NBC"
"EBC to NBC" 1 ink=1 = in the first iteration of the NewtonRaphson

iterative procedure the essential boundary conditions

are not updated and the residual is evaluated by

at®=ap && R©=

R (ap)+K (ap)xdaggc and IData["ResidualAndTangentTask"]=1;
ine>1 > "EBC to Bt"

"EBC to Bt" 0 DOF ' s with prescribed essential BC are updated to time n+
1 and IData["ResidualAndTangentTask"]=0

"EBC to Bp" 2 DOF ' s with prescribed essential BC are
set to time n and IData["ResidualAndTangentTask"]=0

"No update" 4 DOF s are not changed (user can set it's own values!)
and IData["ResidualAndTangentTask"]=0

The option "EBCUpdate" defines the way how the DOF" s with prescribed essential BC are updated before the execution of the
NR iteration.

The "EBCUpdate" option can be used to implement various types of predictor-corrector methods for the solution of the resulting
parameterized system of nonlinear equations.

The error analysis table is of the form:
E={
{ldalis, IRIIs}

, Table[{[|day; ||, [|ati;]|q || Rl [|daill @i [[Rills/ i}
,{i, 1, No Node Specifications}, {j, 1, No DOF;}]

}

where

a@;; = SMTNodeSpecData["DOFScaling"][i, I is a scaling factor that belongs to i-th unknown in nodes with j-th node identification,
da; is a vector of increments of j-th unknown in all nodes with j-th node identification,

at;; is a vector of i-th unknown in all nodes with j-th node identification,

R;; is a vector of i-th component of residual in all nodes with j-th node identification,

ij

d _I\i(;nodespecszjl\i(;DOF‘ da,, day; Jai? s nodespecsz:\f; DOF,; R, )
lidajls = » IRl = .

NoEquations NoEquations

See Also
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m Iterative Solution Procedures

= Example:
= Example:
= Example :
m Example:

= Example :

Example :

constant BCmultiplier increment

successive values of time

adaptive BCmultiplier

adaptive time and constant BCmultiplier

simultaneous incrementation of time and BC multiplier

adaptive BCmultiplierwith visualization

m Arc - length examples

m Bending of the column (path following procedure, animations, 2D solids)

m Iterative Arc - length Solution Procedure

SMTNextStep

SMTNextStep[options]
goes to the next time/load/parameter accordingly to the given options.

Detailed description and examples are given in section Iterative Solution Procedures.

option default description
"At">r 0 time increment (tt+r)
"AA">r 0 increment of boundary conditions multiplier (A< +r)
"Ay">r 0 increment of general parameter (y«<y+r)
"t"or None next time (ter)
"A">r None next boundary conditions multiplier (A«r)
"y"or None next general parameter (y«<r)
"ALt]">f None function that defines
boundary conditions multiplier A as a function of time t
(Af[t]) (e.g. "A[t]"->Function[ {t},Sin[t]]] or "A[t]"->Sin)
"ALy]"-f None function that defines boundary conditions
multiplier A as a function of general parameter y
(A<fyD)
"tly]">f None function that defines time t as a function of general parameter y
(t=fTyD)

Options of the SMTNextStep function.

The values of all variables that define the state of the system at the end of the previous time step (ap, sp, hp, Bp) are after the

SMTNextStep command set to be equal to the current values (ap = at, sp = st, hp = ht, Bp = Bt).

The problem can be parameterized either by time (t), boundary conditions multiplier (A) or a general parameter (y). Time, multiplier

and a general parameter are stored in real type environmental variables SMTRData["Time"], SMTRData["Multiplier"] and SMTRData["-

Parameter"]. The command SMTNextStep["At"->x, "AA"->y, "Ay"->z] increments all parameters. However, within the adaptive path-

following procedures only one parameter can be a leading parameter of the problem and the other two are the function of the leading

one.

SMTNextStep[At, AA] = SMTNextStep["At"-At, "AA"5AA]

SMTNextStep[At, AA, Ay] = SMTNextStep["At"->At, "AA"->AA, "Ay"->Ay]
goes to the next time/load/parameter step by updating the current time (t«t+At), boundary conditions multiplier (A<A+AA)
and general parameter (y<y+Ay) and time dependent data (ap=at, sp=st, hp=ht, Bp=Bt).

SMTNextStep[Ay] = SMTNextStep["Ay"-Ay]
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SMTNextStep[At, A¢]
updates current time (t<+At) and boundary conditions multiplier (A«A+As(t+At)-A¢(t))

where A(t) is a boundary conditions multiplier as a function of time.

SMTNextStep[At,As] = SMTNextStep["At"->At, "AA"->A¢[t+At]-A¢[t]]
Legacy forms for compatibility with versions lower than 6.2.
Examples
n[177= SMTNextStep["At" -» 1]
inf171= SMTNextStep["t" » 1]

n177-= load[time_] :=Piecewise[{{Sin[time], time > 7 /2}, {2/ time, time <7 /2}}]
SMTNextStep["t" > 1, "A[t]" » load]

n20p= Plot[load[t], {t, @, 10}]

1.0

See Also

m Iterative Solution Procedures, SMTNewtonIteration

m Bending of the column (path following procedure, animations, 2D solids)
m Iterative Arc - length Solution Procedure

SMTStepBack

SMTStepBack(]

makes the current state of the system to be the same as the one at the end of the previous time step (at=ap, st=sp, ht=hp, Bt=
Bp).

Detailed description and examples are given in section Iterative Solution Procedures.

m Iterative Solution Procedures, SMTNewtonIteration

m Iterative Arc - length Solution Procedure
SMTConvergence

SMTConvergence[tol,n,type]
analyzes the current state of the Newton-Raphson iterative procedure and returns the result of the analysis.

Detailed description and examples are given in section Iterative Solution Procedures.

SMTConvergence[to/,n] = SMTConvergence[to/,n,"Abort"]

SMTConvergence[] = SMTConvergence[107-7,15,"Abort"]
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SMTConvergence["FullReset"]

SMTConvergence["Reset"]
The SMTConvergence["FullReset"] command completely clears the history of iterations.

The SMTConvergence["Reset"] command partially clears the history of iterations from the second one to the current one. With
this a special treatment of the first iteration is omitted.

= Example:
= Example:
= Example:
= Example:
= Example :

= Example :

constant BCmultiplier increment

successive values of time

adaptive BCmultiplier

adaptive time and constant BCmultiplier

simultaneous incrementation of time and BC multiplier

adaptive BCmultiplierwith visualization

The SMTConvergence command continuously stores data related to iterations and makes decisions accordingly to the history of

iterations. Consequently, it only works properly when it is called alternately with the SMTNewtonlteration command.

The return value of the SMTConvergence function depends on the type of the path following procedure and the options given to the

SMTConvergence function. The return value has to be properly interpreted by the user and an appropriate action has to be performed

accordingly to the return value. In all cases the function returns True when one more iteration is required within the current time step.

type return value description
"Abort" True llAa'|[>tol , one more iteration is required

none iterative process is aborted in the case of divergence
"Analyze" True llAa'|[>tol , one more iteration is required

False |lAat|<tol,

divergence_type

convergence condition for the iterative procedure has been satistied

divergence
(the possible values of divergence type are defined in a table below)

{"Adaptive Time",
m, Atminr
Atmaxr tmax}

True

{step_back, At,
step_forward,
report}

||Aa‘|>tol , one more iteration is required within the current time step

this return value is used to steer the path following
procedure of the problem parameterized with time t (see below)

{"Adaptive BC", m,
A/\minl A/\maxr Amax}

True

{step_back, AA,
step_forward,
report}

lAat|>tol , one more iteration is required within the current time step

this return value is used to steer the path following procedure of the

problem parameterized with boundary conditions multiplier A (see below)

{"Adaptive y", m,

AVmins A¥maxs Ymaxt

True

{step_back, Ay,
step_forward,
report}

||Aa‘|>tol , one more iteration is required within the current time step

this return value is used to steer the path following procedure of
the problem parameterized with general parameter y (see below)

Return values accordingly to the value of the parameter type.

The parameter tol is the tolerance, n is the maximum number of iterations, m is the desired number of iterations, At, AA or Ay are the

suggested values of increment of time, multiplier and general parameter, Atpin, AAmin OF Ay, are the minimum and Atpayx, AAmax OF

Aymax are the maximum values of the increments of time, multiplier or general parameter. The target or terminal value of the

parameter used to parameterized the problem is defined by tmax, Amax OF Ymax- Note that within the adaptive path-following proce-

dures only one parameter can be a leading parameter of the problem (t, A,or y) and the other two are the function of the leading one.
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This function is implicitly defined by the SMTNextStep command.

path following parameters

description

| 109

step_back

step_forward

At, AA or Ay

report

If step_back is True then the iterative

procedure in the current step has failed to converge,

thus the values of all variables that define the state of the system has to be
returned to the last converged state using the SMTStepBack command. A new,
shorter step can be attempted using the SMTNextStep command.

If step_forward is True then the target value of time (tyax)

or boundary conditions multiplier (An,x) has not yet been achieved,
thus an additional step has to be made using the SMTNextStep
command. Parameter step_forward is False in the case that the
final goal of simulation have been reached and if the simulation
has to be prematurely aborted (e.g. if [At|<At;, or |AA|<AA ;).

The suggested values of the increment of the parameter used to parameterized
the problem is calculated on a basis of the history of iterations and steps.

The parameter report gives detailed analysis of the
current state of the iterative path following procedure. The
possible values of report are defined in a table below.

Return values accordingly to the value of the parameter type.

report description
[laaY| The norm of the increment of DOF—
s in last iteration is returned when no special action si required.
"MinBound" The proposed value of the increment of parameter is less
than prescribed minimum (JAt|<At;;,, [AA[<AX ., o |Ay|<AYin),
thus the path following procedure has failed.
"MaxBound" The target value of parameter has been reached (|t|=[tmax|, [A|=|Amax| OF [¥|=|Ymax]),

divergence_type

thus the simulation has succeeded.

The value of divergence_type gives detailed analysis
why the iterative procedure has failed to converge. The
possible values of divergence_type are defined in a table below.

Detailed analysis of the current state of the iterative path following procedure.

divergence_type

description

"Divergence"

IIN/AII

"Alternate"

"ErrorStatus"

"Unknown"

The divergence of the increments of DOF—s has been detected (]|Aa'|| >co).

An error has been detected due to indetermined values during the evaluation
of element tangent and residual (e.g 1/0, Sqrt (—1), etc. situation).

The norm of the increments of DOF-
s alternates between two or more values. This condition is interpreted
accordingly to the value of the option "Alternate" as described below.

During the evaluation of the element tangent and residual the error status

flag has been set to 2 (see Iterative Solution Procedures )

The reason for the lack of convergence of iterative procedure is unknown.

Detailed analysis of the reason for the divergence of the iterative procedure.
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option

default value

description

"MaxTotalSteps"
"MaxTime"
"Alternate"

"PostIteration”

"IgnoreMinBound"

"AlternativeTarget"

"SecondStep"

Infinity
Infinity
"Divergence"

Automatic

False

(True&)

{1/5.,1/2.}

Options of the SMTConvergence function.

maximum total number of steps and back-steps
maximum absolute time allowed in seconds

"Ignore" = detection of alternating solution is ignored

"Divergence" = detection of alternating
solution is activated and if the alternating solution is detected,
the iterations are stopped and a new time or multiplier step is proposed

True = "Divergence"
False="Ignore"
Automatic = {{Atmax/4r A/lmax/4}r {Atmax/] 0: A/lmax/]()}y {‘X’: ‘X’}}

{{atl,AAl}, {Atg,Adg}, {Atgl,AAgl}} = if the
alternating solution occurs then start the following procedure:

1)if At<Atl || AA<AAl then set SMTIData["SublterationMode",1];

2) if solution still alternates and At<Atg ||
AA<AAg then set SMTIData["GloballterationMode",1];

3) if convergence conditions have been satistied and At>Atgl || AA>
AAgl then set SMTIData["GloballterationMode",0] and repeat iterations

enables an additional call to the SKR user subroutines after the
convergence of the global solution (see SMSPostIterationCall)
Automatic = perform post-iteration call accordingly

to the value of the template constant of specific element

False = prevent post-iteration call

True = force post-iteration call

tolR = tolerance for the residual (if [R[>7o/R then "ErrorStatus" is set to 2)

If an alternating solution occurs at the minimum time or multiplier
increment (JAA|<AA,;, or [At|<At, ;. or |Ay|<Ay,..) then ignore the minimum
increment condition and proceed for another time or multiplier step.

The primal target of the adaptive path following procedure is to reach Aax
Of tmax OF ¥max- The "AlternativeTarget" option sets an additional target for
the adaptive path following procedure. Alternative target is a function that
is evaluated at the end of each successfully completed time or multiplier
increment. If the target function yields False then the divergence of

the NR procedure for the given time increment is assumed and treated
accordingly to the other options given to the SMTConvergence function.

Option accelerates steps after the small

first step. In the case that the first step increment is small

AsD< Aspay «"SecondStep"[[1]] then the second step is taken as As@®=
Asmax * "SecondStep"[[2]]. Path parameter s can be t, A, or y.

= Bending of the column (path following procedure, animations, 2D solids)

m Iterative Arc - length Solution Procedure

Iterative Solution Procedures

AceFEM is designed to solve time-independent or time-dependent finite element and related problems implicitly by the means of
Newton-Raphson type iterative solution procedures. AceFEM has no predefined commands to perform complete path-following
procedure (implicit solution procedure of the parameterized system of nonlinear equations), however it provides a set of commands
that can be used to write an arbitrary path-following procedure. The most essential commands needed to construct an iterative path-

following solution procedure are:
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SMTNewtonlteration[] executes one iteration of the general Newton-
Raphson iterative procedure (for details see SMTNewtonIteration).

SMTNextStep[ goes to the next step by updating the parameters and time dependent
"At"-At, "AL">AL"Ay">Ay]  data (ap=at, sp=st, hp=ht, Bp=Bt) (for details see SMTNextStep).

SMTStepBack[] makes the current state of the system to be the same as the one at
the end of the previous time step (at=ap, st=sp, ht=hp, Bt=Bp).

SMTConvergence[ returns True if ||Aat|[>tolerance and thus one more iteration is required,
tolerance,max_iterations] False if ||Aat||<tolerance or aborts the calculation if the number of iterations
has exceeded max_iterations (for details see SMTConvergence).

SMTStatusReport[expr] prints out the report of the current status of the system tagged by
the arbitrary expression expr (for details see SMTStatusReport).

SMTSimulationReport[] prints out report identifying the percentage of time spent in specific
tasks during the analysis (for details see SMTSimulationReport).

The SMTConvergence command performs an analysis of the current state of the Newton-Raphson iterative procedure and returns the
results of the analysis. The user is then responsible to act accordingly to the results (e.g. to make an additional iteration or to stop the
iterative procedure). The SMTConvergence function returns in the case when one more iteration is required within the current
time/load step the value True. For other cases the return value depends on the type of path following procedure and the options given
to the SMTConvergence function (for details see SMTConvergence). The return value has to be properly interpreted by the user and

an appropriate action has to be performed accordingly to the return value.

The problem can be parameterized either by time (t), boundary conditions multiplier (A) or a general parameter (y). Time, multiplier

«

and a general parameter are stored in real type environmental variables SMTRData[“Time”], SMTRData[“Multiplier”] and SMTRData[
Parameter”]. The command SMTNextStep[“At”->At, “AA”>AA,”Ay”->Ay] increments all parameters. However, within the adaptive
path-following procedures only one parameter can be a leading parameter of the problem and the other two are the function of the
leading one.

See Also
= SMTNewtonIteration
= Bending of the column (path following procedure, animations, 2D solids)
m Iterative Arc - length Solution Procedure

Example: constant BC multiplier increment

This is a path following procedure where the path is parameterized by boundary conditions multiplier (load level). The command
SMTNextStep[“AA”—AA] increments the multiplier by AA.

The iterative path following solution procedure is presented where the parameter is increased in constant BC multiplier increment
AA=0.1 (the multiplier runs from 0 to 1 in 10 steps). The iterative solution procedure is controlled using the return value of the
SMTConvergence command as follows:
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inf5057= (*do 1@ steps)
nstep =10; AX=0.1; tolNR =10~ -8; maxNR = 15;
Do[
(* increment the load level X and time dependent data =x)
SMTNextStep["AA" » AX] ;
(* repeate Newton iterations in infinite loop x)
While|
(* SMTConvergence returns: True if ||Aat]||>107-8, False if | |Aat]||<16"-8 and
aborts the cacluation if the number of iterations has exceeded 10 x)
SMTConvergence [tolNR, maxNR]
(* the actual Newton iteration )
, SMTNewtonIteration[];
B

» {1, 1, nstep}]
or shortly as

inf5077= nstep =10; AA=0.1; tolNR = 10~ -8; maxNR = 15;
Do [
SMTNextStep["AA" » AX] ;
While [SMTConvergence [tolNR, maxNR], SMTNewtonIteration[];];
, {i, 1, nstep}]

or with the report about the reasons for the failure to reach the target A as

inf509;= nstep =10; AA=0.1; tolNR = 10~ -8; maxNR = 15;
Do[
SMTNextStep["AA" -» AX] ;
While[step = SMTConvergence [tolNR, maxNR, "Analyze"], SMTNewtonIteration[];];
If[step =!=False, SMTStatusReport["Analyze"]; Abort[];];
, {i, 1, nstep}]

Example: successive values of time

This is a path following procedure where the path is parameterized by time variable. The command SMTNextStep[“t”—>t] sets the
current time.

This is an iterative path following solution procedure with nstep time steps.

inf4317= tOlNR = 10~ -8; maxNR = 15; tmax = 10; nstep = 100;
Do [
SMTNextStep["t" - t];
While[step = SMTConvergence [tolNR, maxNR, "Analyze"], SMTNewtonIteration[];];
If[step =!= False, SMTStatusReport["Analyze"]; Abort[];];
,» {t, tmax/nstep, tmax, tmax/nstep}]

Thisis an iterative path following solution procedure time steps At.

inf4331= tO1NR = 10~ -8; maxNR = 15; tmax = 10; At =0.1;
Do[
SMTNextStep["t" - t];
While[step = SMTConvergence [tolNR, maxNR, "Analyze"], SMTNewtonIteration[];];
If[step =!=False, SMTStatusReport["Analyze"]; Abort[];];
, {t, At, tmax, At}]

This is an iterative path following solution procedure where the time takes successive values of 0.1,1.,13,50.
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inf4351= tO1NR = 10~ -8; maxNR = 15;
Do[
SMTNextStep["t" - t];
While[step = SMTConvergence [tolNR, maxNR, "Analyze"], SMTNewtonIteration[];];
If[step =!=False, SMTStatusReport[“Analyze"]; Abort[];1;
, {t, {0.1, 1., 13, 50}}]

Example: adaptive BC multiplier

Within the adaptive path-following procedures only one parameter (A, t or y) can be a leading parameter of the problem. The return
value of the SMTConvergence command can be used to control the convergence of the NR-iterations within one time step as shown in
the previous example. With an additional argument {"Adaptive Time", targetNR, Atmin, Atmax, tmax} or
{"Adaptive BC", targetNR, AAmin, AAmax, Amax} Or {"Adaptive y", targetNR, Ay, in, AVmax Ymaxt the SMTConvergence is able to

control also path following procedure with an adaptive time or boundary conditions multiplier stepping.

This is an example of the path following procedure with an adaptive boundary conditions multiplier A as a leading parameter. The
multiplier runs from 0 to Ana =10 with an initial value Ay =0.1, maximal increment AAn. =0.2 and minimal increment
AAmin = 0.001.The tolerance of the NR procedure toINR is set to 107 -8, the maximum number of iterations maxNR to 10 and the

desired number of iterations targetNR to 7.

The SMTConvergence command in this case returns True if ||Aat||>tolNR and a vector of four parameters

{step_back, inc, step_forward, report} otherwise.

If the first parameter step_back = True then the iterative procedure in the current step has failed to converge, thus the values of all
variables that define the state of the system has to be returned to the last converged state using the SMTStepBack command. If the
third parameter step_forward = True then the target value Ao has not been achieved yet, thus an additional step has to be made
using the SMTNextStep[1,inc] command and the second parameter inc as the suggested value of the multiplier increment AA. If the
fourth parameter report = "MinBound" then the proposed increment inc is less than prescribed minimum inc<AAn;,, thus the path
following procedure has failed. Parameter step_forward = False in the case that the final goal of simulation have been reached and if
the simulation has to be prematurely aborted (inc<AAy;n).

Inf437)= AMax = 103 2@ = AMax / 100; AAMin = AMax / 1000; AXMax = AMax / 10;
tolNR = 107 -8; maxNR = 15; targetNR = 8;
SMTNextStep["A" » 0] ;
While[
While[
step = SMTConvergence [tolNR, maxNR, {"Adaptive BC", targetNR, AXMin, AAMax, AMax}]
, SMTNewtonIteration[];
15
If[step[4] === "MinBound", SMTStatusReport["Analyze"]; SMTStepBack[];];
step[3]
, If[step[1], SMTStepBack[];];
SMTNextStep["AA" » step[2] ]
15
SMTSimulationReport[];

Example: adaptive time and constant BC multiplier

This is a path following procedure with an adaptive time increment (time runs from 0 to 10 with an initial increment 0.1, maximal
increment 0.2 and minimal increment 0.001). BC multiplier parameter has in this case a constant value A = 1 set by SMTNextStep[“t”~
t0,”A”=1] command.
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inf4421= tMax = 10. ; t0@ = tMax /100.; AtMin = tMax /1000. ; AtMax = tMax /10.;
tolNR = 10. ~-8; maxNR = 15; targetNR = 8;
SMTNextStep["t" -» tO, "A" > 1];
While[
While[step = SMTConvergence [tolNR, maxNR, {"Adaptive Time", targetNR, AtMin, AtMax, tMax}],

SMTNewtonIteration[];];
If[step[4] === "MinBound", SMTStatusReport["Analyze"]; SMTStepBack[];];
step[3]
, If[step[1], SMTStepBack[];];
SMTNextStep["At" -» step[2]]
15
SMTSimulationReport[];
Example: simultaneous incrementation of time and BC multiplier

A special form of the SMTNextStep commands allows simultaneous incrementation of time and multiplier. The time parameter is in
this case the leading parameter (independent parameter). Multiplier A is defined as an explicit function of time A¢(t). The multiplier is

automatically changed accordingly to the current value of the time parameter as follows:
SMTNextStep["t" - t, "Alt]" > Af]

An example of a path following procedure with a zig-zag multiplier A as a function of time is presented. The time runs from 0 to 10 in
100 steps while the multiplier follows the prescribed zig-zag pattern.

inpaa71= AF[t_] 1= IfF[0ddQ[Floor[ (t +1) /2]1, 1, -1] (2Floor[(t+1) /2] -t);
Plot [Af[t], {t, 9, 10}, AxesLabel » {"time", "A"}]
A

1.0
0.5

time

10

~10f
= with constant time stepping

Inf4491= DO [
SMTNextStep["At" » 0.1, "A[t]" - Af];
While [SMTConvergence[10~ -8, 10], SMTNewtonIteration[];];
, {i, 1, 100}]

= with adaptive time stepping
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inf4501= tMax = 10. ; t0@ = tMax /100. ; AtMin = tMax /1000. ; AtMax = tMax / 10. ;
tolNR = 10. ~-8; maxNR = 15; targetNR = 8;
SMTNextStep["t" » 10, "A[t]" » Af];
While[
While[step = SMTConvergence [tolNR, maxNR, {"Adaptive Time", targetNR, AtMin, AtMax, tMax}],
SMTNewtonIteration[];];
If[step[4] === "MinBound", SMTStatusReport["Analyze"]; SMTStepBack[];];
step[3]
, If[step[1], SMTStepBack[];];
SMTNextStep["At" - step[2], "A[t]" » Af]
15
SMTSimulationReport[];

Example: adaptive BC multiplier with visualization

This is a path following procedure with an adaptive BC multiplier (the BC multiplier runs from 0 to 10 with an initial increment 0.1,
maximal increment 0.2 and minimal increment 0.001).

= Deformed mesh is displayed after each completed increment into the post-processing window. The list of points graph is also
collected during the analysis.

Inf455)= AMax = 10. ; A0 = AMax / 100. ; AAMin = AMax / 1000; AXMax = AMax / 10. ;
tolNR = 10. ~ -8; maxNR = 15; targetNR = 8;
graph = {};
SMTNextStep["A" » 0] ;
While[
While[step = SMTConvergence [tolNR, maxNR, {"Adaptive BC", targetNR, AAMin, AAMax, AMax}],
SMTNewtonIteration[];];
If[step[4] === "MinBound", SMTStatusReport["Analyze"]; SMTStepBack[];];
If[Not[step[1l],
SMTShowMesh [ "DeformedMesh" - True, "Show" -> "Window"];
AppendTo[graph, {SMTData["Multiplier"], SMTPostData["Sxx", Point[{.2, .5}1]1}1;
15
step[3]
, If[step[1], SMTStepBack[];];
SMTNextStep["AA" » step[2] ]
15
ListLinePlot [graph]

= Simulation with automated animation of response (see also SMTAnimationOfResponse).

Inf461;:= AMax = 10. ; 2@ = AMax /100. ; AAMin = AMax / 1000. ; AAMax = AMax / 10. ;
tolNR = 10. ~-8; maxNR = 15; targetNR = 8;
SMTAnimationOfResponse["Initialize", {0, 0}];
SMTNextStep["A" » 0] ;
While[
While[
step = SMTConvergence [tolNR, maxNR, {"Adaptive BC", targetNR, AXMin, AAMax, AMax}]
, SMTNewtonIteration[];
15
If[Not[step[[1]]], SMTAnimationOfResponse["LeadingNodePosition" -» {0, L}11];
If[step[4] === "MinBound", SMTStatusReport["Analyze"]; SMTStepBack[];];
step[3]
, If[step[1], SMTStepBack[];];
SMTNextStep["AA" » step[2] ]
15
SMTAnimationOfResponse["Last frame"]
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Example: Arc length procedure

First step of Arc-length procedure is using command SMTArcLengthSet[] which initializes properties of arc-length analysis. It returns an
estimated arc-length for the target load level 3 on a assumption that the problem is linear. Terminal arc-length curve length sMax,
maximum steps AsMax, minimum steps AsMin and initial increment of arc length s0 are then chosen. Adaptive Time procedure with
Arc-length iterations is used to solve described problem. Procedure is stopped when sMax is reached. After each successful step,
SMTArcLengthNext[] must be called.

For more see: Iterative Arc - length Solution Procedure

inj466)= sMax = SMTArcLengthSet ["ATarget" » 3];
AsMax = sMax/20.; s@ = sMax/100.; AsMin = sMax / 1000. ;
tolNR = 10. ~ -8; maxNR = 15; targetNR = 8;
SMTNextStep["y" - s0];
While[
While[
step = SMTConvergence [tolNR, maxNR, {"Adaptive y", targetNR, AsMin, AsMax, sMax}]
,» SMTArcLengthIteration[];
15
If[Not[step[1]], SMTShowMesh["DeformedMesh" -» True, "Show" -> "Window"];1];
If[step[4] === "MinBound", SMTStatusReport["Analyze"]; SMTStepBack[];];
step[3]
3
If[step[1], SMTStepBack[];, SMTArcLengthNext[];];
SMTNextStep["Ay" - step[2] ]
15
SMTArcLengthFree[];

Analysis of Equilibrium Paths

SMTEquilibriumPaths

SMTEquilibriumPaths[options]
uses various iterative solution procedures to get response of parameterized system.

The SMTEquilibriumPaths function accepts also all options of the SMTAnimationOfResponse function.

The problem can be parameterized either by time (t), boundary conditions multiplier (A) or a arc length parameter (y). The terminal
value of time (t) is given by option "tMax", boundary conditions multiplier (A) by option "AMax" or a arc length parameter(y) by option
"yMax". Within the adaptive path-following procedures only one parameter can be a leading parameter of the problem, thus only one

of options "tMax", "AMax" or "yMax" can be given.
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option default description
"Method" "Newton" "Newton" = standard Newton-Raphson iterative method
"Modified Newton" = modified Newton method
(tangent matrix is evaluated and decomposed only in the first iteration)
"Explicit" = incremental Euler one-step method
"Arc Length" = arc length method has a separate set of options given in a table
below (see also Implementation Notes for Arc-length solution procedure)
"Steps" "Adaptive Option defines how the parameter is incremented.
" n = constant incrementation with n steps up to the terminal value
"Adaptive" =
if "AMax"=!=None then adaptive multiplier incrementation else if "tMax"=!=
None adaptive time incrementation
problems parameterized
with BC multiplier
"AMax" None terminal BC multiplier
"AAMax" AMax/10  the maximum increment of BC multiplier
"AAMiIn" AAMax/ minimum increment of BC multiplier
100
"AAQ" AAMax initial increment of BC multiplier
problems
parameterized with time
"tMax" None terminal time
"AtMax" tMax/10 the maximum increment time
"AtMin" AtMax/ minimum increment of time
100
"At0" AtMax initial increment of time
"ALE]" None function that defines boundary conditions multiplier A as a function of time t
(A<AfT[t]) (e.g. "A[t]"->Function[ {t},Sin[t]]] or "A[t]"->Sin)
options for
iterative procedures
"Tolerance" 10~-8 tolerance for the arc-length iterations
"MaxIterations" 15 maximum number of iterations
"Optimallterations" 8 optimal number of iterations (step length is preserved constant)
"InitializeAnimationOfR-  False False = Starts a new animation of response session.

esponse"

SMTAnimationOfRespon-
se
options

{X0,yo} = Starts a new animation of response session with the first point of
response curve set to {Xo,yo}. (see SMTAnimationOfResponse)

General options of the SMTEquilibriumPaths function for iterative solution algorithms.
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option default description

"Method"->"Arc Length" Algorithm follows all the branches of the response
curve including bifurcations using arc length type of
methods combined with effective branch switching algorithm.

"MaxPaths" 1 maximum number of equilibrium paths to follow
(with "MaxPaths"->1 only the fundamental path is analysed,
wit "MaxPaths"->2 the fundamental path and all the
bifurcations that starts from the fundamental path are followed)

"yMax" None terminal arc-length curve length
"AyMax" yMax/10  the maximum increment of the arc-length within a single time step
"AyMin" AyMax/ minimum increment of the arc-length within a single time step
100
"Ay0" AyMax initial increment of the arc-length
"BifurcationPerturbation" 1 factor (@) used to get direction of an alternative
branches after bifurcation (alternative direction Ap=a ¥)
"CriticalPointTolerance"  0.001 relative accuracy of the critical value (limit or bifurcation point)
of the parameter of the response curve (Ay,/ycr<e)
"BifurcationPointToleran- 10~-5 tolerance for the detection of bifurcation point (||¥.P||<e)
ce"
"Tolerance" 10n~-8 tolerance for the arc-length iterations
"MaxIterations" 15 maximum number of iterations
"Optimallterations" 8 optimal number of iterations (step lenght is preserved constant)
"InitializeAnimationOfR-  False False = Starts a new animation of response session.
esponse"

{X0,yo} = Starts a new animation of response session with the first point of
response curve set to {Xo,yo}. (see SMTAnimationOfResponse)

SMTAnimationOfRespon-
se
options

Options of the SMTEquilibriumPaths function for "Arc Length" solution algorithm.

Star dome truss example

Star dome truss example is the standard benchmark case for the assessment of the performance of the path following algorithms.
Combination of the arc-length commands and the SMTEquilibriumPaths command is used here to get complete response curve of
the structure. Stable segments of the curve are shown in blue color and unstable segments in red color. Additionally the limit and
bifurcation points are marked in green and magenta color. Kinematically exact truss element is used made of elastic material.
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Kinematically exact elastic truss element

nfo1= << AceGen" ;
SMSInitialize["ExamplesNonlinearTruss", "Environment" - "AceFEM"];
SMSTemplate["CDriver", "SMSTopology" - "C1", "SMSDOFGlobal" - 3, "SMSSymmetricTangent" - True,
"SMSDomainDataNames" - {"E - elastic modulus", "A - area"}, "SMSDefaultData" - {21000, 1}];
SMSStandardModule["Tangent and residual”];
{rA, rB} £ SMSIO["Nodal coordinates"];
{Em, A} £ SMSIO["Domain data"];
{uA, uB} £ SMSIO["Nodal DOFs"];
pe £ Flatten[ {uA, uB}];
do e rB-rA;
drdo+uB-uA;
10 = SMSSqrt[de.de];
1 e SMSSqrt[d.d];

1-10
De k H
1o

1
OIeAle — EmDe?;
2

Rel £ SMSD[II, pe];

Kel = SMSD [Rel, pe];

SMSIO[Rel, "Add to", "Residual"];

SMSIO[Kel, "Add to", "Tangent"];

SMSStandardModule ["Postprocessing"];

uIO k SMSIO["Nodal DOFs"];

SMSIO[ { "DeformedMeshX" -> uIO[All, 1],
"DeformedMeshY" -> uIO[All, 2], "DeformedMeshz" -> uIO[All, 3], "u" ->uIO[All, 1],
"v" ->uIO[All, 2], "w" ->uIO[All, 3]}, "Export to", "Nodal point post"];

SMSWrite[];

File: ExamplesNonlinearTruss.c Size: 6088 Time: 1

Method SKR SPP
No.Formulae (25 7
No.Leafs 746 152
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Star dome truss FE input data

nf562):= << ACEFEM™
Acs =0.1; (xcm’x)
Em=2.034%10" x107>; (xkN/cm?x)
PLoad = -1; a=43.3; b=25.;

a
c=8.216;d=2.; e = —;
Cos[r/6]

nodes = {{1, 0., 0., 0.}, {2, bCos[n/3], bSin[x/3], -d}, {3, b, 0, -d},
{4, bCos[n/3], -bSin[x/3], -d}, {5, -bCos[n/3], -bSin[x/3], -d},
{6, -b, @, -d}, {7, -bCos[x/3], bSin[x/3], -d}, {8, @, e, -C},

{9, a, eSin[x/6], -c}, {10, a, -eSin[x/6], -Cc}, {11, O, -e, -C},
{12, -a, -eSin[x/6], -c}, {13, -a, eSin[x/6], -C}};

elements = {{1, 2}, {1, 3}, {1, 4}, {1, 5}, (1, 6}, {1, 7}, {2, 7}, {2, 3},
{3, 4}, {4, 5}, {5, 6}, {6, 7}, {7, 8}, {2, 8}, {2, 9}, {3, 9}, {3, 10},
{4, 10}, {4, 11}, {5, 11}, {5, 12}, {6, 12}, {6, 13}, {7, 13}};

SMTInputDatal[];

SMTAddDomain["A", "ExamplesNonlinearTruss", {"E - elastic modulus" - Em, "A - area" - Acs}];

SMTAddMesh ["A", nodes, elements];

SMTAddEssentialBoundary["Z" == -c&, 150, 250, 350];

SMTAddNaturalBoundary[Point[ {0, @, ©}], 3 -» PLoad];

SMTAnalysis[];

Initialization of the arc-length procedure and iterative procedure with adaptive parameter incrementation

= Notthat due to the simple example, the rendering the graphics takes the majority of the simulation time!!

Inf575]= (% ocena %)
yMax = SMTArcLengthSet ["ATarget" - 120];

inf576)= SMTEquilibriumPaths [
"Method" -> "Arc Length"
, "yMax" -> yMax
, "Ay@" -> yMax /200
, "AyMax" -> yMax / 200
, "AyMin" -> yMax /1000
, "MaxPaths" -» 2
, "LeadingNodePosition" -» {0., 0., 0.}
, "ImageSize" - 300, "PlotMarkers" -» False, "AnimationFrequency" - yMax /200
, "ShowMeshOptions" - {PlotRange -» {{-50, 50}, {-50, 50}, {-25, 5}}}
, "PlotOptions" » {PlotRange -» {{0, 20}, {-20, 20}}}
, "Show" » {"ExportFrames", "trussdome"}
, "InitializeAnimationOfResponse" - {0, 0}
1

= Animation is displayed with the default 10 frames/second.

inf5777= SMTAnimationOfResponse["Animate"]
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Utility Functions
SMTStatusReport
SMTStatusReport[]
prints out the report of the current status of the system

SMTStatusReport[expr]
prints out the report of the current status of the system tagged by the arbitrary expression expr

SMTStatusReport["Analyze"]
prints out extended report

= This prints out the report of the current status of the system and the current values of all degrees of freedom in node 5.
nfo1= SMTStatusReport [SMTNodeData[5, "at"]]
See Also

m Tterative Solution Procedures, SMTErrorCheck
SMTSessionTime

SMTSessionTime[ ]
gives the total number of seconds of real time that have elapsed since the beginning of your AceFEM session

SMTSimulationReport

SMTSimulationReport[]
prints out report and returns a list of rules identifying the percentage of time spent in specific tasks during the analysis

SMTSimulationReport[comments]
prints out report with additional comments and returns a list of rules identifying the percentage of time spent in specific tasks
during the analysis

SMTSimulationReport[False]
returns only a list of rules identifying the percentage of time spent in specific tasks during the analysis

SMTSimulationReport[idata_names,rdata_names,comments, options]
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prints out additional information stored in user defined integer and real type environment variables and arbitrary comments
(for details see Code Profiling).

option default description

"Output" {"Console","File"}  possible output devices:
"Console" = current notebook
"File" > current output file (if defined)

Options of the SMTSimulationReport function.

= Example

inf31= SMTSimulationReport[];

No. of nodes 451 Total absolute time (s) 529.2195632
No. of elements 100 Total driver time (s) 529.028
No. of equations 880 Total driver time (%) 99.9638
Number of threads used/max 8/8 Total linear solver time (s) 0.0559988
Data memory (KBytes) 149 Total linear solver time (%) 0.0105852
Tangent matrix (KBytes) 105 Total K&R time (s) 0.0640016
Solver memory (KBytes) 1040 Total K&R time (%) 0.012098
Mathematica memory (KBytes) 63902 Average time/iteration (s) 5.08681
Total memory (KBytes) 65196 Average linear solver time (s) ©.00053845
No. of steps 14 Average Ke&Re time (s) 6.154x10°°
No. of steps back e Solver type Pardiso
Step efficiency (%) 100. Matrix type 2

Total no. of iterations 104 CPU Mathematica time (s) 1.14
Average iterations/step 7.42857 CPU Mathematica time (%) 0.215412
Terminal time (t) Q. USER-IData

Terminal BC multiplier (Q) 10. USER-RData

Terminal parameter (y) 0.

See Also: Simple bending of the column, SMTErrorCheck

SMTSetSolver

SMTSetSolver[solverID]
update all structures related to the global tangent matrix and number of equations accordingly to the value of parameter
solverlD

SMTSetSolver[]
reset linear solver related structures using initialization from the last call
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solverID description
0 appropriate solver is chosen automatically
1 standard LU profile unsymmetrical solver
(no user parameters defined)
2 standard LDL profile symmetric solver
(no user parameters defined)
3 NOT A PART OF THE STANDARD DISTRIBUTION !!!
SuperLU solver
SMTSetSolver[4,{ordering, work_allocation},{ pivot_tresh, fill}]
4 NOT A PART OF THE STANDARD DISTRIBUTION !!!
UMFPACK solver
5 MKL Direct Sparse Solver
— PARDISO solver from INTEL MKL (see MKL Direct Sparse Solver)
6 MKL Iterative Sparse Solver (see MKL Iterative Sparse Solver)
None only basic, solver independent structures are updated

Linear solver sets the number of negative pivots (or - 1 if data is not available) to Integer Type Environment variable "NegativePivots"

and the number of near-zero pivots to variable "ZeroPivots". The data can be accessed through the SMTIData["NegativePivots"] and
SMTIData[""ZeroPivots"] commands. The the number of negative pivots ( SMTIData["NegativePivots"]) is only available for the
standard LU and LDL solvers and for the PARDISO mtype=-2 solver!!.

MKL Direct Sparse Solver - PARDISO

option

default value description

"MatrixType"

Automatic 1 - real and structurally symmetric matrix (partial pivoting)
2 - real and symmetric positive defini matrix
-2 - real and symmetric indefinite
matrix ( SMTIData["NegativePivots"] available)
3 - complex and structurally symmetric matrix
4 - complex and Hermitian positive definite matrix
-4 - complex and Hermitian indefinite matrix
6 - complex and symmetric matrix
11 - real and unsymmetrical matrix (full pivoting)
13 - complex and unsymmetrical matrix
The default matrix type depends on the
element specification SMSSymmetricTangent and

node identifications (Node Identification) -L and -AL.

"IntegerParameters Automatic {{index,value, } ,{index,,value, },...} where index;

is an index of the parameter accordingly to the PARDISO
documentation and value; is the choosen value of the parameter

Options of the INTEL MKL PARDISO direct solver.

For examples are and details see MKL Direct Sparse Solver.



124 | AceFEMPrint.nb

MKL Iterative Sparse Solver

option default value description

"MatrixType" Automatic 1 - real and structurally symmetric matrix (partial pivoting)
2 - real and symmetric positive definite matrix
-2 - real and symmetric indefinite
matrix (SMTIData["NegativePivots"] available)
3 - complex and structurally symmetric matrix
4 - complex and Hermitian positive definite matrix
-4 - complex and Hermitian indefinite matrix
6 - complex and symmetric matrix
11 - real and unsymmetrical matrix (full pivoting)
13 - complex and unsymmetrical matrix
The default matrix type depends on the
element specification SMSSymmetricTangent and

node identifications (Node Identification) -L and -AL.

" 2 1 - FGMRES
IterativeSolverType 2-CG
"Preconditioner" 1 0 - no preconditioner
1-ILUO
2 -1LUT
3 - Jacobi
"MaxNolterations" 10% maximum number of iterations
"MaxFillInRatio" 2 maximum nonzero terms in a row of the incomplitly

factorized matrix should be "MaxFilllnRatio"*average
number of nonzero terms in a row (ILUT only option)

"MaxFillInElements" 0 maximum nonzero terms in a row of the incompletely factorized matrix
(when given the "MaxFilllnRatio" option is ignored) (ILUT only option)

"ResidualErrorTole- 107 tolerance

rance"

"VectorNormTolera- 107!? tolerance (FGMRES only option)

nce"

"PreconditionerTol" 107 tolerance (ILUT only option)

"IntegerParameters Automatic {{index,value, } ,{index,,value, },...} where index;

is an index of the parameter accordingly to the Intel MKL
documentation and value; is the choosen value of the parameter

"RealParameters" Automatic {{index,value, } ,{index,,value, },...} where index;
is an index of the parameter accordingly to the Intel MKL
documentation and value; is the choosen value of the parameter

Options of the ITERATIVE INTEL MKL solver.

For examples are and details see MKL Iterative Sparse Solver.

SMTErrorCheck

A set of integer typ