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Abstract

The Third International Workshop on Jointed Structures was held from August 16" to 17,
2012, in Chicago lllinois, following the ASME 2012 International Design Engineering Technical
Conferences and Computers and Information in Engineering Conference. Thirty two researchers
from both the United States and international locations convened to discuss the recent progress
of mechanical joints related research and associated efforts in addition to developing a roadmap
for the challenges to be addressed over the next five to ten years. These proceedings from the
workshop include the minutes of the discussions and follow up from the 2009 workshop [1],
presentations, and outcomes of the workshop. Specifically, twelve challenges were formulated
from the discussions at the workshop, which focus on developing a better understanding of
uncertainty and variability in jointed structures, incorporating high fidelity models of joints in
simulations that are tractable/efficient, motivating a new generation of researchers and funding
agents as to the importance of joint mechanics research, and developing new insights into the
physical phenomena that give rise to energy dissipation in jointed structures. The ultimate goal
of these research efforts is to develop a predictive model of joint mechanics.
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1. INTRODUCTION TO THE THIRD INTERNATIONAL
WORKSHOP ON JOINTED STRUCTURES

The issue of predictive structural dynamics is of fundamental importance in multiple sectors of
our economy, including manufacturing, transportation, and defense. Applications are so broad as
to include optimal design of jet engine components and the specification of tolerances for nuclear
weapon components. It has been recognized since the 1960’s that the fundamental barrier to
predictive structural dynamic simulation resides in the nonlinearity and variability of the
mechanical interfaces of practical structures. Historically, this limitation has been obviated by
approximating the structure as a linear system and tuning the linear model for that system to
match its measured properties.

Given the tremendous advances in computer resources - particularly massively parallel
computers - and advances in experimental techniques, it is appropriate to reexamine the problem
to assess the possibility of actually predicting structural dynamic response even before a
prototype is constructed. For this purpose the Sandia National Laboratories and the National
Science Foundation have sponsored a workshop in Arlington, Virginia, 16-18 October, 2006 [1].
A follow up workshop in Dartington Hall, Totnes, Devon, UK 26-29 April 2009 was sponsored
by the British Atomic Weapons Establishment (AWE) and Sandia National Laboratories (SNL).
A third workshop was held 16-18 August 2012 at the conclusion of the ASME International
Design Engineering Technical Conference in Chicago. This workshop was sponsored by Sandia
National Laboratories and the British Atomic Weapons Establishment, and it is this third
workshop that is reported here.

Much of the focus of this workshop was on assessing progress made with respect to both the
organizational and technical challenges identified in the previous workshop. Among items
reported on the first day were the formal creation of an ASME Research Committee on
Mechanics of Jointed Structures, the completion of the Sandia Joints Handbook, and the
organization of joints-related sessions at various technical conferences. The second day was
devoted to technical talks — particularly with respect to the challenges identified in the previous
workshop. The morning of third day was spent identifying the next steps with respect to vision
and positioning of the joints research community, planning for completion of the challenges
identified in the previous workshop, and identification and assignment of new challenges.

Participants in that workshop included distinguished investigators from the United States and
Europe representing expertise in the various sciences relevant to this problem. These include
vibrations, tribology, elasticity, and computational mechanics. There was an effective balance of
capability in theoretical mechanics, computing, and experiment.



2. MINUTES OF THE THIRD INTERNATIONAL
WORKSHOP ON JOINTED STRUCTURES

August 16, 2012, Morning Session

The introductory session to this workshop focused on reviewing the results from the previous
workshop, discussing the progress made on the challenges and tasks identified at the last
workshop, and discussing the other areas of progress since the last workshop.

List of Attendees

Full contact information is given at the end of the meeting notes:
Matt Allen

Ed Berger
Larry Bergman
Matt Brake
Dan Brown
Brandon Deaner
Melih Eriten
David Ewins
Robert Flicek
Lothar Gaul
Muzio Gola
Hugh Goyder
Wes Harris
David Hills
Laura Jacobs
Arif Masud
Randy Mayes
Simon Medina
Marc Mignolet
David Nowell
Evgeny Petrov
Dane Quinn
Pascal Reuss
Dan Segalman
Michael Starr
Bernhard Stingl
Jenny Stroud
Christoph Schwingshackl
Pablo Tarazaga
Liu Tong

Alex Vakakis
Weidong Zhu



Review of Workshop 2 Outcomes — Actions and Challenges

Recall historical development of the meetings:
Sandia, 2000

New Orleans, AFOSR 2001

West Palm Beach, Turbo Expo

During the last session of the Dartington, UK, Workshop, there was a discussion seeking to
distill the essential issues and topics which would emerge as the main items defining the new
Road Map for the subject. The resulting list divides into 2 sets — Actions and Challenges. The
Actions are tasks that are essentially short-term goals deemed to be necessary in order to
consolidate the foundations of the subject to provide a sound basis for further research. The
Challenges are much more substantial tasks, each requiring several man-years of research effort,
whose objectives are to move the whole subject on to a new level of technical competence,
heading to the ultimate goals of the ability to model, and to predict the dynamics of mechanical
joints and thereby to design structures with optimal dynamic properties — including those whose
dynamics are actively controlled by the joints themselves. In many cases, offers of leadership of
the tasks were recorded as were expressions of interest in participation. The outcomes of each of
the challenges given under each element

From the last workshop, the following Actions and Challenges were identified:

Actions from the 2009 Workshop

1. Terminology & Vocabulary (Segalman; Bergman)

A modest list of vocabulary was compiled and published. Comments from members
were solicited in order to iterate on the development of the list.

2. Develop Hills Chart (Dini; Berger)
It is difficult to assess spatial location of understanding/length scale relationship outside
of one’s field of expertise. There is still some value in the notional idea. Perhaps we
should construct diagrams actively within the community through the website.

3. Classification of Standard Joint Types (Hills; Vakakis; Starr)

Short descriptions of classical contact definitions and standard joint interfaces have been
compiled.

Perhaps we should look to machine elements standards, and draw knowledge from the
design community for the role of joints in dynamics. Then, ask the question, ‘Why are we
necessary?’ We must distinguish ourselves from the knowledge of the design community.



How do mechanisms couple with the ultimate dynamics?

We have to answer the questions of people in industry. Should we restrict ourselves to a
certain class of contact? We’re not necessarily interested in the “glue” but rather the
influence of the interface on the response of the structure. The joint is the interface; the
properties of the materials may or may not be required to proceed with modeling.

Should we focus on active or passive joints? (or both?)
We should ask for contributions from the community about classifications.

Classification/Cataloging of
@) Non Linearity ID Methods (Vakakis)

There is a paper on this work in Mech. Syst. Signal Processing.
(b) Modeling approaches (Polycarpou; Quinn)

This starts with the Joints Handbook, and is an ongoing action. Dane Quinn will be the
lead for this element going forward.

(©) Measurement methods (Nowell; Bergman; Akay)
This is bigger than just making a list of measurement methods.

Benchmark current computation multi-scale methods against analytic solutions (Masud;
Laursen; Quinn)

This work is in progress. Quasi-continuum approaches are needed, but system-based
approaches have not yet been developed.

We should consult Kai Willmer — Nurnberg, and elevate this task to a Challenge.

Create a formal Joints Modelling Network (or Community) with more frequent and
regular contacts (this was expressed emphatically); meetings at relevant conferences;
workshop series;... Wiki..Joints Chat room (Ewins; Segalman; Nowell; Bergman; Gaul;
Green; Surampudi; Dini; Quinn)

YES! See

https://community.asme.org/research_committee_mechanics_jointed_structures/w/wiki/3
787.about.aspx
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Challenges from the 2009 Workshop

1. Round Robin/Benchmark Exercise for Hysteresis Measurements (Ewins; Nowell; Gola;
Polycarpou; + possibly Epsion(Technion))

This is still an activity that must be pursued. Interested parties include: Imperial, Torino,
Eriten, and Schwingshackil.

2. Round Robin/Benchmark for Measurement/Prediction of Dissipation in Standard Joints
(Leming*; Goyder; Gaul; Ind; Vakakis) *task moved to Jacobs

This challenge will be kept, but it must have a timescale. Additional interested parties
include: Jacobs, Segalman, Allen, and Eriten.

3. Repeatability (measurement-to-measurement) and Variability (unit-to- unit) Issue: need
to be able to distinguish between, and to greatly improve performance in both aspects
(i.e. design of better, more repeatable joints) (Leming; Goyder; Gaul; Ind; Polycarpou;
Farris; Mignolet)

The problem is funding! There are no collaboration at all, yet. Should we make a regular
meeting location associated with a conference?

4. Framework for multi-scale modeling (Masud; Dini; Nowell )

Elevated from Action 5.

Community Development
The ASME Research Committee on the Mechanics of Jointed Structures

With respect to Action 6 above, the ASME Research Committee on the Mechanics of Jointed
Structures has been created. We should seek to develop means of giving standing to the group.

For participating members, replace Andreas Polycarpou with Matt Brake on the Events
Subcommittee

On the Publications Subcommittee, Lothar Gaul, Matt Allen, Weidong Zhu, and Wes Harris will
replace Ed Berger and Arif Masud.

It was suggested (Gaul) that we make IDETC a regular meeting place for the members of the
research committee. Other suggestions are Turbo Expo (Petrov), Recent Advances in Dynamics,
or organize or own conference. Attendees were polled on likely conference attendance and the
following conference attendance counts were:

11



IDETC - 12
IMECE -3
Turbo Expo -5
Tribology — 5
IMAC -12
SEM -0
AIAA -0

Mechanical Joints Research Material Depository
We must establish a depository for works on mechanical joints

This depository should be
- open source
- administered by the committee
- include links to PhD theses
- potentially include conference announcements and job postings

Dartington Workshop Report: SAND2010-5458

Sandia Joints Handbook: SAND2009-4164

Research Committee Site: http://go.asme.org/mis

Temporary website at Imperial: http://www3.imperial.ac.uk/medynamics/joints

Pablo has “volunteered” to work on developing/maintaining a research group website.

The secretary will pursue membership in the committee for all workshop attendees.

Identification of Strategic Themes
August 16, 2012, Afternoon Session

The afternoon session of the workshop was focused on identifying strategic themes and
challenges for the community.

Presenters were given the following guidelines:
Obijectives: to identify the major research themes for the next 5-10 years
Brief introductory remarks (10-15 minutes) on your research focus area. We would like to
initiate discussion related to your focus area while addressing the overarching question:
How does this area fit into the larger research community? It is desired that your prepared
remarks be more than simply addressing your current research, but should be strategic in
content. For instance: enumeration of what we cannot now do well with respect to joints.
Some basic questions that you might consider discussing are:

12



1. What are the important problems in your area?

2. How do you decide which problems you take on?

3. Who will be the end user of the results of your work?
4. How do you get funding?

The following topics and speakers were invited to present:

1.

2.

Institutional Structure and Vision (Alex Vakakis)

Fatigue and Contact Mechanics (David Hills and David Nowell)
Physics-based/data driven modeling (Melih Eriten)

View from Germany (Lothar Gaul and Bernhard Stingl)

Flight systems/satellites/weapons (AWE/Sandia)

Vibrations/Turbine engines (Muzio Gola and Christoph Schwingshackl)

Uncertainty Approaches to Joints and Interfaces (Marc Mignolet)

1. Institutional Structure and Vision

We must educate undergrad and graduate students alike.

In order to promote joints research as an important topic, we must make a case for it.

We need sustained funding! Or else this will not be a first priority. Any proposed institutional
structure should facilitate this.

We must develop a research plan that can initiate a dialog, such as the benchmarking of
computational and experimental problems.

Choose benchmarks through dialog with industry

Define a set of “real” problems (interesting and difficult)

Form teams to address these problems from different perspectives (competition is alright,
we need to be challenged!)

Show what we can do

Define a Grand Challenge — What is the challenge?

What is the cost to industry of not understanding joint dynamics?

Promote (with industry) ideas to government

13



- Topics such as weight savings in engines and flight structures
- Can industry tell us, ‘if there was a redesign of an interface, life would change
dramatically.’
- Examples of academic-industry research consortiums/collaborations include:
0 INSIC (the Information Storage Industry Consortium) for industrial/academic
collaborations on data storage research.
o Fatigue and fracture
0 Industry funds short term; government long-term
o0 MURI - Multi-disciplinary University Research Institution
= Topics released every four years
= Can we (with industry) influence the topic

Industry must be engaged in order to achieve these goals though, both in the committee and in
our symposiums/workshops.

The next generation of joints must be both lighter and more predictable. We must also think
about developing smart/active joints that are applicable to energy harvesting, active control for
dissipation, or even structural health monitoring.
2. Fatigue and Contact Mechanics
We need to measure the stiffness of interfaces (both normal and tangential)
Measurements of stiffness, including time dependence, must reconcile:

- Measuring techniques

- Tribology

- Models for wear

We don’t know how to measure some important things yet.

We must develop an understanding of the non-orthogonal nature of contact
- Shakedown works for plasticity because it’s orthogonal. In friction, it’s not though.

Why is damping repeatable in some interfaces and not in others?
This is a fundamental question.

Research shows that the preloading of structures (the order, amount, etc.) matters in terms of
whether sticking or slipping occurs. This leads to the hypothesis:

Hypothesis: the variation in preloading is a major source of variability in joint response.

14



3. Physics-based/data driven modelling

There is a high need for reduced-order models that incorporate
- Multiple length scales
- Multiple time scales
- Coupled DOFs
- Joint fretting apparatus
- Interface constitutive models

Non-linear system identification is a top-down approach
We may be able to handle more complex phenomena with such a global approach.
However, it’s not physics-based.

An example of scale issues:

- Modelling a car, 10° DoF, length scales on the order of meters, time scales on the order of
seconds

- Modelling the car’s engine, 10° DoF, length scales on the order of centimeters, time
scales on the order of milliseconds

- Modelling piston contact, 10* DoF, length scales on the order of microns, time scales on
the order of microseconds

A key challenge that will evolve out of this understanding of scale issues is that once an
asperity/local model is developed, how does it get built up to the joint/component level?

4. View from Germany
The identified needs are:

- Local joint models
- Nonlinear finite element joint models
- Parameter identification from isolated joints

Fundamental research includes:
- Greenwood-Williamson, stochastic, fractal (surface roughness)
- Non-linear normal and tangential contact equations
- Modelling epistemic and aleotoric uncertainty

Damping in the design phase
- Motors
- Bolted joints in cylinder, gearbox, etc.
- Seal systems

Other major problems to be considered:
- Uncertainty description of assembled structures

15



- Bolted joint damping layers

- Control Problems

- Brake dynamics

- Brake squeal/ nonlinearities in brake systems

- Implementation in commercial software

- Model order reduction

- Non-linear stability analysis/limit cycle calculation

- Is Coulomb friction sufficient?

- Failure of joints — Derivation of design rules, monitoring

- Multiscale systems — structure of interface dynamics, scales may interact

Funding is provided by
- FVV
- DFG (German Research Society)
- Research groups
- Industrial transfer (NSF 50/50)

Grand Challenge: measuring microslip inside the contact patch.

Why not leverage work in other fields? Earthquake and techtonic slip modelling has developed
higher order friction laws. Can we learn anything from these? One example of an improved
approach is the use of a bristle model based on asperity dynamics to represent friction.

5. Flight systems/satellites/weapons

One new focus area for this area of work is tape joints
- Modelled as softening Duffing oscillators
- However, the structure can evolve through testing

The key idea for modelling is to supplement high fidelity FEA with small scale tests. This
requires us to isolate key effects for study in experiments.

Issue of epistemic (e.g. model form error) and aleatoric (e.g. parameter based) uncertainty.
Uncertainty model should be included early on in an analysis so that it is directly incorporated
throughout the results.

Having a model is not enough. The ultimate goal is to have a model that can be used. What use
is something if it results in simulations that are so computationally expensive that solutions to
real problems become impractical? For instance, Iwan models are a great first pass, but between
the parameters needed, computational time, and difficulty implementing, they’re not being
adapted even by our own analysts.

Grand Challenge: We need to predict and design joints to do what we want them to do.

Instead of being a source of uncertainty, the ultimate goal is to be able to use them to
condition and improve the dynamics of a system.

16



6. Vibrations/Turbine engines

Imperial College London
Analytical research problems include
- Friction contact elements
- Bifurcation and instability
- GUI
- Application to aircraft engine: methodology, response behaviour
- Validation

Nonlinear structural damping problems include
- Engine components
- Rotating and stationary systems

Measurement techniques include
- Large amplitude excitation
- Data processing
- Novel test methods

Robust prediction methods are needed given
- Macro-level responses
- Variability of joints
- Contact conditions unknown

The ultimate goal is to predict the overall dynamic response and the effect of a joint on a
system’s stiffness and damping

A second goal is to design intolerant joints, taking into account
- Manufacturing tolerances
- Wear
- Damping

Likewise, simulation and modelling efforts must be
- Fast and reliable
- Able to serve as criteria for effective joint design

A major challenge is non-linear friction joint validation

University of Torino
The focus of their research is developing models and software to study
- Contact mechanics and tribology
- Turbine and gear dynamics
- Damping and wear assessment
- Damper mechanics

17



- Contact modelling on rotating components

If we can improve the predictive power of models, then we can reduce the amount of testing that
IS necessary

Their other major thrust is in the validation of contact models

Funding:
Discussions within institutions
Government/industry partnerships
- Fiat
- GE
- Avio
- Turbogas & Steam
-  ANSALDO
European projects

7. Uncertainty Approaches to Joints and Interfaces
There are two major classes of uncertainty that must be considered:
Epistemic uncertainty — when the model doesn’t match the physics despite tuning.

Aleatoric uncertainty — parameter based uncertainty or uncertainty due to variations in part
parameters.

We need to start thinking about building models while simultaneously including
uncertainty. It does not make sense to subsequently add uncertainty.

To do this, variables need to be defined stochastically instead of deterministically.

18



Discussion of Strategic Themes
August 17, 2012, Morning Session

From August 16™’s afternoon’s activities, each focus area presenter was asked to produce a list
of the three most important elements (short and long term) to make progress in their focus area.
Those elements are recorded here.

1. Institutional Structure and Vision
How do we define a Grand Challenge?

1. Discuss with stakeholders
2. Define deliverable date, e.g. deliver report at next IDETC on progress/actions

Proposed Grand Challenge:

Cost benefit of reducing the weight of a joint
- Cost of joint failures
- Time to design
- Opportunity cost

Produce a statement of mission goals of the research group

2. Fatigue and Contact Mechanics

2-1. Measurement of contact stiffness
- How can it be measured?
- Understanding techniques

2-2. Variability in joints
- Frictional shakedown
- Dependence on initial conditions

GRAND CHALLENGE
2-3. Mechanisms of friction
- What causes energy loss?
- What are the relevant length scales?
- This type of problem cannot be solved by us alone; we must involve experts/insights
from other fields
- We want an understanding for an engineering perspective based on detailed
scientific study
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2-4. Extending modeling scope
- non-metallics, e.g. rubber, gaskets
- thermomechanical contact problem

3. Physics-based/data driven modelling

3-1. Interface mechanics modeling
- bridging multiscale, temporal and spatial

3-2. Variability and uncertainty
- stochastic modeling

3-3. Proceed in both directions of modeling
- top-down
- bottom-up
Different levels to consider:
Atoms — Grains — Asperities — Waviness — Contact Front — Contact Patch — Interface - Structure

4. View from Germany

4-1. Derive constitutive equations based on physical parameters
- Hardness
- Asperity distributions
- Surface chemistry
Parameters are independently measureable

4-2. Compare models (simulations) of the same hardware using different measurement
techniques:

- Optoelectronic, etc.

- Transient, steady-state

Avre lap joints the best specimen to perform benchmarking studies?

- ball-on-flat

- dovetail

4-3. Compare non-local with local friction descriptions, (local - Coulomb, non-local - bristle
model)
- Grand Challenge: Can we predict the coefficient of friction based off of the material
properties and geometries?

4-4. Compare the performance of passive, semi-active, and active joints.

5. Flight systems/satellites/weapons
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5-1. Bottom-up approach to modelling structures
- Better ways to parameterize models
- Better ways to implement in FE models
- Better joint models (higher dimension)
- Enlarge catalogue of existing models

5-2. We need to engage analysts, and to differentiate between research tools and production tools
We shouldn’t come up with models in a vacuum and not think about how to implement them.
We need to engage code/software developers, and eventually companies too.

5-3. How do we model joints in the absence of experimental data?

5-4. Engage the broader community
- Industry
- Funding agencies
- Code developers (we should begin the integration of theory and codes at an earlier stage)
- Panel discussion at symposium comprised of code developers

6. Vibrations/Turbine engines

6-1. Toolkit for modeling
- Experimental and analytical
- Hierarchical

GRAND CHALLENGE

6-2. Develop prediction tools to design joints to perform “optimally”

We want to predict and design joints to do what we want them to do. Instead of being a source
of uncertainty, the ultimate goal is to be able to use joints to condition and improve the dynamics
of a system.

7. Uncertainty Approaches to Joints and Interfaces

7-1. Get data!
A simple benchmark structure is needed. Data are structure dependent:
- Load
- Displacement
- Time histories
- “Slip”
- Part-to-part
- Assembly/disassembly
- Yield predictions of uncertainty

7-2. We must reassess deterministic modelling
Put uncertainty into such models and identify where uncertainty analysis is necessary
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7-3 How do you discover model form error?
- Hierarchical constitutive models, enforce thermodynamic consistency

7-4 Can we use uncertainty principles to guide modelling techniques?
- Sensitivity analysis (no data required)
- Uncertainty (requires data)
Reducing order of model through such analysis

(see Michael Hanss “Applied Fuzzy Arithmetic™)

Another central question is ‘Is epistemic error hidden by aleatoric uncertainty when we compare
nonlinear models?” In order to assess this, we need to look at large, complex structures that
people are using linear models to represent joints. How are the results affected when we
consider joint models, and when we incorporate parameter variation? Do we have an issue that
the missing physics in the model negates the advantage of using supercomputing, or does
aleatoric uncertainty dominate the variation in the results?
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Challenges, Joints Workshop 2012

Out of the discussions of requirements to make progress in our focus areas, a new set of
challenges has been developed. This is the principle outcome of the Joints Workshop. Each of
these challenges is associated with a set of deliverables. The challenges are listed here.

1. Round Robin/Benchmark Exercise for Hysteresis Measurements
(Ewins, Nowell, Gola, Eriten, Schwingshackl)

December 2012 — Define scope, hardware, measurement technique

April 2013 — Mid-year progress report

September 2013 — Report results

2. Round Robin/Benchmark for Measurement/Prediction of Dissipation in Standard
Joints

(Jacobs, Goyder, Gaul, Ind, VVakakis, Allen, Eriten, Harris, Segalman)

December 2012 — Define scope, hardware, measurement technique

April 2013 — Mid-year progress report

September 2013 — Report results

3. Methodology to Quantify Cost Benefits of Improved Joint Design
(Brake, Goyder, Ewins, Reuss, Schwingshackl, Allen)

December 2012 — Draft delivery

4. GRAND CHALLENGE - Define Mechanisms of Friction (Interface Mechanics)
(Nowell, Brake, Eriten)

January/February 2013 — “Green” paper

5. Modeling Non-Metallics
(Gaul, Goyder, Petrov)

February 2013 — “Green” paper

6. Multiscale Modeling Framework
(Eriten, Masud, Petrov)

February 2013 — “Green” paper

7. Definition of Variability and Uncertainty (linked to Round Robin Challenges 1 and 2,
also address how to model in the absence of experimental data)

(Mignolet, Starr)

January 2013 — Framework for data/criteria
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8. Epistemic and Aleatoric Modeling
(Segalman, Bergman, Brake, Vakakis, Willner)

January 2013 - Problem definition

9. Time Varying Model Parameters, Modeling and Experiment “Surface Chemistry”
(Dini, Medina, Eriten, Schwingshackl)

April 2013 — Problem definition, including scales, wear, meeting at ISFF7

10. The Derivation of Constitutive Equations Based on Physical Parameters (including
measurement of spatial dependence of key physical parameters)

(Gaul, Hoffmann, Starr, Mayes)

January 2013 — “Green” paper

11. Eventual Implementation of Prediction Methods in Commercial Numerical Codes
(Brown, Goyder, Petrov, Brake)

January 2013 — “Green” paper

12. Develop Statement of Mission and Workshop Report
(Ewins, Bergman, Starr)
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Joints Workshop Contact List — September 2012

Dr. Matthew S. Allen

Assistant Professor, Department of Engineering Physics
University of Wisconsin-Madison

535 Engineering Research Building

1500 Engineering Drive

Madison, W1 53706

Tel: 608-890-1619

Mobile: +001 505-615-1793

msallen@engr.wisc.edu
http://silver.neep.wisc.edu/~msallen

Dr. Edward J. Berger

Associate Dean for Undergraduate Programs, and

Associate Professor, Department of Mechanical and Aerospace Engineering
School of Engineering and Applied Science

University of Virginia

Charlottesville VA 22904

office: +1 434-924-6326

Fax: 434.924.0702

berger@virginia.edu

Professor Lawrence A. Bergman
Department of Aerospace Engineering
University of Illinois at Urbana-Champaign
104 South Wright St.

MC-236

321E Talbot Laboratory

Urbana, IL 61801

Tel : 217-333-4970

Ibergman@illinois.edu
http://www.ae.illinois.edu/people/faculty/bergman.html
LNDVL: http://Indvl.mechse.illinois.edu

Matthew R. Brake, Ph.D.
Component Science and Mechanics
Sandia National Laboratories

P.O. Box 5800, MS 1070
Albuquergque, NM 87185-1070, USA
+1 505 284 3351 (voice)

+1 505 844 3278 (fax)
mrbrake@sandia.qgov
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Daniel Brown

DSE/SED/Structural Dynamics

AWE, Aldermaston, Reading, RG7 4PR
Direct: 0118 98 27570
Daniel.Brown@awe.co.uk

Brandon Deaner
University of Wisconsin — Madison
bdeaner@wisc.edu

Dr. Daniele Dini

Senior Lecturer

Department of Mechanical Engineering (Room 696, Tribology Group)
Imperial College London

Exhibition Road, London SW7 2AZ

Tel.: +44 (0)2075947242,

Fax: +44 (0)2075947023,

Email: d.dini@imperial.ac.uk

URL: www.imperial.ac.uk/people/d.dini

Melih Eriten

University of Wisconsin — Madison
2039 Mechanical Engineering Building
1513 University Ave.

Madison, W1 53706

Tel: +1-608-890-4899
eriten@engr.wisc.edu

David J Ewins FRS FREng FCGI
Professor of Vibration Engineering
Imperial College London

South Kensington Campus

London SW7 2AZ UK

t. +44 208 594 7068

m: +44 7785 256929

e: d.ewins@imperial.ac.uk

Al Ferri, Ph.D.

George W. Woodruff School of Mechanical Engineering
Georgia Institute of Technology

Atlanta, GA 30332-0405

Tel: 404-894-7403

Fax: 404-894-8496

al.ferri@me.gatech.edu

http://www.me.gatech.edu
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Robert Flicek
University of Oxford
robert.flicek@eng.ox.ac.uk

Dr.-Ing. Lothar Gaul

Director Institute of Applied and Experimental Mechanics (IAM)
University of Stuttgart

Pfaffenwaldring 9

70550 Stuttgart Germany

gaul@iam.uni-stuttgart.de

Prof. Muzio Gola
Politecnico di Torino

corso Duca degli Abruzzi 24
10129 Torino; Italy

m: +393355304868

f: +390110906999
muzio.gola@polito.it

Hugh Goyder

Cranfield University

Defence Academy of the United Kingdom
Shrivenham

Swindon

SN6 8LA, UK

Tel: +44 (0) 1793 785122

Mob: +44(0)7804 252770
h.g.d.goyder@cranfield.ac.uk

Wes Harris

System Dynamics Test and Analysis
Rolls-Royce Corporation

450 South Meridian Street

Office Speed Code MC-S2-02
Indianapolis, IN 46225-1103

Phone: 317-230-6903
wesley.harris@rolls-royce.com

David Hills

Department of Engineering Science,
University of Oxford,

Parks Road

OXFORD

OX13PJ

Tel +44 1865 273119

Mob 07704325844
david.hills@eng.ox.ac.uk
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Philip Ind

Structural Dynamics, Engineering Analysis & Test Group
AWE, Aldermaston, Reading, RG7 4PR

Direct: 0118 9826970

Philip.Ind@awe.co.uk

Laura Jacobs, Ph.D.

Experimental Environmental Simulations
Sandia National Laboratories

P.O. Box 5800, MS 0557

Albuquerque, NM 87185-0557, USA
+1 505 844 8521 (voice)
Idjacob@sandia.gov

Arif Masud

Professor, and Robert H. Dodds Faculty Scholar
Department of Civil and Environmental Engineering
Affiliate Professor,

Department of Aerospace Engineering,
Computational Science and Engineering,
Micro-&-Nanotechnology Laboratory

University of Illinois, 3110 Newmark Lab, MC-250
205 N. Mathews Ave., Urbana, IL 61801-2352
Telephone: (217) 244-2832

Fax: (217) 265-8039

E-mail: amasud@uiuc.edu

Website: http://cee.illinois.edu/faculty/masud

Randy Mayes

Experimental Mechanics/NDE
Sandia National Laboratories

P.O. Box 5800, MS 0557
Albuquerque, NM 87185-0557, USA
+1 505 844 5324 (voice)

+1 505 844 0078 (fax)
rimayes@sandia.gov

Dr. Simon Medina

Tribology Group

Department of Mechanical Engineering
Imperial College London

London, UK, SW7 2AZ

Tel: +44 (0)20 7594 7236
s.medina@imperial.ac.uk
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Marc Mignolet

School for Engineering of Matter, Transport and Energy
Arizona State University

P.O. Box 9309

Tempe, AZ 85287-9309

marc03@asu.edu

Professor David Nowell M.A., D.Phil., C.Eng., F.1.Mech.E., ILTM
Dept of Engineering Science

University of Oxford

Parks Rd

Oxford OX1 3PJ

Tel +44 1865 273184

Fax +44 1865 273906

david.nowell@eng.ox.ac.uk

Dr. Evgeny Petrov

Reader in Structural Dynamics

School of Engineering and Informatics
University of Sussex

Brighton BN1 9QT, United Kingdom
Tel.: +44 (0) 1273 872 537

Email: y.petrov@imperial.ac.uk

D. Dane Quinn

Department of Mechanical Engineering
The University of Akron

Akron, OH 44325-3903

330-972-6302

quinn@uakron.edu

Dipl.-Ing. Pascal Reuss

Institute of Applied and Experimental Mechanics (IAM)
University of Stuttgart

Allmandring 5B

70550 Stuttgart Germany

Tel: +49 (0) 711 /6 85-68166

Fax: +49 (0) 711 /6 85-68169
reuss@iam.uni-stuttgart.de
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Christoph Schwingshackl

Lecturer in the Dynamics Group

Room 565b, Mechanical Engineering
Imperial College

Exhibition Road

London SW7 2AZ

Tel: +44 (0)207 594 1920

Fax: +44 (0)207 594 1560

Email: c.schwingshackl@imperial.ac.uk

Dan Segalman

Multi-Physics Modeling and Simulation
Sandia National Laboratories

P.O. Box 969, MS 9042

Livermore, CA 94551-0969, USA

+1 925 294 2734 (voice)

+1 925 294 1459 (fax)
djsegal@sandia.gov

Michael Starr

Component Science and Mechanics
Sandia National Laboratories

P.O. Box 5800, MS 0346
Albuquerque, NM 87185-0346, USA
+1 505 284 9614 (voice)
mjstarr@sandia.gov

Dipl.-Ing. Bernhard Stingl

Hamburg University of Technology
Institute of Mechanics and Ocean Engineering
Eissendorfer Strasse 42

Room 0517

D-21073 Hamburg

Germany

Tel.: 040/42878-2702

Fax: 040/42878-2028

URL: http://www.mum.tu-harburg.de/
bernhard.stingl@tu-harburg.de

Jenny Stroud

Directorate of Systems Engineering
AWE, Aldermaston, Reading, RG7 4PR
Direct: 0118 98 54178
Jenny.Stroud@awe.co.uk
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Pablo A. Tarazaga

Assistant Professor

Center for Intelligent Material Systems and Structures
Department of Mechanical Engineering

309 Durham Hall, MC 0261

Virginia Tech

Blacksburg, VA 24061

Phone: 540 231-2906

Fax: 540 231-2903

pablotarazaga@vt.edu

Liu Tong
Politecnico di Torino
Italy
tong.liu@polito.it

Alexander F. Vakakis

W. Grafton and Lillian B. Wilkins Professor,
Department of Mechanical Science and Engineering
Affiliate Professor,

Department of Aerospace Engineering

University of Illinois at Urbana - Champaign

3003 Mechanical Engineering Laboratory

1206 W. Green Str.

Urbana, IL 61801

Tel. (217) 333-3048 (O)

Fax (217) 244-6534

E-mail: avakakis@illinois.edu

Home page: http://www.mechse.uiuc.edu/faculty/avakakis
LNDVL: http://Indvl.mechse.illinois.edu

Weidong Zhu, Ph.D.

Professor

Department of Mechanical Engineering
University of Maryland, Baltimore County
1000 Hilltop Circle Baltimore, MD 21250
Tel: 410-455-3394

Fax: 410-455-1052

wzhu@umbc.edu
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3. PRESENTATIONS

1. Workshop Agenda
M. J. Starr

Third International Workshop on Joint
Mechanics
August 16-17,2012
Hyatt Regency, McCormick Place
Chicago, Ill, USA

Workshop Agenda

Thursday, August 16th, 2012
Location: Hyatt Regency Hotel, McCormick Place, Meeting Suite 4

0900  Welcome andintroduction to the workshop
0915 Introduction of all paricipants
0930 Review of Workshop 2 outcomes —Actions and Challenges

1030 Coffee

1045  PostWorkshop 2 activities, continued

1115 Reporton ASME Research Committee, including mission, membership,
and subcommittees

1200 Owerview of Workshop 3 Objectives

1215  Lunch
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Workshop Agenda

Thursday, August 16th, 2012
Location: Hyatt Regency Hotel, McCormick Place, Meeting Suite 4

1330

Presentations and Discussion of Strategic Themes

Objectives: to identify the majorresearchthemesforthe next 5-10vyears and

1630
1700

the groups and networks pursuing them; to define formatfor Workshop
3 RoadMap

Fatigue and Contact Mechanics (David Hills and David Mowell)
Physics-basedidata driven modeling (Melih Eriten)

Wiew from Germany (Lothar Gaul and Bernhard Stingl)

Flight systems/satelitesiweapons (AWE/Sandia)

Vibrations/Murbine engines (Muzio Gola and Christoph Schwingshackl)
Incertainty Approaches to Joints and Interfaces (Marc Mignolet)
Institutional Structure and Vision (Alex Vakakis)

Review outcome of Day 1 discussionsand Agenda for Day 2
Cloze

Workshop Agenda

Friday, August 17th, 2012

0830
0ss0

1015

1030

1130

1230

Review planfor Day 2 and specifictarget(s)

Define major application needsicurrent and proposed research
themesiresearch groups and networks

Coffes

Define Actions & Challenges 2012

Assignments oftasks forimplementation of Actions and Challenges
2012

Close
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2. Introduction

M. J. Starr

Third International Workshop on
Jointed Structures

16 — 17 August, 2012
Hyatt Regency, McCormick Place
Chicago, lll, USA

An Introduction

Qutcomes of the First Workshop

Arlington, Virginia, 16-18 October, 2008

This warkshop attempted to identify each of the compaonent technaologies that
touch on dynamics of jointed structures and then to draw the relevant
connections amongthose technologies.

Relevant phenomena span scales from nanometers to the lengths of
structures. A significant conclusion at the end of that workshop was that
the range of length scales and the physics and chemistry that dominate
at each scale made it unlikely that those scales could be coupled in a
rigorous mannerinthe near future.

This conclusion was first prompted by the observation that paricipants
could address modeling issues either at the extremely small scales
(atomistic-nano) or scales moderately large (asperity and up), but there
were no clear strategies to bridge those scales. The difficulty seems to be
that analysis at each scale requires consideration of physics and
chemistry that dominate at that scale and that there are many discretely
defined scales between the small and large scales that that remain to be
addressed.
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Qutcomes of the Second Workshop
Darington Hall, Totnes, Devan, UK, 26 -28 April, 2009

This waorkshop emphasized topics more on the macro- and meso-scales,
where coupling through the relevant length scales becomes maore tractable.
Focus on these larger length scales resulted in identification of several core
issuesandthe development of strategies to address them.

Caonsistent with the above, invited talks and breakout sessions focused on the
following themes:

*  Theme A concerns the engineering end-user needs for better predictive
models of joints. It concerns the need for better understanding and
thearetical modelling of the various friction phenomena which ultimately
determine the mechanical characteristics of 50 many joints in engineering
structures of all types. It also concerns the potential future benefits that
might result from an improved prediction cap ability, such as the design of
much more effective joints, and much more repeatable ones.

Outcomes of the Second Workshop
Dartington Hall, Totnes, Dievan, LK, 26 -29 April, 2008

*  Theme B represents a critical and comprehensive assessment of our
current capabilitiesinthis general area. Theoretical, numerical and
experimental techniques allow us a degree of control over the joints that
we design and use today, but they are still far fromideal, or from the
levels of predictability that apply to the components which are assembled
by usingthe joints of currentinterast.

«  Theme C includes thevarious recent developments and ideas for future
methods which will eventually allow us to deliverthe predictive modelling
and design capabilities to make the joints ofthe future exactly what we
wantthemto be: repeatable, efficient, with stiffness and damping

performance characteristics as desiredto optimize the dynamics ofthe
stricture of which they form part.
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3. Actions and Challenges from the 2009 Workshop

M. J. Starr

Third International Workshop on
Jointed Structures

16 — 17 August, 2012
Hyatt Regency, McCormick Place
Chicago, lll, USA

Actions and Challenges, 2009

Actions and Challenges, 2009

During the last session of the Workshop, there was a discussion seeking to
distill the essential issues and topics which would emerge as the main items
defining the new Road Map for the subject. The resulting list divides into 2
sets —Actions and Challenges.

The Actions are tasks that are essentially short-term goals deemed to be
necessary in order to consolidate the foundations of the subject to provide a
sound basisforfurther research.

The Challenges are much mare substantial tasks, each requiring several
man-years of research effort, whose objectives are to maove the whaole subject
an to a new level of technical competence, heading to the ultimate goals of
the ability to model, and to predict the dynamics of mechanical joints and
thereby to design structures with optimum dynamic properies — including
thosewhose dynamics are actively controlled by the joints themsees.

In many cases, offers of leadership of the tasks were recorded as were
expressionsofinterestin participation.
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Actions, 2009

1. Terminology &Vocabulary (Segalman; Bergiman)
2. DevelopHills Chart (Dinf ; Berger)
3. Classification of Standard Joint Types (Hills; Vakakis; Stairr)

4. Classification/Cataloging of
(a) Mon Linearity ID Methods (Vakakis)
(b) Modelling approaches (Polycarpou; Quinm
(c) Measurement methods (Nowell; Bergmarn; Akay)

5. Benchmark current computation multi-scale methods against analytic
solutions (Masud: Laursen; Quinm

6. Create a formal Joints Modelling Metwaork {or Community) with more
frequentand regular contacts (this was expressed emphatically); meetings
at relevant conferences; warkshop series,... Wiki. Joints Chatroom

(Ewins; Segalman; Nowell: Bergman, Gaul, Green; Surampudi: Diri; Quinm)

Challenges, 2009

1. Round Robin/Benchmark Exercise for Hysteresis Measurements (Ewins;
Mowell; Gola; Polycarpou; + possibly Epsion(Techinion))

2. Round Robin/Benchmark farfMeasurementPrediction of Dissipation in
Standard Joints (Leming, Govder, Gaul; Ind; Vakakis)

3. Repeatability (measurement-to-measurement) and YVariability (unit-to- unit)
Issue: needto be ableto distinguish between, andto greatly improve
performance in both aspects (i.e. design of better, more repeatable joints)
(Leming; Goyder; Gauwl; Ind; Polycarpow; Farris; Mignolef)

4. Frameworkfor Multi-Scale Modelling (Masud, Dini: Nowell )
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Actions and Challenges Results

Action 1

Terminology and Vocabulary
1. States of slip

{a) Macro-slip: the situation that exists whenloads on a joint cause all of
the contact patch to be in a state of slip.

(b) Partial-slip: the situation that exists when loads on a joint cause some,
but nat all, of the contact patch to be ina state of slip.

(c) Micro-slip: the situation that exists when loads on ajoint cause a
small fraction (=1/1000) ofthe contact patch to be in a state of slip.
Afternatively, the situationthat exists whenloads on a jointcause
sucha small fraction ofthe contact patch to be in a state of slipthat the
interface stiffness is independent of load.

2. Resonance Tests
(a) Forced Resonance Testing: experiments where a dynamic system

including ajointed specimen is driven by a steady (or guasi-steady)
ascillatory force.
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Action 1

Terminology and Vocabulary
2. Resonance Tests, cont'd

(b} Ring-Down Testing: experiments where a dynamicsystemincluding
a jointed specimenis subjecttotransientinitial conditions and datais
collected from subsequent decaying signal.

3. Cluasi-static Tests

(a) Ratchet-Testing:
(b) Break-Free Testing: dynamic or quasi-statictests designed to identify
the farce necessarytoinitiate macro-slip.

4. Scales

{a) Nano-scale: referringto structures ormechanismsthat occur on
length scales of 1-100 nanometers.

Action 1

Terminology and Vocabulary
4. Scales, cont'd

(b} Micro-scale: referringto structures ormechanismsthat occuron
length scales of 1-100 microns. Afternatively, referring to structures
ar mechanisms thattake in regions of a problem that are on the order
of 11000th ofthe dimension ofthe overall problem. Generally, an
analysis which involves many degrees over a contact patch will be
considered a micro-scale investigation.

{c) Meso-scale:the length scale of the contact patch.

(d) Macro-scale: The length scale ofthe full structure.
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Action 2

“Hills™ Chart
Increasing Understanding

ajeas yjfua Guisealoaq

Action 3

Classification of Standard Joint Types

1. Centact Classification

The two most frequenthy cccuming joints in a classical categorisation are ‘incomplete” and ‘complete’,
which have the following relevant characternistics:

Incomplete contacts. At least one of the two bodies is convesx, and the contact patch is usually small
compared with the radivs of curvature. The contact pressure falls smoothly to zero at the contact
edges and, in almost cases a “hal-plane” formulation may be used. If, in addition, the bodies are
made from the same material, the mormal and shear aspects of kbading are uncoupled, so that
shearing effects do not medify the contact pressure distribution and vice versa. Equally, because
the contsct pressure falls to zere st the edges, there can be no residual interfacial shear stress
adjacent to the edges so that the contact cannot, except for special proportionabloading trajectonies,
achieve a frictions] fully shaken down stste ({the ‘shakedown limit" & formally zero load). It follows
that all incomplete contscts subject to oscillatony shear will dissipate frictional energy, although the
steady state dissipation will usualhy be smaller than the initial transient guarter cycle, because some
residual shearing tractions will develop and hence the stesdy-state stick zone size will normalhy be
bigger than the initial one. In principal, there could exit incomplete contact problems where half-
plane (space) theons will not apply. These will be coupled wnless the domains constiuting the two
bodies are the same, a= well a5 being made from the same material. One can conceive of cartain
exceptions to these guidelines; for example, ¥ we have torsional contact between, say, a spherical
component and a flat, they would not need to be made from the same material to maintain a lack of
coupling, because the effect of "shear (torsion) would be to induce only a thets-direction
displacement.
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Action 3

Classification of Standard Joint Types

1. Contact Classification, cont'd

Complete contacts. These have the characteristic that the edges of the contact are defined by a
discontinuity in the suface profile gradient. This makes it impossible to use a hal-plans formulation,
and therefore to obtsin a fully analytical solution to the problem. Ususly one would use the finite
element method (or perhaps the BEM) to solve the contact problem, but recently, we have had a lot
of success in using wedge theory to sort out what happens at the contact edges which are often of
the most relevance  This ‘eigenfunction expansion” imposes a lot of conditions on what might
possibhy arise at the edges and can establish the cosfficient of friction for the aveidance of all slip
anshytically even in the sbsence of 3 full numerical solution. Importanthy in most circumstances the
contact faces remain pressed together owver their entire length throwghout the histony, and hence a
fully shaken down frictionally adhered state may be achieved. Further, because the domains of the
two bodies are different there is always coupling between mormal and shear leading. Barber has
recenthy shown that this means that the Melan shakedown theorem cannot be applied [We usualky
think of Melan's theorem as implying °If t can shake down, it will, but in the case of these contacks
Barber's work simphy says that 1f it can shake down, it might’. What determines whether it will or not
is going to depend on the nature of amy pre-existing residual stresses and therefore on things like
bolt-tightening seguences or manufacturing errors. This is yet to be studied in detail, and systematc
studies of example problems are nesded).

Action 3

Classification of Standard Joint Types

1. Contact Cla=ssification, cont'd

These are not the onby kinds of contacts, but the nomenclature for the others is not fully refined.
‘Receding’ contacts were fist studied by Dundurs thirty years ago and arise typically when a punch
iz pressed into a relatively thin plate. They are thersfore veny relevant to lap joints with clamped,
bolted fiodings. They have the charactenistic that the contact, at the lightest leads, jjumps” to a much
smaller value than the initial one. They are cetainhy usually coupled (although maybe in some
symmetrcal configurations this may be absent) which has implications fior the application of Melan's.
theorem, but they have not been extensively investigated. It was noted, more recently; than there
are other kinds of contacts which do not jjump® but receds monotonically with increasing lead — for
example an over-sized disk in a hole — but this may have limited relevance to joints.

There is a further kind of contact we have started to look at recently, which may have some relevance —
this is when the contsct patch & defined by both bodies. For example, when two semi-infinite strips
are pressed together end-to end (this is not unlike two symmetrcal flanges of the same size). Here,
our veny preliminany investigations have shown that the application of a shearing force causes slip to
initiate from an interior point and progress towards the edges. On the other hand, ¥ two semi-infinite
oylindars of the same radius are pressed end-to-end and twisted, slip starts at the outside first and
progresses inwards. Thess are still veny preliminany investigations.
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Action 3

Classification of Standard Joint Types

1. Contact Classification, cont'd

General remarks. The most important aspect of these classes of contact of relevance to our current

Z

concems is the repeatability of the behaviowr of the contact It is useful to know that uncowpled
contscts are expected to show repestsbility because Melan's theorem doss apply - although, i
does not, of course, follow that all uncoupled contacts will shake down. In fact, that B extremely
unlikehy for the reasons set out earlier, but their behaviowr is likely to be consistent, and this B
experimentaly obsenved. They do "shake down™ but not to a fully adhered state — only to one in
which the stick zone is stable in size and independent of amy initial disturbances. On the other hand,
we now have good grounds for believing that coupled contact problems will not, generally, obey the
Melan theorem, and this could egplsin the observed lack of repeatability. Veny small differences in
an assembhy — order to tightening of bols, manufacturing differences — which have no visible effect
may modify significantly the stating point for the development of residual shearing tractions and
hence, also, the end point.

Joint Classification

In perhaps the majority of designed enginesrning interfaces (especially those for structural applications),

the transfer of koads from adjacent components occurs across conformal interfaces. Two major
subclasses of conformal enginesring joints are described below:

Lap Joint. A joint created by overlapping two or more pieces of maternial. The bond on the connecting

z

interface may be made with an adhesive or weld to create a nominally continuous interface or
through 3 means of clamping the individual pieces together with 3 bolt or other attachment which
uses 3 preboad to limit the relative displacement of the contacting interfaces.

Action 3

Classification of Standard Joint Types

Jwint Classification, cont’d

However, under the consideration of surface features and microscopic details, the local regions of true

contact should be considered to be of the lincomplete” type of contact The most common modes of
attaching the lapped matenials are through an adhesive layer, by weling, or through a boled
connection. It is typicaly assumed that the use of adhesive layers and welds provides a continuous
interface betwsen the two joined materials, but there exists ample evidence that incomplete bonding
and crack growth lead to nonlinear response of the interface when subjected to dynamic loading.
The attzchment mode of great interest in structural dynamics applications is that of the bolted joint,
which appears in numercus different configurations such a= the discrete single bolt attschment or
the distributed bolted flange ring. The response of the bolted lap joint can further be parameterzed
in many ways, including: thickness of connected flanges, use of washers, bolt preload, ate.

Distributed Circumferential Contact. This joint is designed to connect two or more pieces of material.

The interface is designed to employ the interlocking of continuous sufaces to clamp opposing
contacting interfaces together. The interlocking may tske the form of a rotated contineous inclined
plane (such a= a screw thread), or opposing inclined planes (such as a tape jeint to connect
axisymmetrc shells) and refies on inteference and friction to maintsin contact This type of
enginesring interface can be considered to be of the ‘complete” type. These type of connections are
designed to be extremely stiff in the axial direction, as the direction is aligned with the normal to
contact or inteference. However, the tape joint, in particular, may be susceptible to failure when
subjected to obligue loading.

There are many other types of enginesring joints that do not fall under the conformal classification.

These jointsfinterfaces are often used to ensble lin2ar or rotational motion such as races and
bearings, which should be considered a ‘complete’ kind of contact.
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Action 4

Classification/Cataloguing of Modeling Methods and Approaches

Action 5

Benchmark Multi-Scale Methods against Analytic Solutions
Remarks on Computational Simulations of Mechanical Joints

. Twao major approaches for simulating mechanical joints are being
pursued by the engineering community: malecular dynamics and
quasicantinuum.

. Atomistic calculations can reproduce the local physical processes of
contacting interfaces atthe nanoscale quite well, and simulations
correlate well with experiments [14,8].

. However, molecular dynamics simulations can anly be scaledup
aboutthree to four arders of magnitude, making structural-level
calculations on current computing platforms impossible.

. Techniques to couple molecular dynamics and continuumlevel
formulations are currently underinvestigation and are not without
major hurdles [13].

. Quasicontinuumapproaches are the more well-established
alternative that seekto accountfor microscale behaviorthrough
effective constituentmodeling [12].
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Action 5

Benchmark Multi-Scale Methods against Analytic Solutions

Remarks on Computational Simulations of Mechanical Joints

singthe finite element method as the continuum approach, various
constitutive madels for contacting surfaces have been incorporated to
some degree of success[3,2].

Finite elementtechniquestraditionally rely on springs, node-to-
surface projection, or mortar methods to freat the discrete contact
conditions; onlythe latter have made significantin removing mesh
biasing and solving finite strain problems consistently [7,8].

The approach adopted by Masud and cowarkers utilizes the
Discontinuous Galerkin methodto enforce the contact constraints,
which provides consistent numerical flux terms inwhich constitutive
interface models can be embedded[5,10].

The physics-based modelsforfriction embeddedinthe
Dizscontinuous Galerkin formulation are derived from a statistical
approachthat accounts for local mechanical/material properiesto
avoid ad-hoctuning coefficients [10]; further refinements onthe
maodels allow for a problem-dependent coefficient of friction [1].

Action 5

Benchmark Multi-Scale Methods against Analytic Solutions

Remarks on Computational Simulations of Mechanical Joints

The computational formulation is enhanced by the Variational
Multiscale method, which provides stabilityto the domain and
contacting interfaces as well as a mechanismfor estimating the
discretization errorin computed solutions [6]; accurate estimations of
error distribution provide a measure of confidence inthe results.
Although not pursued inthe current work, the Variational Multiscale
method can serve as a platform for bridging physical scales, such as
the modeling of microstructural defects within a macroscale
continuum maodel [4].

The robustness ofthe Discontinuous Galerkin method for solving
dynamicfriction problemis currently underinvestigation [11].
Basedon current tfrends, guasicontinuum approaches show greater
promise of accurately embedding micromechanical frictional behavior
into structural system models.
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Action 5

Benchmark Multi-Scale Methods against Analytic Solutions
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4. Strategic Themes
M. J. Starr

Third International Workshop on
Jointed Structures

16 — 17 August, 2012
Hyatt Regency, McCormick Place
Chicago, lll, USA

Strategic Themes

Strategic Themes

Objectives: to identify the majorresearchthemesforthe next 5-10vyears

Brief introductory remarks (10-15 minutes) on yourresearch focus area.
We would like to initiate discussion relatedto your focus areawhile
addressingthe overarching question: How does this areafit into the larger
research community? It is desiredthatyour prepared remarks be more than
simply addressing your current research, but should be strategicin content.
Faor instance: enumeration of whatwe cannot now do well with respectto
joints. Some basic questionsthatyou might consider discussing are:

1. What arethe important problemsin your area?

2. How doyou decide which problemsyou take on?

3. Who will be the enduser of the results of your work?
4 How dovyou get funding?

10-15 minute group discussion aboutthis topic area. After discussion, for
tomorrow's activities focus area presenteris asked to produce list of
three most important elements (short and long term) to make
progress in your focus area.
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Strategic Themes

Objectives: to identify the majorresearchthemesforthe nexd 5-10vyears

Institutional Structure and Vision (Alex Vakakis)

Fatigue and Cantact Mechanics (David Hills and David Mowell)
FPhysics-basedi/data driven modeling (Melih Eriten)

Wiew from Germany (Lothar Gaul and Bernhard Stingl)

Flight systemsisatellitesfiweapons (AWESandia)

Yibrations/Murbine engines (Muzio Gola and Christoph Schwingshackl)

Lincertainty Approaches to Joints and Interfaces (Marc Mignolet)

5. The ASME Research Committee on the Mechanics of Jointed
Structures

Third International Workshop on
Jointed Structures

16 — 17 August, 2012
Hyatt Regency, McCormick Place
Chicago, lll, USA

ASME Research Committeeonthe
Mechanics of Jointed Structures
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ASME Research Committee on the Mechanics of
Jointed Structures

Cne particular Action 6 has resulted in a well received proposal to create an
Research Group within the ASME Board on Research and Technology
Development (BRTD).

The purpose ofthis groupis:

1. to facilitate inter-institutional and intemational collaboration in joints
research efforts.

2. to promote standardization of nomendature and procedures where it could
be found helpful.

3. to author and edit publications that advance the understanding of joints
mechanics issues.

4 to advance research into joint mechanics and dynamics of jointed
structures by development of a joints handoook. This handbook would be
built through the selection of authors and edtors to contribute to the
revision of the Sandia Joints Handbook to be something of continuing and

broad utility.

The ASME BRTD has approved such an ad hoc committee for the above
purposes and will consider a sustaining Joints Research Committee when it

meets inJune 2010,

ASME Research Committee on the Mechanics of
Jointed Structures

Activities and Directives

At a minimum the committee will establish awebsite through ASME that will
allow all interested committee members (emeritus, regular, and associate)
access to documents and information related to the committee. The
information available includes, butis not limited to: meeting minutes,
proceedings, monographs, handbooks, details about organized seminars,
workshops, symposia, and conferences. It was suggested that Ed Berger be
involved in administration of such a site.

The following subcommittees have been established: Administrative, Events,
and Publications.

The Administrative Subcommittee will be populated by the committee
officers and may alsoinclude a representative from AWE (e.g. Phil Ind).
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ASME Research Committee on the Mechanics of
Jointed Structures

Activities and Directives
The Events Subcommittee will be chaired by Dane Quinn. It is proposed

that other members ofthe subcommitee will be Daniele Dini and Andreas
Polycarpou.

The Publications Subcommittee will be chaired by Dan Segalman. It is

proposedthatEd Berger and Anf Masud also be invited to be members of
the subcommittee.

The Events Subcommittee has organized symposia atthe following
conferances:

McMAT, Chicago, June, 2011

IJTC, Los Angeles, October, 2011
IDETC, Washington, D.C., August 2011
IDETC, Chicagao, August2012

ASME Research Committee on the Mechanics of
Jointed Structures

What is the bestway to usethe ASME connection?
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Upcoming Conference Schedule

2012 2013 2014 2014
IDETC Portland Toronto Rome
4 — T Aug
IMECE Houston San Diego Montreal
§— 15 Nov 15 -21 Now
Applied Mechanics Beijing
Divizsion 19— 24 fug
Turbo Expo San Antonio Duszeldorf Montreal
3 -7 June 16 - 20 June | 15-15 June
STLEMJTC Denver
7—100ct
IMAC Garden Grove, CA Orlandeo, FL
11 - 14 Feb 3-6Feb
SEM Lombard, Il Greenville, SC
3-8 June Z2—4 lune

Which conferences are you likely to attend?

6. The Joints Handbook
M.J. Starr

: Sandia
J:.'r:'n‘.l'-“.r."--.'r.u.-.laI service in the national interesy ”wa|_

Labearatories

The MJS Research Committee

Joints Handbook
Presented to the ASME Research Committee on

Mechanics of Jointed Structures, 2012 Workshop Chicago

(7) ENERGY Nfsa N e o 34 m Sy e e oy L S 8 sl oo iy o v Ve

S, o L S e i e ey L e SIS LU L I R

|
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Goals () =

= Document current state of understanding and practice

= Facilitate standardization of practice in measurement and
calculation.

= Provide gateway into joints research, design, measurement, ...

= Help establish our committee as the key world-wide recourse
in this topic

About Sandia’s Joints Handbook (]

» Currently freely available

» hitp: e osti gov/bridee/product. biblio.jsp?ouery id=0&page=0&
osti id=1028891 E&Row=108&formname=hasicsearch.jsp

® hitpf e imperial acuk/workspace/medynamics/public/lointsCaH
andbook3bUU. pdf

®» Has serious limitations
* Focusisprimarily on Sandia’s interests —parochial

* Narrow, generally presents only one view an each aspect of problem
[constitutive modeling, finite element analysis, testing, ...

* Rapidly getting cut of date
* Ko SNL planfor sustainment

v Little audience appeal

‘
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T

Strategy @

Employ ASME’s interest in publishing such a document
Build on 5andia’s own joints handbook — if only as goal.

Develop a editorial board

e N

Recruit authors

T

Strategy — Element 1 @

» Employ ASME's publications department.
* They publish a number of handbhooks
* Have a recognized brand

* They have expressed interest in publishinga handbook from us

‘
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T

Strategy — Element 2 @

= Build on 5andia’s own joints handbook — if only as goal
* Employ, modify, and expand structure
* Create more balanced presentation
* Rewrite, expand, or replace existing chapters
* Develop chapters on important topics neglected by SNL handbook

T

Strategy — Element 3 @

» Editorial Board
* Populated by experts ineach aspectof jointed structures
' Interphase mechanics
* Constitutive modeling
* Experimental methods
" Structural dynamics, Modal analysis
* MNonlinear signal processing

* Recognized asan official component of this ASME Research
Committee

‘
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L

Strategy — Element 4 @

= Aythors
* pembers of this committee

* Nonmembers who would like to be honored by invitation towrite a
chapter

L

Timetable @

» Llet's try to assemble the editorial board before next year's
meeting

‘
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Appendix F=

» Table of contents of the Sandia Joints Handbook
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7. Institutional Structure and Vision
A. Vakakis

Institutional Structureand Vision

Alexander F Vakakis
Linear and Nonlinear Dynamics and Vibrations Laboratory
Department of Mechanical Science and Engineering
University of lllinois at Urbana — Champaign
www.Indvli. mechse.illinois.edu

[ll.l.“w!{'ll."i

Mechanical Joints: Unique Research Topic

*  Of interest to Academe
*  Of interest to Government
*  Of interest to Industry

Hence, unique opportunity fo work together in a very
complex set of problems both in basic and applied research.

In the process educate graduate and undergraduate
students, produce papers, address and provide solutions to
some of Industry’s problems, address some of
Government’s needs, promote mechanical joints research
as an important topic of research for society

El[l.l.l.\l[}l.‘i
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Mechanical Joints: Need (Sustained) Funding...

* To succeed inthis undertaking we need funding

* Fact of life: Otherwise, despite of our good intentions, for
many of us this research might not be a first priority

* The Institutional Structure should facilitate this

* We need to find ways to propose a long-term, flexible
research plan that could initiate a dialog

Mechanical Joints: Need (Sustained) Funding...
* Personal ideas:

Start by defining a set of benchmark computational and
experimental benchmark problems with the goal to involve
Academe/National Labs/Funding Agencies/Industrial Partners
in a common effort — Define these problems together with
industry and seek Industry's help in promoting them

This will provide a set of ‘real’, interesting and difficult
problems with the potential to drastically extend the state-of-
the-art in mechanical joints over span different scales

This will challenge us to work together, farm teams to
address these problems from different perspectives (instead
of working in isolation) towards a common goal

With good future potential this might become a top priarity for
many of us and might form an interesting new paradigm for
research collaboration between A/G/

‘Show what we can do’ and then proceed from there ..

RiLiiNors ;
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8. Fatigue and Contact Mechanics
D. Hills and D. Nowell

& UMIVERSITY OF

OXFORD

Measurement and modelling
of contact stiffness

D. Nowell, University of Oxford, UK

Joints waorkshop, Chicago, 16/8/12

Difficulties iIn modelling contacts

" |n general, the normal and tangential stiffnesses
need to be experimentally measured, along with the
friction coefficient

" These properties may change with time (e.g. as the
contact wears, with position, and with load)

" Progressis neededtowards a model of interface
behaviour, which is based on more fundamental
properties (material properties, surface geometry
etc).

— We also need to understand how to incorporate the
interface behaviour into global (FE) models of the system
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Measurement of Contact behaviour —
Oxford and Imperial rigs

= 80 mm? flat and | = {1 mm? flat on flat

rounded contact contact
®» 1Hz Frequency = ~100Hz Frequency
* (0.6mm sliding distance ® 30um shiding distance
® Displacement ® Displacement
measurement by measurement
remote LVDT or digital integration of LDV
Image correlation measurements

Measured and idealised hysteresis loops

=z

a 22
U gmcwreen |

Tangential Fone

- J':' IIHI
® |dealised loop is characterised by / /
contact stifness, k and friction ﬂ" T —
coefficient, u / /
® These can be reasonably .

representative of real loops

60




Variation of contact stiffness with

measurement location

Ti‘rough’ experiment

gl

Contac giffess (kMNfmm)
- 8 88888 &8 E

—— N=500

—==N=1000

=i~ N=3000

0 0.5 1 1.5 2
Dis tanme between two measured points {mimj)

Bt} =01 3in 2wt} mm

)
0 L
b
: Compliant Elastic Layer
20m F E=229GPa, v=032
i Individual Layer
o : Thickmess 50 pom
E
E 30m
=
= i
o !
]
)
!
= ! Bulk material: Ti-SAL-47V
E=115GPa,v=032

o m x G\II 5 e:l.\c ™ a0 el oo 'J—
D istan ce Froen Iniefaces ) !

FE predictions of stifness based on smooth contact are much higher
than experimental measurements
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Modelling - basic assumptions

— To develop a model for contact stiffness, we
need consider surface roughness

— Initial tangential loading is likely to be
predominantly elastic

— Considera rough elastic surface in contact with
a smoothrigid one. This puts all the elasticity
and roughness on one surface and is easierto
deal with

— At light loads, ‘asperity’ contacts will be relatively
widely-spaced and may be modelled as
Hertzian ’

Formulation

— When tangentially loaded, all contacts will initially be
‘stuck’, so the shear traction at each contact will be

given by g =

— Mindlin gives the compliance for this traction distribution
as 1 A 1/ 2-v) 1 [(1=v)2-v))
% Q 8a\ G ) 4al E J
— From this, the Greenwood/Williamson approach can be
used to derive an expression for tangential stiffness
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Result

— The approach leads to
r_201-v)P
T -no
— Mote that this is independent of Young's modulus
— This is consistent with the results of Berthoud and
Baumberger (1997), who found limited effect of modulus

and P
K= -
A
— Where i is a length scale of the order of microns (i.e.
similar to o)

— Normalisation by area gives
T — —
K 2(1—wv
© _2A-MP_ 160? forv=03
A, (2-v)e o

Area effect

Effect of contact area on tangential contact stiffness for 70 MPa average
pressure -

=

r ] - & Engaramant H B0
£ }:—t
E + Exparamgnts M 2087
i % 5 + Largar snsa W 3000
£ j -
= g
] s
¥ B5m M T E 8 = =
-1 N Em ] -
H N T g
oo Eale L =ra
= — g e 1 500 : ]
- g mrem M 230 3
£ am — g wrem P4 530
H
= L]

m -

L s L I S I N S S pa
oz ¥ 7] 1] ' L3 r ] o o ol 5 1 1 14 a 8

Jormnoe s s en meEEec pona ol Dvalnrce bebawen mwarred poerts (Te)

Befare normalising After narmalising

Experiments carried outwith different contact area do suggestthat stiffnessis
approximately propartional to apparent area of contact

Thisis because almaost all ofthe compliance isinthe surface layer
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Effect of normal load

700

Distance between
600 measured points 0.13 mm
500 -
400

300

200
-« Exparimental

Tangential contact stiffness (KNimm

100
Souare root vanation

I] I SR U S N — i PR R — |.I . A PR R — I..l
o 20 40 80 &0 100 120 140 160

Mormal pressure (MPa)

Effect of normal pressure ontangential contact stifness, MN=20-25
cycles

= As part of our joint =
project with Imperial a
College, Medina has ]l _—

produced a numerical L ol Smiion
model of rough elastic ! i /
contact T #
® Comparison shows
good agreement at B
low loads, but reduced b l
stiffness in numerical '
moadel at higher loads

Tanganda S¥Hnass (Mfjum)

® Effect is almost e
certainly caused by 3 S e 75
asperity interaction "I R
= Similar effect noted for 1 1 1
normal contact by EI+EICJKF G-V P + =
Ciavarella et al (2008) GOt interkc

64



Comparison with ultrasound

NEEENGENERS

= Recent work in collaboration with Sheffield Univ has
compared stiffness measured with DIC with that using

ultrasound
W8 Ulrascuind TR

i i

iz iz

_! -2 _! =

P E

i - H

e O ! ! " g

= MNote that (in this case) initial value is very similar, but
variation with Q is very different

® Ultrasound is measuring an unloading stiffness

Ultrasound measurement

= Ultrasound measures an unloading stiffness:

Tangsai sl l
Farce, (3
&
[ 3
:f‘; z im
i B
; A
: -
Hedatho tanprniiel dhplecrmm) {ataci I..uurrl.P- iMPaj

® |n the case of normal stiffness, there is a similar effect, in this
case there is an increase of stiffness with (normal) load and
growth of the real contact area
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Perspectives

Tangential stiffness models should almost certainly include a
dependence on normal load.

— What models are appropriate

— How can we improve the models we have?

— How do we capture time dependence?

Measurement of stiffness in real contacts is not
straightforward.

— There is a need for reconciliation between different technigues.
— We cannot model what we cannot measure.

Modelling friction is far more challenging than contact
stiffness

— Maore multiphysics in this problem

— Once again, time dependence is an issue

— Woe need better models for wear

Imperial College

London

Part 2:

FRICTIONALSHAKEDOWN
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Punch on Half Plane with Tension Imperial College

London

Normal Load
P=2ap
Bulk Load
r =..2.E'I:F,E|
Grip — Fixed end
Tp

—

—— t Specimen

J—

Centreline

Simplified Model: Load vs. f Map

Imperial College

London
o, P
g I Separation
2.5 7 Incipient Interior
3 4 Fartial Slip .l.
T
1.5 1 _;L -
11 o Caauy
Example Fully Adhered
0.5 1 Calculation Point
] T T T T T T T 1 f
-0.5 4 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
L
-11  Edge ..“ + [ forg/p=10
-1.5 4 Partial ~
Sli
-2 4 p f.‘t.“' + fuuforo/p=0
25 4 ™
3 4 Incipient Interior
- Partial Slip
-3.85 1
-4 4 e,
-4.5 < .'.
f=0.298
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Simplified Model: Load vs. f Map

Imperial College

Probing shakedown London
r Possible Frictional Shakedown
G'ﬂ 4 I—’ - Melan's equivalent theocrem
2.4 4
Separation
2
{‘1:\
1.6 1
Fully Adhered
1.2 1
PEE:-EEI Probing
artia H
0 - slip Point — funforoy/p=10
B [, — Frictional Shakedown Limit
0.4 4
= (.204
o S0 - ; ; . . . . f
0 0.2 04 0.6 0.8 1 1.2 1.4 18

Simplified Model: Load trajectories  Imperial College

London

Step:
Hormal

Bulk Pre-load, T
Case 1

Case 2

Case 3

Case 4

Melan's Theorem
predicts
shakedown for
ANY and all
residual stresses Input Residual Stress Cyclical Loading
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Loading Sequence:

History - 4 Cases

Imperial College
London
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Simplified Model: Load vs. f Map

Imperial College
Probing shakedown London

o p R

Possible Frictional Shakedown

7.4 - Melan’s equivalent theorem
Probing S o
2 4 Point \ eparation
1.6 7 . .
Cyclic Slip should
Fully Adhered occur above the
1.2 1 threshold predicted
Pid,.ﬂ; by Melan's
034 Sl — faforo/p=1 Theorem
[ ] fqh—FrfctmmShakedmn Limit
0.4 4
= (.294]
o ! : ¥ ' . ' ' ' . F
o 02 0.4 0.6 0.8 1 1.2 1.4 16
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1
0.8
0.6
0.4
0.2 _
I . Xa
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Imperial College

-'.' E ‘' Loading Sequence: Interior (?) Cyclic Slip

London
LOAD . -
ASI#} ! Mo E.vw-:. '4 f T
1.6E-08 remhina o
———__ Transient
1.4E-08 - ~——_
T
1.2E-08 hhh- —
1E-08 ““*-H._HH
8E-09 - T
M—.._\_\_\_\_\__--
6E-09 - .
4F-05
9E.09 - Steady State
"o g 5 - .
Dt ‘ﬁﬂ"':I= P PR —— v |
_7E-09 9 ; o4 006 008 01 012 014 016 Q18 02

otep 2 —Step 3 —Stepd eStep S = Step 6

9. Physics-Based/Data Driven Modeling

M. Eriten
Physics-based vs. Data-driven Modeling
Melih Eriten
ILLINOTILS August 16, 2012
UIUC-LNDVL
W UIUC-UTDL
WISCNSIN WISC-TNDL
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Need for a Reduced-order Model

10° m, 10' s, 10° DOFs 10" m, 109 s, 10° DOFs 105 m, 105 s, 104 DOFs

< Multiple Length Scales

< Multiple Time Scales >

< Numerous Coupled DOFs >

Reduced-order contact models are needed to bridge multi-temporal/length
scales in modeling large-scale structural dynamics.

e o2

Multiscale Testing and Modeling: Two Approaches

MRV AVIAIAA,
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Bottom-Up Approach: Interface Mechanics

Internal combustion engine

NN
NN

~  “~—____ Contaminant
m *
Oxide

Beilby

Metal
Substrate

° o4

Multiscale Modeling: Outline

Eriten et al.,, ASME |. Vib. Acoust., 2011.; Truster et al., Int. J. Solids Struct., 2012.

~
Macroscale
Contact
Applications £
(10210 m)
-
-~
Rough 1
Contact
10%-107 N -
( m) “Asperities of  rough surfisce on & flat surface Eriten et al., Int. J. Solids Struct., 2011.
M [‘\/V\J ....... #2)
_ i —h td
__..-"". "'n“ Statistical Summation
- GW Model (1966)
o
: ﬂ Oy
Asperity-scale
Contact
(10°%-10 m)
Eriten et al., Int, . Solids Struct., 2010.

L
5
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Bottom-Up Approach Outcomes

» Joint Fretting Apparatus
» Multiscale Friction Model

» Journal articles:

Lee, C.-H.; Eriten, M; Polycarpou, A. A. ASME |. Tribology 2010, 132, 031602-11.

Eriten, M.; Polycarpou, A. A.; Bergman, L. A. Int. ]. Solids Struct. 2010, 47, 2554-2567.
Eriten, M.; Polycarpou, A. A.; Bergman, L. A. |. Appl. Mech. 2011, 78, 021011.

Eriten, M; Polycarpou, A. A.; Bergman, L. A. Wear 2011, 271, 2928-2939.

Eriten, M.; Polycarpou, A. A.; Bergman, L. A. Exp. Mech. 2011, 51, 1405-19.

Eriten, M.; Polycarpou, A. A.; Bergman, L. A. Int. [. Solids Struct. 2011, 48, 1436-1450.
Eriten, M.; Petlicki, D. T.; Polycarpou, A. A.; Bergman, L. A. Mech. Mat. 2012, 48, 26-42.
Eriten, M.; Polycarpou, A. A.; Bergman, L. A. ASME |. Vib. Acoust. 2012, 134, 051012.
Chandrasekar, S.; Eriten, M ; Polycarpou, A. A. |. Appl. Mech. 2012, doi: 10.1115/1.4007212.
10. Eriten, M.; Lee, C.-H.; Polycarpou, A. A. Tribology Int. 2012, 50, 35-44.

11. Truster, T. J.; Eriten, M; Polycarpou, A. A.; Bergman, L. A.; Masud, A. Int. |. Solids Struct. 2012, (in press).
12. Eriten, M. . Mech. Phys. Solids, (submitted).

ECI oSl R IR OISR ORI =

Top-Down Approach: |

Need for the NSI 1 7 7 7 Monelithic

Amplitude dependent
damping/stiffness
Discontinuities, impacts,
clearance, backlash, etc.
Case study:

o Added damping due to friction
o Essential nonlinearities

Maobility (dB)

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Frequency (Hz)

__ 1Beam w-34t.ong Link
pured |—100N & |
| 150 N
!—ZIII N
2 | 250N 1
= ! ——solid (200N)
= -30) 1
'é‘
£ 0
-
=50

® 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Frequency (Hz)
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Measured time series to

Intrinsic Modal Frequencies

(IMF)

by EMD 05 _ k
0 0.5 1 1.5 0.5 1 1.5

2
0 g
£ cHls
, -
2 § —
a1

Time (s) Time (s)
002 s IMF to Intrinsic Modal
0 1000 Oscillators (IMO)
-0.02 0
0.02 2000 by slow-flow
()M 1000 equivalence
-0.02 ) i ; 2 _ _ipe o
e 2000, X,(1)+b,%,(t)+@°x,(t) = f,(1)=Re {A,l (1)e ’}
o»— 1000} d ) ]
[a—— Al b AL Oa(t)-ot |
s g A, ()= Z[dr (_;(oA" (1)e )+
0.02 2000 rg
o 2 I8, (r)-ar]
U» 1000 [P— _]b"(tJ A” (f)(. :|
-0.02 0
0.02 2uuul A= ‘J{c" U)}: T {I'I [C',.U)]}:
0 1000
e i O, (1) = arctan {I I [c-"(f)]f c-"(r]}
(4] ® 0.5 1 1.5 0.5 1 1.5 ®8
Time (s) Time (s)

Energy-Dependence of Structural Damping

1st Mode

x 10

(%)

= adjusted

2nd Mode 3rd Mode

3y
~ 4 3
g <
3
3 21
E s
ap -
10 10
. 10
Energy Energy

«  Clear indication of nonlinearity in damping distribution
* Comprehensive identification in modal, spatial, and energy domain

*+ Damping increases with increasing hammer excitation

AU

Energy 10°

in a nonlinear manner - joint-like

AU - " -y ‘ .

o

(0.0)

adjusted

04 xL

Energy ' i’
Eriten et al., Mech. Syst. Signal Pr. submitted.

o9
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Spatio-Temporal Decomposition (Mode Shapes)

15t Mode

3d Mode

0.4

02

05 2 05
10 Time(sec)

0.5

. 10 Time(se
Position (x/L) Position (x/L) Position (%)

4t Mode 5th Mode

W, (1)

02
0.1
e 0 10 Time(sec)
1 Time(sec, e
Pasition (%/L) (2ec) Position (x/L) o

0.5

Top-Down Approach Outcomes

» Identification technique: NSI

» Journal articles:
1. Eriten, M.; Kurt, M.; Luo, G.; McFarland, D. M.; Vakakis, A. F; Bergman, L. A. Mech. Syst. Signal Pr.,

(submitted).
2. Kurt, M., Eriten, M., McFarland, D. M., Bergman, L. A,, and Vakakis, A. F. |. of Sound and Vibration
(submitted).
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Bottom-Up €->Top-Down  Measured Time Series
Modeling with NSI l

EMD (Nonlinear/Nonstationary Filter)

Narrowband IMFs (Modal Coordinates)

!

IMOs
Central Equivalent
Frequency Damping
Spatio-Temporal
Identify Model Parameters Decom[\? ostiion
\ in Modal Coordinates Yy ‘ a(u.t)~ z W, (u,1)e’™
Y -
2 ¥
X, + ( a)‘f") X, =f, -
é k k fA fs Model in Physical Coordinates
L] e]2
NSI: Global Measured Time Series
Dynamics [ |

Instantaneous Frequency & Amplitude

Instantaneous Energy Estimation

!

Frequency-Energy Plot

S

Nonlinearity Nature & Nonlinear Restoring Force Physical Location of
Order Identification Nonlinearities
. J/

Reduced-order Models with Essential Nonlinearities
* Softening/hardening
+ Backlash
+ Clearance
* Impacts
* Misalignment
* Loose Joints
o + Interfacial cracks ®13
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10. View from Germany
L. Gaul and B. Stingl

INSTITUT FUR

MECH/\NIK
s

Joints Workshop Technical Talk

o.Prof. Dr.-Ing.habil. Lothar Gaul

Institut of Applied and Experimental Mechanics
University of Stuttgart

August 16, 2012

INSTITUT FUR
VECHANIK

INSTITUT FUR it
MECH/\NIK ki
ﬂ Important Topics in our Area

» Nonlinear or Linearized Joint Modeling

Industrial Problems \ @Barch Problems \

= Local Joint Models = Surface roughness description Herz-
= Nonlinear FE Joint Models Mindlin Theory for single asperities
(Zero Thickness Elements) =  Greenwood Williamsen Tripp
= Linearized FE Joint Models =  Stochastic roughness models
(Thin Layer Elements) = Fractal surface descrition
*  Multi particle dynamics

s|dentification of Joint Model Parameters * Nonlinear normal and tangential
from isolated joints contact equations

* Harmonic balance description

= Resonator measurements,Pressfit joints = Modeling of Epistemic and Aleatoric

-\Opmelectronic measurements / \uncertainties /
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INSTITUT FUR

M ECH N I K Universitat Stuttgart
‘h Important Topics in our Area

/Ind ustrial Contact Problems \

= SRTM 10 bay space frame with passive and semi-active joints
= Bolted housing of airbag control unit
= Damping description in design phase of
= motors with attached gearbox (cars, trucks, yachts, ships)
= bolted joints of cylinder head, oilpan, gearbox
= influence of different seal systems
Uncertainty description of assembled structures with joints
Joints in tooling industry,Pressfit joints in turbogenerators
Disc brake contact problems

\Bolted joint damping layers (exhaust systems) /
~

Control problems for structures with semi-active joints

= Control concepts
= Ljapunov controller, maximizing dissipation
* Clipped LQG SISO-, MIMO-controller

INSTITUT e
VIECH/ N IK R
T Which Problems to Take in
@TM 10 bay space frame with passive and semi-active joints \

Optimal actuator and sensor placement concepts

=  Scientific interest in collaboration with colleagues, such as the
brake dynamics group organized by Harald Abendroth
= Funding offers by
=  FVV (Forschungsvereinigung Verbrennungsmotoren)
DFG (German Research Society)
Research groups
Transfer for Industrial problems

State funding (BW) /

-
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INSTITUT FUR

"'M“’E'(_':'H" "NTK Universitat Stuttgart
. End User of Results / Funding

N

Who will be the end user of the results?

= Industry
= Automotive suppliers
= Car industry
= Machine tools industry, Turbomachinery design
= Optical industry
= Biomedical industry (stent design, lithotripter design, peristaltic transport)
= Inventors

u\ Small business /

How we get funding?

Contact with Industry by local and international conferences
DFG, FVV, VDMA

Individual contacts

Courses organized by IAM at HDT, VDI etc.

Friction-induced vibrations in brake systems

® Development of “silent” friction brakes is a major challenge in automotive industry
e Brake squeal is largely understood (qualitatively + quantitatively)
o BUT: prediction capabilities of simulation tools are poor
e State of the art tool: complex eigenvalue analysis MT1
{
Overprediction of instabilities
® Damping and nonlinearities mainly determine stability

of the brake system

==) Joints have to be taken into consideration
MT2

I U H H Bernhard Stingl. Merten Tiedemann, Norbert P. Hoffmann

Technische Universitdt Hamburg-Harburg Mechanies and Ocean Engineering
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Slide 6

MT1 ﬁonvigxe Eiqermrta_naryse eines linearen FE-Modells (MDGEN-System)
MT2 Wichtige Fiigestellen:

- Scheibe-Belag

- Belag-Sattel

- Sattel-Halter

Challenges in the field of brake squeal simulation

® Characterization and description of nonlinear joint dynamics
e [mplementation of joint models in commercial FE sofiware
e Model order reduction

e Nonlinear stability analysis / limit cycle calculation

Gdaniee, P, Weill, C., Hoffmann, N. (2010} On chaotie friction induced
vibration due to dynamic friction. Mech. Res. Comm. 37, 92-935.

Hoffmann, N. {2007) Lincar stability of steady sliding in point contacts

with velocity dependent and LuGre type friction. Journal of Sound and
Vibration 301, 1023-1034

I U H H Bernhard Stingl, Merten Tiedemann, Norbert P Hoffmann
Mechs

Technische Universitit Hamburg-Harburg s and Ocean Engincering
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Friction as a Dynamical System?

Bngineering Bhysics
e material constant e dynamical system
o Fr=uN o F=f(xxF)

Transfer state of the art knowledge to engineering?
e Is Coulomb friction sufficient?

e Can we apply extended friction models?

I U H H Bernhard Stingl, Merten Tiede

nn, Norbert P. Hoffmann

Technische Universitit Hamburg-Harburg Mechanies and Ocean Engineering
Where to apply?
Failure of joints Friction induced vibrations

Y .\

N

e extended interface with stress field

; - - e multiscale systems: structure and
e failure £ transition to sliding b

- ) interface dynamics
e derivation of design rules

o scales may interact = separation of
® monitoring systems, e.g. overload

. scales fails
detection

I U H H Bernhard Stingl. Merten Tiedemann, Norbert P. Hoffmann

Technische Universitit Hamburg-Harburg Mechanies and Ocean Engineering
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Extended Friction Models

Roughness based Bristle Model

(t) |
Tl 1

e repeated shearing, failure and

reattachment of asperities

e rough interface: elastic bristles

Stingl, B., Hoffmann, N. (2011) A mesoscopic friction model based on surface roughness and its
statistical description. Proceedings of the ASME Annual Meeting, Denver, 2011

I U H H Bernhard Stingl, Merten Tiedemann, Norbert P Hoffmann

Technische Universitit Hamburg-Harburg Mechanies and Ocean Engineering

Experimental Model Setup

;ﬁ/sci’_ £
7 -

- [ EAI ARSI EAT

| /_"3’ ’—I;‘ I_l

X

e periodic interface

. ier plat
e shaft-hub-connection, clutch, screw- camer plate area of contact

underhead contact, ...

e strain field measurement

e disturbed stress field by tilting

I U H H Bernhard Stingl, Merten Tiedemann, Norbert P Hoffmann

Technische Universitit Hamburg-Harburg Mechanies and Ocean Engincering

83



11. Flight Systems/Satellites/Weapons
D. Brown and D. J. Segalman

Nonlinearity of Joints in Structural
Dynamics of Weapons Systems

Daniel Brown
AWE

Dan Segalman
Sandia National Laboratories®

" Sandia National L ies is a multi-prog laboratory ged and ops d by Sandia Corp ion, a
wholly owned subsidiary of Lockheed Martin Ci for the U.S. D of Energy's National Nuckear
Security Administration under contract DE-AC04-94ALE5000 i
VR Sandia
INOSE Nationg!
o — Laboratories

WHY THIS IS IMPORTANT

+ Joints are a (the) major source of variability and nonlinearity
in our structures.

+ Linear models are incorrect. Calibration in one experiment
yields predictions that do not match other experiments.

+ Propagation of parameter uncertainty with the wrong model
form is nonsense.

+ Tuning linear models to small-amplitude tests yields over-
conservative models. Affordable designs are scrapped.

+ Even though linear models are usually conservative - this is
not always the case!

Sandia
National
Laboratories
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"~ &
i What we can do?
Single Simple Assembly Complicated
Homogeneous Level Assembly Level
Structure
Natural Frequencies / / ‘/
Mode Shapes v /

Identify problem
Frequencies /

v
v

Amplitude v x x
X X

Depending on complexity

Cumulative effects

Depending on problem

()
National
Laboratories

r

5
Leulhy IL! "

Even Simplest Systems are a Challenge

- » Macro-slip and effective vibration isolation during blast
* High damping during sustained excitation

whale joint models

Acceleration predictions at forward mount joints:
Ti-SS mock 3-leg with shaker dynamics

-
.

stlsnle mass

Linear model

N _nlinear(lwan) model
NER—— S — Experiment
We can model individual joints (crudely) __ jo4e

and insert them into a system model Mo
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¢

mhat Next for Such Interfaces?

Effectively
model
Natural
Frequency
and Mode
Shape

The

Improved Modelling Techniques>

Understand Prediction
Interfaces of |
Amplitude Cumulative
and Effects
Model | )
& Interfaces Frequencies

Easier Said Than Done!
Sandia
Laboratories

Problem is Larger than Just

an Occasional Lap Joint

Sandia
National
Laboratories
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: _;/ Even Whole Subsystems May Behave in
4 Joint-Like Manner

E5-55 staady-state m. ok Tleg

% high fidelity unit P-4 o TS mock sieg
) T
a ? 28/
E -
= / =
2 b’
: £
E 10 é_ sl
= =
= o
a E 24
£ 5
5 8
o
| =4
o

Ti-SS mock

Force per leg, (Ib) Power law coefficient, C

@ The dissipation of the high-fidelity unit is very joint-like in nature.
@ That dissipation is much more than can be explained by the forward

mount joints alone.
()=
National
Laboratories

P

.

,Weapons systems contain a plethora of interfaces;
-‘? How can we account for them in aggregate?

Mii+Cii+ Ku = F, (t)+ F,(t,{x/})

where F is force vector for joints and {x } are state
varlables for joint J

Postulate F, =Mq){g.(a.(f) T=—OO,1‘)}

where 06 are modal coordinates

For modal BPII, Idlag( P, (#)})BG.$)d s

where

By & Where (e, - £)>0andia, - f|=¢

0 otherwise

()
National
Laboratories
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';,7
How could we possibly determine the parameters for
our nonlinear modal operators?

@ Decompose the response in modal components
Look to empirical mode decomposition.

o Fit modal parameters in same way that joint parameters
were fit.

@
National
Laboratories

Other Sorts of Nonlinear Joint:
Consider Tape Joints

FRF Magnitude For 3 Loads at Node 4

& 1l
200} i "E /

900 w0 1000

1080 [ 1% 1200
frequency (Hz)

Multiple FRF show system is very

nonlinear

Shows classic features of softening

Response is more like that of a Duffing  System

oscillator than that of a linear system Sk
Q=

88



V

&

"“’ﬁssessing Where We Stand

Jointed System

4 L

How do these interfaces effect the response
through varied conditions?

How can we

0

apply this?
Codes/software

On what scale do we
need to investigate?

&
A

i)

J

Variety of environments including:
Shock
Random Vibration
Harmonic

Can we use this to
design or
simply to predict?

(1)

Y
—

National

L
-l

Laboratories

How to Move Forward?

* \We do not have the resources to commit to
significant and sustained in house research...

Application of new ideas through
internal projects

1T

Engagement through strategic
alliances in academia and
funded research

1T

Facilitation and support
of wider community

=

Collaboration with
our US colleagues

\

Sandia
Laboratories
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12. Vibrations/Turbine Engines
M. Gola and C. Schwingshackl

L4.%% Politecnico di Torino Imperial CO“EQE
DIMEAS Dip. Ing. London
Meccanica e Aerospaziale Vibeation Uniie iy Technclo CArkre

Joints Workshop

Vibration and Turbomachinery

Muzio M. Gola C. Schwingshackl
Professor of Machine Design Lecturer in the Dynamics Group
Team leader LAQ AERMEC Vibration University Technology Centre
DIMEAS -POLITO Mechanical Engineering
muzio.gola@polito.it Imperial College London

c.schwingshackl@imperial.ac.uk

. Imperial College
Theoretical research 1 Oﬁ(gon 9

L

Vibration University Technology Centre

+ Development of nonlinear tools
- Friction contact elements
- Bifurcation and instability

- Graphical user interfaces
+ Application to aircraft engine

- Methodology

- Response behaviour

« Validation
- Against experimental data

Sehwingshackl
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5 Imperial College
Experimental research Lgﬁdon v

Vibration University Technology Centre

g

- Friction contact behaviour
* Nonlinear structural damping
- Engine components
- Blade root
* Under platform damper
* Flange
- Rotating and stationary systems
* Measurement techniques for
nonlinear behaviour
- Large amplitude excitation
- Data processing

Sehwingshackl

An example of our current work:  Imperial College
Nonlinear flange joint analysis ONGoN,

Flange and bolt locked - Amplitude control

Wermptante fre/n]
Ag3EREER

Contact condition "I | "e m s |
0 00 000g ol |
.. 01g 1 1 ) | |
2T damping - updated model ¥ o ol [ il e |
T R N 190 S lee, oem m| | :
L00% “ . m:ng; ‘;tg; L e [ |d| =
V) ¥ 001 1 1 10 100 1000 10000
0.50% ot il o wtdpd w byl
EX o i " - Accelecation [g]
= 2 o Blasdd - -
P ::-:' : “ i wlp2ie
0.40% e “:_‘g" M
i (Y3 A
E oam | St s (i
| = . » . e
0.00%
0 10 20 30
Response level [g]
Schwingshackl 4
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; Imperial College
Main problem areas | Oﬁ(gon 2

L
Vibration University Technology Centre

* Overall dynamic response of structure
- Effect of joint on stiffness and damping
* Need for robust prediction methods
- Macro level N \
- Variability of joints
- Contact conditions unknown
* Designing joints that are insensitive
- Manufacturing tolerances
- Wear
* Industrial environment
- Damper design has matured and is routinely used
- Focus is shifting to
* new joint types
« large models

Sehwingshackl 5

Imperial College
What needs to be done ngdgn 9

Vibration University Technology Centre

* Robust tools for joint analysis
- Fast and reliable
- Large scale modelling
« Too much detail may get in the way
- Change over time
 Criteria for effective joint design
- Don’t deal with it, use it
* Nonlinear friction joint validation
- Which parameters?
- Level of validation
* Global or local response
* Novel test methods
- Operational level testing
- Data processing

Setvwingshackl 6
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— Overview c.>f requests from
DIMEAS Dip. Ing. companies / european
M i A ial - -

eccanica e Aerospaziale pro!ects (fund’ng)

Contact mechanics

- andtribology Damper mechanics and wear
Sliding wear tests in vibration

Sapparto Left: clell isterest
| e |

forsn d cwemtstwgesia F, )

Contact modelling on Turbine and gear dynamics Damping and wear
rotating components (flutter, mistuning) assessment on blades

Politecnico di Torino Overview of

DIMEAS Dip. Ing. capabilities
Meccanica e Aerospaziale

Contact mechanics Damper mechanics
and tribology on dedicated test rigs and on rotors

Contact modelling on
rotating components
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Politecnico di Torino Friction D amp i ng
DIMEAS Dip. Ing. @ LAQ AERMEC

Meccanica e Aerospaziale

Poli.Contact: Non-linear Simulation Code ; l/

Poli.Shroud il ‘ \ |
| Poli.Damper I; r*:"ﬁ T::,
H P .\.

i

.

Politecnico di Torino Friction D amp i ng
DIMEAS Dip. Ing. @ LAQ AERMEC

Meccanica e Aerospaziale

o

RHX
Validation of Contact Models: High Temperature Test Rig No. 1

Gu relative
displacement (LDV)
N [ I
—
(dead weightsy

£
|
|4

LELLES

o tangential force measurement

Working range:

* Temperature : 20—1000 ° C

= Displacement: 0,1 pm - 100pum
* Normal loading: 1kg a 10kg

+ Excitation frequency: 1 - 100Hz

TH(NN)
o

Sehwingshackl velative dasplacement. S im) T 10

94



Politecnico di Torino FﬂCﬁOﬂ Damp JIhg
DIMEAS Dip. Ing. @ LAQ AERMEC

Meccanica e Aerospaziale

Validation of Contact Models: High Temperature Test Rig No. 2

Cell pre-loading &
specimen loading

« Test Frequency: 2+ 200 Hz,

+ Relative motion range 2100
um

+ Temperature up to 1000° C

+ Overall force measurement error
~0,7%

* Overall displacement
measurement error. < 1%

* Feedback control of the test
conditions (temp. & displ.)

PRI e [0 e

p 7 & 5 4 23 2 4 0 1
Schwingshackl

Politecnico di Torino FﬂCﬁOﬂ Damp JIhg
DIMEAS Dip. Ing. @ LAQ AERMEC

Meccanica e Aerospaziale

Validation of Contact Models: Wear Measurements

Inconel 718 - T80O coated

M152 steel
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Politecnico di Torino Friction Damp in g
@ LAQ AERMEC

DIMEAS Dip. Ing.
Meccanica e Aerospaziale

Validation of Contact models (blade/root joints)
Numerical Contact Model

n-a

ool . Numerical results

Experimental results I

a0k
ans

,,,,,,, —Flat pranch st o] xpen = + M. Load
-~ Cylimdrical contact e | |- /
o} |38
m |
| S
s = il [ F
= |18 f $
2o :
gum‘ . ,/ Ifl

Sehwingshackl

Friction Damping

DIMEAS Dip. ing. @ LAQ AERMEC

eccanica e Aerospaziale

ent & Validation of Damper Models

The underplatform damper is a 1

free body pressed against the
blade platforms by centrifugal Through damper

force. response

Damper models are necessary
to simulate the complex damper
kinematics.

%
=
=
@
B
E
z
o1 1 !I:‘ 13 14 \IS lI‘ i
Normalised Frequency

Sehwingshackl
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Politecnico di Torino Fﬂ'CﬁOH Damp ing
DIMEAS Dip. Ing. @ LAQ AERMEC

Meccanica e Aerospaziale

Development & Validation of Damper Models

2
Through hysteresis cycle
damper force and
kinematics measurements

‘H 24 15

= 10| o4 7

’ E 5 N i ’{"

0 of

1l force scale:1mm=3N T

EW In.;lam uisp!:nmmum?u g " 15
Politecnico di Torino Fnctfon Damp 'ng
DIMEAS Dip. Ing. @ LAQ AERMEC

Meccanica e Aerospaziale

Full scale tests & mistuning

vacuum 800
chamber aam underplatform dampers & shrouds
Q telemetry system T =

(12Pc?anners}
] ..ﬁ ) ;:.i:|

non contact
magnetic

rotati  containm
ent

Test disk
diameter up to 650
mm

non-contact

Rotation rotating
speed up to excitation by
4000 rpm electromagnets

Sehwingshackl
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=L 3
274 Politecnico di Torino Imperial College
/) DIMEAS Dip. Ing. e
Meccanica e AerospaZiale Vibration University Technclogy Centre

Some other considerations

« How to determine which problems to tackle
- Experience and discussions within the institution
- Good understanding of the needs from industry
- Conferences and this workshop

* Who will use your research?
- Strong industrial focus
- Rolls-Royce, AVIOGroup, GE-NP, ANSALDO?

* Where is the funding coming from?
- Industrial partner directly
- Government/Industry partnership
- European Projects

Sehwingshackl

13. Uncertainty Approaches to Joints and Interfaces
M. Mignolet

UNCERTAINTY MODELING ISSUES:
SOME PRELIMINARIES

Marc P. Mignolet
SEMTE, Faculties of Mechanical and Aerospace Engineering
Arizona State University

Ira A. Fulton Schools of Engineering N
SEMTE, Faculties of Mechanical and Aerospace Engineering %
Structural Dynamics Group
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EPISTEMIC VS. ALEATORY

Epistemic (or model or reducible) uncertainty

Observed when the response of the system cannot be matched by
the model predictions irrespectively of the model parameters, e.g.
curved beam modeled by a straight one, nonlinear system
represented by a linear one, ...

Aleatory (or parameter or irreducible) uncertainty
Observed

p A el ,

when the resnonse of the svstem can be matched bv the
ponse ol the sy ched by the

model predictions for an appropriate choice of the parameters which
is different for different structures, e.g. random Young® modulus

a
Suwriil wiiri U irnadad

Improving the model tends to reduce epistemic uncertainty but
increase aleatory uncertainty
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EPISTEMIC VS, ALEATORY

The “type” of model affects the balance of epistemic/aleatory uncertainty

Detailed (finite element) model;

Aleatory uncertainty can be introduced only in the “mechanical/
material” properties

(Global (modal) model:

Aleatory uncertainty extends to broad set of parameters (e.g. elements
of stiffness matrix) that can include some uncertainty seen as epistemic
in the detailed model, e.g. curvature of beam including in stiffness matrix
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UNCERTAINTY MODELING:
NOT AN AFTERTHOUGHT!

Scenario 1: All structures of interest are tested
Proceed with deterministic identification and adjust model parameters
from structure to structure. No uncertainty modeling is needed.

Scenario 2: a few nominally identical structures are tested and many
more are of interest (usual case). Uncertainty modeling is needed. How?

Example: FRF of'a NV dof system is measured and damping ratios C;
arc observed to be uncertain.

How do we proceed? Two options...
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UNCERTAINTY MODELING:
NOT AN AFTERTHOUGHT!

(1) proceed with deterministic identification and backtrack an
uncertain model of the parameters.

FRFY) — Q(/) using deterministic [D, then represent Q(j) using an
uncertainty model and identify the parameters 8 of this model.

(2) create and identify an uncertain model of the structure (or model of
the uncertain structure) that combines structural and uncertainty aspects.
That is, express

FREV) = FRFY) [¢V) (0) ]

and identify directly (e.g. maximum likelihood) the parameters 8 .
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UNCERTAIN MODEL VALIDATION

Uncertain model = structural + uncertainty model

Option 1:
Validate the structural model in detail (epistemic uncertainty?) and

the uncertainty modeling separately.

Option 2:
Validate the overall model on the responses of interest and assess

whether the model statistically predicts these responses, e.g. they lie
within the 5-95 percentile confidence (uncertainty) band with 10%
probability.

Should we still focus on validating/improving structural model?
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UNCERTAIN MODEL VALIDATION

Uncertain model = structural + uncertainty model

Option 1:
Validate the structural model in detail (epistemic uncertainty?) and

the uncertainty modeling separately.

Option 2:
Validate the overall model on the responses of interest and assess

whether the model statistically predicts these responses, e.g. they lie
within the 5-95 percentile confidence (uncertainty) band with 10%
probability.

Should we still focus on validating/improving structural model? YES!!!
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MODELING COMPLEXITY

Does the model used when uncertainty is present need to exhibit full
complexity?

Not necessarily - maybe or maybe not...
Fine details in the response may not need to be captured as they will

become “invisible” when uncertainty is introduced.

Classical Example:

Probability density function (stationary) of the response of a Duffing
oscillator to white noise excitation does not require the classic single-
frequency analyses but its spectrum estimation may involve it.
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UNCERTAINTY MODELING

Tools for Uncertainty Modeling:
Probability Theory, Fuzzy Logic, Possibility Theory,...

Random variables. stochastic processes and fields:

Uncertain parameters modeled through their joint probability density
function the estimation of which in general requires an extraordinary
amount of information 1

Assumptions are necessary!

(a) Ad-hoc distribution selection
(b) “Stochastic Parametrizations™
(¢) Maximum entropy approach
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UNCERTAINTY MODELING

{a} Ad-hoc distribution modeling

_Use a combination of independence assumptions (joints — marginals)
and prescribed distributions (Gaussian/normal, lognormal, uniform,..)
to characterize the problem. Issues:

* many different “types™ of assumptions

* danger of violating physics

Example: Gaussian distribution for stiffness is often accepted if the
mear/standard deviation is large (say 10) as probability of negative
value 1s “small”. Yet, mathematically the variance of response is oo.
This issue is reflected by the non-convergence of the sample variance
as the number of samples increases.

One solution: truncated Gaussian but where to truncate?
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UNCERTAINTY MODELING

{b) “Stochastic Parametrization™
Represent random variables (processes, etc.) in a “modal” form, i.e.
through an expansion on a random basis but with deterministic
parameters. Most notable: polynomial chaos (PC) representation, e.g.
for a single random variable
P=Yv0,(0)

/=0
* V'is a random variable with a specified distribution
* (), are specified functions (orthogonal polynomials)
* y, are deterministic parameters characterizing the random variable P

Still at risk of violating physics unless implemented in V. O,, and v, .
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UNCERTAINTY MODELING

(c) Maximum Entropy Approach
The joint probability density needed is not chosen, it is derived to
maximize the statistical entropy

S=-[p4la)in psla)da

subject to a series of physical and data matching constraints.

physical constraints: matrix symmetry, positive property, boundedness
reflected in Q.

data matching constraints: mean, standard deviation, ....

The Lagrange multipliers associated with the data matching constraints

become the parameters of the distribution.
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AN EXAMPLE

Ail’craﬁ response o :ﬁ:“ (Y] o 5 (] 04
- _ during missile launch
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4. SUMMARY

The Third International Workshop on Jointed Structures was held in August 2012. At this
workshop, 32 researchers from across the world came together to discuss progress made since
the previous workshop (in 2009) and to develop a roadmap for the research directions in the area
of mechanics of jointed structures over the next five to ten years.

Since the previous workshop, significant progress was made on developing a platform to
support the community of researchers for jointed structures. Specifically, a new research
committee, the ASME Research Committee on the Mechanics of Jointed Structures, was founded
and is being used to foster this research area. Progress on the technical challenges identified at
the previous workshop is further detailed in the minutes from this workshop.

The direct outcome from the Third International Workshop on Jointed Structures was a series
of challenges that will serve as a roadmap for the next five to ten years of research on the
mechanics of jointed structures. These challenges have each been developed through the
consensus of the attendees of the workshop, and are designed to address the pressing issues
observed in the area of interfacial mechanics for joints, namely: understanding the uncertainty
and variation in joints, incorporating high fidelity models into simulations while still generating
tractable/efficient solutions, understanding the physical phenomena that leads to energy
dissipation in joints, and motivating the new generation of researchers and funding agents of the
importance of studying joint mechanics. The specific challenges formulated by the workshop are
as follows

Round Robin/Benchmark Exercise for Hysteresis Measurements

Round Robin/Benchmark for Measurement/Prediction of Dissipation in Standard Joints

Methodology to quantify cost benefits of improved joint design

Define Mechanisms of Friction (Interface Mechanics)

Modelling non-metallics

Multiscale modeling framework

Definition of variability and uncertainity (linked to Round Robin Challenges 1 and 2, also

address how to model in the absence of experimental data)

Epistemic and Aleatoric Modeling

9. Time varying model parameters, modeling and experiment “surface chemistry”

10. The derivation of constitutive equations based on physical parameters (including
measurement of spatial dependence of key physical parameters)

11. Eventual implementation of prediction methods in commercial numerical codes

12. Develop Statement of Mission and Workshop Report

NogakowhE

o
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