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Preliminary: Subjected Software

’-

1- Abaqus/CAE 2022
|

(CAE=Complete Abaqus Environment)

L T T P P P T T

User Subroutine < 2-Microsoft Visual Studio 2019

’-------

3-Intel Parallel Studio 2020
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https://soft98.ir/software/engineering/3534-simulia-abaqus.html
https://visualstudio.microsoft.com/vs/community/
https://soft98.ir/software/programming/391-intel-parallel-studio-xe.html

Preliminary: Linking Abaqus and Fortran

Step 1: Installing Abaqus/CAE, Visual Studio, and Intel Parallel Studio respectively.

Step 2: Finding the directory of “ifortvars.bat” and “vcvars64.bat”

By default:
C:\Program Files (x86)\IntelSWTools\compilers_and_libraries_2020.4.311\windows\bin
C:\Program Files (x86)\Microsoft Visual Studio\2019\Community\VC\Auxiliary\Build

Step 3: Adding these variable and associated directory into “Environment variables”

Step 4: Modifying Target
Adding this address to “Abaqus Command” and “Abaqus CAE” target
“C:\Program Files (x86)\IntelSWTools\compilers_and_libraries_2020.4.311\windows\bin\ifortvars.bat” intel64 vs2019 &

Step 5: Verification

Q Abaqus Verification: run Abaqus Verification and cheek the .log file

0 Abaqus Command: Enter “abaqus info=system” , “abaqus verify -user_std” and “abaqus verify -user_exp”
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Introduction to FEA
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Introduction to FEA: Motivation
* Structural Analysis |
Thermal Analysis
Fluid Structure Analysis

Electromagnetic Analysis

Multiphysics Analysis

Optimization Analysis

.
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Introduction to FEA: Motivation

Sandwich Panel

(Static —— Displacement/Stress Analysis mmmmmms)
Composite Material
time- -
independent Buckling and post-buckling analysis
Eigenvalue J
problem _
- _Frequency and mode shape analysis
Cl“ime-depend material response mmmn»  Creep and Viscoelasticity
Structural _
: Quasi-static <
AnalySIS Low-velocity forming
_ local instabilities (e.g. surface
time- Unstable problems  mmm—ms) wrinkling) and local buckling
dependent ~
- Explicit dynamic analysis s, Impact of Composite Material
\Dynamic < Implicit dynamic analysis

_ Response spectrum analysis
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Introduction to FEA: Motivation

Thermal structural analysis ! ! g
f

MU]tithSiCS < Start After 3 cycles After 7 cycles

100% volume 77% volume 66% volume

Fluid structural analysis r V’
-

After 10 cycles After 14 cycles
61% volume 57% volume

Structural
Analysis <

Topology optimization

Optimization <
-

Ehape optimization

After shape
optimization

Original model




Introduction to FEA: Basic Concepts

overnedb differential equations
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Introduction to FEA: Basic Concepts
Methods ofAnalysis

----------------------------------------------------------------------------------------------------------------------------------------

R A S 2 A “
Analytlcal Methods Seml-analytlcal (Approximate) Methods : ; Numerlcal Methods
ODE Lumped-parameter Methods Numerical Integration
PDE =) Separation of variables Series Discretization Methods Finite Volume Method

Finite Element Method

---------------- Finite Difference Method
The existing mathematlcal tools w111 not be sufficient to find the |
| exact solution (and sometimes, even an approximate solution) - Boundary Element Method
of most of the practlcal problems.
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Introduction to FEA: Basic Concepts

Must be satisfied
..—.-—» Essential (geometry)
............................................................................................................................................................... / Boundary Conditions

@ '/.‘ _.-—-—+ Weak Form
[ Variational Approach --—~~

Series Discretization Methods Assumed Solution
! Weighted Residual Approach -

* Strang Form
Must be satisfied
~.. Essential (geometry)
""" - as well as

Numerical Methods Natural (force)
e e : Boundary conditions

Weak Form

Finite Element Method
Strang Form
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Introduction to FEA: Basic Concepts

What is Finite Element Analysis ?

The Finite Element Analysis (FEA) is the simulation of any given physical phenomenon using the
numerical technique called Finite Element Method (FEM).

large number of finite elements, or simply elements.

The solution region is considered to be built of many small, interconnected
subregions called elements.

Space Discretization
Uk’h\)\ = CQ ﬁCQHQza P @

FEM subdivides a large system into smaller, simpler parts that are called finite elements

¢

construction of a mesh of the object
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Introduction to FEA: Analysis Procedures

 Procedures
%MD ?’ LmQ:t\DJ\

1-Discretization

2-Interpolation (Shape Function) \lOb‘), ) = [ o \d.s
\/
3-Derivation of Characteristic Matrices (element stiffness matrix and load vectors)
Tk}i k = {F

4-Assembly

5-Applying Boundary Conditions

6-Solving Unknown {K }% é& = \Y-]]
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Introduction to FEA: Analysis Procedures

Static Problem FEM System of Algebraic Equations
(ODEs or PDEs) (Linear or Non-linear)
d du(x) _ Abaqus/Standard (Implicit) R
E(AE - ) = w(x) [Kl{a} = f la}
Dynamic Problem EEM System of ODEs
(PDEs) (Linear or Non-linear)
- / < /

Abaqus/Standard (Dynamic Implicit)

WD) + i(mz Oulx, ”) =MD o) + K3 = £

dx 0x at? Abaqus,/Explicit (Dynamic Explicit)

School of Mechanical Engineering, College of Engineering, University of Tehran



Introduction to FEA: Analysis Procedures

&

i Linear Problems: [K]{a} = f Linear system of algebraic equations
|
P |
| Static Problems J
! I
i E\ on-Linear Problems: [K({a})]{a} = f({a}) Non-linear sys. of algebraic equations
!
|
|
]
<
|
]
| { Linear Problems: IMONEWD)} + [KDO]a®)} = £(©) Linear sys. of ODEs
|
i i
i
i Dynamic Problems </
i

\

-

Non-Linear Problems: [M(¢t,{a})]{d(t)} + [K(t,{a}D]{a(t)} = f(t,{a})

~

on -

Non-linear sys. of ODEs
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FEA Using Abaqus
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FEA Using Abaqus: Abaqus Documentation

Getting Started Samples
o Getting Started with Abaqus/CAE Learn e Benchmarks
e Introduction & Spatial Modeling by Example » Example Problems mmp Fantastic source of examples for learning and inspiration
* Release Notes o Verification
Explore

Modeling Capabilities & Theory

* Analysis ]
o Constraints Programming
e Elements e User Subroutines
e Interactions Extend e Scripting
¢ Materials & Customize e Scripting Reference
e Qutput e GUI Toolkit
* Prescribed Conditions e GUI Toolkit Reference
e Theory
Build
User Interfaces
e Abaqus/CAE
e Keywords
Run
Simulate
e Execution
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FEA Using Abaqus : Basic Concepts

Preprocessing ©---222222227%  Simulation [TTTTTTTTTTT. Postprocessing
Output File:
Abaqus/Standard ]_Ob'Odb
(Abaqus/CAE) | InputFile: job.inp or job.dat (Abaqus/CAE)
Abaqus/Explicit job.res
job.fil
rPart and Property
Assembly
Step
Modulus: < Interaction Job Visualization
Modulus Modulus
Load
Mesh
kOptimization
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FEA Using Abaqus: Consistent Unit

All input data must be specified in consistent units

Quantity SI SI (mm) US Unit (ft) US Unit (inch)
Length m mm ft in
Force N N |bf |bf
Mass kg tonne (103 kg) slug Ibf s2/in
Time s S S S
Stress | pa (N/m2) | MPa (N/mm?) |bf/ft2 psi (Ibf/in?)
Energy ] mJ (1073 ) ft Ibf in Ibf
Density [ kg/m?3 tonne/mm? slug/ft> Ibf s2/in%
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FEA Using Abaqus: Consistent Unit

LENGTH MASS TIME FORCE STRESS ENERGY VELOCITY ACCELERATION
I T T I T T
mm kg ms kN GPa 1le+03 m] m/s 1le+03 m/s?
mm g ms N MPa m]J m/s 1e+03 m/s?
mm kg S mN kPa 1le-03 m] le-03 m/s 1le-03 m/s?
mm g S le-06 N Pa le-06 m] le-03 m/s 1le-03 m/s?
mm kgf-s?/mm S kgf kgf/mm? kgf-mm 1le-03m/s 1e-03 m/s?
e - kg ................ ik s i M ; a] ............... m/sm/52 ...... :
Y resssns C m ............... kg ................ S ............. 1 e02N1e+02Pa1e04] ........ 1e02m/s ....... 1 eoz m/sz
cm kg ms le+04 N 1e+08 Pa le+02] le+01 m/s le+04 m/s®
cm kg us le+10N le+14 Pa 1e+08] le+04 m/s 1le+10 m/s?
cm g S dyne dyne/cm? erg le-02m/s 1e-02 m/s?
cm g ms le+01 N bar le-01] le+01 m/s 1le+04 m/s?
cm g us 1le+07 N Mbar 1le+05] le+04 m/s 1le+10 m/s?
in Ibf-s?/in S Ibf psi Ibf-in in/s in/s?
ft slug S 1bf psf Ibf-ft ft/s ft/s?

School of Mechanical Engineering, College of Engineering, University of Tehran




FEA Using Abaqus: Consistent Unit

Commonly used

i 51 value Sl-mm value

unit
Stiffness of steel 210 GPa 210-10° Pa 210000 MPa
Density of steel 7850 kg/m* 7.85-10° tonne/mm?
Gravitational

9.81 m/s? 9810 mm/s?
constant
pressure 1 bar 10° Pa 0.1 MPa
Absolute zero ) .

27315 C 0K C and K both acceptable

temperature

Stefan-Boltizmann

constant

567-10°W-m2ZK*

567-10°" mW-mm2-K*

Universal gas

constant

8.31 J- K "-mol"

8.31-10° mJ-K-"-mol!

e

o= Edit Madel Attributes

Mame: Model-1

Model type: | Standard & Explicit

Description:

[] Do not use parts and assemblies in input files

Physical Constants

Absolute zero temperature: | -27315

Stefan-Boltzmann constant: |5.Er? E-11

Universal gas constant: |8314.4ﬁ

[7] Specify acoustic wave formulation:

Restart | Subrmodel | Model Instances |

Mote: Specify these settings to reuse state data
from a previous analysis of this model,

[] Read data from job: |

Restart Location: ¢

Step name: |

@ Restart from the end of the step

Restart from increment, interval, iteration, or cycle: I:I

@ and terminate the step at this point

and complete the step

Cancel
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FEA Using Abaqus: Terminology

Title bar Menubar  Toolbars Context bar

| Ble Model Viewport Yiew Part sm Featyre Jools Plug-ins Help W
DEE®S S & ¢ <« i1 HA ™ rancetouns “@- 09 Rla s BL
Mode! | Results | . Modet [ Model:1 ¥ Partf: - 7

& Mode! Database
= &8 Modeis (1)
S Modet-l

& Pans
B2 Matenals
€ Calibrations
§ Sections
¥ Profies

» 4 Assembly

£o Steps (1)
S Field Output Requests
B History Output Requests
b Time Points |
fls ALE Adaptive Mesh Constraints
T Interactions
B Iteraction Properties
€ Contact Controis
i Contact Initiakizations
& Contact Stabilizations
€] Constraints
8 Connector Sections

v J Fielos
v Amplitudes
4 Loads
[ 8Cs
Qs Precefined Fieids
Qu Remeshing Rutes
X Optimization Tasks
1 Sketches ‘

>
25 simuninal

Model Tree / Toolbox Canvas and Viewport Prompt Message area:



FEA Using Abaqus: Terminology

Abaqus/CAE (Complete Abaqus Environment): is an interactive, graphical environment for Abaqus.
It allows models to be created quickly and easily by producing or importing the geometry of the
structure to be analyzed and decomposing the geometry into meshable regions.

& Abaqus/CAE 2020 [Viewport -
) Fle Model Viewport View Part Shape Festwre Tools Plug-ins Help W? - & x
TELLIT b O AREINE R QR B B BFG 0 EA BT oo CRELRE
1L H [ [ol=RRNNIN =t
Model | Results Module: [ Part N Mode: [ Modet-1 & part [2 ¥
S ModelDatabase M T 1 % G [l BR)
=48 Models (1) ’ff fé_
© Model-1 gt
5 Parts A [iridh

[P Materials
& Calibrations

& Sections ft:
8 Picics 4 4 Stort Session
@ 4§ Assembly =
(o Steps (1) e Create Model Database
2= Field Output Requests ‘ sag With Standard/Explicit Model
B History Output Requests %

[ Time Points
Bp ALE Adaptive Mesh Constraints

[y Predefined Fields
Remeshing Rules
[IX Optimization Tasks
I Sketches
@ Annotations
©%% Analysis

B jobs

By Adaptivity Processes

B4 Co-executions

#X Optimization Processes

e

With Electromagnetic Model

[=F OpenDatabase E| Run Script

Abaqus/CAE
2020

W Start Tutorial

Recent Files

/isoThermalElasticity.cae
4C/.../Advanced Abaqus/3-2.cae
5 C/.../Problem-3-2.cae

2
2S simuLIiA

P ReS o Bt TR [

2
7S simuLiA
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FEA Using Abaqus: Conventions

Degrees of freedom

x-displacement
y-displacement
z-displacement
Rotation about the x-axis, in radians
Rotation about the y-axis, in radians
Rotation about the z-axis, in radians & 5

Warping amplitude (for open-section beam elements)

v><

Pore pressure, hydrostatic fluid pressure, or acoustic pressure >1

Electric potential v
3 4

Connector material flow (units of length)

Temperature (or normalized concentration in mass diffusion analysis) 6
Second temperature (for shells or beams)

Third temperature (for shells or beams)

School of Mechanical Engineering, College of Engineering, University of Tehran




FEA Using Abaqus: Conventions

Degrees of freedom: Axisymmetric elements

1 r-displacement
2 z-displacement

5 Rotation about the z-axis (for axisymmetric elements with twist), in radians

6 Rotation in the r—z plane (for axisymmetric shells), in radians

Here the r- and z-directions coincide with the global X- and Y-directions, respectively
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FEA Using Abaqus: Conventions

Symbols used in Abaqus for units

Dimension Indicator Example (S.I. units)
length L meter

mass M Kilogram

time T second
temperature 7, degree Celsius
electric current A ampere

force F newton

energy ] joule

electric charge C coulomb
electric potential ¥ volt

mass concentration P Parts per million

School of Mechanical Engineering, College of Engineering, University of Tehran




FEA Using Abaqus: Conventions

Convention used for stress and strain components

The convention used for stress and strain components in Abaqus is that they are ordered:

011 Di . P

_D1111 D119> Di133 Di112 D113 D1123_ Direct stress in the 1-direction

(011\ D999 Daszz Doora Dasgz Dogas /511\ 022 Direct stress in the 2-direction

gzz D3s333 Ds3312 D3313 D333 222 033 Direct stress in the 3-direction

33 | — 33

e | Symim. D1212 D1213 Di2a3 Y13 T12 Shear stress in the 1-2 plane

T13 } D1313 D32 Y13 T13 Shear stress in the 1-3 plane
\ T23 _ D323 _ \’Tza/l

T23 Shear stress in the 2-3 plane

School of Mechanical Engineering, College of Engineering, University of Tehran



FEA Using Abaqus: Conventions

Stress Measurements

N= n
df,
0. Cauchy Stress (True Stress) is defined to be the current force o
per unit deformed area. W, ~ T

P: First Piola-Kirchhoff stress tensor (known as the Lagrangian stress tensor or transpose of Nominal stress) is
defined to be the current force per unit undeformed area.

df

B

S: Second Piola-Kirchhoff stress is defined to be the initial (transformed current) force per unit undeformed area.

School of Mechanical Engineering, College of Engineering, University of Tehran




F sing Abaqus: Conventions

Stress Measurements

Conversion formulae [hide]

o P s T T M
7= T J'PFT J'FSFT J J'RTFT JFT MFT (non isotropy)
P= JaF T P FSs TF T RT M
§= JFlgF T F'p s FlrFp T vlr c'M
T = Ja PFT FSFT T RTFT FTMFT (non isotropy)
T= JRYeF T R'P Us R'sF T T UM
M= JFT g F~T (nonisotropy) F'p cs F'+R7 (nonisotropy) uT M

J=det(F), C=F'F=U’, F=RU, R'=R'!
P-—JoF ", +=Jo, §=JF'eF " T-R'"P, M-CS
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FEA Using Abaqus: Conventions

Strain Measurements

For geometrically nonlinear analysis, a large number of different strain measures exist. Unlike “true” stress, there
is no clearly preferred “true” strain.

“Integrated” Total Strain (E) — By default

Abaqus/Standard Logarithmic Strain (LE)

For large-strain shells, membranes, and solid elements
Nominal Strain (NE)

rLogarithmic Strain (LE) — By default

Abaqus/Explicit < Nominal Strain (NE)

“Integrated” Total Strain IS NOT AVAILABLE

School of Mechanical Engineering, College of Engineering, University of Tehran



FEA Using Abaqus: Conventions

Strain Measurements: Total (integrated) Strain

[s obtained by integrating the strain rate numerically in a material frame of reference:

Incremental rotation tensor

Rate of deformation
o o

el = AR -&"- AR + Ae. Ae = D dt.

tﬂ
Element with corotational coordinate system ‘ e"tl — g™ + Ae.
(finite-strain shells, membranes, and solid elements with user-defined orientations)

v

School of Mechanical Engineering, College of Engineering, University of Tehran




FEA Using Abaqus: Conventions

Strain Measurements: Green's strain

For small-strain shells and beams in Abaqus/Standard, the default strain measure, E, is Green's strain:

Deformation gradient

|

sG:%(FT-F—I)

This strain measure is appropriate for the small-strain, large-rotation approximation used in these elements.

School of Mechanical Engineering, College of Engineering, University of Tehran



FEA Using Abaqus: Conventions

Strain Measurements

Nominal strain

VF - FT The Principal Stretches
eV =V_I= E (A —1)n;n[,

=1
’ \ The principal stretch directions

Logarithmic strain
3

ef=nV=> In\ nin7
=1

Strain output for hyperelastic materials.
For a hyper-viscoelastic material, the logarithmic elastic strain EE is computed from the current (relaxed) stress
state, and the viscoelastic strain CE is computed as LE — EE.

School of Mechanical Engineering, College of Engineering, University of Tehran



FEA Using Abaqus: Conventions

Defining Plasticity in Abaqus

True Stress and True Strain True elastic strain Young's modulus
& =In(1 + enom) Wt
O' = Onom (1 -+ gnom) True plastic strain T T

True total strain True stress

8_5 Nominal Stress (Pa) Nominal Strain True Stress (Pa) True Strain Plastic Strain
% 200E6 0.00095 200.2E6 0.00095 ........ O O ....... H
% 240E6 0.025 246E6 0.0247 0.0235
E 280E6 0.050 294E6 0.0488 0.0474
2 340E6 0.100 374E6 0.0953 0.0935
380E6 0.150 437E6 0.1398 0.1377
S — - 400E6 0.200 480E6 0.1823 0.1800

01 02 Nominal Strain
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FEA Using Abaqus

Part
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Geometry
of the
Problem

=

FEA Using Abaqus: Part

Abaqus/CAE - Part Modulus

File —— Import

Import from CAD Software

X-t l _
<-b «—— Parasolid

School of Mechanical Engineering, College of Engineering, University of Tehran




FEA Using Abaqus

Property
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FEA Using Abaqus: Property

General Density Elasticity
Plasticity
Damage Initiation
Mechanical < Damage Evolution
M ] Equation of State (EOS)
ater.la < Thermal Conductivity Damping
Behavior Specific Heat _
Expansion
: Vi It
Electrical _VISCOSIEY
Magnetic

School of Mechanical Engineering, College of Engineering, University of Tehran



FEA Using Abaqus: Property

/- . .
Linear Elastic

Elasticity < Hyperelastic

\Viscoelastic

Hardening Isotropic

/- .
Plastic

Plasticity < Johnson-Cook Plasticity

Ductile Damage
Damage Initiation

Mechanical < Johnson-Cook Damage
Damage Evolution Displacement Displacement at Failure
(Progressive damage and failure) Energy Fracture Energy
Ideal Gas

Equation of State
- Us — U,




FEA Using Abaqus

Assembly
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FEA Using Abaqus: Assembly

fMesh on Part - Dependent

Mesh <

Mesh on Instance - Independent

School of Mechanical Engineering, College of Engineering, University of Tehran



FEA Using Abaqus

Step
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FEA Using Abaqus: Step

f
Geometric Non-linearity

-~
General < Stabilization
-~

Procedure Type
Step e ype

< Mass Scaling

-

\Linear Perturbation

v

Field Output

Domain

Time

v

History Output

School of Mechanical Engineering, College of Engineering, University of Tehran



FEA Using Abaqus

Interaction
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FEA Using Abaqus

Continuum coupling constraint couples motion of the reference node to the average translation of
the coupling nodes. It distributes the forces and moments at the reference node as the coupling

nodes forces only.
Structural coupling constraint couples the motion of the reference node to the translation and
rotation of the coupling nodes. It distributes the forces and moments at the reference node as the

coupling nodes forces and moments.

School of Mechanical Engineering, College of Engineering, University of Tehran




FEA Using Abaqus: Interaction

Mesh on Part - Dependent

Contact
Model

\Mesh on Instance - Independent
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FEA Using Abaqus

Load
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FEA Using Abaqus

Mesh
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FEA Using Abaqus: Mesh

FEM
Abaqus Modulus: Mesh
Mathematical Model - ﬂDiscretization” ﬂ Interpolation ” > Solution
(governed by differential equations) — i
\
Mes trol Elements type
Spatial Discretization (Mesh) N
Interpolation
(Geometric Order of Element)
A
( \
Linear Quadratic

School of Mechanical Engineering, College of Engineering, University of Tehran



FEA Using Abaqus: Mesh Controls

Structured

Sweep

Meshing Technique <

Free

Bottom-up
\.

Seed part t00ls —e=— {1 154 oy [ |4 |# ——Seed edge tools

Meshing tools —= [ By 3% 8% | Ba 8§  —— Assign mesh controls
Create bottom-up mesh —= B @ @ |—=— Mesh association tools
Assign element type —w [l B == Verify mesh

Mesh orientation —= (& (1" \'I &
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FEA Using Abaqus: Mesh Controls

Structured: generates structured meshes using simple predefined mesh topologies. Abaqus/CAE
transforms the mesh of a regularly shaped region, such as a square or a cube, onto the geometry of the
region you want to mesh.

Sweep &

/

¢ o

Bottom-up

School of Mechanical Engineering, College of Engineering, University of Tehran



FEA Using Abaqus: Mesh Controls

Structured

Sweep: Abaqus/CAE creates a mesh on one side of the region, known as the source side. And copies the nodes
of that mesh, one element layer at a time, until the final side, known as the target side, is reached. Abaqus/CAE
copies the nodes along an edge, and this edge is called the sweep path. The sweep path can be any type of
edge—a straight edge, a circular edge, or a spline. If the sweep path is a straight edge or a spline, the resulting
mesh is called an extruded swept mesh. If the sweep path is a circular edge, the resulting mesh is called a
revolved swept mesh.

Source side - _.,-«"ﬂj
s L~ j
P Target side
Free T
L1
L~
|
- Nodes copied from the source
BOttom up side fo each element layer and

to the target side.
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FEA Using Abaqus: Mesh Controls

Structured

Sweep

Free: free meshing uses no preestablished mesh patterns as a result, it is impossible to predict a free mesh
pattern before creating the mesh.

Bottom-up

School of Mechanical Engineering, College of Engineering, University of Tehran



FEA Using Abaqus: Mesh Controls

Structured

Sweep

Free

Bottom-up: is a manual, incremental meshing process that allows you to build a hexahedral mesh in any solid
region.
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FEA Using Abaqus: Mesh Recommendations

Make all elements as “well shaped” as possible » Verify Mesh

Il
|
|
|
|
|
I
i If an automatic tetrahedral mesh generator is used, use the second-order elements C3D10
i (in Abaqus/Standard) or C3D10 and C3D10M (in Abaqus/Explicit).

Abaqus/Standard ;

& -<:
Abaqus/Explicit
Use the modified tetrahedral element C3D10M in Abaqus/Standard in analyses with large

amounts of plastic deformation.

Use hexahedral elements in three-dimensional analyses since they give the best results for
the minimum cost

\-
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FEA Using Abaqus: Mesh Recommendations

For linear and “smooth” nonlinear problems use reduced-integration, second-order elements

Use second-order, fully integrated elements close to stress concentrations to capture the
severe gradients in these regions. However, avoid these elements in regions of finite strain if
the material response is nearly incompressible.

Use first-order quadrilateral or hexahedral elements or the modified triangular and
| tetrahedral elements for problems involving large distortions.
Abaqus/Standard ~ If the mesh distortion is severe, use reduced-integration, first-order elements.

If the problem involves bending and large distortions, use a fine mesh of first-order, reduced-
integration elements.

Incompatible mode elements can give very accurate results in problems dominated by bending

i Hybrid elements must be used if the material is fully incompressible (except when using
! plane stress elements). Hybrid elements should also be used in some cases with nearly
:\incompressible materials.
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FEA Using Abaqus: Element Types

Five aspects of an element characterize its behavior:

ramiy = <>

Continuum Shell Rigid
Degrees of freedom Number of nodes {solid and fluid) elements elements eler:'?;ms
elements
Number of nodes and order of interpolation Q‘ ..J' L*. — e
Membrane " Infinite  Connector elements Truss
. elements elements such as springs elements
Formulation and dashpots

Integration

The first letter or letters of an element's name indicate to which family the element belongs. For example, S4R is a
shell element and C3D8I is a continuum element.
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FEA Using Abaqus: Element Types

Element Family

Truss Element

Continuum Elements Beam Element

Structural Elements @)

Inertial, Rigid, and Capacitance Elements

Frame Element

————— -y,

A

Elbow Element

Membrane Element

—-——— .

Shell Element

Connector Elements :\Shear Panel Element

Particle Elements

Special-Purpose Elements
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Continuum Elements
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FEA Using Abaqus: Element Types

Structural Elements

,—

Truss Element

Beam Element

Frame Element

Elbow Element

Membrane Element

Shell Element

Shear Panel Element

-

,___________________l\__________________
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FEA Using Abaqus: Element Types

Beam Element
First-order, shear-deformable (Timoshenko) beam elements (B21, B31) should be used in any simulation that
includes contact.
If the transverse shear deformation is important, use Timoshenko beam elements (B21, B22, B31, B32).

If the structure is either very rigid or very flexible, the hybrid beam elements (B21H, B32H, etc.) available in
Abaqus/Standard should be used in geometrically nonlinear simulations.

The Euler-Bernoulli (cubic) beams (B23, B33) available in Abaqus/Standard are very accurate for simulations
that include distributed loading, such as dynamic vibration analyses.

Structures with open, thin-walled cross-sections should be modeled with the elements that use open-section
warping theory (B310S, B320S) available in Abaqus/Standard
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FEA Using Abaqus: Element Types

Five aspects of an element characterize its behavior:
Family

Degrees of freedom Number of nodes: the translations and, for shell, pipe, and beam elements, the

rotations at each node.
Number of nodes and order of interpolation
Formulation

Integration
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FEA Using Abaqus: Element Types

Five aspects of an element characterize its behavior:

Family
Degrees of freedom Number of nodes
Number of nodes and order of interpolation

Formulation

Integration ‘ ‘ .

(a) Linear element (b) Quadratic element Modtﬁed second-order element
(8-node brick, C3D8) (20-node brick, C3D20) Wnode tetrahedron, C3D10M)
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FEA Using Abaqus: Element Types

Five aspects of an element characterize its behavior:
Family
Degrees of freedom Number of nodes
Number of nodes and order of interpolation

Formulation: mathematical theory used to define the element's behavior (Lagrangian or Eulerian/shell

element: 1-general-purpose shell analysis, 2-thin shells, 3-for thick shells.)

Integration Plane strain Small-strain shells
Plane stress Finite-strain shells
Hybrid elements Thick shells
Incompatible-mode elements Thin shells
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Hybrid Element Formulation

O e T Mmoo \
Fully Almost
Incompressible Incompressible
When the material response is incompressible, the The nearly incompressible case exhibits behavior
solution to a problem cannot be obtained in terms of approaching this limit, in that a very small change in
the displacement history only, since a purely displacement produces extremely large changes in
hydrostatic pressure can be added without changing pressure, so that a purely displacement-based
the displacements. solution is too sensitive to be useful numerically

\ 4

We remove this singular behavior in the system by treating the pressure stress as an independently
interpolated basic solution variable, coupled to the displacement solution through the constitutive theory and
the compatibility condition, with this coupling implemented by a Lagrange multiplier.
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FEA Using Abaqus: Element Types

Five aspects of an element characterize its behavior:

Full Reduced
integration integration
Family
First- % =
order x
Degrees of freedom Number of nodes interpolation| [ x x

Number of nodes and order of interpolation
Second-
order
Formulation interpolation

Integration: Using Gaussian quadrature for most elements (full or reduced integration)
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Integration <

. First-order -+ Bending

: Shear Locking
-
Full First-order

Volumetric Locking

(almost)\lncompressible Material}

.. > Hybrid Elements

First-order
@educed Hourglassing
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FEA Using Abaqus: Element Types

Element naming convention

C 3D 20 R H T

1 i A 1 i i |
. Optional:
heat transfer convection/diffusion with
dispersion control (D),
coupled temperature-displacement (T},
piezoelectric (E), or pore pressure (P)
hybrid (optional)
Optional:
reduced integration (R),
incompatible mode quad/bricks or
improved surface stress formulation tets (1), or modified (M)
number of nodes

 link (1D}, plane strain (PE), plane stress (PS),
generalized plane strain (PEG), two-dimensional (2D),
three-dimensional (3D}, axisymmetric (AX), or
axisymmetric with twist (GAX)

continuum stress/displacement (C), heat transfer or mass diffusion (DC),
heat transfer convection/diffusion (DCC), acoustic (AC), electromagnetic (EMC),
or coupled thermal-electrical-structural (Q)
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FEA Using Abaqus: Element Types

Element naming convention: Example

- B21: Beam, 2-D, S8RT: Shell, 8-node,
v " ® 1st-order interpolation Reduced integration,
Temperature

CAX8R: Continuum,

. AXisymmetric, 8-node, CPES8PH: Continuum,

Reduced integration Plane strain, 8-node, Pore
pressure, Hybrid

DC3D4: Diffusion (heat DC1D2E: Diffusion (heat
transfer), Continuum, 3-D, ® " * transfer), Continuum, 1-D,
4-node 2-node, Electrical
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Optimization
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Job
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Visualization
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FEA Using Abaqus: Abaqus Solvers

‘Material Nonlinearity: Due to non-linear constitutive law(e.g., polymer materials)

Non-linear
Structural < Geometric Nonlinearity: Due to Large displacements or large rotations

Problems

\Boundary Nonlinearity: Due to the non-linearity of boundary conditions (i.e., contact problems)
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Abaqus/Solvers <

FEA Using Abaqus: Abaqus Solvers

Linear Problems: [ K ] {a} = f Linear system of algebraic equations

Non-Linear Problems: [K({a})]{a} = f({a}) Noninearsys.ofalgebraiceas.

[ Linear Problems: [M(t)]{d(t)} + [K(O)]{a(®)} = f(t)

Linear sys. of ODEs

Static Problems
/Abaqus /Standard
(Implicit Solver) <
Dynamic Problems
\(Dynamic Implicit) )
Abaqus/Explicit
| (Explicit Solver)

\ Non-Linear Problems:

[M(t, taD a0} + [K (¢, {apla(®)} = f(¢,{a})

Non-linear sys. of ODEs

m) DynamicProblems g [M(t,{aD]{d(®)}+ [K(t, {aD{a(®)} = f(t,{a})

Non-linear or Linear sys. of ODEs
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FEA Using Abaqus: Abaqus Solvers

Abaqus/Standard: is a general-purpose analysis product (solver) that can solve a wide range of
linear and nonlinear problems involving the static, dynamic, thermal, electrical, and electromagnetic
response of components. Abaqus/Standard solves a system of equations implicitly at each solution
“increment.” In contrast, Abaqus/Explicit marches a solution forward through time in small time
increments without solving a coupled system of equations at each increment (or even forming a
global stiffness matrix). Abaqus/Standard is ideal for static and low-speed dynamic events where
highly accurate stress solutions are important.

Linear Problems: [K]{a} = f > Piece of cake
(Static Problems
Non-linear Problems: [K({a})[{a} = f({a}) ——— Newton-Raphson
Abaqus/Standard <
) . Newmark-beta
Linear Problems: [M () [{d()} + [K(D)[{a(®)} = f(&) ™) L cthod
| Dynamics Problems

Non-linear Problems: [M(t,{a}D)|{d(t)} + [K(t,{aD]{a(®)} =f (t@

Newmark-beta method + Newton-Raphson




FEA Using Abaqus: Abaqus Solvers

Abaqus/Explicit: is a special-purpose analysis product that uses an explicit dynamic finite element
formulation. It is suitable for modeling brief, transient dynamic events, such as impact and blast
problems, and is also very efficient for highly nonlinear problems involving changing contact

conditions, such as forming simulations. Abaqus/Explicit is ideal for analyses where high-speed,
non-linear, transient response dominates the solution.

B s ™ DynamicProblems mp [M(t {aIa(®) + [K(t {a)Ha(0} = £(t,{a)

Non-linear or Linear sys. of ODEs
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Abaqus/Standard (Implicit Method)

Implicit Method involves the solution for the current
step is based on the solution from the previous step.
Mathematically, if a(t;) is the current system state and
a(t;;1) is the state at the later time, then, for an implicit
method:

(M (¢, {aPDNa)} + [K (& {ahHa®)} = f (¢, {a})
a(tis1) = G(a(tive), alty)) ——— a(t)
These solutions are unconditionally stable and facilitate
larger time steps. Despite this advantage, the implicit

methods can be extremely time-consuming when
solving dynamic and nonlinear problems.

VS.

Abaqus/Explicit (Explicit Method)

Explicit Method aim to solve acceleration and in most
cases, the mass matrix is considered as “lumped” and
consequently mass matrix is diagonal matrix.

Explicit methods calculate the state of a system at a later
time from the state of the system at the current time.

[M(t, {aD]ta(®)} + [K (¢, tapDla(D)} = f(t,1a})

a(tiy1) = F(a(ty) ) ——— d(ti4q)

Once the accelerations are calculated at the nth step, the
velocity at n+1/2 step and displacement at n+1 step are
calculated accordingly. In these calculations, the scheme
is not unconditionally stable and thus smaller time steps
are required.
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FEA Using Abaqus: Abaqus Solvers

Abaqus/Standard (Implicit Method) vs. Abaqus/Explicit (Explicit Method)

[M]{x"} + [Cl{x} + [K]{x}= {f} [M]{x"} + [CH{x} + [K]{x} = {f}
[K1{x} = {f} = (IM]{x"} + [C]{x"}) [M]{x"} = {f} — ([CHx} + [K]{x})
(K17 [K){x} = (K] ({F} — ((M]{x"} + [Cl{xD) [M]7[M]{x"} = [M]7* ({f} — ([CH{x} + [K){xD)
{x} = [K]7'({f} = (IMI{x"} + [Cl{xD) ("} =M ({(f} = ([CHx} + [KHxD)
Time ln}egration
Newmark-{beta Method Finite Differ\ggce Method

—-— | |
| | | I
| | | I
I | - L

Newton- Raphson

\ }
|

Field Variables
(e.g., Displacements field)
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Nonlinear Solution Scheme

v Incremental Method v" Newton-Raphson
F A error occurs Fa
A
AF 4 —— o e '

N Error is reduced by a
AF - I:/ AF [~pppf———— supplementary iteration at
each load step
Improvement
AF AF Jaf o
>
u
» Stiffness is updated at each load step - Stiffness is updated at each load step
* Problem: error accumulated at each load step » Error is reduced by adding an internal
will create some big error at the end of the stiffness iteration for each load step.
analysis.
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FEA Using Abaqus: Abaqus Solvers
Abaqus/Standard (Implicit):

Solution technology for static, quasi-static, and low-speed dynamic events

Abaqus/Explicit:
Solution technology that is particularly well-suited to simulate brief transient dynamic events such as
automotive crashworthiness.

Effectively handle severely nonlinear behavior the simulation of many quasi-static events

Comparison

Abaqus/Explicit (The flexibility provided by Explicit integration): well-suited to high-speed dynamic,
nonlinear, transient analyses

Abaqus/Standard (Implicit integration): well-suited to static, low-speed dynamic, or steady-state
transport analyses.
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FEA Using Abaqus: User Subroutine

Beginning of Analysis )
v

Define Initial Conditions - UPOREP

v

( Start of Step >
v

Start of Increment > — ( Start of Increment )
i Y

UEXTERNALDB

UEXTERNALDB ————»

C Start of Iteration ) Calculate Integration Point Field Variable from Nodal Values
Y CREEP, FRIC, UEL, cr SW
Define K <— UEXPAN, UGENS, CREEP: Ag™ Aeg
DLOAD,
_y Y UMAT, USDFLD v _ UEXPAN: Ae™
HETVAL —— Define Loads R” UEL C Start of Iteration )
UWAVE P e e
To Start of E E
To Start of lteration  To Start of ; Calculate Ae : FRIC: 0AT/0AY
Increment A Step R S - :
" : UMAT P _/ :
? Solve K'c = R” 1 ? USDFLD—:_»E 0AC e UGENS: ON/JE
" i : ! HE Calculate 6, — v
! No 1 ! I JdAg P
i ( Converged?  J—=- - | O S e a————]
: ! FILM dh/d6, : '
: Write butput : HETVAL or/ 89, ; Define Loads oP/dx ; B\l;vop?/[é
UEXTERNALDB | : e ——————
URDFIL : "y :
1:15'{ End of Step? ) S REEEEE ;
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FEA Using Abaqus: Solution Convergence

Continuity |+ | Completeness | — | Convergence

> Convergence problems (e.g. excessive element distortion, ...) =) Abort

l

Adaptivity Techniques

> Mesh Independency: field variable (e.g. displacement) must be mesh
independent
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FEA Using Abaqus: Solution Convergence
Adaptivity Techniques

The finite element discretization that results from suboptimal meshing of models can limit your ability to
obtain adequate analysis results at a reasonable CPU cost. This section provides an overview of the adaptivity
techniques available in Abaqus that help you optimize a mesh and, therefore, obtain quality solutions while
controlling the cost of your analysis. The term “adaptivity” reflects the adaptive, or solution-dependent,
processes that Abaqus uses to adapt your mesh to meet your analysis goals.

Accuracy Distortion control Single mesh Multiple meshes  Adaptivity occurs
ALE adaptive meshing Vv v Throughout a step
Adaptive remeshing \,f ,',"' Separately from analysis steps
Mesh-to-mesh solution mapping .,.,"' .,.,"' Between analysis steps

School of Mechanical Engineering, College of Engineering, University of Tehran
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FEA Using Abaqus: Solution Convergence

Adaptivity Techniques
v ALE Adaptive Meshing

v Adaptive Remeshing: is typically used for accuracy control, although it can also be used for distortion
control in some situations. The adaptive remeshing process involves the iterative generation of multiple dissimilar
meshes to determine a single, optimized mesh that is used throughout an analysis. Adaptive remeshing is available
only for Abaqus/Standard analyses submitted from Abaqus/CAE. The goal of adaptive remeshing is to obtain a

solution that satisfies mesh discretization error indicator targets that you set, while minimizing the number of
elements and, hence, the cost of your analysis.

od »
c
.-.,..3
e

-~ o
IO
B S e s

oy -

v - -

L1111 F11

x

63633880 vummn

v Mesh-to-mesh Solution Mapping

initial mesh adaptive remesh
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FEA Using Abaqus: Solution Convergence
Adaptivity Techniques

l rigid die

v" ALE Adaptive Meshing A

.......

-------

deform until element
distortion is unacceptable

.......

.......

axis of symmetry

create a new deformed
configuration mesh

in a new analysis
\ . .
A\ map solution variables

v" Adaptive Remeshing BEEERERE /

EEESY
b = - ":_ _/i A — . :
= = i-‘»/i“ 1\ and continue deformation
[

v" Mesh-to-mesh Solution Mapping: is available only in Abaqus/Standard. You can use this technique to
control element distortion in cases where large deformation occurs by replacing the mesh and continuing the
analysis. The figure illustrates a case where solution mapping is used in conjunction with a new mesh to overcome
difficulties associated with element distortion.
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FEA Using Abaqus: Solution Convergence
Mesh-to-mesh Solution Mapping

Mapping a solution from one mesh to another is a step in a remeshing analysis technique, where a mesh
that has deformed significantly from its original configuration is replaced by a mesh of better quality and
the analysis continues. The solution mapping technique:

O Is used when elements become so severely distorted during an analysis that they no longer provide a good
discretization of the problem

 Maps the solution from an old, deformed mesh to a new mesh so that the analysis can continue

[ Can be used only with continuum elements
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FEA Using Abaqus: Generated Files

When a session has been created and begun defining your model, Abaqus/CAE generates
the following file:

1. The replay file (abaqus.rpy): The replay file contains Abaqus/CAE commands that record almost
every modeling operation you perform during a session.

2. The model database file (abaqus.cae): contains models and analysis jobs and created when the
model has been saved

3. The journal file (model_database_ name.jnl): contains the Abaqus/CAE commands that will
replicate the model database that was saved to disk.

4. The recover file (model_database_ name.rec): contains the Abaqus/CAE commands that will
replicate the version of the model database in memory. The model database recovery file contains
only the commands that changed the model database since you last saved it. For more
information, see Recreating an unsaved model database.
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When a job is submitted for analysis, Abaqus/Standard and Abaqus/Explicit create a set of files. The following list
describes some of the files that Abaqus/Standard and Abaqus/Explicit create and their relationship to Abaqus/CAE:

1. Inputfiles (job_name.inp): Abaqus/CAE generates an input file that is read by Abaqus/Standard or Abaqus/Explicit when you submit a job for analysis.

2. Output database files (job_name.odb): Output database files contain the results from your analysis. You use the Step module's output request managers to
choose which variables are written to the output database during the analysis and at what rate. An output database is associated with the job you submit
from the Job module; for example, if you named your job FrictionLoad, the analysis creates an output database called FrictionLoad.odb. When you open
an output database, Abaqus/CAE loads the Visualization module and allows you to view a graphical representation of the contents. You can also import a
part from an output database as a mesh. You can save X-Y data objects to an output database file if you open the file with write permission; otherwise, you
cannot modify the contents of the output database once it has been created.

3. The output database lock file (job_name.lck): The lock file (job_name.lck) is written whenever an output database file is opened with write access,
including when an analysis is running and writing output to an output database file. The lock file prevents you from having simultaneous write
permission to the output database from multiple sources. It is deleted automatically when the output database file is closed or when the analysis that
creates it ends.

4. The restart file (job_name.res): The restart file is used to continue an analysis that stopped before it was complete. You use the Step module to specify
which analysis steps should write restart information and how often. If you are using Abaqus/Explicit, the restart information you supply in the Step
module controls the data written to the state file (job_name.abq).

5. The data file (job_name.dat): The data file contains printed output from the analysis input file processor, as well as printed output of selected results
written during the analysis. Abaqus/CAE automatically requests that the default printed output for the current analysis procedure be generated at the
end of each step; you cannot use Abaqus/CAE to exert any additional control over the contents of the data file.

6. The message file (job_name.msg): The message file contains diagnostic or informative messages about the progress of the solution. You can control the
diagnostic information that is output to the message file using the Step module.

7. The status file (job_name.sta): The status file (job_name.sta) contains information about the progress of the analysis. In addition, you use the Step module
to request that the value of a single degree of freedom at a single node be output to the status file. For more information, see Degree of freedom monitor
requests.

8. The results file (job_name.fil): The results file contains selected results from the analysis in a format that can be read by other applications, such as
postprocessing programs. A submodel analysis can read the global model results from either an output database or a results file. By default, an analysis
from Abaqus/CAE does not create a results file. For more information, see Submodeling, and Submodeling.”




Note:

The errors and warnings that Abaqus/Standard and Abaqus/Explicit write to the data,
message, and status files while analyzing a job can be monitored by the Job module.

When you open an output database file in the Visualization module and create new field
output variables, Abaqus/CAE generates the following file:

» The scratch output database file (job_name.ods): contains a “session step” in which field
output variables that you create (by operating on either fields or frames) are saved. This
file is deleted automatically when the original output database file (from which the field
output originates) is closed or when the Abaqus/CAE session ends.

In most cases the files generated by Abaqus/CAE are written to the work directory. The
work directory is the directory from which you started the Abaqus/CAE session unless you
changed the directory by selecting File “Set Work Directory” from the main menu bar.
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FEA Using Abaqus: Abaqus Automation Possibility

Programing
in Abaqus <

f
Abaqus Keywords: has been implemented for pre-processing (i.e., creation or

Y

modification of Simulation)

Abaqus has considered particular syntax the same as.inp = Docﬁ;aeqnl;tion

Abaqus SCI‘iptS: has been implemented for pre-processing as well as post-processing
(specially for repetitive task) ‘

Python Programming Language

Subroutines: has been implemented for enhancing capability of Abaqus Solvers
= - -

Fortran and C++4 Programming Language
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FEA Using Abaqus: Abaqus Automation Possibility

Getting Started Samples
e Getting Started with Abaqus/CAE Learn e Benchmarks
e Introduction & Spatial Modeling by Example e Example Problems [ . . .
o Release Notes o Verification The User Subroutines guide describes how you can
o customize the functionality of Abaqus for particular
applications; e.g., you can write a user subroutine to
define your own loading definition, output variable,
L. — W R Em— -~ .
Modeling Capabilities & Theory - " material model, or element type.
e Analysis /7 P 3 .o
e Constraints . rogramming L . .
S E o Uk Sulociiis \‘ The _Scrlptmg and Scripting Referefnce guides
« Interactions ( Sxtend * Scripting » -/ describe the powerful Python and C++ interfaces to
o Matesidls * & Customize e Scripting Reference / Abaqus/CAE
e Output \ e GUI Toolkit . ’
* Prescribed Conditions . e GUI Toolkit Reference
e Theo : .
ry \ ) —— . /
Build T

The GUI Toolkit and GUI Toolkit Reference guides
describe how you can customize the appearance

User Interfaces and functionality of Abaqus/CAE and create an

e Abaqus/CAE interface that is designed to address your
® Keywords particular engineering problems.
Run
Simulate
e Execution
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FEA Using Abaqus: Abaqus Automation Possibility

(cLn

& \ commands 7~
N1

1. Python script:
1. Pre-process ?
2. Execute

3. Post-process

2. Subroutines: Fortran/C
1. Solver expansion
2. Post-process
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FEA Using Abaqus: Abaqus Automation Possibility

fmm——————— Abaqus/CAE S
: command i
L. : : . line :
How does the Abaqus Scripting Interface interact with Abaqus/CAE ? ‘ ! GUl  jnterface  Script .
! (cLy :
i "\ commands E
Switch to script i RN |
If there are more than a few commands to execute or if the same : :
_ . l Python - replay |
commands are execute repeatedly, it may be more convenient to store the | interpreter S |
set of statements in a file called a script. A script contains a sequence of i
Python statements stored in plain ASCII format. ! l
i Abaqus/CAE :
! kernel :
You can run a script when you start an Abaqus/CAE session by typing the following ~~ # """"""""
command: abaqus cae script=myscript.py input file
where myscript.py is the name of the file containing the script. The Abaqus.jnl
contains commands of modeling that will be sent into Python interpreter *
Abaqus/Standard
The Abaqus.rpy contains commands of Visualization that will be sent into Python Abaqua/Eaplici
interpreter Abaqus/Design

'
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FEA Using Abaqus: Abaqus Keyword

The following rules apply when entering a keyword line:

The first non-blank character of each keyword line must be a star (*).

The keyword must be followed by a comma (,) if any parameters are given.

Parameters must be separated by commas.

Blanks on a keyword line are ignored.

A line can include no more than 256 characters, including blanks. There are additional limitations when
encrypting an input file (see Encrypting and decrypting Abaqus input data).

Keywords and parameters are not case sensitive.

Parameter values usually are not case sensitive. The only exceptions to this rule are those imposed externally to
Abaqus, such as file names on case-sensitive operating systems.

Keywords, parameters, and, in most cases, parameter values need not be spelled out completely, but there must
be enough characters given to distinguish them from other keywords, parameters, and parameter values that
begin in the same way. Abaqus first searches each associated text string for an exact match. If an exact match is
not found, Abaqus then searches based upon the minimum number of unique characters in each keyword,
parameter, or parameter value, as the case may be. Embedded blanks can be omitted from any item in a keyword
line. If a parameter value is used to provide a number or a file name, the complete value should be provided.

If a parameter has a value, the equal sign (=) is used. The value can be an integer, a floating point number; or a
character string, depending on the context. For example,

ELASTIC, TYPE=ISOTROPIC, DEPENDENCIES=1
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FEA Using Abaqus: Abaqus Keyword

When the parameter value is a character string that represents the name of an item, you should not use case as a
method of distinguishing values unless the values are enclosed within quotation marks. For example, Abaqus
does not distinguish between the following definitions:

MATERIAL, NAME=STEEL

MATERIAL, NAME=Steel

The same parameter should not appear more than once on a single keyword line. If a parameter has multiple
settings on a single keyword line, Abaqus ignores all but one of the settings.

Continuation of a keyword line is sometimes necessary; for example, because of a large number of parameters. If
the last character on a keyword line is a comma, the next line is interpreted as a continuation of the line. For
example, the ELASTIC keyword line above could also be given as

ELASTIC, TYPE=ISOTROPIC,

DEPENDENCIES=1

Certain keywords must be used in conjunction with other keywords; for example, the ELASTIC and DENSITY
keywords must be used in conjunction with the MATERIAL keyword. These related keywords must be grouped in
a block in the input file; unrelated keywords cannot be specified within this block.
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FEA Using Abaqus: Abaqus Keyword

Some options allow the INPUT or FILE parameter to be set equal to the name of an alternate file. Such file names
can include a full path name or a relative path name. Relative path names must be with respect to the directory
from which the job was submitted. If no path is specified, the file is assumed to be in the directory from which the
job was submitted. A substructure library must be in the same directory from which the job was submitted; a full
path name cannot be used to specify a substructure library name.

For files referenced by the INPUT parameter, the file name must include any extension (for example, elem.inp).
For files referenced by the FILE parameter, the name must be given without an extension in most cases since
Abaqus assumes that the file to be read has the correct extension for the file type that is relevant to the option:
res for restart files (Restarting an analysis) and .fil for results files (About Output). However, special rules may
apply when a results file (.fil) or an output database file (.0odb) is relevant for the option (see Initial Conditions
and Sequentially coupled thermal-stress analysis for details).

The import and part instance options allow the LIBRARY parameter to be set to a value that specifies the
previous analysis from which to import the element sets or instance (see IMPORT and INSTANCE).

The file or library name must have the correct case on computers with case-sensitive operating systems.
Regardless of whether the user specifies only a file name, a relative path name, or a full path name, the complete
name including the path can have a maximum of 256 characters. All spaces within a file name, a relative path
name, or a full path name are ignored unless the name is enclosed in quotation marks, in which case all spaces
within the name are maintained.
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Final Project: Types of Analysis

(Qhat: : : Sandwich panel
Static — Displacement/Stress Analysis ) P
P / Y {Composite Material
time- r
independent Buckling and post-buckling analysis
Eigenvalue _
problem
- _ Frequency and mode shape analysis
f
Time-depend material response mmmn» Creep and Viscoelasticity
Structural _
: uasi-static
AnalySIS < : Low-velocity forming
local instabilities (e.g. surface
time- \Unstable problems - EE— wrinkling) and local buckling
dependent ~
- Explicit dynamic analysis s, Impact of Composite Material
Dynamic < Implicit dynamic analysis

-

(Response spectrum analysis



Final Project: Types of Analysis

Structural
Analysis <

K
Multiphysics <

f
Thermal structural analysis ! ! g

Start After 3 cycles After 7 cycles
100% volume 77% volume 66% volume

Optimization <
-

Fluid structural analysis r V’
-

After 10 cycles After 14 cycles
61% volume 57% volume

Topology optimization

Ehape optimization

After shape
optimization

Original model



Final Project: Suggested Subject

Static, Quasi-static, and Dynamic Analysis | > Co-Simulation
Forging Low-velocity
Extrusion Impact 4 _
Rolling _ Composite Materials High-velocity
Forming Process Analysis < Sheet metal forming & Delamination
Rotary swaging : _
Thread rolling Sandwich Panel Forming
Explosive form.ing . Optimization
Electromagnetic forming
Buckling and Post-buckling Analysis Vibration Analysis
Thermal Structural Analysis Fluid Structural Analysis
Impact Analysis Topology/Shape Optimization Analysis
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Example

EEEFEN)
i
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Exercise

1- It is desired to determine the definition and application of the below
Items.

 Shear locking and membrane locking
* hourglass modes
« Comparative Full Integration and Reduced Integration

(i.e., Plus points and negative points of both of them)
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Truss Problem

2m

Horizontal members Diagonal members
E =30 x 10° kN/m? E =30 x 10° kN/m?
A =0.045 m? A=0.02 m’
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Beam Problem

Different types of modeling and associated assumptions

LINE BODY SURFACE BODY
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Beam Problem

10 kN/m
4. kN/m
7\ T X
218 aie ole
¥ V4 Vi V¥V ot P
~ 5m ~;¢ 7 m :
E = 200GPa v =20.3
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Exercise

1- Determine the strain and stress components in Problems 1 & 2.
The desire files must be received from Abaqus result with .rpt format.

2- Determine the definition and applications of different strain and stress

measurements in Abaqus.
(Conspicuously, searching in Abaqus documentation along with on the Internet would be helpful.)
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Moving Load: Dload Subroutine

i.e., Decomposable

(Load: F(txy,z) = T(t) R(x,y,z) < Abaqus/CAE
Dload Subroutine | _
Load / \ The load is monlto;;ed by
_ _ writing output to the
F (t, X, ¥, Z) < Amplitude Analytical Field printed output (.dat) file
(Load: F(txyz)# T(t) R(x,y,z) sy Dload Subroutine
i.e., Indecomposable
| 172 |
2 kN/m e za = | 1 .
13
0.2m 359 8 333
E = 200GPa v =20.3
4 m - 5m + 7 m = 1
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DLOAD Subroutine

SUBROUTINE DLOAD(F,KSTEF, KINC, TIME, NOEL, NPT, LAYER, KSPT,
1 COORDS, JLTYP, SNAME)

INCLUDE 'ABA PARAM.INC'

DIMENSION TIME (Z2), COORDS (3)
CHARACTER*E0 SNAME

user coding to define F

EETUEN
END

Variables to be defined (i.e., F): FL-? for surface loads and FL3 for body forces.

KSTEP: Step number. KINC: Increment number.

TIME(1): Current value of step time or current value of the load proportionality factor TIME(2): Current value of total time.

NOEL: Element number.

NPT: Load integration point number within the element or on the element's surface, depending on the load type.

LAYER: Layer number (for body forces in layered solids). KSPT: Section point number within the current layer.

COORDS: An array containing the coordinates of the load integration point. These are the current coordinates if geometric nonlinearity is accounted for during the step;
otherwise, the array contains the original coordinates of the point.

JLTYP :Surface name for a surface-based load definition (JLTYP=0). For a body force or an element-based surface load the surface name is passed in as blank.
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Exercise: DLOAD

Simulation time: 10 (s)
Hint: check the JLTYP in DLOAD subroutine out

g X T

Surface Force (Pressure): exert on entire plate  P(x,y,t) = 2sin (—) COS (_y) + 5cos(mt)
Loads - 300 200

X Ty
Body force: exert on whole plate F = " Vsin (==
! y f p »(x,y,t) = cos (300) sin (200) + 2cos(mt)
y
0 X
middle plate

All edge has been pinned
Plate's dimensions: 300x200 (mm), thickness: 2 (mm)
Material properties: E=200 GPa v = 0.3
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Exercise: Gravity Train

A gravity train is a theoretical means of fransportation for purposes of commuting between two

points on the surface of a sphere, by following a straight tunnel connecting the two points through the
interior of the sphere.

We travel AOB
measuring r from
the midpaint O

Straight path between two arbitrary points

Mm On the surface Mm

F = G —_— =
¢ 'ACD is the
Mm 4 X '\/»rz _I_ bz dlamgit:::;nne
F=G—=Gp=ntxm>F=mg—=mg——
2 =3 IR =T TR,
A
Particle at X is
distance r from O
R -
3 A leration of X :
= cceleration
Houston Downhill Downhill Paris N ceerason
= inclined plane
=
3
C
R, = 6371 km
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Plane Stress Problem

| 70 mm [

70 mm

| 140 mm |
1 1
E =70 GPa v = 0.33 Thickness = 2 mm
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Exercise

1- it is desired to simulate half of plate (i.e., x-symm. & y-symm. should be considered)

2- it is desired to simulate entire plate (i.e., neglect the symmetry of problem)

3- The comparison of the these 3 simulation conditions (i.e., x-symm. & y-symm.,
and without symmetry) should be investigated.

School of Mechanical Engineering, College of Engineering, University of Tehran



Disp Subroutine Problem

B'Cs: B(txyz)=T(t)R(x,y,z) < Abaqus/CAE

Boundary conditions ie, Decomposable \Dl0ad Subroutine

B(txyz) <

B'Cs: B(txy,z) # T(t) R(x,y,2) wmmm)p Dload Subroutine

i.e., Indecomposable

70 mm

Model-1 Model-2

70 mm
|L_ 140 mm ‘|[ N
X s
U; = 5cos(2mt)sin (%) sin (%) E=70GPa v =033 Thickness=1mm U, = 2 cos(2mt)sin (%)

School of Mechanical Engineering, College of Engineering, University of Tehran Boundary condition



Exercise: Disp + Dload Subroutine

Simulation time: 1(s)

35

;
@ x=70 ==>U; = 0,U, = 0,U; = sin (22)
@ x=-70 ==>U; = 0,U, = 0,U; = —sin (%)

exert on right half: P(x,y,
) @y=35 =20, = 0,U, = 0,U; = sin (%)

Pressure
@ y=-35 =>U; = 0,U; = 0,U; = —sin (32

| @ x? +y? =100 ==> U3 = e~ O

70 mm

70 mm

|

140 mm
|

|

1
Material properties: E=210 6Pa v =0.3  Thickness=2 mm
School of Mechanical Engineering, College of Engineering, University of Tehran

exert on left half: P(x,y,t) = —sin (E sin (—

I[#

t) = sin (— sin (3—}5,) cos(mt)

70

70

T

ny

3 5) cos(mt)




Natural Frequency Problem

Ly, = 1m, Ly, = 1m, thickness: h =1 mm

Mooney- Rivlin: C; = 0.1361 MPa; C, = 0.00806 MPa
p = 1200 kg/m3
kl - 103 N/m3

fo = 11m, Lyf = 1.1m

W ‘iz.w
= 1

1L P

\EE R ]
P S

Winker foundation Elastic solid foundation
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Exercise

It is desired to simulate the last problem with non-linear Winker foundation

N N
o =10°(5) ks =10%(5)
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B =20mm

Constitutive law: neo — Hookean ) 20

H
Thickness — radius ratio: 7= 0.05 (H =1mm)

L/B =10

Wrinkling Patterns

Co
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Exercise

SU = W, ., == j j j (68} {0} dV = j j j (SU{F,}dV + j j (SUVT{T}dS + i{auﬂ{pp}
vV 74 S i=1

Stiffness matrix Self Sfl‘ain
\
(0} = [DI((} — {eo]) + {00} —
" o Prestress Vector

Stress Vector
Total Strain

!

Elastic strain energy Prestress energy Surface Traction work

||| serrviie av - [[[ seyrilzniav + ||| ey iooav - (|| buyrir,av - ([ oy 1y as - i{@U}T{F,,} 0
|4 vV vV /4 S i=1

Self strain energy Body force work Point Load work

[iwro1m1av)a- [ oresar - [ agar- [ourisgar- [inrmas-- wrie
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Exercise

This exercise is associated with Simulating the “Wrinkling Problem” without the implementation of
thermal expansion.
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Ballistic Perforation

Key Abaqus/Explicit Features and Benefits

e Mie-Gruneisen equation of state to model mate- 67.5 214
rials at high pressure ’< >
¢ Johnson-Cook plasticity model that accounts for -
strain rate, thermal effects and compressibility 12.9 I P
¢ Johnson-Cook dynamic failure model within the )
Abaqus ductile damage initiation criterion for
metals
¢ Progressive damage framework
. : E = 202 GPa 38.7
F = 69 GPa Thickness= 26.3 304 mm 6 = 30° Sy = 1430 MPa
Sy = 262 MPa
Shear Mass Spedific
Modulus Heat
80100 1 0.00783 1 477
C E dot zero
A 8 - = Melting Transition psilon
Temp Temp 1| 0014 15
1430 2545 0.7 1.03 1793 293.2
ch 5 Gammal
4578 1.33 1.67
Melting Transition Reference
a1 g2 - i i Temperature | Temperature | Strain Rate
0.05 3.44 2,12 0.002 0.61 1793 293.2 15
mm g ms N MPa m]| m/s le+03 m/s?
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Progressive Folding

Static Analysis along with Artificial Damping

Static Analysis along with Imperfection
Buckling and Post-Buckling Analysis

’,
|
|
1
|
1
|
1
|
1

,l

“~
1
1
1
1
1
1
1
1
1
1
|

ynamic Analysis

\-
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Exercise
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Low Velocity Impact of Composite Tube

1. Composite Material:

A composite material is a material made from two or more constituent materials with significantly different
physical or chemical properties that, when combined, produce a material with characteristics different from
the individual components

[ Composite materials]
|
| 1
[ Matrix types ] [ Reinforcement types ]
| |
[ : ] | | | | 1
Polymeric Metal ||Ceramic || Whisker- | | Particle- Fiber- Structural
matrx matrix || matrix || reinforced| | reinforced reinforced

[ ]
Thermo- ) Al (3lass,

) Thermoset || —— L

[ plastic ] l:'lll- Cement , _I - L | I : Laminate| Pandwitch \\\

, [ Ni Large || Dispersion | |_Continous Short Hybrid \\\\\'\\\
[N ] YITi article| | strenghted ' ' A\\ Z) +©
Nylon, | [Polyester, || T P g — [ ———
PP, i \ ~ Uni- [ Aligned ) [ Oblique // 0
ABS, Epoxy, | directional EREEERERRS
PC, Phenolic //////
PPS,
PPO Bidirectional | { Random l | Orthogonal

e
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Low Velocity Impact of Composite Tube

[sotropic elasticity

" E11 ) (1/E —v/E—v/E 0 0 07 (o4
€22 —v/E 1)E —y/E 0 0 0 o
€33 —v/E—v/E 1)E 0 0 0 o33

{ Y12 [~ 0 0 0 1/G 0 0 { o2 (
Y13 0 0 0 0 1/G 0 o13
ys) [0 0 0 0 0 1/G¢] \ow,

Orthotropic elasticity by specifying the engineering constants

" E11 ) [ 1/By —va/E; —vai/E; 0 0 0 T oy
£32 —vi2/E1 1/Es —vsa/Es 0 0 0 oxn

{ £33 - —w3/Ey —vs/Ey 1/E;3 0 0 0 1 o33 }
Y12 0 0 0 1/Gi, 0 0 19
Y13 0 0 0 0 1/Gyz 0 a13
ys) | o 0 0 0 0 1/Gy| los)
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Low Velocity Impact of Composite Tube

» Axial low velocity impact of two shell layers :
with 45 degree trigger _“L

> Impactorrm =380kg v=4m/s & @r T

Chamfer
260 - zone

240] 4247 35
g 220
Z 200 150 mm

< | : t t
* . 50 mm R25 1. 2% 1 2
£ 420 <«

' Quter
§ 0+ v layer
40 58 mm

] < >
20 1 t=4 (mm)
0

'U
o

0 65 10 15 20 25 30 35 40 45 50 655
Displacement (mm)
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Low Velocity Impact of Composite Tube

Etﬂtuf _ fgc Pds
M,  pAL

Specific Energy Absorption: SEA =

Carbon Fiber Reinforced Polymer

Table 1

Orthotropic elastic properties of fibre-reinforced epoxy [26,27]. _ _
Ply orientation: [+45/—45/90/0/0/90/0],

Materials E,(MPa) E, = E; (MPa) Gy = Gy3(MPa) Goq(MPa) V0

CFRP 153,000 10,300 6000 3700 0.3
GIFRP 55,000 9500 5500 3000 0.33 p = 1530 kg/m3
Orthotropic damage initiation properties of fiber-reinforced epoxy [26,27]. Fracture energies for fiber-reinforced epoxy [26,27].
Materials ~ X"(MPa) X“(MPa) Y'(MPa) Y®(MPa) S'*(MPa) S*(MPa) Materials  Gg (kJ/m?) G (kI/m?) G, (kI/m?) G (kJ/m?)
CFRP 2537 1580 82 293 90 40 CFRP 91.6 79.9 0.22 1.1
GFRP 2500 2000 50 150 50 50 GFRP 12.5 12.5 1.0 1.0
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Exercise

It is desired to simulate the “low velocity impact of composite tube”(just 2 layers) with cohesive behavior to
observe delamination. The SEA should be calculated with respect to force- displacement diagram

A
Material properties of the adhesive in cohesive surface [26,27].
Property Material Mode I Mode II Mode III
Normalized elastic CFRP 9.80952e + 12 5.71429e + 12 5.71429e + 12
modulus (N/m) GFRP 9.04762e + 12 5.2381e + 12 5.2381e + 12 150 mm
Strength (MPa) CFRP 70 70 70
GFRP 70 70 70
Fracture toughness = CFRP 700 700 700 g
2 50 mm
(J/m=) GFRP 4000 4000 4000
v
Et t [ f ¢ PdS
Specific Energy Absorption: SEA = 2% = -0 mm
p gy p M.~ pAL AR
tn Krm Kns Knt 5?1
Hint Linear elastic traction-separation behavior t=q1t o= | K Ko K 05 o = Kao.
ty Ky Ky Ky Ot
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https://help.3ds.com/2020/English/DSSIMULIA_Established/SIMACAEITNRefMap/simaitn-c-cohesivebehavior.htm?ContextScope=all

Extrusion

Abaqus Example Problem has provided this problem
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Exercise
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Fluid-structure Interaction

Impact of a Drink Can

: : : v
1. Coupled Eulerian-Lagrangian Analysis A
Approach | . . T
2. Smoothed Particle Hydrodynamic (SPH) Analysis
E
E
E
Table 1. Material parameters for Table 2. Material parameters for
aluminum. water.
: Density (p) 9.96 x 1077
3
Density (p) 2700 kg/m kg/mm? _7m\rm_
Young's modulus 69 GPa Viscosity (17) | 1 x 1078 N s/mm? T
_ . Cp 1.45 x 10° mm/s
Poisson’s ratio 0.33 - . Impact angle: 30 degree
_ Height: 30 cm
Yield stress 276 MPa Ty 0 Thickness: 1 mm
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Exercise
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[M(t,{a}, {a}, tapia(e)} + [C(¢ {a}, {a) {aDRa®)} + [K (¢ {a}, {a) {a) Ha(®)} = F (¢, {a}, {a}, {d})
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