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INTRODUCTION

¢CKS LINAYOALIt 20 2SO0ilplodde analyists anil Scieraidtsawitts NDa A
training in the Finite Element Method for use in the professional world, as a university
ALISOATAO aladSNRa &aK2dzZ R R2® 2AGK GKA& 2028
foundation subjects, which give an oveaw of the Finite Element Method, and

application and practical subjects where professional software currently on the market

is used.

LY HamMnI GKS RANBOG2NAR 2F GKS aladiSNna RSO

they made it available worldwide.

UNED and Ingeciber, their principal partner in th
al ad SNDax I NB Ayéjéalﬁ)\ya

want to offer participants the maximum number of &
options, with the objective of sharing experiences in the

world of CAE on a global level.
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METHODOLOGICAL GUIDANCE

Due to theheterogeneousknowledge and experiences thfe studentsof a coursesuch
as this the provision ofa multidisciplinary approach ranging from the most basic
knowledge of certain essential subjects to other more diffiquibjectsthat deepen
knowledgein specific areas has been attempte8urthermore, some freedom has
been left to professors so they capproacheach subject from their owperspective
losing uniformity but gaining variety of viewpointsNeverthelessthe extensiveness
of the FEM and virtual simulation makes more teaching hawsessaryin order to
coverall the specific aspectsf the course thereforeevery subject habeen limited in
its length and depth tats credits or corresponding hoursSudents interested in
deeper understanding ofertain aspects of the syllabumsay start with the additional
bibliography specified in the ¢gbus of each subject andhay consult with the

professor/tutor of the subject.

It is very important to highlight thain a
distance learning course, the students
must havethe selfdiscipline to follow
the timetable of teaching hourior each
subject, according to the giveguidelines
and orderof the course(section | from
the GeneralStudent @Gide).

During the weeks devoted to each subject in the schedule, and two additional weeks
once the subject is finished, there are four hours pereek of tutorships or

consultation about the subjectsught

Finally, the continuous assessmasiercisesmust be completedduring the term of
the corresponding subject and exams mustthkenat the end of the term as detailed

in section 1.8 and 1.10 fro the General Student Guide

If the students do nottake or do not pass their exams, they cannot obtain the

corresponding diploma.
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BASICMODULES

MB.1.- F.E.M GENERAL THEORY

TEACHING STAFF

Juan José Benito Mufioz

Jesus Flores Escribano

1.- OBJECTIVES
The aim of this subject is to consolidate th

foundations of the Finite Element Method, b
thinking mainlyaboutits applicationin structure analysis, although the basic ideas can

be generalized without any difficulty.

Furthermore, itshould be pointed ou that the subject startswith the most basic

concepts, initially treated intuitively in order &lowthem to be easily assimilated.

2.- CONTENT
The organization of basic ideadready knownto the student, is the beginning of the

subject’s syllabyswvhich tries to organize themisinga matrix approach so that the
structuralcalculation will be more effectivédt will immediatelyset out the heart of the
formulation ofthe direct stiffness method anthe problemwill be reassessettom a
more powerfuland general point of viewAt the beginning,it will deal withthe linear

elements which are easier to handle.

Subsequently, the elastimear problems are set out, taking a further step in the

generalization of ideasand thed shape functions are studied in detail.

Finally, thetheme of platesis discussed with the aim of laying the foundations for a
later study about this important structural type and, above all, of presenting general
ideas about the problems raised previouslgnd the solutions adopted ithe cases

demandingd continuity.
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INDEX

I. Introduction. Classical Approximation

1.1 - Introduction
1.2 - Posing the Problem
1.3. - The Direct Stiffness (or Displacement) Method
1.4. - Matrix Formulation
1.5. - Conclusions
1.6. - Application examples
Il. Foundations: Differential and Integral FormulatioApproximation to Exact Solution
Elements
2.1 - Introduction
2.2 - The State or Field Equation. Differential or Strong Formulation
2.3. - Direct Formulation
2.4. - The Principle of Virtual Work
2.5. - Energy Formulation
2.6. - Equivalence of Integral and Differential Formulations
2.7. - Approximation
28-DIFf SNJ]AyQa aSikK2R
2.9. - Spline Functions
2.10. - The Concept of an Element. Shape Functions
2.11 - Stucture Stiffness Matrix and Load Vector. Calculation of Displacements
212-¢AY2aKSy12Qa .SIY
lll. The Direct Stiffness Method
3.1 - Introduction
3.2 - Coordinate Systems
3.3 - Transformation of Coordinates. Axes Rotation
3.4. - Assembling the Systeof Equations
3.5. - The Boundary Conditions
3.6. - Calculation of Displacements
3.7. - Calculating Reactions and Internal Forces
3.8 - Examples
IV. GeneralApproach for the Finite Element Method. ApplicatiarElastic and Steaediytate
Field Problems.
4.1 - Introduction
4.2. - Differential Approach to the Boundary Value Problem
4.3. - Integral Approach to the Boundary Value Problem
4.4. - Approximation
4.5. - The Finite Element Method
4.6. - Global Features. Application of Essential Boundary Conditions
4.7. - Application of FEM in Solving Linear Elastic Problems
4.8. - SteadyState Field Problems
4.9. - Convergence
V.Shape Functions of Continuity. Isoparametric Elements
5.1 - Introduction
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5.2 - Normalized Coordinates
5.3. - Families of Shape Funati® of Continuity
5.4. - Transformations
5.5. - Isoparametric Elements. Numerical Integration
VI.Thin Plate According To Kirchhoff Theory
6.1 - Introduction. Starting Hypothesis

4EAT OAC 2
< /INGECIBER

6.2 - Differential Approach. Field Equations. Definition of Stress

6.3. - Integral Approach. Principle of Virtual Work
6.4. - Finite Element Discretization
6.5. - Requirement for continuitys
6.6. - Nonconforming Plate Element
6.7. - Conforming Plate Element
6.8. - Conclusions

VII.Thick plates. Reissn&findlin Theory
7.1 - Introduction
7.2. - Differential Approach. Stress Definition
7.3. - Integral Approach
7.4. - Finite Element Discretization
7.5. - Shear Locking Solution
7.6. - Triangular Elements
A. - Elementary stiffness matrices
B. - Equivalent Nodal Loads
C.- Rigid Nodes of Finite Size
D.- Plane Stress and Strain
D.1 Plane Stress (XY Plane)
D.2 Plane Strain (XY Plane)
E.- Numericallntegration
E.1 Quadrature Rules
E.2 Gaussian Quadrature
E.3 Multiple Integrals
F.- HistoricalReference

3.-BASIC TEXT ANDKER TEACHING MATERIALS

Course Learning Units

4.-BIBLIOGRAPHICAL REFERENCES
ALARCON, A., ALVAREZ, R. & GOEEZ, SCalculo Matricial de Estructuras

BarcelonaSpain Ed. Reverté, S.A., 1986. ISBN28#4801-9.

BATHE, K.Finite Elemenfrocedures in Engineering Analy$iew Jersey, USA: Ed.
PrenticeHall, Inc., 2001SBN10: 097900490X / ISBMNB: 9780979004902.

A
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ONATE, ECélculo de Estructuras por el Método de Elementos Fidit@gisis Estatico
Lineal Spain Ed. CIMNE, 1995. ISBN88487867002.

ZIENKIEWICZ, O.C. & TAYLOR, TRd.. Finite Element Method: Its Basis and
Fundamenta. Sixthedition. Oxford, UK: Ed. Elsevier ButterweHbBinemann,
2005.ISBN10: 0750663219/ ISBM3: 9780750663212.

Spanish version: ZIENKIEWICZ, O.C., TAYLOR,NRtodo de los Elementos Finitos.
Formulacion Basica y Problemas Linedfesirth edition. BarcelonaSpain Ed.

CIMNE McGrawHill, 1994. ISBN: 9788495999528.

5.- CONTINUOUS ASSESSMEXHRCISES
In the distance learningexercisesthe exercises and pbbemsgivenmust be directly

resolved and deliveredn time.

6.- SPECIFIC RECOMMENDATIONS
It is advisable that the problems included in the distance learrergrcisesare

resolved as the student move®rwards inthe study of the learning unitdor

sequentially clarifying, as soon as possihlgydoubts that may arise.

It is recommended to perform the Selissessmentests, whictwill help the students
know their learning status. Tests results ard taken into account for subject grades,

only for student informative purpose.

7.- TUTORSHIPS
Studenscan contacthe tutor usingthed dzo 2 S O0G Q& @A NI dzZt £ Of I &

Professordesus Flores Escribano

Email: jes.flores@invi.uned.es

8.- SENDING THE CONTINSABSSESSMERXERCISES
The student will upload the continuous assessment exercises in the virtual classroom.
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MB.2.-INTRODUCTION TO F.E.M PROGRAMMING

TEACHING STAFF

Luis Gavete Corvinos
1.- OBJECTIVES
The objectives of this course are focusedteaching students to use and introduce
desired changes on a small computer program using the Finite Element Method. To
that end, the student is provided with solid basis of programming with some basic
algorithms related to data structure and numerical cddtion. Thus, using this basis
and simple programming language the programming of the Finite Element Method is

addressed.

We believe, therefore, that the objective: -
of the course are covered by the \\
information provided, although students ARMIIMINA
can improve the programming

themselves so that the programs ar

more effective. We have opted for claritj_'

over the efficiency of the program__' . 5

Therefore, we have used the BAS . '- b \'\%“
language because of its ease of use a* . g‘: N \%
. . . . . ?‘5“ ."_‘.‘x
its wide dissemination. 57 \'\;{1

/¥ K
2.- CONTENT

The Introduction ® FEM programming course is divided into four sections. The first
aSOGA2yT OFffSR dat NPAINFYYAY3I AYIGNRRAzOGA2Y E
perfectly adapted to solving mathematical problems through numerical methods. This
section includes thdirst chapters and it gives the basis to understand perfectly
(starting from scratch) the programming of complex problems. Furthermore, it
includes the basicalgorithms, whichare often used in Finite Element Method
programming. Obviously, this could betatly or partially ignored by those students

who already have a good knowledge of programming.

10
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The second section constitutes the actual introduction to FEMyramming, whichs
performed for the two dimensional linear elasticity cases using the simpieise
element (three node triangles). This section includes two chapters, the first one
addresses the two dimensional elasticity case including a simple graphic processor,
which allows the user to see the model and the calculation results; the second one

contains a brief introduction to storage improvements.

The third section addresses error estimation in FEM. It includes a simple application
example as well as its programminginally, the fourth section presents an

introduction to parallel computation usg finite elements.

CPU_thumber

Exnnnnmw
6500024400 X
.
S200e4000 v

380064000

2400064000

iwm‘mun

INDEX

Structures

1.1.- Basic Rules

1.2.- Programming Methods

1.3.- Sequential Structure

1.4-Repetitive Structure

1.5.- Exercises Resolved
1.5.1.- Exercise 1
1.5.2.- Exercise 2
1.5.3.- Exercise 3
1.5.4.- Exercise 4
1.5.5.- Exercise 5

1.6.- Alternative Structure

1.7.- Exercises Resolved
1.7.1.- Exercise 1

11
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1.7.2.- Exercise 2

1.8. - Mix of Repetitive Structures with Alternative Structures (More

Complex Programs)

1.9.- Decrease of the Storage Memory Needs

Elementary Algorithmic

2.1.- Introduction

2.2.- Sorting Algorithm

2.3.- Search Algorithm

2.4.- Insertion Algorithm

2.5.- Coupled Algorithm (Search + Insertion)
2.6.Elimination Algorithm

2.7.- Merging Algorithm

Numeric Algorithmic (I). Interpolation
3.1.- Linear Interpolation
3.2.- One Dimension Lagrange Interpolation

3.3.- Two Dimension Lagrange Interpolation

Numeric Algorithmic (I1). Resolution of Linear Equation Systems
4.1.- Introduction: Gauss Method
4.2.- Improvements to Gauss Method
4.2.1.- PARTIAL PIVOTINGTMIOD
4.2.2.-TOTAL PIVOTING METHOD
4.3.- Cholesky Method

Memory Improvement Algorithms

5.1.- Two Matrices Product

5.2.- Optimal Storage of a Symmetric Matrix
5.3.- Exercises Resolved

5.4.- Optimal Storage of a Symmetric and a Band Matrix

12
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Introduction To Finite Element Method Programming
6.1.- Introduction
6.2.- Finite Element Method Discussed Program
6.2.1.- First Section Programming: Displacements Calculation
6.2.2.- Second Section Programming: Stresses Calculation
6.2.3.- Third Section Programming: Displacement Calculation
6.3.- Graphic Processor Programming
6.3.1-{ dzo NB dziAYyS a5NI g¢
6.3.2-{ dzo NP dzi Ay S dabdzyo SNE
6.3.3-{ dZONR dziAYyS a%22Y¢é
6.3.4.-{ dzo NP dzi AyS a5ST2N¥SRE
6.3.5.- Graphic Processor Functioning
6.3.6.- Visual BasiSpecial Commands whittave beenused in
the Graphic Processor

6.3.7.- Application Example

Storage Improvements
7.1.- Introduction
7.2.- Storage Space Improvement

7.3.- Improved Procedure

Introduction to Error Estimation irF.E.M.
8.1.- Error Measuring and Estimation
8.1.1.- A Priori Error Calculation
8.1.2.- A Posteriori Error Estimation
8.1.3.- A Posteriori Estimator Type
8.2.- A Posteriori Error Estimation in 2D Elasticity Problems
8.2.1.- Obtaining of é&Recovered Solution
8.2.2.- Error Estimation in the Energy Norm. Z2Estimator
8.3.-Z2 [11] Estimator Theorem
8.4.- Example 1
8.4.1.- Shape Function for the 3 Nodes Triangular Finite Element

13

INGECIBER



M )y T OAOT AGEI T Al - AOOAOGO ET 4EAT OAC g A
of Finite Element Method and CAE Simulation </ INGECIBER

8.4.2.- F.E.M. Process until the Stresses Calculation
8.4.3.- Error Estimation
8.4.4.- Deformation Energy Matrix Norm

8.5.¢ Computer Program Commented

8.6.- Example 2

8.7.- Conclusions

8.8.- Full Computer Program

8.9.- Chapter 8 references
IX. A Brief Introduction to Parallel Computation in the FieitElement Method

9.1.- Introduction

9.2.- Parallel Computation in the finite element method
9.2.1.- Graph and Laplacian matrix
9.2.2.- Eigenvalues and eigenvectors
9.2.3.- Spectral bisection method
9.2.4.- Application to a simple finite elementadel in 2D
9.2.5.- Finite elements in 3D
9.2.6.- Example in 3D

X. Bibliography

3.-BASIC TEXT AND OTHER TEACHING MATERIALS
Course Learning Units

4.-BIBLIOGRAPHICAL REFERENCES
ALARCON, A., ALVAREZ, R., GOEERE, SCalculo Matricial de Estructuras

Barcelona, Spain: Ed. Reverté, S.A., 1986. |ISB¥181B01-9.

BROWN, D.KAn Introduction to Finite Element Method Using BASIC Prog&eunend
edition. London, UK: Ed. Spon Press, 1998N10: 0412005719/ ISBN3:
9780412005718.

CEBALLOS, R/isual BasicCurso de ProgramacioBecondedition. Madrid, SpainEd
RaMa, 1999. ISBN: 9788478973576.

14
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MICHAVILA, F & GAVETERrogramacion y Calculo Numériddarcelona, Spain: Ed.
Reverté, 1985. ISBN: 9788429126778.

ONATE, ECélculo de Estructuras por el Método de Elementos Fidit@gisis Estatico
Lineal Spain: Ed. CIMNE, 1995. ISBN: 9788487867002.

ZIENKIEWICZ, O.C., TAYLOR, TR&. Finite Element Method: Its Basis and
FundamentalsSixthedition. Oxford, UK: Ed. Elsavidutterworth-Heinemann,

2005.I1SBN10: 0750663219/ ISBMN3: 9780750663212.

Spanish version: ZIENKIEWICZ, O.C., TAYLOR,NRetodo de los Elementos Finitos.
Formulacion Basica y Problemas Linedfesirth edition. Barcelona, Spain: Ed.
CIMNE Mc. GrawHill, 1994. ISBN: 9788495999528.

5.- CONTINUOUS ASSESSMENT EXERCISES
In the distance learning exercises, the exercises and problems given must be directly

resolved and delivered on time.

6.- SPECIFIC RECOMMENDATIONS
It is advisable that the problems iocled in the distance learning exercises are

resolved as the student moves forwards in the study of the learning uoits

sequentially clarifying, as soon as possible, any doubts that may arise.

7.-TUTORSHIPS

Students can contact the tutor usingthdzd6 2 SO0 Q&4 @A NI dzZl £ Of F aaNR2Y

Professor Luis Gavete Corvinos

By Email: lu.gavete@upm.es

Another way is to contact by telephone:

Tuesdays, from 11:30 am to 2:30 pm (UTC/GMT+1)
Wednesdays, from 12:00 am to 2:30 goiTC/GMT+1)

Telephone (+34) 91336-64-66

15
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Dpto. Matemética Aplicada a los Recursos Naturales
E.T.S. INGENIEROS DE MINAS
U.P.M
C/ Rios Rosas, 21
28003 Madrid, Espafia.

8.-SENDING THE CONTINUOUS ASSESSMENT EXERCISES
The student will upload the continuoassessment exercises in the virtual classroom.

16
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MB.3.- NUMERICAL CALCULATION

TEACHING STAFF

Luis Gavete Corvinos
1.- OBJECTIVES
The purpose of thigext is to introduce basic numerical calculation techniques
employed in the FEM to the studemaind to serve ashe first contact base with the

numerical methods.

Thus, all the mathematical concepts have been simplified as much as possible and a
series of examplelsasbeen provided in order to facilitate the student@ork. As it isa
GRAAGI YOS S NY Ay 3 dor tie2ekNg 1S accompanied ythe/ SOSa & | 1

required seltaught manual.

Furthermore, the numerical
techniquesneededin order to do
static and dynamicanalyses by
finite elements in linear and
nonlinear cases have been

covered

2.- CONTENT
Thetext has been structured with two simple introductory chaptesntainingbasic

introductory conceptsaabout matrices and numerical calculatidallowed bya second

part aboutnumerical calculation.

This second part haa chapter on interpolation (focused on Lagrange Interpolation)
GAUK &2YS a&alLX Ay BhénnimengaDiitdgeton i€oReyed, $ocisitg d
on Gauss integration.

Three chaptersare dedicated to the basic concepts of numerielgebra: a) equation

systems; b) nonlinear equation systems; c) eigenvalues and eigenvectors. The intention

isto cover the mostommonalgorithm areain finite element programs.

17
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There isalsoa chapter based on the resolution sécond ordedifferential equation
systems, whicloriginatefrom the dynamicanalysesand there is anothechapter that

contains an introduction to the equations in partial derivatives amaethods of

resolving them
INDEX

. Matrices and Matrix Norms
1.1.- Basic Definitions

1.2.- Vector and Matrix Norms

[ll.  Numerical Calculation Introduction
2.1.- Introduction
2.2.- A Numerical Calculation Algorithm
2.3.- Summary

2.4.- Criteria in the Election of Algorithm

V. Interpolation

3.1.- The Interpolation Problem

3.2.- Other InterpolationProblems
321-¢F&f2NRa LYGSNLRtIGA2Y tNRBOESY
322-1 SNY¥AGSQa LYyGSNLRfIlI A2y tNRofSY

3.3.- The General Problem of Interpolation

3.4.- Construction of the Interpolation Polynomial: Lagrange Formula

35-bSg02yQa LYUSNLRtIFGAZ2Y C2NNdz |

3.6.- Studyof the Interpolation Error

3.7.- Piecewise Polynomial Interpolation

3.8.- Splice Cubic Interpolation (A.S.C)

3.9.- Approximated Calculation of Derivatives

3.10.-wA OKI NR&2y Qa 9EGNI LRt GAZ2Y

V. Numerical Integration

4.1.- Introduction

18
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4.2.- Investigation Methods with a Variable
4.2.1.- General Approach. Formulas of Interpolation Type
4.2.2.- Newton-Cotes Formulas
4.2.3.- Gaussian Quadrature Formulas

4.3.- Multiple Integrals

4.4.- Numerical Integration in Triangular or Tetrahedral Regions

4.5.- Needed Numerical Integration Order

Linear Equation Systems
5.1.- Introduction
5.2.- Direct Methods: Gauss Method
5.3.- Special Matrix Types
5.4-Direct Matrix Factorization
5.5.- lterative Methods
5.6.- lll-Conditioned Systems of Equations
5.6.1.- Data Entry Errors
5.6.2.- Rounding Errors
5.6.3.- Conditioning of Nossingular Matrices
5.6.4.¢ Matrix Norm
5.6.5.- Most Used Matrix Norms
5.6.6.- Property
5.6.7.- Error Calculation
5.7.- Application to the Optimization Techniques to the LinEguation
Systems Resolution

5.7.1.- Introduction

5.7.2. - Methods for the Resolution of Symmetric Systems Defined

Positives
5.7.2.1.- Gradient Method (Or the Maximum Decrease)
5.7.2.2.- Conjugated Gradient Method
5.7.2.3.- Preconditioning ©njugate Gradient Method

19
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VIl.  Noninear Equation Systems
6.1.- Introduction
6.2.- Newton-Raphson Method to Resolve a Niimear Equation
6.3.- Newton-Raphson Method for Systems (Nbnear)
6.4.- Newton-Raphson Method Applied to the Equations Syst@nginated by
the Finite Element Method
6.4.1.- Newton-Raphson Method with Initial Stiffness

6.4.2.- Convergence Control (of the Program)

VIIl.  Eigenvalues and Eigenvectors
7.1.- Introduction
7.2.- Generalities
7.3.- Eigenvalues and Eigenvectors
7.4.- Determination Methods of the Characteristic Polynomial
7.5.- Transformation Methods
7.6.- Iterative Methods
7.7. - Methods of Values Calculation and Characteristic Vectors in Finite

Elements

IX. Differential Equations and Systems
8.1.- Introduction
8.2.- Modal Superposition Method
8.3.- Direct Integration Methods
831-bSHYIN] Qad 5ANBOG LYyGSAINIGA2Yy aSiKz

X. Equations in Partial Derivatives
9.1.- Partial Derivative
9.2.- Mathematical Formulations and Solution of Physical Problems
9.3.- Foundations
9.4.- Some Typical Problems
9.5.- Functionals and Operators
9.6.- Numerical Methods for the Resolution of Equations in Partial Derivatives
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9.7.- Application Example
9.7.1.- Variational Method
9.7.2.- Collocation Method
9.7.3.- Subdomain Method
9.7.4.- Galerkin Method
9.7.5.- Least Square Method
9.8.- Finite Element Method
9.9.- Brief Development of F.E.M. History

Xl. Bibliography

3.-BASIC TEXT AND OTHER TEACHING MATERIALS
Course Learning Units

4. -BIBLIOGRAPHICAL REFERENCES
Software: mauals

BATHE, K.J. & WILSONN&merical Methods in Finite Element AnalyBid. Prentice
Hall, 1976. ISBNO: 0136271901 / ISBN3: 978013627901.

BATHE, K.Finite Element Procedures in Engineering Analigsy Jersey, USA: Ed.
PrenticeHall, Inc.2007. ISBNLO: 097900490X / ISBNB: 9780979004902.

BURDEN, R. L. & DOUGLAS FAIRE®nekical Analysi€9" edition. Boston, USA: Ed.
Brooks/Cole Cengage Learning, 1985. t38&N353873359 / ISBN13: 978 O-
538-73359.

Spanish version: BURDEN, R DOUGLAS FAIRESAnAlisis NuméricaMéxica Ed.
Grupo Editorial Iberoamérica, 1985. ISBN: 9789706861344.

CONDE, C. & WINTERM8todos y Algoritmos Basicos de Algebra NumérBavile,
Spain Ed. Reverté, 1990. ISBN: 9788429150360.

DAHLQUIST, G. BJORCK, Alumerical Methods Mineola, New York: EdDover
Publications, 2003SBN: 9780486428079.
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GASCA, MCalculo Numérico. I[Ed. Universidad Nacional de Educacion a Distancia,

1990.

LIPSCHUTZ, &lgebra Lineal 2" edition. Mexico: Ed. McGraw Hill,992. ISBN:
9788476157589.

LIPSCHUTZ,L$hear AlgebraEd. McGraw Hill, 20006BN: 9780071362009.
LUTHERDLIVEIRA, A. & SCHUTZMeétbdos NuméricasMéxico: Ed. Limusa, 1978.

MICHAVILA, F. & GAVETERrbgramacion y Calculo NumériddarcelonaSpain Ed.
Reverté, 1985lSBN: 9788429126778.

SEGERLIND, |Applied Finite Element Analys? edition. New York, USA: E#bhn
Wiley, 1985. ISBNIO: 0471806625 / ISBIN3: 9780471806622.

STOER, J. & BULIRSCHntRduction to Numerical Analysi8® edition. New York,
USA: Ed. Springer Verlag, 2010. FBN 038795452X / ISBMNB: 978
0387954523.

TURNER, Rumerical Analysid ancaster, UK: Edlacmillan Press Ltd, 1994.

5. - CONTINUOUS ASSESSMENT EXERCISES
In the distance learning exercises, tgercises and problengiven must be directly

resolved and deliveredn time.

6.- SPECIFIC RECOMMENDATIONS
It is advisable that the problems included in the distance learning exercises are

resolved as the student moves forwards in the study of the learning uoits

sequentially clarifying, as soon as possible, any doubts that may arise.

7.- TUTORSHIPS
Studenscan contacthe G dzil 2 NJ dzaAy 3 ! b95Qa& @GANILdzZ t Of I aal

Professol_uis Gavete Corvinos

Email: lu.gavete@upm.es

Another way is to contact by telephone:
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Tuesdays, from 11:30 am to 2:30 pm (UTC/GMT+1)
Wednesays, from 12:00 am to 2:30 pm (UTC/GMT+1)
Telephone: (+34) 9336-64-66
Dpto. Matematica Aplicada a los Recursos Naturales
E.T.S. INGENIEROS DE MINAS
U.P.M
C/ Rios Rosas, 21

28003 Madrid Spain

8.-SENDING THE CONTINUOUS ASSESEMERTISES
Thestudent will upload the continuous assessment exercises in the virtual classroom.
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MB.4.- MATERIAL CONSTITUTIVE LAWS

TEACHING STAFF
Alberto Fraile de Lerma

1.- OBJECTIVES
The main objective of the subject course is to represent nonlinesraviour of

materials through mathematical models.

The mechanicabehaviourof engineering
materials such as metals, polymers,
concrete, rocks, wood, etc., is similar even %
though their physical structures are
different. They all sustain deformations
at different levels: reversible or
irreversible, they are damaged and they fracture. This is the main reason why it is

possible to explain materidlehaviourusing Continuum Mechanics.

Formulation of constitutive relationships follows two steps: experimental testird) an
mathematically representing the phenomena observed. The stress states obtained
with experimental testing are homogeneous and basic, but mathematically we can
extrapolate them to predict thebehaviour of any stress system. Therefore, the
mathematical theoies based on experimental observations are, by nature,

phenomenological and represent the macroscdmhaviourof the matter.

Following the first general considerations chapters, the course is focused in Rheology.
The term Rheology means that with su#ict observation time, even the most
apparently solid materials will show fletype behaviour The approach will be purely
mechanical introducing the basic concepts with @heensional simple mechanical
models. These models will be generalized to thd@eensional cases since they are
the general methods for solving realistic practical problems. In particular, the use of
Prony series to characterize the rheologibahaviourwill be studied since it is the

method used by the computer program associatedwiitis Course.
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Plasticity will be introduced in the next section. The mechariehhviourof materials
working in the plastic regime will be mathematically described. Its formulation is very
useful to model thebehaviourof ductile materials, such as sieevhere the strain is
mainly plastic but it is also used for other materials such as concrete, soils and rocks.
As in the previous chapter, the ommensional models will be studied first and
generalized to three dimensions later. Some important conceggsyield surface,

loading criterion, flow rule or hardening will be discussed.

Finally, the last section studies Continuum Damage Mechanics. Continuum Damage
Mechanics describes the evolution of any material from an initial undamaged state
until a macrosopic crack starts to appear. It is, therefore, a stagfore macroscopic
cracking which is studied in "fracture mechanics" and is out of the scope of the present

course.

2.-CONTENT

INDEX

|. Foreword
Appendix 1- A brief reminder on useful notation
Appendix 2- Basic ideas on stress concept
Stress vector
Volume equilibrium equations
Volume equilibrium equations in axisymmetric problems without body
forces
Boundary equilibrium equation
Principal directions
Appendix 3- Strains. The linear theory
Strain vector
Axisymmetric displacements
Appendix 4 - Constitutive equations for linear isotropic and homogeneous
bodies
Appendix 5- The virtual work equation
Selfevaluation exercises
References

[l. General Considerations
1.1 The tensile test
1.1.1 Perfect dastoplastic rank
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1.1.2 Plasticity conditions. True strains

1.1.3 Damage rank

1.1.4 Stressstate throughout the neck

1.1.5 Selection of stress and strain definitions
1.2 ldealization of the time independent macroscopehaviour
1.3 Types of tests to characterize matefhaviour
1.4  Stress relaxation and strain creep
Seltevaluation exercises
Summary of main ideas
References
Appendix

1. Stress invariants

2. Strain invariants

3. HaigWestergaard space
Selfevaluation exercises

[ll. Rheological Equations. Mechanical Models
2.1 The basic models
2.2  State equation
2.3  Elastic solid
2.3.1 Threedimensional generalization
2.4  Viscous body
2.4.1 Threedimensional generalization
2.5 Rigid perfectly plastic Saint Venant solid
2.5.1 Threedimensional generalization
2.6 Combined models
2.6.1 Viscoelastic bodies
2.6.1.1Maxwell body
2.6.1.2Kelvirr Voigt model
2.6.1.3Combination of multiple elements
2.6.1.4Generalized viscous models
2.6.2 Bodies including plastic behaviour
2.6.2.1Elastigperfectly plastic solid
2.6.2.2Perfectly viscoplastic solid
2.6.2.30ther constitutive models
Selfevaluation exercises
Summary of main ideas

References

Appendix
1. Special functions. Delta, Heaviside and doublet sequences
2. Laplace transformation
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3. Differential operator concept

Selfevaluation exercises

IV. Analysis with Linear Rheological Models. Finite Element Method

3.1

3.2

3.3

Linear representation of viscoelasticity
3.1.1 Using operators resulting from differential equations
3.1.2 Hereditary approach
3.1.2.1Representation using state variables (Prony series)
3.1.3 (*) Viscoelastic definitions in the frequency domain. Harmonic
testing
3.1.3.1Hooke Body
3.1.3.2Newton Body
3.1.3.3Maxwell Body
3.1.3.4KelvirVoigt Body
3.1.3.5Laboratory testing in the frequey domain
Three dimensional generalization of viscoelasticity
3.2.1 General equations of stress analysis
3.2.1.1(*) Harmonic loading
3.2.1.20ther methods. Correspondence Principle
Use of Prony series with 3D Finite Elements
3.3.1 Matrix structurd analysis with viscoelastic elements
3.3.2 General Finite elements with Prony series

Selfevaluation exercises
Summary of main ideas
References
Appendix (*)

1. The wave equation in rods
Axial wave propagation
The wave equation in a shear beam
2. Harmonicplane waves in an unbounded medium

(*) These sections are only included for informative purposes, they will not be included in
the evaluation exams

V. Plasticity

4.1

Uniaxial behavior

4.1.1 Yield stress

4.1.2 Yield Hardening

4.1.3 Loading and unloadingyiteria

4.1.4 Ildealized constitutive equations
4.1.4.1Elastieperfectly plastic solid
4.1.4.2Plastic solid with hardening
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4.1.5 Hardening rule
4.2  Plasticity theory. General formulation
4.2.1 Yield surface
4.2.1.1Von Mises yield surface
4.2.1.2¢ NB siy@ld Surface
4.2.2 Loading criterion
4.2.3 Flow rule
4.2.4 Hardening
4.2.4.1lsotropic hardening
4.2.4.2Kinematic hardening
4.2.4.3Mixed hardening
4.2.4.4experimental determination of the hardening parameters
4.3 Plasticity: Analysis with the finilement method
4.3.1 NewtonRaphson method
4.3.2 Nonlinear finite element method: Algorithm
4.3.3 Evaluation of the residual vector: Integration of the elastoplastic
constitutive equations
4.3.3.1Generalized trapezoidal rule
4.3.4 Evaluation of the tang# operator. Consistent tangent modulus
Selfevaluation exercises
Summary of main ideas
References

VI. Continuum Damage Mechanics
5.1 Mechanical representation of damage
5.1.1 Damage variable
5.1.2 Effective stress concept
5.1.3 Strain equivalence principle
5.1.4 Damage and the tensile test
5.1.5 Strain energy density release rate Y
5.1.6 Damage evolution law
5.2  Three dimensional generalization
5.2.1 Elastidbehaviourwith damage. Equivalent stress criterion
5.2.2 Plasticity and ductile damage
5.2.3 Purebrittle damage
5.3  Coupling plasticitg damage
5.3.1 Onset of fracture
5.4 Damage mechanics: numerical analysis of fracture prediction in
structures
5.4.1 Uncoupled analysis
5.4.2 Locally coupled analysis
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5.4.3 Fully coupled analysis
5.5 Recenttrends
Sef-evaluation exercises
Summary of main ideas
References

3.-BASIC TEXT AND OTHER TEACHING MATERIALS
Course Learning Units

4. - BIBLIOGRAPHICAL REFERENCES
LEMAITRE, J. & CHABOCHEMédanique des Materiaux Solided. Dunod, 1988.

ISBN: 978210001397

LUBLINER, Plasticity TheoryNew York, USA: Ed. Dover Publications, 2008. ISBN:
9780023721618.

MAUGIN, G.AThe Thermodynamics of Plasticity and FractiMew York, USA: Ed.
Cambridge University Press, 1992. ISBN: 9780521397803.

5.- CONTINUOUS ASSSMENT EXERCISES
For the distance learning exercises, the exercises and problems given must be solved

and sent on time.

6.- SPECIFIC RECOMMENDATIONS
It is advisable that the distance learning problems/exercises are solved after the

student finishes studying a chapter since the later chapters/sections are based on
material explained at the beginning. If there are any questions, students can contact

the Professor.

7.¢ HELP WITH THE MATERIAL (OFFICE HOURS)
{GdzRSy ia OFy O2yidlFO0 GKS (dzi2N) dzaAy3 ! b950Q3

below).

Associate Professor Alberto Fraile de Leralberto.fraile@upm.es

Mondays, from 4:30 pm to 8:30 pm (UTC/GMT+1).

Phones: (+34) 913365340
(+34) 91336-30-21
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Dpto. Ingenieria Mecanica (Mechanical Engineering Department)
E.T.S. INGENIEROS INDUSTRIALES. U.P.M.
C/ José Gutiérrez Abascal 28006 Madrid, Spain

8.-SENDING THE CONTINUOUS ASSESSMENT EXERCISES
The student will upload the continuous assessment exercises in the virtual classroom.
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MB.5.-INTRO TO THE USE OF PRACTICAL SOFTWARE.

TEACHING STAFF

Ronald SiaMScCivil Eng

Luis ValdiviauscCivil Eng.

1.- OBJECTIVES
The finite element method is only feasihisinga computer andappropriatesoftware;

therefore, it is necessary tesupplementtheoretical training in the methodvith the
use of specific software. To that endivillFEM has been chosen since it is ciqléy
designed forcivil engineering, in additiont has an educationallicensefor students,
suitable for this kind of course, airiidis also a standardoftwarein FE programswhich

allows the knowledge taught in the coursebe put into practice

Theaim of this subject, as its name indicates, is to introduce the studenhe use of
an analysis progranibased onFinite Elements ando that the student can feel
sufficiently at eas from the beginning
to acquire knowledge continuously
during the course in the rest of the

subjects of Theory and Practice.

Studens will use CivilFEMPowered
by Marc as application and practica

software.

2.-CONTENT

Z

;ﬁf’

This subject is eminently practical and both its content and its structuring are focused

on the studentbecomingfamiliar with the use of the program from the beginning
the course since it will beseful throughout and will be the meansf materializirg

andapplyingthe knowledgeacquiredwith the different subjects.
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The subject has been structuredtonvarious chapters in such a way that each one

coversa theme delimited from a conceptual point of vieBeforethis, there is a brief

introduction to thefinite element method.

Index of CivilFENPowered byMarc contents:
1. Overview.

2. Brief Introduction of the Finite Element Method.
- Steps of FE analysis.
- Modeling guidelines.
- Analysis flowchart.
3. CivilFEM Graphical User Interface.
- Getting started.
- GUI: windows.
- Layout controls.
4. Environment: Setup Data.
- Coordinate systems.
- Codes & Standards.
- Units.

- Configuration.

- Report wizard.
5. Geometric Modeling.
- Topological structures.
- Referencedyeometry.
- Graphical picking.
- Points, curves, suates, volumes.
- Operations.

- Import geometry.
6. Viewing & Display.

- Mouse controls.

- Selection of entities.
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- Zoom.
- Capture, Grid, Color, Name.

7. Materials & Sections
- Material library: Concrete, Steel, Soil, Rock & Generic.
- Analysis & design diagres.
- Constitutive laws.
- Cross sections: library, by dimensions, by plates, cable, generic.
- Types of reinforcement: bending, shear and torsion.
- Code properties.

8. Meshing.
- Structural element.
- Beam finite elements.
- Truss finite elements.
- Shelffinite elements.
- Solid (2D, 3D) finite elements.
- Congruent mesh.
- Merge nodes.

- Code poperties.

9. Loading.

- Load groups and simple loads.

- Acceleration loads.

- Boundary conditions.

- Load cases.
10.Solution.

- Linear Analysis.

- Solvers.

- Solution ontrols.

- Obtain solution.
11.Postprocess Results.

- Result files.

- Nodal results.
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- End results.
- Element results.
- View options.
- Envelopes.
- User combination tool.
- Synthetic results.

12.Utilities.
- Offsets.
- Hinges.
- Masses.
- Deform/Undeform.
- Import CivilFEM entities.
- Contact pairs.
- Insertion.
- Numerical expressions.

- Python scripts.
The following workshops are included:

a. Dam.
b. Rod Head.

c. Meshing examples.
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Index of CivilFEMPowered by Mar@ractices:
1. Beam Analysis.

Cantilever Plate.
BridgeTruss.

Circular Concrete Slab.
Plane Truss.
Warehouse.

Dam Analysis.

Linear Buckling of a Column

© © N o o bk WD

Analysis of a Frame.

10.Linear springs.

11.Composite Bridge.

12.Pile Cap Foundation.

13.Silo.

14.Tunnel Cut & Cover.

15.Steel Structure (pyramid shape).

16.Cantilever rooftop.

A urse Order Index document has been created to help students follow a proper
study order combining the different parts with their documentation (Lectures,
Workshopsand AssessmenExercises).

3.-BASIC TEXT AND OTHER TEACHING MATERIALS
The teaching mateai for this subject is composef CivilFEM software and thBasic

Textprepared for this subject

4. - BIBLIOGRAPHICAL REFERENCES
Complementary documentation is provided in thdta@re interactive help section:

- CivilIFEM Theory Manual.
- CivilFEM PythoManual.

- CivIIFEM Interpreter Documentation.

As well as the documentation that is online in the virtual classroom.
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5.- CONTINUOUS ASSESSMEXHRCISES
The student must follow the proposezkercisesn order todo a seltevaluation. These

exercises will be also useful for teidentevaluation andjualification.

Students must provida brief reportincludinga description of the decisions taken in
the analysis. fAe report should containthe most representative grapbal plotsor

screenslots of eachstep and result

6.- SPECIFIC RECOMMENDATIONS
It is recommended toake advantage athe full capabilities of the software.

Scripting language is available in the software, it will hiéle user to automate
common tasks and carry out the apsis in terms ofvariables, macros, -ilse

statements, loops anchore features that are advanced

7.- TUTORSHIPS
Studenscan contact tutors usinthed dzo 2S00 Qa @A NI dzt £ Of  AaNR2 Y.

Mr. Ronald Siat.siat@invi.uned.es

Mr. Luis Valdividvaldivia@ingeciber.com

Another way is to contact by telephone:
Thursdays, from 10:00 AM to 2:00 PM

Telephone: (+34) 9386-22-22 (UTC/GMT+1)

8.-SENDING THE CONTINUOUS ASSESEMERTISES
The student will upload the continuous assessment exercises in the virtual classroom.
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MODULE Az DYNAMIC ANALYSIS

A.1.- FEM THEORY APPLIED TO STRUCTURE DYNAMIC ANALYSIS

TEACHING STAFF

Marcos Latorre FerriBhDAeronauticaEng.

1.- OBJECTIVES
The initial objectives are to analyze the problems =

that are presented when a structure calculation f
going to be made with a commercial Finite Element
program and to provide some criteria to resolve theaed to focus later on some

specific structural tges such as plates and sheets

Finally, it is also intended to provide the essential concepts and to identify the
fundamental parametersthat characterize the dynamidehaviour of structural

systems.

2.- CONTENT
In the first chapterwe intend to presentan overview of theproblems and different

decisions that atructural designemusttake whenperforminga structuralanalysis.

The second chapter dealgth plate and sheet theories. In addition, the plate theory is
established for thin plate casérom the Kirchhoffhypothesisand for thick plategrom
the Mindlin-Reisner hypothesis. In both cases, the stadgiresseghe case oflinear
elasticity for homogeneous, isotropic, perpendicular charged to itssurfhce plates

of constant thickness

Both linear theory and the membrane theory are developed for tmnstantthickness
of thin sheets,and for the linear casge making the assumption oBupposing

homogeneous and isotropic material.

In the last chapters, the structural dynamic analysis is addressad, Bfter a brief
introduction and a review of the essential concepts, the treatment of the sysiems
studiedwith a degree offreedom in order to continue, after the mass and consistent

damping matrix hee been introduced, with the study of structuraysems whose
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dynamic response can be characterized through a number of fidégrees of

freedom.

INDEX

l.
1.

Fundamentals of dynamics of structures
SingleDegreeof-Freedom Systems
1.1 - Introduction
1.2 - Free undamped vibrations
1.2.1. -Equation ofmotion
1.2.2 - Harmonic motion: more formal approach solution
1.3. - Free damped vibrations
1.3.1 - Underdamped motion
1.3.2 - Overdamped motion
1.3.3 - Critically damped motion
1.4. - Response to harmonic excitation
1.4.1 - Undamped system
1.4.2 - Damped system
1.4.3 - Dynamic response factor
1.4.4 Frequency response function method
1.4.5 - Laplace transform based analysis
1.5. - General forced response
1.5.1 - Impulse response function
1.5.2 - Response to an arbitrary excitation
Multi-Degee-of-Freedom Systems
2.1 - Introduction
2.1.1 - TwoDegreeof-Freedom system
2.1.2 - Mathematical modeling of damping
2.1.3 - Solutions of the equation of motion
2.2. -Fee undamped vibrations of MDOFsystems
2.2.1 - Natural frequencies and mode shapes
2.2.2 - Orthogonality of mode shapes
2.2.3 -Modal matrices
2.2.4-Normalization of modes
2.2.5. - Response of undamped MDOF systems
2.3 Fee damped vibrations of MDOF systems
2.4. - Response of MDOF systemsunder arbitrary loads
2.5. - Response of MDOFsystemsunder harmonicloads
2.6. - Systems with distributed mass and stiffness
2.6.1 - Vibration of beams
2.6.2 - Vibration of plates

Introduction to signal analysis
3.1-Introduction to signal types
3.1.1 Deterministic signals
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3.1.2 Random signals
3.2 - Fourier analysisof signal
3.2.1 - The Fourier series
3.2.2 - The Fourier integral transform
3.2.3 - Digital signals

Finite element procedures for the dynamic analysis of structures
Finite elementiscretization of continuous systems. Stiffness and Mass matrices

4.1 - Stiffness matrix
4.1.1 Beam elements
4.1.2 Continuum elements
4.2. - Mass matrices
4.2.1 Consistent mass matrix
4.2.2 Lumped mass matrix
Computational procedures faigenvalue and eigenvector analysis
5.1 - The modal decomposition revisited. Mode superposition analysis
5.2 - Othereigenvalue an@igenvector problems
5.3. - Computation of modes and frequencies
5.4. - Reduction othe general eigenvalue problem the standardEigenvalue problem.
5.5. - Static condensation.
5.6. - Model order reductiontechniques: thesuyan reduction
5.7. - Inclusion ofdamping matrices
5.8. - Complex eigenvalue problentomplex modes

Computational algorithm#or eigenvalue ad eigenvector extraction

6.1 - Someprevious concepts
6.1.1 - Matrix deflation
6.1.2 - Rayleigh quotient
6.1.3 - Courantminimax characterization afigenvalues an&turm sequence
6.1.4 - Shifting
6.1.5 - Krylovsubspaces anBower
6.2 - Determinant search method
6.3. - Inverse iteration method
6.4. - Forward iteration method
6.5. - Jacobi method for the standard eigenvalue
6.6. - The QR decomposition and algorithm
6.7. - Jacobi method for thgeneralized eigenvalue
6.8.-. I (i Kubspace iteratiomethod and Ritz
6.9. - Lanczos method

VII. Transient analyses in linear elastodynamics

7.1-Introduction

7.2 - Structuraldynamics and wave propagation analyseghe Courant condition
7.3. - Linear multistep methods. Explicit andgheit algorithms. Dahlquist theorem
7.4. - Explicit algorithms: central difference method

7.5. - Implicit algorithms
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7.5.1 Houbolt method
752 Newmarki YS{iK2R
7.5.3 Collocation Wilson  YS UG K2 R &
7.5.4 Hilbert-HughesTaylor (HH¥ brethod
7.5.5 Bathe-Baig composite (substep) method
7.6. - Stability and accuracy analysis
VIII. Transient analysis in nonlinear dynamics
8.1 - Thenonlinear dynamics equation
8.2 - Time discretization of thaonlinear dynamics equation
8.3-Example: The nonlinear Newnkar algorithm in predictotd-form
IX. Harmonic analyses
9.1 - Discrete Fourier Transform revisited
9.2 - Harmonic analysis usirlge full space
9.3. - Harmonic analysis usimgode
X. Spectral and seismic analyses
10.1 - Accelerograms and ground excitation
10.2 - The equation of motion for ground excitation. Accelerometers and vibrometers
10.3 - ElasticResponse Spectr&D, SV, SA, Pavd PSA
10.4. - Modal superposition methods for spectral analysis. Modal
10.5 - Static correction or mode acceleration method
Xl. Bibliography

3.-BASIC TEXT AND OTHER TEACHING MATERIALS

Course Learning Units

4.-BIBLIOGRAPHICAL REFERENCES
ALARCON, A., ALVAREZ, R. & GONEEREZ, SCalculo Matricial de Estructuras

BarcelonaSpain Ed. Reverté, S.A., 1986. ISBN28#4801-9.

CLOUGH R.W. & PENZIE®yhamics of Structureg" edition. London, UK: Ed.
McGrawHill, 1993. ISBIO0: 0071132414 / ISBN3: 9780071332411.

HOUCHENG HUANGetatic and Dynamic Analysis of Plates and ShBiéslin,
Germany: Ed. Spring&ferlag, 1989.ISBN10: 0387195386 / ISBNS3:
9780387195384.

LAROZE S. & BARRAN, Médtanique des StructureSolides Elastiques, Plasques et
Coques. Vol. 1. ParlsranceEd. Eyrrolledasson.

PRZEMIENIECKI JBeory of Matrix Structural Analysiew York, USA: E@over
Publications, 1986. ISBN: 0486649482 / ISBN3: 9780486649481.
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RAO S.9Mechanical Vibrationss™ edition. Singapore: Ed. Pearson Education Center,
2011. ISBN: 9788177588743.

TIMOSHENKO, S. & WOINOWSRMEGER, Bheory of Plates and Sheldew York,
USA: Mc Graw Hill, 1989. ISBN: 9780000858206.

Spanish version: TIMOSHENKO&SNOINOWSKKFRIEGERS. Teoria de Placas y
LaminasBilbao,Spain Ed. Urmo, 2005. ISBN: 9788431401160.

ZIENKIEWICZ, OFinite Element Methad5" edition. Oxford, UK: EdButterworth-

Heinemann, 2005.

Spanish version: ZIENKIEWICZ, O.C. El Método de los Elementos Banitelona,
Spain Ed. Reverté, S.A., 2004.

5. - SPECIFIC RECOMMENDATIONS
It is generally advisable to resolve the simple exercisgsanalyzing the results

obtained with different meshes and to verify to what extent thgpothesesnmade are

fulfilled in thetheoretical approaches.

On the other hand, ishould notbe forgotten that only with training irtalculuscan
clear criteriabe acquired Therefore it is recommendedhat studentstry to do similar
exercises to the ones proposddr continuous assessménbut usng problemsfrom

their professional activity as a base.

It is recommended to perform the Selssessmentests, whictwill help the students
know their learning status. Tests results are not taken into account for subject grades,

only for student informative purpose.

6. - TUTORSHIPS
Studens can contacthe tutor usingthed dzo 2S00 Qa @A NI dzl £ Of | a4 NP 2

Mr. Marcos Latorrd-errus

Email: marcos.latorre@ale.edu

7.- SENDING THE CONTINUOUS ASSESSMENT EXERCISES
The student will upload the continuous assessment exercises in the virtual classroom.
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A.2.-INTRO TO DYNAMIC ANALYSI®/ITH PRACTICAL SOFTWARE

TEACHING STAFF

Tutors

Roman Martirmsc Civil Eng
Ronald Siat1Sc Civil Eng.

1.- OBJECTIVES

The purpose of the subject is to introduce the studenttte basic concepts of

Dynamic Analysief structures It does soby usingthe practice program to solve

distinct types of dynamic analgs that canall be resolved with the sammethod, so

that the theoretical conceptdhat have been taughttan be assimilated and the

resolution of real problems can be made with a Finite Elenpeogram.

Studens will useCivilFEMPowered byMarc as application and practical software.

2.-CONTENT

The subject is structured tim sevenchapters, whichdescribe the different types of

analysisand how to do them, and givesexamplesf what each oneesolves

1. Introduction to dynamic analyses.

2. Fundamentals: Single DOF system.

- General equation of motion.

- Damped/Undamped free vibrations.

- Damped/Undamped forced vibrations.

3. Damping.

- Introduction.

- Rayleigh damping.

- Percentage critical.

- Typical values.

4. Modal analysis.

- Introduction.

- 2 DOF equation of motion.
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- Natural frequency.
- Mode extraction method.
- Multi DOF problems.
- Rigid body modes.
- Prestressed modal analysis.
5. Transient analysis
- Introduction. Time response.
- Directintegration: Newmark Beta/Generalized Alpha operator.
- Time step.
- Calculation time.
- Load vs time tables.
- Transient parameters.
- Nonlinear response.
- Initial conditions.
- Damping.
- Postprocess results.
6. HarmonicAnalysis.
- Introduction. Frequencyesponse.
- Equation of motion.
- Forces and boundary conditions.
- Harmonic loads.
- Solution controls.
- Postprocess results.
7. Modal spectralanalysis.
- Introduction. Time vérequency domain.
- Response spectrum.
- Participating factors.
- Modal combiration.

- Seismic design according to codes & standards.
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A Course Order Index document has been created to help students follow a proper
study order combining the different parts with their documentation (Lectures,
Workshopsand AssessmeniExercises).

3.-BASIC TEXT AND OTHER TEACHING MATERIALS
The teaching material for this subject is composéthe resolved exercisegivenand

CivilFEM software.

4. - BIBLIOGRAPHICAL REFERENCES
The references are relatdd the modules previouslgtudied:

-AF.1: FENdeneral theory

-AF.3: Numerical calculation

-AP.1: Introduction to the use of practical software. |
-AP.2: Introduction to the use of practical software. Il

- A.1: FEM theory applied to structure dynamic analysis.
- CivilFEM Theory Manual.

- CivilFEM PythoManual.

- CivilFEM Interpreter Documentation.

As well as the documentation that is online in thigual classroom.

5.- CONTINUOUS ASSESSMENT EXERCISES
The student must follow the proposed exercises in order to do aeseliuation. These

exercises wilbe also useful for the student evaluation and qualification.

Students must provide a brief report including description of the decisions taken in the
analysis. The report should contain the most representative graphical plots or

screenshots of each steggnd result.

6.- SPECIFIC RECOMMENDATIONS
This subject must be taken after having finished subjects AP.1 and AP.2 so that the

otherOKI LA SNRQ YIAYy GSIFOKAy3a OFy 6S O02YLX SiGS
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Each exercise should not take more than thheairs, although it is recommended that

the student practices as much @essiblewith the menu in the posprocessphase,

analyzesand interprets the physical sense of the results obtained.

7.- TUTORSHIPS
Studens can contact tutors usinthe & dzo 2 $tOal dagsrodn.

Mr. Roman Martinr.martin@ingeciber.com

Mr. Ronald Siat.siat@invi.uned.es

Another way is to contact by telephone:
Tuesdays, from 3:30 PM to 7:3MRUTC/GMT+1).

Telephone: (+34) 9386-22-22

8.-SENDING THE CONTINUOUS ASSESSMENT EXERCISES
The student will upload the continuous assessment exercises in the virtual classroom.
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A.3.Z DYNAMIC ANALYSIS PRACTICES

TEACHING STAFF

Roman Martirmsc CiviEng.
Ronald Siat1Sc Civil Eng.

“\.\.\.\\\\n.
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1.- OBJECTIVES
The main goal of this subject is to completeith

-
LTI
WL

exercisesthat have to bedone using CivilFEM, the

)
)
o
o

conceptsexplained in the Theoretical and Application
subjects of module AStudens will use CivilFEM
Powered by Marc as application and practical

software.

2.-CONTENT
Index of CivilFEM Powered by Magractices(A.3):
1. Dynamic Analysis of a Cantilever Beam.
Workbench Table.
Modal Analysis of a Building.
Jointed Cylinder System.
Bracket.
Serviceability imit State of Vibrations in a Footbridge.
Seismic analysis of a frame.

Dynamic Analysis of Tacoma Narrows Bridge

© © N o 0o bk WD

Steel cable string.

10.Cable stayed bridge.

11. Anti-vibration mounts.
12.Wind turbine analysis.
13.Vortex shedding on chimney.
14.Moving load in bridges.

15. Spectral analysis of a transmission tower.
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A Course Order Index document has been created to help students follow a proper
study order combining the different parts with their documentation (Lectures,
Workshopsand AssessmeniExercises).

3.-BASIC TEXTN® OTHER TEACHING MATERIALS
The documentation provided with theesolved exercisesroposed

4. - BIBLIOGRAPHICAL REFERENCES
Subjects of this course:

- A.1.- Static and Dynamic Structural Analysis Foundations
- A.2.- Dynamic Analysis Course. Applicatwith the Practice Program

- CivilFEM Theory Manual.
- CivilFEM Python Manual.
- CivilFEM Interpreter Documentation.

As well as the documentation that is online in the virtual classroom.

5.- CONTINUOUS ASSESSMENT EXERCISES
The student must follow the propsed exercises in order to do a seifaluation. These

exercises will be also useful for the student evaluation and qualification.

Students must provide a brief report including description of the decisions taken in the
analysis. The report should contaifhe most representative graphical plots or

screeshots of each step and result.

6.- SPECIFIC RECOMMENDATIONS
This subject must be taken after having finished subjects A.1 and A.2 so thathdre

OKIFLIGSNBQ YIAYy GSIFIOKAy3da OFly 6S O2YLX SGSR |
Each exercise should not take more than three hours, although it is recommended that

the student practices as much asssiblewith the menu in the posprocessphase,

analyzesand interprets the physical sense of the results obtained.

Scripting language is available in the software, it will hible user to automate
common tasks and carry out the analysis in terms of variables, macrekseif

statements, loops anthore featureghat are advanced
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7.- TUTORSHIPS
Studenscan contact tutors usinthed dzo 2S 0l Qa @GANIidz- £ Of I AaNR2 Y

Mr. Roman Martinr.martin@ingeciber.com

Mr. Ronald Siat.siat@invi.uned.es

Another way is to contact by telephone:
Tuesdays, from 3:30 pm to 7.30 pm (UTC/GMT+1).

Telephone: (+34) 9386-22-22

8.-SENDING THE CONTINUOUS ASSESSMENT EXERCISES
The student will upload the continuous assessment exercises in the \atasasroom.
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MODULE Bz NON LINEAR ANALYSIS

CALCULATION

TEACHING STAFF

1.-OBJECTIVES
purposes of this

The
subject are get to know
and
formulation using the Finite
Element  Method for
nonlinear problems in
structures from an
engineering  perspective,
the application to large

displacemens, large deformations and stiffening by strgg®blems as well adeing

José M Sancho Aznal

understand the
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F.E.M THEORY APPLIED TO NONNEAR STRUCTURES

an introduction to nonlinear mechanics of solids, and in addition to beam element

formulation andtheir solution methods.

2.-CONTENT

INDEX

Introduction to Non-Linear Problems

1.1.- Nonlinearity causes

1.2.- Some simple examples

1.3.- Nongeometriclinearity with aD.O.F.
1.4.- Models with twoD.O.FCritical Load

Continuum Mechanics Applied to the Nelninear Analysis

2.1.- Movement Description. Lagrangian Formulations

2.2.- Polar Decomposition Theorem
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2.3.- Cauchy and Piolirchhoff stresses
[ll.  Matrix Formulation of Elements
3.1.- Incremental Equilibrium Equations
3.2.- Stiffness Matrix of a Hinged Bar
3.3.¢ Stiffness Matrix of a Bar Subjected to Flexure
IV.  Solution Methods
4.1.- Loads Increment
4.2.- Critical Steps
4.3.- ArclengthMethods

4.4.- Instability Points Calculation. Linearized Buckling

3.-BASIC TEXT AND OTHER TEACHING MATERIALS
Teaching Units

4. - BIBLIOGRAPHICAL REFERENCES
Teaching units and references are in the same unit.

5.-TUTORSHIPS
Studens can contacthe tutor usingthed dzo 2 SO0 Q& @A NI dzZl £ Of I & a NP 2

Professo José M Sancho Aznal

Email:jmsancho@invi.uned.es

6. - SENDING THE CONTINUOUS ASSESEMERTISES
The student will upload the continuous assessment exercisg®iwirtual classroom.
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B.2.-INTRO TO NONLINEAR ANALYSIS WITH PRACTICAL SOFTWARE

TEACHING STAFF
Ronald Siat1ScCivil Eng.

1.- OBJECTIVES

Thefirst objective of the coursésto find answers tsomebasic questions of nonlinear
structural calculation such as the following: What is a nonlinear structure? Whaskind
of problems require a nonlinear analysis? What are the causes of nonbe&aviouf?
What isdifferent in a nonlinear analysis? Whatds#ferent in a nonlinear analysis by
finite elements? What are the essential peculiarities of a nonlinear analysis by finite
elements?The second objective i® learn to solve thee questionsusing a Finite
Elements program.

Studenswill useCivilFEMPowered byMarc as application and practical software.

2.- CONTENT
Index of CivilFENPowered byMarc contents (B.2):
1. Introduction to nonlinear analyses.
- Nonlinearities.
- General considerations.

- Sources of nonlinearities.

2. Numerical analysis.

- [terative solution nethods.

- Newton-Raphson method.

- ArcLength.

- Analysis convergence.

- Residual criteria.

- Displacement criteria.
- Convergence.

- Load increment parameters.
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. Geometric nonlinearity.

- Large strain.

- Large displacement.

. Structural stability.

- Linear Bakling.

- Nonlinear buckling.

. Material nonlinearity.

- Plasticity.
- Engineering stress.
- True stress.

- Hardening.

. Contact Analysis.

- Contact bodies.
- Friction.
- Gluecontact

- Touchingcontact.

. ACTIVATION/DEACTIVATION

- Material age.

- Excavation.

- Staged construction.
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of Finite Element Method and CAE Simulation

4EAT OAC 2
< /INGECIBER

A Course Order Index document has been created to help students follow a proper
study order combining the different parts with their documentation (Lectures,

Workshopsand AssessmenExercises).

3.-BASIC TEXT AND OTHER TEACHINGRMABE

The teaching material for this subject is composéthe resolved exercisegivenand
CivilFEM software.

4. - BIBLIOGRAPHICAL REFERENCES
Subjects of this course:

-AF.1: FEM general theory

-AF.3: Numerical calculation

-AP.1: Introduction to the usef practical software. |
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-AP.2: Introduction to the use of practical software. Il
- CivilFEM Theory Manual.

- CivilFEM Python Manual.

- CivilFEM Interpreter Documentation.

As well as the documentation that is online in the virtual classroom.

5.- CONTINUOUS ASSESSMEXHRCISES
The student must follow the proposed exercises in order to do aeseliuation. These

exercises will be also useful for the student evaluation and qualification.

Students must provide a brief report includidgscription of the decisions taken in the
analysis. The report should contain the most representative graphical plots or

screenshots of each step and result.

6.- SPECIFIC RECOMMENDATIONS
This subject is very largesnonlinear problems aréound in a widerange of technical

applications.

It is advisable for students, afterarefully studying each chapterto follow the
resolution of the exercises and the problems highlighted in the subjectaexheir

computersand to resole the exercises of subject3®.

7.- TUTORSHIPS
Studenscan contact tutors usinthed dzo 2S00 Qa @A NI dz- £ Of  AaNR 2 Y.

Mr. Ronald Siat.siat@invi.uned.es

Tuesdays, from 3:30 pm @30 pm(UTC/GMT+1).

8.- SENDING THE CONTINUOUS ASSESEMERIBES
The student will upload the continuous assessment exercises in the virtual classroom.
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B.3.Z NONLINEARANALYSISPRACTICES

TEACHING STAFF

Ronald Siat1ScCivil Eng.

1.- OBJECTIVES
The main goal of this subject is to

complete with exercisesthat have
to be done usingCivilFEM Powered
by Marc the conceptsexplained in
the Theoretical and Application
subjects of module B.

Studenswill useCivilFEM Powered by Maws application and practical software.

2.- CONTENT
The exercises refer to each nomarity dealt within the application course.

Index of CivilFEM Powered by Mamractices(B.3):
1. Large Deflection in Box Section Arch.

Truss Plastic Analysis.

Two Beams in Contact.

Hertz Contact.

Steel Building Construction Process.
Linear and NonlineaBuckling of Arch.
Trussspring system.

Buckling of a steel cylinder.

© © N o 0 b~ WD

Construction process of a bridge.

10. Retaining wall.

11.Friction Analysis of a Slab Foundation.
12.Concrete Cracking.

13.Cable structures.

A Course Order Index document has been created to help students follow a proper
study order combining the different parts with their documentation (Lectures,
Workshopsand AssessmeniExercises).
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