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Preface

This volume contains abstracts of papers accepted formiasm at the 38th Solid Mechanics
Conference (SolMech 2012) held in Warsaw, August 27-312201

The series of Solid Mechanics Conferences have been orghhizthe Institute of Funda-
mental Technological Research since 1953. The conferdraesmaintained high scientific stan-
dard and served as a forum for exchange of ideas and resedcmation. Traditionally, a set of
invited plenary lectures have been presented at the Cortfesdy outstanding researchers. The aim
of the meetings is to bring together the researchers frofardifit countries and to create them the
possibilities for the presentation of scientific resultmfra wide area of solid mechanics.

During this Conference, nine invited plenary lectures aving to be delivered. The Con-
ference is organized into eleven Thematic Sessions withey8dte lectures and contributing oral
presentations:

e Shells and Plates (23 presentations)

e Continuum Mechanics, Elasticity and Plasticity (Speciab$on in Memory of Jan Rych-
lewski) (21 presentations)

o Computational Aspects of Solid Mechanics (18 presentajion

e Experimental Mechanics (17 presentations)

e Micromechanics, Interfaces and Multi-Scale Modelling ftésentations)
e Smart Materials and Structures (11 presentations)

e Fracture, Damage and Fatigue of Materials (11 presenttion

e Structural Mechanics, Optimization and Reliability (9 ggatations)

e Biomechanics (6 presentations)

e Geomechanics (5 presentations)

e Nonlinear and Stochastic Dynamics (3 presentations)

On behalf of the Scientific and Organizing Committees of t&# Holid Mechanics Confer-
ence (SolMech 2012) | wish all participants and accompangersons an inspiring and enjoyable
stay in Warsaw.

Ryszard Pecherski

Warsaw, August 2012
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2 38th Solid Mechanics Conference, Warsaw, Aug. 27-31, 2012

MULT I-AXIAL STATIC AN D DYNAMIC EXPERIM ENTS TO INVESTIGATE THE
EFFECT OF STRESS TRIAXIALI TY AND LODE ANGLE ON DUCTIL E FRACTURE

Dirk Mohr

Solid Mechanics laborabry (CNRSUMR 7649, Department of Mechanics,
Ecole Polytechnique, Palaiseau France
Impad and Gashworthiness laborabry, Department of Mechanical Engneering,
Massachugs Insttute of Technology, Cambridge K, USA

Recent experimental results have stimulated the devdopment of Lode angle depadent
fradure modds. This talk provides an overview on new tedniques for the expeimental
characterization of the effed of stress stateon ductile fradure Diff erent types of flat specimens
with sdeded cut-outsare discussd to characterize the effed of stressstateon dudile fradure An
optimized butterfly-shaped spedmen as well as a modified Lindholm spedmen are presented for
fradure testirg unde combined loadingin dud aduatorsystems.Special emphasidgs placed on the
acaracy of a hybrid expeimenal-numercd approach which makes use 6 digital image correlation
and finite element andysis to deeminethelocd loadinghistory al the way to the onsetof ductile
fradure. Examples are shownto elucidate the importance of reliable dudile fradure experimerts to
come upwith physicdl y-sound dutile fracture modds for low stresstriaxialities.|n addition, a new
SHPB tensik testirg techniqueis presentedto detemmine the effed of stress stateunde dynamic
loadingconditions.

The effea of strain-rate and stressstat on the dudtile fracure of Advanced High Strength
Sted (AHSS sheds is determined usinga hybrid experimertal-numeica technique.Experiments
unde staticloading conditions havedemondrated that both the effed of the stresstriaxiality and
Lode ange have a strorg influence on the apparent dudility of AHSS sheds. The so-cdled basic
fradure testing program conskting of notched tensile spedémens with different notch radii and a
tensike spedmen with a centrd hole is therefore performed for dynamic loading conditions. A
newly-devdoped tensik testirg device is employed in conjunctionwith a modified split Hopkinsa
pressurebar systemto perform the dynamic experiments.The mateial parametes of theundelying
rate-dependent plasticity modelare identified through an inverse cdibration method.Based on the
recorded forcetime histories and the DIC displacenenttime meaurements, finite element
simulationsare peformed to deeminethelocd stressand stran statehistory within the speimen
gage section upto the point of onsetof fradure. In addition to uniaxid experimerts for pre-necking
stran rates d up to 13/s, equibiaxial pund experiments ae performed for equivalent plastic stran
rates ranging from 10%/s to 107s. It is found that the dudility of the tested TRIP and DP steds
increases as a function of stran rate. A rate-dependent phenomenologea fradure model is
therefore proposel to acount for both the effed of strain-rate and stressstateon the onst of
dudil e fracture

Keywords:dudile fracture, stran rate, stras tiaxiality, lode agle
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INTERFACIAL ENERGY EFFECTS IN MICROMECHANICAL MODELLING
OF SHAPE MEMORY ALLOYS

S. Stupkiewicz, H. Petryk
Institute of Fundamental Technological Research (IPPT), Warsaw, Poland

1. Introduction

Shape memory alloys (SMA) exhibit spectacular effects, such as pseudoelasticity and shape
memory effect, which are exploited in many advanced practical applications. These effects are asso-
ciated with martensitic phase transformation induced by temperature changes or mechanical loading.
At the microscale, the transformation proceeds by formation and evolution of complex martensitic
microstructures at multiple length scales. Understanding these multiscale phenomena is crucial for
development of reliable predictive models of SMA behaviour, hence significant research efforts have
been spent in the last two decades on micromechanical modelling of shape memory alloys, martensitic
microstructures, and related phenomena.

As mentioned above, martensitic transformation in SMA is a multiscale phenomenon. Evo-
lution of the corresponding microstructures is thus associated with formation and propagation of
interfaces at multiple scales. For instance, evolving laminated microstructures are typical for stress-
induced martensitic transformations [1].

It is well known that size effects are governed by size-dependent interfacial energy contribu-
tions. Modelling of size effects in SMA requires thus consideration of the interfacial energy contri-
butions at various scales of martensitic microstructures. This lecture will present an overview of the
related aspects of the mechanics of martensitic microstructures.

2. Microstructured interfaces and interfacial energy

An interface between austenite and twinned martensite is a typical example of a microstructured
interface where the local incompatibility of transformation strains is accommodated by elastic micro-
strains in a thin transition layer along the interface. The associated interfacial energy of elastic micro-
strains is, in fact, a bulk energy at a suitably fine scale, and it is interpreted as an interfacial energy
at a higher scale, which corresponds to a kind of scale transition. The problem is that this interfacial
energy cannot be measured directly, so that theoretical predictions seem to be the only alternative. A
micromechanical framework for prediction of the elastic micro-strain energy and morphology of the
transition layer at the austenite—twinned martensite interface has recently been developed in [2, 3, 4].

3. Incremental energy minimization

Formation of microstructure can be explained by minimization of non-convex free energy. How-
ever, consideration of the bulk energy contributions alone leads to infinitely fine microstructures. It
is well known that characteristic length scales are introduced by size-dependent interfacial energy
contributions, which allows prediction of characteristic dimensions of the microstructure.

Evolution of microstructure is associated not only with changes in the free energy but also with
dissipation. A relevant evolution rule can be derived from the criterion of stability and takes the
form of minimization of the incremental energy supply to the thermodynamic system, including the
rate-independent dissipation [5]. The incremental energy minimization approach is fairly general;
however, it requires a certain symmetry restriction to be imposed on the state derivative of the dissi-
pation function [5, 6]. The interfacial energy contributions to the free energy and dissipation can be
included in this framework in a natural way [6, 7].
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In a related recent study of stability of equilibrium of evolving laminates [8], it is shown that
a homogenized phase-transforming laminate with no length scale exhibits a localization instability.
However, for laminates of finite spacing, the evolving laminates are stabilized by the elastic micro-
strain energy at the boundary of the localization zone.

4. Size effects in SMA polycrystals

Applications of the general framework discussed above include a study of the pseudoelastic
response of an idealized CuAINi polycrystal [7] and a study of the grain-size effect on the macroscopic
response of NiTi shape memory alloy [9]. It is demonstrated that quantitative evaluation of size
effects is possible without introducing any artificial length-scale parameters. In particular, the effect
of grain size on the stress-strain response and hysteresis width can be studied quantitatively, and the
characteristic dimensions of the microstructure, e.g., martensite plate thickness and spacing, can be
predicted.
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ON RECENT PROGRESSIN LI MIT AND SHAK EDOWN ANALY SIS

D. Weichert
Institute ofGeneral Mechanics RWTH-Aadhen University, Germarny

Abstrac

To detemine limit states of medanicd strudures has always been oneof the mostimportant
design issues in mechanicd and civil engineering and long before moden computtiond tools had
been avail able, engineaing sdentistsand mathenaticianshavedevdoped methodgto deal with this
guestion. For this, mostimportant is to identify failure medanisns in their paticular technicd
contex, to modelthem and to undestand the structurd evolution leading to the acmrding limit
state

Amongthelargevariety of senarios, we deal here exclusively with fail ure causeddirectly by
inelestic mateaial behaiour, concentraing on dudile metd or metl-like mategials. From
methodologca point of view, only so-cdled Dired Methods,in particular Limit- and Shakedown
Andlysis are consdered. Limit Analysis applicable only in the case of monobne loading is
consdeed as particular case of Shakelown andysis valid for variable loads with not
deeeministicaly given loading histories.

In this lecture a stateof-the-art presentation of Direct Methodsin this sense is given focusing
ontheextension of ange of vdidity of the path making theaems by Melan (1936, 1938)pnd Koiter
(19569. On the theoeticd side it is shown how Melan’s theorem has be adapted to more
sophsticaed mateial modds than the linear elastic-ided plastic or unlimited linear kinemdicd
hardening models.Besides themo-medanicd loading thesegenerali saions include more genera
forms of hadening, soil-type material laws, material damaye and peiodic compostes.

Anothe issue addressedin this talk is the transmissbn of the theoeticd adhievementsinto
the moden world of numeirica methods:Despite the highly powerful statements of the theoems,
no widespread use has been madeof themin the past in pradicad enginesring. This somevha
paadoxical situaion is essentialy causedby the ways how soluions are constucted when using
thesetheoems. Thetremendousprogress incompugr scien@ and optimisaion techniqueshowever
allows overcoming the obstdes and ways have been found to bridge the gap between Dired
Methods ad popularcomputtiond software based on sep-by-step méhods.

Finally, results from various fields of engineering are presented in order to illustrate the
pradicd interest of the methodolog. The lecturer will not fail to give a shorthistorica overview
honouing in particular the outsending contribuion by Polishsdentigs in this field and to highlight
open qusstions and topics of onging and future research.
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RESULTANT THERMODYNAMICS OF SHELL S

W. Pietrasxkiewicz
Institute of Fluid-Flow Machinery, PASci, Gdarisk, Poland

1. Introduction

Non-linea two-dimensiona (2D) models of shell thermodynamics formulated on the shell
base surface M are usualy developed by two main approaches: 1) the so-cdled dired 2D
approadh, and 2) the one derived from 3D continuum thermodyramics. We briefly review some
known approaches to 2D shell thermodynamics. It is noted that the basic 2D relations and physicd
interpretation of their ingredients vary substantially throughou the literature. In particular, in the
derived approach one usualy expands all 3D field into series of thickness coordinate and then
asaumes some kinematic, dynamic, and/or therma constraints to make the 2D shell relations
simpler and more convenient for applications. In al cases errors of such 2D shell relations are
pradicdly indefinable.

2. Refined resultant approach

Simmonds [1,2] proposed to apply dired throughthe-thickness integration of 3D laws of
rational thermodynamics [3] and derived correspondng resultant 2D laws of shell thermodyramics.
But in [4] it was noted that the resultant balance of energy, when expressed through the resultant
fields, is incomplete. Some part of 3D mechanicd power following from self-equili brated
distributions aaoss thickness of the stresses, body forces and boundry tradions canna be
acounted by the throughthe-thicknessintegration. Hence, an additional surfacestresspower cdled
an interstitial working was added in [4] to the resultant balance of energy and then transferred by
appropriate transformation into the resultant entropy inequality. The so refined resultant 2D
balances of linear momentum, anguar momentum, energy and 2D entropy inequality formulated on
M may be regarded as dired implications of correspondng 3D laws of rational thermodynamics
[3] based on the Clausius-Duhem inequality. In the Lagrangian description these locd laws satisfied
onanypat MOM are

DivN +pf =1, Div+ax(NFT—FNT)+pc:k+yxl ,
1) pé-(N E°+M K°+Divw)-(pr - Divg) =0,
-pW—pn+N E°+M K°+Divw—p6?s—%q[g+9Divszo.

In (1), N and M arethereferential resultant 2D stressand coupe-stresstensors, £,/ and q are
the resultant 2D internal energy, entropy, freeenergy and hed flux vedor, E° and K° are the co-
rotational time derivatives of 2D strain and bending tensors, w,s and s are the 2D interstitial
working vedor, extra surfacehea suppy and extra surfaceentropy suppy vedor, respedively, 8
isthe mean referential surfacetemperature, and other surfacefieldsin (1) are described in [4].

The kinematic structure of the resultant shell thermodynamics is identicd to the one of
Cossrat surface with the deformed pasition vedor y and rotationtensor Q of M as independent
kinematic variables of shell motion. The structure of resultant laws (1) containing the extra surface
field s and divergences of vedor fields w,q, reminds somewhat the one of locd laws of 3D
extended thermodynamics.
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3. Constitutive equations

In the 2D BVP partly described by (1), the three fields y,Q,0 defined on M are the
independent thermo-kinematic field variables, the eight fields Z=(N,M .£7,qw s,s) are to be

spedfied by material constitutive equations, while the 2D linead momentum | and anguar
momentum k by kinetic constitutive equations. If one allows the fields X to depend on histories of
y,Q,8 only locdly through the first time derivatives at time t and through the first surface

gradientsat any x[OM , then the correspondng constitutive assumption would be

o) (x.t) =3, (E,K,GradE,Gradk EK 6,96 G) |

where « is the reference placenent, (N,M,E,K)=Q"(N,M ,E ,K) and G is the second surface

gradient of 4.
Following Coleman and Noll [5] it is recognized that the entropy inequdity (1), plays the

role of arestriction placed on all owable forms of the resporse functions AZK in every thermomecha
nic process compatible with the resultant 2D balance laws (1):.3. As a result, it is found that
W =¢,.(EK,8), with the same structure of &  and 7,, equilibrium parts of stress measures
N =¢,. , M=y, , while for dynamic parts N> =N-N®,M® =M -M ® and other fields we
obtain the foll owing restriction:

. N° E+MP K—pHS—%(q—s,g)+%sg G+tr(§sGoG]

+r(w g °GradE) + tr (w, oGradK)+tr(w,GradE GradzE)+tr(w,GradK GradZK)zo.

Here - and  are intrinsic doulde-dat tensor multiplications of various-order tensors. In case of
thermoel astic shell s the abowve restriction can be further simplified.

Explicit forms of material constitutive equations can be constructed by further requiring
material frame-indifference and material symmetry. Kinetic constitutive equations for | and k are
constructed using heuristic arguments.

Resultant 2D thermodyramics has been applied, for example, to problems of phase
transitionsin shells, [6].

Acknowledgement The author was suppated by the Polish Ministry of Science and Educaion
with the grant N506 254 237.
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ADVANCESIN TH E PARTICLE FINIT E ELEMENT FOR MULT IDISCIPLINARY
PROBLEMSIN SOLID MECHANICS

E. Oiiate™?, M.A. Celigueta’, SR. Idelschn’, F. Salaza®, A. Laresé' and R. Rosi*
! International Center fa Numeical Methodsin Engneering (CIMNE), Barceona, Spain
" ICREAResearch Professor @ CIMNE
2 Universitat Politécnica de Catalunya (UPC), Barcelona, Spain

1. Intr oduction

We present recent advances in the Particle Finite Element Method (PFEM) [1-3] for solving
multidisciplinary problems n sold medanics.

In the PFEM the fluid and the solid domainsare modelledusing an updatedLagrangian
formulation. That is, all variablesin thefluid and solid domainsare assuned to be knownat all the
nodes in the current configuration at timet. Thenew se of variablesin both domainsare soudt for
in the next or updatedconfiguration at time t+at. A meshconneting the nodes (particles) is
regenerated at each timestepin order to solvethe governing equationsfor both the fluid and solid
problemsin the standad FEM fashion The nodes discrtizing the fluid and solid domainsare
treated as mateial particles which motion is tracked during the transientsoluion. This is usefil to
model the segparation of fluid paticles from the main fluid domainin a splashingwave, or soll
paticles in a bd erosionprodem, and to follow ther subsguent motion & individual paticles.

An advantage of the Lagrangian formulation is that the convective terms disapper from the
fluid equaions.Thedifficulty is however trandferred to the problemof adequaely moving the mest
nodes. We use anesh egeneration piocedure based on a extendel Ddaunay tesselaion [1].

The PFEM s particularly suted for multidisdplinary couded problems in medhanics such as
fluid-structure interactions with large motions of the free surface and splashing of waves,
heterogeneous fluid mixtures acmurting for large deformations of the fluid and thermd couging, and
solid domainswith multiple frictional contacts, surfaceeroson and material fragmentation[1-3].

2. Basic seps ofthe PFEM

1. The stating point at ead time stepis just the colledion (cloud) of points in the fluid and solid
domains. Br instance "C denotes the loud at timet = t, (Figure 1).

2. Identify the boundaies for boththefluid and solid domainsdefining the andysisdomain”"V. The
Alpha Shapemethod isusedfor the boundry definition[1].

3. Discretizethe fuid and lid domains wit afinite dement mesh"M.

4. Solve the coupledLagrangian equations of motion for the fluid and the solid domainsusing a
stag@red scleme Conpute thevariables in bolh domains aithe next (updded) configuration.

5. Move themesh node of the uid and sold dongin to a nev posiion ™ *C. Ignare the mesh

6. Go bak to gep 1 ad repea the solution pocess br the net time step to btain™C.

The qudity of the numeica soluion dependson the discretization chosenas in the standad
FEM. Adaptive meshrefinement tebiniques an be usedto improvethesolution.

The PFEM is particularly suited for treating frictiond-contad situaionsbetween deformable
and rigid bodiesin water. The PFEM can aso be applied for modelirg bed erosion due to water
forces, as wdl as transpat and depostion of sedment paticles [2,3].
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Figure 1: Scheme d steps to follow themotion of acontinuum contaning fluid and asoid
suldomairs using PFEM

The paper presents advances in the PFEM for sdving multidisciplinary coupledproblemsin
solid medtanics sut as: 8) theinteradion beéween mutiple bodies which ae floating or submeged
in afluid acountfor FS; b) the stability of strudures unde the adion of waves; c) the modelling
of the burning and melting of objects, d) transport of sediments in fluids and €) simulation of
excavation and tunnellhg processeqd4], anongothers (Figure 2).

@ (b)

o

Figure 2: PFEM applications. (§ Waves adaing on breskwater. (b) Falling of a soid in water
dueto eosionand failure of adjacent sol
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AUXETICS: FROM FOAM STO COMPOSIT ES AND BEYOND

Fabrizio Sarpa
Department of Aeospa@ Engineeing
Advanceed Compoges Catre for Innowation and Sience (ACCIS)
Dynamics and @ntro Resarch Group (DCRG)
Bristol Centre for Nanogience and Quantum hformation (NSQJ)
Queens Builling, Room# 0111, BS8 1R Bridol, UK

The tem auxetic comesfrom the Greek auxetos: "which can expand”. With this term we
indicae a classof mateials and structures exhibiting negative Poisson's ratio behaviour and. more
generally, "negative material" properties (negative thermal expansion, stiffness, mass). Negative
Poisson's ratio implies that a solid expands in one or more directions when it is tensioned along a
specific one and, conversaly, shrinks when compressed. In this lecture we will outline all recent
developments in the field of auxetic materials, stretching from bulk sandwich applications in
aerospace, to the more recent nano-structures with references to both experimental and modelling
issues.
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CONTACT INTERACTIONS IN GENERALIZED N-TH GRADIENT CONTINUA:
MATHEMATICAL FOUND ATIONS AND A VIEW T O THE APPLICATIONS

Francesm ddl'lsola
Universita degli Stidi di Rona La Sapienza
Dipartimento dilngegneia Strutturak e Geotemica

Thetheoly of generalized continua- which was started by E. and F. Cossrat - was gredly
devdopedin the period between 1960 and 1974 by credive sdentigs as Mindlin, Rivlin, Green,
Sedov, Toupin, @sd, German and may othas.

More recently this topic statedagain to attract the interest of mary sdentist interestedin the
applicaion of the generadlized continua theoies to model phenomera where different kinds of
bounday layers may develop and grow as for instance in plastcity, damageand fradure, phase
transition, flow in porows media capillarity. Also the possbility of designing "exotic" mateials
exhibiting "non standad" mateial behaior seems to become technologically possble with the
devdopment of nano-sdences.

The advancement of the theoly of genedized continua has been blocked by the
crystallization of medanicd theoies in the format dueto Cauchy and Navier and considered by
Truesdelland his epigores the only onewhich is accetable Only when the original D'Alembertian
and Lagragian spirit has been fully recovered then the theory of generalized continua can be
consistently formulated.

In this presentation it is described the conceptual frame leading to the representation
formulafor contact interactions in terms of internal state of stress valid for generalized n-th gradient
continua.

The mathematical tools needed are from differential geometry and theory of distributions,
the postulation framework is based on the principle of virtual works, the mechanical
phenomenology is described by means of suitable tensor sets describing the generalized stress and
deformation states.

Finally some possible applications of generalized continua models are discussed: indeed
these models seem suitable to describe many multi-scale mechanical systems presenting strong
microscopic heterogeneities.
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EFFECT OF INERTIA ON MULTIPLE NECKING
AND ON DYNAMIC FAILUR E OF DUCTIL E MATERIALS

S. Merder?, N. Jaoqques’and A. Molinari*
' LEM3, UMR CNRS 728, Uniwersity of Lorraine, lle du Saulcy57045 Mz, France
2LBMS, ENSA Breiagre, 2 rueFranwis Verry, 29806 Bret, Franage

1. Intr oduction

When subgded to high loading rates, mateials and structures may fail via fragmentdion
process, shear banding, dynamic failure.... Such softening mechanisms which lead to a loss of
stress carrying cgoecity of strudures or of mateials occur in numepus situaions and conagerns a
wide range of domain.One may cite the security of strudures, the crash of cars as well as high
spee pracessing.

In the present talk, we will focus first on the occurrence of multiple necking paterns during
dynamic extension.In a second step,we proposenew insights in the devdopment of damage and
fradure by micro-voiding unde dynamic loading. In both cases, inertia will be shownto be a key
factor thatcontrols damge growth, locdi zaion and falure in dynamic conditions.

2. Multiple neking

In rapid stretching, structures develop a multi ple neding pattern which leads to the fradure in
several fragments as observed on different experimental configurations by Niordson [1], Zhang and
Ravi-Chandar [2] for example.

We propcse to concentrate on the onset of the multi ple nedking via linea stabili ty analyses. In
Fresengeas and Molinari [3], it was shown that the interplay between multidimensiond effeds and
inertia lead to a wavelength seledion mechanism. The former approach has been revisited recently by
Mercier and Malinari [4], adogting the formalism of Shenoy and Freund [5]. Different configurations
were analysed: dynamic extension of plates [4], of rings and of tubes[6].

Anillugtration of the adopted methoddogy is proposed by considering a plate sulbjeded to rapid
extension. The materia is assumed to be thermo-viscoplastic with strain hardening. Different flow
laws have been used to describe the material resporse (powerlaw, Zexilli Amstrong Preston Tonks and
Wallacg. As an important result, an effedive strain rate sengtivity which links the effed of gtrain
hardening, of thermd softening and of strain rate sensitivity appeas naturally in the modelling and is
though to control the development of the nedking instabilities [7]. To vaidate our theoreticd
approadh, rapid expansions of hemispheres have been performed by the CEA Vaduc (France). The
deformation of the hemisphere was remrded by high-speed camera. The onset of neding was
determined with a goodacaracy. A comparison between theoreticd results and rapid expansions of
hemisphere demonstrates the pertinence of our approach with regards to the number of neds and the
strain at the onset of instability.

3. Dynamc damage

Thefradure of ductile materials is often the result of the nudedion, growth and codesaence
of micros@pic voids In dynamic fradure, micro-voids sustin an extremely rapid expansionwhich
generates strorg accederation of particles in the vicinity of cavities These micro-inertia effeds are
thougtt to play an important role in the development of dynamic damage in plate impad tests (spall
fradure). Due to the interplay between refleded waves, a large tensile stress develops in the target
plate, and can lead to the complete fradure of the materia in a few microsecnds. To analyse ductile
failure under dynamic condtions, a multiscae approach has been propacsed recantly [8]. The materid
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is initially freeof void, but contains patential nucledion sites for microvaids. Each nucledion site is
charaderized by its own nucleaion presaure. The evolution of the void radii is governed by a hdlow
sphere modd that acournt for micro-inertia (locd radia inertia around the expanding voids).The
propased model has been implemented in the finite element code ABAQUS/Explicit. Simulations of
plate impad tests have been caried out. Simulated free-surfacevelocity profil es were foundto be in
agreement with experimental data available in the literature. The present approach is aso able to
reprodicethe porosity map and void sizedigtribution inside the target plate[9].

More recently, the multiscde approach has been extended for the analysis of dynamic crack
propagation. The fradure of an axisymmetric notchel bar and of a doubk edge cracked speémen
were investigated. In both cases, the influence of microsale inettia is found to be significant.
Becaisemicro-inettia prevents damage to develop toorapidly, aregulaiizing effect is obseved. As
an important result, simulationsbased on our physicdly based modelare lesssensitive. Microsale
inettia reduces the meshsensitivity of the simulations Micro-inettia is aso foundto lead to lower
crack spee and higher fradure toughress, compaed to situation where this contribuion is
negleded[10].
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INTE RDISCIPLINARY METHODS FOR DAMAGE ASSESSMENT OF MATERIALS
SUBJECTED TO CREEP AND FATIG UE

Z.L. Kowalewski
Institute of Fundarental Technological Research, Warsaw Poland

1. Intr oduction

Many testing techniquescomnonly usedfor damage assessmentlave been developedup to
now. Among them we can genealy distinguish destrudive and non-destructive methods[1, 2].
Having the parametes of destrudive and nondestrudive methodsfor damage development
evauation it is instructive to andyze their variation in order to find possible correlations This is
because of the fact that typical destrudtive investigations, like creep or fatigue tests, give the
maaos®pic parameters charactelizing the lifetime, stran rate, yield point, ultimate tensike stress
dudility, etc. without any information concerning microstricturd damage devdopment and
mateial microstricture variation. On the otherhand, nondestrudive metodsprovide informatior
about damage at a particular time of the entire working period of an element, however, without
sufficient information about the microstricture and how it varies with time. Therefore, it seems
reasonatbe to plan damage devdopment investigations in the form of interdisdplinary tess
conneting results achieved using destructive and nondestructive methods with microsmpic
obsevationsin order to find mutud correlations between their parametes. This is the mainissue
consdered in this pape.

2. Experimental procedure and results

Damage development during creep and fatigue was investgaed using destrudive and non
destrudive methodsin steds commonly applied in powe plants(40HNMA, 13HMF and P91). In
order to assesslamage during suchtype processes the testsfor ead kind of steé were interrupted
for arange of the selected time periods (creep) and numberof cycles (fatigug. The standrd tensior
testsof speémens prestrained due to creep or fatigue were caried out as destrudive method of
damage assssnent. Subseaently, an evolution of the sdected tensike parameters was taken into
acountfor damage idenification. Taking into acounttheresults for the pre-fatigued 13HMF steé,
Fig.1,it is eay to note ttat this meterial in terms d typicd stresspaameteas isdmost nsensitve to
fatigue prestraining, i.e. the yield point and ultimate tensike stress variations are rather small An
opposte effea can be obsewed for the same mateaial prestraned unde creep conditions. In this
casethe prior deformation leads to the hardening effed. Details of investiations on the 4A0HNMA
and P91 steds were desaibed ealier [1, 2]. The results for creep prestraned 40HNMA steé
exhibited significant effed of softening. For all steds in question the sane effedt was achieved in
the case of prestrdaning inducal by means of plastc deformation a room tempeature, i.e.
hardening.

Theultrasonic and magnetic techniqueswere usel as the non-destrudive methodsor damage
evaluation. The results indicate that the acousic birefringence, Uby, - meaure of the MBE
(magnetic Barkhausen emission) and Ua,, - measureof the MAE (magnetoamusic emission) are
sensitive to the amountof prior deformation. Having parameters of destructive and non-destructive
methodsof damage assessients their mutud relationshjps were consdered in order to find their
character. The results exhibited that magnetic techniquescan be very sensiive to degradaion
devdopment for the small stran levels (up to 2%), and amost insensiive above that value. The
ultrasonic techniques gave a completely oppcsite assessmentvery poor sensitivity for smal
deformationsand goodfor deformationsgreaer than 2%.
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In the case of material prestraned dueto fatigue the destructive testsgave no clear assessmendf
mateaial degradaion, becausethe basic mechanical parametes (i.e. yield point and ultimate tensik
stress) undewent to increase. Therefore, in order to asess a degree of fatigue damage the
aterndive techniqueswere proposa. The Wohler diagam was determined as the first step of
fatigue testson the 13HMF and P91 steds. It represents the numberof cycles necessay to failure
unde given stress amplitude In the case of 13HMF sted this diagam was deemined for the
mateial in the as-recaeved stateand after exploitation (80 000h) Both Wohler diagams differ
significantly, identifying a fatigue strength reduction due to the loading history applied. In the
second stepof fatigue investigations the testswere perfformedin order to assessvariations of the
hystesesisloop widh unde constnt stessamplitude
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Fig. 1. Tensile characteristics ater fatigue (a) and creep (b) prestraning for the 13HMF steé
(numbes in the rght diagram identify time to sbp of creep test:1 - 149h,2 - 300h, 3- 360h, 4-
407h, 5 441h, 6- 587h,7 - 664h, 8 796h ad 9-1720h; 0- asreceved meterial).

The results of thesetestsenabled damage identification unde fatigue conditions. Two basic types
of medtanisms in terms of the damage development can be distinguished. The first group is
desaibed by the ratcheing, whereas the second one by cyclic plastkity. In both cases, the stran
changes measured for the entire sample volume are the sum of locd deformations developing
around defects in the form of nonrmetdlic inclusionsand voids (first group) or developing slips
within individual gains (secondgroup).

3. Conclwsion

The results of paallel destrudive and nondestrudive tests on the prestrdned power
engneaing stels enabled deeminaion of damagesensitive parametas which were afterwards
correlated, thus giving new tools for better predictions of damage development in mateias
subjeded to cee orfatigue
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BONE REMODELING BASED ON SURFACE GROWTH.
THEORY AND NUMERICS

J.F. Ganghoffer, G. Maurice
LEMTA. Univesité delLorraine

The surface growth of biological tissuesis presently andyzed at the continuum scae of
tissueedlements, adopting the framework of the thermodynamics of surfaces. Growth is assuned to
occur in amoving referential configuration (called the natural configuration), consdered as an open
evolving domainexchanging mass,work, and nutrientswith its environmen. The growing surface
is endowed with a supeficial excess concentration of moles, which is ruled by an appropriate
kinetic equaion. From a themodynamic framework of surface growth, the equilibrium equaions
are derived in mateial format from a suitable thermodynamic potential, highlighting the material
surfaceforces for growth based on a surface Eshdby stress. Thoseforces depend upon a surface
Eshdby stress,the curvature tensorof the growing surface the gradient of the chemicd potentialof
nutrients, and a suiface force field. Application of the developed formalisn to bone extemd
remodeling highlights the interplay beween transport phenomera and geneation of surface
medianica forces. The modelis able to desaibe both bonegrowth and resorption,acording to the
respective magnitude of the chemicd and medianicd contribuions to the mateial surfacedriving
force for growth. Finite element simulationsof the evolution of the shapeof humanfemur unde
extemd stress due tox@emd remodelingillustrate the modé
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ASSESSING ARTERIAL FLOW PARAMETERS TO MEASSURE THE INFLUENCE OF
BLOOD FLOW ON THE ARTERIAL WALLS

Krzyszof Czechowicz?, JanuszBadur', Krzyszof NarkiweicZ
Y Institute of Fluid-Flow Machinery PAN, Gdarisk, Poland
2 Medical University of Gdarsk, Gdarisk, Poland

1. Introduction

Some flow parameters influence pathologicd changes in the arteries. Some of those
parameters are very difficult to measure due to technicd problems. The most renown parameter is
the Wall Shea Stressz, which generates areadionin the structure of the vessl walls and also has a
major influence on the thicknessof the wall.

One of the methods to assessmost of the parameters is by creaing computer models. We have
propcsed a method to creae a computer model of the flow in the common carotid artery based on
2D ultrasoundimages.

2. Measurements

Inpu data has been aqquired using an automatic ultrasoundwall tradking system (ART.LAB,
Esaote, Maastricht, Netherlands). The system automaticdly identifies walls of the vessl and
cdculates the diameter and arterial wall thickness defined as the Intima Media Thickness (IMT).
Data is gathered with a frequency of around600Hz, and the spatia resolution in 23um. This data
has been used to generate a 3D geometry of the artery. For the purpose of the computer model the
artery has been assumed to be a straight tube with the length of 75mm and the diameter that is
assessd for every patient. Thanks to high time and spedal resolution this data can be used to model
the pulsate flow condtion.

3. Measurement analysis

To reaede blood flow condtions, ves®l walls were assumed to have linea medanicd
properties. It has been shown that such an asamption to the stressstrain relationship for the
Common Carotid Artery (CCA) does nat generate a significant error [1]. Locd arterial blood
presaure was asessed with the assumption that the diastolic (P,;) and mean blood presaure (MAP) is
constant throughou the entire arteria system. The presaure waveform was cdculated by rescding
the distention waveform to presaure values:

MAP — P,

1 P(t) =4Ad(t) - ————+P

( ) ( j [: j Ad d

Bloodflow was next cdculated using a 2-parameter Windkessel model:
. P(1) dP(t)

2 P

2 m(t) = P +c -

The parameters C and R model have been cdculated by solving the above equation under the
assumption that the average cardiac output is 100ml per cycle and 179% of the blood goes to the
brain. It also has been assumed that in the end of the cardiaccycle, thereis no bloodflow.

The Younds Moduus for the arterial walls was cdculated using the pulse presaire Ap,
diastolic (minimal) diameter D and wall thicknessIMT. Vessl wall tisaues are incompressble thus
the Poissons coefficient was assumed + = 0.495 [2].
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Also locd pulse wave velocity was cdculated using the Moens-Korteweg equation [3]. The
blooditself is has been assumed to be non-Newtonian with viscosity obeying the Power Law:
4) p=K- ("
where acording to [4] best coefficient values are K = 14.6 7mPas™ and n = 0.7755. The
densiti es of the blood and vessl walls are very close and were assumed be constant. The density of
bloodwas assumed p,, = 1050"—95, and similarly the density of the vessl wall was p,, = 1040"—2’

3) E=0,75"

4. Modd

The computational model was generated and cdculated using ANSY S Workbench. The fluid
domain was solved using CFX and the solid domain was cdculated using ANSY S. The couping
between two domains was set at the level of momentum exchange with no hea transfer. Thus the
governing equations are reduced to the momentum and continuity equations[5]. Additionaly the
model alows change in the geometry, and acwording to two-way fluid structure interadion
couping, change in the shape of the walls also cause mesh displacanent in the fluid. The couging
method required the use of Arbitrary Lagrangan-Euler (ALE) formulation to solve the
Navier-Stokes equations in a moving domain. This couding method al ows to take into acourt
changes of the bloodflow and its influence on artery wall s throughou the entire heat cycle.

The nodes of the vessel wall have been fixed on bath inlet and outlet end. This has forced the
increase of the model length. Patient data has been colleded by a 2,5 cm long probe and the
remaining 5cm have been added to compensate for the boundiry condtions at the ends. It was
necessry for the flow to stabilize to avoid the influence of the nozzle creaed at the inlet by the
distention of the artery. The remaining nodes were taken to be free

Due to a pulsate charaderistic of the flow with a posshility of returning flow, opening
condtions have been placal at the inlet and outlet of the fluid domain. Relative total pressure has
been placel at the inlet and massflow normal to the boundiry has been placed at the outlet. The
start of the increase in presaure at the outflow has been shifted in the time by the amourt of time
necessary for the pulse wave to read the end of the model vessl.

5. Results

The cdculations of the model showed that the distention of the walls in the model is not
significantly different from the measured distention. This shows that the propcsed method can be
used to analyze flow parameters in the model instead of carrying out expensive and patient time
consuming measurements.
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MODELING OF FRACTURE IN COROTICAL BONE USING THE
GURSON-TVERGAARD MODEL

S. Hernik , P. J. Sulich
Cracow University of Technology, Cracow, Poland

1. Introduction

This paper deals with study of modeling fracture in corotical bone using the Gurson-Tvergaard
damage model [1, 2]. Bone tissue is very complicated and interesting structure. From mechanical
point of view bone could be described as a composite material, because it is composed by hydroxya-
patite, collagen, small amounts of proteoglycans, noncollagenous proteins and water. In general it is
a heterogeneous, porous and anisotropic material. Although porosity can vary continuously from 5 to
95%, most bone tissues have either very low or very high porosity [3].

In this paper, the main idea is focused on long bones (for example tibial bone), usually named
corotical or compact bone with 5-10% porosity. There are few types of pores. Vascular porosity
is the largest (50 pum diameter), formed by the Haversian canals (aligned with the long axis of the
bone) and Volkmanns’s canals (transverse canals connecting Haversian canals) with capillaries and
nerves. Other porosities are associated with lacunae (cavities connected through small canals known
as canaliculi) and with the space between collagen and hydroxyapatite (very small, around 10 nm).
Cortical bone consists of cylindrical structures known as osteons or Haversian systems, with a diam-
eter of about 200 pm formed by cylindrical lamellae surrounding the Haversian canal. The boundary
between the osteon and the surrounding bone is know as the cement line [4].

Poroelasticity is theory about the interactions between solid with porous and fluid or gas flow
saturated porous medium. The theory was proposed by Biot in 1935. It was a extension of classical
soil consolidation models. The theory has been widely applied to geotechnical problems beyond soil
consolidation, most notably problems in rock mechanics [5]. From the macroscopic point of view,
especially focused on the structure of material like bone and soil, there are lots of similarities. Both
of them, contains some solid material, fluids and gas. In soil fluid phase is a water, in bones fluid is a
blood or another fluid in human body. All facts considered, the theory of poroelasticity is possible to
used for modeling bones and in this paper it is used too.

2. Formulation of the problem

Poroelasticity is described by two equations. The first of them is the consolidation equation (1),
as follows:

E

1 2p = —, 7 e
1) Vp=—p, Y

where: p — pressure, v, — specific gravity of fluid, £ — Young modulus, v — Poisson ratio and k& is
a coefficient of filtration. The mechanical part of the formulation is described by classical elasticity
equations with Terzghagi law (2) as a coupled between porous and elasticity theories [6].

(2) O',;j = O'fj - péij

Following the clinical literature, there are two main causes of fractures in bones: an external
impact produced or, quite common, in elderly people with osteoporosis. Another important cause of
pathologic fractures are bone tumors, which modify bone mechanical properties and produce stress
concentrators. Removing the tumor usually increases the risk of fracture [3].
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In this paper the fracture is modeling by the Gurson-Tvergaard formulation, where yield poten-
tial is as follows:

o2 3 o
(3) F(Uij7gs, f) = 0-72‘1 =+ 2Q1f; cosh (2(]20-}1> — (1 + qgf,:)Q =0
where f; is a void fraction defined as:

* fv if fv S fcr
(4) fv B { fm“ + /{(fv - fcr) iffv > fcr

DO | —

3 . . 1 .
Symbols 0., = (255j55j> means equivalent stress tensor of elastic part, oy = gcr,ik is a mean

, V, =V
stress of elastic part, f= P >

, where V}, and V is a volume of porous and solid and o, = 0, + R

is actual yield stress.
The void fraction could be growth, because the porous can be connected or the new void can be
created. Previous process is described by equation (5):

(5) fv = fnucl + fgrowth
where:

fjnucl = A’np
fgrowth = (1 - fv) EII;k

Nucleation and growth of voids is related to the plastic process, where p is a cumulative plastic strain
and éik is a mean plastic strain [7, 1, 2].

(6)
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DEFORMATION OF RED BLOOD CELLS

A. Jakubowicz, M. Pietrzyk
Department of Applied Compugr Science and Moddling, AGHKrakéw, Poland

1. Introduction

The blood flow in cadiovasaillar systens can be fully described as uniform fluid on
maaos®pic level by Navier-Stokesequdions[1]. However, in the case of small veins or medic
devices this approach it is not acarate. It is nealed to take into acount a nonrhomayeneous
strudure and thixotropic propeties of blood. The deformation of red blood cdls (RBC) influence
bloodability to transportoxygen and carbon, as well as can causeeven the erythrocytesdestrudion.
The concentrated suspesion of deformable RBC in a maadomoleaile environmert is a viscoelastic
mateial that experiences a loadinghistory. Thixotropic behavior is explained by changes in blood
internd strudure, which is experimentally shered, therby by the kinetics of both reversible RBC
aggregation and deformation, with their time scales. The am of this pape is to provide
amathenaticd modd of deformablemembrane of RBC, as wdl as present simulation results.

2. Membrane model

The RBC shape represents an equilibrium configuration that minimizes the curvature energy
of a closed surface for given surface area and volume with a geometical asymmetry. The
erythrocyte experiences large reversible deformations during its life spandueto changes of fluids
velocity. A dimensiorless paamete, the cagillary numbe, is influendng an erythrocytes
deformability:
«y

M
Ca; =——
% G

where u is theviscosily, y is thefluid shea rate, r is the paticle radius and G is membene shea

modulis The motion of RBC dependson the shea rate, the viscosily ratio between the inner and
outerfluids of RBCs, the mateial propeties of the elastic memlrane and otherphysicd constnts.
The most popularneo-Hookean, Skalak, and Mooney—Rivlin laws for membrane deformation are
presented as well as main differences between these models A three-dimensiordl a spedrin-link
membene method[2,3] (SL) is usedin this pape to desaibe the deformable behavior of the RBCs.
Basal on this estimation the RBC membane can be desaibed as triangulated surface The total
energy of the erythrocyte membeneis the sumof the total energy for strech, compression, change
of surface area and the tota energy for the bending Each particle in membane movemat is
desaibed by Newton equdions which minimalize forces existing in the system. Those forces
detemrmine extemd forces of fluid-strudure and strudure-structure interadion and Helmholtz free
energy of membene. Due to need of providing coarsegrids the procedure devdopedby Pivkin and
Karniadakis [5] was appied.

3. Numerical model

The formation of RBC clusters cannot be handle by classi@ compugtiond fluid dynamics
methods.The following simplifications were made RBCs are considered as phase with spedfic
elastic propeties, the plasmaand rest of the blood are represented by a uniform suspesion The
lattice-Boltzmann mettod (LBM) is usal to solve a discretized Boltzmann equaion which
conveages to the Navier—Stokes equaion. Parametes of ead kind of energy in SL depend on
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Boltzmannconstnt and tempeature, however, in this pape they are se consnt. Simulation was
conduded due to Cag change basal on change of the effedive suspensiorviscosily. The RBC
shapeis initidly se to biconave with a transmurd pressureand different naturd states of the
membene with the same initial shapeare examined in nunerical simulations of RBC mation.

e e

P B9 BP

Figure 1. On left side(a) the epresentation ofRBC membenein SL, onright side (b,c): cross
sectionsresults of deformationdueto different velocities distribuion at 0,200and 400time step.

The preliminary results for singde RBC deformation are presentedat Fig.1a. Theinitial mest
was obtainel by minimization of the Helmholtz free energy based on 500 nodes strudure. The
bounday conditons are treated as periodicso tha the RBC can reach a steady-state configuration
without need of big canputational spee At Fig.1b theRBC tumblingat low (0.5 ') shea ratesare
consdered. The RBC dynamics in Roiseuile flow in tubewith a dianete compagble with the RBC
diamder was show at Fig.1c. The transmssn from biconave shag to parachute shepe is
obseved.

4. Summary

Presented studies are applicable to various conditions of blood flow such as hematogit
change, flow velocity and vesselgeometry. The maaosmpic multiple blood cdls flow is affeded
by the motions of a single erythrocyte. That indicates needs of providing detailed model which
makes ableto undestanding multiscale mechanics of blood fow in a mico-vessel néwvork system.
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1. Introduction

It is believed that the medhanicd environment that cels experience is very important to their be-
haviour. A change of stressesin a cancer cdl can cause that it starts to behave more like ahedthy
one[1].

A biologicd tisuue made of a clledion o cdls can be modeled as a discrete system similar to a
granular media. Since eab cdl i s deformable and prestressed, we propose adedicated DEM- FEM
model of granular medium in which ead particle is modeled througha tensegrity structure.

2. Tensegrity model of a cell

Since we dm to model a pieceof tissue of a range of one milli on cdls, we employ the simplest
possble mode for the cdl. Thisis the icosahedron besed tensegrity structure consisting of tendors
(fair) and struts (dark) at first instance, Fig. 1 (a). The model enriched with membranesis shown in
the Fig. 1 (b). The example of group d cdlsis showninFig. 1 (c).

N\
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Fig. 1. Single cdl (a), cdl with mebranes (b), group d cdls(c)

3. Multibody approach

The vehicle for the model is the LMGC90 software [2], [3] in which we use the tensegrity model of
the cdl which, in fad, is a deformable viscoelastic particles model. In this approach, we simultane-
ously have to compute the contad between the particles and the stresses in the particles at ead time
instance

Dynamics iswritten using the framework propcsed by Moreau and Jean (see[3] for detail s). The set
of equations of motionincludingtheinitial and the boundary condtionsis of theform:

tit1

M M@ -6)= [ (F@.6.5)+PE)ds + Py,

i

tit1 X
%) Qi1 =0; + /t qds

whereM isthe massmatrix, q isthe vedor of generalized displacaments, P(¢) isthe vedor of external
forces, F(q, g, t) isthe vedor of internal forces including the inertia terms and p,_, is the vedor of
impulse resulting from contads over the time step.
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While gpplyinga Newton-Raphson procedure to the previous norlinea system, which was integrated
througha 8 scheme, leals to the foll owing equation which will be used in the NSCD method

~k . .
(3) M Aqurl = p?rcc + pf—tll
The dfedive massmatrix M r writes as foll ows
(4) M" =M + h202K*

where h is the time increment, ¢ is the integration coefficient [0.5, 1] and K is the tangent stiff ness
The 6 coefficient is usually taken as 0.5 yielding the Crank-Nichdsonintegrationrule. The dfedive
impulse vedor of forces freeof contad is of the form

~ k.1 . L
(5) Phree =M GF + M(G; — afyy) + RI(1 = 0)(Fi + Pi) + 0(FL, + Py )]

Contad impulses are computed using the NSCD method implemented in the LMGC90 software.
First it will perform contads detedion between cdls. Then the previous dynamics equations will be
expressd in term of contads unknowns (gap or relative velocity and contad impulse). Afterward a
Non Linea GaussSeidel method computes the contads impulses. Finaly, the resulting impulse on
cdlsnodes dueto contadsimpulses are alded to the dynamics equation to compute the new velociti es
and pasitions.

Eventually aparall €l version o the NSCD methodcan be used [2].

4. Concluding remarks

The presented scheme, based ona couding of LMGC90 software and a dedicated modeling o cdls,
has been joined to an agent model able to take into acourt the dfed of the stressevolutionin the
growing tisaue [4]. The agyent modeling is based on the FLAME framework (Flexible Large-scde
Agent Modelli ng Environment) [5].
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MULTIOBJECTIVE OPTIMIZATION OF TWO-COMPONENT IMPLANTOLOGY
SYSTEM
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1. Introduction

Restorations with the applicaion of implants are effedive and commonly used in dental
treament. However, despite the high rate of long term success many problems are still reported.
The paper presents the optimization procedure of commonly used two-comporent implantology
system in terms of problems observed in its utili zation and implantation, namely: fatigue and static
failure [2], screw loosening, tightening inacaracy and tightness The simplified, axisymmetric FE
model, yet capable to simulate asymmetric deformation, is utili zed in order to cdculate stresgstrain
field. The procedures for estimation of crucial design feaures based on the ssimplified model are
aso provided. The formulated multiobjedive optimization task is solved using weighted sum
approach where the weights estimation is dore with Analytic Hierarchy Process (AHP) [3] on the
basis of survey caried out amongthe group of medicd enginea's, producers and praditioners. The
weighted objedive function is minimized with the use of genetic agorithm hybridized with
Hooke-Jevees procedures.

A,

a) b)
Figure 1. Dental implant geometry: a) the initial model with assumed geometric design parameters,
b) the best solution obtained.

2. Modd

The two-comporent implantologicd system is considered (OSTEOPLANT). It consists of
root and abutment which are conreded with anonrotationa hexagoral slot and assmbled
by ascrew (Fig. 1a). The geometry of implant is simplified to axisymmetric, however the loads and
resporse are asymmetric. It is dore with the use of cylindricd finite elements, which utilize
standard isoparametric interpolation intheradial —symmetry axis plane and the trigonametric
interpodlation function with resped to the angle of revolution. The formulation enables to describe a
norlinea asymmetric deformation of axisymmetric geometry due to asymmetric loads. It
simultaneously significantly reduces the size of the problem (ca 94 000 dof) in comparison with
afull three dimensionadl model (ca 600000 dof). All comporents of the implant are made of
medicd titanium aloys. In the FE model the isotropic, nonlinea elastic-plastic charaderistics of
material models are taken into acourt. The contad condtions are defined between al the
comporents using penaty method as the contadt constraint enforcement. Tangential surface
behavior foll ows clasgcd isotropic Coulomb friction model. The friction coefficient is the same for
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all contad pairs and amourtsto 0.19.

The loads are applied in two steps. The first step is simulation of tightening. The pre-tension
forceis defined in the midde part of the screw and its value is cdculated based on the analyticd
equation [1]. The seand step is bending, which is caused by the worst comporent of service load,
perpendicular to axisymmetric axis. The bending force (30N, 60N) is applied to the tip of abutment
by means of a surfacebased couging constrains.

Seven geometricd parameters and screw preload are defined as variables (Fig. 1a). For eat
design parameter range and, due to GA requirements, number of bit for encoding are defined. The
ranges come from both, the geometry limitations and manufadure requirements.

3. Optimization procedure

The optimization bases on complex, norlinea FE model, which reliabilit y does not ensure the
result for al configurations of design parameters. Therefore, genetic algorithm (GA) which is
resistant to non-continuows design spaceis proposed. Unlike conventional optimizaion techniques,
GAs explore simultaneously the entire design space and therefore are likely to read the global
optimum. Unfortunately, the algorithm is computationaly expensive in the same time, espedally if
apredse solutionis expeded. As aresult, the hybrid methodis used in order to provide bath global
seach of the design spaceand a predse solution. The presented approach starts with the genetic
processng and after a few iterations the best solution is assumed to be the starting point of
Hooke-Jevees procedure. The procedure stops when sufficient acaracy of the solution is achieved.
The static, exterior penalty approach is used in order to control the constraints.

4, Results

The optimization processwas caried out threetimes. All obtained solutions fulfill assumed
constraints and differ from ead other. The diff erences consider either the geometry or the screw
preload and influence the objedive function values. Therefore, it can be concluded that all the
solutions represent locd minima. Fig. 1b presents the geometry of the best solution. The effedive
stresses amplitude increased by 91%, static resistance is higher by 63%, screw loosening moment
by 2% while tightening inacarracy worsen by 9%. None of the constraints applied is violated
(tightness tightening moment).

5. Conclusions

The complex dental implant model was optimized based on FE analyses succesdully
incorporated into the hybrid optimizaion procedure (genetic and Hooke-Jevees algorithms). The
study and the final results give evidence that presented method is efficient and can be used for
dental implant improvement. The obtained propasition of new design improves fatigue life, static
resistance and screw loasening worsening tightening inacaracy at the same time.
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MODELING OF THE LATERAL TRAUMAS OF THE HUMAN SKULL

G. Wroblewski
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1. Introduction

Many articles about modelling of stressstate in the human skull appea in journals [1], [2].
Most of the articles are about stressstate as a result of complex externa loads occurring after e.g.
communicaion acddents. The range of bore fradures are depend on many fadors, e.g. on sizethe
bodywhich contad with head during an acddent. The diredion of external force applied on human
hea is very important too. There are many clasdficaions of human skull (calvarium) traumas.
Generally we are talk abou central and lateral traumas. In this article are presented some results of
numericd simulation stressstate occurring during lateral traumas.

2. Geometrical model

To perform numericd cdculation the geometricd mode of the human cranium was dore.
This model was creaed on basis of data acquired during computer tomography (CT). A patient
(43 yeas, withou bore pathdogy) was examined in Warsaw Medicd University. As a result, 85
DICOM images were ohtained (3 mm distance between dli ces, thicknessof singe layer —5 mm).

Then, the set of data was transferred into MIMICS 10.1 system to perform the geometricd
model. All surfaces of the virtual model (outer andinternal) were described by trianguar surfacesin
STL format. A preliminary model was optimized to reduce of trianges number and its shape was
modified.

3. Numerical mode

The fina geometricd model was transferred into ABAQUS system in order to perform
numericd simulations. In these investigations two different externa loadings were assumed. These
loadings were applied onto the model asis shown on Fig. 1. The first so-cdled “high” (Fig. 1a, b) —
the external force is applied on frontal bore (os frontale) on the region shown on Fig. 1b. The
semndoneisso-cdled “low” is shown of the Fig. 1c and d —the forceis applied on the zygoma (os
zygomatiucum). Calculations were performed for two different values of static resultant external
loadings (950N and 1500N). Values of external |oads were assumed from literature [3].

Figure 1. Model s of external loads: @) direcions of applied loads,
b) “narrow” model, c) “wide” model
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The mesh of finite element method model consists of 50274tetrahedral elements. In awhole
model corticd bore material was assumed, material data were taken from [4]. It isa simplification,
becaise the CT data not alowed to exad separation between corticd and sponge bore. In an
additional simplification the orthotropic materiadl model was asaumed. Then the boundry
condti ons were assumed and simulations were performed.

4. Results

As aresult of numericd simulations stressand strain distributions were obtained. Some stress
distributions after external loading value 9500N applied on “high” and “low” models are shown on
Fig. 2.

The Fig. 2 show stressdistribution from inside view of the skull. It is shown that high stresses
are concentrated mainly in the nasal bore (os nosale). It may be an effed of small thicknessof these

b)

Fig. 2. Examples of the results streses in: the “high” (a) and “low” (b) models respedively

5. Discussion

In this work are presented some results of the first stage of reseaches. Some conclusions after
these cdculations:
e it is necessty to prepare a new geometricd model of human scull on the basis of computer
tomography to obtain more exad results,
« anew modd may refled different materias of the cranium. The division on corticd, spongy
bore aswell astooth material may be assumed in this model.
The next cdculation may asaume that the forces applied onthe model are depending ontime.
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FORMULATION AND FEM IMPLEMENTATION
OF NONLINEAR THERMO-MECHANICAL COUPLING

J. Jaskowieg P. Plucifiski, R. Putanowicz, A. Stankiewicz, A. Wosatko and J. Pamin
Department of Civil Engineering, Cracow University of Techndogy, Poland

1. General

Thermo-plasticity is a well-establi shed theory, rooted in thermodyramics. However, there is
till need for formulation of fully couped norlinea thermo-plastic models and their robust imple-
mentation. The paper presents such afairly general formulation, composed of the plastic flow theory
with any yield function and hardening, fully couged to nonstationary hed flow equations via the
dependence of mechanicd variables ontemperature and through pastic disgpation. Linea kinematic
relations are essaumed.

The model is implemented in the software ewvironment FEMDK, developed by the authors
for the analysis of nonlinea and time-dependent couded problems of physics [1]. The gplicaion
domain are engineaing materias, seefor instance [2, 3]. In the cntext of thermo-plasticity the
appli cations extend to the analysis of thermal softening o solids[4].

2. Summary of computational thermo-plasticity

The dmisto incorporate abitrary norlineaity (within small-strain kinematics) and cougdingin
the analysis. This means that, in addition to the dastic-plastic resporse, the mechanicd and thermal
properties (e.g. Younds moduus and/or condctivity) are considered as temperature-dependent.

We start the analysis by writing in Voigt's natation the standard equation o equili brium (mo-
mentum balance), valid at ead pant of the considered isotropic solid:

1 L'ec+pb=0

where L isasuitable matrix of differential operators, o isthe stresstensor, p isthe material density, b
isthe gravity vedor. The ejuation shoud be complemented by proper boundry condtions. It can be
written in terms of displacement vedor u andrelative temperature 6, which are usually the discretized
fundamenta unknownsin thermo-mechanicd problems.

The stresso is derived from a catain free aergy functional and is related to the displacement
vedor and temperature acording to:

(2) o=E(Lu-—¢€"—afll), E=E(@H)

where P are plastic strains, E isthe dasticity matrix which dependson 6, « isthe expansion coeffi-
cient, IT represents the unit tensor. The dasdcd plastic flow theory with work hardening is assumed.
Additionally, thermal softening can be admitted.

Next, the balance ejuation for nonstationary hea flow is written:

) pb+Viq=r

where ¢ the spedfic hea capadty, q the hed flux density, r the hea source density. Again, proper
boundiry condtions have to be spedfied, and moreover an initial condtion for the 8 field is needed.
The hea flux density is usuall y expressed in terms of temperature gradient (Fourier’'s law):

4 qgq=-AVO, A=A(9)
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where A is the condctivity matrix which can depend oné. Moreover, the hea source density is
related to plastic disspation, cf. [7, 4].

A generdization o the mathematicd formulation o multi-field problems can be found for
instance in [3], while the extension o the theory to multicomporent materias (together with its
thermodyrnamic badground is presented for instancein [6]. The locd mathematicd model can be
reworked into a global wedk formulation using the weighted residual approac, see eg. [5].

The full couging d momentum balanceto hea conduction leals to a mondithic incremental -
iterative scheme. The backward Euler algorithm is employed to integrate over time and the gen-
eralized return mapping agorithm is applied to solve the plasticity equations. The we&-forms of
equations 1 and 3 are lineaized at the aurrent time step ¢ + At. The fundamental unknawn fields
of displacament and temperature ae discretized using a suitable finite dement interpolation between
nodal valuesa and @, leading to the set of incremental equations:

(5) Kuu Ku@ onu _ Ru
Ko Koo 50 | | Ry
where § denctes the corredive increment of a quantity, R,, and Ry are respedive residual terms.

3. Simulation environment FEM DK

In order to manage the complexity and the development costs of a simulation system, it has
been dedded to use ready comporents, in particular Open Source Software. Such comporent pro-
grammingis enabled by the gopeaance of many comprehensive, high quality software packages and
improvement of standard interfaces between comporents. The purpose of the developed padage
FEMDK is to solve multi-field problems that occur during the analysis of degradation phenomena
of engineeging materials. The task isto buld an environment which would fadlit ate fast creaion o
todsfor solving couped problems. The software shoud satisfy various requirements regarding ceta
formats, geometric models, interpadlation, solvers, etc. The componrents of the constructed padkage
FEMDK are briefly presented in [1]. The useful fegures of FEMDK are: arbitrary number of couged
fields, in other words arbitrary number of degrees of freedom per node (which also al ows for XFEM
extension); posshility of using dfferent finite d ements avail able in Get FEM++ library and dff erent
meshes for different discretized fields; posshility of seleding particular algorithms, for instance for
time or spaceintegration.
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ELASTOPLASTIC ANALYSISBY AN AUTOMATIC
AND ADAPTIVE BEM-FEM COUPLING STRATEGY

A. Pereira
Department of Civil Engineering of Fluminense Federal University, Niter6i, Brazl

1. Introduction

The purpose of this work is to introduce a novel approach to trea two-dimensiond
elastoplastic problems by means of an adaptive and automatic couping strategy using the main
advantages of the Boundary Element Method (BEM) and the Finite Element Method (FEM).

The corred and more redistic modeling (acairate results) combined to a simple geometry
representation (easy mesh generation) is indispensable for efficient design of complex structures.
Moreover, nonlinea behavior shoud be considered for a better description of the material
properties. The choice of the numericd tod to model these structures depends on many variants and
there are no absol ute advantages of one method over ancther. The main advantage of the BEM over
the other methods is the reduction of the model dimension by one, leading to a much simpler mesh
generation. However, the most common approach for eastoplasticity with the BEM makes use of
pre-defined internal cdls, which isnaot as efficient asthe FEM in deding with non-linear material.

Overcoming the drawbadks and to benefit of the advantages of ead numericd method the
general ideaproposed in this work concerns in the initial modeling of the structure using only the
BEM, i.e. the proposed technique deds with such nortlinea effeds in a straightforward manner,
without requiring a priori information on the plastic domain, requiring just the boundry
discretizaion of the model.

2. Proposed Procedure

In the following, the regions where nontlinea behavior is expeded are deteded dired and
automaticdly based on a post-processng technique. Finally, these regions are filled with finite
elements, using an automatic mesh generator, and then the cougded nontlinea problem is solved
taking the advantages of both BEM and FEM, where they are more useful, as shown in Figure 1.

The starting point of the proposed technique is a boundary element modeling of the problem,
with the purpose of performingasimple linea elastic analysis, sincethe BEM isauser friendy and
efficient method for a continuum. In addition, the method has the advantage that the results inside
the domain are functions (over this domain) which exadly satisfy the differential equation of the
problem (in elasticity). Ancther advantage is that it is possble to derivates these functions withou
deteriorating the quality (which is not the case in the FEM). Indedd, this is a greda benefit when
computing the interface between different regions, which corresponds to the next step of the
proposed technigue.

0 0
7 N\ Lla§tlc 7
region

Figure 1: Boundhry and finite element discretization for the elastic and plastic regions, respedively.
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Therefore, regionsingde the domain, which shoud contain nonlineaities, are first estimated
by means of a pod-procesing algorithm based on the dired and automatic identificaion of
isocurves and isobands [1]. In the case of dastoplasticity, the contours of the plastic zones are
defined by isocurve plotted for the yield functions (the limit where the fail ure condition has been
violated), as ill ugrated in Figure 2. For more detail s on the pog-processng techniquethe reader is
encouraged to conault [1].

Once these regions have been determined, the plastic zones are automaticaly modeled with
the FEM, which is a powerful methodin deding with nonlinea problems, and thus,the problem is
findly solved by meansof a BEM/FEM coupling piocedure.

3. Results

In order to validae the acaragy, efficiency and usability of the proposd technique a
tunnding problem is lved and compared to results from another numericd modd, as siown in
Figure 2.

Figure 2: FEM modd comparing theyield fundions obéined with BEM: 1st iteration and
conveged olution.
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CONSTITUTIVE RUBBER MATERIAL MODELS COMPARISON STUDIESIN QUASI-
STATIC LOADING
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1. Abstract

Presented paper shows subsequent stages of vehicle tire coupors mechanicd charaderistics
numericd assessnent, with experimental data taking into consideration. Experimental uniaxia
tension tests were carried out on the fatigue macdhine with the assstance of high-speed camera and
speda software for strain measurements. Obtained stressstrain curves were applied into the chosen
congtitutive rubber material models which are avail able in the LS-Dyna code. In the next stages
numericd quasi-static analyses of tension tests were performed, which allowed to compare
implemented material laws and vali date obtained results with experimental ones.

2. Introduction

Rubber and rubber-like materials are very popuar in many areas of econamy and for sure
within it there is the automotive industry, where materials and rubber-based composites are often
used to prodice tires with high strength and durability. There is no doug that such popuarity is
caused by its mechanicd charaderistics, including ability to reversible deformation under the
loading of mechanicd forces. Because of their low moduus and excdlent damping charaderistics
rubbery materials are often used in energy absorption structures like shock absorbers or isolations.
Therefore, their mechanicd properties in various operational condtions have much importance in
engineaing applicdions. After material development it is advisable to condwct both numericd and
experimental material charaderistics assessnent and validation of the spedfic rubber (rubker-like)
meaterial.

Medhanicd properties of rubber in static experimental tests were effedively determined and
understood [1,2] with both compresson and tension charaderistics taking into consideration.
Numericd simulations of elastomeric structures and also its constitutive material modelling are
subjeds of many engineering problems. It can be seen that mgjor commercial FEA software offer a
large number of materials congtitutive laws for rubbery materials. Generaly, in quasi-static aree
elastomers can be considered as incompressble (or nealy-incompressble) materials. Rubber
congtitutive relations, which are essential in modelli ng tires, i.e. the relationship between stressand
strain, are formulated within the noninea elasticity theory, cdled hyperelasticity. For this kind of
strondy nonlinea material a large number of constitutive models are available in most of
programs with LS-Dyna code among them. Authors of the papers [3,4] investigated the Blatz-Ko
material law, in [5,6] the Moorey-Rivlin constitutive equation was implemented, Arruda and Boyce
model was applied in [7,8], whereas Ogden rubber material was eff edively modelled in [9,10].

The authors of this paper present subsequent stages of vehicle tire coupors medchanicd
charaderistics numericd assssnent, with experimenta data taking into consideration.
Experimental uniaxia tension tests were caried out on the fatigue machine with the asdstance of
high-speed camera and speda software for strain measurements. Obtained stressstrain curves were
applied into the chasen congtitutive rubber material models which are available in the LS-Dyna
code. In the next stages numericd quasi-static analyses of tension tests were performed with
particular emphasis put on the differences outline between chosen constitutive rubber material
models. Moreover, comparison studies of implemented material laws were caried out with
subsequent vali dation of obtained results with experimental data.
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3. Numerical modelling and results

At this stage of investigations there was necessary to develop numericad models of tire rubber
coupors for tension tests with the same geometric dimensions as in the experimental tests. FE
coupors were modelled using Belytschko-Tsay shell elements [11]. Mesh density was seleded
throughanalyses in order to guarantee high acaracy of computations and also the most optimum
simulation time. Simulation condtions diredly corresponced to the experiment. Rubber coupor
with applied initial-boundry condtions is presented in Figure 1. In Figure 2 exemplary force-
displacament curves for Moorey-Rivlin model simulation and experimental tests are presented.

Direction of tension 10 l |
140 >
120 Il Experiment
—100 W FEA
Fixed constraints % 80
\ § 60
40
20
0
0 20 40 60 80 100 120 140

Displacement [mm]
Fig. 1 Rubber couponwith applied initi al-boundiry condti ons and exemplary force-displacement
curves comparison for Moorey-Rivlin model and experimental tests

4, Conclusions

From the caried out analyses the material charaderistics include force versus displacement
were obtained for all constitutive material models. Consequently, results were compared with eah
other and validated with experimental data. It was shown that with acarate material charaderistics
and proper material model it is posshle to assess medchanicd behaviour of rubber (rubber-like)
meaterials with goodefficiency and acarracy with diff erent material laws taking into consideration.
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ADAPTIVE ESTIMATION OF PENALTY FACTORSIN CONTACT MODELL ING
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1. Introduction

The main oljedive of this paper isto improve stabilit y condti ons, uniquenessand convergence
of numericd analysis of metal forming processes with contad constraints enforced by the penalty
method A commonly known drawbadk of this approac isthe choiceof penalty fador values. When
asaumed toolow, they result in inacairate fulfill ment of the constraints whil e when assumed too high,
they lea to bad condtioning o the equations system which affeds gability and unquenessof the
solution. The propcsed modification d the penalty algorithm consists in adaptive estimation o the
penalty fador valuesfor the particul ar system of finite dement equations and for the assumed all owed
inacarracgy in fulfillment of the contad constraints. The dgorithm is tested onredistic examples of
shed metal forming. The finite dement code based onflow approach formulation [1, 2] (for rigid-
plastic and rigid-viscoplastic material model) has been used.

2. Main idea of penalty algorithm modification

The main ideais to estimate the penalty fadors, adjusting their values to current stiffnessand
load conditions of the model and to an assumed acairacy of contad modelli ng. It is asumed that the
penalty fadorse,, differ at diff erent locations (for diff erent discrete node-to-surface ontad constraints
k=1,..., M) andat different time steps or even equili brium iterations.

The ideais first explained ona 1D exam-

ple. The model shawn in figure 1 is considered; mitial def(’_‘j;aﬁl"" deformation
. . . . withou )
k denotes diffnessof the spring, ¢ is the excit- state conteet | Withcontact

ingforce @ isthe asumed value of displacement
(restrictionresulting from the mntad constraint),
€ is the penalty fador and ¢ is the dlowed in-
acaragy of contad modelli ng (limit penetration
depth). Itisclea that, in order to preservethe de-
sired acaracy of the solution, the penalty ¢ must ‘

at least equal [k(d — &) — q] /9. rigidface i_p
q
q

Let us now passto the general 3D case, i.e.
consider a FE-discretized structure, with a non
linea system of equations lved bythe Newton—

Raphson scheme for the unknavn displacenent Figure 1. Elastic spring with contact constraint
vedor u. Our goal isnow to estimate the penalty

fador values ¢, aslarge enoughto preserve the desired acarracy of contad constraints but not larger
so that the condtioning o the system matrix is nat significantly worsened.

The dlowed inacarragy of contad modeling (penetration) is now a vedor § = {d;}. Thus,
in the worst case we dlow Du — a = §, where D is a geometric matrix of diredional cosines
of rigid surfaces at the contad points. Substituting this to the general contad-penalized system of
equations [4]

(] (K + DT6D> u =q +Dett, € = diag(e),
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|Contact penetration|
0.0056212
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0.0037475
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0.0018737

0.0012492
0.00062458
0

Figure 2. Benchmark test of degy drawing: initial geometry and deformed shape with contad penetration map.

(where u’ isthe solution corredor at the aurrent iterationand g’ the vedor of residual forces), one can
derive dter a series of transformationsthe formulaed = D(q' — Ku'). Recdlingthat e isadiagordl
matrix, we rewrite it the index notation as

Dii(q, — Kt
@ o=l Bt
5

Equation (2) istheredpefor the adaptive penalty fador values. Unfortunately, the displacement
corredors ; onthe right hand side ae not known the moment and we need to replacethem by their
avail able goproximate. Since in the convergent iteration scheme the subsequent corredions tend to
zero, it is proposed to set u; = 0, except for the nodes where adive cmntad constraints apply —
there u/; are set to simple orthogoral projedion vedors of the arrent noce pasition orto the contad
surface Thus, the formula (2) does adually yield approximate rather than exad values of desired
penalty fadors, which does not guarantee fulfillment of the imposed acarracy condtion o contad
modelli ng, but appeas to be sufficient to kegp the inacairagy at least at the order of magnitude of the
allowed limits, Du — a ~ 4.

(nosummation ower k).

3. Numerical example: Dee drawing of a plastic shed

The numericd exampleis adee drawing o ashed. The drawing parameters and geometry of
todls are taken from the benchmark proposed by Woo in [3]. The geometry of the shed andtods are
presented in figure 2. The asumed inacairacy of contad modelling at all nodesis§ = 0.001 mm.

Figure 2 (right) presents the mntad modeling inacairagy, i.e. the penetration depth of shed
nodesinto rigid todls. The picture presents the results for the step for which the worst inacaracy was
detedted. Asit can be seen, its magnitudeis kept at the level of 1073 mm.

Acknowledgement. This reseach was partially suppated by European Regional Development Fund
within the framework of the Innowetive Econamy Programme, projed no. POIG.01.03.01-14-209009.

[1] E. Onate and C. Agelet de Saradbar. Numericd modelling o shed metal forming problems. In P. Hartley,
I. Pilli nger and C.E.N. Sturgess eds, Numerical Modelling o Material Deformation Processes: Research,
Deveopment and Appli cations. Springer-Verlag, 1992

[2] P. Perzyna. Fundamental problemsin viscoplasticity. Advancesin Applied Medarics, (9):243—-377 1966

[3] D.M. Woo. On the complete solution o the degp drawing problem. Int. J. Mech. Sci., 10:83-94 1968

[4] P. Wriggers. Computationd Contact Mecharics. Wiley, Chichester, 2002



44 38th Solid Mechanics Conference, Warsaw, Aug. 27-312201

A FLOW OF THE NONWETTING LIQUID THROUGH UNSATURATED POROUSLAY ER

M. Ciesxo, T. Bednarek and A. Stusziak
Institute of Mechan cs and Applied Computer Science, Bydgoszcz, Poland
Institute of Fundamental Techndogical Research PAN

1. Introduction

The paper deds with stationary flow of nonwetting liquid (mercury) througha unsaturated parous
layer. This type of one-dimensional flows, due to its geometric simplicity, are often the subjed of
experimental studies, devoted to determination o the flow charaderistics of porous material. Theo-
reticd considerations are based onthe new maaoscopic description o capill ary transport of liguid
and gasin parous materias formulated by the first author of this paper within concepts of multi phase
continuun mechanics. In this theory it is assumed that gas and liquid filling rigid parous material
form maaoscopic continuum compaosed of three @nstituents: gas, mobil eliquid and caill ary liquid.
Thedivision d liquid into two continuais justified bath from kinematica and energetic point of view.
The caillary liquid is contained in the thin layer covering the internal surfaceof pores. Thisliquid
gather thewhale caill ary energy of theliquid andisimmoveable. It can, however, exchange the mass
with the mobile liquid in the vicinity of meniscus surfaces. The massexchange gpeas only during
their motion in the pore space ad is described by the separate velocity field. This makesit possble
to model the mecdhanism of meniscus motion in the pore space The mobile liquid is locaed in the
internal areaof liquid surrounced by its internal contad surfacewith the skeleton and surfaces of
meniscus. Each constituent is charaderized by the massdensiti es and their distributions are defined
by parameters of saturation.

Description o the flow of nonwetting liquid through ursaturated parous materia is a spedal case of
this theory andis given by the system of threenonlinea cougded eguations for spatial distribution of
liquid saturation and presaure and for velocity of liquid flow through paous layer.

2. Theformulation of the problem

Basic asuumptions

We monsider a system composed of porous layer of thickness L surrounded by norwetting incom-
presshble liquid (figure 1). Due to stronginfluence of liquid distributionin the layer on its flow, the
analysisis performed in two steps. First, we consider quasistatic processof liquid intrusion into ini-

A A A A
a  p,| sn b p,|s.
(o1 I IS
1 B \\?m(x)
\\\
(60 I R L R e \‘/ ““““
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Figure 1. Distribution o presaure and liquid saturation in the layer during its intrusion (@) and flow througl
the layer (b).
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tially empty layer by uniform increasing o liquid presaure on bah side of the layer. This produce
initial distribution o liquid (figure 1a). Next, the presaure isincreased only on the left hand side of
the layer resulting in nonuniform presaure distribution inside the layer and stationary flow of liquid.
Asa consequence liquid distributionin the layer is also modified (figure 1b).

Basic equations
One dimensional problem of nonwetting liquid flow through paous layer is described by the foll ow-
ing system of couded norlinea differential equations

05 c,C, 9% -, 0%3

O %7 oy Cow

=0
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2 -~ _ _
@ @), =0

Uf fre
Q@ ==t

UTJ;O 5(l,p(l))
where z = z/L is dimensionless gatial coordinate, p = p/po is dimensionlesspresaure, $(z, p(T))
and v, stand for liquid saturation and velocity of mobile liquid, respedively. Wheres, vj;o isthe
velocity of mohileliquid flow throughsaturated parous layer and Cj is the dimensionlesscoefficient
of diffusivetransport of meniscusin unsaturated parous material. The constant coefficient C isgiven
by relation

@) Ci =k (p(0) - p(1))
where £7¢ is the relative permeability coefficient. Its value is determined by liquid saturation

1 1 dr
® 5=

Equation (1) for C; (p(0) = p(1)) describes quasistatic processof nonwetting liquid intrusion into
porous layer.

Boundary conditions
Boundhry condtionsfor stationary flow of norwetting fluid through paous layer are & foll ows

©) p(0) =pi/po, p(1) =1, 5(0) =s(p(0)), 5(1)=s(p(1)).

where s(p) is known function o presaure diredly related with the pore diameter distribution onthe
surfaceof the layer.

3. Numerical implementation

The system of equations (1)-(3) has been solved by Newton method Due to their strong norii neaity
the solutionis very sensitive to assumed perturbationsin differential scheme, espedaly in the pres-
sure domain. In spite of the geometricd simplicity of the problem its olution requires quite large
computational effort.

Numericd solution d equations (1)-(3) allows analysis of influence of presaure on dstribution of
liquid saturation in the quasistatic process as well as analysis of dependence of liquid saturation,
presaure, velocity of liquid flow throughthe layer and relative permeability parameter on presaures at
baoth sides of the layer in the stationery processes.
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ON DETERMINATION OF THE ELASTIC PROPERTIE SOF HETEROGENEOUS RODS

O.V. Denina
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1. Intr oduction

Materials with complex medanical properties(compostes, fundiondly gradientmatrials) are
widely distributed in the indugry (measurment technolagy, predsion machinery indudry, aircraft
indudry). Therefore, when praduding the strudural elementsmadeof thesemateials andduringthe
qudity control of their manufacturing, the deerminaion of thelaws of variationin their propetiesis
very important and urgent problem Traditional experimertal methoddor evaluating the propertiesof
suchmateials in the framework of the homayeneity hypothesisare rather crude and, therefore, the
devdopment of aternative nondestrudive methods is necessay for the identification of
heterogeneouscharacteristics, which #owsto clarify the strucdure of theheterogeneity.

Theproposel methodof investgationis based ontheappaatusof inversecodficient problems
in medanics of deformable solids, and all owsto recnstuct the unknownfundions usingthe data of
aomusic sensing, measured at somepoints of the objed unde study [1]. In this pape the problemis
considered for determining three heterogeneouscharacteristics of therod: the Young moduluis E(X),
shea modulus G(x) and density p(x), in the combined andysis of longitudinal, bending and

torsional ositlations

2. Statement of the problem and construction of the solving gperator equations

Lets consde the problem for reconstuction of three medanicd charaderistics
E(x), G(x) , p(x) for an inhomogeneous isotropic elastic rod of length |, for which F(x),
J(X),J,(x) arethecrosssectionarea, axial and polarmoments, respedively.

To solvethis problem,we implement the various modesof oscillation: longitudinal, bending
andtorsional It is assuned thattheinformationaboutthe amplitudefrequency characteristics atthe
end of a cantilever clampedrod is known u(l,o) = f,(®), w<[w@,,®,] , for the longtudinal
oscillation;, wW(l,w)=f,(®) , welw;,o,] , for the bending oscillation;
V(l, w) = f3(w) , w €[ ws, wg], for thetorsionaloscillation.

In the present pape, the following scheme is proposedto deteminetheunknown fundions:at

the first stage, on the basis of combined analysis of longitudinal and bending oscillations we
detemrmined the functions that characterize the laws of variation for the Young moduls E(x) and

density p(x); at thesecondstage, fromandysisof torsionaloscillations for aknown density function
we determined the fundion thaaderizing the law of variation for the shea modulis G(x) .
Onthebasis of generali zed reciprocity relation [2] the opeator equaionsare obtainel, which relate
theunknownfunctions and functions meaurel in the adysisof wave processes.

In the case of longitudind oscillations, the opeator equéion has theform (1):

| e 2 |
j(du(zx(xw)] FOOE®™ ()dx—o? [ (U™ (x,0))*F (o™ (x)dx=
0 0

1) = P(f(0) -u" V(@) ,0e[w,m,]
In the case of bending and torsional oscillations, the opeator equaions have the form (2), (3)
respedively:
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e 2
j-(dzw(l)z(x,a))] J(X)E(”)(x)dx— a)z'l[(W(n_l)(X, a)))2 F(X)p(n)(x)dX:
0 dx 0

@) =—P(f5(0) -W"(,0)), 0 [w3,0,]
LAV (x, @) ) -1

3 J (dxj 35(9G™ (dx=M(F5(@) -V (1, @) .0 [as, o]
0

3. The numerical realization

Notethatead stepof the iterative processrequires the soluion of the direct problemwith the
revisedproperties. Direct problemswere solvedby reduction to Fredholm integral equaionsof the
secondkind asin [3]. Thus onthe basis of the apparatus of Fredholmintegral equéionsof the fir st
and second kind have been constucted iterative processedor the identification of unknowr
functionsthat are al owed to carry outthecleavage of the initial inverse probleminto a sequence
of problens of two types- soluion of thedirect problemwith variable coefficientsand thedefiniti on
of the amendmatson the basis of a standad soluion of ill -posedproblem- treatment of Fredholm
integral equdion ofthefirst kind with smodh kend.

Severa computtional expeiments in the problems of identifying the medanicd
characderistics of therod for different types of inhomogeneities were carried out. The expeiimertal
results showel that the proposel method can effedively restore smodh inhomogendty laws:
polynomid, trigonometic, functionswith alarge gradient(for thereconstuctionwith an acaracy of
8%is sufficient 5 - 7 iterations). Piecewise-constint heterogeneitiesrestored muchworse. Theresult
of therestoration of thesefunctionson the basis of thepropose methodare smodh functions,simil ar
to theoriginal in the mean-squae.

This wok was supportd by the Pesident of Rissen Federation (grant MK-6213.2012.1)
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1. Introduction

MEMS aduators (microacuators) produce movement and force, transforming (in most cases)
eledricd energy into mechanicd energy. There are diff erent types of microaduators, like: thermal,
eledrostatic, magnetic, piezoeedric and SMA (Shape Memory Alloys) ones. They use different
types of physicd phenomenato produce mechanicd energy. In the therma aduators movement is
generated by means of high eledricd resistivity of material and spedfic geometry. Eledrostatic or
eledromagnetic actuators use eledrostatic or eledromagnetic force between movable and stationary
parts (comb drive aduators). Piezoeledric microaduators use piezoeledric phenomenonand can be
fabricated as a bimorph or expansion types. Shape optimizaion is an important phase in MEMS
aduators designing. Majority of papers dedicaed to the shape optimization of the microactuators
consider only one criterion. If more than one criterion is considered, the optimizaion is performed
by choasing one optimization criterion with other treaed as restrictions. Anather common approach
is scdarizaion of the criterions by using weighting method Such attitudes cen be treaed as
multiobjedive optimizaion but they are rather inadequate and inefficient. In multiobjedive
optimization based on Pareto concept several objedives (or cost functions) are minimized or
maximized simultaneously. Obviously, in these problems there is no single solution that is the best
with resped to al objedives. The designer has to chose one solution from a set of solutions, which
are cdled optimal in the sense of Pareto.

Different models of eledrostatic and thermal microatuators are optimized in the paper. The
objedives can be creaed on the basis of different quantiti es derived from particular couged-field
analyses. Finite Element Method (FEM) [3] is used to solve eledrostatic-structural and eledro-
thermo-mecdhanicd boundiry-value problems. Objedives function value cdculated on the basis of
numericd models of microaduators are usualy multimodal. Anayticd optimizaion methods are
widely applied and they have good mathematicd foundations, but for multimodal functions they
usualy stuck in locd optima. Applicaion of evolutionary algorithms (EAs) alows to avoid these
difficulties. Moreover, EAs are ided candidates for finding the Pareto optimal solutions becaise
they work onthe popuation of potential solutionsin ead generation.

2. Multiobjedive optimization problem

Among many different types of multiobjedive evolutionary agorithms, Strength Pareto
Evolutionary Algorithm and Non-Dominated Sorting Genetic Algorithm are the most popuar
multiobjedive optimization tods. Conseautive versions of such agorithms: SFEA2 and
NSGAII [1] have many pradicd applicdions in different engineaing disciplines. An own
implementation of evolutionary multiobjedive algorithm is used in the paper. Some spedfic
methods implemented in NSGAII are applied in propcsed method Proposed algorithm has been
tested on severa benchmark and engineging problems. The results obtained by means of our
method in most cases are better in comparison with the results obtained using NSGAII [2]. Finite
element method is used to simulate dired problems numericdly. MSC.Mentat/Marc and Ansys
Multiphysics software padages are adapted to crede the optimizaion system. Suitable interfaces
between optimizaion algorithm and the FEM software are creaed.
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3. Example of multi objedive shape optimization

The modé of microeledrotherma aduaor is conddered (Fig. 1a). The microaduaor is
fabricated from polycrystali ne sli con. The defledion of the microaduator ocaurs if the eledricd
potential differenceis applied acosstwo eledricd pads (EPL, EP2). Caused by material propaties
- high eledricd resistivity and different thermal expanson coeffi cient beween thin and wide arms.
Thedeviceis aibjeded to thededricd, thermal and mechanicd bounday conditions. Thdength of
the aduaor is equd to 260 nicrons, wile eledricd pads are 20x20 microns wde The
multiobjedive problem concens determining the spedfi ed dimensonsof the aduator shape, which
minimize (i) volume of the microacuaor, (ii) maximal value of equivalent stress and maximize
(iii) verticd defledion of the microaduaor. Six design variables (Z1-Z6) are assumed (Fig.13).
Fig.1b presents a set of Pareto optimal solutions. The design variables for extreme solutionsare as
follows Point A (21=1.0Z22=1.04823=1.024=12.025=100.026=2.0), Point B (Z1=1.2472=1.91
Z3=1.01 74=14.3 75=98.46 76=5.14) Point C (Z1=1.0 Z2=1.0 Z3=1.081 74=18.0 z5=30.C
Z6=2.0).
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Fig.1. 9 Geomdry and paamerizaion of thethermd microaduator, b) Set of Pareto-optima solutions

4. Final remarks

An effedive intelli gent technique based on the multiobjedive evolutionay algorithm is used
for shgpe optimizaion of microaduators. Positive results of multiobjedive optimization are
obtained for different type of microaduaors. Goupled eledrogatic-structural and eledro-thermo-
mechanicd FEM analysis are performed to cdculate objedive functionsfor ead individud in eat
generation. Numericd computtions for such multiphysics problems usng FEM is usudly time
conauming, espedally for more complicated modés.
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PARALLEL SPARSE INCOMPLETE CHOLESKY CONJUGATE GRADIENT SOLVER
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1. Intr oduction

More and more high-dimensionaliy problemsof medianics of solids and strudures become
solvable on persond desktop compuers without involving expensive workstatons, clusters,
networking etc. This type of computrs requires a spedfic devdopment of FEA software becauseof
arestrictad cgpadty of the core memory and a narrow bandwidth of thememory system.

Thefinite element methal which has becomemosg popularamongnumercd methodsor the
soluton of prodems of thestrudurd and sold medanics, leads D the lineaagebric equaion sds
with the sparsesymmetric matrices. There are classesof problemsthat are preferable to solve by
iterative methodsinstead of direct ones, because the duration of solufon for iterative method:
depends on dimension of problem amost linearly. Usudly it is the design models of strudures
having rathershat and wide strucure of levels of an nodd adjecency graph.

The agorithm of matrix multiplicaion is possble to be essentialy accéerated on the base of
multithreading parall eli zation for shaed memory multicore computrs due to efficient usage of a
cadhe-memoy and registers of processors.It al ows usto unloadthe systam of memoy possessig
narow bandwidth; therefore this agorithm demongrates a good speelup while the processor:
numberincreases. Thefadoring of the spasematix is reduced to repeated application of agorithm
of matrix multiplication for dense subnatrices. Therefore it is possble to achieve a good speeduf
for direct methodsat a stge of numeica fadoring [1].

For problems of strudural medianics the precnditioned conjugate gradient method has
appeared the most effedive. In this work we apply the spase incomplee Cholesly fadorization
method- a combination of incompleteCholesky factorization by value approach with techniqueof
sparsematrix. The main stags of this method are the spase incompleteCholesky factoring and
iteration process. We will discussthe both: the paralelizaion of spase incompletefactorization
procedure and thestage of iterative one

2. Sparseincomplete Cholesky factorization procedure

The spase tedchnique allows us essentialy improve the property of precnditoning to
accéerate of convergence The multiple minimum degrees algorithm is applied to reduce the fill -
ins, arising during incomplete factoring. In average, such a technique reduaes the number of
regjectionscompaing with conventiond (non-spars@¢ methodand al ows usto approah the propety
of incompletefador H to complete L without essentialy increasing the siz of incomplete factor H.

Thelooking-left column-by-column dgorithm is apfied:

1. doj=1,N
2. Copynonzro dements of ®lumn j of souce matrix in densevector s.
3. Pardle updde mlumn j by columns, ae located d left: s; =, - Zaj‘ksK
keList] j]
4. Fadoring of columnj.
5. Andyzeof dementss : if (a,l2 <yg a; ) - regject a; and mrred the diagond entiies

, othewise— puta; to nanzero stucture of column j.

a; :ﬁa,..
] aii )

g

&;
& = |[—
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6. enddo

Here k ¢ List[j] meansthat the subscipt k accets only thosevalues,for which aj # 0. Vectors
S, Sk containsthe matrix elements,locaedbdow row i = j. Threshol value y is taken sosmallhow
muchit the amountof RAM and peformance of the compuer alow. The stage3 requires amosi
95% — 97% of compuing time during fadoring, therefore this pat of agorithm shout be
padl€lized fir st of all. We avoid splitting of a matrix into blocksas suchprocedure inevitably leads
to increasein the size of incompletefactor H. It in turn increases requirementsto anountof RAM
and sbws down theforward-back subsitutions repeatedly applied in the courseof iterations

3. Iterative procedure

We can't produce the parallel computing on different steps of iterations because for obtaining
of solution on a step k+1 it is necessary to know the solution on a step k. The parallelization only
within each iterative step does not lead to considerable acceleration on multi-core computers. The
matrix - vector multiplication and forward-back substitutions respectively incomplete factor H are
the main time consuming operations. Unlike matrix multiplication these procedures are not to be
accelerated considerably due to paralelization on computers of the specified architecture having a
weak bandwidth of memory system [2]. Therefore we use pardlel execution of iterations for
different right parts, considering the fact that in practical problems of structural mechanics the
structures are subjected by package of loads — dead load, exploitation loads, wind load, snow loads
and so on. The number of load cases usualy is about 6 — 60.

4. Numerical results

The design model of a rea multistory building from collection of SCAD Soft
(www.scadsoft.com) is considered. Model comprises 2 002 848 equations and 7 right-hand sides.
The computer with four-core AMD Phenom™ II x4 995 3.2 GHz processor, RAM DDR3 1066
MT/s, 16 GB core memory is taken. The resignation parameter y = 102,

Nos of threads Incomplete Stage of Total time
factoring iterations
1 1000 345 1345
2 578 213 791
3 465 172 637
4 421 144 565

Table 1. Duration of several stages of iterative solution, s.

6. Rderences
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MATHEMATICAL MODELING OF THIN-WALLED BEAMS AND FEM APPLICATIONS
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Department of Engineering Modeling, University of Calabria, Rende (CS), Italy

1. Introduction

3D beams with thin walled or compact section are widely used in engineering practice and the
improvement of both linear and nonlinear models suitable to perform FEM analyses still represents
an important task for researchers.
Although in the past notable contributions have appeared [1, 2], in recent literature interesting works
[3, 4, 5, 6, 7] have presented beam theories with non-uniform warping and shear deformations for
non-symmetric open/closed cross-sections.
This work deals with the theoretical generalization of the Saint-Venant linear solution (SV) to the
case of nonuniform warping and its FEM formulation for the numerical analysis. The model is based
on independent descriptions of both the 3D kinematical and stress parts. The kinematical description
is based on standard assumptions that consider a rigid section motion plus an out-of-plane warping,
derived by the SV solution, now generalized to allow the three warping functions corresponding to
shear and torsion to vary along the axis with three independent descriptors, while the cross-sections
maintain their shape. The warping functions are calculated numerically, as FEM solution of three
Neumann boundary-value problems as in classical SV solution (see [8]). The 3D stresses are in-
dependently described by summing to the SV stress shape some further terms due to the variable
warping.
The field so obtained are entered in the Hellinger-Reissner variational principle to obtain the model
in terms of sections resultants.
Two different approaches will be developed and compared: the first one uses a Benscoter-like [9]
expression for the secondary shear stresses derived from the generalized kinematic; the second one
evaluates the shear stresses by the equilibrium equation in the axial direction. The second approach
requires the solution of a new set of PDEs problems on the cross section domain, whose boundary
conditions are obtained by imposing the zeroing of the traction vector on the free cylindrical surface,
as no body forces or loads on the lateral boundary are considered. The numerical solution of the in-
volved functions makes the formulation particularly general and easy to be used in the case of generic
cross-section where the centroid and the shear center are not necessarily coincident. Once all the
involved warping function are known, an automatic evaluation of the compliance matrixes is in fact
possible.
The model could be exploited also as the starting point for geometrically nonlinear formulations, due
to the possibility to filter the rigid body motion by means of standard Corotational descriptions (see
[10] for example) or at the continuum level. A first important attempt in this direction is represented
by the Implicit Cotational Method proposed in [11]. The resulting nonlinear models maintain all the
information of their linear counterpart and can be accurate up to the order required. This aspect is very
significant when performing Koiter-like asymptotic analyses, as a second order kinematical accuracy
is inadequate.
A series of numerical tests will show the accuracy and the effectiveness of the proposed model and
its discrete implementation.
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MODELLING OF CORROSION INTERFACE IN RC CROSS-SECTION

M. German, J. Pamin
Institute for Computational Civil Engineering, Cracow University of Technology, Poland

1. Introduction

The chloride corrosion is one of the most important destructive factors of durability of concrete
structures. During the process, chlorides penetrate the concrete cover and gather around passive
reinforcement bars. As time passes by, the chloride concentration in concrete increases until it reaches
a chloride threshold value, estimated as 0.4% of the cement mass. At this moment the passive layer
on the steel bar surface becomes decomposed and the rebar starts corroding. The rust has a smaller
density than steel, which means that the volume occupied by rust is much larger than the volume of
steel consumed in the process, thus a volumetric expansion occurs [1]. This generates an internal
pressure acting on the concrete surrounding the reinforcement. As a result tensile stresses occur in
the concrete cover, which leads to cracking, splitting, spalling and general failure of the element.

2. Corrosion interface model

The proposed model of corrosion interface in RC cross-section is focused on the analysis of
cracking of the concrete. The constitutive model for concrete behavior is the plasticity-based damage
model proposed in [2]. The model uses concepts of isotropic damaged elasticity in combination with
multi-surface plasticity to represent the inelastic behavior of concrete. It assumes that the two main
failure mechanisms are tensile cracking and compressive crushing of the material. The evolution of
failure is controlled by tensile and compressive equivalent plastic strains. Under uniaxial tension, the
stress-strain response follows a linear elastic relationship until a failure stress is reached. Beyond the
failure stress the formation of micro-cracks is represented macroscopically with a softening stress-
strain response. Under uniaxial compression the response is linear until the value of initial yield
strength is reached. In the plastic regime the response is typically characterized by stress hardening
followed by strain softening beyond the ultimate stress. Steel is modelled as an elastic-plastic material
without hardening. Rust is introduced as a layer of elastic material.

These three material models are used to build a numerical representation of corrosion interface.
The two-dimensional model is created using FE package Abaqus. Concrete and steel are modelled
as a solid using 8-node continuum elements (CPS8R). Rust is modelled as an interface, using 4-node
cohesive elements (COH2D4). The constitutive response of the cohesive layer can be defined using
a traction-separation description or a continuum approach. Both types are considered in the model.
For comparison, rust can also be modelled as another continuous material. The three materials are
connected using tie constraint.

3. Tests and application

Firstly, numerical tests are performed on a sample with dimensions 200mm x 300mm. The
model is a composition of three materials tied and loaded by unit uniaxial tension. The interface
response is described in terms of traction-separation or using continuum approach. In the third model
rust is treated as a solid material. On the basis of the results, achieved from the test, for further
calculations only cohesive elements with traction-separation response are implemented.

Damage due to corrosion product expansion is simulated for an RC cross-section with the di-
mensions of 350mm x 600mm. The cross-section is reinforced with four 25mm-diameter bars. The
bars spacing is 7Smm. The C25/30 concrete is assumed, the concrete cover is S0mm, and the rust



Session: Computational Aspects of Solid Mechanics 55

Figure 1. Model of corrosion interface in RC cross-section
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Figure 2. Localized strains appearing in concrete due to corrosion

layer is 0.5mm thick. The representation of the corrosion interface is presented in Figure 1. The inter-
nal pressure, generated by the volumetric expansion of corrosion products, is calculated according to
chloride corrosion model presented in [3], assuming uniformly distributed corrosion. In the Abaqus
model the expansion is represented by substitute internal pressure, acting at the reinforcement-rust
and rust-concrete contact surfaces. The paper presents the results of these simulations and their sen-
sitivity to selected model parameters. Example tensile cracking of concrete is presented in Figure 2.
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TREATMENT OF AN INHOMOGENEOUS INCLUSION WITH THE AUGMENTED
CORRECTED COLLOCATION METHOD
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Sharif University of Technology, Tehran, Iran

1. Problem definition

Inhomogeneity is a subdomain of a body whose material is different from those of its
surrounding matrix. If the inhomogeneity is under an eigenstrain field, it is referred to as
inhomogeneous inclusion, Figure 1. Assuming both phases are isotropic and the eigenstrain is
uniform through the field, the exact solution can be found in [1].

)

Phase (1)
g2

Phase (2)

A
/

Figure 1. Circular inhomogeneous inclusion in an infinite body.

Many numerical investigations utilize the circular inhomogeneous inclusion with uniform
eigenstrain field as a benchmark to demonstrate the efficacy of their solutions. Among these studies
[1-3] can be mentioned.

2. Methodology

In the present work, the problem of circular inhomogeneous inclusion with uniform
eigenstrain field is employed to examine the robustness of the augmented corrected collocation
method (ACCM) proposed by Shodja, Khezri, Hashemian and Behzadan [4].

ACCM is a method in the context of meshless methods, particularly reproducing kernel
particle method (RKPM). ACCM is applied to enforce exactly not only the continuity of
displacements at the interface particles but also the essential boundary conditions at the boundary
particles. This leads to analyze the material discontinuity problems with much more accuracy [4].

3. Solution

Suppose R = 1 and Young’s modulus and Poisson’s ratio for phase one and two should be
E, =1000,v; = 0.28 and E, = 900,v, = 0.33, respectively. Due to the axisymmetry, only one
quarter of the domain (0 = 8 = g) with the size of 5 X 5 has been selected to be modeled. Each

phase is discretized separately with the RKPM shape functions. 302 and 503 particles have been
used for discretizations within the first and the second phase, respectively. The area associated with
each particle is calculated employing the proposed algorithm in [4]. At the interface, 41 pairs of
particles are located, Figure 2. In each pair, one particle belongs to phase one and the other is of
phase two with the same coordinate.
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Figure 2. The arrangement of particles in the first phase and in the interface boundary.

Since the selected domain is finite, the displacements in the right and upper edges of the plate
have been calculated using the theoretical solution [1] and have been considered as EBCs. Also
symmetry boundary conditions are applied at the left and lower edges of the plate. Note that at the
interface, the continuity of displacements should be met.

4. Results

The radial strain along 8 = g has been plotted in Figure 3. It is seen that, the discontinuity at
the interface has been captured accurately without any undesired oscillation and there is a
considerable accordance between the numerical and exact solutions. This verifies the efficacy of
the ACCM. Figure 4 shows the radial variation of hoop stress along 8 = E which exhibits a jump

discontinuity across the interface. The conformity of numerical results and exact solution, once
again emphasizes the accuracy and the efficacy of the ACCM
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Figure 3. Distribution of radial strain. Figure 4. Distribution of hoop stress.
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FRACTURE MECHANICS ANALYSIS OF A CYLINDRICAL SAMPLE LOADED BY
TIME-DEPENDENT HEATING

M. Leindl, E. R. Oberaigner
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1. Abstract

In this work the thermomechanical loading through dielectric heating of a cylindrical sample
made of a brittle material is investigated. Such heating occurs due to irradiation by microwaves in a
cavity or by a beam [1]. The suitable modelling of the dielectric heating is of crucial importance in
the analysis. In literature there can be found two approaches to model microwave heating in dielectric
media. The first one utilise Maxwell’s equations in dielectric media [2], the second one is known as
Lambert-Beer’s law [3]. In contrast to the Maxwell’s equations approach, with Lambert-Beer’s law it
is not necessary to solve the propagation of electromagnetic waves inside the medium and the heating
is modelled via a volumetric heat source. The expression for this source or body flux can be derived
from Maxwell’s equation [4, 5]. In this work the time-dependent temperature field is obtained via
the Green’s function approach and compared with numerical results from finite element calculations.
The following analysis for the time-dependent stress-strain field is performed in the same manner,
and again analytical results are compared with numerical calculations. With the information how
the stress-field varies with time, it is possible to perform a fracture-mechanics analysis for several
crack configurations. Due to the fact that the material shows a brittle behaviour it is admissible to use
linear-elastic fracture mechanics and the K-factor concept [6]. As a result stress intensity factors are
obtained and can be compared with critical values from literature. Additionally a possible procedure
for a crack propagation and life-time calculation will be given in the outlook.
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THE GENERAL BOUNDARY ELEMENT METHOD FOR DUAL PHASE LAG MODEL
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1. Introduction

Micro-domain subjeded to the external heding is considered. Mathematicd description of the
process discussed bases on the dua phase lag eguation in which the relaxation time and the
thermali zation one appea. The DPL equation contains a secnd order time derivative and higher order
mixed derivative in bath time and space This equation is supdemented by the adequate boundry and
initial condtions. To solve the problem the general boundry element methodis adapted

2. Mathematical model

Hea transfer processes procealing in a rapidly heaed micro-domains can be described,
amongothers, by the dual phase lag equation[1, 2] (2D problem is considered)

2 2
C[GT(X, by, 9 T(x y,t)}:sz(x’ vty +2,2, 20 TO V)

1
@) ot ¢ ot? ot

where C is the volumetric spedfic hed, A isthe thermal condittivity, t4is the relaxation time, tr is
the thermali zaiontime, T is the temperature, (X, y) are the spatia co-ordinatesandt isthetime.
This equationis supdemented by the boundxry condtions
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where Ty (X, V, t) is aknown boundry temperature, o, (%, v, t) is aknown boundry hed flux, nisthe
normal outward vedor, d(0¥on isthe normal derivative and Ty isaninitial temperature.

3. General boundary element method

It shoud be painted out that for T4 = tr = 0 the equation (1) reduces to the well known Fourier
one. To solve the Fourier equation by means of the boundry element method the severa variants
basing on a time marching technique have been applied, for example the 1st scheme of the BEM, the
BEM using discretization in time and the dua redprocity BEM. In this work, the generd boundiry
element method (GBEM) for hyperbdlic heda condiction equation propased by Liao [3] is adapted in
order to solve the dual-phase lag equation.

Let =1/At and T'=T (x, y, f At), where At is the time step. Then, for timet'=f At (f > 2) the following
approximate form of eguation (1) can be taken into acourt

(4) BT ~T' )+t AT -2T "+ T"%)=alT +ar,OT ' -0T")
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where a = J/C. From initia conditions (3) resultsthat T°=T (x,y, 0) = Ty and T* =T gx, y, At) = Ty It
shoud be pointed out that when the equation (4) is solved at the f-th time step t ' = f At then the
temperature distributions T™ at timet™ and T at time t 2 are known.

At first, afamily of partia differential equations for ®(x, y; p) is constructed [3]

(%) 1= p)LIP(x, ¥; p) ~U (X, y)] = —pA[P(X, ¥; p)]

where pJ[0, 1] isan Pwanaa, U (x, y) isaninitial approximation of temperature distribution T" (for
example U(x, y) = T™), L isan 2D linea operator whase fundamenta solution is known and A is an
nonlinea operator. The form of operators L and A results from the equation (4) [3]. The equation (5)
shoud be supdemented by adequate boundary condti ons resulting from condtions (2).

If p=0then @ (x,y; p) corresponds to the initial gpproximation U (X, y), while if p=1 then ®(x, y; p)
corresponds to the unknavn temperature T" =T (x, y, t"). So, the equations (5) form a family of
equations in parameter pJ[0, 1] and the processof continuous change of the parameter p from 0to 1is
the processof continuots variation of solution d(x, y; p) from U (x, y) to T'=T (x, y, t").

Function ®(x, y; p) is expanded into a Taylor series abou value p =0 taking into acourt the first
derivativeand under the asumptionthat U (x, y):Tf “onehas

(6) T =T +U%(x,y)

where UM (x, y) = (0D(x, y; p)/ 9p) p=0-

Taking into acourt the form of operators L and A the equation 0?U™ — BUMY +R(U) = 0 shoud be
solved using the traditional BEM for steady-state problem.

As an example, the domain of dimensions 100rmx100m made of gold is considered. At the upper
surfacethe hea flux described by Gausdan function is assumed, at al other boundiries the zero hea
fluxis accepted. Initial temperature equalsto 300K. Figure 1 shows the temperature history at the two

interna points close to the central part of upper surface
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Figure 1. Temperature history at the two internal paints.
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METAL FOAM STRUCTURE FINITE ELEMENT MODELL ING BASED ON
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1. Introduction

Metal foams (Fig. 1) are a new, as yet imperfedly charaderized, classof materials with low
densities and novel physicd, mecdhanicd, thermal, eledricd and aoustic properties. They offer
patential for lightweight structures, for energy absorption, and for therma management; and some
of them, at least, are chegp.

The paper deds with the experimental and numericd studies of the open-cdl aluminum foam
microstructural behavior. The aim of the research was to describe the main mechanisms that appea
in the foam structure during the compresson. The first step of the research was the compresson test
of the samples in the tomography testing stage that was couped with sample X-ray scanning to
describe the deformations in the reseached material for the FE model verification. The next step of
the study was the development and the analyses of the numericd model of tested undeformed
sample in acordanceto computed tomography results. Both results were compared. On the base of
goodcorrespondencethe main mechanisms in the foam structure were described.

2. Computed tomography description and research results

SkyScan 1174 (Fig. 2) compad micro-CT was utili zed to carry out the compresdon tests for
samples made of an open cdl ERG Aerospace aluminum foam of 10 PA'. The foam relative
density was 9%. The conducted test was performed to compressthe sample by 40% of its height.
The compresson was dore in the following stages of 1 mm and after ead stage the compressed
sample tomography was caried out. The load velocity was 2,5 mnvmin. The examples of

%
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Fig. 2. SkyScan 1174compad micro-CT
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Fig. 3. CT compressontest results — deformations (undeformed and compressed samples) and
stressstrain curve

Y PR — pores per inch — the number of open poreslinealy arranged alongthe distance of oneinch
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3. Finite element model, analysis and results

Foamed materials numericad models are often developed on the base of the red structure image (2D
phaograph or 3D scan) [1,2]. Idedized models suitable for investigations to determine the
influence of particular geometricd or material parameters onto global properties of afoam are also
used (i.e. Kelvin's pdyhedron [3], Wedre-Phelan structure [3] or Vorona 3D tessllation [4]).

The model was built with the use of a unique computer code creaed to transform the scan point
cloudinto FE raster model based on solid 8-node elements (Fig. 4). The numericd compresson test
was caried out with the use of LS Dyna computer code. The boundary conditions were applied as
in the experiment. The elastic-plastic material model with isotropic hardening was applied to
describe the materia properties for aluminium (Y oung moduus E=71GPa, Poisn ratio v=0,33,
yield stressRe=318VIPa). The comparison of numerica and experimental tests was caried out for
deformations and stressstrain curve (Fig. 5) and showed good acordance The diff erences result
from material model and properties approximations.

P " 10PP1
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- — experiment
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Fig. 4. Numericd model Fig. 5. Comparison of Fig. 6. Stressdistributionin
development experimental and FE results compressed FE model

Due to the high correspondence between numericd and experimental tests, the main mechanisms
appeaing in the foam microstructure were assessed on the base of the von Mises stressdistributions
(Fig. 6). The main mechanism of the foam damage is the plastic joints development in the
conredion areas between foam beans as well asin the beams.

4. Discusson and conclusions

The development processof the red foam structure numerica model on the base of the computed
tomography was presented. The experimental and numericd study of the 10PR foam samples was
presented. The results of strain — stressbehavior and deformations were compared and showed gooc
compatibility. The stressdistributions were studied in order to charaderize the main mechanismsin
the structure. The most important conclusion is that the foam structures can be considered as the
complex beams constructions where the locd instabiliti es determine energy absorbing capabiliti es.
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MICROSCALE HEAT TRANSFER. COMPARISON OF NUMERICAL SOLUTIONS
USING TWO-TEMPERATURE MODEL AND DUAL PHASE LAG MODEL

B.Mochnacki®, J. DziakiewicZ?
! Czestochowa Uniwvesity of Technology, Czestdmwa Poland
2 Silesian University of Technology, Giwice, Poland

1. Intr oduction

The problemsconnected with the numeica modding of micros@le heat transfe are here

discussd. Generally spe&ing, the differences between the maaoscopic hea condiction equation
basing on the Fourier law and the models describing the same processin microdamains appea, first of
all, in the case of extremely short duration, extreme temperature gradients and very small dimensions
of domain considered [1].
From the mathematicd point of view, nowadays there exist diff erent models describing the mechanism
of process discussed. In this placethe microscopic two-step parabdic model can be mentioned [2].
The two-temperature parabdic modd invdves two energy equations determining the thermal
processs in the dedron gas and the metd lattice The other governing equation can be obtained on the
basis of clasdcd Fourier-Kirchhdf equetion in which the vedor of hed flux q is defined in a spedal
way (bath the relaxation and thermali zation times are taken into acmurt). The relaxation time is the
mean time for eedrons to change their energy states, while the thermadlizaion time is the mean time
required for dedrons and lattice to read equili brium. This gpproach is call ed the dual phase lag model
(DPLM).

In the paper the thermal processes procealing in domain of thin metd film subjeded to a laser
puse are considered. The numericd algorithms simulating the course of the process are constructed
usingthe FDM in version being the generdizaion of variant discussed in [3]. Both two-temperature
modd and DPLM ore are taken into acourt and the comparison of solutions obtained constitutes the
main god of reseach.

2. Two-temperature parabolic and DPL models

At firgt, the microscopic two-step modd presented among others in [2] will be discussed. The
two-step model invaves two energy equations determining the hea exchange in the eledron gas and
the metal lattice The equations creaingthe model discussed can be written in the form

) CT) T =V [T, DY TJ-6(T,-T)+Q
o
@ G S =Vl MV T]+6T.-T)

where T = Te (X, 1), T =T, (X, t) are the temperatures of dedrons and lattice respedively,
Ce(Te), G (T)) are the volumetric spedfic heds, Ae(Te, T)), i (T;) are the therma condictivities, G is
the couding fador which charaderizes the energy exchange between phononand eledrons, Q is the
cgpadty of interna hea sources resulting from the laser adion[4]. Taking into ac@urt the geometricd
properties of domain considered, the 1D task congtitutes sufficiently good approximation of the red
hea transfer processes proceading in the system. Introduction of interna hea source Q allows one to
asaime the no-flux boundiry condtions on the upper and lower surfaces of the metal film. The initia
condtions of the task discussed are also known.

The other approach resulting from the generalized Fourier law leads to the foll owing equetion
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correspondngto DPL model [4]

oT  O°T ovT oQ
3 C|—+1,—5 |=V[AVT]+1, V| A—— |+Q+1,—
) {6’[ qatz} (vl T{ at}Q ot

where T (X, t) = T (x, t) is the maaoscopic latticetemperature, C = C; + C, isthe effedive volumetric
specific heat resulting from the serial assembly of electrons and phonons and A = A .. The boundxry
condtions are the same as previously, the initiad one determined the initial temperature and initia
hedingrate.

3. Example of computations

The thin gad film of thicknessL = 100nm subjeded to a short-pulse lase irradiation [4] is
considered. Thermophysicd parameers are taken from [4]. In Figure 1 the solution of two-
temperature parabdic mode is shown, while Figure 2 presents the solution of dud phase lag modd. It
isvisible that electron temperature is much highe than lattice temperature. Solution of DPL mode! is
between temperature of electrons and latticein two-temperature model .
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Figure 1: Eledrons and latticetemperature Figure 2: Maaoscopic temperature
at theirradiated surface at theirradiated surface
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AUTOMATIC GENERATION OF BENCHMARK PROBLEMS
FOR STRESS ANALYSIS FEM PROGRAMS
USING MANUFACTURED SOLUTIONS METHOD

A. Perduta and R. Putanowicz
Institute for Computational Civil Engineering,
Faculty of Civil Engineering, Cracow University of Technology, Cracow Poland

1. Motivation

Verification of computer programs is one of the key issues in ensuring quality of numerical sim-
ulations. Verification usually means comparison of the results obtained from computer simulations
with a reference solution. In case of problems governed by a PDE or a set of PDE’s one can obtain
exact reference solution only in the most simple cases. What is more, such solution might be not
enough to fully cover all aspects of the code that is to be verified. A possible remedy to this problem
is to perform code verification using method of manufactured solutions [1]. In this approach one as-
sumes a solution having the desired properties, and then, by filtering the solution through the problem
equations, recovers source terms and boundary conditions that lead to this solution. Automation of
this recovery can make the verification of numerical codes much easier.

2. Program structure

Figure 1 shows the structure and the data flow of our application aimed at providing help in the
construction manufactured solutions for verification of the structural analysis codes. The application
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Figure 1. Structure and data flow for MorphBar application.
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can be used in two modes. In the first mode, the application takes on input a specification of equation
of motion, data for body discretisation in terms of a mesh, and data for material model. On output it
produces a set of files containing input data for a finite element method application. Running the FEM
application on these input files should produce a solution that approximates the assumed equation of
motion. In the second mode, the application takes on input a specification of sampling points and
calculates values of various fields (strains, stresses) that are derived from the assumed equation of
motion and material model. By automating generation of FEM program input files and subsequent
sampling of the fields of interest, the application can substantially help in rigorous, systematic and,
what is more, automated verification of computational codes.

Sampling the displacement field involves direct evaluation of the equations of motion. Calcu-
lation of the deformation gradient tensor field is more difficult as it involves differentiation of the
equations of motion. For some cases the deformation gradient can be calculated from closed analytic
formulas as in the case of ”Axis Deformer” described below. The application makes also provision
for calculating the approximation to the deformation gradient using finite element method techniques
(FEM Deformer), symbolic calculations via external package (Analytic Deformer), and calculation of
the deformation gradient using automatic differentiation (AD Deformer). The hierarchy of deformer
classes is shown in Figure 2.

Deformer

\

Axis Background Scriptable
Deformer mesh Deformer
Deformer L\ \
FEM Analytic AD
Deformer Deformer Deformer

Figure 2. Class hierarchy for Deformers.

3. AxisDeformer module

The "MorphBar” application was conceived by considering a particular case of deforming a
rectangular cross-section bar. The bar is mapped (morphed) from an undeformed to a deformed con-
figuration by providing the description of the deformed axis via NURBS curve [2] and assuming that
plane cross-sections orthogonal to the undeformed axis remain plane and orthogonal to the deformed
one. In other words we assume the kinematics of the classical Euler—Bernoulli beam theory but with-
out restriction of small deflections. This particular form of the deformation allows us to express the
deformation gradient by the versors of Frenet—Serret frame, torsion and curvature of the axis curve.
The NURBS form of the deformed axis is assumed to facilitate exact analysis of the axis geometry
with the help of the openNURBS C++ library [3].

[11 K. Salari and P. Knupp (2000). Code Verification by the Method of Manufactured Solutions,
SAND2000 - 1444, Sandia National Laboratories.

[2] Les A. Piegl and Wayne Tiller (1997). The NURBS book, Springer.
[3] The openNURBS Toolkit, http://www.opennurbs.org/.
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MODIFIED CONTACT SEARCH ALGORITHM FOR SHEET METAL FORMING

K.Wawrzyk, P. Kowal czyk
Ingtitute of Fundamental Technological Research, Warsaw, Poland

1. Introduction

The presented contribuion concerns algorithm for deteding contact in numeiical simulations
of she¢ metd forming. An amendmat to a stardard contact searching algorithm is proposel that
allowsto eliminae errors leading to wrong soluion results. The consdered algorithm is designated
for the cases of triangular discretizaion of contad surfaces. Furthermore, numeical cost of the
presentedalgorithm is disaussed.

2. The concept of the proposed algorithm

The standad agorithm for detedion of contect between a point and a suiface (disaetized by
finite elements) [1,2] assumesthat the contad element (also cdled contact segment) is one of the
elemaents $aing thenodk that isthe dosest o thepoint conddered. For sane finite dement meshes
this assunption may prove false. An example of sucha caseis shownin figure 1. Here, one can see
the surfaceSdiscretized by triangular elements and the point P located above or below the surface
Since the closestnodeof the suiface elementmedh to the given point P is the nodekK, the standrd
procedure will search for the projedion pointin one of the elements contaning this node athougt
the corred soluion is the eement Nnin  which is none of them thowgh it adually contains the
projedion pointof P ontoS.

,A__‘.‘.““‘““m\\\\\\\\\\\\\\\\\\“\\\\\‘\‘\\\\\\\\\\\\\\ @}\ﬁ\\\\\\\‘

Figure 1. Example disceetizaion of surface

In order to determinethe contad element corredly, an dterndive way is proposel. Unlike the
standad a gorithm, the proposel oneconsstsin finding the closestelementfor the given point The
procedure is as follows. The point is projeded orthogondly onto surfaces of subsequet triangles
constituting thefinite elementmeshof the suface By solving a 3x3 linear systemof equations,the
projedion distance D and the barycentric coordinaesT;, T, T3=1-T;—T> of the projedion pointare
computd. If T, >0AT, 20AT, >0 thenthe projedion bdongs to this element and the distance

beween the point and the element is D (figure 28). Othawise, the point is projeded onto the
triande edges, and, depending on the results, D is assigned the value of distance from the point to
oneof the edges or vertices of thetriangle (figure 2b). Repegting this procedurefor al the surface
eements and saving the onewith the lowest value of Dy,n, the dgorithm comesup with the correa
contad element (or possibly a se of elements if the projection point is locaed on an edge or
vertex).
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Figure 2. The orthagond projedion. Figure 3. The interpolated prgection

The next stage, similarly as in the standad algorithm, is to peform the so-cdled
“interpolated projection”, i.e. the projection of a point onto a triangle along an “interpolated
normal” vector. This interpolated vector is obtained on the basis of averaged normal vectors
compued in ead node of the consdered element, being the normdized arithmetic average of
normd vectors in elements shaing the consdered vertex. The idea of intempolatal projection is
shown in figire 3. Thepurposeof this ation issmodhing the esults of theprojection piocedure as
afunction of locaion of the consdered point. The intempolatal projedion of pointis doneontothe
closestcontad element (or anumter of neghboring elements)indicaedin the previous stege of the
algorithm.

3. Numerical cost of thealgorithm

The numeical costis defined as the total number of dominaing operations that must be
performedto obtainthe result of analysis Here, theseare opaationsof multiplication and division,
as their exeaution time is muchlongerthanthat of addition and subtaction [3]. Having estimatel
numeica costfor boththe proposel and the standad algorithm, we havefoundthat (1) in boththe
cases the numercd cost of agorithm is a linear function of the numberof rigid surface elements
and (2) thenumerical cos of the proposel algorithm is significantly higher thanthatof the standrd
algorithm. On the other hand, however, the proposedagorithm appears in mary cases the only
reliable.
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GRADIENT-ENHANCED DAMAGE MODEL
FOR LARGE DEFORMATIONS OF ELASTIC-PLASTIC MATERIALS

B. Wcisto and J. Pamin
Cracow University of Technology, Poland

1. Introduction

The paper describes the formulation of a hyperelastic-plastic model coupled with gradient dam-
age for materials subjected to large strains. The work addresses also aspects of its finite element
implementation within AceGen/AceFEM environment. The analyzed theory and algorithm are ap-
propriate for simulations of composite and metallic materials failure.

2. Material description

The kinematical framework of the presented model is based on a multiplicative decomposition
of the deformation gradient F' in the form: F = F¢FP?. Free energy function is assumed to be an
isotropic function of the elastic left Cauchy-Green tensor b® = F¢F°, scalar measure quantifying
the amount of plastic flow  and scalar damage parameter w:

ey ¥ = (1=w)p*(b*) +¢7(7)
The parameter w grows from zero for the intact material to one for a complete material destruction and
is computed from the damage growth function w = f?(k), where k = max(é, x¢), € is an equivalent
strain or energy measure and ky is the threshold.
Elastic constitutive relations between Kirchhoff stress tensor 7 and left Cauchy-Green tensor
b® are described through an elastic strain potential ¢/°:
oY°
Obe
The yield criterion F}, is an isotropic function of the effective Kirchhoff stress tensor 7 =
7/(1 — w) and plastic strain measure ~:

3) Fy(r,7) =7(7) —q(y) <0

Function ¢ represents the yield strength with isotropic hardening. Associative flow rule is assumed.
Whether damage grows is decided on the basis of a nonlocal loading function:

) Fué,r)=e—rk <0

) T =22"b°

where € is nonlocal equivalent strain or energy measure and « is the damage history parameter. For
Fy < 0 there is no growth of damage.

The nonlocal averaging is performed through the solution of an additional second order partial
differential equation as first proposed in quasi-brittle damage mechanics [1]:

(5) e—1*’V¥%=¢

[ is a material dependent length parameter commonly called the internal or intrinsic length scale. The
Laplacian and the parameter [ can be referred to either the deformed or the undeformed configuration
[2].

The gradient enhancement applied to the considered model preserves it from pathological sen-
sitivity to the finite element discretization (Figure 1).
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Figure 1. Deformed mesh and relations between displacement and sum of reactions for perforated plate in
tension for damage-elastic material model

3. Implementation

The focus of this paper is the three-dimensional numerical simulation based on the presented
model. The simulation is performed with the Mathematica-based package AceGen [3]. The pro-
gramme is a novel code generator that consists of the symbolic and the automatic capabilities of Math-
ematica, automatic differentiation technique and simultaneous optimization of expressions. FEM im-
plementation within AceGen consists of symbolic description of a residual vector and tangent matrix
for one element and automatic generation of a code for a chosen FE environment (e.g. AceFEM,
FEAP, ANSYS). Due to this approach the cumbersome derivation of the consistent tangent for the
Newton-Raphson method is avoided.

Numerical verification tests of the described model are performed with the Mathematica-based
package AceFEM. Particularly, uniaxial tension test (c.f. Figure 2) and perforated plate in tension
(c.f. Figure 1) are examined.
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Figure 2. Uniaxial tension test for elastic-plastic model coupled with damage: displacement vs reaction sum
and damage growth
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SPECIFICATION OF INTERATOMIC POTENTIALS BY SYMMETRY

Kinga Nalepka
Department of Strength and Fatigue of Materials and Structures, Faculty of Mechanical Engineering
and Robotics, AGH University of Science and Technology, Al. Mickiewicza 30, 30-059 Cracow,
Poland

1. Object of the paper

A new method of the parametrization of models describing interatomic interactions in metal
crystals has been developed. The proposed approach enables us to obtain parametrization conditions
which have a coherent physical interpretation and additionally, they are simpler and more efficient
than those applied classically. The reason is the double use of symmetry: at the continuum level and
the atomistic one.

2. Motivation

At present, there are created more and more complex materials both with structural and func-
tional applications: metal-ceramic composites as well as micro- and spin-electronic devices can be
representative examples. Advanced microscope techniques enable a detailed characterization of the
microstructures of these materials. Information obtained in this way constitutes the basis for building
models at the atomistic level. The models allow us to describe and understand a number of processes
in the materials such as the nucleation and propagation of cracks or dislocation evolution. Addi-
tionally, the atomistic models enable identification of key properties necessary for building reliable
models at the continuum level.

Interatomic interaction in metals are described mostly by means of potentials whose form is
defined by the Embedded Atom Method (EAM) [1]. According to the EAM approach, the energy of
the metal crystal per atom E consists of the energy of pair interactions between a central atom and
its neighbors ® and the embedding energy F' of the central atom in an electron density p coming from
neighboring atoms:

1 K
) B =2 é(rm) + F(p)

m=1

where %qﬁ(rm) is the contribution to ® from an atom mth while p is a sum of densities f introduced
by successive neighbors:

) p="3 f(rm)

m=1

In the above equations, 7, is the distance between the central atom and its mth neighbor.

The EAM functions ¢ and f contain parameters which enable the application of a given model
to various metals. In literature, the parameters are specified at the assumption that the considered
model correctly predicts the crystal properties at the equilibrium state, that is, that the lattice con-
stants, the cohesive energy and the elastic constants are equal to the experimental values. The re-
lationships obtained in this way constitute the key parametrization conditions used classically [1].
These conditions have not a coherent physical interpretation, are not unique and take complex forms.
As aresult, the parametrization is not efficient.
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3. Solution

According to the newly formulated conditions [2], the considered EAM model should correctly
reproduce elementary strain processes resulting from the spectral decomposition of the elasticity ten-
sor [3]. The fulfillment of these conditions means that an arbitrary process of small strains will be
proceed in accordance with the experiment. The elementary processes are determined by the crystal
symmetry. Therefore, the obtained parametrization conditions can be further simplified, this time, by
the application of the orthogonal relationships in the point group of the considered crystal. Thanks
to the double use of symmetry, at the continuum level and the atomistic one, the finally formulated
relationships enable more efficient parametrization than the classically used ones.

The developed approach to the parametrization of the EAM-type models is applied to cubic
metals. According to the obtained conditions, the crystal energy per atom £ as well as the Kelvin
moduli A;,;i = I, 11, I1] predicted by the potential should be consistent with the experimental data.
Additionally, the pressure p in the system should be equal to zero:

3) E*(e = 0) = Egy
1o 1
4 — lg (= / F/ A
) P BZ(R((2¢>S+ f)=0
S S 2
(5) Z norm 4 F/Zl fnmm F//(leRsfé> ‘| — )\izp
=1 s=1 s=1
S
(6) Z (;snmm + F/ Zl 3b f’rwnn] — )\;”I”P
= s=1
) A1 = 3Q } Zl b d)"‘”m + F/Zl b fnorm] )\?;117

In the formulated condltlons, ¢;’“’"m and f7°"™ are the normalized contribution to the shear moduli
coming from the pair interaction and from the electron densities, respectively. These contributions as
well as the structural parameters R, [; and by are determined in [2]. The proposed conditions are used
for the parametrization of the Rosato-Guillope-Legrand potential applied to copper. The obtained
model not only better describes the equilibrium state but also the defect formation. To illustrate the
performance of the formulated model, the shearing process in the plane (1 1 1) is examined. The
simulations are carried out with the use of the buffer layers introduced in [4]
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ON A BACKWARD IN TIME THERMO-MICROSTRETCH PROBLEM

E. Bulgariu
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1. Introduction

In this article we consider the boundary-final value problem for the linear theory of thermo-
microstretch elastic solids introduced by Eringen [1]. It is well known that this type of problem is
ill-posed, but imposing some mild conditions, we will prove some uniqueness and the continuous
dependence results. The data are given for the final time ¢ = 0 and we want to study the solution
at the previous moments. By an appropriate change of variable, we transform this problem into a
boundary-initial value problem. Using the Lagrange-Brun identities, we deduce some preliminary
results that combined with a method based on Gronwall’s inequality will be the principal ingredients
in obtaining the uniqueness and the continuous dependence results. This paper continues the study
started by Bulgariu [2].

A study of uniqueness and continuous dependence upon mild requirements concerning the ther-
moelastic coefficients for the solution of the boundary-value problems associated with the linear the-
ory of thermoelasticity have been made by Ciarletta [3].

Passarella and Tibullo [4] have demonstrated the uniqueness of solutions for the backward in
time problem of the linear theory of thermo-microstretch elastic materials and the impossibility of
the localization in time of the solution of the corresponding forward in time problem. Our results
concerning the uniqueness of solution extend in a particular case the uniqueness theorem of Passarella
and Tibullo [4] and we also discuss a different class of problems than the one considered by them.
Some estimates that prove the continuous dependence of solution with respect to the final data are
obtained.

2. The boundary-final value problem and the transformed problem

The fundamental system of field equations for the the boundary-final value problem is the one
considered by Bulgariu [1] on the time interval (—7',0],7 > 0 and T may be infinite. Using the
change of variables: ¢ ~» —t, we transform the considered boundary-final value problem (P) into
a boundary-initial value problem (P) on the time interval [0, 7). We observe that only the energy
equation has a different form in the two considered problems because only in this equation occurs the

first order derivative with respect to time.

3. Uniqueness results

We consider the hypotheses:

(H,) the relation symmetry relations for the constitutive coefficients considered holds true and the
conductivity tensor k;; and microinertia [;; tensor are positive definite tensors;

(H,) the internal energy density I per unit of volume is a positive semidefinite quadratic form;

(Hs) the specific heat is nonpositive, that is a(x) < ag < 0, where qq is a constant.
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Theorem 1. Assume that (H,) and (H>) hold true. Then the boundary-initial value problem
(P) has at most one solution.

Theorem 2. Assume that (H;) and (H3) hold true. Then the boundary-initial value problem
(P) has at most one solution.

Remark 1. If we assume that (H;), (H>) and (H3) hold true, we obtain the uniqueness of the

solution of the boundary-initial value problem (P) in §2 x [0, T"), without any procedure of extension.

4. Continuous dependence with respect to the final data

Theorem 3. If @ = [u;, @i, ¥, €ij, Kij, Vi, tij, Mij, Wi, 0, 0,64, ;] is a solution of the boundary-
initial value problem (f) corresponding to the external given data Dy = [O, 0,0,0, u?, u?, go?, gb?., 0,
1/10, 6°,0,0,0,0,0,0, O], assuming that the hypotheses (H1), (H3) and (H3) hold true, we have the

estimate
t
1
(1) Et) —|—/ / ?kiﬂ’i(s)ﬁd(s)dvds < £(0) exp (M), Vtel0,T)
o Jado

where M > 0 is a constant which depends on some constants defined in the previous sections and
%) E(t) = / [ (1)i(e) + T put)5(0) + BIG2(0) + 2W (1) — ab(1)] o
Q
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MODELL ING OF THERMO-VISCOPLASTIC COUPLING IN AISI L6 STEEL

H. Egner and W. Egner
Institute of Applied Mechanics, Cracow University of Technology, Cracow, Poland

1. Introduction

In the present analysis the 2 mechanisms — 1 yield criterion (2M1C) model identified in [1]
to describe the elasto-viscoplastic behaviour of AISI L6 sted a different (but constant)
temperatures, is extended to acwourt for the effed of temperature change (nonsothermal
conditions).

2. Equations of thermo-elastic-viscoplastic material

The model is based on the assumption of small strains. Total strain is partitioned into an

elastic, inelastic and thermal comporents, &; —5 +£ +‘¢:,J , while the inelastic strain in 2M1C

model can be partitioned itself in two different strain mechanisms, &; = A(0)e + A,(8)e? . The
complete set of state variables for the thermo-elastic-viscoplastic matenal consists of eastic strain
&; and absolute temperature 6; internal variables: kinematic and isotropic plastic hardening

variables i, a? and r®, r®, respedively.
The state equations result from the assumed form of the state potential, which is here the
Helmholtz free energy, decomposed into thermo-elastic (') and thermo-plastic (pyw™) terms,

after [1]:

=p %wE =By (O)(&4 —€4) ~ B (0)(0-6,), B,(6) = Ey (O)ay (6)

9 2 oy 2
X =p aw@ =§(cn(9)ai§1> +Cu(@)a?), X =p af@ =§(sz(9)ai§2’ +Cy,(8)af’)
ij

R0 = p 00 =000 @17, RY = p 27 =b,0)0, @

In the above expressons a; (6) isthe thermal expansiontensor, C,,(6), C,,(6), C,,(6), Q¥ (6),
Q?(8), b(6), b,(6) are material parameters, which are temperature dependent (cf [1]).

Potential of disspation is asaumed (after [1]) not equa to plastic yield surface (non
aswciated thermo-viscoplasticity), which allows to obtain norntlinea plastic hardening rules, which
give more redi stic description of the material resporse.

The rates of state variables are obtained by the use of the classcd normality rule, while the
evolution equations for thermodynamic conjugate forces are derived taking the time rate of state
equations, seeTable 1.

By taking into acomurt the temperature dependence of material charaderistics the additional terms
appea in the above evolution equations, which may play a significant role when solving high
temperature problems, such as fire condtions or thermal shock problems.

In the case of thermo-elastic-viscoplastic material, the general coupded hea equation takes
the foll owing form:
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. IR® XM
pcfgz = tr _6Pij (gij _éilj) +Jij£ilj _(R(l) _07)';(1) —(Xiﬁl) —5’7”)6751) +
' 00 00
(2)
-(R? —e—aR(Z))r‘(z’ -(X® L )a?
00 ! ag !

which is nonlinea and fully couped to medhanicd problem. Hea flux is given by the Fourier's
law: ¢ =-k;6, .
A more general case of thermo-plastic-damage cougingis described in [2].

No couging Coupling with temperature
. E gE aEijkI | 6,6’”- a
g = ijkd € -[- Y (& _gkl)+ﬁ(0_go)+18ij]9
Xy = g(ciialgl) +Cijal£|”) +§( 05 af + 66; aNe;i, j =12;i # j,nosum
- L ab 0Q i A
0 = b(@Qr® +Qr® +(—Q +b —=1)rMgi =12, nosum
R L (Q Qr™) (agQ. '66') 1,

Table 1. Kinetic equations for thermodynamic conjugate forces

2. Numerical implementation

The mathematic model is implemented into ABAQUS UMAT procedure and numericd
simulations are performed to investigate the influence of thermo-viscoplastic couging on the
material resporse. The fully implicit badkward Euler scheme is chaosen, which is always stable and
very acarate. Adopting the Newton-Raphson method, the iterative solution procedure is defined as

ASKD = AS® —[.J‘k) ]_1R(k) , Where AS is the vedor containing the increments of the unknowns,

[J]:% is the Jacobian matrix and R is a residual vedor, containing the comporents

Rg =4S —Aé, where AS is a variable while Aé denotes the function resulting from the
evolution rule for i-th varisble S . The iteration procedure is stopped when the norm of R is
sufficiently small. The state variables Sf,, in the current k-th iteration are expressed at the end of
the step as the values at the beginning of the step S, correded by the current iterate increments

AS*: St =S, +ASK.
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CALIBRATION AND VALIDATION OF A CONSTITUTIVE MODEL FOR SINGLE
CRYSTAL NICKEL BASED SUPERALL OYS
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1. Intr oduction

Life time prediction of turbineblades is of great interest for engine manufidurers in order to
enhance the engine peformanes or to optimize the overhaul intervals. To perform acairate life
time predictions, the first stepof the approah is to devdop a modelable to simulate propely the
medanica behaiour of the representative volume element. In particular, the choice of the
consitutive equaionsand the @ibration of the prametas ofthe modéare really essential.

The originality of this work lies on the richnessof the experimental daabeseavail able which
brings out the high capability of the proposel modd to reprodue a very large se of experimental
daain bothisothermd or anisothermd conditions and, thus,to showthe sturdinessof the modelto
beinclude into a life time pediction approach.

2. Condtit utive equations for single aystal plasticity

As asinde crystalnickd based supesdlloy, AM1 exhibits quite strong elagtic and viscoplastit
anisotropy which must be taken into acount in the modelling. A crystal plastcity approach has
been chosen Plastic flow ¢ is the result of glide processesacording to a certain numberof slip

systems*s”. Such an appr;ach has alrealy been widely described by Méric and Cailletaud [1].
However, in that study someimprovementshavebeen added to the initial crystallographic model
The viscoplastic flow rule, linking the resolvedshea stresst® to the incrementof plastic slip 7° on
a given slip system“s”, is usng a sinus hyperbolic form to take into aceunt the saurdion of
viscosity experimertally obseved at high stran rates(above10’s™):
- X1 signoey
M S

The threshold r® is cdled isotropic hardening variable. The internd stress x° is associded to
the kinemdic hardening. The evolution equdion for the kinemaic hardening containsdynamic and
static eavery terms b enable thesimulation of elaxation and ceep tests.

z_S _ XS _ rS
y*=¢g;sinh <Ks> sign(z°—x°), X*=C%°-D°%®

)

4

3. Results

The expaimenal daabase consstsof hundeds of medanical testsperformedfrom 20°C up
to 1150°C. Many different types of tests, either isothermal or anisothermal, are avail able: tension
cyclic loading, hyteresis loop, creep, relaxation, thermomechanical tests... Four different
crystallographic diredions were testal: [001], [111], [01]] and [123. First of al, for somespedfic
crystallographic diredions and tempeatures, a relevant limited numberof isothermd experimertal
testsis defined to carry out the complete cdi bration of themodel. Theway to achievepropely suct
a cdibration will be discussd more in details in the presentation. Then, the entire databaseis
simulated for vaiddion. Some esults are shown @ Figure 1.
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Figure 1. Compaison smulation-experimert for some isothemal experimertal tests.

Once themodad is fully cdibrated, it becomespossible to predict the medanicd behaiour of
therepresentativevolume element for morecompex anisothermd tests over thewholetempeature
range [20°C-1200°C], and, this, whaeve the crystallographic direction conddered. For instance,
the evolution of the 0,2%yvield stresswith tempeature for threestran rates, in the <001>direction,
is shownon Figure 2, together with the simulation of a complex themomedanical testperformec
between 600°C and 1100°C, along <123> crystallographic dredion.
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Figure 2. Compaison smulation-experimert for sone anisohermd experimental tests.

To condude, a consttutive modelhas been proposed, cdibrated and validatedon a very large
daabase Many types of expeaimerts are wel desaibed and, in paticular, complex
themomechanica loadings which are more representative of turbineblade sevice conditions. The
sturdinesof such amodel with quite little numbe of parametes to be cdibratedis shavn. Finally,
it is ready to be includedinto an indudrial life time prediction approach.
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EXACT ANALYTICAL SOLUTIONSTO PROBLEMSON EQUILIBRIUM STATE
OF ELASTIC ANISOTROPIC HEAVY BODIESWITH CENTRAL AND AXIAL
SYMM ETRY AND THEIR APPLICATIONSTO GEOMECHANICAL PROBLEMS

A. Fukalov, A. Kutergin and A. Zaitsev
Perm National Research Polytechnic University, Perm, Russian Federation

1. Introduction

The need to solve problems for anisotropic heary sphericd and cylindricd bodesisdueto a
wide range of applications in various industries, construction, and geology. For instance the
problems of geomedhanics of storing and mining (i.e. mondithic mine working suppats) and road
construction (i.e. tunnel lining) must be solved taking into acourt central and axial symmetry,
uniform and/or nonuriform distribution of external and/or internal presare. Obtaining of new
analyticd solutions is important and urgent for development of engineaing methods of amended
strength analysis, for testing computational algorithms of solving complex problems in which
individual elements of designs and constructions are similar in geometry and boundiry conditions
and for working out methods for the experimental research of heavy bodes with simple geometry.

0=0 J®, 0.1 MPa
ANy
g : B
1
gL Ho2
>'\'I'1 1 1
0.0 0.5 B
0 J®, 0.1 MPa

° o
S
)
b
£
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Fig. 1. Distribution of the independent invariant of stresstensor (MPa) on the fixed external (J(E'X) ),

freefrom presauresinternal (J,(r;)) and contadt (Jg)) surfaces, with radiuses p,, =2,5m,
pc =31mand pg, =4,3m; 3' =0,y =049, 3" =0, IV =,J0Z, + 0,

2. Method for solving

New exad anayticd solutions to problems on equili brium state of hadlow and combined
thick-wall ed heavy transversall y-isotropic spheres [1] and orthatropic cylinders [2], which are fixed
ontheinterior or exterior surfaces and are subjed to the acion of uniform and/or nonuriform exter-
nal or internal lateral presaure, are obtained. When integrated heterogeneous system of Lame diffe-
rential equationsin cylindricd and sphericd orthogoral coordinates, the variable separation method
led us to reduce the dimension of the problem, and the usage of generalized power series enabled us
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to write a general solution. The obtained solutions can set a pattern for exad solutions in particular
cases of the relations for displacements, stresses and strains at the points inside hdlow and
combined heavy isotropic spheres and cylinders with the similar boundxry condtions[3, 4].

3. Applicationsto geomechanical problems

The reinforced concrete mondithic roof suppats of sphericd mining and the surroundng
array of sedimentary rocks are considered as a single mechanicd system. The influence of
construction geometries and material properties on the distribution of the independent invariants of
stresstensor for sphericdly transversall y-isotropic bodes in crosssedions (Fig. 1) is analyzed in
the diredions of meridian 8 and dimensionlessradial p coordinates. The estimation of an initial
strength is carried out on the basis of a multi criteria approach taking into acourt various fradure
medhanisms and areas where the fradure may be initi ated and defined.
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Fig. 2. Distribution of radial (u,10°m) and hoop(v, 107 m) displacement in reinforced concrete
cylinder on external, internal and median surfaces, with radiuses p,, =3,0m, pg, =55m

The problem on equili brium state of heary reinforced concrete cylinder located on foundition
soil is considered. Contad surfaceareawas asaumed to be known and unchanged. The readion of
soil is given in the form of a quadratic function which mees the condtion that its integral sum
equals weight of the constructions. The assumption alows us to write the boundary condtions for
the determination of the integration constants of partial solution. On the basis of this the distribution
of displacanents (Fig.2) and streses in transversal crosssedions of horizontal mondithic
reinforced concrete cylinders are shown, the lower half of which are duginto the soil.
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MECHANICAL STATE SIMULATION RESEARCH OF HYDROMECHANICAL
FORMING PROCESSES OF NICKEL SUPERALL OYS

M. Hyrcza-Michalska
Slesian University of Technology, Gliwice, Poland

1. General

The paper introduced the results of research on drawability of nickel superal oys continuation,
mainly on formability INCONEL daloys using advanced drawing processes as hydromechanicd
forming—forming using liquid presaure. The using of INCONEL shedsin cold working processng
isafaintly recognzed question, because of applying this type techndogicd solutions only at short-
waves manufaduring in aircraft industries, for example civil and military aircraft engines casings.
Moreover, the consequence of hed-resistance and creep-resistance of nickel superalloys is high
susceptibility of these aloys to plastic strength during deformation. The hydromedhanicd forming
of nickel shed metals is redized only in suppat from the techndogists pradicdly experience,
which is taken on road of trials and errors. Additiondly, the short-waves production of airplanesin
comparison to longwaves produwction of cas, it generates the higher costs of designing and
manufaduring elements in aircraft industry.

It in suppat abou many yeas' experience of team of Department of Materials Techndogy of
the Silesian University [1, 2], the use of chosen methods of physic and numeric modelling for
improvement of design processand the recogrition of production results of nickel superal oys were
propaosed.

2. Research and simulations results analysis

The results of simulation and computer aided designing of jet engine body panels drawpieces
— cone showed in Fig.1 made of INCONEL 625 shed metals were contained in this paper. To
numericd modelli ng the environment of the commercial software ETA/Dynaform 5.7 version and
its advanced options were appli ed.

(b)

Fig.1. Cone drawpiecemade of Inconel 625 (a) charge and industrial drawpiecephaography,
(b) results of cone hydromedhanicd forming simulations — comparison between die and processng
drawpiecegeometry.

In simulating questions of mecdhanicd state of hydromechanicd forming process were used
the complete data charaderistics of INCONEL 625 shed metals, which were worked out: using
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basic and techndogicd tests, pointing out the forming limit diagram and condicting industrial tests.
The pradicd posshiliti es of using of presented methoddogy have been presented in the paper.

3. Conclusions

The so far ohtained reseach results reved that there are potential plasticity properties of nickel
super aloys like Inconel 625, which make it possble to produce the corn drawpiecein the process
of hydromechanicd forming. Simulation using ETA/Dynaform 5.7 software allowed recognizing
medhanicd state of this forming process Comparison between induwstrial tests and simulation
results are good correspondng in range of geometry representation. Simulation tests are being
caried out at present in order to recommend a modified techndogy for cones made of Inconel 625
aloy processng.
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1. Introduction

In the literature one can find always an interest in describing the governing equations of a
physical process as a variational principle. The interest comes not only from the purely theoretical
view-point but also from the practical one: a variational principle can help to form a general and sys-
tematic approximative procedure for establishing the solution from a direct study of the variational
integral, and then to use it in formulation numerical methods and calculations. In most cases( e.g.
FEM and BVM) of them solutions are searched by minimization techniques in which weak formula-
tion of governing equations appear with arbitrary variations.

2. Stationary action principle

Historically, at the beginning the classical Lagrange and Hamilton’s formalisms were formu-
lated for the point mechanics problems. Accordingly, if a dynamical system is described by the
vector-valued coordinate g and the Lagrangian L = 7" — V, where T" and V' are, respectively, the
kinetic and potential energy, then one formulates the principle of stationary action (a variational prin-
ciple of the dynamical system) by requiring that between all curves ¢ = g(t) in a configuration space
V the actual path (i.e. the solution of the system) is that which makes the action integral

t1
) I= / L(q,q,1) dt

to

stationary. Taking the first variation dq subject to the conditions dq(to) = dg(t1) = 0 the stationarity
of the action requires 0/ = 0, which is equivalent to the Euler-Lagrange’s equation
2) %% — g—s = 0, provided the commutative rule %q = %5q holds .

It is well known that the general equations of continuum mechanics and dissipative phenomena
employed at the present time cannot be derived from Hamilton’s variational principle. The case of
bodies described by hyper-elastic material structure is exceptional [2].

For many years it was a know fact that the equations of heat transfer could not be derived from
exact variational principle. In 1974-1975 B. Vujanovi¢, from Novi Sad, proposed in[3, 4] that in the
case of the irreversibility in time when the energy of the system is not conserved, to describe the irre-
versible phenomena by a Hamilton’s stationary principle one faces with neglecting the commutative
rule between the operation of variation and time differentation.
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3. Dissipative bodies with thermomechanical coupling

Recently the present authors with a coworker [1, 5] while basing on the Vujanovié’s observa-
tion, proposed new method for deriving the class of equations appearing in some physical irreversible
processes based on the variational principle which has a Hamiltonian structure. The crucial assump-
tion of the proposed method is in non-commutative rule between operations of taking variations of
the field and their partial time and/or spatial derivatives.

In the paper [1] the principle of stationary action was applied to long-line (telegraph) equation
and to two models of heat conduction: parabolic and hyperbolic ones. In the recent paper [5] conse-
quences of the principle of stationary action formulated for a dissipative body modelled with the help
the material structure with internal state variables was considered. Then the density of the Lagrangian
of the body was proposed in which additionally to the terms responsible for the potential and kinetic
energies a dissipation term has appeared. Possible variations of fields of dependent state variables:
namely the motion function and a vector of internal state variables (ISV), were introduced together
with a non-commutative rule between operations of taking variations of the ISV - field and their partial
time derivatives. Assuming vanishing first variation of the functional the balance of linear momentum
in differential form is received together with evolution equations for internal state variables and stress
boundary condition.

In the present paper we will generalize the recent derivations to the case of thermo-mechanical
coupling. We consider two cases: hyperbolic and parabolic model of heat conduction. In the first case
additional to the absolute temperature a thermal state variable appeares, responsible for the history of
the temperature dependence. This dependence has been already broadly discussed by the first author
and his coworkers in a number of publications [6, 7, 8]. In that model the heat conduction vector is
proportional to the gradient of this new thermal variable. The parabolic model discussed in the paper,
however, is the classical one in which the heat conduction vector is proportional to the temperature
gradient. Then some thermal initial boundary—value problems of technical interest will be analyzed to
reduce them to ordinary differential equations whose solutions are often capable of being expressed
in analytic closed form.
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INFLUENCE OF GRAIN SHAPE ON THE OVERALL BEHAVIOUR OF
INCOMPRESSIBLE POLYCRYSTALS

K. Kowalczyk-Gajewska
Institute of Fundamental Technological Research, Warsaw, Poland

1. General

The self-consistent estimates [1] of linear overall properties of polycrystals are considered. A
method employing the invariant decompositions of Hooke’s tensors [3, 4] developed in [2] is ap-
plied. The analysis is extended to take into account a non-spherical shape of grains. The attention
is focused on crystals with locally constrained deformation. Steady creep of metals with insufficient
number of easy slip systems can be indicated as an example falling into the class of problems under
consideration.

2. Basic assumptions

One-phase polycrystal is analyzed composed of incompressible anisotropic grains (the local
bulk modulus is infinite). All grains have the same ellipsoidal shape with lengths of ellipsoid axes
a = b # ¢, so that the shape can be described by single parameter o« = a/c. Moreover ellipsoid axes
are co-axial with the anisotropy axes of the local properties and the distribution of grain orientation
within the representative volume is random (Fig 1). As a result the overall behaviour of polycrystal is
isotropic.

for each grain

Figure 1. Idea of the self-consistent model of polycrystal.

3. Results

Due to the above assumptions the overall bulk modulus of polycrystal is infinite. The self-
consistent estimate of the overall shear modulus & is obtained from the following fourth order ten-
sorial equation [1]

1) <(E_LC)AC> =0, A = <I+PC(LC_E))717

where (-) denotes averaging over the orientation space, L and L, are the isotropic overall stiffness and
anisotropic local stiffness, respectively, A. is the concentration tensor, I is the symmetrized identity
tensor and P, is the polarisation tensor. This tensor depends on the overall properties as well as on
the ellipsoid shape and orientation. It can be derived with use of the Eshelby tensor for which specific
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formulae can be found in [5]. It is important for the performed analysis that the polarisation tensor
is a Hooke’s tensor. For the considered case it exhibits transverse isotropy and its representation in
crystal axes is the same for all grains. It is specified in terms of the shape parameter « and A .

Using the procedure proposed in [2] it can be demonstrated that for the wide class of local
anisotropy the tensorial relation (1), reduces to the single polynomial equation of 5th degree in hp,
which has a single positive root. Using this relation one can study the existence of the finite overall
flow stress for the steady creep of the considered class of polycrystals composed of grains with an
insufficient number of easy slip systems. The results of the analysis are summarized in Fig. 2. The
answer to the posed question depends on the number of independent easy slip systems as well as on
the relative orientation of these systems and the spheroid axis.

10—

100ck

[ [cAsE2 m=1,m=0

10F

CASE 1: m=2,m"=0
CASE 1: m=1m‘=0
— " 1

1L L L L L L L L L
0.001 0.01 0.1 1 10 100 100C

Figure 2. Dependence of an overall shear modulus on the shape parameter for random polycrystals with
insufficient number of easy slip systems (m - dimension of space of constraint deformation; m*, Case 1 and
2 depend on relation between eigen-subspaces of polarisation tensor P, and the local anisotropic tensor L, -
details will be given later).
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SENSITIVIT Y ANALYSIS OF MICRO - SCALE MODEL OF TiN / SUBSTRATE IN
NANOINDENTATI ON TEST

A. Milenin', M. Kopernik® and I. Tsukrov®
! AGH University of Science and Technology, Cracow, Poland
2 University of New Hampshire, New Hampshire, Poland

1. Intr oduction

The Polishventricular assig device (POLVAD _EXT) is macke of polymer and is covered with
a nanomating of TiN by laser ablation The results of experimental nanoindentation test, inverse
andysis and a mathemdical model of a nanoindentation test devdoped in the Authors’ FE code
were applied in [1] to identify the material model of TiN. The sensitivities of the Authors’ FE
model of nanoindentsion test to medanical propeties of the soft (polymer) and hard (sted)
substates, and the nanocoaing of TiN deposted on the substates are examined in the present
work.

2. Materials and Methods

The model of nanoidentation test is compogd of thick polymer or steé¢, and a TiN
nanooating (350 nm). The bilinea material modds are usedfor: a) polymer: ¢; = 0.01,01 = 4.7
MPa, &;= 0.03and o2 = 10 MPa, b) steé: ¢; = 0.0015,01 = 220MPa, &;= 0.5and o, = 650MPa and
) TiN: &1 = 0.009,01 = 2614 MPy, &,= 0.166and o, = 9 107 MPa. For each substate s&zen model:
were developed:modell - referaace modd, and models2-7 with disturbed paametes of mateial
modelof TiN. Thedisturbed paameters of TiN are: a) o1 (models2 and 3), b) o> (models4 and 5),
and ¢) &1 (models6 and 7). Each of disturbed parametas was changed by 5% up in thefir st version
of modeland down in the s®ndversion ofmode.

3. Results and Disaussibn

Thedistributionsof an effedive strain in loadingand unloadingphases for the two substates
and TiN are presented inFig.1 for themodel 1. The difference beween Figs.1alb and Figs.1cldis
obseved in the behavior of the substate, espedally in the unloadingphase. The polymer exhibits
hyperplasic bénavior, while the stekis a ypical elastic-plastc mateial.

Theforceversusdisplacanentfor the two substates and TiN is shownin Figure 2afor mode
1. The difference between substatesis similar to the obsewation madeon the basis of Fig.1. The
results of sensitivity andysis are presented in Fig.2b, as values of a nomalized maximum force
versus version of the material model of TiN deposied on the two substates. Compaing to the
referance model (modé 1), the biggest sensitivity of a maximum forceis computed with respect to
theparamete o; (modds 2 and 3). The variation of 4, results in variation of an elastic moduls. The
small sensitivities considered as values of the nomalized force relative to the reference modelare
obseved with respect to the parameters o, (modds 4 and 5) and ¢; (modds 6 and 7). It meansthal
themodelis nat sensitive to the variation of a plagic modulus. The variation of ¢; dso results in the
variation of Young’ modulus, but the model is not sensitive to suchvariation. The differences of
sensitivititi es for the two substatesare visible in the models5 and 7. The variations of o, ande; by
5% dbwn for polymerresult in smeller vaues ofthenormdized forcethan t is for sted.
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ANALYSIS OF THE FORMING PROCESSES ACCOUNTING FOR ASYMMETRY OF
ELASTIC RANGE

Zdzistaw Nowak, Teresa Frqs, Marcin Nowak and Ryszard Pecherski
Institute of Fundamental Technological Research, Warsaw, Poland

The aim of the paper is to propose a new approach to the material description using the
concept of Burzynski paraboloid yield surface with correction for initial anisotropy [1]. The
correction takes into account the deviation of the determined experimentally yield surface from
classical Huber-Mises yield condition for isotropic material. Finite element method is used for the
simulation of sheet metal forming processes including cup drawing and stamping. Proper
description of material properties is crucial for accurate analysis. In particular, the initial anisotropy
and asymmetry of elastic range of considered materials play an important role in the adequate finite
element simulation. For metal forming analysis many experimental tests are needed to obtain the
proper description of metal sheets behaviour. There are some attempts to account for the elastic
range asymmetry, e.g. [2], [3], [5]. However, according to our opinion, there is still lack of
workable description of initial anisotropy, which could allow analysing effectively practical
problems.

In the case of plane stress the yield surface is assumed in the following form [1], [4]:

) f =0 +0s —2A005+(k. —k )0, +03) —k K,

where k., k, are initial yield stress for compression and tension and 4 is the correction coefficient
introduce by Burzynski [1]. The return mapping algorithm was applied by numerical scheme
formulation of the integration of elasto-plasticity equations. The problem of the cup drawing of the
DP600 steel sheet is studied. The comparison with the results obtained from the simulation of
similar forming process with application of Hill conditions for anisotropy sheet material was made.

Numerical simulation was performed with application of ABAQUS finite element program.
The own UMAT was implemented for calculations.

Fig. 1: The geometry and finite element mesh of sheet metal forming processes.
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Fig. 2: The experimertally deformed slape of sted metal
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THE IDENTIFICATION PROCEDURE FOR THE CONSTITUTIVE MODEL OF
ELASTO-VISCOPLASTICITY DESCRIBING THE BEHAVIOUR OF
NANOCRYSTALLINE TITANIUM

Zdzistaw Nowak and Piotr Perzyna
Institute of Fundamental Technological Research, Warsaw, Poland

The main objective of the present paper is the development of identification procedure of the
constitutive model of elasto-viscoplasticity describing the behaviour of nanocrystalline titanium. We
intend to utilize the constitutive model presented by Perzyna (2010). The procedure is based on
experimental observation data obtained by Jia et al. (2001) for ultrafine-grained titanium and by
Wang et al. (2007) for nanostructured titanium. Hexagonal close-packed (hcp) ultrafine-grained
(UFQG) titanium processed by sever plastic deformation (SPD) has gained wide interest due to its
excellent mechanical properties and potential applications as biomedical implants.

1. The constitutive model

We propose to introduce some simplification of the constitutive model developed by Perzyna
(2010) by assuming that the internal state variable vector p = (€?, d, &) consists of two scalars and
one tensor, i.e. € denotes the equivalent viscoplastic deformation, d defines the mean grain diameter
and ¢ is the microdamage second order tensor, with the physical interpretation that (£ : £)'/2 = ¢
defines the volume fraction porosity. The equivalent inelastic deformation e” describes the dissipation
effects generated by viscoplastic flow phenomena, the microdamage tensor £ takes into account the
anisotropic intrinsic microdamage mechanisms on internal dissipation and d describes the dynamic
grain growth during intensive deformation process. We postulate the plastic potential function in the
form f = f(Ji, Jo, 9, p), where Jy, J denote the first two invariants of the Kirchhoff stress tensor T
and ¢ is absolute temperature. The evolution equations are assumed as follows

1) &’ =AP, Lpy€=E, d=D
where

1 f _of af|N~!
(2) A_ﬂ"<(p<ﬁ’1>>/ P_a‘rg—cunst<’a7-> 7

d? denotes the rate of inelastic deformation tensor, 7}, denotes the relaxation time for mechanical
disturbances, the isotropic work-hardening—softening function k = k(e?, 9, €, d), P is the empirical
overstress function, the bracket (-) defines the ramp function, Lqy denotes the Lie derivative and 2
and D denote the evolution functions which have to be determined.

Let us assume that the intrinsic microdamage process is generated by growth mechanism only.
Based on the heuristic suggestions and taking into account the influence of the stress triaxiality and
anisotropic effects on the growth mechanism we assume the evolution equation for the microdamage
tensor £ as follows

og* 1 I
3 Ly€ = — (| —F——1]).
) vé or T,, < [Teq(ﬁ,u) }>
The tensorial function 3%. represents the mutual micro(nano)crack interaction for growth process,

Teq = T, p) denotes the threshold stress function for growth mechanism, I, = by J; +bay/ J, defines
the stress intensity invariant, b; (¢ = 1,2) are the material coefficients which can depend on d. In the
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evolution equation (3) the function g = § (7,4, ) plays the fundamental role, and we introduce the

dg*

~ o -1
denotation 7%= = (%g_ (‘ 5—79. ) . Assuming that the dynamic grain growth is the rate dependent

mechanism (cf. Perzyna (2010)) we postulate

o uSAllt )

where G = G(ﬁ, ) is the material function, I; = ¢;J; +c94/ J, represents the stress intensity invariant
for grain growth, ¢; (i = 1, 2) are the material coefficients which may depend on d, and 7; = 74(9, u)
denotes the threshold stress for dynamic grain growth mechanism.

2. The identification procedure
Let us introduce the particular form for the plastic potential function as follows

f= {Jé +n(9,d) (€ &)Y (Jf)} >, where .J, denotes the second invariant of the stress deviator
of the Kirchhoff stress 7 and n = n (¢, d) is the material function. From (1);, (2); and (2) we have
the dynamical yield criterion in the form

(5) [T+ n(0,d)(&: &) (Jf)]% =K {1 + Pt (?Tmel’ﬂ .

Taking advantage of the description of the microshear banding effects for nanocrystalline titanium we
can propose the relation for the relaxation time (cf. Perzyna (2010))

(6) Tn=T°11—f° L al 1 ’
meom ™1 +exp (a — bel) | \ D ’
where 70, f2 . a, b, p and €/ are material function of d. We propose that the identification procedure

consists of two parts. In the first part the determination of the material functions and the material con-
stants involved in the description of the dynamic yield criterion (5) is presented. As an experimental
base the results concerning experimental observation for ultrafine-grained titanium obtained by Jia et
al. (2001) and for nanostructured titanium obtained from the compression tests at high strain rates
(10% — 10* s~!) by Wang et al. (2007). The second part is focused on the determination of the material
functions and the material constants appeared in the evolution equations (3) and (4). To do that we
consider a dynamic process of compression test (cf. Wang et al. (2007)).

3. Final comments

There is our hope that proposed identification procedure for the thermodynamical theory of elasto-
viscoplasticity of nanocrystalline metals may be used as a base for the description of the behaviour
of hexagonal close-packed ultrafine-grained titanium processed by sever plastic deformation and may
allow to do the investigation of plastic strain localization and fracture phenomena in nano-mechanical
processes. These coming results and excellent mechanical properties of this kind of titanium make
potential applications possible as biomedical implants.
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THIRD ORDER TENSORS: THEIR PROPERTIES AND APPLICATION TO COUPLED
THEORIES

J. Ostrowska-Maciejewska and K. Kowalczyk-Gajewska
Institute of Fundamental Technological Research, Warsaw, Poland

1. General

Coupled behaviour is a long-standing domain of interest in physics. These effects are due to
the interaction between mechanics, magnetism, electricity, thermics, etc [1, 2]. For example, the
piezoelectricity phenomena is observed when the permittivity of a material depends on the level of
stress or when the strain depends on the level of the electric induction.

The constitutive laws are usually written separately for each uncoupled behaviour. For an elastic
problem Hooke’s law is given

o=C-:¢g,

where o, e € T? and the stiffness tensor C € 7. For uncoupled electric behaviour the dual state
variables are the electric field E = —V and the electric induction D

D=¢-E,

where E, D are vectors and € is the second order tensor of permittivity.
For the material exhibiting coupling piezoelectric phenomena the global constitutive law in-
cludes coupling tensorial parameters

c=C-e+a-E or D=8-e+¢€¢-E,

where a and 3 are tensors of the third order which have some internal symmetries due to the sym-
metry of the strain and stress tensor, that is

(D Qg = Uik s ﬂijk = ﬁikj .

In classical continuum mechanics the main role is played by the second and fourth order tensors.
The theory for such tensors is well developed. The properties of the third order tensors which appear
in the coupled theories are not sufficiently described. In our paper the basic properties, the symmetry
groups and the harmonic decomposition for such tensors will be discussed in the spirit of [3].

2. Properties of the third order tensors

The theory of linear operators implies that the third order tensor can be treated as a linear
operator in the following linear mappings

1:T>=TY, or |:T'—1T?.

Therefore for the third order tensors the spectral theorem has no meaning. However, the harmonic
decomposition [4, 3] and the symmetry groups can be discussed for these tensors.

In the paper the attention will be mainly focused on the tensors which exhibit the symmetries
(1). In general the space of the third order tensors is 3% = 27 dimensional but when we take into
account this symmetry the space is reduced to 18-dimensional. In the paper [1] the representation
of such tensors has been presented using the modified Voigt notation in the form of 6 x 3 or 3 x 6
matrices. Such representation will be used in our presentation as well.
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Symmetry group of the third order tensor « is defined as a set of the orthogonal second order
tensors such that

Qxa = a;:(Qe;) ® (Qe;) ® (Qey) = .

On the basis of the above definition one can show that isotropic third order tensors do not exists and
the hemitropic third order tensor has a representation

Q5 = Q4

where ¢, is the so-called permutation symbol which is completely skewsymmetric. Consequently,
the space of skewsymmetric tensors is one-dimensional. Other symmetry groups will be also ana-
lyzed.

3. Harmonic decomposition of third order tensor

It will be shown that the harmonic (invariant) decomposition of the space of third order tensors
has the form

T°=A®DoJoW,

where A is the one-dimenional space of fully skewsymmetric tensors, D is the 7-dimensional space
of fully symmetric and traceless tensors, .J is the 9-dimensional space generated by tensors

1®u, 1®v, 1w,

where u, v, w arbitrary non-coaxial vectors and 1 is the second order identity tensors and W is the
10-dimensional space orthogonal to A, D and J.

The symmetry groups and the harmonic decomposition will be also discussed for the two-
dimensional third order tensors.
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REFORMULATION OF 3D ELASTICITY EQUATIONS BASED ON ORTHOGONAL
TENSOR SPHERICAL HARMONICS

H.M. Shodja'? and A. Khorshidi*
! Department of Civil Engineering, Sharif University of Technology, P. O. Box 11155-9313, Tehran,
Iran
2Institute for Nanoscience and Nanotechnology, Sharif University of Technology, P. O. Box
11155-9161, Tehran, Iran

In this work, the elastic fields are considered as tensor fields defined on spherical surfaces.
Subsequently, the complete three-dimensional equations of elasticity for functionally graded (FG)
spherically isotropic materials are reformulated using vector and tensor spherical harmonics (VSHs
and TSHs), which are defined on the surface of the unit sphere. In the literature, TSHs have been
mainly employed to describe the angular momentum in quantum mechanical studies. This alternative
formulation not only provides a rigorous approach for finding solutions of the relevant problems in
the literature, but also leads to the solutions of the more involved boundary value problems with less
effort [1, 2]. The exact determination of the elastic fields associated with spherical multi-inclusions/-
inhomogeneities /-inhomogeneous inclusions with FG spherically isotropic constituents and isotropic
surrounding matrix is of particular interest. In the absence of the matrix, the problem reduces to a
multi-phase spherical elastic solid. In addition to a prescribed piecewise nonuniform misfit strains or
eigenstrains distribution within the spherical regions, a nonuniform external applied loading may be
prescribed as well. A schematic of the problem of interest in shown in Fig. 1.

Figure 1. The nomenclature of a spherical core-multi-shell ensemble.
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ACCELERATED SHAKEDOWN IN TWO-PHASE STRUCTURES CAUSED BY THE
PLASTIC STRAIN INDUCED PHASE TRANSFORMATION

B. Skoczen
Cracow University of Technology, Cracow, Poland

1. Introduction

Influence of plastic strain induced y—a’ phase transformation, that occurs in metastable
materials strained at very low temperatures, on acceeration of the shakedown process is
investigated. The main mecdhanism that leals to the accéerated shakedown consists in the micro-
structura evolution associated with phase transformation, which results in substantial increase of
the volume fradion of secndary phase (elastic) in the matrix compaosed of primary phase (elastic-
plastic). Thus, the clasdcd shakedown condtions are substantialy atered by significant reduction
of disgpative nature of two-phase continuum due to the lattice transition from fcc to bcc structure.
In this context, speda class of two-phase materials with functionally graded microstructure,
obtained at cryogenic temperatures [3] as a result of controlled plastic strain induced phase
transformation, is studied. Among other materials, the austenitic stainless steds are known to
behave in a metastable way when strained at very low temperatures and are extensively used to
construct comporents of the supercondicting magnets.

2. The constitutive model

A lineaised law describing kinetics of the y—a’ phase transformation in metastabl e austenitic
stainless steds, spedally adapted to extremely low temperatures, was postulated by Garion and
Skoczen [1]:

é=AT.e"a)pH((p-p.)e -¢)
The constitutive model used to describe mathematicdly the plastic strain induced y—a’ phase
transformation at very low temperatures [2] involves mixed kinematic/isotropic strain hardening
where two fundamental effeds play important role: interadion of dislocations with the martensite
inclusions and increase in transient material tangent stiffness due to the evolution of harder
martensite content within the softer austenitic matrix.

dx =dX,+dX, =2C,(Ods ; dR=Cy(&)dp

It is assumed that the badk stressincrement is compaosed of the classcd term which corresponds to
the behaviour of the austeniti c phase (dX,) in the presence of locdized small inclusions, uniformly
distributed and randamly oriented in the RVE, and a term related to the combination of austenite
and martensite via the homogenization algorithm (dXa+m). The interadion of dislocations with the
martensite inclusions is refleded by the hardening moduus that depends on the evolution of the
volume fradion of martensite. Here, an approximation based on the micro-mechanicd analysis has
been used:

_ _2 0,2 p_2 p
dX, =X, +dX,, =2 Cude” + ZCohede” = ZC(O)de

On the other hand, evaluation of the transient tangent stiff nessof two-phase continuum (for updated
propation between the phases) is based on the classcd homogenizaion scheme and takes into
acourt the locd tangent stiffness moddi of the constituents, as postulated by Hill, 1965 Mori-
Tanaka homogenizaion algorithm has been used in order to obtain instantaneous tangent stiff ness
operator of two-phase continuum:
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d X = 2(;IMT _ﬂta)dép = (2Ca+m /3)d£p

where Cam deinot&c surplus tangent stiffnessmoduus. Finaly, the mixed hardening is described by
the foll owing mode!:

dX =2, (e’ =2[C(O) + Ao (@2’ dR=Co(E)dp= (- AC,..(E)ch

It is worth painting out that the modd is attradive in view of its simplicity and relatively small
number of parameters to be identified at cryogenic temperatures.

3. Shakedown of functionally graded structural members (FGSM)

When anayzing the phase transformation process in the basic structures, the concept of
functionally graded structural members (FGSM) has been developed. The rods of circular cross
sedion subjeded to torsion (Fig.1) [5] and the beans of redanguar crosssedion subjeded to
bending [3] a very low temperatures are charaderized by functional distribution of medhanicd
properties in the diredion orthogoral with resped to their axis. The resporse of FGSMs to
quasistatic and to cyclic loads has been investigated [4]. In the case of quasistatic torsion and
bending, closed form analyticd solutions were obtained. For cyclic loads, accéerated shakedown
due to the evolution of microstructure has been observed in the course of numericd simulations.

m strain stress

®!!

Shear strain

Fig. 1 Shakedown of functionally graded structural members subjeced to cyclic torsion.

Evolution of two-phase continuum, where the elastic-plastic matrix is gradudly replaced by the
elagtic inclusions, clealy indicates that in the limit case where 100% of primary phase is replacel
by the seacondary phase the shakedown occurs by definition. This important and new conclusion has
very pradicd meaning. As soonasthe y—a’ phase transformation begins, the evolution of material
structure acceerates the processof adaptation of structural members to cyclic loads and, therefore,
enhances their fatigue life when compared to the classcd elastic-plastic structures. Finaly, this
particular feaure of structures made of metastable materialsis explained in the framework of Melan
and Koiter adaptati or/inadaptation theorems.
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FRACTIONAL VISCPLASTICITY

W. Sumelka
Poznan University of Technology, Institute of Structural Engineering, Poznan, Poland

1. Introduction

In the presented paper the idea is to replace the classical gradient operator in viscoplastic flow
rule by the fractional one to define the specific case of what we call fractional viscoplasticity (the
case with fractional rate of viscoplastic strains was discussed in [6]).

2. Fractional viscoplasticity
Classical viscoplastic flow we define as [3, 4]
(1) d”=A"p,

where d? denotes the rate of viscoplastic strains, A”” and p denote flow magnitude and direction,
respectively. The explicit definition for A*? and p can be given as
-1
(=0
€:const

1 f L, f of
2) AP =_—(P(=—-1)) = —((=—1)""), and = =
@ 7@ 1) = (1™, and p=
whete f denotes the potential function, « is the isotropic work—hardening—softening function, 7, is
relaxation time, £ denotes the intrinsic anisotropic microdamage and 7 is Kirchhoff stress tensor.
So we can rewrite classical formulation using fractional gradient operator as

3 p= "D, f(r) (|| *EDL , f(T)|])

where "LEDe, ,  denotes Right-Left-Caputo (RLC) partial fractional derivative operator [5] for
7;; € (a,b) and © denotes the skewness parameter [2]. Lest us emphasise that terminals a and b
are not constant, they depend on current thermomechanical state, hence we utilise so called “’short-
memry” principle [1].

Formal definition of the RLC fractional derivative is

@ DG f(T) =~ [cr (,©) “Dg f(T) + cr (a,0) DR f(7)] .
In Eq. (4) we have:

af
or

. a—0)m
P )
sin(ma)
. L o
6 Da = 71””’ d
(6) a+ (T) F(n _ a) J (Tij _ u)afn+1 U,
. (a+O)w
(7 cg= M7
sin(ma)
n b dn f(u)
_1)
] CDa _ ( du™ d
(3 o f(T) T(n— a)T” (u — 7;5)0—n+1 U,

where © denotes the skewness parameter, I' is gamma function and n = [o] + 1 where symbol [-]
denotes integer part of a real number.
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3. Example

Let us consider a yield surface of the HMH type written in a stress principal directions (we
assume that 73 = 0 for simplest calculations)

© t-nntn k=0
It can be shown that for a such case the unnormalized flow directions are:

e through direction 1

(10) "EEDY, ,_f(T) = —ler(,©) “DI f(7) + cr(a,0) Dy f(7)],

1 T1 T1

o through direction 2

(1) MEDE, f(1) = —ler(,©) DL f(7) + en (e, 0) “D_f(7)),
where
1) Do) = s m— o+ om0
(13) Cp;:,f(r) AT (b—7)** + (75 — 2b) L) (b—m)

" I'3—a) I'2-a)

fori,j € {1,2}buti#jand0 < o < 1.
Some illustrative examples will be presented.
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MATHEMATICAL PROBLEMS IN THE FULL COUPLED THEORY OF
DOUBLE-POROSITY MATERIALS

M. Svanadze
Institute for Fundamental and Intedisciplinary Mathematics Research,
1lia State University, Thilisi, Georgia

1. Introduction

The materials with double porosity play an important role in many branches of engineering, e.g.,
the petroleum industry, chemical engineering, geomechanics, and, in recent years, biomechanics. The
quasi-static theory of elasticity for materials with double porosity in the framework of mixture theory
to model the flow and deformation behavior of porous media characterized by two coexisting degree
of porosity was presented by Aifantis and his co-workers [1], [2]. The Aifantis’ theory unifies the
earlier proposed models of Barenblatt’s [3] for porous media with double porosity and Biot’s [4] for
porous media with single porosity.

However, Aifantis’ quasi-static theory was incomplete, in the sense that it ignored the cross-
coupling effects between the volume change of the pores and fissures in the system. This deficiency
was eliminated and cross-coupled terms were included in the equations of conservation of mass for the
pore and fissure fluid and in the Darcy’s law for solid with double porosity (see [5]). The significance
of the cross-coupling effects on the pore and fracture fluid pressure response of double porosity media
was highlighted by Khalili [6].

In the governing equations of the above mentioned theories of poroelasticity the inertial term
was neglected and the quasi-static problems were investigated. On the other hand, inertial effect play
a pivotal role in investigation of various problems of vibrations and wave propagation through double
porosity media. Therefore, it is important to study a full dynamic model for materials with double
porosity. The fully dynamic system to describe deformation in single porosity media was developed
by Biot [7].

In the present paper, we shall consider flow and deformation processes of the double porosity
media in the case for with the inertia effect is included (full dynamic case). Some basic results of the
classical mathematical theories of elasticity are generalized and the following results are obtained:
the properties of plane harmonic waves are established, the fundamental solutions of equations of
steady vibrations are constructed, the Green’s formulae in the considered theory are obtained, the
uniqueness theorem of the external boundary value problems (BVPs) is proved, the representation
of Galerkin type solution is obtained, the basic properties of the surface and volume potentials and
singular integral operators are established, and finally, the existence theorems for the external BVPs
are proved by means of the boundary integral method and the theory of singular integral equations.

2. Basic Equations

Let x = (1,72, r3) be a point of the Euclidean three-dimensional space R*, u(x) is the dis-
placement vector in solid, u = (uy, ug, u3); p1(x) and p,(x) are the pore and fissure fluid pressures,
respectively. The system of homogeneous equations of steady vibrations in the full coupled linear
theory of elasticity for solid with double porosity has the following form

pwAu+ (A + p) graddiva — By gradp, — fa grad ps + pw?u = 0,
(D (k1 A+ a1)p1 + (k12 A+ a19)ps + iw fr divu = 0,
(ko1 A+ agp)p1 + (k2 A + az)py + iw Bo div u = 0.
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where A is the Laplacian, A, p, 3;, k;, k12, ko1, @¢j, 012, g1 and +y are the constitutive coefficients,
a; =iway; —7, aj = way; +7 (I, j =1,2), wis the oscillation frequency, w > 0, p is the reference
mass density, p > 0.

Let S be a closed smooth surface surrounding the finite domain Q* in £2, Qf = QFUS, Q™ =
E3\Q*, n(z) is the external unit normal vector to S at z € S. The basic external BVPs of steady
vibrations in the full coupled linear theory of elasticity for solid with double porosity are formulated
as follows: find a regular solution U = (u, p;, p2) to system (1) in 2~ satisfying the boundary con-
dition lim U(x) = {U(z)}~ = f(z) in the problem (/)7 and Q_al)i(rilzesR(Dx,n(z))U(x) =

Q~>5x—zEeS
{R(D,,n(z))U(z)}~ = f(z) in the problem (II);, where f is the known five-component vector
functions, R is the stress operator.

3. Basic results

Theorem 1. Through a solid with double porosity propagates three longitudinal and two trans-
verse plane waves; the longitudinal plane waves are damped and the transverse plane waves have the
constant amplitude.

Theorem 2. The external BVPs (); and (I); have one regular solution.

Theorem 3. If S € C*, f € C'7(S), 0 < 7 < v < 1, then a regular solution of the
BVP (I); exists, is unique and is represented by sum U(x) = Z® (x, g) — iZ("(x, g) for x € Q-
where Z(M(x, g) and Z(?) (x, g) are the single-layer and double-layer potentials, respectively, and g
is a solution of the singular integral equation 1g(z) +Z® (z, g) —iZ")(z,g) = f(z) forz € S which
is always solvable for an arbitrary vector f.

Theorem 4. If S € C*¥, f € C'"(S), 0 < 7 < v < 1, then a regular solution of the BVP
(I)f exists, is unique and is represented by sum U(x) = —iZ® (x, g) +Z" (x, g) forx € Q~, where
g is a solution of the singular integral equation —3g(z) — iR Z?(z,g) + RZY(z,g) = f(z) for
z € S which is always solvable for an arbitrary vector f.

Theorems 3 and 4 are proved by means of the boundary integral method and the theory of
singular integral equations (for details, see [8]).
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EXTENSION OF THE RYCHLEWSKI LIMIT STATE CRITERION
ACCOUNTING FOR THE ASYMMETRY OF ELASTIC RANGE

P. Szeptyniskil, J. Ostrowska-Maciejewska? and R.B. Pecherski'?
1 AGH University of Science and Technology, Faculty of Mechanical Engineering and Robotics,
Department of the Strength and Fatigue of Materials and Structures, Krakow, Poland
2 Institute of Fundamental Technological Research, Warsaw, Poland

1. The subject of research

Recently the application of modern materials exhibiting some unconventional features
becomes still more common. Among those new materials one should distinguish various
composites, materials with internal micro- or nanostructure, modern alloys, heavily rolled metal
sheets etc. It is clearly visible those materials distinguish themselves with certain uncommon
mechanical properties which for a long time were considered unnecessary or negligible in the
analysis of the problem of reaching a limit state. Among those features one should mention: low
elastic symmetry, pressure dependence, Lode angle dependence, strength-differential effect etc.
Many of the classical propositions of the limit state criteria cannot involve all or at least majority of
those effects. The aim of authors is to provide possibly general yet precise limit state condition of
simple mathematical form derived from physical energy-based considerations.

2. The Rychlewski limit state criterion

J. Rychlewski performed in 1984 the spectral analysis of elasticity tensors [1] describing
precisely the mathematical form of constitutive relations of anisotropic linear elasticity in terms of
eigenvalues (Kelvin moduli) and eigenstates of stiffness and compliance tensors. He introduced also
the concept of energetically orthogonal decompositions of elastic energy density [2] and suggested
that a linear combination of the terms of such a decomposition might be considered as a measure of
material effort. The limit state criterion derived from the hypothesis or Rychlewski is of the
following form:

3. Extension of the Rychlewski criterion using the concept of influence functions

Due to strictly energetic formulation of the limit state criterion of Rychlewski, which is
expressed as a quadratic from in space of stress states, it cannot account for the strength differential
effect. The authors suggest to extend the original proposition of Rychlewski in the same manner as
Burzyniski [3] developed the classical hypothesis of Huber so that it involved asymmetry of the
elastic range, namely by multiplying the terms of the energy decomposition by certain stress state
dependent functions. Depending on their character they should be termed influence functions or
stress mode indicators. The modified limit state criterion takes the form

) NP+ e, + ..+, P, =1, u<6

There are certain assumptions made on the properties of the parameters m

e Itis assumed that the parameters M depend only on the stress state corresponding with the
term of energy decomposition which is respective for that parameter.
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* Parameters M are assumed to be isotropic in their domain — i.e. they can be expressed as a
scalar functions of the invariants of their argument.

» Parameters M respective for the deviatoric (shear) stress states are assumed to be an even
(symmetric) functions — in particular they will be often assumed to be independent of the
norm of their arguments. They will be termed then the shear mode indicators.

e Parameter M is called the influence function if it depends on the norm of its argument (it
changes its value as the magnitude of the corresponding stress state changes) — otherwise it
is called the stress mode indicator.

Further properties of the influence functions and stress mode indicators can be derived basing
on those basic assumptions and additional analysis taking into account the dimension of the
corresponding stress state subspace

4. Specification of the new limit state criterion for chosen elastic symmetries

The new limit state criterion was specified for all plane elastic symmetries and most of spatial
elastic symmetries after assuming that the considered energetically orthogonal decomposition of the
elastic energy density was the — so called by Rychlewski — main energy decomposition, namely the
decomposition into the terms corresponding with different eigensubspaces of the elasticity tensors.
The criterion for each symmetry involves in general different number of influence functions and
stress mode indicators depending on the stress states uniquely determined by the elastic properties
of the considered material. For certain cases a direct formula was given which enables finding the
value of the unknown influence functions for certain values of their arguments basing on simple
strength tests.

5. Summary

A new proposition of an energy-based limit state criterion for anisotropic materials exhibiting
asymmetry of the elastic range is presented. Certain assumption on the criterion parameters are
made. Specification of the limit state criterion for a large number of elastic symmetries is given as
well as the general methodology of determination of the form of unknown parameters of the
criterion. Detailed discussion on the introduced criterion was already published in [4] [5] [6].
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FLOW STRESS IN UNCONVENTI ONAL M ETAL FORMING PROCESSES

M. Tkocz, J. Pawlicki and F. Grosman
Slesian University of Technology, Department of Materials Technology, Katowice, Poland

There are two fundamental charaderistics of materals formability: the flow stress and the
limit deformation.Detemining theflow stressfunction is necessay for mathemaicd modelirg and
designing of metal forming processes.lt is frequent that the stran path during unconventional
forming changes in an oscillatory manne [1]. In theseconditons the flow stress curves differ
subsantiall y from thecommonly known, dassic $rain-hardening curves (Fig.1) [2].

400
compression

300 ~ 100MPa
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_____________________ -
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Figure 1. Theeffea of cyclic change of thestran pah on heflow stress fa coppe;
parametas of reversible brsion: frequency 1 Hz, amplitude 10°

In order to perform the unconventiond cold forming testswith cyclic change of the strain
pah, the uniqueresearch standswere developedin the Departmert of Materials Technology at the
SilesianUniversity of Technology [3,4]. Specimens were madeof eledrolitic coppe and austenitc
sted. Analysis of the teds results allowed to deermine functiond relationshps between the flow
stress oy, stran ¢ and the dgformation hstory h, for each tested méerial:

(1) o,=0 (8 )

The deformation history is desaibed by: the strain &, in the sinde deformation phase the
change of principal axis direction o5 and the principal stran componens &, &, & in subsequet
deformationphases, the numberof deformationphases nges and the total stin &

A saies of expeaimens were performed for various loading schemes. The most favouréble
effeds were achieved when deformationwasrealized by reversible torsionor by complex loading
that combines simultaneous tensionor compression with reversible torsion. Advantages of suct
deformationtechniquesindude decreasing the maximum flow stressvauesand increasing thelimit
deformation valus.
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An extensiveexperience has been gained during research, both concerned with the technique
for performing the deformationtestsunde complex loadingconditions as well as the measurenent
and daa aqyuistion. On this basis, an original method has been devdoped for mateial testirg
unde cyclicdly varying, complex loading within large plastc stran range. Moreover, two othel
laboratory research stand havebeen developedwhich engble rolling [5,6] and forging [3] aided by
shea stresses.
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ENERGY-BASED MODEL OF NONLINEAR ELASTIC ORTHOTROPIC MATERIAL
ON THE EXAMPLE OF CAR’'STARPAULIN

T. Wegner and D. Kurpisz
Institute of Applied Mechanics, Poznari, Poland

1. General

The modeling of mechanica properties of material is very important due to its engineaing
applications. and useful because corredly constructed and employed model all ows predse estimate
the behavior of material under complex load state. In mgority known from literature papers
anisotropic linea eastic material [1] or isotropic norinea elastic material [2] is taken into
investigations. Hardest and still open problem is description of medhanicd properties by
simultaneous pronourcement of material anisotropy and norlinea elasticity. An example of such
material can be car’ starpaulin. The main aim of thiswork is construction an energy-based model of
medhanicd properties of norinea elastic orthotropic material on the example of cars tarpaulin
under plane state of stress

2. The constitutive relations of the model

Basing on approximations of the experimental charaderistics and using a phenomenologicd
conception of description (seeFig. 1), the main constitutive relations of energy-based model were
introduced.

LOADPROGRAM
(.rﬂ'l =ay(d)
loy=0u(2).

TDEFORMATION OF ELEMENTARY CUEE

MATERIAL CHARACTERISTICS APPROXIMATIONS

Ea). Bl vala) viale) .7

LCEFORMATIRANGLE

na=a+f

Fig. 1. Geometricd interpretation of stressstate

Relations between normal stresses and strains in plane state of stresscan be written as:

&= % _Vlz(“fz)ia2 ,
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©OTURE) Bl
—_ g, _ g,
&= V31(£1) E1(51) V32(£2) Ez (52):
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and after series of transformations:

81 = fl(allaz)!
82 = f2(0-170-2)1
53 = f3(01702)'

2

Theintroduction of theoreticd relation between shea stressand deformation angeis possble
in the way of extradion the pure volumetric deformations in the uniaxial tension test. The residual
part of energy represents the energy of deformation comes from shea stresses in plains sloped to
tensile diredions at an angle of 45°.

Let's take a plane state of stressin 1-2 plane and 1 as the fiber diredion. Then basing on
energy conservation principle, the analyticd form of the strain energy density function can be
expressd as:

©)
W = [(0,de, +0,de, +7,,dy;,) .

3. Stability assumptions

Acoording to mathematicd definition of stability given in [3] for material deformation state,
we can write that:

4 52\N:a 2(50_1)2+62V\£(50_2)2+2662\N 50_10_0_2+02VV2

doy do, 0100, a1y,

(0112)° 20

The regions of stability in space 0y,05,71; can be seleded by applying Sylvester's theorem
to (4) presented as quadratic form.

4. Conclusions
The main conclusions are the foll owing;

- the mechanicd properties of nonlinea-elastic orthotropic material can be modeled with using
an energy-based model,

- norlinea elasticity and orthotropic properties of material have a significant influence on
shape of stahility region,

- the clasdc form of Hook s law can not be applied to stressstrain relations description in case
of norlinea e asticity.
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MODELING THE STRAIN INDUCED MARTENSITIC TRANSFORMATION UNDER
IMPACT AND ITS INFLUENCE ON THE TAYLOR-QUINNEY COEFFICIENT
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1. Abstract

The main source for temperature increase in the absence of external heat usually comes from
plastic dissipation. In practice, a correct evaluation of this dissipation is needed for a proper evaluation
of material softening in high strain rate applications. Following Tresca [1], Taylor and coworkers [2,
3] were the first who observed that plastic work is not entirely converted into heat in the deformation
of metals, so that part of it is stored in cold work. Following these seminal contributions, the Taylor-
Quinney coefficient 5 has been defined as the ratio of dissipated to plastic works (in its integral form
Bint), or dissipated to plastic powers (in its differential form B4;). These coefficients are used to
calculate the temperature increase in the simulation of dynamic processes.

Different authors have measured those coefficients in polymers and metals by using a variety
of experimental techniques such as thermography, embedded thermocouples or high speed infrared
detectors. For the sake of simplicity it is often assumed that both § factors are constant, usually
taking a value lower than 1, or equal to 1 when all the plastic work is used to heat the material [4].
Once determined, they can be used in a model to calculate thermal output work as a fraction of the
dissipated input plastic power. However, different authors reported a functional dependence of [3;,,
upon strain and/or strain rate [5, 6, 7], a fact that may significantly complicate the solution of the
coupled heat equation.

When plastic deformation is governed by dislocation slip, this dependence has been explained
through the effect of strain hardening in the dislocation density increase and work converted into
heat. However additional processes may take place during plastic deformation, of which twinning is
quite commonly observed, as a mechanism that stores little energy of cold work while contributing
significantly to the strain hardening. Additional phenomena may be induced by high rate straining
of crystalline solids, among which dynamic recrystallization [8], or even phase transformations, such
as the conversion of austenite to martensite, well known to occur in a reversible way in pure iron
[6] or to develop in many ferrous alloys such as metastable austenitic steel of the 3XX series [9]. In
such cases, the measured temperature rise comprises the effects of exothermal phase transformations
during which latent heat is released. When this is the case, a simple ratio of the thermal to mechanical
work, into which this extraneous heat source is included, may yield effective values of (;,; which
exceed 1, as reported e.g. by Rittel et al. [6] for pure iron, by Rusinek and Klepaczko [7] for TRIP
steels or by Jovic et al. [10] for austenitic steels.

Considering specifically strain-induced phase transformations, the Strain Induced Martensitic
Transformation (SIMT), is found in multiphase TRIP steels and metastable austenitic grades. This
type of martensitic transformation occurs in a given range of temperatures M7 to M, covering the in-
service conditions of TRIP and austenitic steels in many industrial applications. Above M7 the stress
needed for martensite nucleation exceeds the flow stress of the austenitic phase, which should thus
strain-harden to sustain martensite formation. As the temperature rises, austenite stability increases
thereby limiting the transformation. Above M, martensite is not produced anymore.

Therefore a strong coupling is expected to exist between SIMT and heat generation in these
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alloys: SIMT contributes to heat through a latent heat term, and heat, in turn, hinders SIMT. Thus the
latent heat released during martensitic transformation should modify the ratio of dissipated to plastic
power. And the weight of dislocation mediated (slip) plasticity in the inelastic deformation of the
alloy should progressively decrease as austenite transforms into martensite, analogous to a twinned
phase, thus leading to additional changes in the value of the stored energy of cold work. All these
factors will most likely affect the value of the Taylor-Quinney coefficient upon deformation.

This contribution presents a theoretical approach to evaluate the variability of the Taylor-Quinne?
coefficient in steels exhibiting SIMT. A constitutive model, previously proposed by Zaera et al. [11],
and now modified to account for the different heat rates, has been used. This model includes tem-
perature effects in the phase transformation kinetics, and in the softening of each solid phase through
the use of a homogenization technique. The model also allows considering the influence of triaxiality
in the SIMT. The new model sheds light on previous experimental results reporting unusual (> 1)
values for f;,;, [0, 7, 10], apparently related to an exothermal phase transformation, through a differ-
ential treatment of the dissipative terms, namely latent heat, and heat due to austenite and martensite
deformation. Likewise the model accounts for the strong coupling existing between strain rate, stress
state, heat and martensitic transformation, thus allowing to perform a thorough analysis of their influ-
ence in the evolution of the ratio of dissipated to plastic work. The variability observed in the integral
Taylor-Quinney coefficient shows the inherent limitations of assuming a constant value of (3;,; when
modeling high strain rate problems in alloys showing SIMT. On the contrary, taking into account
the functional dependence of [3;,,; avoids considering an averaged value which may either under- or
over-estimate the heat dissipated during the deformation process.

[1] H. Tresca (1879). Sur la fluidité et I’écoulement des corps solides, Annales du Conservatoire des
Arts et Mtiers, 4.
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114 38th Solid Mechanics Conference, Warsaw, Aug. 27-312 20

THERMOMECHANICAL MODEL FOR AUSTENITIC STEEL WITH MARTENSITIC
TRANSFORMATION INDUCED BY TEMPERATURE AND STRESSVARIATION
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1. Introduction

The mattensiic phase transformation in austentic steds may be induced by changes of
tempeature, stress or plastc deformation. The growth of the second phase affects strength
propeaties of mateial, paticularly the hardening rate occurring during monobnic or cyclic
deformation. This phenomenonshoull be taking into acount in formulaion of the consitutive
equaions The mateials subpdedto matensitc transfomationhave been extensivey investgaed
by applying the framework of themodynamic of irreversible processeswith acount for internd
stateparametas|[1, 2, 3]. Theinternd variablesrepresent phenomenologeally theinternd strudure
of mateial and its effed on the maaosmpic responseduring plastc deformation acompaniel by
matensiic transfamaion. The selection of prope internd variables, formulation of the Helmholtz
free energy and the disdpation potentia] provide a framework for formulation of consitutive
relation Pecifying flow rule, hadening rate and phaseevolution.

The present work is aimed at description of the inelastic mateial resporse during couplec
plastc deformationand martensitc transformation occurring during varying stressand tempeature
states. The main attention is focused on the identification of the themomedanica internd
variables and the conjugate driving force associded with progressive or reverse plastc flow and
maittensiic transformation. The assuned freeenergy and disdpation fundionsprovide spedfic ation
of driving and disspative forces. The model is applied to simulate uniaxial and biaxid cyclic
deformation cuves and related tempeature variations.

2. Material model — main assumptions

There are two modesof mattensifc transfamation: medanically induced [1] (stressassstec
and strain-induceal martensite) or themally induced [2]. Thesetwo modes correspondto diff erent
generation of the nucleation sites and to diff erent morphologes of martensite in a form of plate or
lathlike strudures. In the literature, two kind of matensit are distinguish, namely the matensie
induced by prope tempeature variation and the martensie induceal by stress or plastc strain
variations [1, 2]. The most populamaagosmpic paameta ¢ representing the volume fradion of
martensite can now be decompod into two portions, & =&, +¢&_, where &, representsthefradion

of martensite induced by temperature variation and £, is the marensie fradion transfamed by

stressor plastic stran variation (oriented matensit).

Thetwo-phase material is treated as a thermodynamic systemwith three coupledirreversible
processes namely, plastc deformation and two kinds of phase transformation. Thus, three
conditions d processoccurrence mustbe formulated.

¢ theyield condition
1) Fp:\/‘]z(aij _fij (X, ’T'g))_Rp(Tig)Soy

o the @ndition of transfomation nduced by stressvariation

) R =2, +A\3(5-2)(s -3°)-R(T.&.)<0,
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¢ the conditon of transformation inducal by temperature variation (progressive transformatior
austenite—martensite and reverse transfamation martensie—austenite)

(3) R =[-2 - R(T.&.&)]|[-Z: —R(T. 0.4 .£,)] <0,

where s; is the stressdeviator, o, =10; is themean stressand T denotesthe tempeature. X, and
¥ arethedriving forces conjugate to volume fradion of matensite. The yield condition (1) takes a
familiar Hube-Mises form, but the kinemaic hardening represented by the translaton of yield

surfaceis spedfied the deviatoric tensa f; related to the back stress X; . Equdion (2) represents

the transfomation condition conneted with the stress loading but it can be adivated by
tempeature variation and equaion (3) detemines the conditon of transformationinducel by the
tempeature variation. Next, the sd of internd parametesis chosen, two parameta's connectedwith
plastic straning: microstain » conjugateto the backstress X, z conjugate to the backstress Z and
two paramete's represanting volumefradion of martensie: &, &£ conjugate to driving force X,

and X _ . Thespedfi c freeenergy is assured in the form:

@ PY = Ayusiel =16 + o0, (T=T)=In(F))+ 3G, myr, +3C7 7 +
+ p((pch,m _A(Pch(l—é, _§T) +¥, )
where Ag,, = @4, — @4 . 1S the difference between chemicd energy of austenie and martensite. In

turn, v, = (1-8)¢+ £ & is interaction energy betlween ausenite and martensie. Assumpion

of the associded flow rule (except microstran # and metdlurgicd stran) allow to deduce a se of
consttutive and evolutions equ#ons.

3. Simulation of cyclic uniaxial loading and cyclic changing of temperature

The propose&l model has been applied to simulate cyclic hardening responsefor cyclic
tersion-compression testsand for varying tempeature test The model paametes for austenitc
sted¢ AISI 304 were spedfied from the identificaion on the basis of experimental daa for the
stealy stateof cyclic tensionand compression and from the literature. Examples are presentedin
Fig. 1

<o

| o =0MPa

a)

Fig. 1. a) Dependence of the volume fradion of martensie on temgerature, b) the hystesesis
loop for stress belowyield sress, c)the tystaesisloop forthe stres aboe yield stress.

4. References

[1] M. Panico and L. Brinson (2007. A three-dimensioral phenomenologcal model for
mairtensit reorientation n shgpe memoy dloys, J. Medh. and Plys. ofSolids, 55, 24912511.

[2] F.D. Fischer, E.R. Obegaigner and K. Tanaka (1996. A micromechanicd approac to
consttutive equaions forphaechanging matrials, Comp Materials Sci@ce, 9, 5663,

[3] G. Zietek and Z. Mrdz (2011). On the hardening rule for austenitc steds acounting for the
stran indued matensiic transfomation, Int. J. of Stuctural Changes in ®lids, 3, 21-34.






Experimental Mechanics



118 38th Solid Mechanics Conference, Warsaw, Aug. 27-312 20
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1. Introduction

The increasing use of plastic produds worldwide is causing considerable damage to the
environmert; therefore, biodegedable plastcs (plastics that can decompo® in the naural
environmert) and bio-based plastics (plant-derived or recyclable resoure-basal plastics) are being
extensivey investgaed, and new biodegradable and bio-basal plastics are continuousl beng
devdoped. Poly(lactic add) (PLA) is a typical biodegedéble bio-based polymer (plant-derived
polymer). Polymerblends/alloys or naturd fiber reinforcing have been required to overcomethelow
impact resigane andthebrittlenessof PLA. Becaisepoly(butylene adipak/terephthalde) (PBAT) is
adudile and biodegadable polymer, polymer alloys of PLA and PBAT havegred potentialfor high
impact strength.

In the pesent sudy, the stres-stran curves of LA and FBAT polymer al oys wae meaured
at high strain rates using a tensik split Hopkinsonpressurebar (Kolsky bar). The effects of the
addition of dialkyl peroxide (compatiblizing agent) and the mixing ratio of PLA and PBAT on the
maxmum stress, he eongation & break, and fradure morphology were aso discusse.

2000 2000 ‘

B 1750 0
Sirain gage T Strain gage 12
D =T e |

Figure1 Expeimertal sstup for dynamic tensik tests

2. Specimens and experimental methods

PLA and PBAT alloys of differing ratios were prepared using PLA from Toyota Motor
Corpordion (Toyota Eco-Plastic S-17) and PBAT from BASF (Ecoflex). In order to examine the
effed of a compatiblizing agent, dialkyl peroxide (NOF Corporation, PERHEXA 25B) was used.
The mixing ratios of PLA and PBAT were 60/40, 50/5Q0 and 30/7Q The mixing ratios of
PLA/PBAT /dialkyl peroxide were 60/40/, 50/50/1, and 30/70/1. We prepared the polymer all oys
usingatwin-saew extruder (Technowe Co., Os&a Japan) at 180°C. The screw spe@ was 400rpm,
and thefeed rate was 100 g/min. After melt mixing, the strandsprepared by thetwin-saew extruder
were cooled rapidly, pdletized, and thendried. Next, 10-mm-thick plates were prepared using a
conventional hot press at 190°C and 5 MPa for 30 min.

Dynamic tensile test specimens with a gage mark area of approximately 2 mm x 2 mm and a
gage length of 4mm were used Specimens fa dynamic tensik testswere produed from plate of5
mm thicknessusingamilli ngmadine.At high strain ratesof 500to 1000s?, thetensle propatiesof
thespedmenswere examined by thetensik split Hopkinson (Kolsky) bar teg, asshownin Fig. 1. The
input and outputbars were mack of stainksssted (SUU304),and their diamete and length were 12
mm and 2000 mm, respedtively. Strain gages were applied to both the input and output bars at
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distances of 1750mm and 350mmfromthespedémen,respetively. Becaisethestresshistorieswere
amostthesameonbothendsof the speimens,the strain and stresson the specimenswere cdculated
from the stran on thebars, as meaurel by the stran gages, ushg thefollowing equations [1-2]:

(1) O-av(t) = ST (t)
@ sav(t>=T°3 [ [ ) er (O

Here ¢ and et are the axial strans induce in the input bar by the incident wave and in the
outputbar by the transnitted wave, respedively. E and c; are Young’s modulus and elastic wave
velocity, respetively, of both the input and the outputbars. L is the gage lengh. A and As are the
crosssectiond areas of heinputoutput bas andspe@mens, respedively.

3. Results and discussion

Figure 2(a) showsthe stress-stran curves without dialkyl peroxide and Fig. 2(b) showsthe
stress-stran curves of dialkyl peroxide addition. The 50/20/1 and 30/704 spedmens of
PLA/PBAT/dialkyl peroxide did not bre&k at a stran of 0.34 unde this experimental condition.
Regardlessof dialkyl peroxide addition, the maximum stressdecreased and the elongation at breek
increased with increasingPBAT content.Compaing Fig. 1(a) to (b), it was condudedthatthedialkyl
peroxide addition clealy increased theelongationat bre&k. In particular, for the PLA/PBAT ratiosof
60/40, 50/5Q and 30/'70, the dialkyl peroxide addition dramaticdl y increased the elongation at breek.
When the PLA/PBAT ratio was 80/20, the dialkyl peroxide addition only slightly increased the
elongationat breek. Compaked to theelongation at bre&, thedialkyl peroxide addition had lessor na
effed on the maimum stess.

45 , , , 45
T ! = 60/40/1 (1030 s'
£ P UOED) £ 0 (10305) 50501
= . = (1010s)
o 50/50 (5D's ') o W
8 _ B e VAN A WAV WA
& 15 mﬁh / 30/70 (5D's 1) & 15 K7 Y .
N ‘ e [ \
W / 30/70/1 (950 s')
1 L L L
% 0.1 0.2 0.3 0.4 %% 0.1 0.2 03 0.4
Strain ¢ Strain ¢
(8) Without dalkyl peroxide (b) Dialkyl peroxide addition
Figure 2 Effed of PBAT content on sess-stran curve.
4. Conclusion

The stress-stran curves of PLA/PBAT and PLA/PBAT/dialkyl peroxide spedmens were
measural using the tensike split Hopkinson pressurebar. When dialkyl peroxide was added, the
elongationat bre& clearly increased with increasing PBAT content. The dialkyl peroxide addition
increased theelongationat bresk andthe areas under thestress-stran curve before thebreging point
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INVESTIGATION OF MICROSTRUCTURAL INFLUENCESON THE MECHANICAL
PROPERTIES OF CU-AG EUTECTIC ALLOY
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Copper-Silver compositions are used to produce high strength, high condictor wires and
sheds for the pulsed and resistive magnets. The spedmen of 20 mm diameter is obtained from the
continuots casting of Cu-60at%A g eutedic aloy. The material was cold formed to a diameter 12.5
mm and it was drawn to a diameter of 6.7 mm. In this study, Cu-Ag samples of diameter 12.5 mm
and 6.7 mm have been taken for the microstructure evolution and finding its mechanicd behavior.
The samples were prepared in both drawing and transverse diredions. The aim of this study is to
analyze the microstructure and modeling the noninea behavior of the material and its verificaion
by experiment. The inspedion of microstructure was dore using opticad microscope and scanning
eledron microscope. The lamella spadng, the thicknessof Cu and Ag was investigated. The lamella
thickness and spadng were measured to quantify the changes in microstructure for both drawing
and transverse diredions. The microscopy results shown that eutedic Cu-60at%Ag composite has a
homogenous distribution of aternating Cu and Ag lamella layers. The mechanicd properties of a
eutedic Cu-Ag aloy were investigated at room temperature by compresgon tests. The material has
high anisotropy level and its eff edive properties depend on lamell a orientation. From experimental
compresson tests, an attempt is made to model the material behavior using classcd e asto-plastic
norlinea hardening law. At the end, material properties required for the asuumed modd are
approximated. The results are in goodagreament.

Assumptionsinvolved

* Thedeformations are small.
» Thehardeningisisotropic and can be modeled by Vocelaw.
« The plastic and hardening behavior are rate independent.

Experimental method

In order to analyzethe microstructure of two samples having diameter 12.5 mmand 6.7 mm,
transverse and longtudinal sedions were cut perpendicular and parall el to the rolling diredion for
microstructural observation. To prepare for metal ographic analysis, al samples were cold mourted,
hand groundusing 180, 320, 600, 800, 1200-grit SiC paper, hand pdlished with 3-um diamond
paste and given a finer palish with 1-um in diameter, to produce a smoacth surface Spedmens were
chemicdly etched for 45 seaonds in Nital (20-40% nitric add in 80-60% ethanol) depending on the
strain level. The microstructure was observed with a scanning eledron microscope (SEM) and an
optica microscope.
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Results

Figs. 1 and 2 are SEM and opticd microscope images showing the microstructure of the Cu-
72 mas$o Ag aloy. The porosity of Cu-72mas$6 Ag aloy can be appredated in Fig. 1(a). The
transverse sedion, shown in Fig.1, displays typicd Cu-Ag aloy microstructural feaures for bath
the spedmens. The darker phase is the Cu-rich solid solution, whil e the lighter regions are Ag-rich
solid solutions.

Fig.1. SEM transverse images of the eutedic Cu-72mas$6 Ag aloy (a) undeformed spedmen (@
12.5 mm) and (b) deformed spedmen (& 6.7 mm)

Fig.2. Opticd microscope longtudinal images of the eutedic Cu-72mas$6 Ag dloy (a)
undeformed spedmen (@ 12.5 mm) and (b) deformed spedmen (@ 6.7 mm)

Fig.2 (8) represents the curvy lamella pattern due to sheaing, the pattern continues with
some level of alignment. For a deformed spedmen shown in Fig.2 (b), the lamellaeare aligned in
the drawing diredion with continuous refinement.
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The aim of the work is to investigate the influence of moderate strains and strain rates of the
range of 10%<é< 10% s* on the evolution of the yield limit surface The experimental
investigations were performed on the as recaeved oxygen free high condctivity (OFHC) Copper.
The spedmens were machined from the commercially avail able roundbars of the diameter 12mm.
Four kinds of experimental tests were performed: tensile test for smooth round spedmens and
compresgon test of smocth cylinders as well as biaxial compresgon test using cube spedmens and
doule shea tests of cubdd spedmens with maciined narrow shea zones. The elaborated
experimental data show that the investigated materia reveds a slight presaure sensitivity showing
small strength differential effed of the order of x =k./k =~11 and certain influence of initial

anisotropy, which is confirmed by the investigation of texture pole figures. The effed of initial
anisotropy manifests itself in the observed deviation from the Huber-Mises yield condtion. The
deviation was observed in the confrontation of experimental data using limit valuesin shea test and
biaxial compresson test.

To find more adequate description of experimental results the Burzynski yield criterion was
applied, [1]. The criterion is assumed for isotropic solids and the effeds of initial anisotropy are
cgptured by means of certain corredion fador A. The meaning of this fador can be explained by
means of the relation between the yield limits obtained in the tensile k; , compresgon k. and shea

ks tests, respedively [1]:

1 3ké= ke .

@ B =o0)

Observe that for ided isotropy with symmetry of elastic range, k; = k. = k the fador A isequal 0,5
and the above relation takes form ~/3 ks = k known from the Huber-Mises condtion. In general, the

Burzynski fador A takes vaues in the range 0< A <1 . The yield condtion for isotropic solids
acourting for Burzynski’s corredion can be expressed in the principal stressaxes in the foll owing
form[1], ando, 20,2 0,:

@  (1-N(o,-0,) +A(05-0) +(1-2)(0,-0,) +(ke -k ) (o, + o+ T ) = k k.,

The following states of stresswere considered with use of the performed experimental tests:
1. Uniaxial tension: g, =k;, 0,=0, o0,=0.
2. Uniaxial compresson.g, =0, 0,=0, 0,=-k..
3. Pureshea:o, =k;, 0,=0, o0,=-kK,.
4. Biaxia compresson: g, =0, 0,=-Vk.., 0;=—K

A representation of experimental points in the plane (ceq,0m) together with yield curves of correaded
Burzynski (1) and Huber-Mises (2) is displayed below
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Ancther example of yield limit curves for OHFC Cu in the plane state of stress(c1,063) and
(62,05) for strain rate 0.001s™ and strain level 0.002is presented below.
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Fig 2. Results of experiments and yield curvesin the planes (61,03) and (c2,63).

It is visible that the correded Burzynski criterion appeas more adequate in comparison with the
classcd Huber-Mises condtion.

The study of strain-rate sensitivity shows also that the yield surfaceincreases uniformly with
increase of strain-rate. In conclusions, the relation with the studied in the literature effea of the
third invariant of the stressdeviator (Lode angle), [3-6] is also discussed.
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When steds which have a metatable austenitc phase are deformed plastcdly, the phase
patially transfams to a stable martensitic phase This phenomenonis cdled strain-induced
martensitic transfomation (SIMT). The steé with SIMT can be expected to increase not only its
strength but also dudility and toughnessbecaiseof a transition to the martensitic phase The steel
with these excdlent mechanicd propeties by SIMT is cdled TRIP (TRansfomation Induced
Plasticity) sted [1].

For autormotive indudries, a thickness of members can be decreasal easier because of its
excdlent dudility if TRIP sted can be applied for shockabsoption membess. This advantage is
connectedto weight reduction of autormobiles. However, transfamaionbeheior of TRIP sted is not
clarified. Therefore, in order toimproveareli ability of TRIP stead, it is essentiato clarify theamourt
of transformed mattensit which may deermine such excdl ent characteristics of TRIP stedl.

In previous studes [2][3], the amount of transfomed martensite has been measured
quasi-staticdly during deformation by cegpturing impedance. Since martensite indicaes a
ferromagnetic charaderistic, it can be measured continuousy by impedane including inductance
during plastc deformation. However, this experimental study have been conduded at only single
stran rate even though a deformationbehavior of TRIP steé showsstrain rate sensitivity [4]. The
abovementionaed membaesis crashedat high stran rate. Therefore, it is importantto discussaboutthe
strdn rate sensitivity of SIMT. In addition, theamountof matensit at variousstran rates have been
evaluated by meauring the volume resigivity [5]. Unfortunatey, it can be sad that this methodis
likely to be affeded by a noise and change in resigane caused by internd defects such as
dislocationsand thermd effed concerning with deformation.Thus, it is difficult to extract the effect
of matensie from the sigds obtined by changein volume esidivity.

In this study, it is attempted to cgpturetheamountof transfomedmartensite experimentally by
measuring continuouschangein impedance during plastic deformaion. A speémen mace of AlSI
304, which is a kind of TRIP sted, is useal for a core of a prototype solenoidcoil and compresse
guasi-statia@lly inside the coil at the various stran rates. During the compressive test, two kind of
circuits basad on both aternaing current potentia difference method and Maxwell bridge are
manufdured by authas to messure continuous change in impedance. Then, compaing
meauranent value obtained by a commercia LCR mete and prototype circuits manufidured,
validity and characteristics of bothcircuits manutdured will beshown.Findly, it will bechdlenged
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that the stran rate sensitivity of the change in impedane of TRIP steé will be discussd by
compaing the ete ofthechange in impedaceat each strain rate.
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1. Abstract

Aluminum bondngiswidely used in many aviation applications. In this article we investigate
techndogicd aspeds the quality of bondng adherends by different surfacetreament for bondng
purposes including abrasive paper, degressing and aodining. Moreover, eat of the surface
treament methods are compared acording to three cure temperatures and vacuum adhesive
melting. The finding of optimal solution for surfaceof adherends and adhesive preparation leal to
significant increese of the joints strength and durabilit y.

Heli copter fadories commonly use aluminum alloys with high strength - i.e. 2024 (Pa7 - old
Polish Standards). The investigated material is mainly used in inner helicopter parts, transitions,
geas, pistons, coudings etc. However, structural helicopter elements require the applicaion of
joining techniques, and one of ead is the bondng technique.

Colleding bondng strength results for different surface preparations, different cure
temperature and bond preparation together gives clea base to choice adequate method for
applicaion. All of the spedmens has been prepared using the same condition - load during curing,
the same bondand curing time.

A spedal surfacetreament method, cdled alodinasation, was used [1]. Alodiningis a process
in which a metal is coated with a chemicd cdled alodine. This coating hardens the surface and
increases bondng contad area

The paper presents experimenta investigation of the mechanicd resporse of Single Lap Joints
(SLJ) taking into acourt the above spedfied techndogicd aspeds. The SIL samples, made of
auminum aloy 2024 T45 with tensile strength 400 - 410 MPa, were subjeded to quasistatic
uniaxia loading. The thicknessof the joint parts was 2mm, whereas the bondng areawas 15x1&
mm. Fradure toughressparameters G, and G, were estimated by doule cantil ever beam test and 4-
point bending test, in order to estimate bondng layer properties necessary to numericd SLJ
modeling. The whale deformation process was observed by the Digital Image Correlation (DIC)
method (ARAMIS system).

The obtained results lead to the conclusion that the best choiceis the alodinasation technique
both for surface preparation and for adhesive preparation by vaauum melting. All charaderistic
parameters, like fradure toughress parameters, strength of the joints and the energy absorption to
the final failure of the samples, are significantly higher in comparison to the classcd technique of
the joints production.

2. References

[1] A.Posmyk (2010. Warstwy powierzchniowe aluminiowych tworzyw konstrukcyjnych, WPS.
[2] L. Marsavina, T. Sadowski, M. Kne¢ (2009, Cradk propagation paths nea bi-material
interfaces. Int. Conf. Fradure, Montred (Canada).



Session: Experimental Mechanics 127




128 38th Solid Mechanics Conference, Warsaw, Aug. 27-312 20

DIRECT IMPACT COMPRESSION TEST OF TANTALUM - EXPERIMENTAL
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1. Introduction

The examples of high strain rate of loading, high speed impad, high speed machining, and
high disdpation of energy at forming processs take placein many engineaing applicaions. In
order to predict and control behaviour of materials used under such extreme loading conditions, the
medhanicd parameters of materials shoud be predsely identified. It is well known that the
mechanicd behaviour of metal depends on the strain rate level. The Split Hopkinson Presaure Bar
(SHPB) or Kolsky apparatus are widely used for the investigations of mechanicd properties of
materials at high strain rates up to 1.0x10* s™. In order to read strain rates higher than 1.0x10° s,
Dharan and Hauser (1970 [1] introduced a modification of the SHPB concept by eliminating the
incident bar. Thus, application of the direa impaad of a striker onto a small disk or prismatic
spedmen suppated by the transmitter bar enabled to reat strain rates up to 0.5x10¢° s. Such
modificaion can be defined as the Dired Impad Compresson Test (DICT), cf. Jia and Ramesh
(2009 [2] or Malinowski, Klepaczo and Kowalewski (2007) [3].

2. Problem formulation

Experimental and numericd investigations of the effed of strain rate on medanicd
properties of pure tantalum are presented. Experimental studies were carried out on Dired Impad
Compresson Testing stand. Miniaturization of the experimental setup with spedmen dimensions:
diameter ds=1.5 mm and thickness [s=0.50 mm, Hopkinson transmitter bar diameter dy=3.0 mm
and striker d=11.5 mm and ;=12 mm, with applicaion of a nowel opticd arrangement in
measurement of striker velocity, enabled compresgon tests to be caried out at strain rates within
the range from 1.0x1C° s to 0.5x10 s . Perzyna constitutive mode! for the elasto-viscoplastic
material, cf. Perzyna (2011) [4], was applied to predict the dynamic compresson yield strength of
the tantalum tested at different strain rates. The formulation of the Perzyna model with Voce
hardening law can be expressed in the following way:

o(z%,°,T) =[(A +B(-exp(-Ce)) | |1+ (T, (7)) 2° ) fa-0m) (1)

where Ty is relaxation time, and A, B, C, D, and m are material parameters, © denctes the
modified temperature given by:

2

where Ty is the temperature of referenceand Ty, is the melting temperature.

The main objedive of the paper was to investigate either experimentally or numericdly a
behaviour of tantalum using DICT technique. The speda emphasis was taken on the description of
the strain rate influence on the basic medchanicd properties of pure tantalum. In order to extend the
range of the analysed strain rates the experimental programme was suppdemented by tests carried
out onthe SHPB testing stand and quasi-static hydrauli ¢ servo-controll ed testing madine.
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3. Experimental identification of the material model

The identificaion of the constitutive model parameters was obtained by an inverse method
Numericd simulation was performed with applicaion of ABAQUS finite element program. The
own VUMAT was implemented for cdculations. The identificaion of constants was caried out
using the true stressstrain diagrams. These curves were generated from the experimental tests
performed at various strain rates. The elasto-viscoplastic model parameters were determined for
eat kind of spedmen. Firstly, the computations were started assuming a broad range of the
feasible parameters. Starting values of the model parameters were assumed and cdculations caried
out. In the next stage the final material constants were determined, and then the model was applied
to exeaute numericd simulationin order to obtain final readion forceand displacement.

Generaly, there was a good match between the experimental data and the Perzyna overstress
model predictions for strain rates upto 0.5x10° 1/s, Fig.1.

1400 LI B A

£ = 104 - 10*3s! o ¢ Data of Malinowski (2009)
1200 |— for Ta

Pure Tantalum

1000 |— Oo |

800 1 — g-205k

600 —

Flow stress, ¢ (MPa)
T

400

€ = 0.10 °

K
200—o
<&

- € = 0.02 -

0 | I | | 1 | | I | | 1 | 1 I 1 | | I |

-4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0
Logarithm of strain rate, log (1/s)

Fig. 1. Comparison of the current Perzyna model (solid lines) and the experimental flow stressdata
(symbd's 0) of pure tantalum with resped to logarithmic strain rate at 296K (results for threestrain
levels were considered, i.e. €=0.02, 0.1 and 0.3).
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VARIATIONS OF STRESS STATE COMPONENTSDURING STEP CYCLIC LOADING
OF POWER PLANT STEEL
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1. Introduction

The essantia attempt for redudion of forces ading in the sdected metd forming processe:
has been dore by Korbel and Bochniak[1] who modified procedures of forging and extrusionby an
application of cyclic tordgon. Nowadays, this subgd is still widely invedigated by otherreseach
groupsi.e. [2-4] sinceit seemsto be very promising for mary otherpossible applicaions. Better
knowledgeof this subgd is important for bothindustial and research groups,sinceit may improve
sdected manufiduring processes and the numeicd simulation by taking into acount new effects
obseved in mateials. Therefore, it was dedded in this pape to investgate how the amplitudeand
frequency of torsion cycles influence the axial stress-axial stran characteristic of power
engneaing steé. A signfficant difference of this research in compaison to previous papes is
related to the levds of magiitudeof the cyclic strdn amplitude In al our experimens it was less
than 1%

2. Experimental procedure and results

All tests were caried out a room tempeature using thin-walled tubular mini-speémens
(Fig. 1) made of the 10H2M steé subjpded to biaxial stress state controlled by stran signals.
Monotonic tensionwas combined with cyclic torsion, Fig. 2. Four blocks of cyclic torsion of
amplitudeequd to: £0.1%, +0.2%, +0.4%t0.8%were consdered.

(b)
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Fig. 1. Geometly and Fig. 2. Two types of loaling programme comprisel
dimensiors of minispedmen. monaobnic tensionand: (3 symmetric torsion gscles;

(b) asymmetric torsion gscles.

The stress respongs info the stran contolled pragramme shown in kg. 2 ae presented inFig. 3.

A compaison of the conventiond tensike characteristic with similar curve determined while the
torsion cycles were applied showsa gradud decrease of the axial stress when the shea stran
amplitude increases. It attained the levd of 400 MPa what was amost equivalent to the unloadel
statein thetensik direction for the highest stran amplitude considered, Fig. 3. Such behaviour was
obseved indendently onthetype of cyclic loading (symmetric and asymmetric).

Besidesof an influence of the cyclic stran amplitude on the monobnic tension effeds of cyclic
loadingfrequency were also investgated at wide range of magitudes, i.e. from 0.005Hzto 15Hz
Investigations wee caried out forthe 10FH2M sted and thédr results aeillustrated in kg. 4.
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Fig. 4. An influence of frequency of torsion g/cleson tensié curve of the 10H2M steéfor:
(a) stran amplitudeof +0.4%and frequency equd to: (1) - 0.005Hz (2) - 0.05Hz, (3) - 0.5Hz
(b) stran amplitude of+0.1%and frequency equd to: (1)- 1Hz, (2) - 5Hz, (3) - 15Hz

3. Conclusions

(@ An increase of the amplitude of cyclic loading leads to gradud lowering of the axial
stress.

(b) Asymmetrical stepincreased torsion cycles caused similar effed as that obsewed
unde symmetrical torsion ¢ycles.

(©) Aninfluence of thefrequeng of torsioncycleson thetensik curve was discoveed; it

playedimportant role espedally for the magnitudes within the range from 0.005Hzto
0.5Hz
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FRACTURE PROPERTIES DETERMINATION ON PMMA BEAMS
IN THREE-POINT BENDING TESTS
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1. General

The knowledge of fracture behaviour of materials in service conditions like is required to design
structural elements and components. In mode I, this behaviour is described by fracture parameters
such as the fracture-initiation toughness, which represents the critical value of the Stress Intensity
Factor, SIF, at which a crack begins to propagate, and the dynamic fracture energy of the material,
which depends on the crack velocity.

For dynamic three-point bending (TPB) tests, special arrangements of the Split Hopkinson Pres-
sure Bar (SHPB) [1- 4] have been proposed, were the SIF can he evaluated experimentally throughout
different optical [5, 6] and photoelastic [7] techniques, but in general this require complex equipment.
Alternatively, by means of the use of high speed cameras and image-processing techniques [4], a
sequence of the Crack Mouth Opening Displacement (CMOD) evolution during the test (see figure
1(a)) was obtained. Assuming that the same relationships between SIF and CMOD used in the static
cases apply to the dynamic ones, as is demostrated in [3], the SIF was evaluated in specimens with
different initial crack-length and thickness.

Related to the dynamic crack tip evolution, in particular in polymer specimens, it has been in-
vestigated using different experimental methods, such as photoelasticity [8, 9], the method of caustics
[10, 11], or by bands [12]. In a previous work [13], authors measured the crack-propagation velocity
in PMMA specimens with different initial notch-lengths in quasi-static conditions in TPB tests. For
this purpose, using a high-speed photographic equipment, a new methodology able to analyze the
crack-propagation process in different planes of the specimen thickness was developed. During the
tests, due to the optical properties of the PMMA, the crack-front propagation was recorded using a
high-speed camera focussing the crack-propagation plane at oblique angle, as shows the figure 1. By
means of an selfmade image-processing code, the crack front and its evolution is clearly distinguished,
and the SIF history from the CMOD(t), crack-front evolution, and crack-length and crack-velocity at
different planes through the thickness at any time were provided.

Figure 1. a) Sequence of the CMOD evolution in a dynamic TPB test, b) Sequence of a crack-front propagation
in a quasiestatic TPB test

From the tests performed on PMMA specimens with different thickness and initial crack-to-
width ratios in TPB test in quasi-static and dynamic conditions, following conclusions can be drawn:
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e Fracture properties in PMMA cracked beams with different initial crack lengths and thicknesses
was measured in quasi-static and dynamic three-point-bending tests.

e The optical methodology used, provided information of the crack-initiation and propagation
process at different points through the thickness of the specimen during the test.

e The results obtained were correlated with the stored elastic energy, and compared with those
reported in case of notched-specimens [13], and by other authors for different test conditions.

e The information gained from these tests, enabled the relationship between the softening func-
tion of the material with the crack propagation speed to be determined, knowledge which is key
when using cohesive zone models to analyse these kind of materials.
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1. Introduction

Evaluation of structural degradation and mechanica properties still seems to be an attradive
diredion of investigations due to unsolved problems related to safety of different construction
dements, instalations or machine devices. Among many non-destructive techniques of damage
asssgments the ultrasonic method is used at different branches of industry. However, it has to be
mentioned, that the conventional ultrasonic parameters (e.g. attenuation coefficient, wave velocity)
suffer on some limits in applicaion. The attenuation coefficient all ows to deted material damage in
a late creg stage when voids are creaed [1] and its application in industrial condtions is difficult
due to surfaceroughressand locd materia heterogeneity. In the case of wave velocity, in addition
to the above mentioned fadors also the non-uniform thickness of elements tested may disturb its
measurements. Taking into acount these fads, the acustic birefringence was proposed [2] as the
aternative ultrasonic parameter enabling assessnents of structural degradation. Its measurement is
based on the wave velocity difference between two shea waves pdarized in the mutualy
perpendicular diredions [1]. Variations of the amustic birefringence coefficient are attributed
to the materia texture (preferred grain orientation) and even small, oriented voids resulted from
creep [3]. According to previous investigations [2, 3] the acmustic birefringence seems to be more
sensitive to damage development than the attenuation coefficient and wave velocity. Among
advantages in measurements of this parameter one can indicate a high speed, low price and
simplicity in use at the industrial condtions. It can be measured on unknown thicknesselements, its
value is temperature independent, and measurements can be made with a single shea SH wave
transducer.

2. Experimental procedure

The spedmens manufadured from power engineaing steds were subjeded to cregp under
tensil e condtions. The cree tests were interrupted for a range of the seleded time periods in order
to achieve spedmens with an increasing level of strain. After ead loading processthe spedmens
were tested using ultrasonic techniqgue and then the qualitative observations and quantitative
metall ographic assessment of spedmens were carried out by means of light microscope (Olympus
PMG3) couped online with image analyser (CLEMEX), (Fig. 1lab). The quantitative image
analysis was caried out at the same areas (6,11 mnv’) of eat spedmen; close to the fracture (about
0-1mm) and far away from it up to several milli metres using systematic area scanning. The
measurements were interrupted when the diff erences between successve quantitative results were
not observed. The observations of fradures by means of scanning eledron microscopy (SEM -
JEOL 6360LA) were aso caried out.
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€ = 6.51%, non-etched state, conventional quantitative analysis.

light, magn. 200x.

3. Results
The representative results for the 40HNMA are presented in Figs. 2-3.
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and amustic birefringence

4. Conclusions

It is shown that the relationships between amustic birefringence and seleded destructive
parameters (stereologicd and mechanicd) can be determined for the 4A0HNMA sted. They seem to
be applicable for elaboration of a new promising method for ealy stage detedion of material
degradation.
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1. Introduction

Aluminium alloys (AA) are charaderized by a very goodratio of strength to weight which
enforces their applicaion in structures where weight reduction is a key fador for operational
parameters. Typicd examples are lightweight construction aloys used for the purposes of
automotive and aircraft industry, what in consequence leals to the overall vehicle weight lowering
and finaly to reduction of the fuel consumption. The vehicle structure must fulfill requirements of
the occupants protedion during vehicle crash. Therefore, mechanicd behaviour of materials under
dynamic loading condtions must be taken into aceunt during designing stage. Moreover an
intensive reseacch has been dore to improve balli stic protedion by applicaion of AA. In the case
of armor aso an influence of strain rate on the mechanicd charaderistic of a material must be
considered.

The reliable constitutive model for the applied material shoud be developed and cdibrated in
order to provide an efficient finite element method (FEM) giving an oppatunity to design process
and simulate the results captured as close as possble. For this purpose the stressstrain curves
shoud be determined for various strain rates and temperatures. The usual way of materia
charaderization at higher strain rates is the Hopkinson bar method, which enables strain rate
sensiti vity evaluation of materials in the range up to 5x10°s*. However, this is insufficient in many
cases, because locd strain rates in the structure during extreme loading may overcame this value.
En esential increase of the flow stress which occurs in material at strain rates higher than 5x10°s™
is caused by appeaance of the drag stress comporent. The discrepancy between predictions of
congtitutive model developed and the experimentally observed properties of the material may lead
to significant errors in design procedure of the whale structure. Hence it is of grea importance to
provide the adequate testing methoddogy and reliable data of mechanicd properties of materials
tested at strain rates higher than 10%s™.

2. Experimental method

Quasi-static compresgon tests were performed on the standard servo-hydraulic testing
machine (Instron), at room temperature. The dynamic compresgon experiments were carried out on
bath, the modified Hopkinson bar apparatus [1] at strain rate below 5x10° s* and the miniaturized
direct impadt compresson testing stand (MDICT) [2] at strain rates within arange from 3x10' s* to
1,1x10° s*. Asaresults awide picture of AA mechanicd behaviour at strain rates ranging from 10*
s to 10° s* was determined. The cylindricd spedmens of 10mm diameter and 5 mm length were
fabricated from extruded bars of 15 mm diameter using eledro-discharging machine. The size of
spedmen for the purpases of miniaturized compresson test was reduced to 1,5 mm of diameter and
0,5 mmof length.

3. Results

The stressstrain curves of tested materials are presented in Fig. 1(a) for 6082T6 alloy and
Fig. 1(b) for 7075T6 aloy. Both materials shows very narrow strain hardening effeds which
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occurs only at strain values lower than 0,05. Moreover, plastic strain hardening exporent doesn't
change significantly with deformation rate.

Summarized results for al measurement techniques applied are show in Fig. 2 in the form of
strain rate sensitivity chart. In could be seen that 6082T6 AA doesn't shows any strain rate
hardening effeds below 5x10°s™, whilst 7075T6 AA exhibits negative strain rate sensiti vity value
(dynamic strain ageing effed). At deformation rates higher than 5x10°s1 a significant increase of
plastic flow rate, may be observed. The reason of such effed may be attributed to appeaance of the
viscous drag comporent of high magnitude [3] related to high velocity motion of dislocations.
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Fig.1 Stressstrain curves of AA obtained under quasi-static and dynamic loading condtions; a) —
AA 6082T6; b) —AA7076T6
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Fig.2 Strain rate sensitivity of tested AA
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1. Introduction

Thermal diffusivity is a materia parameter describing the movement of the isothermal
surfaceduring the hea flow throughthe material.

Thermal diffusivity charaderizes a material in a complex way, because it includes the hea
condvctivity 4, spedfic hea ¢, and the massdensity p of the material:

A
() R

The range of therma diffusivity values of solids is guite wide. The value depends on the chemicd
composition of the material anditsinternal structure.

Pulsed infrared thermography is one of the adive methods based on stimulation of the
material surfaceby a hea pulse (pulse duration is equal to few milli seconds) and recording the
material resporse, as a time evolution of the surfacetemperature distribution, by means of an IR
camera. Such evolution contains information abou thermal diffusivity of the tested material. The
objedive of the presented work isto extrad this information.

2. Theoretical foundations of the method

The theoreticd basis of determining thermal diffusivity of materials is based on solutions of
hea conduction equation formulated for a plate of a finite thickness g when one of its surfaces is
heaed by avery short hea pulse. If the surfaceof the plate is sufficiently large in comparison with
the region of interest, it may be considered as infinite and then the one-dimensional model of hea
conduction can be presumed. The differential equation of hea conduction for the one-dimensional
model has the foll owing form:

a_T:aaz_T+i|]q
@ ot o pc

where: o is the thermal diffusivity, p is the mass density, c is the spedfic hea of the measured

material and q is the function of hea sources asciated with the surface density of energy @
delivered to the spedmen during its hea pulse stimulation.

The solution of such problem determines the temperature as a function of time at any point
z U [0, g]. The time evolution of temperature of the oppasite surfacewith resped to the stimulated
one is described by the solution for z = g. This solution includes the therma diffusivity of the
material of the plate. Therefore, if the temperature of this surfacecan be measured in time, it is
possble to determine the thermal diff usivity of the tested material.
Asaumingrelatively simple, initial and boundary conditions:

(€©)] T(t=0)=T,, a—T(Z:O):Oanda—T(zzl):O
0z 0z

and considering a charader of the hea source we obtain an expresson for the temperature on the
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oppaite spedmen surfaceto the stimulated one:
T
4 T(t)=T,-2(T, —'I;)em(— 7

atj’

where T, isinitial temperature, T.. is maximum temperature.
The logarithm of Eq. (4) has alinea charader:

(5) In(rm—T):(—izm)tHnZ(Tm—To)
g
and the tangent of the slope straight line to the time line;
(©) A=Ta
gz

Then, if one of the spedmen surfaces will be heaed by a short impulse of hea and the temperature
of the oppasite surface will be measured as a function of time, we can determine the thermal
diffusivity o from Eq. (6).

3. Experimental procedure and results

The measuring system for determining the thermal diffusivity of the tested materia is
presented in Fig. 1.

[y

Fig. 1. The scheme of the measuring systems for determining the diffusivity of solids. 1 - spedmen,
2 — flash lamp, 3- power supdy, 4 — IR camera, 5 - computer with appropriate software to enable
recording thermal images of the spedmen surface as functions of time.

The sequence of thermal images
of the measurement suface

After some simple transformations from the obtained relation, we can draw a straight line
and obtain its tangent of the dope straight line to the time line.

Substituting to (6) the value of the tangent and thickness of the spedmen, we oltain the
therma diff usivity of the sample.

The experiments were performed on austenitic sted 316L. The determined value of the
thermal diffusivity of this material is 3.6510° m?/s, whereas the value given in the literature [1] is
3.7110° /s,

4. References

[1] Goodelow. Metas, Alloys, Compound, Ceramics, Polymers, Composites. Catalogue
199394



140 38th Solid Mechanics Conference, Warsaw, Aug. 27-312 20

DISTRIBUTION OF ENERGY STORAGE RATE IN AREA OF STRAIN LOCALIZATION
DURING TENSION OF AUSTENITIC STEEL

W. Oliferuk™? M. Maj" and K. Zembrzycki*
! Institute of Fundamental Techndogjcal Research, Warsaw, Poland
2 Bialystok University of Techndogy, Bialystok, Poland

1. Introduction

When amaterial deforms plasticdly, a part of the mechanicad energy w, expended on
plastic deformation is converted into hee ¢, while the remainder e, is stored within the material.

(1) &= Wp —Qq-

The measure of energy conversion at ead instant of plastic deformation processis the rate of
energy storage Z defined as the ratio of the stored energy increment to the plastic work increment;
Z = Ne,/ Aw,. The stored energy increment is equal to difference between Aw, and the increment
of energy disspated asahea Aqg, (seeEq (1)), Ae, =Aw, —Aqg,. Then:

2 Z = Qe Aw, =1-Aq, / Aw,,

In the previous works by Oliferuk and co-workers it has been shown that during non-uniform
deformation (locdizaion of plastic strain) of pdycrystaline material, the energy storage rate
rapidly deaeases reating the 0 value and then beames negative [1,2]. The O value of the energy
storage rate means that the deformed material losing the ability to store the energy. But the energy
storage rate was determined as the average value for the total gauge part (25 mm) of spedmen. The
estimation of Ae,/Aw, was based on the comparison of the temperature increment of deformed

spedmen related to the given increment of the expended energy during uniform deformation with
the average temperature increment during non-uniform one. The question appeas. What is the
energy storage rate distribution alongthe gauge length of the strained spedmen during development
of plastic strain locdi zaion? The purpose of the presented work is to answer this question.

2. Experiments

A new method of determination the distribution of energy storage rate is proposed. The
method is based on the experimental procedure for the simultaneous measurements of temperature
and displacement distributions on the surfaceof tested spedmen during tensile deformation. This
procedure invalves two complementary imaging techniques: CCD technique in visible range and
infrared thermography (IRT). In order to determine the strain distribution, markers in form of
graphite dots were plotted on one surfaceof the spedmen. In this way, the surfacewas divided into
sedions, whose sizes are determined by the distance between centers of dots (Fig. 1).

Fig. 1. The graphite dots on the gauge part of spedmen.

Displacements of the dots were recorded by means of CCD camera during deformation process
The locd true strain was obtained by taking the logarithm of the ratio of the current distance
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between graphite dots to initial one. The true stress was cdculated by dividing the load by the
current crosssediona areaof the spedmen correspondng to given sedion. The strain and stress
distributions were used to cdculate surfacedistribution of plastic work.

Temperature distribution on the oppaite surfaceof the spedmen was measured by means of
IR Thermographic System. The surfacewas covered by soat, to ensure its high and homogeneous
emissvity. From the surfacetemperature distribution, the distribution of energy disspated as a hea
was determined using locd form of hea equation. Dependences of this energy on plastic work for
locd sedions of deformed spedmen alow to caculate Aqg, /Aw, and then to obtain from Eg. (2)

the energy storage rate.
The experiments were performed on spedmens cut out from a shed of austenitic sted.

3. Results

The locd values of the energy storage rate as a function of plastic work was determined. Such
dependences for seleded sedions lying on the axis of deformed spedmen are presented in Fig. 2.
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Fig. 2. The energy storage rate as a function of plastic work for seleded sedions
lying onthe axis of the spedmen.

The obtained results shown that the energy storage rate for al tested sedions deaeases with
strain. During evolution of plastic strain locdizaion some sedions ceae to deform, while the
energy storage rate in the others drops to zero and even to negative values.To identify micro-
mechanisms correspondng to appeaance and evolution of plastic strain locdi zation microstructural
charaderizaion was performed by eledron badscatered diffracion (EBSD) and transmisson
eledron microscopy (TEM).
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1. Introduction

Tecdhnicd objeds repairs are more and more often taking advantage of structural bondng [1]
[2], aswell as, quick chemicadly setting materials; so-cdl ed, adhesive composites, which creae new
passhiliti es in the scope of expedient or permanent remova of different types of damages [3].
However, the adhesive materias are charaderised with relatively low durability. These materials
are very sensitive to repair's condtions, as well as, they have got limited shea and longterm
strength; that is, an ability to transfer constant loads in time, and limited fatigue life — an ability to
transfer changing loads [7]. Withou famili arity with these properties, the applicetion of adhesive
materials in repairs is burdened with the risk of damage to a repaired element in a relatively short
time after the performed repair.

2. Methodology and results of research

Currently, a wide range of spedalist adhesive compasites of different purposes is produced.
However, the best groups for military purposes seams to be “super metals’, designed mainly for
reconstructing losses of metal parts and ,rapid” group charaderized by a short time of setting.
Therefore, the main objea of reseach are well-known and avail able in the Polish market adhesive
compasites of Belzona, Unirep and Chester Metal.

Applicdion of adhesive materials to repairs requires, among others, determining their
durability, which is broadly understood as a material ability to transfer longlasting static load
(static longlasting strength) and their durability to changing load (fatigue life). Since that
information are not provided by manufadurers, the main aim of the work is to determine the
mentioned feaures of seleded adhesive compasites.

Firstly, creep curves for the seleded adhesive compasites were determined (Fig. 1). In order
to define an influence of curing condtions of adhesive compasites on their longterm strength, the
curing was caried out by single-stage (in room temperature) and by doule-stage (in increased
temperature).

strain
[mm]

0 120 240 360 480 600 720 840 960 1080
time [h]

Fig. 1. Creep curves of the adhesive composites
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In order to determine durability of lap joints made with adhesive composites, experimental
reseach was conducted, which was preceded by defining their immediate strength on which basis
the loads for longterm research were seleded. The measure of durability of lap joints was a lapse
of time between the commencement of reseach and spedmen destruction (Fig. 2).
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Fig. 2. Static longterm strength of Iap joints made of the adhesive composites

Furthermore, the discussed materials were subjed to a fatigue life test in cylinder and lap
joints (Fig. 3).
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Fig. 3. Comparison of absolute shea fatigue life of reseached adhesive compasites

4. Conclusion

With regard to reguirements of expedient repairs exeauted in field condtions, the long term
strength of adhesive joints higher than 50 hours and fatigue strength of adhesive joints higher than
100 000 cycles can be acceted as sufficient in most of the cases. Therefore, safe value of
maximum longlasting and fatigue loads of reseached adhesive composites that ensures the
required durability of joints made of these composites, shoud be of 0,5 of bre&kingload in a static
test of short term strength.
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ELECTRO-OPTICAL MEASURING SYSTEM MODEL 200XY

H.-D. Rudolph
H.-D. Ruolph GmbH Reinheim, Grmary

Model 200XY serves the purpaseof measuring the necking on mateial samples (spesimens)
during high-speed tensiontests.Over a sample height of Y the instrumen contadlessly measures
20000 times pe second hewidth of thespedmen.

For recrding, the following cdibrated measuring signds are avail able at the outpus of the
instrument:

SAMPLE

Edge positons X;and X,

Width of speimen: W = X;- X, .

Minimal width of speimen: Wmin

Sample hdght to besanned: Y

Width W of the speémen is measureal with a resoluion 2 — 25 um (adjustment of low-pass
filter). Per scan the smallest sample width (Wmin) is cdculated, stored, and ddivered as meauing
value/scan).

The measuring range (M) of the instrument depandson the lensurnit used The lensunit can
be exchangel. In case the standad version of Modd 200XY is used,an LED illuminator has to be
placed behind the spedmen.

Through awindow in atest chanberthere is the possbility of measuring neding on sanples
in it; thesesamples an be hot up b 2500°C

For our website please contad: www.rudolphoptics.com
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1. Introduction

Metd matrix compostes (MMCs) bdong to ceramic reinforced materials that medeanica
propeties shoutl be enhanced in compaisonto the matrix [1, 2]. Moreover, the compostes are to
be usedin agospae and automotive indudries where light and simultaneously dureble mateials
are required. One of the advantages of MMCsiis tha they can be produced usingmethodssimil ar to
those used for the monolithic mateials. Hence, the KoBo method was usedto manufdure
AlMg/SIC MMCs [3]. Medhanical tests and microstricturd obsevations were caried out to
investgate damage processunder fatigueand aeep conditions[4].

2. Materials

The Al7,9Mg powder of 99,7%purity and the SIC powde of 99,8% purity were usedduring
MMCs produdion; an average paticle size were equd to 14,6 um and 0,42 um, respedively.
Powde's were blended, pressed and extruded in the form of rodsusingthe KoBo 100T horizontal
hydraulic press.The SC content wa equl to 0; 2,5;5; 7,5 and 10%

3. Details of experimental procedure

Faigue tensioncompresson tests were performed unde stress control a ambient
tempeature. Stress amplitudes were equd to 220 and 240MPa. Sine shape cycles (R=-1) were
applied with thefrequency of 20 Hz. Hysteresis loopsduringsubseqent cycles were cgptured.

Step increasing tensik creep testswere carried out at 200°C Threelevds of stressequd to
40, 60 ad 70MPawere applied. Creep curves were elabarated

Microstricturd observationsusingopticd light microsmpy and s@nning e edron microsmpy
were peaformed before and after fatigue and creep tests An influence of reinforcementcontent as
well as an influerce of fatigueand aeep processes on mateial degradaion were andyzed.

4. Synthesis of experimental results obtained

Representative fatigue and creep results in a form of the hysteresis loops and creep curves,
respedively, are presented in Figs 1 and 2. Micros®pic paterns of fradure surfaces are also showr
in thesefigures. Cyclic softening followed by decreasing of inelastic stran amplitude were
obseved during subsguent cycles. Theeffed was indentified for higher stress amplitude
(240MP3g. Moreover, it was stronge for lower contentof SiC particles. In mostcases, higher SIC
content resulted in lower cyclic softening. Unfortunatdy, shorte lifetimes with increasing SIC
contentwere obtainal. Creep paamete's become morefavorable if the SIC contentdid notexceal
5%. Above this value they deaeasal. It is worth to notice that creep resigance was higher for
reinforced mateials in compaison D the méix.

Microstrudurd observationsshowel existence of disconthuities before and after medanicd
tests. Thevolumetric fradion of defects increased with an inaease of reinforcement ©ntent.
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Fig. 1. AIMg+10%SC: (a) fatiguetest results in theform of hystaesisloopsafter 100cycles;
(b) fracure suface(SEM, magn. x500)
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Fig. 2. AIMg+10%SC: (a) creep test esults in heform of aee curve;
(b) fradure suface(SEM, magn. x500)
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YIELD CRITERIA AND THEIR VERIFICATION FOR METAL FOAMS
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1. General

The presentation covers an important question of yield criteria for cellulars. It is crucial to be
able to foresee material’s failure behaviour before its use in practical applications. A variety of failure
criteria is available, though not all of them are verified experimentally, which may have consequences
in terms of their potential use.

Because of diversity of structure of foams as well as materials of which they are made of it
is very difficult to construct a unified approach of assessment of material effort in those cellulars.
Another problem might be to include all foam characteristics at once, like: open vs closed cells or all
different failure component mechanisms in cells.

Historically first yield criteria were based on idealised cell failure behaviour, that is on uniaxial
tensile/compressive response of ribs in a cubic cell. Naturally, such approach had to be developed in
order to cover at least orthotropy, not to mention lower symmetries. Moreover, other mechanisms in
cells, which lead to collapse, had to be taken into account: first bending of ribs, then plastic hinges,
which arise in vertices leading to rotation, also buckling in compressive situations. Plastic and brittle
response of foam skeleton had to be identified and included in criteria.

The most well-known criterion based on theoretical assumptions of cell structure and collapse
mechanisms is the classic yield criterion for ideal foams proposed by Gibson’s et al. There are also
couple of phenomenological criteria that can be simplified under special assumptions to that of Gib-
son, including Millers’ yield criterion for foams with plastic compressibility and Desphande and
Fleck’s phenomenological criterion for metal foams. There are many other ideas published in the
subject literature over recent years on how to assess material effort in foams. Most interesting theo-
ries include statistical approach or purely empirical criteria. On the other hand, factors like different
yield strength in tension and compression (SDE effect) and its consideration within the theory behind
a given criterion is also crucial.

The presentation covers a range of existing criteria for foams, including giving their origin and
interconnections, if any. For those criteria which have been studied in terms of experimental validation
the results are cited. Some criteria meet experimental results with good agreement; however, there are
always some factors which need to be accounted for. These include mostly testing techniques, which
are very specific as for cellular materials. Conclusions summing convergence between theoretical
provisions and tests are given. Suggestions in terms of calibration of both test methods and criteria
are also presented.

Moreover, not all criteria use the same quantitative material strength results - some use values
determined in different tests; this of course makes it an ambitious aim to compare between the criteria.
It is worth mentioning that though difficult such comparison leads to choosing the best criterion for
a given application. One of the objectives of this presentation is to chose potentially best criterion to
assess material effort of a new class of materials: auxetic foams.
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QUALITY OPTIMIZATION OF STRAIN MEASUREMENT PATH INCLUDED IN THE
EXPERIMENTAL CRYOGENIC STAND FOR TENSILE TESTING AT ULTRA-LOW
TEMPERATURES

J. Tabin
Institute of Applied Medharics, Cracow University of Techndogy, Cracow, Poland

1. Introduction

Cryogenic stand for uniaxia tensile testing of ductile materials at ultra-low temperatures is
located in Faaulty of Medchanicd Engineaing at the Cracow University of Techndogy (Fig.1). The
main tensile test aim is to identify constitutive model parameters of materials (e.g., 304L, 314_,
316LN, 316Ti stainlesssted, Cu-OFE, etc.) which are used at ultra-low temperature. During tensile
test DAQ systems reaord: force applied to a spedmen, temperature of a spedmen surface and
elongation of a spedmen.

TENSILE TEST MACHINE
Instron TT

B

i CRYOSTAT
Kriosystem

o r-"'\ FORCE SENSOR
[ Kistler 9321B

[ |HIP||III|IIII]]II' DUAL EXTENSOMETERS
9’ 10 1’W SPECIMEN STRUCTURE |

' DAQ SYSTEM

National Instruments

t [
s L’\‘] TEMPERATURE SENSOR

| DUALEXTENSOMETERS | | Cernox 1050SD

DAQ SOFTWARE
SignalExpress 2010

Figure 1. University experimental cryogenic stand for uniaxia tensil e test at ultra-low temperature

For ductile materials applied at very low temperatures (in particular at liquid helium temperature—
4,2 K) andfor sufficiently high strain rate discontinuous plastic flow (serrated yielding) is observed.
The main feaure of serrated yielding consists in frequent abrupt drops of stressas a function of
strain during monaonic loading. Reasons and congtitutive model of discontinuows plastic flow
phenomenonare described by Skoczen [1], [2].
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Figure 2. Stressstrain curve for Niobium - Ti6AI4V spedmen. @) tensil e test at room temperature,
b) tensile test at liquid helium temperature, ¢) extensometers vibrations eff ed

In order to perform corred data loggng of discontinuows plastic flow shoud be prepare quality
optimization processof strain measurement path.
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2. Experimental results

Dynamic charader of discontinues plastic flow phenomenongenerates vibrations of dual
extensometers-spedmen structure, influencing appropriate plotting of strain-stresscurve
(Figure 2c.).
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Figure 3. Determination of "dual extensometers-spedmen structure” natural frequency, forces
during cryogenic tensil e test of JK2LB spedmen. @) strain and stressin time domain, b) strain
withou trend, ¢) frequency spedrum of dual extensometers

In order to verify, if strain oscill ations on stressstrain curve are generated by vibrations of dual
extensometers-spedmen structure, in the Dynamic of Material System Laboratory at Cracow
University of Techndogy was creaed spedal measurement path (Figure 4.)
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Figure 4. Speda measurement path to verlfy of extensometer-spedmen structure natural frequency
Tests on spedal measurement path shown that natural frequency of structureis 126 Hz.

Currently, is creaed model of all phenomena occurring ontest fadliti es and measurement
system during tensil e test at ultra-low temperature. Preparation of advanced model will be crucial
for optimization process
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SOME RESULTSON THREE-DIMENSIONAL EFFECTSIN MODE | FRACTURE
PROBLEMS

J. Fernandez-Sae7', E. Giner?, D. Fernandez-ZGiiiga®, J.A. Loya', A. Fernandez-Canteli®
'Department of Continuum Medharics and Sructural Analysis, University Carlos Il of Madrid,
Span.

%Centro de Investigacion de Teaologia de Vehiculos-CI TV, Departamento de Ingenieria Medanica
y de Materiales, Univeasitat Politemica de Valéncia, Span.
3Department of Construction and Manufacturing Engineering, University of Oviedo, Span.

1. General

Despite the number of works devoted to the threedimensional analysis of the static and
dynamic behaviour of cradked solids ([1, 2], among others), showing the important difference
existing between the 3D and 2D cases and the consequences arising from the proper consideration
of the throughthickness stress and strain fields in a finite thickness cracked plate, engineeing
applicaions, in general, obviate these fads, and accept the simpli city of the 2D anaysis.

In previous works ([3, 4]) atensor description has been introduced to charaderizethe singuar
stress field in the vicinity of the cradk front in acordance to the Williams' series expansion. In
these studies, it is concluded that the existence of second order terms cannd be, in general,
negleded. In addition to the in-plane T-stress often considered in 2D problems, the out-of-plane
comporent of the so-cdled constraint tensor t; plays an important role in the constraint due to the
thicknesseffed.

From the numericd analysis, performed by FEM, of craded plates with diff erent thicknessB
and cradk depth ratios a/W, subjeded to a uniform stressc applied on the top side of the plate (see
Fig. 1) [5, 6], the following conclusions on the threedimensional effeds can be drawn [4, 5]:

X, |

Symmetry conditions

Upper crack face
Figure 1. Geometric model of the craded plates.

1. The presenceof singuar in-plane stressfields together with the requirement of bounded out-
of-plane strain along the cradk front promotes the existence of a singuar out-of-plane
norma stress at the crack front, irrespedive of the spedmen thickness It proves the
imposshility of existence of a plane stressstate at the crad front, within the LEFM scope,
for any spedmen type under mode | loading when the sped men thicknesstends to zero.

2. In threedimensiona situations, as those present in red cracked spedmens of finite
thickness the clasgcd 2D J-integral is not strictly appliceble becaise the adual out-of-
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plane stressand strain fields are ignared. The usua consideration of an equivalent Younds
moduus E’(depending on constraint condtions) to find a simple relation between the Jzp-
integral and K, for different constraint levels (see[7]; for instance) is misleading. The only

2
valid relationship between Jsp-integral and K is J,, = (1— I/z)K' £ » independently of the
spedmen thickness

. Whileinthe cdculation of K, in 2D problems the geometric fadors used only depend on the

in-plane dimensions, a proper threedimensional geometricd fador related also on the
spedmen thickness B shoud be included.

. From the analysis of the second order term (constant) of the Williams expansion, (i.e.

constraint tensor tj), it can be concluded that the out-of-plane comporent tsz plays an
important role (simil arly to the in-plane comporent t;4, the so-cdled T-stressin biparametric
approadches for plane problems), explaining the loss of constraint phenomena. Since the
apparent fradure toughressincreases for deaeasing thicknesses B, for a given crac length
a, due to the loss of constraint as compared to the constraint existing in a thick plate, it
follows the necessty of considering the whae constraint tensor (in particular t;; and tss
together) in order to explain this experimental fad.

The abowve findings correspond to static condtions, though numericd results of three

dimensional simulations of dynamic threepoint-bending fradure tests performed on a modified
Hopkinson Split Presaure Bar [8] are also presented. The 3D model proposed includes the whale
experimental device In the dynamic simulation, spedmens with different thickness and cradk
lengths tested with two impad velocities (5 m/s and 10 m/s) were considered. These results aso
point out the importance of threedimensional eff eds on the determination of the dynamic fracure
toughressof materials.
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MULTISCALE CONSTITUTIVE MODELLING OF THE INFLUENCE OF ANISOTROPY
EFFECTSON FRACTURE PHENOMENA IN INELASTIC SOLIDS

Piotr Perzyna
Ingtitute of Fundamental Techndogical Research, Polish Academy of Sciences
Pawiriskiego 5B, 02-106 Warszawa, Poland

A main objedive of the present paper is the development of the thermodynamicd theory of
elasto-viscoplasticity as a unique materia constitutive structure within the framework of a general
covariant deterministic theory. The focus of attention on the description of the influence of
anisotropy eff eds on fradure phenomena as well as on multiscde considerations in the analysis of
the physicd founditions and experimental motivations is proposed. Experiment predsely suggests
that for proper description of the thermomechanicd cougings we have to base our considerations
on thermodynamics.

1. Kinematics of finite defor mation and fundamental definitions

The description of kinematics of finite deformation and the stress tensor of the continuum
medium is presented. The fundamental measures of total deformation are introduced. The
description is based on nations of the Riemannien space on manifolds and the tangent space A
multi pli cative decomposition of the deformation gradient is adoped. The decompasition of the
strain tensor into the elastic and viscoplastic parts is presented. The Lie derivative is used to define
all objediveratesfor theintroduced vedors and tensors. The rates of the deformation tensor and the
stresstensor are predsely defined.

2. General principle of determinism. A unique constitutive material structure

The origina conception of the intrinsic state of a particle X during motion of a body B has
been asaumed. A nation of the method of preparation of the deformation-temperature configuration
of aparticle X has been proposed as simple way of the gathering information for the description of
the internal disdpation. A genera principle of determinism for thermodynamica processs has been
formulated. The topdogy for the intrinsic state space and some smocthness assumptions for
proceses and resporse functions (functionals) are postulated. As the basis of the thermodynamic
requirements the disspation principle in the form of the Clausius-Duhem, inequdity is assumed.
The disdpation principle implies two fundamental criteria, namely the criterion of the seledion of
the resporse functions (functionals) and the criterion of the accesgbility of the intrinsic states. The
principle of the increase of entropy has also been deduced. These results have a grea importanceto
the thermodyramicd theory of inelastic materials.

3. Internal statevariable material structure

Asaiming that the method of preparation spacefor a unique constitutive material structureisa
finite dimensional vedor spaceand postulating that the initial value problem for the element of the
method of preparation spacehas unique solutions we construct the materia structure with internal
state variables. The rate of internal disspation function for the interna state variable materia
structure is obtained. From this results we can diredly observed that full information given in the
method of preparation at the adua intrinsic state esentialy determines the rate of interna
disgpation for this intrinsic state. This conclusion is of fundamental importance for the physicd
interpretation of the internal state variables.
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4. Thermodynamical theory of elasto-viscoplasticity

The main purpose is to develop the thermodynamicd theory of elasto-viscoplasticity within
the internal state variable materia structure and to take into acourt the influence of anisotropy
effeds on fradure phenomena as well as the observed contribution to strain rate effeds generated
by microshea banding. Thus the problem is to deduce and interpret afinite set of the internal state
variables basing on multiscde considerations in analysis of the physicd founditions of inelastic
solids and experimental observation results.

Experimental observation concerninginvestigation of dynamic loading processes have shown
that formation of microshea bands influences the evolution of microstructure of material. We can
conclude that microshea banding contributes to viscoplastic strain rate effeds. For the elastic-
viscoplastic model of palycrystali ne solids the relaxation time Ty, governs the viscoplastic flow in
the entire range of strain rate changes and has to be a function of the rate of equivalent inelastic
deformation (1P and the adive microshea bands fradion fs. On the other hand analysis of recent
experimental observation concerning investigations of fradure phenomena under dynamic loading
processes sugeests that there are two kinds of induced anisotropy:. (i) the first caused by the residual
type stressproduced by the heterogeneous nature of the finite plastic deformation in polycrystaline
solids; (ii) the seandthe fradure induced anisotropy generated by the microdamage mechanism. It
is noteworthy to stress that both these induced anisotropy effeds are couded. Multiscde
considerations in the analysis of the physicd founditions of inelastic solids and experimental
observation results suggest that a material of an investigatived bodyB is a dispersive and disspative
medium. In a dispersive medium any initial disturbanceis broken up into a system of wave groups.
Then the energy is propagated to the particular nucleaged microcradk with the appropriate group
velocity. Thus, eat of nucleaed microcradks will receve different portion of energy distributed by
various group velocities. This important fad observed leads to the fundamental conclusion that the
evolution of microdamage has anisotropic nature. As the result of this multiscde analysis we have
very crucia suggestions concerning the constitutive description:

(i) Sinceamaterial of abodyB (for various metas like nickel, copper, aluminium, lead and mild
sted) is a dispersive and disdpative medium, then it can be modelled as an elastic-
viscoplastic.

(i) Sincethe dispersive effeds for propagation of wave phenomena play so important role, then
we have very heterogeneous deformation processes which leal to the residua type stresses
and generate the strain induced anisotropy. Experimental evidenceindicates that yield surface
exhibit anisotropic hardening. Subsequent yield surfaces are bath transated and deformed in
stressspace

(i) The anisotropy of intrinsic microdamage mecdhanisms observed experimentally and discussed
on the basis of multiscde considerations is very fundamental for the proper description of
fradure phenomena.

We have goodfounditions to suggest a finite set of the internal state variables. We propase to
asume as the internal state variables: the equivalent viscoplastic deformation O°, which will
describe inelastic flow phenomena, the microdamage second order tensor ¢ with the physicd
interpretation that (& : &2 = ¢ defines the volume fradion porosity, to take acourt for the
anisotropic microdamage medanisms, and the badk stress(residual stresg a, which will model the
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kinematic hardening intrinsic mechanisms as an approximate description of the strain induced
anisotropy.

Particular attention is focused on the determination of the evolution laws for the internal state
variables introduced. The fundamental viscoplastic law for the rate of spatial deformation tensor is
asumed to be propationa to the empirica overstressfunction. To describe suitably the influence
of the bath induced anisotropy effeds and the stress triaxiality observed experimentally the new
evolution equations for the microdamage tensor & and for the badk stresstensor a are propased.

The fundamental rate type constitutive equations for the Kirchhdf stressz and for temperature
& are formulated. Thermomedhanicd coudings are investigated. Fradure criterion based on the
evolution of the anisotropic intrinsic microdamage is propcsed. The fundamental fedures of the
propaosed congtitutive theory have been carefull y discussed.

The propose of the development of this theory is in future applicaions for the description of
important problems in modern manufacuring processes, and particularly for meso-, micro-, and
nano-medanicd isaues.
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PREDICTION OF MATERIAL INSTABILITY BY LINEAR STABILITY METHOD.
APPLICATIONTO ELASTO-VISCOPLASTIC MEDIA

G. Altmeyea
Labaratoire d'Etude des Microstructures et de Mécanique des Matériaux, UMR CNRS 7239
Metz, France

1. Context

Environmental constraints lead magjor mechanicd induwstries to reduce the weight of the
structures. This objedive can be achieved by using new materials, such as high strength steds or
advanced all oys, but new unexpeded diffuse and locdized nedking modes may then occur, leading
to defedive products during shee metal forming. Prediction of material instability become again a
major indwstrial challenge and an acalemic subjed of interest to understand the physicd
phenomena leading to neding and to determine the most appropriate dimensioning methods. A
review of four theoreticd principle commonly used to predict the occurrence of neding lighten
their ability to take into acount the physics of necing or their limits to be couged with advanced
material modeling.

2. Prediction of formability

A first approach to determine the formability limits is based on the existence of multiple
heterogeneous areas in the shed. According to Marciniak-Kuczynski [1], a band of reduced
thicknessin which neding is expeded is arbitrarily introduced in a safe media. The comparison of
the evolution of the medhanicd properties inside and outside the defed areaall ows the prediction of
locdization. M-K mode is applicable to a wide range of materials. A limitation of this criterion
comes from the requirement of user defined parameters, as for example the initial defed size or the
threshald value. An other analyticd method the Maximum Force Principle (MFP), is based on an
empiricd observation acording to which diffuse nedking occurs when the load reades its
maximum during a uniaxiae tensil e test. Extensions to this criterion have been propaosed to predict
diffuse neking [2] and latter locdized nedking [3] of metal sheds submitted to biaxia loadings.
Although some interesting trends are found by comparing experimental and numericd results
obtained with these criteria, their theoreticd bases still have to be reinforced to take into acournt
advanced material modeling. To overcome these limitations some relations with the bifurcaion
anaysis criteria can be investigated [4]. According to the bifurcaion approach, a necessary
condtion for diffuse neding is given by the loss of positivity of the second order work [5]. For
locdized modes, the lossof dlipticity criterion was establi shed to predict neding or shea banding
[6]. This criterion is however restricted to both rate independent materials and softening behavior
for assciative plasticity. This first restriction can lead to unredistic and too restrictive formability
predictions for rate dependant materials. In such case, stability anaysis by a linea perturbation
method may be used to improve the forming limit diagram predictions. Neding and locdi zation are
seen asinstabilit y of the global or locd mecdhanicd equili brium [7].

3. Linear stability method

Receit methods based on the material stability analysis alow the prediction of multiple
neking of plates and hemisphericd shells subjeded to dynamic expansion for viscoplastic
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materials at high strain rates [8] or the prediction of locdizaion in elasto-plastic soil media[9]. In
this work, an original method is developed to take into acmurt a large classof phenomenodogicd
elasto-viscoplastic modeling.

A general modeling framework is considered here to introduce various classcd isotropic and
kinematic hardening models and to take into acourt the effeds of anisotropy and damage. As
softening effeds are shown necessary to predict locdized modes with Rice criterion, this effed is
introduced here by taking into acount damage. After introduction of a small perturbation in the
equili brium equations and lineaization of the system, stressperturbation and strain perturbation are
then related by an elasto-viscoplastic operator. Stability of linea system is investigated by the
evauation of the evolution of the growth rate of the introduced perturbation. In acardance with
previous theoreticd observations [10], formability predictions proposed with this instability
criterion tend to those obtained with bifurcation analysis when elasto-viscopl astic material behavior
tends to the elasto-plastic case.

4, Conclusions

To overcome limitations ohserved on diff erent categories of nedking and locdi zaion criteria, as
for example the imposshility to take into acourt the effeds of strain rate and their influence on
formability, a method based on linea stability analysis is proposed. The original criterion obtained
for elasto-viscoplastic materias is compared with the criterion based on the bifurcaion analysis.
The originality of the approach used here is to present stability condtions of metallic materials
modeled by general phenomendlogicd laws.
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PROGRESSIVE FRICTIONAL DELAMINATION OF AN INFINITE ELASTIC FILM ON A
RIGID SUBSTRATE DUE TO IN-PLANE POINT LOADING

M. Biatas
Institute of Fundamental Technological Research, Warsaw, Poland

1. Introduction

The contribution presents a solution to a 2D delamination problem of an infinite elastic film
resting on a rigid substrate and loaded by a monotonically increasing in-plane point force. The prob-
lem can be encountered in many practical applications, for example fiber reinforced polymer sheets
used in structural strengthening techniques [1] or in laminated glass, where two or more glass plies
are bonded together by a polymeric interlayer through treatment at high temperature and pressure in
autoclave [2].

2. Problem formulation

Let us consider an infinite elastic film of thickness h resting on an infinite rigid foundation. The
film is subjected to a monotonically increasing point load P acting in the plane zy on its upper surface,
as presented in Fig. 1(a). By assuming rigid-slip interaction between the film and the substrate we
have two zones developed at the interface, namely (2, where the film is displaced due to the external
loading P, and ¥ where the structure remains fully bonded with vanishing film displacements. Let 02
denote the delamination front between the regions €2 and ¥, as schematically presented in Fig. 1(b).
Assuming the film thickness h to be small as compared to 2/, being the characteristic length of the
delaminated zone €2, the problem can be treated as two dimensional with the film in plane stress
conditions. The interaction between the film and the substrate is reduced to shear traction 7 treated
as in-plane body forces acting on the film. Magnitude of traction 7f reaches the critical value |7f| =
7t = const within the delaminated zone §2. Due to their continuity, there are neither traction nor
displacements on the boundary 0.

3. Superposition of solution

Due to the fact that the film is assumed to remain elastic during the delamination process, the
displacements and the stresses within the film are the superposition of respectively displacements and
stresses induced by both the point load P and the forces at the interface. There are zero tractions and
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Figure 1. (a) Infinite elastic film resting on a rigid substrate. In-plane point loading. (b) Two dimensional
model: plane stress conditions with interfacial traction 7' treated as in-plane body forces.
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Figure 2. Distribution of stresses in the plate within one quadrant of the delaminated zone Q2 (z > 0, y > 0)
obtained for v = 0.3. Dashed line indicates the moving boundary.

displacements at the moving boundary 0f2 and we can write

o o
€)) ui(x) = uf (z) + o] (z), oij(x) = og(az) + 0 (),
where

i (@) = Puj(z:0), oj(x)=Pdj(a;0),

@ )= [ [H0 ae X) 4 7(X) dle X)]an

)
J
ol () = // [T;(X) G5 (@ X) + (X)) 64 X)} Q.
Q

With j being either z or ¥, the functions @’ (z; X) and 67 (x; X) in equations (2) are respectively
plane stress displacements and stresses at point  resulting from a unit force imposed at point X of
an infinite plate of given thickness h and acting in the j direction.

To effectively make use of Egs. (2) we have to determine two unknowns, namely the distribution
of the shear forces at the interface, that is the angle 6 in Fig. 1(b), and the shape of the delaminated

zone ). Making use of problem’s self-similarity, an approximate procedure providing these two
functions will be presented.

4. Results

Due to the complexity of the integrands the integration in (1) can be done only numerically. For
v = —1 the integrals in (1) simplify and one obtains an exact analytical solution. For this special case
the stresses within the delaminated zone have the simple form
i (r? — 12) cos H(r? — I2)singp
oe = "0 = 2hr ’ Tay = 2hr '
It will be argued that this is a particular situation of a rigid film delaminating from a rigid substrate.
Figure 2 presents one quadrant of the slip zone and contour stress fields obtained for Poisson’s
ratio v = (.3. The components 05- in Egs. (1) introduce the singular behaviour of the stress field in the
point O, where the concentrated force is imposed. Due to the approximate character of the solution
the boundary condition o = 0 is not exactly satisfied, which is clearly seen for stress component o,
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THE USE OF MAGNETIC METHODSFOR THE EVALUATION OF THE DEGREE OF
FATIGUE DEGRADATION OF CAST STEEL LI1500 EXEMPLIFIED BY DRIVE
WHEELSOF LOCOMOTIVE EUO7

K. Bizon
Slesian University of Techndogy, Katowice Poland

1. Aim, scope and object of research

The aim of the reseach was to demonstrate passhilities of using measurements of value of
magnetic properties charaderistic for cast sted LI11500 materia to evaluate the degreeof its fatigue
degradation, as exemplified by drive whed of EUO7 locomotive [1, 2]. The scope of the research
has covered both magnetic properties of red objed i.e. locomotive drive whed and laboratory
research of magnetic properties of samples of whed material. The objed of the reseach has been
the drive whed which has been taken out of operation due to cradks on its disc (Fig.1a). The
occurrence of the cradks has been naticed during the general overhaul of the locomotive drive
system which was caried at the Zaktady Naprawcze Lokomotyw Elektrycznych in Gliwice They
have been deteded by a dye penetration method (Fig.1a). Samples of whed material taken from the
aress of lesser and greder degreeof fatigue degradation have also been laboratory tested as far as
their magnetic properties were concerned.

b.
Rys.1. a. Drive whed of EUQ7 locomotive with amarked location of a crack
b. net of measurement points on the inner surfaceof the whed

2. Measurements of magnetic propertiesvalue of a real object

Measurements of dynamic loop of magnetic hysteresis in seleded measuring points have been
made on bath inner and outer surfaceof the whed disc. The method of measurement has been based
on the value of magnetic induction in an air fisaure of magnetic system, where the yoke with
winding magnetize the material under reseach. Hall sensor has been used for the measurement of
magnetic induction (expressed as value of eledric voltage). The studied material served as a keger
in magnetic set, which has been limited to the area of the rail whed disc. The recorded lines of
inpu and output voltage of a probe all owed determination of dynamic loops of magnetic hysteresis
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in coordinating set of inpu voltage- output voltage of a probe. The value of inpu voltage of the
probe was propartional to the value of coercion intensity, whereas the value of output voltage was
propationa to the maximum value of the vedor of magnetic induction. Colorful maps of the
distribution of the voltages on the inner surfaceof the whed disc have been seleded (i.e. the surface
where by means of dye penetration the cradks have been identified) [3].

There have been also made measurements by means of Foerster’s probe and as a result a
colorful map with the distribution of parameter (expressed in voltage units), describing the change
in indwctivity of the probe depending on the locaion on the inner surfaceof the whed disc, has
been produced (Fig.2a) [4].
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Fig.2. a. Colorful map of parameter distribution describing the change in inductivity of measuring
probe, depending on the locaion of the measurement on the inner surfaceof the whed disc
b. curves of the primary magnetizing of material samples.

3. Laboratory research on magnetic and mechanical properties of material samples

Laboratory reseach has been carried on material samples of awhed from the aress of greder
and lessr degree of fatigue degradation. The measurements on magnetic properties allowed
determination of inductivity (both adive and passve), tangent of lossangle and curves of primary
magnetizing (Fig.2b). These curves have been used for the simulation of computer magnetic
phenomena caried with the aid of the finite elements method
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MODELING OF INTERACTION BETWEEN DAMAGE AND PHASE
TRANSFORMATION IN TWO-PHASE MATERIALSAT CRYOGENIC
TEMPERATURES

H. Egner, M. Rys and B. Skoczer
Institute of Applied Mecharics, Cracow University of Techndogy, Cracow, Poland

1. Introduction

FCC metals and al oys are frequently used in cryogenic appli cations because of their excdl ent
physica and mechanicd properties including ductility. These materials undergo at low temperatures
three distinct phenomena: dynamic strain ageing, plastic strain induced transformation from the
parent phase () to the secondary phase (') and evolution of micro-damage.

The phase transformation processleals to credion of two-phase continuun where the parent
phase coexists with the inclusions of seandary phase. Experimenta results indicate the correlation
between deaeasing damage rate and increasing martensite content.

2. Basic equations

The model is based on the foll owing assumptions: (1) two-phase continuum is composed of
the austenitic matrix and martensite platelets represented by small type Eshelby elli psoidal
inclusions, randamly distributed and randamly oriented in the matrix; (2) the austenitic matrix is
€l asto-plastic-damage, whereas the inclusions show purely brittl e resporse; (3) current damage state
is described by the use of secondorder classcd damage tensor; (4) rate independent plasticity is
applied: it is assumed that the influence of the strain rate is small for the range of temperatures 2-77
K; (5) smal strains are assumed: the acamulated plastic strain does not exceal 0.2; (6) mixed
isotropic/kinematic hardening affeded by the presence of martensite fradion is included; (7) the
two-phase material obeys the associated flow rule.

The general condgtitutive law includes plastic, therma and transformation strains:

0; =Ey (D)(,gkI —gp -y —{gzs) where £” isthe plastic strain tensor, ¢ denates the volume fradion

of martensite, £ denotes the free deformation cdled bain strain, and ¢" stands for the thermal
strain tensor. As the model is based on the rate independent plasticity, the plastic yield surfacetakes

the form: fp(;;,f(, R)=9,6- i)-gy _R=0, where 6, X and R are the effedive stress kinematic
and isotropic hardening variables, respedively. The hardening model is represented by equations:
dX, :%g({)dgijp, dR= f({)dp where g(¢) and f (&) arederivedin[2].

The kinetic law of ductile damage evolution in austenite Dify) is propcsed in the form (cf.

[1]): DY =C,Y,C, pH(p- p,) where p, denotes damage threshdd, Y; is thermodyramic force
and C; (") represents texture induced anisotropy of damage, which is also subjected to evolution.

Martensite inclusions are subjed to brittle damage described by the second order damage
tensor Dij?"') . According to [3] the deterioration of the brittle material structure due to applied load
can be described by the damage evolution eguation expressed in the form of the tensorial function:
D" = f,(6)g; + f,(6)0; where the damage tensor depends diredly on the stresses appli ed.

The total amourt of damage in a representative volume element is obtained via the linea
rule of mixture, D; = (1-¢)DY +&D{™, where & denates the volume fradion of martensite. A



Session: Fracture, Damage and Fatigue of Materials 167

simplified evolution law for the volume fradion of martensite has been introduwced after [3]:
&= AT,&%,6) pH((p- p )& - ¢)). A isafunction of temperature, stress state and strain rate; p,

denates the acaumulated plastic strain threshald (to trigger the formation of martensite), £, stands

for the martensite content limit and H represents the Heaviside function. Consistency multiplier A
is obtained from the consistency condtion (cf [4]):

X )+afp R+ o, D +af"$ o, E. (D)é&, —h(g,D,&)A + S(e, D) =0
—Ny) TS i T 376 =3 Eik ke, b, g, =
7R oD; S d do,

i

i =2 (0

= .
p aaij ij
where h is the generdized hardening moduus and S is the sensitivity parameter describing the
influence of phase transformation onthe yield surface

3. Numerical ssimulation

The derived constitutive model is implemented into ABAQUS/Explicit by the use of
VUMAT procedure and used to numericdly simulate the behaviour of sted structural elements at
cryogenic temperatures. The numericd agorithm consists of three steps: elastic predictor, plastic
corredor and damage update. For plastic corredor, performed for the frozen state of damage, a

residua vedor is built, R:[RU,RX,RR,Rf]T, and the correspondng vedor of unknowns,

U= [a,x, R,A/l]T . The condtion R(U) =0 defines the solution. The expansioninto a Taylor series
results in the foll owing solutionfor U :

n -1
Un+1:Un_ (ORJ Rn.
ouU

Theiteration procedure is stopped when the norm of R(U) is sufficiently small.
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ON THE 3D THERMOELASTIC PROBLEM FOR AN ANTICRACK SUBJECTED TO
A UNIFORM HEAT FLOW IN THE INCLUSION PLANE

A. Kaczynski', B. Monastyrskyy*
! Warsaw University of Techndogy, Warsaw, Poland
2 pidstryhach Institute for Applied Problems of Mecharics and Mathematics, Lviv, Ukraine

Problems deding with stressconcentrations in deformable soli ds containing diff erent kinds of
defeds attrad the attention of spedalists from many areas, such as geomedanics, metallurgy,
materials science Rigid inclusions (cdled anticrads) are the courterpart of cradks. From the
standpdnt of inhamogeneiti es in soli ds, these defeds are the two extreme cases, namely, for arigid
inclusion y - o, and for a crakk p - 0, where u is the shea moduus of the inhomogeneity
phase. These are the two most dangerous extremes. Many elements of constructions are operated in
high-temperature environments. Hence, the study of thermoelastic field disturbed by an anticrad is
important from the point of view of fradure medcanics.

This paper examines the threedimensional problem of finding thermal stresses due to
an insulated rigid shed-like inclusion under a uniform hea flow direded parallel to the inclusion
plane (Fig. 1). The correspondng problem with a uniform thermal flux perpendicular to the plane
of theinclusionwas considered in [1] and [2].

rigid sheet-like
inclusion (anticrack) X,

A e

s
/' S
»

Fig. 1. An anticradk in an elastic spaceunder auniform hed flow parall el to the inclusion plane

It is assumed that a uniform heé flow with far field constant intensity g, and direded at an

angle ¢ to the Ox -axis is incident parallel to the surfaceof the hea-insulated rigid inclusion.
Moreover, external loads are absent. It turns out that the inclusion does not disturb the linea
temperature field, so it remains to solve the thermal stress problem with the boundary condtions
involving an arbitrary shaped anticradk. A general method of solving this problem is presented.
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With the use of appropriate harmonic patentials and the Fourier transform technique, the problem is
reduced to the solution of two-dimensional singuar equations for the shea stressjumps aaossthe
inclusion. For the purpose of illustration, exad results are given for the penny-shaped rigid
inclusion. It is observed that the thermal stress fields nea the inclusion front have the typicd
inverse square roat singuarities. Two mechanisms of material failure are found to be possble:
opening Mode | deformation and exfoli ation of the material from the inclusion.
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CREEP-FATIGUE RELIABILITY OF HIGH TEMPERATURE MATERIALS
APPLIED IN TURBINE HOUSINGS OF TURBOCHARGERS

F. Laengler!, T. Macd® and A. SholZ
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?|nstitute for Materials ience, Technical University of Darnstadt Gemany

1. Introduction

The turbine housng (T/H) of an exhaust turbocharger as the most costintensive key
componentis exposedto extensivemultiaxial theemo-medanicd fatigue (TMF). This leads to a
major design challenge with the T/H to ensurethe guaranteed lifetime in relation to the high-
tempeature behavior of the mateials.

Thefirst siep was to develop and véidae a phenomenologeal lifetime gproach together with
a consitutive mateial model of Chabodchetype applied in a precealing Finite-Element analysis
(FEA) for applicaion on the casting mateials of type Ni-resig D5S and vermicular cast iron GV
[1], [2]. Both TMF testson spedmens subjed to characteristic load condtions and themal shocl
testson T/H havebeen conduded for identification and verification purposes The scatter band of
the estimatad numberof cycles until crack initiation compaed to experimenta results on various
critical T/H postions has clarified the requirement for more experimertal and andytical work
during approach aaption for T/H design.

The present study dedls with the more detailed andysis of applicaion-spedfic phenomera
and microstricturd phenomenato improvethe desaiption of boththe deformationbehavior and the
damage behavior with respet to the medanism ading on the microstricture. Furthermore, out-of-
phase (OoP) TMF testshavebeen usedto validate the mateial-spedfic creep-fatigue damage sunr
compaed to peviousin-phase(IP) TMF tests.

2. Resultsand conclusion

Isothemd strain controlled low-cycle fatigue (LCF) testsat varying tempeatures havebeen
conduded on smodh spedmens by applying triangular shaged cycles without a dwdl period to
investigate the influence of stran rate, mean stran and aging asrepresentative phenomenawhich
could occur due to arbitrary operation conditions The cyclic deformaion behaior at mid-life
affeds the cdibration of the matrial model applied in the FEA, and the LCF life curves are
important for the ftigue damage calculation.

For example, in Fig. 1, the effed of the stran rate de=10°s" compaed to a powea of ten
lower stran rate of 10“s® for D5S is shown At a modegte tempewture of around 200°C, the
influence is insignificant. Beginning at approximately 500°C the lower strain rate has more
relevance The LCF life curvesin Fig. 1 (a) illustrate two effeds. At a higher stran width range, the
cycle numher deaeases together with alower strain rate. Dueto the higher stran load and the lower
strdn rate, the supeimposedcreep damage shoud be the main damage medanism In contrast to
lower stran width ranges, the g/cle numbe increases. It seems ha in the Btter case, the dudlity of
the mateial dominaesthe failure mechanism and creep, espedaly at lower loadsmay become of
subordinge relevance Fig. 1 (b) demongrates a significant drop in strength at 700°C causedby
lower strdn rate.

Compaed to the in [1] propos@& geometic equivalent fatigue damage cdculation of an
anisohermd stressstrain hystaesis loop, further damage cdculation procedures consdering mean
stresgdstrain effeds havebeen devdoped.Severa critical planeapproaches and energy criteria have
been gplied to handk multiaxial sress sétes.
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Figure 1. (a) LCF life curves and(b) cyclic stresssstran cuives d D5Sa strain rate d 10°s™ (black
shadé line) and 10%s™ (gray shacd line), respedively.

By applying the undelying numeica cdculation methodof the lifetime approah, cree
damage fradion and fatigue damage fradion until crack initiation havebeen deemined by use of a
representativecycle at mid-life on basis of the TMF testsconduded;the results for D5S, consiting
of an austenitc matrix with spherca graphite inclusionsand pearlite fradions,are shovn in Fig. 2.
Both damage fractions are approximately of the same amount Moreover, equd TMF lifetime
behavior results from OoPand IP testirg conditions, respetively. The assunption of usingonly the
mid-life cycle is justified dueto minor hadening and softeing effects durhg TMF loadirg.

Based on the results of advanced LCF testirg i D5S-
unde applicaion-speific condiions and applying the i
validated creep-fatigue damage sumsa more acairate
estimationof the cycle numberuntil crack initiation was
demongrated on speémens subpd to characteristic
TMF load conditions as well as on critical postions of
the TH design. Alternaive fatigue damage methals, eg.
based on micro crack growth, are also beng focusedon.
In addition, the andysis of microstricturd phenomena
should hdp to enhance the creep-fatigue interaction
together with a more detailed failure desaiption. It is
asumedthattensik and compressive stressboth havean
equd effed on creg, and nodistinction is mace when
cdculating the cregp damage. In a further ste, it is
proposel to desaibe crack propagation following crack
initiation as part of the approach. This enablesexpansionof thelifetime assessmenip until leskage
and design fdlure.
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Figure 2. Fatigue and cregp danage
fradions of S spe&imens unde
characteristic TMF OoP andP load
conditions.

3. References

[1] F. Laender, T. Mao and A. Scholz (2010. Validaion of a phenomenologcal lifetime
estimation approah for applicaion onturbine housings of turbochargers. 9th Int. Conf. on
Turbocharges and Turbodcharging, May 19-20, London, p. 19305.

[2] F. Laender, T. Maoand A. Scholz (2010. Phenomenoloiral lifetime assessmerfor turbine
housigs of tubodchargers. 9th Int Corf. on Multiaxial Fatigue& Fracture, June7-9, Parma



172 38th Solid Mechanics Conference, Warsaw, Aug. 27-312 20

NUMERICAL STUDIES OF FORMABILITY OF PRE-STRETCHED STEEL SHEET
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This paper presents results of numerical simulation of formability tests carried out for a pre-
stretched steel sheet. Numerical modelling has been verified using experimental results. The tests
consisted in stretching of the specimens of different widths over the hemispherical punch. The speci-
mens were cut from the 1 mm thick DCO4 steel blank in the as-received state and after pre-stretching
by 13% along the rolling direction. The specimens were orientated parallel and perpendicularly to the
rolling and pre-strain direction.

The experimental forming limit curves (FLC) were determined for the as-received and pre-
deformed blank. FLCs provide a failure criterion in the forming limit diagrams (FLD) used for the
estimation of the metal sheet formability. The known drawback of the strain based forming limit
curves (FLC) is their dependence on strain paths [1], [2].

The aim of this study is to develop a numerical model allowing us to simulate complex defor-
mation paths of the material subjected to a preliminary stretching, and then bulging tests performed to
determine the FLC. Numerical analyses have been performed using the authors own computer explicit
dynamic finite element program [3].

Numerical simulation consisted of the following subsequent stages: uniaxial stretching of the
sheet, unloading and stress relaxation, cutting a specimen out of the pre-stretched sheet and bulging a
specimen with a hemispherical punch. The onset of strain localization in the specimen was determined
by post-processing time histories of major and minor strains and their first and second derivatives in
accordance with the methodology presented in [4]. This procedure allows us to locate the inflection
point in the major strain rate curve associated with the localization. The final shape of the speci-
mens with thickness distribution are shown in Figure 1 together with fractured specimens. A good
agreement between simulation and experiment in the failure location can be seen.

The experimental FLC for the as-received and pre-stretched steel blanks are shown in Figure 2.
The FLD is built taking the rolling direction as the y axis and the transverse direction as the x axis. The
effect of pre-stretching is visible in Figure 2 in the changed form and shift of the forming limit curve
for the pre-stretched blanks in comparison to the as received FLC. The major and minor principal
strains near the failure zone obtained for the two specimens analysed were compared in Figure 2
with the experimental FLC for the pre-stretched blank and experimental principal strains measured at
fractured zones in the respective specimens. We can notice that the strains in the failure zone predicted
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Figure 1. Comparison of numerical and experimental results — deformed specimens with thickness distribution
and fractured specimens after test: (a) circular specimen, (b) 77 mm wide specimen
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Figure 2. Strain paths and principal strains in the failure zones —numerical and experimental results.

by numerical simulation are in a good agreement with experimental data. Some discrepancies can be
attributed to size dependency of strain localization in the finite element models as well as inaccuracy
of strain measurements in experimental tests. Figure 2 also shows schematically complete strain paths
for the material in failure zones in both specimens.

Comparison of numerical and experimental results obtained in formability tests performed for
the pre-stretched blanks confirms validity of the developed numerical model. The model can be used
in further theoretical studies. It can be applied to study the effect of different strain paths on the FLC.
Different strain paths can be obtained easily in the model.

Acknowledgements

The authors acknowledge funding from: (1) European Regional Development Fund within the
framework of the Innovative Economy Program, project number POIG.01.03.01-14-209/09, acronym
— NUMPRESS, (2) Ministry of Science and Higher Education through research project
N N501 1215 36, (3) National Science Centre through research project No. 2311/B/T02/2011/40

References

[1] A. Graf and W.F. Hosford (1993). Effect of changing strain paths on forming limit diagrams of
Al 2008-T4, Metallurgical and Materials Transactions, 24, No. 11, 2503.

[2] M. Nurcheshmeh and D. E. Green (2011). Investigation on the strain-path dependency of stress-
based forming limit curves, Int. Journal of Material Forming, 4, No. 1, 25-37.

[3]1J. Rojek, O.C. Zienkiewicz, E. Onate E. and Postek E. (2001). Advances in FE Explicit Formu-
lation for Simulation of Metalforming Processes, Journal of Materials Processing Technology,
119/1-3, pp. 41-47.

[4] Q. Situ, M.K. Jain and D.R. Metzger, (2011). Determination of forming limit diagrams of sheet

materials with a hybrid experimental-numerical approach, Int. Journal of Mechanical Sciences,
53, Issue 9, pp. 707—719.



174 38th Solid Mechanics Conference, Warsaw, Aug. 27-312 20
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1. General

Metd/ceramics interpenetrating compostes are nev materials obtaired by liquid metal
infilt ration into a ceramic foam, cdl ed a preform. Ceramic preforms are produced by a new methoc
of manufduring of porousceramics known as gdcasting of foams. Porous ceramics fabricated by
this methodis characterized by a continuousnework of spheical cdls interconnected by circular
windows. The open porosity due to the presence of windows creaes good hydro-dynamica
propeties for liquid metals infiltration. For better undestanding medanicd propeties of such
compostes a nunelical modd of ceramic foam is neeled.

2. Geometry of ceramic foams

Geometry of ceramic foams can be generated in two steps First, the coordinates of the center
point of the spheical bubblesand its diameer are producd by PYTHON saipts. The diameers of
spheica bubblkes were estimatal from micro-tomography and scanning eledtron microsmpy
images. On the otherhand, the coordinates of the center points are deermined in sucha way tha
the bubldes haveto intersect with ead othe. Finally, the intersecting butbles are subliracted from
the bulk block ofany shape

3. Numerical simulations

Several numerical simulations of uniaxial compression test hag been performed.The bottom
surfaceof the sanple was full constained and thetop surfaceof this sanple was movedparall e to
the z- axis. Theforce was resulted from thefinal stepof displacenentin simulation. As aresultthe
effedive Young moduls of theinvestgated foam was detemined.

Fig 1. Numerical modd of the foam with poiosity 90% subpded to ompresson.
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ASSESSMENT OF SLOPE STABILITY IN COHESIVE SOILSDUE TO A RAINFALL

S. PidruszczakE. Haghighat
McMaster Uniersity, Hamilton, Canada

Introduction

It is well known that a heavy rainfall can trigger a loss of stabiity of slopes.This is
paticularly the casefor slopesconstuctedin cohesive soils, suchas clay or a cemental soil. The
problemof stabilty of naturd and engineered slopeshas been a subgd of research for a numberof
decades.

The primary difficulty in modelling the loss of stability dueto arainfall liesin assessig the
in-situ conditions and in desaibing the coupling between the time-dependent process of water
infiltration and the evolution of stress field. The problem is typically andysed by integrated
softwae in which the transientsespageanalysis is coupledwith traditiond limit equilibrium slope
stabiity andysis Alternatively, the frameworks for unsatuated soil are implementel in which the
suctionpressureis consdered as a stak parameter and an optimization techniqueis usedto search
for a critical slip surface In geneal, the conventiond methodsfor assessingthe stabiity of
unsatuated soils, based on limit equilibrium approah, significantly undeestimate the safety
factors. Therefore, more acarate techniquesare required.

In clays, the bond strength increases rapidly with decreasing water content. It is rather
appaent thatfreewaterin clays has low compresgbility and virtualy no visaosity. The water in the
vicinity of minerals, however, has quite different propatieswhich cannot, in fact, be quantified due
to complex chemicd interactions. Therefore, the measuramentand/ar control of suctionpressure
are difficult, which is the main reason why the devdopments in the area of medanics of
unsatuated days have not advanced that significantly.

Remgnizing the abowve limitations the approah implemented here is basal on a
phenomenologcd framework of chemo-plastiity. This is bdieved to be a pragmatic alternative to
both the micro-medanicd approah (which in view of complexity of chemicd interactions
represents an overwhdming task) and the classi@ notions of unsatuated soil medanics. Within
the proposel framework, the injedion of water is sdad to trigger a volume change
(swelling/collaps) that is coupled with redudion in suction pressure that, in turn, results in
degradation of strength and ddormation propdies.

The scope of the work

The first pat of this pape deals with the formulation of the problem. This includes the
derivation of the consitutive relation, spedfic ation of a criterion for the onsetof global instability
and abrief review of the coupled tansient famulation.

Within the framework of chemo-plastkity, the progress inthe chemo-mechanicd interadion
is monitored by a scdar paamete that reflects the evolution of the matiix suctionpressure This
paamete is embedad in the classicé plastrity framework. Since the kinetic of the chemicd
readions at the micro-level depends explicitly on time, the magosmpic respanse is aso time-
depaedent. The progress in the chemo-medianicd interaction is coupled with a continuing
degraddion of strength and deformation properties. The spedfic mathenaticd framework
employed is that of deviatoic hardening, which incomorates a non-associged flow rule and
attributes the hardening effeds to acaimulated plastic distortions. Here, the consttutive relation is
derived first, followed by the formulaion of an explicit (backward Euler) and implicit (forward
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Eule) integration schemes. An illustrative example is provided involving a typical creep testin
which the chemo-mechanicd interadion results in either stationay condtions or a sponaneous
failure of thesample.

The governing equdionsdesaibing the transienthydro-medanicad coupling are andogousto
those employed in Biot’s theory. The problem is formulated by considering the overall linear
momentum bdance for the soil-fluid mixture, the momentum baance for the fluid and the mas:
consevation for the fluid. Assumig thatthe fluid flow is governed by Darcy’s law and neglecting
the connective temms, the original formulation, in terms of displacement - fluid velocity - pore
pressure can be simplified to thatin which the primary nodal variablesare the displacementsof the
soil skelg¢on and the porepressura. In this case the bounday conditions are expressedin temms of
traction/displaementsand pore pressure/influx. Since the primary applicaion here involves the
caseof unconfined flow, the material is consdered as partially saurated unde the constaint of no
excessof air pressue. This assunption is perceived purdy as a numeicd stratgy that enablesto
tracethe hisory of evolution of phrettic surface

The numeica andysis, discussd in the second pat of this pape, involves a slopein a
cohesive soil(clay) subpded to aperiod of an intense einfall. The slopeexamined in this gudy has
dimensiors typicd of engineered slopesin Singapore it is aso representative of shallow slopesin
theprovinceof Manitoba(Canadg thatundewent atranslationd failure in thelate 1990’s. A major
rainfall event of a presaibed intensity is considered. Note thatthe acdual anountof rainfall thatcan
infilt rate the ground at a given time ranges from zero to infilt ration capacity, which depends on
moisture contentand porosity of the specific soil. Apparently, if the predpitation rate exceals the
infilt ration rate, the runoff will usually occur. In the simulations presented here, no antecedent
rainfall is applied priorto the mgor event.

Thefinite dement andysis incomoraesthe tansient hydro-medanicd coupling, as desribed
ealier. The evolution of the wetting front is monitored and the framework of chemo-plasticity is
employed to model the medanical characteristics of clay. The overal stabiity of the slopeis
assesse by introdudng a criterion thatis expressedin terms of second order work normdi zed with
respedt to that ofan dasic continuum.

Keywords. chemo-pladicity, rainfal infiltration, hydro-mecdhanicd couging, trarsientphreatic suface,
stakility criterion
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CONTACT INTERACTION OF SPHERICAL PARTICLES: STATIC AND DYNAMIC
RESPONSE
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2 Institute of Fundamental Techndogjcal Research, Warsaw, Poland

1. Introduction

The contad interadion of two elastic spheres under normal or oblique loading and torsional
coupe has been studied by Mindin and Deresiewicz [1], Lubkin [2], Walton [3], Segalman et al.
[4]. For oblique loading only the contad slip regime was studied with the sticking zone in the
central part and the dlip zone in the outer part of contad area The dliding regime then occurs when
the slip zone develops within the whole contad area The discrete memory of contad resporse with
consealtive credion and erasure of loading events has been presented by conseautive loading
surfaces in the T—N space where T is the tangential load vedor and N is the normal load to the
contad plane; cf., Dobry et a. [5], Jarzebowski and Mréz [6].

When a dliding regime develops under the finite normal load N and the increasing tangential
load T, the central sticking zone is erased and gliding occurs alongthe whole areaof contad. For a
spedfied trgjedory of the sphere centre, both N and T vary and the contad force evolution, length
of diding path, time-period of contad interadion and frictional energy disdpation bemme of
primary importancein the deformation and flow analyses of granular matter.

In particular, the static and dynamic contad resporse is considered for the linea and circular
sphere mation trgedories, analyzing the contad force tradion evolution and disspated energy due
to frictional interadion. For the periodic sliding motion, the hysteretic resporse is anaysed and
combined dlip and sliding regimes are considered. The modeling is performed anayticdly and
numericdly aswell for the displacement and force controll ed processs.

2. Analysis of the contact response

The dliding regime between to identicd sphere of radii R, elastic moduii E and Poison ratios
v can be eaily spedfied reguiring ¢ >¢,, where ¢ is the angle between the line normal to the

contad zone radius a; and the linea path of the sliding sphere. An ultimate angle ¢, was spedfied

by formula tan(e) = (j(l_v)‘)* = %(2+v) =tan(p,) (u is the friction coefficient between the sphere
-V

surfaces) and plotted in Figure 1(a). The circle of radius R, =2Rsin(q>u) plotted at point O

indicaes that the sliding regime occurs for dl linea paths emanating from the point O; and nat
interseding the circle. On the other hand, the dlip regime develops for al linea paths interseding
the circle. In other words, there is the sphere of radius R, and conica domain with its vertex at O;
and tangentia to the sphere spedfying the dlip regime and the external domain spedfying the
sliding regime bouncded by the plane norma to OO,. The contad separation occurs for the paths
emanating from Oy in the exterior of glip and didingdomains.

During sliding the contad zone moves with resped to both spheres, changing its orientation
and size In particular, at the contad engagement the overlap is zero, while with progressof sliding
path s, the overlap h; starts to grow up reading the maximal value at the symmetry line, and,
subsequently, it diminishes tending to zero again at the contad separation Figure 1(b). The
analyticd solution within the continuum mechanics formulation is not available and only the
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numericd incremental procedure can be applied. Therefore, a simplified model was developed by
asauming the normal contad tradion N to be spedfied by the Hertz solution in terms of the
contading spheres overlap geometry and material charaderistics, while the tangential tradion is
defined by the dliding frictionrule, T =N . In Figure 1(b), the tangential force (b) tradion during
the hysteretic behaviour under the imposed linea trgedory of the contading sphere is
demonstrated. Here, the unloading curve may be acourted for negleding the slip displacament 3§,

(i.e., aninstant unloading) or with acount that. The tangential forcevs. dlip curve was described in
terms of a power law function acourting for the ultimate dlip displacanent, at which the sliding
regime starts, and varying contad zone radius.

b)
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\_ Slip rteglected

T4-Tsn
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/
/
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Figure 1 Slip, diding and separation domains for the linea diding paths (a); tangential force
tradion during the hysteretic behaviour (b)

3. Concluding remarks

The evauation of driving force during contad dliding motion was determined for bath
monaonic and redprocd sliding motion. The analyticd formulae and diagrams of driving force
versus sliding path have been spedfied for linea and circular paths. The diding tragjedories are a'so
determined for the load controlled programs. The results presented can be applied in the
experimental testing of frictional response of contading bodes, in awea study of roughsurfaces or
in the contad interadion analysis of granular material during flow. The results can aso be relevant
for the ongdng development of the discrete el ement method
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DISCRETE SIMULATIONS OF QUASI-STATIC TRIAXIAL AND BIAXIAL
COMPRESSION FOR SAND USING DEM

J. Kozicki and J. Teichman
Gdarisk University of Techndogy, Gdarisk, Poland

1. General

Granular materials consist of grains in contad and of surroundng voids, which change their
arrangement depending on environmental fadors and initial density. Their micromechanicd and
fabric behaviour is inherently discontinuows, heterogeneous and nonlinea. To describe their
behaviour, two main approaches are used: continuum and discrete ones. The first ones perform
simulations at the global scde using the finite e ement method on the basis of e.g. elasto-plastic and
hypogastic constitutive models enhanced by a charaderistic length of micro-structure to describe
strain locdization. In turn, the latter ones perform simulations at the grain scde, i.e. ead grain is
modelled individualy. Their advantages are that they diredly model micro-structure and can be
used to comprehensively study the medhanism of the initiation, growth and formation of shea
zones a the micro-level which strondy affed maao-properties of granular matter. The
disadvantages are: high computational cost, inability to model grain shape acairately, difficulty to
validate it experimentally as the inertial and damping effeds lose their meaning in quasi-static
problems. However, they become more and more popuar nowadays for modelling granular
materials due to an increasing speal of computers and a conredion posshility to the finite element
method A large number of tests and simulations reved that irregularly shaped grains strongy affed
the quasi-static medhanicd behaviour of granuar materias. To resemble the red grain shape
(roughresy, two main approaches are usually used: 1) contad moments between rigid spheres or
disks are assumed or 2) clusters of combined discrete elements that form irregularly-shaped grains
areintroduced.

2. Discreteresults

The objedive of this paper is to present numericd analyses of quasi-static triaxial and biaxia
compresgon tests carried out to determine the maaoscopic behaviour of a sand spedmen compaosed
of discrete elements in the form of: &) spheres with contad moments and b) symmetric and non
symmetric clusters of spheres. A threedimensional discrete model YADE developed at University
of Grenolde was used [1], [2] which takes advantage of the so-cdled soft-particle approadc (i.e. the
model alows for particle deformation, modeled as an overlap of particles). Two contad models
were considered (linea and nonlinea acwrding to Hertz [3] and Mindin and Deresiewicz [4]).
The particle breskage has nat been considered yet. The main intention of our studies was to
cdculate the effed of the grain roughress (shape) on the shea strength, dilatancy, elastic and
disdpated energies of red sand (so-cdled Karlsruhe sand), which had the same initial void ratio,
mean grain diameter and grain distribution. Attention was paid to the energy transformation in sand
and its elastic and disdpative charaderistics, playing a fundamenta role in the granular matter
behaviour [5]. In addition, the effed of the grain distribution curve, initial void ratio, presaure level,
mean grain diameter and spedmen size was numericdly analyzed. Discrete simulation results for
triaxial and biaxial compresson were compared with correspondng experimental data from drained
axisymmetric triaxial compresson tests performed by Wu [6] and drained biaxial compresson tests
caried out by Vardouakis[7] at Karlsruhe University with red sand.

The discrete results were compared with the correspondng FE results caried out with a
micro-polar hypogastic constitutive model which is capable to redisticdly capture the maaoscopic
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behaviour of granular materials by taking into acount shea locdizaion [8], [9]. The micro-pdar
condtitutive law takes into acourt the effed of density, presaire, diredion of deformation rate,
mean grain size, grain roughressand grain crushing on the material behaviour. Due to the presence
of acharaderistic length in the form of a mean grain diameter, the constitutive model can describe
the formation of shea zones:. their thicknessand spadng, and the related size effed. A micro-polar
model makes use of rotations and coupe stresses, which have clea physicd meaning for granular
materias. First, the rotations and coupe stresses can be observed during sheaing and remain
negli gible during homogeneous deformation. Second, the additi onal rotational degreeof freedom of
amicro-poar continuum arises naturally by mathematicd homogenizaion of an originally discrete
system of spherica grains with contad forces and contad moments. Thanks to a dired comparison
between FEM and DEM [2], it is posshle to cdibrate more predsely both approadches to simulate
shea locdizaionin granular materials.

Finally, the evolution of micro-structure within a shea zone (during their initi ation, formation
and propagation) and to relationship between the self-organizaion of force chain networks and
loaded grain contads was studied during a biaxial compresgon test. Several charaderistic and
remarkable events occurring within a shea zone such as: vortices, buckled granular columns, shea
micro-bands, alternating periodic dil atant and contradant regions were numericaly investigated in
order to determine their effed on the width of a shea zonre.

3. References

[1] J. Kozicki and F.V. Donze (2008. A new open-source software developed for numericd
simulations using discrete modelli ng methods, Computer Methods in Applied Medharics and
Engineging, 197, 44294443

[2] L. Widulinski, J. Tejchman, J. Kozicki and D. Lesniewska (2011). Discrete simulations of shea
zone patterning in sand in eath presaure problems of a retaining wall, Int. J. Sdids and
Structures, 48, 7-8, 11911209

[3] H. Hertz (1882. On the contad of elastic solids, J. Reine u.Angewande Mathematik, 92, 156-
171

[4] R. D. Mindin and H. Deresiewicz (1953. Elastic spheres in contad under varying ohlique
forces, J. Appl. Medh. Trans. ASM.E. 75, 327-344,

[5] JKozicki, J. Teichman and Z. Mr6z (201]). Effed of grain roughress on strength, volume
changes, elastic and disspated energies during quasi-static homogeneous triaxial compresson
using DEM, Granuar Matter (under review).

[6] W. Wu (1992. Hypopadtizitdt als mathematisches Modell zum mechanischen Verhalten
grandarer Soffe. Heft 129, Ingtitute for Soil - and Rock-Medhanics, University of Karlsruhe.

[7] I. Vardodakis (1980. Shea band inclination and shea moduus in biaxia tests, Int. J. Num.
Anal. Meth. Geomed. 4, 103119,

[8] J. Teichman and W. Wu (2010. Boundary eff eds on behaviour of granular materia during plane
strain compresson, European Journa of Medharics/ A Sdids 29, 18-27.

[9] J. Tgchman and J. Gorski (2010. FE study of patterns of shea zones in granular bodes during
plane strain compresson, Acta Geotechnica 5, 2, 95-112



184 38th Solid Mechanics Conference, Warsaw, Aug. 27-312 20

EXPERIMENTAL STUDY ON SHEAR LOCALIZATION IN GRANULAR MATERIALS
WITHIN COMBINED STRAIN AND STRESSFIELD
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1. General

The pradicd knowledge of the mechanicad behaviour of granular materias is largely based on
element tests assumed to represent uniform stress and homogeneous strain. Some important
parameters such as the angle of internal friction and dilatancy angle usualy come from element
tests. These parameters are determined from global measurements of forces and displacements at a
spedmen’s boundxries and vary from their locd quantiti es, which canna be easily measured. The
difference between locd and global (averaged over the whole volume of the sample) measurements
are mainly due to locdised deformation, concentrated within narrow shea zones, but aso due to
imperfed boundxries of the test equipment. The effed of locdised deformation and imperfed
boundxry condtions have to be separated to distinguish the material behaviour from the structural
one. And, asit is broadly accepted that locdised deformation controls a global post-peak resporse
of granuar material, it is necessry to understand its behaviour within shea zones. It becane
recaitly much easier due to some full field measurement methods based on digital image
correlation.

Validation of soil constitutive models has been usuall y performed by numerica simulations of
element tests — there is less posshility to do it for the entire geotechnicd system, even at a small
scae. This paper delivers the experimental materia to enable a validation of some theoreticd soil
models — espedally hypaheses including soil micro-structure, which can only be verified with the
locd knowledge of streses and strains. Small scde plane strain tests were performed, which
modelled a simple soil medhanics boundry value problem — granular material retained by a rigid
wall. The wall could translate horizontally into and out of granular material. This kind of test
arrangement was chosen, since it produwces a relatively simple and easy to analyse locdisation
pattern. The charaderistic feaures of the shea zones formation in deforming granular materials
were investigated using Particle Image Velocimetry (PIV), which was combined with a phao-
elastic study of the stressfield. PIV is an opticd tedhnique for measuring displacenent fields from
successve digital images and was employed to analyse experiments on two different granular
materials, composed of (1) sand grains and (2) glass granules. The tests on glass granules were
supdemented by taking phao-elastic images in circularly polarised light to gather information on
changes in the average stressfield, acompanying the spedmen deformation. Attention was focused
on the effed of the initial density, grain coarseness and magnitude of wall displacement on shea
locdisation within a strain field and its geometricd relation to some structures foundin the stress
field.

We nedal the simultaneous knowledge of both stress and strain fields to recgnise internal
condtions in granular materials. It was shown by Lesniewska and Muir Wood [1], that one can
succesgully combine stressand strain measurements in case of glassballotini — a good substitute
material for quartz sand. The question then arises to which extent the observations performed on
glasshballotini can be considered as relevant also for red sands. Any comparison between sand and
glass bdlotini can be made through the strain fields only, as sand grains cannd be made
transparent, so do not show the phao-elastic effed. Asaresult, any dired conclusions regarding the



Session: Geomechanics 185

relation between stressand strain fields can be made solely on the base of glassballotini tests. We
believe, however, that if both granuar materials show similar deformation patterns, their stress
fields have to be also similar and equally related to the strain field. So the knowledge on the stress
field in the case of a sand sample can be obtained in an indired way, if only the qudity of
representing red granular material by glassball otini is sufficient.

The spedfic objedive of this paper was therefore to verify the quality of glassballotini as a
surrogate granuar materia, in terms of a full field analysis, by pointing out any significant
similarities or differences within strain fields produced in the same type of tests on both granular
meaterials, using the same test box, same loading system and same sample preparation method [2].
The paper belongs to the longer series, which general goal is to increase our still insufficient
knowledge on the geometricd relation between strain and stressfields in granular materials and we
believe that the data presented here add to this knowledge some crucial information, espedally
important for the future work.

The comparison between glass granules and sand grains was dore for initialy dense
materials, as it is known that in such a case, a locdisation pattern is usually simpler, better
developed and easier for observations than in the case of granular material in an initially loose state.
The other reason was that due to the high uniformity of glassgranules it was difficult to produce
initially loose sample — the almost mono-disperse granulate tended to organise at approximately one
density with the evidence of alocd cristalli sation (order). Due to that the phao-elastic tests on the
initially loose glass granulate were postpored for the future (use of at least bi-disperse glass
granulate is planned).

We performed also tests on initially loose sand and some results are presented to show that
our experimental procedure can properly capture the diff erence between a loose and dense state of
granular material.

2. Conclusions

Strain locdisation and changes in the stress field are closely correlated. The nature of this
correlation has to be further studied. Our hypahesis from the present analysis is that the shea band
is adjacent to the elevated stressregion and coincides with some lowered stressarea

The procedure to compare phao-elastic stress fields and strain fields obtained by digita
image correlation may contribute to the development of rational constitutive models including shea
locdisation and can be used to provide a qualitative suppat for advanced hypaheses of the
behaviour of granular materialsin shea zones.

The tests performed on sphericd glass granules provide the information helpful in verifying
discrete element analysis models of granular materials. Discrete elements can have different
geometries, but to keep a low cdculation cost, usually the simplest sphericd geometry is chosen
(deding with redi stic shapes would leal to a prohibitive cdculation cost). In spite of objedions to
the sphericd geometry being too idedised to acairately model the red granular material behaviour,
our tests show they can represent the red soil behaviour with resped to the width and mode of shea
locdi sation (the shea resistance may be however strondy underestimated [3]).
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STEADY AXTALLY- SYMMETRIC POLAR ICE SHEET FLOW
WITH EVOLVING AND RECRYSTALLIZING FABRIC
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1. Introduction

Ice cores drilled in large polar ice caps in Antarctica and Greenland show strong anisotropic
micro-structures (fabrics), in which individual ice crystal c-axes (axes of crystal hexagonal symmetry)
are aligned along some preferential directions (Gow el al. [1], Thorsteinsson et al. [2]). Such spatially
oriented micro-structures form, and subsequently evolve, in the crystalline material in response to
changing stress and deformation states which ice particles experience during their descent from the
free surface to depth in an ice sheet. As a result, the microscopic structure of the material significantly
varies with ice depth, and this is reflected by considerable changes in the macroscopic properties
(viscosities) of the medium.

Two major microscopic mechanisms are involved in the development, and subsequent evolution,
of anisotropic fabrics in polar ice masses. The first is the process of crystal lattice rotation, which
operates throughout the entire domain of an ice sheet, and progressively leads to the formation of
strong single-maximum fabrics, with the majority of the crystal c-axes clustered along the vertical.
Such strong fabrics are usually found in bottom layers in central parts of a typical glacier. The other
major micro-mechanism affecting the anisotropic properties of ice is the phenomenon of migration (or
dynamic) recrystallization, which usually occurs in highly sheared near-bed regions of ice sheets. This
process modifies the anisotropic micro-structures that have been created earlier by the crystal lattice
rotation, and gives rise to so-called girdle or multi-maxima fabrics (Budd and Jacka [3], Alley [4]),
with very coarse and interlocking grains (Duval and Castelnau [5]). Such changes in the micro-
structure of ice result in significant changes in macroscopic viscosities of ice; therefore they must be
accounted for in ice sheet flow models to properly simulate the real behaviour of polar glaciers.

2. Polar ice sheet flow model

In large-scale numerical models that have been developed so far, and are used to reconstruct
the past, or predict the future, climatic scenarios and their effects on the behaviour of polar ice caps,
the evolution of ice anisotropy caused by the migration recrystallization mechanism is commonly
ignored. It is possible that still the only exception is the paper by Staroszczyk [6]. In that work,
however, a simplified case of an ice sheet flow with an a priori prescribed free surface profile is
analysed, so that it cannot serve as the solution of a real flow problem in which the free surface is a
result of the flow; that is, the determination of an unknown free surface shape is part of the solution
procedure.

The proposed ice sheet flow model is an attempt to fill this gap; that is, to solve a problem with
an unknown free surface geometry and incorporating the migration recrystallization effects. Hence,
a steady flow of an axially-symmetric ice sheet which slides on a rigid bedrock is considered, in which
the glacier motion is driven by gravity forces under the action of prescribed climatic conditions (i.e.,
average accumulation and melt rates on the glacier boundaries). Temperature field in an ice sheet
is also prescribed in order to uncouple the mass and momentum balance equations from the energy
balance relations. For the above input conditions, the free surface profile (including the maximum
glacier thickness and the lateral span) is determined. The main objective of the analysis is to examine
how the migration recrystallization of ice influences the overall flow of a glacier, and, in particular,
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to investigate its effect on the free surface shape and the velocity field within the glacier. For this
purpose, a method developed by Gillet-Chaulet ez al. [7] is adopted. The idea of the method is to relate
the micro-mechanical properties of ice to a small set of geometric parameters (invariants of so-called
orientation tensors) which characterize the micro-structure. Then, the six macroscopic viscosities in
the orthotropic law are also calculated as functions of the above geometric parameters, linking thus
the macroscopic properties to microscopic fabric. The microscopic behaviour of recrystallizing ice is
described by two versions of a micro-mechanical model formulated earlier by Staroszczyk: a uniform
strain-rate model [8], and a uniform stress model [9]. A new feature, compared to the original forms of
the laws, is an inclusion of strongly non-linear effects of temperature and deviatoric stress magnitudes
on the viscosities of ice.

The solution of the flow problem is constructed by a method of asymptotic expansions, known
in glaciology as the shallow ice approximation (Hutter [10], Patterson [11]). Hence, a small parameter
€ is introduced in the analysis, reflecting the small ratio of stress and velocity gradients in the lateral
direction of an ice sheet compared to those in the thickness direction. This parameter is used to scale
the flow equations and the associated boundary conditions. In the ensuing equations, all terms of
order € and smaller relative to unity are then neglected, with the aim to derive simpler, leading-order,
forms. The reduced equations are subsequently integrated through the ice thickness to eliminate one
spatial coordinate, which leads to a two-point boundary-value problem for a second order parabolic
differential equation. The latter is solved numerically to calculate a function describing the free
surface profile. Numerical simulations have been carried out for different accumulation, ablation and
basal melt rates, in order to examine their effects on the glacier geometry (thickness and lateral span),
and the depth profiles of the ice velocities. For illustrations, the results for isotropic ice flows are
compared with those for anisotropic ice flows, with and without migration recrystallization involved.
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FUNCTIONALLY GRADED COMPOSITES: NUMERICAL MODELING WITH FINITE
ELEMENT METHOD AND ARTIFICIAL NEURAL NETWORK
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1. Introduction

In this paper we present our numericd model of static, possbly physicdly nortlinea
effedive behaviour of a body made of Functionaly Graded Material (FGM). As it is known,
geometry and materials composition of a “representative volume” (“RV”) (“RV” means:
representative volume RV suitably defined for the case of FGM) is afunction of aglobal variable x,
thus effedive material coefficients defined for some small neighbahood surroundng x are aso
functions of the global variable. In a solution of the boundary value problem (BVP) foundfor FGM
the spatial variation of its maao properties must be taken into consideration. In a case when
variation of medchanicd properties of comporents can be expressed by elementary functions, a
tolerance averaging technique (see [3]) is used to develop asymbdic formulae for effedive
material properties as a function of the microstructure. In our approad, in a case when the
geometry of the microstructure is complex, Finite Element Method (FEM) and Artificial Neural
Network (ANN) are jointly applied to describe dependence of effedive material parameters on
physicd charaderistics of micro comporents. We use ANN for approximation of the functional
dependence of the compasite properties on its microstructure. For ead different “RV” we compute
effedive material properties using classcd agorithm of a “virtual testing’ of periodic composites.
Elements of these procedures are described in [1] and [2].

2. Algorithm of the hybrid solution

The overall algorithm we foll ow consists of ix main steps and is defined bel ow:

i. Definition of FE scheme for global BVP for the compasite. Parametrisation of “RV” shoud
be passd to the global FEM description.

ii.  Definition of FE schemesfor locd BV Psfor afamily of locd representative volumes.

iii. Solution of seleded locd BVPs for averaged constitutive relations, parametrised with
parameters of locd representative volumes using “a virtual testing’.

iv. Initid leaningof the ANN with the results of the above step.

v. Useandarandam verification of the approximated by ANN, effedive constitutive data whil e
asembling global stiffnessmatrix. Posdble additional trainings of ANN.

vi. Solution of the global BVP for FGM composite

3. Modified soil asa FGM material

Various modifications of medanicd properties of soil s are widely used in engineaing. In the
presented paper we limit our consideration to cohesivlesssoils. We focus our attention on the most
common mecdhanism of such the modification that asaumes an introduction of a reinforcing medium
as aliquid phase that fill s the pores. The hydro-mechanica properties of the soil change after some
time, neaded for solidificaion of the filli ng medium. In this way, the resulting medium is treged as
a composite with solidified matrix and inclusions that refled a granular composition of the initial
granular material. All kind of injedions can thus be modeled with the method of the analysis
proposed in the paper. We exclude the techniques that result with compasition of two different
types of soils (“deg soil mixing’). Both hydrofobisation and reinforcing with cementitious
materials can be considered as a possble fields of pradicd applications of the proposed numericd
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approach. The purpose of our work is to predict the resulting hydro-mechanicd properties of the
soilsin function of distance measured from the source of injedion. Thisis very important since the
existing estimation of the injedion-pails diameter or the size of the hydrofobized areaare mostly
phenomendogicd. The estimated hydro-mechanicd properties of the modified soil will be
expressed in terms of the known properties of the initial materials used.

4. Non-fully reacted alloy asfunctionally (but not intentionally) graded material

This example is taken diredly from a numericd modelli ng of athermo-mechanicd behaviour
of a super-conducting cable for a nuclea fusion device(see[2]). These cables are widely used to
crede high eledromagnetic fields and are produced as a very complex, hierarchicd composite with
many levels of hierarchy. Here, we limit ourselves to study the structure at a micro level. At the
readion temperature (abou 920K-950K, depending on the manufadurer) the Sn included in the
bronze diffuses into Nb and forms NbzSn — a super-condicting al oy. Usualy the filaments are not
completely readed. In modeling, we must take into consideration the presence of the non readed
kernel, its diameter, its position in the sedion of the strand. Since the diameter of the not readed
kernel is depending on the position of strand in the cable (due to the processof manufaduring), this
compasite is clealy, functionally (but nat intentionally) graded. The similar gradation of properties
is superposed with yielding which is non homogeneous in the céble, becaise of bending due to
Lorentz forces. We have trained the ANN with severa results of virtual tests, performed on various
geometries of the “RV”. Relatively simple scripts al ow to exeaute the computations and to redefine
mesh for all virtua tests for different inner diameter, various eccentricity and, possbly, various
yielded zones. The effedive properties, resulting from these computations, are used then for ANN
training and global FEM computations.

5. Conclusions

Numericd analyses show that the functional dependence of material parameters on the global
position x is very easy to be approximated and then — interpolated using ANN trained with small
number of leaning patterns. It was tested numericdly that the use of various “RV” (means —
representative volume suitably defined for the case of FGM) in the virtua testing procedure seems
to be sufficient to take into acourt the variation of the FGMs geometry within given, finite
tolerance
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DEVELOPMENT OF A PASSIVE HEAT DISSIPATION SYSTEM USING PHASE
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J. Bgjolet % 'S. Philippon®, K. Huynen *, J. Salat > and P. Lipinski*
! Laboraoire deméanique, Biomé&anique,Polymére, Structures, EIM, UPVM
’HispanoSuiza groupeSAFRN, Réu, Rond Pmt René Ravaud 77551IMoiss/-Cramayel

To avoid damage of eledronic devices the heat generated has to be disdpated by adequae
cooling systems.In agonautics for instance some electronic parts work during short periods of
flight (take-off, landing, bre&king ...). But they haveto be cooledin order to proted the electronic
devices from themslves. The major part of cooling methodss based on the forced convedion of a
cooling liquid. This soluion has good performances but requires a lot of equipment like pumps
filters, neworks... So, this is not the best oppotunity for agonauticd field where weight, price and
reliability are critical. The aim of this study is to develop a passive systemwhich works without any
energy suppl. The basic soluion to crede a passive heat disspation systemis to fix on the
electronic device a bloc madeof auminium or coppe to disdpate heat. But sucha systemcan
become heavy prohibiting its usefor aircrafts becauseof the additional weight. Another technical
soluton consktsin usingthe latent hea of phase change mateials (POMSs). The controlled massof
PCM can disgpatethe quantity of heat geneated by the electronic device duringa shortperiod .The
major disadvatage of the chosenPCM, a polymer mateial is its low themal condudivity. Thisis
why it is necessay to improvethe global heat flux between the heat sour@ and the PCM by the use
of open cdl aduminium or coppe foams. This associdion alows obtaining a homayeneous
tempeature inside the PCM [2]. Experimertal testshavebeen performedin this study to evauate
and compake the peformances of sich heat disspation g/stems wih respect to aPCM system.

Numeica anayses by finite element and finite volume methodshave been peformed to
simulate the phase change of the PCM and the themal evolution of the system. The complex
geometry of the aluminium foam is a problem for the simulation: a huge numberof elements is
necessay to meshthe PCM embedded in open cdl foams, (over 6 million of 3D elements). To
circumventthis difficulty, it has been decided to replace the PCM and the open cdl foam by a
homogneous mateial having the equivalent thermal propeties of the composte. Several themo-
physica properties are needed for themal transient andyses, namely. the density, the themal
condudivity, the specific heat and the latent heat of the PCM. Scdar quantities suchas density,
spedfic hea and the latent heat of PCM/foam equivalent mateial are determined in function of the
massfradion or concentration of ead compment. For the tensas quantities such as themal
condudivity, it is necessary to takeinto acountthe spedfic geometry of the open cdl metd foam.
A modelusing the geometly of open cdl metd foam has been proposel by Boomsna et al. [1].
This modelis based on an ided geometry of the foam: the tetrakaidecahedron. This polyhedron has
been chosenas a result of statigicd obsevations on the open cdl foams and because the
tetrakaidecahedron is the spae filli ng arrangement of cdls of equd size with the minimal surface

energy [1].

Figure 1: Tetrakaidecahedron and measurement of the foam pore size
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In order to calculate the effective thermal conductivity according to Boomsma et al.’s model
[1] various geometic characteristics of the foam pores are necessay as well as the themal
condudivities ofthe composte mmponentsTo validate the obtainal thermd condudivity of the
mesehomogeneus material, a heat transfe problem analyses ha been compaed for the
homogeneous matgal and a volumeof PCM containingopen cdl foam. The geometry of thefoam
has been obtaina by X tomogaphy, in order to reproduce the realistic 3D objed. A representative
pat of the foam has ben sdected to limit the numberof dementsfor the meshingof foam and

(a) Reconstruction of the foam geometry (b) Representative part of the foam (c) Creation of the PCM around the foam

Figure 2: Meshing of the PCM embedded inside open cell foam

Aftervalidation of the homogenization model,the themal propetieshave been applied to the
numeica model representing the experimertal tests Then, the results were compaed conaerning
the tempeature evolution at the heater contad¢ and the top PCM surface. This compaison is
illustrated in figure 3. Goodqualitative and quantiative agreementbeween thesesxperimertal and
numeical results can beobserved.

[1] Boomsna, K., Poulikakos, D., Feb. 2001. On the effective themal condudivity of a three-
dimensiordlly structured fluid-saturatedmetd foam. Internationd Journd of Heat and Mass
Transfer 44 (4)827-836. 1, 2

[2] Zhao,C., Lu,W., Tian,Y., 2010. Het transfa enhancementfor themmal energy storage using
metd foams embeddé within phase change materials (paems). Solar Energy 84 (8), 1402 —
1412. 1
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CONTINUUM DESCRIPTION OF QUASISTATIC CAPILLARY TRANSPORT
OF LIQUID IN UNSATURATED POROUS MATERIALS
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1. Introduction

In the paper a new maaoscopic description of quasistatic capill ary transport of liquid and gas
in unsaturated porous materialsis presented. Theoreticd considerations are based on the concepts of
multi phase continuum medhanics. The three comporent model of the medium is proposed, for
which the balance equations of mass linea momentum and internal mechanicd energy are
formulated. The new approach has been propased for derivation of the constitutive relations, similar
to that used in the rational thermodyremics. The constitutive relations are derived basing on the
balance inequality of the internal mechanicd energy formulated for the whae system and on the
Lagrange multi pli ers method

A new definition of the quasistatic processs is introduced allowing derivation of their
description as a speda case of the general modd given by balance equations and constitutive
relations. The obtained equetions have been applied for description of no wetting liquid intrusion
into porous sphere. Maaoscopic description of such processis very useful, e.g. for interpretation of
experimental data of mercury porosimetry and has been obtained first time.

2. Kinematics. Basic assumptions

It was assumed that gas and liquid filli ng rigid porous material form macaoscopic continuum
compased of three constituents: gas, mobile liquid and capill ary liquid. The division of liquid into
two continua is justified both from kinematicd and energetic point of view. The cepill ary liquid is
contained in the thin layer covering the internal surface of pores. This liquid gathers the whole
caillary energy of the liquid and is immoveale. It can, however, exchange the mass with the
mobile liquid in the vicinity of meniscus surfaces. The mass exchange occurs only during the
meniscus motion in the pore spaceand is described by the separate velocity field. This makes it
posshle to model the mechanism of meniscus motion in the pore space The mobile liquid is
located in the internal areaof liquid surrounded by itsinternal contad surfacewith the skeleton and
surfaces of meniscus. Each constituent is charaderized by the massdensiti es and their distributions
are defined by parameters of saturations.

3. Mass balance equations

The locd balance equations of mass for gas, mobile and capill ary liquids take the form,
respedively:

o, . (_( or 0o, . (_( or ap, __or
1 —2 +div] v, —+v_|[=0, m + div v, —+v_|[=0, c=35 —
W) ot (pg( "ot QD ot (pm( "ot mD o o

where

ﬁg = fvsgpg ’ ﬁm = fvsmpm ’ ﬁc = fchloc
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and f, isthe volume porosity, wheress s, s,,, S, (S, +S, +S, =1) stand for volume saturations

of gas, mohile and capillary liquid in the pore space respedively. Vedors vy and vy, denote
velocities of mohile liquid and gas, and v, represents velocity field of the meniscus in the r-space
Parameter r defines equili brium state of the meniscus and for the quasistatic processes can be
interpreted as the capill ary presaure. Motion of the meniscus take placeonly when the parameter r
changes.
For the quasistatic processes of caillary liquid transport in unsaturated porous material
massbalance equations take form
08
) puof Lo s divig, v,y |+ 2CP) g %% L givg, v,y =0
or or or
They represent balance equations of the mobile liquid and gas in the r-space and describe their
saturations during the quasi static processs.

4, Constitutiverelations

The congtitutive relations for quantities describing mechanicd processs in unsaturated
porous materials are derived basing on the balance inequality for the medchanicd interna energy of
the threecomporent system. The new approad is proposed similar to that used in the rational
thermodynamics based on the entropy inequality anaysis and the Lagrange muilti pliers method In
this approach balance equations of the system are used as constraints imposed on independent
constitutive quantities. It was assumed that internal energy of gas, mobile and capill ary liquids are
unique functions of their massdensiti es and that saturation of capill ary liquid is a unique function of
mobil e liquid saturation.

The obtained congtitutive relations for the energy exchanged between mobile and capill ary
liquids take the form:

ds,
(©) &-Fum_&_uc:o' Pm =Pyt c(pc_pg):O;
pm pC dSm
The presaures of gas, mobil e and cepill ary liquids are defined by relations:
ou ou ou
4 - 279 , - 2 m , = 2 c
(4) Py = (0,) 90, P = (Pm) 2, p. = (0.) o,

where ug, um, Uc are massdensiti es of their medhanicd internal energies.
For the velocity v, modeling mechanism of meniscus motion it is assumed that is
propational to the gradient of capill ary liquid saturation,

() v, ==C(s,, po)grad(s;) .
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1. Introduction

Identification of microscopic pore geometry and maaoscopic parameters of the pore space
structure of autoclaved agated concretes (AAC) is a very important issue in the study of their
physicd properties. The interna pore structure defines mechanicd properties of AAC and plays
important role in many physicd and chemicd processes occurring in such materials, e.g. in
transport of moisture, hea and chemicds, in wave propagation and chemicd readions.

The ACC belong to the group of porous materials with two porosities. It means that their
pore spaceis formed by pores of two classes of sizes: micropares the charaderistic sizes of which
ranges from several microns to milli meter, and nanopaes of size from several nanometers to
micron. The volumes of bath types of pores are comparable. This causes that investigations of such
meaterials are very difficult.

The aim of the paper is to present two complementary methods of investigation of ACC pore
spacestructure based on micro-computed tomography (LCT) and mercury porosimetry (MP). They
have been used to determine micropare and nanopae porosities of ACC samples and their pore size
distributions. Due to resolution of uCT limited to 1 micrometer this method can be used only for
investigation of micropare space The investigation of this spaceby MP methodis doulttful becaise
of its bubHde structure that causes battle ink effed. The MP method is useful however for
investigation of nanopae space It can be performed measuring disintegrated samples of ACC.

2. Investigation of the micropor e space structure.

It is assumed that 3D scan of ACC sample form a set of voxels with various relative densiti es
£ the frequency of occurrence of which in that set is described by normed histogram (/). This set
is composed of two type voxels. pore and skeleton one with various densities. Their frequency of
occurrence are described by the probability distributions ¢p(0) and ¢(0), respedively. Both
functions are defined on the whade range of voxels density values (i.e. for eight bit scen
p 0<0,255>). This means that attachment of voxel with a given density to the subset of pore or

skeleton type has a stochastic charader, determined by the value of probabilit y.
For the normed histogram the following model is propaosed

@ w(p) =1, "y () + (1= 1. ). (p)

where f# denotes volume porosity of the micropare space This parameter, as well as parameters
of probability distributions ¢,(p0) and ¢(p) , are determined using standard optimization methods

implemented in Matlab. Then, the porosity f,' of the nanopae spaceis cdculated from relation
2 fvn =f, -1/

where f, standfor the total porosity of ACC sample measured by the pycnometry method
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Next, the obtained porosity f/* is used for determination of the binarization threshold that

alows reconstruction of the micropare space After recnstruction we are able to determine pore
size distribution. Each voxel of micropare space has assgned the diameter of the largest sphere
which contains this voxel and is completely included in this space

3. Investigation of the nanopor e space structure

To determine diredly the porosity f,' of the nanopae space the foll owing relation between
porositiesin doulde porous materials was applied
1-f
© W= s
where f> denates the volume porosity of the skeleton in ACC sample. This porosity is measured

by MP method on disintegrated ACC samples. It is possble, becaise two parts of the intrusion
curve related to intrusion into intergranular pores and into nanopae spaceare distinctly separated.
This alows additionally determination of pore size distribution of nanopaes. Again, relation (2)

can be used to cdculate the porosity f/ of the micropare space

4, Results

Both complementary methods have been applied to investigation of the pore spacestructure
of four classes of AAC samples produced by SOLBET Capital Group. Part of the obtained results
are presented in table and ill ustrated graphicdly in figure.

pycnometry
CT method MP method
class volume method H
of ACC density total micropare | nanopae | skeleton | nanopae | micropae
samples P . porosity porosity | porosity | porosity | porosity | porosity
[g/Cm ] fV fvﬂ fvn fvS fvn fvu
400 0,414 0.818 0.588 0.231 0.568 0.239 0.579
500 0,535 0.769 0.458 0.312 0.552 0.284 0.485
600 0,585 0.749 0.534 0.215 0.518 0.270 0.479
700 0,656 0.717 0.358 0.358 0.570 0.376 0.340
MP method
HCT method
0 #total i # total
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THERMOMECHANICAL SOLIDS WITH ENERGETIC MATERIAL INTERFACES

A. Javili, A. McBride and P. Steinmann
Chair of Applied Mechanics, University of Erlangen—Nuremberg,
Egerlandstr. 5, 91058-Erlangen, Germany

This presentation is concerned with the description of interfaces of thermomechanical solid bod-
ies. The description includes both the derivation of the governing equations and their approximation
using the finite element method, see [1, 2, ?].

The surface of a solid body typically exhibits properties that differ from those of the encased
bulk. These differences, caused by processes such as surface oxidation, ageing, coating, atomic
rearrangement and the termination of atomic bonds, are present in comparatively thin boundary layers.
Similarly, interfaces within the bulk can be viewed as two-sided internal surfaces. The mechanical and
thermal properties of the interface can also differ significantly from the surrounding bulk. Surface and
interface effects are especially significant for nanomaterials due to their large surface-to-volume ratio.
These effects could be modelled phenomenologically by surfaces equipped with their own energies
or, alternatively, in terms of tensorial surface stresses according to surface elasticity theory of Gurtin
& Murdoch [4].

material configuration spatial configuration

Figure 1. The material and spatial configurations of a continuum body, and the associated motions and defor-
mation gradients in the various parts of the body.

Consider a continuum body that takes the material configuration %, at the time ¢ = 0. The
boundary of the body is denoted by the surface .% := 0%,. The body is partitioned into two disjoint
subdomains by a two-sided interface .#,. The boundary of the interface, a two-sided curve, is denoted
as 6y := 0.%. In a similar fashion to the interface, the curve % partitions the surface .} into two
open sets.

Let T = [0,7] C R, denote the time domain. A motion of the reference placement for a time
t € T is denoted by the orientation-preserving map ¢ : %, x T — E®. The current placement of
the bulk associated with the motion ¢ is denoted %, = (%o, t). The restriction of the motion ¢
to the surface .%, interface %, and curve %), is denoted @, P and @, respectively. The deformation
gradients, i.e. linear tangent maps between the line elements, in the bulk, on the surface, interface

and curve are denoted F', F', F' and F, respectively. Throughout the presentation, quantities or
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operators corresponding to the bulk, surface, interface and curve are denoted as {e}, {®}, {®} and
{®}, respectively.

In this work we first derive the thermodynamically consistent balance equations for coherent
solid interfaces. The interface is equipped with its own thermomechanical ingredients, such as free
energy, entropy, etc. Next, the impact of the energetic interfaces on the overall response of the body
is explored by means of a series of numerical examples.

[1] A. Javili and P. Steinmann, On thermomechanical solids with boundary structures, International
Journal of Solids and Structures, 47, 3245 — 3253, 2010.

[2] A. Javili and P. Steinmann, A finite element framework for continua with boundary energies. Part
III: The thermomechanical case, Computer Methods in Applied Mechanics and Engineering, 200,
1963-1977, 2011.

[3] A. Javili, A. McBride and P. Steinmann, Numerical modelling of thermomechanical solids with
highly-conductive energetic interfaces, In review, 2012.

[4] M. E. Gurtin and A. Ian Murdoch, A continuum theory of elastic material surfaces, Archive for
Rational Mechanics and Analysis, 57 291 — 323, 1975.
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ADHESIVE JOINTS IN COMPOSITE BEAMS OF STEEL AND CONCRETE
— MODELLING, EXPERIMENT AND COMPUTER SIMULATION

B. Kuczma and M. Kuczma
Institute of Building Engineering, University of Zielona Gora, Zielona Gora, Poland

1. Introduction

Composite construction in steel and concrete makes it possible to use with advantage the very
intrinsic mechanical properties of the constituent materials — steel in tension and concrete in compres-
sion [2], [5]. Composite beams are the most common form of composite structural element widely
used in steel frame building construction and in bridge engineering for mid-range steel bridges.

In this paper we shall present results of our theoretical studies and those of many experimental
tests we have carried out in the laboratory of our home Institute of Building Engineering [3]. The
objectives of these investigations were composite beams of steel and concrete subject to static loading,
in which the connection of steel and concrete was realized in the form of adhesively bonded joints
by both flexible and stiff structural adhesives. In the cross-section of tested composite beams we can
distinguish three components: 1 — steel girder, 2 — concrete plate (slab), 3 — adhesive joint, see fig. 1.
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Figure 1. Cross-section of composite beam: 1 — steel girder, 2 — concrete plate, 3 — adhesive joint

Our aim was to take into account deformability and strength of the connection. To account
for a mutual displacement (slip and separation) between the concrete plate and the steel girder, a
four displacement field formulation was applied: w;, ws - transverse displacement (deflection) of
the girder and plate, and u;, uy - longitudinal displacement of the centroid of the cross-section of
girder and plate, respectively. In addition, fields of multipliers \; are used to control the irreversible
(unilateral) properties of nonlinear behaviour of steel and concrete and progressive interface failure
[1].

The evolutionary boundary value problem for the composite beam under consideration is for-
mulated as a sequence of incremental problems in time that take the form of a variational inequality

(1) uek: auv—u)>(fv—u) Vvek

in which a(-, ) is a bilinear form, u = (wy, wa, uy, ug, A;), f represents loading, and K is a convex
cone in the Cartesian product of function spaces involved [4].
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2. Experiments

In the experiments we used the modern equipment: a strength testing machine Instron 8804 with
two actuators, each of capacity + 500 kN, a non-contact optical measuring system Aramis/Pontos,
a high-performance digital data acquisition system ESAM Traveller. Tested were the component
materials, fragments corresponding to the composite beams, and six composite beams B1 — B6 of
length 3700 mm (span 3600 mm) made from a steel IPE 240 girder and a prefabricated concrete
plate, which were bonded by different connectors including a layer of stiff or elastic adhesive. The
simply supported composite beams were subjected to a three-point bending test.

How decisive is the role of the bond of concrete and steel in the composite beam, can be best
appreciated by comparing the results of the final test for each tested beam as shown in fig. 2.
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Figure 2. Force vs. sag for composite beams with different joints by the testing machine Instron 8804

3. Computational model

The computational model is based on the proposed variational inequality formulation (1), which
has been discretized by the finite element method and solved as a complementarity problem [4].
Good agreement of theory and experiment was obtained.

4. References

[1] M. Biatas and Z. Mréz (2005). Modelling of progressive interface failure under combined normal
compression and shear stress, Int. J. Solids and Structures, 42, 4436-4467.

[2] R.P. Johnson (2004). Composite Structures of Steel and Concrete: Beams, Slabs, Columns, and
Frames for Buildings, Blackwell Publishing, Oxford.

[3] B. Kuczma (2011). Static-strength analysis of steel-concrete composite beams with deformable
connectors (in Polish). PhD thesis, supervisor Prof. T. Biliriski, University of Zielona Goéra,
Zielona Goéra.

[4] M. Kuczma (2010). Foundations of the mechanics of shape memory structures. Modelling and
numerics (in Polish). University of Zielona Goéra Press, Zielona Gora.

[5] DJ. Oehlers and M.A. Bradford (1999). Composite steel and concrete structural members,
Butterworth-Heinemann, Oxford.



202 38th Solid Mechanics Conference, Warsaw, Aug. 27-312 20

MICROMECHANICAL STUDY OF FRICTIONAL ANISOTROPY IN ROUGH
ELASTIC CONTACTS

J. Lengiewicz and S. Stupkiewicz
Institute of Fundamental Technological Research (IPPT), Warsaw, Poland

1. Introduction

Anisotropic topography of surface roughness at the micro-scale may result in frictional anisotrop
at the macro-scale, i.e. in the dependence of friction coefficient on the direction of sliding, cf. [1-3].
So far, macroscopic modelling of anisotropic friction is mostly restricted to the case of orthotropic
friction, e.g., [4-8]. On the other hand, micromechanical approaches to study the phenomenon
are limited to simplified models [4, 7]. Therefore, deeper investigation is necessary to assess still-
unresolved problems, including the analysis of the influence of surface roughness on anisotropy of
friction and on the nature of sliding rules in anisotropic friction.

Micromechanical modelling seems to be a suitable tool to analyze such multi-scale structure-
property relationships, and this approach is pursued in this work: a computational contact homoge-
nization methodology is developed, and anisotropic friction in rough elastic contacts is analyzed. At
the micro-scale, the finite element method is used to solve the problem of contact interaction of elas-
tic rough surface layers. Subsequently, appropriate averaging rules are applied to derive macroscopic
contact properties.

2. Micromechanical modelling approach

In the present work, the micromechanical modelling approach presented in [9] is extended to
analyze a more general case of two rough and deformable bodies in contact. Two scales are consid-
ered. At the micro-scale, due to the interaction and deformation of surface asperities, the contact is
concentrated at small spots, so-called real contacts. Therefore, the distribution of contact traction is
highly inhomogeneous, cf. Fig. 1. At the macro-scale, the overall deformation of the contacting bod-
ies is more homogeneous, as it is determined by the slowly-varying average (macroscopic) contact
traction.

In order to determine macroscopic contact properties, finite element analysis of contact inter-
action is carried out at the scale of surface asperities. Three-dimensional finite element models of
representative samples of surface layers of the contacting bodies are constructed and their interaction
under relative sliding is simulated. Subsequent application of spatial and temporal averaging schemes
yields macroscopic response expressed in terms of the limit friction condition and sliding potential.

(a)

Figure 1. FE analysis of rough surfaces in contact. A periodic unit cell of an elastic surface layer is slid against
a periodic rough rigid surface (a). Due to roughness, contact tractions are concentrated at real contacts (b).
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Figure 2. Contact of a flat elastic sample with sinusoidal rigid surface. Macroscopic friction coefficient varies
with moving direction (a), and macroscopic anisotropy indicator grows with increasing normal load (b).

The analysis is performed for artificially generated rough surface topographies, and the effect
of roughness properties on the macroscopic (anisotropic) friction response is studied, cf. Fig. 2. The
influence of other problem parameters, such as the contact pressure, elastic constants of the contacting
bodies, and the size of the representative surface element, is also investigated.
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1. Aim of the paper

The object of the paper is an atomistic, molecular statics (MS) reconstruction of the Cu- a-
Al;O3 heterostructure formed by means of a pulsed laser deposition technique (PLD). The molecu-
larly reconstructed copper on sapphire substrate is then used for the examination of decohesion in the
region of the interface. For this purpose, a molecular statics nanoindentation simulation is performed.

2. Introduction

The strength of metal-ceramic interfaces is the key properties for the performance of many
devices and structural elements: microelectronic devices, thermal barrier coatings used to protect the
metallic components and metal-ceramic composites are just a few examples. Therefore, a detailed
research of the decohesion in the phase boundary is an important issue.

Applying the PLD technique, an epitaxial Cu layer has been formed on a sapphire substrate.
The obtained heterostructure has been examined by means of the High Resolution Transmission
Electron Microscopy (HRTEM) (see Figure 1). As a result, the misorientaion of Cu layer relative
to the a-Al>O3 substrate is determined and subsequently, the system of defects due to the mismatch
between the copper and sapphire is identified. Describing the interatomic interaction by the Tight
Binding Second Moment Approximation (TB-SMA) potential [2] in the formed proposed in [5], the
experimentally observed microstructure in the region of the interface is reconstructed. The obtained,
atomistic model of the copper layer is subjected to nanoindentation [1, 3, 4]. During the carried out
simulation, the displacement vs. applied force curve is registered, which enable us to identify the
decohesion in the interface region [6].

3. Problem description

In this research, copper with purity 99.999% (Kurt J. Lesker Company Ltd.) was deposited on
the (0001) a-Al;O3 surface (CrysTec GmbH) by PLD. For this purpose, a Nd: YAG laser beam with
the wavelength 355 nm, pulse duration 10 ns and the frequency repetition 10 Hz was focused on the
copper target (focal spot area 2.5 mm?, fluence 2 J/cm 2). The sapphire substrate was heated at 800 °C
and pressure in the chamber was set to 5x10~5Pa.

During the deposition, Cu islands are formed (Volmer-Weber growth mode), (see Figure 1). The
reason is that, copper has the higher surface energy then sapphire. The dominant orientation of Cu
islands with respect to the a-Al,Oj3 substrate is (111) [011]Cul|(0001)[1100]Al,O3, that is, the closed
packed planes and directions of the both crystals are parallel to each other. Additionally, the HRTEM
images enable the identification of the Cu lattice deformation resulting from the mismatch between
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Figure 1. Islands of Cu on Al;O3 substrate, HRTEM images of the Cu(top layer) AloO3 (down layer) interface
and periodic cell of Cu-AlOs3.

the copper and sapphire. The obtained data are used for the reconstruction of the microstructure in
the interface region. For this purpose, the interatomic interaction in the Cu layer are described by
the TB-SMA potential [2] in the form determined in [5]. Performing the relaxation of the Cu layer
(Molecular Static Simulation), the final microstucture in the interface region is obtained.

The reconstructed Cu layer on the a-Al,O3 substrate is used in the molecular statics simulation
of nanoindentation in which the behaviour of the defected structure in a nonequilibrium configuration
is investigated [4]. Analyzing the obtained displacement vs. applied force curve we try to explain the
observed decohesion [6].
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The paper presents discrete element modelling of two-phase powder sintering process. Sintering
is the main stage of powder metallurgy process, which is the most common technique of fabricate
metal matrix composites with ceramic reinforcement, advanced materials with several applications.
As a technological process powder metallurgy consists of several stages including metal and ceramic
powder manufacturing, preparation of metal-ceramic powder mixture, powder pressing and sintering.
Sintering consists in consolidation of loose or weakly bonded powders at elevated temperatures, close
to the melting temperature with or without additional pressure. This is a complex process affected by
many factors. Modelling can be used to optimize and to understand better the sintering process and
improve the quality of sintered components.

Modelling of sintering process is still a challenging research task. There are different approaches
in modelling of sintering processes, ranging from continuum phenomenological models to microme-
chanical and atomistic ones. In this work, the micromechanical model of sintering was implemented
in the discrete element method framework. In the discrete element method, material is represented as
a large collection of particles interacting with one another by contact forces. It is a suitable tool to
model granular and rock materials [1]. Modelling of sintering requires introduction of the cohesive
interaction among particles representing inter-particle sintering forces. Following [2] the discrete ele-
ment model adopted in this work employs the following equation for the sintering interaction between
powder grains:

wat

v 0
(D F =7myg {4]{ (1 — cos 5) + asin 5} + 87Db

where V' is the normal relative velocity, R — the particle radius, a — the radius of the interparticle
grain boundary, ¥ — the dihedral angle, vs — the surface energy and D), — the effective grain boundary
diffusion coefficient. The first term on the right hand side of Eq. (1) represents the sintering driving
force and the second one — the viscous resistance of the material. The geometrical parameters of the
model are defined in Fig. 1.

Rysunek 1. Two-particle model of sintering.
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The model has been extended to include elastic and thermal effects. It enables modelling of a
powder metallurgy process consisting of powder compaction, sintering and cooling of the sintered
component. It allows us to study the grains during sintering and rearrangment of grains during sinter-
ing, material shrinkage and internal stresses.

The numerical model has been applied to analyze sintering behaviour of different mixtures
NiAl/Al;O3. Numerical simulations are combined with experimental studies of sintering. First, sin-
tering of each phase, NiAl and Al,Os, is studied separately at different parameters: temperature, time
and pressure. Finally, sintering of mixtures NiAl/Al,O3 will be performed at similar conditions. The
kinetics of sintering is evaluated by investigation of the bulk density change in time. The evolution of
the bulk density obtained in experimental studies is used in calibration and validation of the numerical
model. Comparison of experimental and numerical results for sintering of NiAl powder at tempera-
ture 1300°C under pressure of 30 MPa is shown in Fig. 2a. Since experimental tests for mixtures
NiAl/Al;,O3 have not been finished yet, numerical results are shown only in Fig. 2b.

1 1

0.9

L +
+/i4

| 0.8

p=5MPa - simulation
p=30MPa - simulation --------
p=5MPa - experiment ~ +
p=30MPa - experiment X

NiAl, p=30MPa - simulation
Al203, p=30MPa - simulation --------
NiAl-Al203, p=30MPa - simulation ---------

0.7 - 0.7 1

relative density
relative density

0.6 0.6

0.5 0.5
0 10 20 30 40 50 0 10 20 30 40 50

a) time (min) b)

time (min)

Rysunek 2. Evolution of relative density during sintering: a) numerical vs. numerical results for NiAl, b)
numerical results for NiAl, AloO3 and mixture NiAl/Al,Os3.
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1. Introduction

The wea process on the frictiona interface of two bodes in a relative diding motion
induces contad shape evolution. A most typicd case occurs when one body plays the role of purnch
exealting a relative diding motion on a substrate body. The transient process usualy tends to a
steady or quasi-steady state occurring at fixed contad stressand strain distribution.

In many pradicd indwstrial applicaions it is very important to predict the form of wea
shape and contad stresses distribution. Usually, the simulation is performed by cdculating
incremental contad shape and presaure evolution by numericdly integrating the modified Archard
wea rate rule expressed in terms of relative dliding velocity and contad presaure. However, much
more effedive procedure can be developed by postulating minimization of the contad resporse
functional [1-5]. The stationary condtion of the functional then provides the contad stress
distribution compatible with the wea rate, assuring equili brium and suppat constraint condtions.

Usudly the wea processof purnch or combined wea of two bodes is acompanied by the rigid
body motion of punch with normal and tangential velocity comporents. A fundamental assumption
is now introduced, namely, in the steady state the wear rate vedor is colli near with the rigid body
wear vdocity of punch.When there is no wea of punch and only the wea of substrate, the contad
surface shape in the stealy state satisfies the compatibility condtion requiring coaxidlity of the
wea rate vedor and the elastic displacement rate diff erence at the contad point.

For two bodesin the relative dliding motion 5 classes of wea problems can be distinguished for the
fixed (intime) loading condtions:

Class 1. The rigid body wea displacenents are constrained by the boundry conditions
asaring structure suppat readions equili brating applied loading. The wea profile follows the
elastic or thermal displacements and the steady state corresponds to vanishing contad presaure.

Class2. The contad surface S, evolvesin time due to progressing wea process for instance,

in the case of spherica indenter sliding on a substrate with varying radius a = a(t) of the contact
zore. The quasi-steady wea state is then reaced with stress distribution dependent on a(t). In
fad, first the stealy state distribution of contad presaure and the surface shape can then be
spedfied for constant value of a. The evolution of steady states in the wea process can next be
spedfied for varying contad radius.

Class3. The contad surface S, does nat evolve in time and is spedfied. The rigid bodywea
velocity does not vanish and is compatible with the spedfied boundry condtions. The stealy state
is readied at which the contad stressis fixed with resped to the moving contad domain. Assuming
the body B, to play the role of an indenter and the body B, exeauting sliding motion, the contad
surfacewill befixed on B, andtranslatingonB, .

Class4. The classof problemsis the same as for Class2 but body B, isassumed to exeaute a
periodic sliding motion of the contad surface

Class5. The classof problems is the same as for Class3 but body B, is asumed to exeaute a

periodic sliping motion.

The present paper is aimed to extend the previous analyses [1-5] of steady state condtions to cases
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of periodic diding of contading bodes, assuming cyclic steady state condtions for the hea
generation. In our analysis it is suppased thet the grossdlip (or sliding) regime occurs between the
bodes. In this case the sticking zone no longer exists and the whale contad zone undergoes dlip.
The tangentia stresscan then be diredly cdculated from the contad presaure and the coefficient of
friction.

2. Wear rule and wear rate vector

The modified Archard wea rule [1] spedfies the wea rate W, , of the i-th body in the normal
contad diredion. Following the previous work [1, 2] it is assumed that

@ W, =B@) o] =A@ o = Bup) v =Bpiv, =12

where £ is the friction coefficient, 4,a,h arethewea parameters, 5 = 1”, v, =|u,| isthe
relative velocity which is spedfied from rigid body movement of the bodes, constrained by the
boundry condtions. The shea stress at the contad surfaceis denoted by 7, and cdculated in

terms of the contad presaure p, by usingthe Couomb frictionlaw 7, = 1/ p,,.

2. Numerical experiments

The spedfic case is related to wea analysis induced by a purch periodicdly translating on
an elastic strip. Referring to the stealy state contad presaure distributions for arbitrarily constrained
purch and nating that the presaure at one contad edge vanishes, then the maximal presaire at the
other edge istwicethe mean presaure [5] when hed generationis absent.

We anayse the wea process induced by the redprocd purch trandation and the hea
generation. Our goal is to spedfy the contad presaire distribution and the correspondng shape of
contad surfacein the steady wea state. The stress and temperature fields are cdculated in the
iterative numericd process and the weak forms of equili brium and hea condiction equations are
applied [3,4]. The couped thermo-mechanicd problem will be solved by operator split technique.
The mechanicd and thermal fields discretized by the p-versionfinite element approximation will be
spedfied separately in the conseautive time steps. The wea effed is cdculated incrementally by
applying the wea rule (1). The investigated examples demonstrate that the thermal distortion
affeds esentialy the contad shape asociated with the steady state and aso the contadt presaure
distribution during periodic dliding. The p-version of finite elements is used, thus asauring fast
convergence of the numericd process and acarate spedficaion of geometry for shape
optimization.
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Abstract

Theevauationof medanicd propeties of heterogeneousmateials presents multidisciplinary
taskwhere the contributon of microstrictural effeds isof majorimportant. Direct simulating of the
mateial strudures as heterogeneous continuumis inappopriae for several reasons because it re-
quires a large CPU time and did not improve the undestanding of the role of microstricture Re-
cently, multi-scale approach becane usdul simulating technique,where magosmpic medanicd
propeties of the heterogeneus solds are defined in terms ofgrain propeties and theirinteractions.

Among the numerica simulation methodsthe Discrete Element Method (DEM), introduced
by Cunddl and Strack [1] has becomethe mostuseful tool. Evaluation of the contad behaiour be-
tween particles is decisive in the DEM. Originall y, mostof the DEM applicaionsare aimed to sim-
ulatenoncohesive granular mateials with uniatera repulsive normel coniad.

Presented report addresses the normd contad between two elastic relatively stiff sphercad
paticlesinterading via weaker interfacemateial (Fig. 18). The problemis consdered andyticdly
and by applying the Finite ElementMethod (FEM). The 3D FE comprises two sphees bonded by
the three dimensioral cylinde. The above approac is aimed for devdopment of the DEM. Two
types of theinterfacematerial modelswere considered. The purdy elastic mateial was examined in
the fir st saies of sanples and comprishg wide range of various paameters. The analyticd modd
comprising combination of three sequential andparallel bondirg springs (Fig. 1b) was developed.

The viscodastic interfacemateial between two contading particles was examined in the se-
cond saies of samples. Viscoelastic properties of the solid obey of the Maxwell model (Fig. 1c),
while relaxation was desribed via Proly series[2].
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Fig. 1. Modified nomal conta¢ modd: a) geomety; b) bond mod! for eastic interface— springs
system c) bond modefor viscoelasticinterface— springs-dashpos system

a)

Variation of the linear bond stiffness parameters against relative easticity modulis
E* = Ej/Ey illustrating the weakening of the interfaceis givenin Fig. 2ain logarithmic scale. Here,
full interfacewith the daa value E* = 5 correspondsto the heterogeneous case of granite grains
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embedde into cementpaste,while the data value E* approximately equal to 10000correspondso
the heterogen@us case of granite grains embedde into asphalt Dashed horizontalline shows con-
tribution of the stiff ness ofparticles k; andk; which are indepeandent on interface The contribuion of
interface mateial expressed in terms of stiff nessof the interfacelayer k. and the parallel bondKppjj
exponentialy decay with decay of the interface propeaties The main obsevation is that resultant
stiff nessof the sequentially connested springs Kiic (thin line) and total stiffnessK,;; (bold line) con-
verges to the stiff nessof the interfacelayer k.. This modelas the FEM shaws, that deformability of
particles is negligibly small and could be negleded in the computtiond modelswith the relatively
weak interfacebonds Consegently, particles could be presented by rigid surface thereby, simpli-
fying computtiond model and educing the size of themodel.
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Fig. 2. lllustrdion of simulation resuts: @) variation of sepaate bond sffness paametrs with
weakening of the interface b) compaisoncdculation modds for weaker interface 1 — FE linear
mode| 2 — FE geometicdly nonlinear model

Comparson of employed elastic and visco-elastic modéds for the case of weak interfacerele-
vant to asphaltin terms of relative stiffnessk is illustrated by column-diagram given in Fig. 2b.
Here cdumnsl and 2 il lustrate FE results. Results showthatthis proposel modelfail s however for
the caserdatively wedker interfacebonds The above modelof contading particles with the paralel
bondis suitable for the evaluation of conta¢ with thick interface for the relatively strorg bonds
Therefore will be offered correctednormd conta¢ modelfor weaker interface bonds

It was foundthatfor weaker interfacethe FE nonlinea modelwith large deflection shoutl be
applied, becauseit gives higher acairacy of contad relative stiff ness compared with the modified
arglyticd cadculation cottad modd.

Obtanedresults by FE modelclearly demongrate influenae of the viscosty of interfacesolid.
For normd displacementof paticles equal to 6.6% of particle radius R, yields redudion of thein-
teradion force up to 56.% when compared to puely elastic poperties.

References

[1] Cunddl P. A. and Struck O. D. L (1979. A disaete numeical model for granular asseblies
Geotedhnique 291): 45-75.

[2] Masd E., Huang C., W., Airey G., Muliana A. (2008) Nonlinea viscodastic andysis of
unagged and aged asphalt binders. Constuction and Building Materials 22(11): 21702179



212 38th Solid Mechanics Conference, Warsaw, Aug. 27-312 20

CONSTRUCTION OF STATISTICALLY SIMILAR RVEsFOR 3D MICROSTRUCTURES
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1. Motivation

For many materials used in advanced engineeing appli caions, the maaoscopic mechanica re-
sporse is governed by the charaderistic microstructure of the material, which shoud therefore be in-
corporated in numericd computations. A suitabletod for the simulation of such micro-heterogeneous
materialsis the FE2 method, see eg. [3] and [5]. In this context a microscopic boundry value prob-
lem is olved at ead integration pdnt of the maaoscopic boundry value problem based on the
discretization o a representative volume dement (RVE). A drawbadk of this approach is the high
computationtime and highamourt of memory required when applyingit to complex microstructures.
The definition o statisticdly similar RVEs (SSRVES), which are charaderized by a reduced com-
plexity compared with red microstructures lead to more €ficient cdculations. In 2D the construction
of SRVEs provesto be successul in a series of numericd examples, cf. [1], [4].

Figure 1. Red DP-sted microstructure (in coorporation with D. Ragbe, Max-Planck-Institut fur Eisen-
forschung Dussldorf) and two SSRVEswith two and five dli psoidal inclusions.

2. Construction of SSRVEs

We propose amethod to construct 3D SSRVES based on the minimizaion o a least-square
functional takinginto acmurt the diff erences of suitable statistica measures charaderizing the inclu-
sion morphdogy o agiven red microstructure. As datisticd measures we use the volume fradion
(Py), spedral density (Psp) andlined path function (P ), which e.g. is given by

N. Ny N.

@ Pl kD)= g S )

p=1 ¢=1 o=1

describing the probability of a line segment z;z5 to be located completely in the inclusion prese I,
see[2]. Thereintheindicaor function y’ isequal to oreif theline segment 7z, isin phase I and zero
ese. N,, N, and N, dencte the number of voxels considered in the three @ordinate ais diredions.
The least-square functional

@ L) =D wi (P = PISVE()) — min
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is minimized by an optimizaion procedure, cf. [1], where ~ represents a suitable parametrizaion
of the inclusion phese morphdogy. Several types of SSRVEs are cnsidered, which differ in the
number of elli psoidal inclusions representing the inclusion phase of the microstructure. We focus
on the construction d SSRVESs for ared microstructure of a DP-sted obtained from measurements
by Eledron Badkscater Diffracion (EBSD) combined with a Focused lon Beam (FIB), cf. [6]. A
DP-sted microstructure and two correspondng SSRVEs are depicted in Fig. 1.
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Figure 2. Comparison o mechanicd resporse in uriaxia tension tests based onthe target structure and ontwo
different SSRVEs.

A first chedk of the quality of the methodis performed by comparing the mecdhanicd resporse
of the red EBSD microstructure with the ones of the SSRVES in virtual experiments. For uniaxial
tension in x- and z-diredion it turns out that the mechanicd behavior is comparable, see Fig. 2.
Further numericd examples are discussed to demonstrate the performance of the method
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TWO-STEP HOMOGENIZATION SIMULATION
OF POLYCRYSTALLINE PIEZOELECTRIC MATERIALS

Y. Uetsuji®, H. Kuramae' and K. Tsuchiya?
! Osaka Institute of Techndogy, Osaka, Japan
2 Tokai University, Hiratsuka, Japan

1. Introduction

Piezoeledric materials generaly consist of many grains at a mesoscde and domains at a
microscde. Each domain shows stronganisotropy acording to the asymmetric crystal structure. The
maaoscopic materia properties of paycrystali ne piezoeledric materials have alarge dependenceon
these microscopic crystal morphdogy. Therefore, it is important to understand the effed of
multidomain and multi grain structures on maaoscopic material properties. In this paper, amultiscde
modeling of multigrain and multidomain structures was presented for piezoeledric materials.

2. Computational scheme

Figure 1 shows amulti scd e modeli ng of multi grain and multidomain structuresin piezoeledric
materials. The microstructure consists of intragranular domains and the mesostructureis an aggregate
of randam-orientating grains. The asymptotic homogenizaion theory was employed for bridging
three scdes among micro, meso and maao structures. Then multiscae formulations of a couped
problem which invalves mechanicd displacenent and eledric potential were discretized and solved
by finite element method [1]. In addition EBSD-measured crystal orientations [2] were introduced
into multi grain mesostructure.

EBSD-m red ! cha:ggiirgt;gﬁl':o 64 um
crystal Orlentatlokhi cknessdiredion: 1.66 pm

First step Second step

T Multigrain.~~ _~ Medanicd  Eledric
Multidomain load load
A
e A
180 domain 90" domain %
Microstructure M esostructure Macrostructure

Figure 1 Multiscde modeling of multigrain and multidomain structures in piezoeledric materials.

3. Results and discussions

Thefirst step isthe homogenization of multidomain microstructure. A typicd microstructure, a
dual-domain structure consisting of 0 and 180degreedomains, was model ed. The materia properties
of aBaTiOs sing e crystal was inputed into ead domain. The homogenized material propertieswere
estimated as changing the volume fradion of 0 degree domain from 50% to 100%. In case of
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piezoeledric strain constants, the computation indicated their homogenized properties increase
linealy from zero at unpded state to the maximum at full-poled state. On the other hand, it was
recognized that the some spedfic comporents of dieledric constants and elastic compliance
constants don t satisfy the law of mixture and the piezoeledric eff ed makes their comporents change
noninealy acording to volume fradion of 0 degreedomains.

The next step is the homogenization of multi grain mesostructure. A redistic three dimensional
model of aBaTiOs palycrystal, which was constructed by repeaing EBSD measurement, was applied
to mesostructure. The mean diameter of a grain was approximately 6.71 um. Then the above
homogenized material properties of multidomain structures were inputed into every grain of the
mesostructure. Figures 2-4 shows the relation between the maaostructural homogenized materia
property and the volume fradion. Piezoeledric strain constants increase linealy, but al other
comporents of dieledric and elastic compliance constants vary norlinealy acwrding to volume
fradion of domains.
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CONCURRENCE OF THE MICRO-SCALE CALCULATION AND INVERSE
IDENTIFICATION OF PARAMETERS USED FOR MODELLING ACOUSTICS
OF POROUS MEDIA

T. G. Zieliriski
Institute of Fundamental Technological Research, Warsaw, Poland

1. Introduction

There are several widely-used acoustic models of porous media, starting from that simple,
purely phenomenological, model proposed by Delany and Bazely, and finishing with semi-pheno-
menological propositions of Johnson et al., combined with the ones of Champoux and Allard, with
some important variations proposed by Pride, Lafarge, and others [1]. All these models use some av-
erage macroscopic parameters, namely: the total porosity and flow resistivity (or permeability) — for
the Delany-Bazely model — which are supplemented by the average tortuosity of pores and their char-
acteristic dimensions — in the case of more advanced semi-phenomenological models. These models
allow to describe the acoustic wave propagation in porous media in a wide frequency range, provided
that the skeleton is rigid. However, using some formulas derived for these models with the Biot’s the-
ory of poroelasticity permits to describe correctly sound propagation in soft porous materials. Thus,
the determination of the above-mentioned parameters is very important. For direct, experimental mea-
surements specialistic equipment is required, different for various parameters. Therefore, an inverse
identification based on curves of, for example, acoustic impedance or absorption (measured for sam-
ples of known thickness) can be used to estimate the model parameters. In this work, it will be shown
that knowledge of micro-structural geometry of porous medium is very helpful to validate correct
estimation. Moreover, a periodic microscopic cell consisting of a few pores representing an average
morphology of porous ceramics is proposed to serve for numerical analyses to estimate permeability
parameters. The concurrence of such micro-scale derivation and inverse identification is discussed.

2. Inverse identification and microstructural analysis

Samples of porous ceramics Al,O3, with the known total porosity of 90%, are examined in the
impedance tube using the transfer function method, in the frequency range from 500 Hz to 6.4 kHz.
Experimentally-determined curves of acoustic impedance and absorption are then used for an inverse
identification of the remaining model parameters, namely: tortuosity «, viscous and thermal perme-
abilities, ko and kj{, and two characteristic lengths — for viscous and thermal effects, A and A’. To this
end, five dimensionless parameters, ps,...,ps, are defined in some relation with the model parameters
and then, an optimization procedure with appropriate constraints is carried out, in order to match the
curves measured experimentally with the ones calculated from the equations of the Johnson-Allard
model [1]. As a matter of fact, some experimental data are used for the determination of parameters
while the other data — obtained for another sample of the same porous ceramics, yet having different
height — serve for the validation purposes. The absorption curves, obtained for two samples of differ-
ent height, namely, » = 18 mm and ~ = 24 mm, are shown in Figure 1(a). Figure 1(b) presents the
identified values of the five dimensionless parameters, whereas the corresponding initial and identi-
fied values of model parameters are given in Table 1. It is observed that the identified characteristic
length for thermal effects corresponds very well to the average radius of pores, whereas the charac-
teristic length for viscous forces is similar with the average radius of “windows” linking the pores (cf.
also 2A = 127 um and 2A’ = 581 ym from Table 1 with, respectively: 113 um and 529 pm found
in Table 1 in [2]). This is a very important agreement which validates the results of identification.
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Figure 1. (a) Absorption curves (measured and modelled after parameter identification) for samples of porous
ceramics of height h, (b) identified values of dimensionless parameters, (c) periodic cell with porosity of 90%.

a A [m] A’ [m] ko [m?] kg [m?]
(a) 1.0000e+000 2.0000e-005 2.0000e-005 9.0000e-010 9.0000e-010
(b) 1.5318e+000 6.3439e-005 2.9044e-004 6.9538e-010 8.9897¢-009

Table 1. Initial (a) and identified (b) values of model parameters.

Moreover, using these average radii of pores and windows, a periodic cell with porosity of 90% is
constructed, see Figure 1(c). It is used for three-dimensional numerical analysis of the micro-macro
transition approach for sound absorbing porous media [3, 4]. To this end, the multi-scale asymptotic
method is applied [5], which permits to determine the macroscopic material description from knowl-
edge of the physics and geometry at the microscopic level. The viscous permeability, obtained in that
way, corresponds to the value identified from the experimental curves.
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ROTATIONAL MOTION OF A STOCHASTIC NON LINEAR MATHIEU EQUATION
UNDER WHITE NOISE AND NARROWBAND EXCITATION
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2Department of Mathematical Sciences, NTNU, Trondheim, Norway

1. Introduction

This paper considers the stochastic dynamics of a non-linear Mathieu equation which describes
the motion of a linearly damped mathematical pendulum with a vertically excited suspension point
also known as parametric excitation. The previous system is governed by the following equation:

)) 0 + 206 + g_._f(t)] sinf =0

l l

where 6 is the angle of inclination, « - the damping coeffecient, [ - the length of the pendulum and
most studies consider the excitation force to be perfectly harmonic, f(t) = A cos(wt).

It has been proved by numerous studies [1, 2, 3] that system (1) is capable of establishing
different types of motion from small oscillations to pure rotations and chaos. Different numerical
techniques, such as bifurcation analysis, Lyapunov exponent, etc., have been used to identify the
instability domains of (1) corresponding to rotational and chaotic motion and especially the rotational
subdomains. Such an interest has been motivated by the idea of using the parametrically excited
system for designing of a Wave Energy Converter (WEC) [2, 3] which can extract energy out of the
rotating pendulum, while ocean waves provide a vertical excitation of the pendulum suspension point.
Despite the interesting idea, it should be noted that ocean waves are not perfectly periodic and should
be modeled as a narrowband process [4]. Here, two types of modeling options are considered. First,
random phase modulation proposed by Wedig [5] reading:

w

@ ft) = Acosqlt),  q=g+oC(t), EL®]=0,  ELO(+7)) = Dé(r)
where ((t) denotes the stationary Gaussian white noise with a constant intensity D = ¢ and E|/]
is the operation of expectation. Thus, in view of the potential application for energy harvesting, first
approach leads to understanding the behavior of the system (1) after a proper non-dimensionless time
is introduced:

3) 0"+~ + [1+ X cosg(t)] sinf = 0, — A=

with ¢(t) defined in (2). The second one is described simply as f(¢) = ((¢) resulting in:

) 9.—1—2&9—0—{?4-«;)} sinf =0

2. Path integration technique

For the analysis of the aforementioned systems, a numerical approach was adapted based on the
path integration (PI) technique [6]. The PI method constructs the joint response probability density
function (PDF) taking advantage of and requiring the stochastic process to be Markovian. Particularly
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Figure 1. (a) Parameter space plot for random phase modulation and values of v=0.3, D = 0.005, z(0) =
0.017; (b) PDF for v = 1.8, A=4.0;

for the three dimensional case, the joint PDF at time ¢ is calculated based on the one at time ¢’ = ¢t — At
as from the Chapman-Kolmogorov equation:

oo oo T

(5) p(z,y,q,t) :/ / /p(fr, y, gty d  )p(a’y' ¢ t)dg da'dy'

—00 —0O0 —T

where p(z,y,q,t|z',y, ¢, t") will be referred to as the transition probability density function (TPD).
The evalution of the TPD stems from noticing its Gaussian nature since ((¢) is Gaussian white noise

[6].

3. Results and conclusions

In this paper, identification of the rotational instability subdomains was conducted by building
parameter space plots (fig. 1(a)) characterising the probability of rotational motion through the re-
sponse PDF (fig. 1(b)). Different initial conditions, damping coefficients and noise intensities were
studied regarding their affect on rotational motion. Numerical results showed that the initial condi-
tions selection had no influence on the resulting motion of the system (1), unlike the behaviour of the
determenistic one. As for the damping term, bigger values would help maintain the rotational motion
robustness while increasing noise intensity tends to eliminate rotational subdomains.
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GENERALIZED MOMENT EQUATIONS TECHNIQUE FOR DYNAMIC SYSTEMS
UNDER NON-POISSON IMPULSES: APPROACH BASED ON
INTEGRO-DIFFERENTIAL CHAPMAN-KOLMOGOROV EQUATIONS

R. Iwankiewicz
Institute of Mechanics and Ocean Engineering, Hamburg University of Technology, Hamburg,
Germany

1. Introduction

If the excitation is a non-Poisson (e.g. renewal) impulse process, the state vector of the dy-
namic system is not a Markov process. The conversion of the original non-Markov pulse problem
into a Markov one is in some cases possible owing to the introduction of auxiliary state variables in
form of pure-jump stochastic processes. If auxiliary state variables are governed by stochastic differ-
ential equations driven by a single Poisson process or by independent Poisson processes, the original
state vector augmented by those auxiliary variables becomes a non-diffusive, Poisson-driven Markov
process. Then the differential equations for moments may be derived. These pure-jump stochas-
tic processes have to be explicitly formulated either as some transformations of a Poisson counting
process [1, 2], or directly with the aid of the stochastic differential equation [3, 4]. The explicitly
introduced, Poisson-driven, pure-jump stochastic processes are characterized by a chain of Markov
states. Consequently the original state variables and the states of the auxiliary pure-jump stochastic
process are jointly Markovian and the problem is characterized by a mixed-type joint probability den-
sity - discrete distribution function. Such a function is governed by the forward integro-differential
Chapman-Kolmogorov equation. The moments are defined as integrals with respect to the mixed-
type, probability density - discrete distribution function. Based on the forward integro-differential
Chapman-Kolmogorov equation the generating differential equation for moments is obtained. An
illustrating example is also given.

2. Statement of the problem

A general case of a non-linear oscillator under an external or parametric impulse process exci-
tation is considered. A random impulse process excitation is defined as

N(t)
(1) F(t) =Y Po(t—t),
i=1

where the occurrence times ¢; of impulses are driven by a non-Poisson counting process N (t), giving
the number of counts in the time interval [0,¢), i.e. excluding the one that possibly occurs at the
time ¢. The impulses magnitudes P, are assumed to be identically distributed, independent random
variables.

An auxiliary, pure-jump stochastic process is introduced, characterized by a number of Markov
states [5]. The jumps are defined in such a way that the actual impulse (i.e. the jump in the velocity
response Z(t)) only occurs if there is a jump between some particular Markov states. Then the
problem described by the original state variables of the dynamic system and by the Markov states of
the auxiliary jump process is jointly Markovian. Accordingly, the response probability distribution is
characterized by a joint probability density - discrete distribution function g;(z1, 22, t) of the response
state variables - the displacement Z;(t) and the velocity Z»(t) and of m states S(t) of a pertinent
Markov chain, defined as [5]

2) q;(71, 29, t)dz1dze = Pr{Z1(t) € (21,21 + dz1) N Za(t) € (22, 22 + dz2) AN S(t) = j},
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where 7 = 1,2, ..., m. The fundamental equation for such a continuous-jump Markov process is the
general forward integro-differential Chapman-Kolmogorov equation [5, 6]

0 0
atb Z7t) - 77; 827»
(3) m
> [Jizy (2. %, 0)qi(x,1) — Jizy (%, iz, 5, t)q; (2, 1) | dx

i=1

—~

(2, 1)q;(z, )] +

é\g

where ¢,.(z,t) are the drift terms of the equation of motion written down in the state space form and
Jizy(2,j|x,i,t) is the jump probability intensity function [5, 6] which must be determined for the
pertinent chain of Markov states.

The moments are defined as
“@ E,[V(z(t),1)] = / V(z(t), t)q(z, t)dz, j=1,2,...,m.

—00

The generating equation for moments is obtained, with the aid of the forward integro-differential
Chapman-Kolmogorov equation, as

oo

SE,v@n.0]) = 2 [ Vo) g s =

/ [V(y(t)vt)‘]{z}(yvjlzvivt)Qi(th) - V(z(t),t)J{Z}(y,i\z,j, t)qj(zvt)] dydz~
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WAVELET ANALYSISOF A DYNAMIC RESPONSE OF A BEAM
RESTING ON A NONLINEAR FOUNDATION

P. Koziot and T. Krzyzyrnski
Koszlin University of Tecdhndogy, Koszlin, Poland

1. Introduction

Due to the recant intensive development of transportation, new construction posshiliti es and
better methods for prediction of vibrations impad on an environment are needed. Experimental
studies show that nonlinea approaches are better for modelling of red behaviour of existing
structures subjed to dynamic excitations, compared to linea models. One can recogrize a ladk of
analyticd methods for analysis of norlinea systems. For moving load problems, one finds a
number of pubished results invaving numericd computations. Few anayticd solutions are
obtained for a dynamic resporse of a beamn resting on a norlinea foundition [1-3]. These solutions
are usualy based on perturbation methods and can give results insufficiently exad for parametric
andysis. A method using wavelet expansion of functions combined with the Adomian’'s
decompasition [4] is applied in this paper to the model consisting of the Timoshenko bean resting
on a norlinea viscoelastic foundation and subjeded to a moving load representing a train
movement.

2. Model formulation and semi-analytical solution

The foll owing equations for a homogeneous infinite Timoshenko bean resting on a nonlinea
viscoelastic foundhtion are considered:

2 2
a;tv2v+ da(;{[v—sf)\(/;l+s(§:+ f(W) = P(xt), J%—EI %+SP—S%—V::O
where W is the transverse displacanent, W is the anguar rotation of the crosssedion, x is the
spacecoordinate in a diredion aong the beam, t represents the time and the parameters are: the
massper unit length m, = pA, the viscous damping of foundition C , the shea stiffness S = kAG,
the mass moment of inertia J = ol , the bean flexural rigidity El , the Younds moduus E, the
moment of inertia | , the shea moduus G, the massdensity o, the crosssedion area A and the

shea corredionfador « . The boundary condtions shoud refled the fad that the displacament, the
bending moment, the shea force and the slope of the beam curvature tendto zero.
Theterm f (W) representsthe norlinea restoration [3]:

@) f(W) =k W +kyN(W)

where k_ isthe linea coefficient of foundition stiffnessand ky is a nonlinea part of foundation
stiffness The function N(W) describes the form of the norlinea fador, usualy taken as
NW) =W? [1,2]. A more genera form of function N(W) is considered in present paper. It is

asumed that the function f isanalytic andthereforeit can be expanded by the Taylor series[3].

The moving force is modelled as a finite sum of loads harmonicdly varying in time and
distributed on separated intervals:

@ m,

3) P(x 1) = LZ_Zl"zfzkos?(”(x"w ;6(12a+5)|))H (@ - (x=VT - (2a+ 9))?) expliat)
1=0
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where H(.), 2a, Ry/2a,V, Q=2mf,, L and s arethe Heaviside function, the span of load, the

amplitude of the load, the velocity and the frequency of the moving load, a number of separated
impul ses and the distance between them, respedively.

A speda method using a wavelet expansion of functions combined with the Adomian’'s
decompasition is adopted for solving the investigated model [4]. The usefulness of the wavelet-
based approximation for the analysis of various linea and stochastic problems was proved before
[4,5]. An expansion of functions using the wavelet filter of coiflet type (p;) isapplied for solution:

k N k N
i X 1 P P .. ek max P i _ . n
(4) F(x) = lim f,(x) = lim —5— D Q. pie? )k:Zk: f((k+ jZ:;,)lp,-)Z "eX

n+1
27k i

where k, and N, are the parameters associated with a spedfic set of coiflets (p;) and f denates

the Fourier transform of function f. A generdized coiflet filter of length 8 is used for the
improvement of the efficiency of the method, instead of the clasdcd filter of length 18 applied in
past papers [4,5]. The Adomian’s decompasition assumes a form of solution represented by a series
with one linea term and an infinite number of unknowvn functions related to the norlinea part,
which must be determined in order to solve the problem:

5 W= ivvj (9, W09 = iowj .
j= j=
The norlinea term N(W) isrepresented by asum of Adomian polynomias Q; [3]:
©) f(N(D) = ngj (x-V1).
i
For aderivation of terms W, and W; (Egs. 5) the coiflet-based approximation (Eq, 4) is used.

3. Conclusions

The developed method all ows to al eviate difficulti es associated with numericad computations
and gives passhility of effedive parametric studies. The obtained semi-analyticd solution enables
discusson regarding the influence of the considered norlineaity on the beam resporse. Numericd
exampl es showing the system behaviour for various parameters are presented.
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ON SHELL ELEMENTS DERIVED FROM HU-WASHIZU FUNCTIONAL

K. Wisniewski' and E. Turska?
Unstitute of Fundamental Technological Research, Warsaw, Poland
2Polish Japanese Institute of Information Technology, Warsaw, Poland

1. Introduction

The purpose of the presentation is to summarize our recent results regarding the formulation
of shell elements based on the Hu-Washizu (HW) functional with rotational degrees of freedom,
[1,2,3,4]. Several numerical examples will illustrate such aspects of their performance as: accuracy,
radius of convergence, required number of iterations of the Newton method or the arc-length method
and time of computations. Some examples enabling comparisons with the ’solid-shell” element based
on the HW functional will be provided.

2. HW shell element with rotational degrees of freedom

The formulation of our four-node shell element with rotational degrees of freedom based on
the Hu-Washizu (HW) functional is described in detail in [1]. It is an enhanced element with six
dofs/node, enabling finite (unrestricted) rotations, and developed for Green strain. The drilling rota-
tion is included through the drilling Rotation Constraint equation. The key features of the approach
are as follows.

1. The shell HW functional is derived from the shell potential energy functional, which is an alter-
native to the derivation from the three-dimensional HW functional. This method is more versatile
as it enables the derivation of the so-called partial HW functionals, with different treatment of the
bending/twisting part and the transverse shear part of strain energy.

2. For the membrane part of HW shell elements, a 7-parameter stress, a 9-parameter strain and a
2-parameter EADG enhancement are selected as optimal. The assumed representations of stress and
strain are defined in skew coordinates in the natural basis at the element’s center. This improves ac-
curacy and has positive theoretical consequences.

3. The drilling Rotation Constraint equation is treated by the Perturbed Lagrange method. The faulty
term resulting from the equal-order approximations of displacements and the drilling rotation is elim-
inated and one spurious mode is stabilized using the gamma method. The proposed formulation
is insensitive to the element’s distortions and yields a large radius of convergence in the examples
involving in-plane bending.

The performance of 4 four-node shell HW elements, differing in formulation of the bend-
ing/twisting and the transverse shear parts, is analyzed on several numerical examples. The element
with 29 parameters (HW29) is selected as the best performer.

3. Example: quarter of orthotropic hemisphere

A quarter of the hemispherical shell with an 18° hole is loaded by two external forces, see
Fig.1a. The same boundary conditions are used as for an isotropic material, which for an orthotropic
material do not preserve symmetry of deformation. The mesh consists of 16 x 16 elements, and the
4-node element HW?29 with rotational dofs and the 8-node ’solid-shell” element SS HW47 are used.

The material is the carbon T300/epoxy composite, and the orthotropic material constants are as
follows: Ell = 589, E22 = 521, E33 = 112, Vg = 0048, V13 = 0442, V93 = 046, G12 = 401,
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G113 = 3.87, Gia3 = 3.71. The material orientation is defined using the spherical coordinate system
and the material direction vector 1 is tangent to the parallels of latitude.

The nonlinear analyzes are performed using the arc-length method for P = 1/10° and the
results are shown in Fig.1b. The element HW29 crashes at the inward displacement equal to 13.5,
while the ’solid-shell” elements SS HW47 performs up to 15, for which a very distorted shape of is
obtained. Up to the inward displacement equal to 10, both these classes of elements yield an almost
identical deflection, despite the fact that they use different types of orthotropy; the first one uses
full orthotropy (9 constants) while the other uses the orthotropy modified by the Zero-Normal-Stress
condition (6 constants).

b) carbon T300/epoxy, Green strain, mesh 16x16, h=0.04
0.005

HW29, COMP, ANA ' —+— =
0.0045 |-SS HW47, COMP, ANA — - i ]
0.004 -

0.0035 P

0.003 .
0.0025 froo]
0.002 O
0.0015 ) —
0.001 I

0.0005 / —

-~

0 2 4 6 8 10 12 14 16
Inward displacement at force P

Load

0

Figure 1. Quarter of hemispherical shell. a) Geometry, b) Nonlinear displacements for various HW elements.
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ON TWO-DIMENSIONAL MODELSOF THERMOELASTIC SHELLSIN THE
FRAMEWORK OF LORD-SHULMAN NONCLASSICAL
THEORY OF THERMOELASTICITY
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The present pgoer is devotedto investigation of initial-bounday value problem correspording
to Lord-Shulman dynamicd linear three-dimensioral model of themoelsstic bodies, and to
constudion and justification of hierarchicd two-dimensioral modelsfor themoelastic shellsin
corresponding Sobolev spaes. We consder Lord-Shulman linear three-dimensiordl model for
anisotropic homogeneus themoelsstic bodies,which was obtainedby H. Lord and Y. Shulman [1]
to eliminate shortmmingsof the classcd thermodasticity, suchas infinite velocity of themoelastic
disturbanes thatis inconsisent with thereal physical propetiesof elasticbodies.In Lord-Shulman
model instead of the classicd Fourier law of heat condudion Maxwell-Cataneo law was used
which is a generalizaion of Fourier law and depend ononerelaxation time paamete. Hence, the
equaion correspondig to thetempeaturefield involve second order derivatives of tempeature and
divegene of displacanent vector-function with respect to the time variable. The problem of
propagation of a themoelastic wave was studied and domainof influence result for Lord-Shulman
modelin spaes of classtcd smodh enough functions was obtainel in [2], and problems of steady
oscillations and pseudo-oscillations were investgated in [3] applying methods of the theoly of
integral equdions.

We consde variation formulation of initial-bounday vaue problem in differential form
correspondig to Lord-Shulman dynamicd nondassicé three-dimensioral model and show their
equivalence in the spaces of smodh enough functions. On basis of variation formulation we define
spaes of vector-valued distributionsin which theinitia-bounday value problemcorresponding to
Lord-Shulman modelis well-posed and applying suitable a priori estimates we prove the existence
and uniguenasof soluion of the three-dimensiond initial-bounday value problem In addition, we
obtain energetic identity, which permits oneto prove continuousdependence of soluion on initial
and bounday conditions and desities ofbody forces andheat soures.

Since numeica solufon of initial-bounday value problem corresponding to Lord-Shulman
three-dimensiorel modelrequires complicated algorithms, it is important to constuct approximate
two-dimensiorel modelsfor three-dimensioral problem taking into acount geometic shag of
themoelastic body. In the framework of Lord-Shulman nondassica theow of elasticity we
consder genea themoelastic shell with variable thicknessin curvilinea coordinaes which may
vanish on a pat of the laterad surface and construd its two-dimensiond hierarchicd models
applying spedral method,which is a generalization of the dimensiorel redudion methodsugyestec
by I. Vekua [4, 5] in the theay of éasticity for plates with variable thickness and shells To
constuct two-dimensioral modds of plat |. Vekuaconsdered differential formulation ofthe three-
dimensiordl initial-bounday value problem and approxmating comporents of the displacament
vector-function by partial sumsof orthogond Fourier-Legendre seaies with respet to the variable
of platethicknessa hierarchy of initial-bounday value problemsdefined on two-dimensiorel spae
domainwas obtainal. Note thatthe classicd Kirchhoff-Love and Reissner-Mindlin modelscan be
incomporaed into the hierarchy obtainel by I. Vekuasothatit can be consdered as an extensionof
the frequently used engineeing plate models. Static two-dimensiorel models constucted by |I.
Vekuafor thin shallowv shdls first were investigated in Sobdev spaes in [6] and for homogenous
isotropic platethe rate of approxmation of the exad solufon of the three-dimensioral problemby
the vector-functions of three space variables restoral from the soluions of the reduced two-



Session: Shells and Plates 231

dimensioral problemsin the spaes of classicd smodh functions was estimated in [7]. Later on,
various two-dimensioral and onedimensiorel models were construded and investgaed for
problemsof thetheor of elasticity and mathematica physics applying I. Vekuds redudion methoc
andits generalizations (se [8-10] and references given theein).

To obtain a hierarchy of two-dimensiorel modds of themoekstic shell we constuct
sequences of subspaes of the spa@s corresponding to the original three-dimensioral initial-
bounday vaue problem which consst of vector-functions whose components are polynomials
with respet to the variable of shell thickness. Note that the constucted subspaes are weightec
Sobolevspaes of function defined in two-dimensioral Lipschiz domain,when the thicknessof the
shellvanisheson a part of theboundxry. Projecting the original three-dimensioral problemon these
subspaes we constuct a hierarchy of dynamicd two-dimensiorel models,when surfaceforce and
heat flux densities are given along the facesurfaces and along a pat of the lateral surface and the
shellis clampal and the tempeature vanishesalong the remaining part of the bounday. We prove
the existence and unigueness of soluion of two-dimensiordl initial-bounday value problem in
suitable spaes of vector-valued distributions. We also obtainenergetic identity, which permits one
to showcontinuousdepedence of soluion on given fundions.We investigate relationshp between
the hierarchy of dynamica two-dimensioral modds of anisotopic homogeneous themoekbstic
shelk obtainal from Lord-Shulman model and original three-dimensiordl initial-bounday value
problemand provethatthe sequence of vector-funcionsof three spa@ variablesreconstricted from
soluions of the reduced problems conveges in correspondng Sobolev spaes pointwise with
resped to thetime variable to the soluion of the three-dimensiord initial-bounday value problen
and unde additional regulaiity conditions weestimatethe @te d convergence.
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BUCKLING OF THE COMPOSITE PLATESWITH HOLES SUBJECTED TO UNIAXIAL
AND BIAXIAL COMPRESSION
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1. Introduction

The presence of ahadein an otherwise uniformly compressed compasite plane shed generally
causes a stress concentration and a reduction of the resistance to the loss of a global stahility.
However, cut - outs of a different shapes have to be made into laminates for pradica reasons. This
problem is extensively reseached and discussed in the literature [2] - [6].

In this work the influence of a holes of an arbitrary shape on the global stability of alaminate
plates is investigated. In the Fig. 1. there is shown a multilayered composite structure in the
Cartesian co - ordinate system. The structure is made of two parts: the host plate Q that occupies the
volume Q=Q, — Q,, where €, is the volume of the composite plate and €, denates the volume of
the arbitrary shape hole. The considered plates consists of N = 30 layers and the feasible
configurations are as foll ows: [0°]3o, [£45°]15 and [90°]30. Material of fiber are highly anisotropic
medanics properties. It means that the young moduus E; (fiber diredion) is greaer than E,
(diredion perpendicular to the fiber). The compressve loading of the plate is assumed to be in the
form of uniform stressboundry condtion on ead edges. Moreover, the plate is ssmply suppated.

Lx t

(e
N

Fig. 1. Laminated composite redanguar plate with acircular hale.

2. Arbitrary shape of openings

The geometricd representation of a different shape cutouts in the XY -plane is presented by
Abuelfoutouh[1] as simple equations:

(1) x = A(cos(g) + weos(ng)), y = A(csin(¢) - wsin(ng)).

The parameter A, which is a positive and red number, controls the size of the cutout. The integer n
and the parameter ¢ determines the shape of cutout. The parameter w is the bluntnessfador which
changes the radius of curvature at the corner of the cutout. For example, for w = 0, n =1, ¢ =1 the
circular shape can be obtained, w = 0.1, n = 3, ¢ =1 - the square shapeandw = 0.25,n=2,c =1 -
the trianguar shape.

3. Method of the analysis and results

In order to obtain the buckling mode and correspondng value of the criticd load multiplier
for the different shape and size of the cut - outs the numericd anaysis was performed. The
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cdculations were made with use of commercial finite element system ANSY S12. We use the shell
elements, namely multil ayered shell element SHELL181 The maximal size of the cut - outs is
limited by the stressconcentration, which can cause the composite damage in first ply failure (FPP
sense. Below in the Fig. 2 shown the results of cadculation for arbitrary chosen shape and load case
are shown.

a) b)
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Fig. 2. Criticd load multi plier for a) redanguar plate with circular hdek = 1, b) square plate
with elli psoidal haek = 0.5, wherek = o,/ oy istheratio of external load stress

S

S & & &
5 S & &
o°

S & & s
& &
QP o > Q/:b Q’:’ Q"l/

As it can be observed, the significant influence on the value of criticd load multiplier has the
configuration of the laminate. The highest absolute values are obtained for the configuration
[+45°]15 and the lowest for the configuration [90°]3,. Moreover, in the Fig. 2b for [90°]30 the
number of half- waves changes with resped to the size of €lli pticd cut -outs.

Generaly, the presence of a openings cause the loss of buckling resistance For a very small
cut - outs the value of criticd load multiplier is comparable with values obtained for structure
without any holes. For a large openings, where the ratio d/b (d diameter of an hale, b is a shorter
edge of a plate) is abou 0.25 the reduction of the value of criticd load multiplier is over 40 %.
Detail ed results varies significantly depending on the adopted corfiguration of the laminate as well
as the shape of the hoe and the applied load.
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THE STRESS-STRAIN STATE OF A THREE-LAYERED SPHERICAL SHELL
UNDER NORMAL PRESSURE

S. Bauer, E. Voronkova and L. Karamshina
St. Petersburg State University, St. Petersburg, Russia

1. Introduction

The current paper is concerned with the mechanical behavior of multilayered orthotropic spher-
ical shells loaded by normal pressure.

Laminated plates and shells appear in a number of engineering or biomechanical applications.
Namely, three-layered spherical shell can be used as a basic model for the human eye. The layers rep-
resent the main layers of the outer coat of the eye (the sclera, the choroid and the retina), respectively.

2. Material and methods

We consider a multilayered spherical shell deformed by inner normal pressure. Transversal
isotropy is assumed for each layer. The mechanical and geometrical characteristics of the layers
differ from each other.

Two refined theories for orthotropic plates of moderate thicknesses worked out by Paliy-Spiro
(PS) [1] and by Rodinova-Titaev-Chernykh (RTC) [2] are employed to study the stress-strain state
of the shell. Results found with the RTC and PS theories are compared with those obtained with the
exact 3D theory of elasticity.

We also compare results for obtained the three-layered shell with those for one-layer shell with
average elastic properties.

3. Results

For transversally isotropic spherical shell of one layer, we obtain the displacement of the middle
surface by means of the 2D PS theory (u”®) and the RTC theory (u7¢) as

(1) uPS Jufl =1 — a(1 — v¥),
1 6v v (v)?
5 WBTC B — | gl — ™) — a2 (222 Y
@) w =)=~ 5% "1 6 )
where u"” is the Kirchhoff-Love approximation of the mid-surface deflection (uEL = %),

p — the load parameter, « = h/R — the relative shell thickness, (here & is the shell thickness
and R is the typical radius of the curvature), E;, E3, v,/ — the independent elastic parameters,
v* = BV /(Es(1 —v)).

Considering o < 1, the exact 3D-theory (u3") gives [3]

23D, KL _ 1 R\ 21_1/7*_17]‘* 3
3) wjutt =1—a(l—v") a<4 157 121/>+O(a).
One can find the exact 3D solution for isotropic spherical shell, for example, in [4].

The comparison of relations (1), (2) and (3) shows that both 2D-theories give two first terms of
the 3D solution (3). The RTC theory gives one of three terms of the third order in (3). For multilayered
shells the similar, but much lengthy formulas are also obtained.

In the multilayer shell, the salient points were revealed for radial stresses and displacements.
Circumferential stresses possessed jump discontinuities (gaps) near layer-to-layer contact lines. The



Session: Shells and Plates 235

more material properties differ from each other, the larger were the gaps. For the eyeball such effects
may lead to internal detachments of the inner layers of the eye shell under increased intraocular
pressure, e.g. a detachment of the choroid and the sclera.

4. Conclusions

The presented 2D shell theories give acceptable fit to the 3D exact solution for spherical shells
with a transversal isotropy. For orthotropic spherical shells or/and ellipsoidal shells adequate results
can be obtained by means of these theories.
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HARMONIC VIBRATION OF A CUSPED PLATE IN THE ZERO APPROXIMATION OF
VEKUA’S HIERARCHICAL MODELS

N. Chinchaladze
Iv. Javakhishvili Tbilisi State University, I. Vekua Institute of Applied Mathematics,
2 University Str.,, 0186 Tbilisi, Georgia

In the case of harmonic vibration we study the well-posedness of boundary value problems for
elastic cusped symmetric prismatic shells in the zeroth approximation of I.Vekua’s hierarchical model.
A survey of results concerning cusped prismatic shells one can find [4]. To the investigation of cusped
plates within the framework of classical Kirchhoff-Love model are devoted works of E. Makhover [6],
G. Jaiani [5], N. Chinchaladze [1], etc. In 2000 by G. Devdariani, G. V. Jaiani, S. S. Kharibegashvili
and D. Natroshvili (see [3]) the first boundary value problem for the system of cusped prismatic shells
in the first approximation was investigated. In [2] bending of the cusped plate in case of Vekua’s
hierarchical models was studied.

We consider symmetric cusped prismatic shells, i.e., plates of variable thickness with cusped
edges. We assume that the cusped plate projection w has a Lipschitz boundary dw = 7,U%;, where 7,
is a segment of the x;-axis and v, lies in the upper half-plane z, > 0; moreover, in some neighborhood
of an edge of the plate which may be cusped, the plate thickness have the following form

(+) (=)
2h(x1,29) = h (x1,22) — h (x1,%2) = hoxy, hg = const >0, k= const >0, z3>0.

Then 7, will be a cusped edge for x > 0.

In what follows X;; and e;; are the stress and strain tensors, respectively, u; are the displace-
ments, ®; are the volume force components, p is the density, A and ;1 are the Lamé constants, d;; is the
Kronecker delta. Moreover, repeated indices imply summation, bar under one of the repeated indices
means that we do not sum.

By wir, Xijr, €ijr, ®jr we denote the 7-th order moments of the corresponding quantities w;,
Xij, €i5, ®; as defined below:

+)
h (r1,22)
(Um Xijr-, Eijry @jr)(fﬂhih,f) = / (’% Xij7 €ijs (I)j> (151,1'2;13775)3(@1'3 - b) drs, j = 1773
(};)(m,xz)

I.Vekua’s hierarchical models for elastic prismatic shells are the mathematical models (see, e.g., [7],
[8], and [4]). Their constructing is based on the multiplication of the basic equations of linear elastic-
ity by Legendre polynomials P,(ax3 — b), where

) (;rl)( )+ (}—l)( )
X1, xr1,T

h(l’l .7:2)7 b(th l’z) = (+) o2 (-) S )

’ h (.Z’l., .772) —h (.7}1, .75'2)

a(xy, xg) :=

- +)
and then integration with respect to x3 within the limits h (x1,22) and h (x1,x2). By constructing
Vekua’s hierarchical models in Vekua’s first version on upper and lower face surfaces stress vectors
are assumed to be known.
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The mathematical model of elastic cusped plates with variable thickness, in the zeroth approxi-
mation is described by the following degenerating hyperbolic system [4]

phvsoe — it (h0a, ).+ (h030.0).0 | = MBag.a) 1 = @, a# B, a,8=1,2,
) phvso i — p(hvsoa).a = B,

) © N\ N, A AC I
where @7 := /14| ha) +( ha) QF +4/1+( ha) +| ha) Q +Pjo,are the ze-

roth moments of the volume forces ®;, v;, are the components of the zeroth moment of the displace-
ment vector. Q;r and (); are projections on the axis z;, j = 1,2, 3, of the surface forces Q™ and Q~
acting on the upper and lower faces of the prismatic shell; the ranges of Latin and Greek indices are
{1,2,3} and {1, 2} correspondingly.

0

Let us consider the case of harmonic vibration, i.e., vig(z,1) = e “vg(z), O (z,1) =

0
e”"(I)EO) (z), v =const >0, i=1,2,3.For 191-0(35) taking into account (1) we get the following
system (in what follows we omit the overscript index 0 if it will not lead to a misunderstanding)

—pr’hwgo — | (Wva0,)0 +(0g0.0)sa | = Ahvaoa) = B, a# 8, a,f=1,2,
—pl/2hU30 — 1(hvspa),a = q’;(a0>~

For arbitrary x > ( we introduce appropriate function spaces X, which are crucial in our anal-
ysis. We show coerciveness of the corresponding bilinear form and prove uniqueness and existence
results for the variational problem. We describe in detail the structure of the spaces X, and establish
their connection with weighted Sobolev spaces. Moreover, we give some sufficient conditions for a
linear functional arising in the right hand side of the variational equation to be bounded.
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RELAXATION OF RESIDUAL STRESSES IN A NONLINEARLY ELASTIC PLATE

S.V. Derezin, L.M. Zubov
Faculty of Mathematics, Mechanics and Computer Science,
Southern Federal University, Rostov on Don, Russia

1. Introduction

In the framework of general nonlinear plate theory we consider a buckling problem for an elastic
plate containing residual or eigen-(internal) stresses. In contrast to the Foppl-von Kdrmén model [1, 2]
the tangential strains are not supposed to be small. We obtain a system of nonlinear partial differential
equations with respect to the transverse deflection and the coefficients of the first fundamental form.
The system describes in particular the bending of the plate due to relaxation of internal stresses with
no external forces applied. In the case of very thin plate (membrane) that doesn’t resist bending we
show that there exists along with the plane stress state solution also the bent form which corresponds
to the relaxed state of the membrane.

2. Residual stresses

Residual stresses in the plate occur via the general incompatibility equation [3] of the plane
nonlinear elasticity theory

(1) V-[(detU)"e-U-(V-e-U)| =V-[(detU) e G-a] +0.
Here G = U? is the Cauchy-Green strain measure, e = —E x i3 is the 2D permutation tensor, E is the
identity tensor, cv is the density of edge dislocations, (3 is the density of wedge disclinations. Please

note, that other sources of residual stresses like distributed heat or growth parameters for biological
tissues [4] could be placed in the right hand side of the equation (1).

3. Relaxation process

Figure 1. Buckling of the plate due to the relaxation process

The particular advantage of slender bodies makes it possible to consider relaxation of stresses
by the escape in the third dimension. Here w is used to denote the transverse deflection of the plate.
Then

) G=VR-VR" =Vp Vp' + VuVw = G* + VuVuw.
Substituting (2) into (1) we have in the membrane limit (G = E)

0*w 0*w ( 0*w )2
Ozr? O3 0r10z9/
where [w,w] is the Monge-Ampere operator. In the case of the Foppl-von Kérmdan theory [1, 2]

instead of (3) one should use [w,w] = (. This type of equation according to the general theory [5]
gives no direct way of taking into account negative 3.

3) [w,w] = {1 - (Vw)Z} %[)’, [w, w] =
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4. Some results

Let the domain occupied by the plate, the distribution of incompatibilities 5 and the transverse
deflection w be axially-symmetric. Then equation (3) admits exact integration. Moreover we assume
the usual zero-slope condition [6] in the center of the membrane: w'(r)|,—o = 0.

Under such conditions for constant positive 3 we obtain

L e L V2B P 48
@) wlr) = VBT + 4B - g log oo e

)

whereas for constant negative 3

5) w(r) = %\/ﬂ%? +45 + \/ETB arctan ~ ﬁ\i%Zw - C,

the constant C' in both cases is furnished by vanishing w(r) on the outer radius = ry of the plate.
For negative (3 the solution exists only in some part of the unit disk, where r > /—4/p.

Figure 2. A) Positive disclinations; B) Negative disclinations
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THE MODELS OF NONCLASSICAL ANISOTROPIC SPHERICAL SHELLS

A. Ermakov
. Petersburg Sate University, . Petersburg, Russa

1. Introduction

The problem of stressstrain state of conjugated orthatropic sphericd shell sunder internal pres-
sure by means of new norclasdca shell theories and three-dimensional theory [1] is dudied. The
comparison o solutions obtained with the use of improved norclasdcd shell theories of Rodionowe:
Titaev-Chernykh (RTCH) [2] and Paliy-Spiro (PS [3] isdore.

Theimproved iterative RTCH theory is based onthe following hypdheses:

1. transverse tangential and nama stresses are distributed on shell’s thickness ac@rding to
quadratic and cubic laws respedively;

2. tangential and namal comporents of the displacament vedor are distributed onthe shell thick-
nessacording to quadratic and cubic laws respedively. Thistheory al owstakinginto acourt
turns of fibers, their deviation and change of their length.

The Paliy-Spiro shells theory is a theory of shells of moderate thicknesswhich assumes the
following hypdheses:

1. straight fibers of the shell which are perpendicular to its middle surface before deformation
remain also straight after deformation;

2. cosine of the slope angle of these fibers to the middle surfaceof the deformed shell i s equal to
the averaged angle of transverse shea.

The influence of relative thicknessfor the PS RTCH shell s theory and 3D theory were com-
pared. Also the influence of moduus of elasticity ratio onthe deformation form isinvestigated.

2. Differential equation and Numerical methods

Taking into acournt the objeds symmetry we asume, that all sizes depend orly on two coor-
dinates: first defines a parall € li ne, secondthe shell thickness Due to the symmetry of sedion along
the rotation axis, we mnsider only 2 conjugated arches.

We solve the problem in displacements. Asaresult of transformation o the basic relationship
of the shell theory the 2 system of 3 differentia equations of 6th order with 6 boundry condtions of
symmetry and 6 boundry condtions of conjugated is obtained.

For the three-dimensional theory the 2 systems of the 2 differential equationsin private deriva-
tives of the 8 order with 4 boundry condtions of symmetry, 4 boundry condtions of conjugated
and 8condtions on layers surfacehave been receved.

We solve this systems with the use of the program written in package Matematica 8.0 which
redizes the finite-diff erence method Usingathis methodthe overall picture of deformation of shells
for various ratios of modues of elasticity was obtained.

Such problem can model behaviour of a aorneoscleral shell of an eyewith increasing o intraoc-
ular presaure. An outer shell of the eye, the corneascleral (fibrous) tunic consists of the cornea and
the sclera. The sclerashell formsabou 4/5 of thetotal fibroustunic of the human eye andisaspatially
reinforced constructerswhere it is posshbleto al ocae four shell sin course of coll agen fibres[4]. The
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structure of the sclera shell explains its anisotropy and heterogeneity. For norma human eyesight it
is necessry that the rays receved by an eye dter refledion focus drictly on reting). Myopia (nea-
sightednesg can be caused by the fad that an eye-ball has a shape of an obdongéelli psoid (fig. 1, a).
Due to it the image of distant objeds focuses in front of the retina. Hypermetropia (farsightedness
can be caused by the fad that an eye has a shape of aflattened elli psoid (fig. 1, b). Dueto it the focus
point is behind the retina.

e

Figure 1. A deformation owerall pictures (a,b)

3. Conclusions

On the basis of the performed reseach we can conclude the following. If we consider the
sclera of the g/e as atransversally-isotropic material, the internal presaure influences the change of
anteropasterior axis of an eye insignificantly. As regards the orthotropic material we can nae that
in the cae when the dasticity modue operating in a diredion o a line of latitude is more than
the dasticity modue operating in a diredion o a line of a longtude then the overall picture of
deformation corresponds to a condtion of myopia. In the oppaite case, the deformation corresponds
to a hypermetropia condtion.
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EXACT LEVINSON-TYPE SOLUTIONS FOR MULTILAYERED PLATES

G. Formica', M. Lembo' and P. Podio-Guidugli®
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1. Literature survey

In 1985, M. Levinson presented an exact solution for the equilibrium of a three-dimensional
plate-like body with rectangular cross section, simply supported at the edge, made of an isotropic
linearly elastic material, and subject to transversal loads on its end sections [1]. Levinson’s approach,
which was based on a simple parametric representation of the candidate solution in terms of displace-
ments, has been found expedient to solve a number of similar problems, where one or another of
the original data were changed or generalized. Specifically, a Levinson-type solution has been given:
(i) for plate-like bodies with rectangular cross section and simply-supported at the edge, when they
are formed by several layers of transversely isotropic materials [2] and when they are piezoelectric,
both in statics [3] and dynamics [7]; (ii) for plate-like bodies of general cross section, when they are
transversely isotropic [4] and when anyone of the boundary conditions from an exhaustive list, in-
cluding transverse sliding and elastic support, prevails on the lateral boundary [6]. Moreover, explicit
solutions have been found for the equilibrium of plate-like bodies with circular cross section, simply
supported at the edge, and made of isotropic [5] and transversely isotropic materials [8].

2. Method and results

In the present paper, we derive Levinson-type solutions for the equilibrium problem of plate-
like bodies composed of several layers of transversely isotropic materials and simply supported at
the edge. We treat both rectangular and circular cross sections. In the former instance, arbitrary
transverse loads are applied at the end faces, while the lateral surface is load-free; in the latter, the
end-face loads are axisymmetric and suitable radial tractions are applied on the lateral surface. Our
derivation begins by requiring that

e in each layer, a displacement field of the type proposed by Levinson for a single-layered plate-
like body satisfy that layer’s equilibrium equations.

Next, we impose

e continuity of displacements and traction vectors across the interfaces between layers, so as to
exclude sliding or, worse, detachment of adjacent layers and to guarantee equilibrium of body
parts containing interlayer surfaces, that is to say, possibly singular surfaces for the overall
stress field.

The first requirement implies that: (i) in each layer, the function describing the dependence of the
displacement components on the in-plane coordinates is an eigenfunction of the laplacian, and as such
is written as a double trigonometric series when the cross section is rectangular, as a Bessel series for a
circular cross section; (ii) the function describing the dependence of the displacement components on
the transverse coordinate are the integrals of ordinary differential equations with constant coefficients,
whose integration constants are expressible in terms of the loads acting on the layer’s end sections.
As a consequence of (i), to find the dependence on the in-plane coordinates of the displacement
field in the whole plate is the matter of determining as many constants as the layers for each coeffi-
cient of the relevante series; in fact, to satisfy the second requirement, each of these constants has to
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be proportional by a calculable coefficient to one of them, which can be chosen at will. Furthermore,
by an elimination process justified by (ii) and the second requirement, we obtain a system of four
equations that determine in terms of the loads applied on the two end faces of the plate the four inte-
gration constants needed to specify the dependence on the transverse coordinate of the displacement
field in one of the layers, which again can be chosen at will; the corresponding integration constants
for all other layers are then found sequentially.
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INSTABILITY OF A PIEZOELECTRIC HELICAL SHELL UNDER ELECTRICAL FIELD
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In recent years a significant progress in manufacturing and applications of metamaterials is ob-
served [1, 2]. Metamaterials are a special type of materials which physical and mechanical properties
are determined almost by their geometrical structure. A special type of metamaterials is the helical or
chiral metamaterial which microstructure is based on helical elements, see e.g. [3]. Applications of
such materials are in micro- and nanoelectromechanical systems (MEMS/NEMS).

For such flexible structures as a helical shell the buckling analysis plays an important role. Since
many chiral metamaterials demonstrate coupling between electro-magnetic and mechanical fields the
buckling analysis should be performed with taking into account the electro-mechanical interaction.

In this paper we discuss the buckling of a helical shell made of GaAs under applied electric field.
The geometry of the shell is presented in Fig. 1. This material is a semiconductor with piezoelectric
properties. It is used in optoelectronic devices as a light-emitting diodes, semiconductor lasers, etc.,
see e.g. [4, 5]. The helical shell elements can be also used in manufacturing of chiral piezoelectric
composites.

Figure 1. Helical shell: geometry and boundary conditions.

undeformed shape

buckled shape

Figure 2. Initial and buckled shapes of the shell.
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The basic Lagrangian equations of an electroelastic bodies in the case of quasielectrostatics and
absence of external loads take the form [10]

€)) V-[o-F]=0, V-D=0, c=C:e—¢-E, D=e-e+d-E,
1 T T

2) €:§(Vu+Vu +Vu-Vu'), E =V,

(3) SD|F&, :(10(% @h—% :07 n.D|Fq :07 uF“ :07 n'o"l“ﬂ :07

where n is the normal vector to the shell boundary I' =1", U T, = F,}D U Fi Uy, F =1+ Vuis the
deformation gradient, u is the vector of displacement, E is the vector of the electric field, expressed
by the electric potential ¢, o is the 2nd Piola-Kirchhoff stress tensor, D is the vector of electric
induction, € is the strain tensor, C, e, d are the elasticity tensor, the tensors of the piezoelectric and
dielectric parameters, respectively. Here I'y = I',, ['), = F}a U Fi. Let us note that we take into
account the geometric nonlinearity in the strain tensor. The shell is deformed by the difference of the
electric potential applied along '}, and I'2.

The buckling analysis of the shell is performed by the finite element packages Simulia ABAQUS
and COMSOL Multiphysics. Since we take into account electric degrees of freedom, the problem is
solved with finite elements, which have both displacement and electrical potential as nodal variables.
In particular, the ABAQUS C3D20RE elements (20-node quadratic piezoelectric brick, reduced in-
tegration) are used. GaAs is an anisotropic material. We assume that the polarization axis of a
piezoelectric material is directed along the helix, see the dashed line in Fig. 1. Hence, the matrix of
piezoelectric coefficients rotates in every finite element as in [7]. For the determination of critical
states and buckling modes we use the energy criterion of the stability, see e.g. [8, 9]. As an example
the first bucking mode is shown in Fig. 2.

The peculiarities of the shell bucking under electric field are analyzed. Let us note that there
exist specific bucking modes which are not observed in classical elastic analysis. We also compare
the results with ones based on the theory of naturally twisted rods. Finally, we discuss the possible
applications of the chiral shells buckling in the control of chiral piezoelectric composites.
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AN ASYMPTOTIC MODEL FOR THE KONENKOV WAVE

J. Kaplunov', D.A. Prikazchikov?
' Brunel University, London, UK
2The Bauman Moscow State Technical University, Moscow, Russia

1. Introduction

This study is concerned with the asymptotic model for the Konenkov wave propagating along
the edge of a semi-infinite elastic plate [1], see also [2] for history and review on the subject. The
approach of this note is extending the methodology for the surface Rayleigh wave [3] relying on
representation in terms of harmonic functions [4]. A recent contribution [5] illustrating the possibility
of similar formulation in case of the flexural edge wave, provides the foundation for the asymptotic
process. A multi-scale slow time perturbation scheme leads to an asymptotic model containing elliptic
equation, governing the decay away from the edge, and a parabolic equation describing the edge wave
propagation. The described model is oriented for the extraction of the flexural edge wave contribution
into the overall dynamic response. The model also reveals an elliptic-parabolic nature of the wave. It
is remarkable that within the derived asymptotic model the edge behaviour is governed by a parabolic
beam-type equation, while in the case of the Rayleigh wave surface dynamics was described through
a hyperbolic string equation [3].

2. Statement of the problem

We consider an elastic, isotropic, semi-infinite Kirchhoff plate —co < z < 00, 0 < y < o0,
—h < z < h. The governing plate bending equation is taken in its classical form, see e.g. [6], with the
flexural rigidity D = 2Eh®/ (3 — 31%), where E is the Young’s modulus and v is the Poisson ratio.
The boundary conditions at the edge y = 0 are taken in the form of prescribed edge loading moment
M (x,t) and shear force N (x,t), respectively. Due to the linearity of the problem these may be split
into two cases, namely N (z,t) = 0 and M (z,t) # 0, and M (x,t) = 0 and N(x,t) # 0.

3. Asymptotic model for the Konenkov wave

Introduction of the multi-scale dimensionless parameters

T Y cot
(D Ezﬁa 7]:%, 7':77
where ¢, is the shear wave speed, ¢ is a small parameter and 7; is slow time variable, serves as a
basis for the perturbation scheme. The physical interpretation of the small parameter is essentially

the deviation of phase velocity of the propagating wave in the near-edge vicinity from the Konenkov

Tsi = ET,

wave speed.
A key assumption of beam-type behaviour
0w O*wW
2 —5 tc=— =0
2) ser T =0

where W is the deflection of the plate and c is a parameter, transforms the classical plate bending
equation to an elliptic equation, which may be expressed in terms of the original variables as

3) [ayy TV am} [ayy P11 am} W =0,
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implying the solution in terms of harmonic functions. Here ck is the well-known Konenkov root

4) k= {(1—1/) <3V—1+2\/V2+(V—1)2>T/4.

Let us focus first on the first type of edge boundary conditions, when M (x,t) # 0. A treatment
analogous to that presented in [3] is then performed, giving at the leading order the dispersion relation
of the Konenkov wave, and resulting at the next order in the parabolic equation at the edge y = 0

LW 200 W 9PM

5 il -

© ““opt "D o ot

where A is a material constant, combined with the part of leading order boundary conditions, namely
0*wW 0*wW

(6) Tyg—‘—ywzo, at y:O

The last relation may be used for representation of solution in terms of a single harmonic function.
The resulting asymptotic model for the Konenkov wave contains the Laplace equation together with
the boundary condition (5). It is worth noting, that the dynamic factor is present only in the boundary
condition.

For the second type of the boundary conditions when M (z,t) = 0 and N(z,t) # 0 the asymp-
totic model is formulated in respect of the rotation angle around the Ox-axis

ow
@ V= oy
The results are similar to that obtained in the first case, also containing an elliptic equation over the
interior and a parabolic equation at the edge.

It should be emphasized that the representation in terms of a single plane harmonic function,
see [5], simplifies the formulation of the problem, since the initial fourth order problem is reduced
to a Dirichlet problem for the Laplace equation, where the solution at the boundary is given by the
parabolic equation (5). We also remark that the obtained model highlights the dual elliptic-parabolic
nature of the flexural edge wave, therefore improving the physical understanding.

The possible extension of the approach could be performed for anisotropic or pre-stressed
plates, and also for interfacial flexural waves. The cases of curved plates and shells may also be
considered but are of seemingly less interest due to the growing length of algebraic expressions.
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LOCAL MODEL OF FREE VIBRATION OF A MULTILAYERED SANDWICH STRIP
WITH SOME SPECIFIC FASTENING OF TWO PARALLEL EDGES

S. Karczmarzyk
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1. Introduction

Sandwich panels are widely used in engineaing constructions, see e.g. [1]. Therefore, the
classcd sandwich threelayer plates and shells, composed of thin, tiff, outer layers (faces) and a
thick, compliant, midde layer (core), were investigated by many researches. The clasdcd sandwich
members are still investigated in many aspeds, mainly becaise of their spedfic crosssediona
structure and resulting properties, but it iswell justified to investigate multil ayered (i.e., five-layer,
seven-layer, etc.) sandwich panels since they are more redistic and useful than the threelayer
courterparts.

Irrespedive of number of layers al the sandwich structures are more or lesssensitive on the
locd loadings. The problem appeas in particular in vicinity of the edges. Therefore, the edges of
sandwich panels are usually stiffened with C profiles or with some locd inserts. Obviously, both
including of the stiffeners or inserts into the structures and some attempts to remove them imply
necessty of looking for better, more refined mechanicd models for the structures, seee.g. [2,3].

The present contribution is devoted to modeling of free vibration of a multil ayered plane
redanguar sandwich panel fastened with a frame alongits two paralée edges by means of balts.
Such solution enables one quick mourting of the panel. The plane strain problem is solved within
the locd theory of linea eastodyramics which enables us to crede acarate models for the
multil ayered structures with redistic edge solutions. The model (solution) outlined here is obtained
following the way presented in [4]. All throughthe-thickness locd boundry and compatibility
equations, for the displacements and stresses, have been satisfied and some new edge boundry
condtions have been included in the model. In ead layer, irrespedive of its thickness the cross
sediona warping is assumed. Any simplifications or limitations concerning the structure have not
been introduced.

The model is also applicéble to the sandwich bean and therefore its predictions, seven
eigenfrequencies, for athreelayer beam are compared with the correspondng results obtained by a
commercial FEM program. The results are very well convergent.

2. Some mathematical details of the model
Thefinal, numericd form of the problem consists of threecouped transcendental equations,

D F.(a,w) =0, F(y,w) =0, F.(a,y,w) =0.

The first and secnd equations result from throughthe-thickness boundry and compatibility
condtions whil e the third one is obtained after satisfying the following edge boundary condtions
for the in-plane and out-of-plane displacements,

u(x=-L/2,z=+h)=u (x=+L/2,z=%h) =0,

(2
u,(x=-L/2,z=%xh)=u,(x=+L/2,z=%h)=0 .
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Symbadshs, L and X, z in (2) denote co-ordinates of the balts fastening the panel to aframe and the
spacevariables, respedively.

3. Numerical results

To test the model afew eigenfrequencies of athreelayer sandwich beam were cdculated and
compared with eigenfrequencies predicted by the FEM model. The computations were made for the
following data: thicknesses of layers of the structure (mm): 1, 20, 1, Younds mod. of the layers
(GPa): 68.9, 0.1833 68,9, Poison's ratios of the layers: 0.33, 0.33, 0.33, densities of the layers
(kg/m3): 2687, 1197, 2687. Length of the structure L=0.55 m. Part of results of the computations
aregiven in Table 1.

m=1 m=2 m=3 m=4
198477 418598 672892 934472
201533 424127 679778 942038
1.52% 1.30% 1.01% 0.80%

Table 1. Eigenfrequencies (rad/s) for vibration modes 1-4.

The vaues in the first row of the Table are predicted by the new model, outlined in the above
sedions, while the results in the seoond row are predicted by the FEM model. It is seen that the
results are very well convergent. The percentage diff erences given in the third row are lower than
1.6%, for the first mode of vibrationit is 1,52 %, and deaease for the next vibration modes.

4. Conclusion

The model can be used for computing acairate eigenfrequencies for both multil ayered panels,
including the sandwich strips and beams, and for homogeneous structures. Comparing
eigenfrequencies for a particular structure with diff erent edge boundiry condtions one can observe
significant influence of the way of fastening of the structure on its eigenvalues.

5. References

[1] S. Karczmarzyk (2011). Locd model of plane acustic waves propagation in multil ayered
infinite sandwich structures, Archives of Mecharics, 63, 573-598

[2] S. Karczmarzyk (2010. A new 2D single series model of transverse vibration of a multi-
layered sandwich beam with perfedly clamped edges, Journal of Theoretical and Applied
Medharics, 48, 789-812

[3] S. Karczmarzyk (2009. A new 2D locd model for unidirediona clamped-clamped sandwich
structure with edge stiffeners, Journal of Sandvich Structures & Materials, 11, 519-538

[4 S Karczmarzyk (1992. A new linea elastodynamic solution to boundry eigenvalue problem
of flexural vibration of viscoelastic layered and homogeneous bands, Journa of Theoretical
and Applied Medharics, 30, 663-682



250 38th Solid Mechanics Conference, Warsaw, Aug. 27-312 20

hp FINITE ELEMENT MODEL FOR CYLINDRICAL SHELLS
USING FIRST-ORDER STRESS FUNCTIONS

L. G. Kocsdn
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1. Introduction

The dual-mixed variational principle in terms of rotations and a priori non-symmetric stresses
was introduced by Fraeijs de Veubeke [4], where the translational equilibrium equations is satisfied by
the first-order stress function tensor. This method was applied to plane elasticity, membrane and plate
problems by Bertdti [1, 2, 3]. In the work [3] a dimensional reduction procedure for plates and shells
is described, which is admissible for dual variational principles with a priori non-symmetric stresses.
This dimensional reduction concept was applied in [6] to cylindrical shell problems based on the
three-field dual-mixed Hellinger-Reissner variational principle. The numerical results obtained for
axisymmetrically loaded cylindrical shell problems based on the first-order stress functions [5] prove
that this concept is worth investigated for two-dimensional shell problems.

2. Fraeijs de Veubeke variational principle

The functional of the three-dimensional two-field dual-mixed variational principle can be ob-
tained by adding a Lagrange multiplier term enforcing the symmetry of the stress tensor to the com-
plementary energy functional [4]:

(1)  F(o®, ¢py) = / [We (0P) + €pge 90?1 dV — / UpoPingds,

1% u
where 0”7 is the stress tensor, (¢ is the rotation vector and the permutation tensor is denoted by €.
Here the V' denotes the volume of the body bounded with surface S = S, U S;,. The complementary
strain energy is given by

1 1
2) W.(oP) = 3 o ere(oP?) = 5 UMDMpqopq inV,

where the symmetric strain tensor €, can be expressed with the aid of the fourth-order elastic com-
pliance tensor Dyg,,. Applicability of (1) requires that the stress tensor satisfy a priori the translation
equilibrium equation

3 +d=0 inV
and the stress boundary condition
@) ofng=p* on S,

where ¢” is the density of the body forces and p* is the prescribed surface traction on the surface
S, with outward unit normal n,. It should be mentioned that the displacement boundary condition
u, = U, on surface S, is imposed weakly.

A stress field that fulfills (3) can be obtained by introducing the first-order stress function tensor
T, as

6) M=t 46" inV.

k

where 6*¢ is a particular solution to (3).
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3. Cylindrical shell model

Our main goal is to derive a dimensionally reduced cylindrical shell model based on the three-
dimensional dual-mixed variational principle of Fraeijs de Veubeke. All the variables have been
expanded into power series with respect to the thickness coordinate. Assuming a thin cylindrical shell
the translational equilibrium equation in terms of expanded stresses is obtained. The structure of the
translational equilibrium equations in terms of expanded stresses tempting us to prescribe one degree
higher approximations for the transverse shear and transverse normal stresses, this opportunity is the
favorable property of the application of non a priori symmetric stress tensor. In this way several shell
models can be derived by using different approximations. In the derived model the stresses are linear
or parabolic with respect to the thickness. Further, the approximation of the stresses determines the
approximation of the other variables.

A shell model derived in this way makes the application of the classical kinematical hypotheses
regarding the deformation of the normal to the shell middle surface unnecessary. As the classical
kinematical hypotheses are not incorporated into the formulation, unmodified three-dimensional con-
stitutive equations can be employed.
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THE FINITE INFLATION OF AN ELASTIC CURVED TUBE
WITH NONCIRCULAR CROSS SECTION

A. M. Kolesnikov
Southern Federal University, Rostov-on-Don, Russian Federation

1. Introduction

Consider the shell which is a sector of torus with a closed cross section. We call this shell the
curved tube. It is known, that the curved tube with a circular cross section under internal pressure
do not changes its curvature in linear theory [1]. This is confirmed experimentally for small strains
and isotropic materials. The tube with an elliptic cross section changes its curvature under internal
pressure. If o < r; (Fig. 1c) then the curvature of a pressurized curved tube deacreases. If v, > ry
(Fig. 1d) then the curvature increases. This phenomenon is widely used in manometric tubes.

The behavior of curved tube under internal pressure is more complex for large strains. It is
shown in [2], that the curvature of thin-walled nonlinear elastic curved tube with a circular cross
section changes during inflation. Under internal pressure the curved tube made of neo—Hookean
material unbends, i.e. its curvature decreases.

In this work the thin-walled nonlinear elastic curved tubes with an elliptic cross section are
considered.

2. Formulation

The problem describing the equilibrium of a curved tube under internal pressure is the special
case of a pure bending [2]. The approach to the solution of pure bending problem is given in the book
by A. Libai and J. S. Simmonds [3] and the paper by L. M. Zubov [4]. This approach allows us to
decompose the deformation into two parts: an in-plane deformation of meridional cross section, plus
arigid rotation of each of these meridional planes about some axis by linearly varying angles. In this
case the equilibrium equations are reduced to the ordinary differential equations.

Consider the thin-walled shell with a constant thickness & made of hyperelastic material. We
will use the incompressible neo-Hookean model of the material with the constant y. The problem will
be considered within the framework of the nonlinear theory of membrane [5]. Let in the undeformed
state the median surface of the tube is given by the equations

r =a1(s)i) + x2(s)e2, € =1ixsinft +izcosft, se€0;2n], te€l0;l]
71(s) =rysins, a9(s) = —rycoss.
Here {ij, 12,13} is the standart orthonormal basis in a fixed Cartesian frame, s and ¢ are the Gaussian
surface coordinates.

Let the external load will only be the uniformly distributed pressure p in the tube. Suppose that
in the deformed state the median surface is given by the following equations [4]

R = Xl(S)il +X2(S)E2, E2 = i2 SiIlBt+i3 cos Bt.

Then the equilibrium equations reduce to the system of ordinary differential equations [2]. The ob-
tained boundry value problem is solved numerically using a shooting method.
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Figure 1. a) Longitudinal section; b), ¢), d) cross sections;  €) pressure vs curvature parameter.

3. Results
Introduce the dimensionless pressure p* and curvature parameter B*
B
p* — (Tl + TQ)p’ B* = —.
2uh 15}

In Fig. 1e the dependence between the pressure and the curvature parameter is shown for three
cross sections: one circular (r; = ro = 1) and two elliptic (r; = 1.1,7, = 0.9and r; = 0.9, 7, = 1.1).
Under small strains the behavior of the curved tubes could be described by linear theory. Under small
internal pressure the curvature of the tube with o < r; decreases and the curvature of the tube with
r9 > 11 increases. During the inflation the elliptic cross section tends to a circular shape. After that
the behavior of tubes is changed radically. The curvature decreases to all tubes under large strains.

Acknowledgements

This research was supported by the President of the Russian Federation (grant MK-439.2011.1),
by the Ministry of Education and Science of the Russian Federation (the state contract No. P596) and
by the Russian Foundation for Basic Research (grant 1-08-01152-a).

4. References

[1] V. L. Feodos’ev (1949). Elastic Elements in Precision Instrument Making, (In Russian), Oboron-
giz, Moscow.

[2] A. M. Kolesnikov (2011). Large bending deformations of pressurized curved tubes, Arch. Mech.,
63 (5-6), 507-516.

[3] A. Libai and J. S. Simmonds (1998). The Nonlinear Theory of Elastic and Shells, 2nd ed. Cam-
bridge Univ. Press., Cambridge.

[4] L. M. Zubov (2001). Semi-inverse solution in non-linear theory of elastic shellsLarge bending
deformations of a cylindrical membrane with internal pressure, Arch. Mech., 53 (4-5), 599-610.

[5]1 A. M. Kolesnikov and L. M. Zubov (2009). Large bending deformations of a cylindrical mem-
brane with internal pressure, ZAMM, 89, 288-305.



254 38th Solid Mechanics Conference, Warsaw, Aug. 27-312 20

GOVERNING EQUATIONS FOR MULTI-WALLED CARBON NANOTUBE DERIVED
FROM ORTHOTROPIC FLUGGE SHELL THEORY AND NONLOCAL ELASTICITY

G. Mikhasev and A. Sheiko
Belarusian State University, Minsk, Belarus

1. Model

We consider a multi-walled carbon nanotube (MWCNT) consisting of N layers. The tube is
assumed to be in a nonhomogeneous elastic medium and pre-stressed. The MWCNT is modeled as
the system of concentrically nested cylindrical shells characterized by length L = RI, mass density
per unit volume p,,, radius R, = Rr, and effective thickness h,, of the nth layer, where R is the
tube characteristic size and n = 1,..., N. At the middle surface of the nth cylinder, the curvilinear
co-ordinate system o = Rx, 3, = Rr,p is introduced, where x is the dimensionless longitudinal
co-ordinate, and ¢ is an angle. Following to paper [1], every layer composing the tube is assumed
to be orthotropic cylindrical shell with Young’s moduli £, ;, Poisson’s ratios v, ; and shear modulus
G, where indexes ¢ = 1, 2 correspond to longitudinal and circumferential directions respectively.

2. Microscopic and macroscopic stresses. Constitutive equations

Let Tnoyi, Sgﬂ- be the initial membrane stresses in the nth layer. We introduce also the additional
microscopic stresses 15, ;, Sy i, Qnis Hn,is My, acting in these layers, where T, ;, S, ;, Qn,; are the
membrane and transverse stress resultants respectively, and H,, ;, M,, ; are the resultant microscopic

moments. Let us also introduce the macroscopic (classic) stresses Tim glm otm)

n,g o Mng ) en,g

and moments

am ]V[f:?) corresponding to the microscopic ones. According to the nonlocal elasticity theory [2],

n,

these stresses are linked as follows

(1) Ln(Tn,h Sn,ia Qn,i7 Hn,i7 ]V[nz) = (T(m) S(m) Q(m), Hr(:zl), Air(zzl)) ) 7’ = 17 27

ng s Mng o Xni
where the appropriate two-dimensional linear operator £,, is written as [3]

0? 1 02 e
2 L,=(1-€A), A=|—+=—],c=—=.
@ (1=&"A) <8x2+r28¢2>’ TR
In equation (2), a is the internal characteristic length of the tube material (for carbon a ~
0.142nm), and e is the material constant of non-locality (e.g, Eringen [2] gives ey = 0.39).
The constitutive equations for orthotropic layers are assumed to be of the form
™ = Chii€n,i + Crij€n )

7,0

S(m> = C7z,66wn> H(m) = Dn,667—n7

n,i

3) M = Dy siking + Dpiibing, 15§ = 1,2, i # 7,

where the strains €, ;, Wy, Ty, kn,; are found through the displacements w,,; in the nth layer accord-
ing to the kinematic hypothesis accepted here (e.g., see in [4]), and the magnitudes C,, ;;, D,, ;; are
expressed through the elastic constants £, ;, G, v, ; of the orthotropic material which depend on the
tube chirality [1].
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3. Governing equations

The governing equations for the MWCNT may be derived from the Fliigge type shell theory
[5]. Taking into account the initial membrane stresses as well as the van der Waals (vdW) forces, they
are easily written in terms of the microscopic stresses like that was made in [3], [4]. After multiplying
the operator (2) from the left to both sides of these equations, if equations (1), (3) and the strains-
displacements relations are taken into consideration, the following governing equations written in the
dimensionless form are obtained:

3 4 aZUn.i
j; (M oMy, 45 4 L5 + Tn,ij) Upnj — 0nln 2
(4’) _Ln [én+1,i(u7b+l,i - unz) - én,i(un,i - unfl,i) =+ (jnﬂ} = 07
where
h2 h wWN
i=1,23n=12.,N, =" (=2 5,1:(7)
l , T 5 Ly ey 12 12R2 C <hN> ) W )
E; 2En 1Vn,2 R2C(UC'IW) R2q i
5 2: n * s s P n,t G ) 1) = ”"LA
( ) (JJn an2 I n Z/n_rl + l/n’Q ) Cn,z hnE;i ) qml(x/ Soa ) hnE;;

Here M, ;;,L,,;; and T, ;; are the (3 x 3) matrix with elements being differential operators, t/wy is
time, c,(ffl ") are the vdW interaction spring constants [3], and ¢, ; are the distributed surface forces.
In equations (4), the operators M, ;;, L,, ;; correspond to the moment and membrane theories respec-
tively [4] of elastic orthotropic shells, and the operator T, ;; takes into account the initial membrane
stresses 7)7 ;. Sy ; . It should be noted that ¢1; = uni1,; = 0 forany i = 1,2,3, and cy1,(x, @) are
the variable dimensionless spring constants of the surrounding nonuniform elastic medium.

Equations (4) may be applied for studying vibrations of the MWCNT taking into account the
tube chirality, non-locality, the initial membrane and vdW forces, and the elastic properties of the
surrounding nonhomogeneous matrix as well. As an example, free vibrations of the medium length
tube lying in the uniform elastic medium have been studied. Performed calculations have shown
that introducing the parameter of non-locality ey into our model results in decreasing the natural
frequencies of the MWCNT. In addition, using the asymptotic approach developed in book [4], the
localized axisymmetric free vibrations of the MWCNT have been examined. It has been found that
inhomogeneity of the surrounding elastic medium may lead to strong localization of the natural modes
of the pre-stressed tube in a neighborhood of some parallel where the coefficient of soil reaction is
minimum.
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1. Summary

Masony curved elemens — as for instance arches, domesand vaults — represent one of the
mostdiffusestrudura typologies of historical buildings both of Eastein and Westen architedure.
Moreover, the growing interest in the presenation and rehabilitation of historical constuctionshas
created a nedal for the development of new efficient tools for the andysis and the evaluation of the
load-bearing capadty of thesestrudures. Finally, the study of masonry vaults shoul take into
account the essential of the “masonry” mateial- i.e. heterogenéty, almostno resigance to tradion
combined with a good compressive strength and a high friction coefficient, as well as the overall
importance of thegeomery for achieving the equili brium.

However, at present only a limited numberof available FE codes (e.g. Diana-TNO Delft)
contairs spedfic moduks for andyzing masony strudures and, as concerns large masony vaults,
such a codes use, in the framework of an incrementd procedure, continuous elastic-plastic-
damaging consfttutive models, so produdng very heary and often not completely reliable
compugétiond modds.

As it is well known, the history of the theor of curved masony strudures as exposedfor
instance in the classi@l treatiseby Benvenuto[1], is not based on the devédopmentsof thetheoly of
elasticity. As a matter of fact, the first “scientific” graphical attempts for the study of the
equilibrium of masony domesgo back to the ealy 18" century and are due to, e.g., Bouguer
(1734, Bossut (1778 and Masdeoni (1789 who statel simple 1D equilibrium equaions,
negleding therole of circumferential forces. Anyway, wha appeared clea from the beginning was
thatcracking occurs oncurved masony eementsin presence of sdf-weight andat very low level of
tensik stressesln this contex, a consderable improvementin the andysis of spherca domeswas
achievad when Levy (1888) proposel a graphical andysis amed at finding the circle on which
circumferential forces vanish Nowadays it can be affirmed (Huerta [2]) that “the moden theory of
limit andysis of masomy strudures, which has been devdopedmainly by Heyman [3] is thetool to
understand and analyze masonry structures”.

For thesereasons to evaluate the loadbearing cegpecity of masony shells, in a seaies of
papes [4-6], the Authors have dedlt with the limit analysis of suchkind strudures. They have
devdoped atwo sepsapproach:

e In the first step, in order to take into acount the adual medanicd propaties and the
heterogeneity of unreinforced masony, maaoscopic strength domairs have been obtainel either
by a suitable applicaion of the homogenization theory [4] or by means of a compatibk approah
[5], in which ead brick was supposednteracting with its six neighborsby means of rigid-plastic
interfaces with frictiond behaior representing morta joints. In this latter case a sub-classof
possble elementary deformaionswas a-priori chosento desaibe joints cracking unde in- and
out-of-planeloads. Suitable intema maaosmpic adionswere finally applied on thebounday of
the Representative Elementof Volume(REV). Several examples consiting of single and double
curvature elementary cdls were analyzed, obtaining, for ead REV inspeted in- and out-of-
planehomogenied fail ure surfaces to be usd & astrudurd level.
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¢ Inthesecondstep,the 3D strudurd limit andysis problemwas solvedassuning masony as an
orthotropic homogneous mateial and adoping an uppe bound approah, disaetizing
homognized masony by meals of six-nodel rigid infinitely resigant wedge elements
interacting with rigid-plastic interfaces. In this way, internal power disgpation was possble only
at the interfaces beween wedge adjoining elements. Entire vaults either in absene or in
presence of FRP reinforcements were analyzed in detail, compaing results with existing
literature and dternaive FE goproaches [6].

Oneof the mostpopularadvantages of limit andysis is that the collapsemultiplier does not
depend on load history. However, limit analysis is incgpable to provide any information about
deformationsand displacenentsnear failure. To circumventthis critical drawbad, in [7], a 3D
model for the evaluation of the nonlinear behavior of masony double curvature strudures was
presented. In such approach, the heterogeneous assemblageof blocks was subsituted with a
macosopically equivalent homogneous nonlinear mateaial. At the meso-sce, similarly to the
limit andysis case, a curved running bond REV consitutedby a centrd block interconnected with
its six neghborswas disaetized through a few six-noded rigid wedge elements and recdangular
interfaces. Non linearity was agan concentrated exclusively on joints reduced to interfaces,
exhibiting a frictional behavior with limited tensle and compressive strength with softening. The
maaos®pic homayenous masony behavior was then evaluated on the REV imposing separately
increasing internd adions (in-planemembane adions, meiidian and parallel bending, torsion and
out-of-plane shea). This simplified approah allows estimating heuristicaly the macrosmpic
stress-stran behaior of masony at the mesascde. The nonlinear behavior so obtainal was
subsequetly implemented at a structurd level in a novd FE nonlinear code relying on an
assemblge of rigid infinitely resigant six-nodel wedge elements and nonlinear interfaces,
exhibiting deterioration of the mechanicd propeties. Severa numeica examples were andyzed,
conssting of different typologes of curved masary strudures, compaing results with existing data
and additional non-linear FE andyses condicted with commercial codes. In addition, a simplified
modelto be usedin common design pradice was propose, relying in peforming at a structural
levd a preiminary limit andysis — which alows to identify the failure medanism — and
subseqently in modelirg masony through elastic elementsand nontlinear interfaces placed only in
corresponance or near the fail ure mechanism provided by limit andysis.

The aim of the present contribufon is to review the propos&l methodsand critically asses
they compugtiond efficiency and reli ability by a systemaic compaisonwith existing experimertal
tests and wh the esults providel by avail able FE prograns.
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1. General

At present the development and perfection of the prestress identification techniques are impor-
tant problems of solid mechanics. Over the last two decades we may see an evident tendency for the
prestress identification techniques to shift away from semi-destructive methods towards promising
non-destructive method. One of the most efficient nondestructive methods if acoustical method. Even
in the limits of the linearized model, the solving of the identification problem of the heterogeneous
prestress state can be realized only on the basis of solving the inverse elasticity theory problem with
variable characteristics, which is non-linear and ill-posed problem. At that even for the influence es-
timation calculations, the elasticity theory problems with variable characteristics must be solved, and
that is possible only with use of computing techniques, for example the finite element method. In the
present paper the direct and inverse problems of the steady-state vibration of a thin elastic isotropic
plate with heterogeneous prestress field are studied.

On the basis of the general problem formulation for the 3-dimensional prestressed body [1]
the various direct problems formulations for the thin plate are constructed; at that the in-plane and
the out-of-plane vibration regimes are considered. The frequency response functions for different
plate points are obtained. The investigation of the prestress level influence on the frequency response
functions is made. The discrepancy of the frequency response functions turned out to be sufficient to
reconstruct the prestresses; the discrepancy is most significant nearby the resonant frequencies [4].

The inverse problem on the identification of the heterogeneous 2-dimensional residual stress
state (i.e. of the three components 0, (71, 2), 095 (21, 22), 05(x1, 22) of the prestress tensor satisfy-
ing the equilibrium equations) in the rectangular plate is regarded. As the additional information the
data on the displacement field on the contour part under the loading was used, in the set of points, for
several vibration frequencies [3].

The new technique of the plane heterogeneous prestress state is proposed which lies in expres-
sion of the unknown prestress components in terms of Airy stress function which is presented as a
combination of the mutually otrhogonal biharmonic polynoms in the area of the plate section. The
inverse problem solving is reduced to the iterative process. At every step of the process the direct
problem and the ill-conditioned system of linear algebraic equations are solved. For solving this
system the Tikhonov regularization procedure was used [2].

The numerical calculations of the direct and inverse problems solving were made using the
Finite Element Method in the package ”‘FreeFem++"" and programming language ”‘Fortran”’. The
series of numerical experiments on the identification of the 2-dimensional heterogeneous prestress
state in the rectangular plate is conducted. The most auspicious loading regimes and frequency ranges
for the identification procedure are given.
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MODELING OF SHOCK WAVE-LOADED PLATES
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1. Introduction

During impulsive loading of metallic thin-walled structures, material damage on micro-structura
levels can develop leading to loss of integrity. Excessive localization and dependence of mechanical
response on substructure sizes (i.e. size effects) caused by softening and damage can be captured
by introducing gradients of either plastic strain or damage parameter fields. Adapted from the ap-
proach for plastic continuum by Dimitrijevic and Hackl [1], a gradient-enhanced damage model [2]
for dynamic finite element computation of viscoplastic thin-shell structures is proposed. Void nucle-
ation and growth within substructures will be taken into account via a free energy function, which
is enhanced phenomenologically in terms of a non-local damage variable and its gradient on the
mid-surface of the structures. This makes necessary to introduce gradient parameters in terms of
a substructure-related intrinsic length-scale and a relationship between non-local and local damage
variable.

In this paper, a dynamic thin-shell elastic theory proposed in [3, 4] is chosen to integrate the
presented gradient-enhanced model into the finite element program FEAP [5] to capture large dis-
placements and finite rotations. Local constitutive laws considering viscoplastic behavior, isotropic
hardening and isotropic ductile damage leading to softening in Velde et al. [6] are employed. The
performance of the proposed approach is demonstrated through some numerical simulations of shock-
wave loaded plates, which are validated by comparison with the experimental results [7]. The influ-
ence of spatial gradient of loading on the material behavior within a macroscopic continuum element
will be also discussed.

2. Non-local damage of shell structures

It is assumed that the dynamic effect due to non-local variable can be neglected. Consequently,
the kinetic energy is defined in the standard manner. The enhanced free energy W is then defined by

~ Bt

1 2 ~
(1) \If(<I>):r:e+§cd||V99H2+%(go—vd/dd§> , withp = L d d¢

where ® := (x;t,p),x,t, p denote respectively a position vector on the mid-surface, a director, a
non-local variable; ¢4, B4, 74 denote parameters; r, e denote vectors of effective resultants and strain
measures respectively.

With this, the potential energy writes
@) P(®) = /A U (®) dAg— Prus (D)

“ 0

where F,,; (®) is the potential energy of the external loads.

Following [1], an evolution equation of non-local variable ¢ can be derived as

- _ ht
©) Balo—yad] = caV% =0, withd= | dd¢
-

For local constitutive laws, St. Venant-Kirchhoff law of non-linear hyperelasticity and a ductile dam-
age model coupled with isotropic hardening and viscoplasticity given in [6] are used, assuming strains
to be small.
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3. Numerical results

An aluminium plate with 553 mm diameter and 2 mm thickness is subjected alternately three
times to shock waves until failure occurs in the plate centre. The deflections of the plate center in
Figure 1 are calculated for two different finite element meshes. The damage parameter and equivalent
plastic strain evolutions at the bottom of the plate center are depicted in Figure 2. The preliminary
numerical results match well with experimental ones observed in Stoffel (2007).
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Figure 2. Damage and equivalent plastic
Figure 1. Deflections at plate center. strain at the bottom of the plate center.

4. Conclusion

This work proposes a non-local damage model for viscoplastic thin-shell structures subjected
to shock waves. The presented approach allows to remove pathological mesh dependence and with
this numerical difficulties occuring in softening and damage phenomena.
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1. Introduction

Higher order gradient continuum theories in linear and nonlinear elasticity have recently raised
the interest on many scientists, since modern technologies involving multi-scale materials exhibit size
effects and a strong dependence on internal (material) lengths. A possible generalization of Cauchy
model has been proposed in the pioneering works by Germain, see [5], in which the stored energy is
assumed to depend both on the strain and on the strain-gradient.

In this paper we derive a second gradient plate model starting from the three-dimensional second
gradient linearized elasticity by means of the asymptotic expansion method.

The asymptotic analysis is a widely used technique for the formal derivation and justification
of classical theories of thin structures, starting from the classical three-dimensional elasticity, see, for
instance, [3]. In order to derive the Reissner-Mindlin plate model through an asymptotic analysis or
variational convergence, it has been proved that we need to generalize the stored elastic energy adding
some appropriate second gradient terms, see [6], or use a different continuum model as starting point,
like the micropolar continuum, see [1].

2. Statement of the problem and main results

Letw be adomainin R? and letyy, = w. Let0 < ¢ < 1 be a dimensionless small real parameter
which will tend to zero. We define 2° := w X (f%", %h) , TG =0 % [f%h, %’L} T =wx {:I:%}
We note with z° = (i¢,25) € Q°, with #° = (25). We assume that the set € is the reference
configuration of a second gradient linearly elastic plate of thickness ¢h and middle surface w. We
study the physical problem corresponding to the mechanical behaviour of a second gradient plate.
The plate is completely clamped on Iy, i.e., u; = 0 and 0 u; = 0 on I'§, where 0:, is the outward
normal derivative along the boundary I';. Moreover, we suppose that the plate is subjected to body
forces ff € L*(QF) and surface forces gijE © € L?(I'.). We assume that the plate is constituted by
an isotropic homogeneous second gradient linearly elastic material, characterized by seven elastic
moduli, see [4]. The displacement field u® = () satisfies the following variational problem defined

over the variable domain )°:

W [ {0 + i )y dot = [ frotaar [ gEeare,
+

for all v¢ € V(Q°) = {v® = (v]) € H*(Q5R?); v* =0, ;v = 0onI§}, where (0f;) is the
Cauchy stress tensor, (pg;;) is the double stress tensor and e5;(u®) = 3(9Fus + d5us).

In order to study the asymptotic behaviour of the solution of (1) when ¢ tends to zero, we
apply the usual change of variables (see [3]) and we rewrite the so-called rescaled problem on a fixed
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domain  := w x [—%, 2], We look for the formal a priori asymptotic expansion of the solution:
u(e) =u’ +c%u? + eu? + ... . The limit displacement field u’ takes the following form:

ug(i,$3) = xS@a(i‘)’ Ug(f,{lﬁg) = ’w(i‘),

which represents, from a mechanical point of view, the Reissner-Mindlin plate kinematics. The pri-
mary unknowns w and ¢ = (g, ) satisfy the limit variational coupled problems:

/ h [—(C19pw + C20505)Daans + 211(0aw + Po) D3| dT = / qnsdz,
2
@ / B [(Css5w + Cad05) att + (Ca(@50a + Baps) + 2C5Dngtw) (st + Dumis)+

w+ QM(aaw + 900)770&] di =0

foralln € V(w) := {n = () € H(w;R?); =0, d,n =0o0n 7}, where q(i) = "7, fs(T,z3
g7 (%) + g5 (%) and the constants C; depend on the second gradient elastic moduli.

Remark. By using the simplified second gradient isotropic constitutive law proposed by E. Aifantis
(see [2]), who considers only two constants A and x and an internal length ¢, equations (2) reduce to
the classical equations of the Reissner-Mindlin plate model.
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OF FOAM-FILLED CIRCULAR TUBES
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1. General

The use of thin-walled tubuar structures as an energy absorbing elements designed to
improve passve safety, espedaly in automotive industry has been studied over threedecales. The
grea majority of reseach works on thin-walled energy absorbing structures is focused on the
influence of the structure material medhanicd properties, absorber geometry and spedfic
deformation mode on spedmen crashworthiness parameters. The comprehensive review of existing
experiment results can be foundin articles [1-3].

2. Paper topic

Following paper is focused on experimental and numericd studies of both: quasi static and
dynamic axial crushing of thin-walled cylindrica tubes fill ed with foam. Two types of profil es were
used in this study. single-walled and doude-walled spedmens. Singe walled tubes were cut out
from commercial mild sted tubing (R35) 60 mm in diameter and 1,0 mm in thickness In case of
doule-walled spedmens outer material remained the same, while inner profile was cut out from
aluminium solid drawn tube (PA38) 30 mm in diameter and 1,0 mm in thickness The D/t ratio of
sted and aluminium tubes amourted correspondngy to: 60 and 30. Total length of single-walled
and doube-wadled spedmens was 200 mm. The spedmens geometry is depicted in fig. 1.
Dimensions were seleded in acordance to previous results [4], which showed that for these ratios,
sted tubes shoud deform in diamond mode and aluminium tubes shoud coll apse in axisymmetric
(concerting) mode.

NFoam filler

260

200

Fig 1. Specimen geometry.

The pdyurethane foam (ISO foam RR 3040 was used to fill the tubes. After the mass of
foam reagents required to obtain given density was poured into a tube, its ends were seded to
prevent the expanding foam from free discharge. Descripted methoddogy alowed to obtain
average densiti es of polyurethane foam used as fill er at the level between 50 and 240kg/m?”.

3. Results

Dynamic and static experiments were compared. Following parameters were analyzed: mean
crushing force, relative crushing distance and spedfic energy absorption. Two main deformation
modes were identified: diamond (asymmetric) and concertina (axisymmetric). The deformation
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mode is an effedive indicaor of energy efficiency, which result from strong conredion between
their formation and energy disdpation mechanism. The first mode was observed for empty and for
the low density foam-fill ed spedmens. The second mode occurred for spedmen with foam density
p > 80 kg/m°. Mixed deformation mode, e.g.: two diamond folds, and four concertina folds,
occurred for the fill er density range 50— 80 km/m®(fig. 2).

(a) (b) (€)

Fig 2. Sped men deformation modes.
a) diamond (symmetric); b) concertina (axisymmetric); c) mixed

4. Conclusion

Conducted experiments all owed to draw conclusion, that crashworthinessabilit y increase with
foam density. The investigation of the experimental data reveded, that doulde walled tubes have
greaer energy absorbing ability. The dynamic nonlinea simulations were caried out by means of
PAM-CRASH™ explicit code. For a better understanding of the crushing process red and
numericd experiments were compared (fig. 3) Computational crushing force, plastic hinges
locations and sped mens paost-crushed geometry foundto be compatible with the red experiments.

Fig 3. The comparison of numericd and red spedmen deformation mode
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FOR ELASTODYNAMIC PROBLEMS OF CYLINDRICAL SHELLS
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1. Preliminary

In finite element analyzes of linear elasticity problems, significant numerical difficulties can be
expected within the context of the primal-mixed and standard displacement-based methods. These
conventional methods exhibit especially poor numerical performances, for example when the plate
and shell problem becomes bending dominated for small thicknesses and when the Poisson ratio
is close to the incompressibility limit of 0.5. These phenomena are known as numerical lockings
(membrane-, shear-, incompressibility locking and so on). The complementary energy-based dual-
mixed finite element models are free from these locking problems and give reliable numerical solu-
tions especially in the computed stresses. The development for linear elastodynamic problems has
been motivated by the fact that we managed to construct robust and effective multi-field dual-mixed
hp plate and axisymmetric shell elements [1, 2, 3].

2. Variational formulation

The main objective is the derivation of a new dimensionally reduced cylindrical shell model,
based on a three-field dual-mixed variational principle, for elastodynamic problems. In the linear
theory of elasticity its functional takes the form [4]

11 N
) y(a'“,um):/ (%,@d —Ji/)dt,
to
where
~ ~ 1
) H () = / TdV = = / p ki, dV
\% 2 14

is the complementary kinetic energy of the whole elastic body and

%%d<ak67uk7¢s) = _/

\%4

z)dv+/ Up o™ neds
—/ [uk (Uk{g + bk) — ¢’€pps O'M] dv
v

3)

is the three-field dual-mixed Hellinger—Reissner functional of elastostatics [3]. Here V' denotes the
volume of the body in the undeformed configuration, the surface S = S,US,,, with $,NS,, = 0, is the
boundary of V, €, is the covariant permutation tensor and uy, is the displacement vector prescribed
on the surface part .S, with outward unit normal n,, as well as b” and p stand, respectively, for the
density of the body forces and the material, and ¢ € [ty,¢;] defines a closed time interval (¢ and ¢;
are two arbitrary instants of time). The fundamental variables of the functional (1) are the not a priori
symmetric stress tensor o**, the displacements wu, and the rotations ¢*. The complementary strain
energy density function U is defined by

4) U ™) = %apqqu (o) .
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For linearly elastic materials the symmetric strain tensor €, can be obtained from the inverse stress-
strain relations (Hooke’s law)

(5) £pg = Cpgrec™  in V|

where the fourth-order tensor Cpqre With symmetry properties Cpgre = Cpger = Chrepg 1s the elastic
compliance tensor. This three-field dual-mixed method can be considered as a generalization of the
Hellinger—Reissner-type variational principle [4]. The solution of the linear elastodynamic problem
can be characterized as the unique stationary point of the functional (1) over the space of all vector-
fields u,, ¢* and all a priori non-symmetric stress fields o* satisfying the stress boundary conditions

6) Pk =o*n, ons,,

where p* are prescribed surface tractions on S, with outward unit normal n,. The initial conditions
to (1) are

(7) uk(t = O) = Uk(t()) = Ouk s Uk( = 0) = Uk(to) = Oﬂk = O’Uk in ‘/7

as well as dug(to) = dux(t1) = 0 are valid (6 denotes the variational operator).

3. Cylindrical shell model

The three-field dual-mixed functional (1) is applied to elastodynamic problems of axisymmet-
rically loaded thin cylindrical shells. Employing truncated power series expansions, the independent
variables, i.e., the stresses, the rotations and the displacements are approximated by polynomials of
first- and second-degree in the thickness direction. An important property of the shell model is that
the classical kinematical hypotheses regarding the deformation of the normal to the shell mid-surface
are not applied.

The number of the independent stress components is reduced by a priori satisfaction of the
prescribed surface loads on the inner and outer surfaces of the shell and by the elimination of the
rotations. This procedure results in a modified dual-mixed variational principle for the time-dependent
displacements and stresses with weakly imposed symmetry in the transverse direction.

A dual-mixed hp finite element model with stable polynomial stress- and displacement inter-
polation and C° continuous normal components of stresses is constructed for bending-shearing prob-
lems, using unmodified three-dimensional inverse stress-strain relations for linearly elastic materials.

Acknowledgements: The published work was carried out as part of the TAMOP-4.2.2/B-10/1-2010-
0008 project in the framework of the New Hungarian Development Plan. The realization of this
project is supported by the European Union, co-financed by the European Social Fund.
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LOW-ORDER MEMBRANE AND SHELL ELEMENTS: THE ASSUMED CENTRICAL
STRAIN METHOD AND ITS RELATION TO ENHANCED AND MIXED METHODS

R. Winkler
INTALES GmbH, Natters/Innsbruck, Austria

1. Introduction

Low-order plate bending and shell elements are known to suffer from transverse shear locking.
That is, shear strain components derived from interpolated nodal displacements contain parasitic con-
tributions, which may lead to an excessive overestimation of the element stiffness. Assumed strain
fields obtained from specific strain interpolation schemes are employed to reduce the parasitic portion
of strain energy. Dealing with distorted (non-rectangular) elements, a decisive feature is to apply
natural strain components Efj’g (with respect to the natural element base vectors g, (&, 1)) for inter-
polation [1]. Modified interpolation schemes have been used for the elimination of in-plane shear
locking [2].

2. Strain interpolation

These former approaches are recast to obtain new four node (linear and non-linear) membrane
and shell elements. To pass the in-plane patch test, we apply centrical strain components sgg (with
respect to the base vectors o, = g,(0,0) at the element center) instead of natural ones in connection
with skew coordinates' £7. The latter derive from natural curvilinear coordinates £ via d@oﬂ, =
d¢7g,,. This leads to an assumed strain field,

ENELE) =y +ul?
(1 £ (E,82) = 3o + 75 €
£9(E4,€2) =

The coeffitients -y, are derived from displacement compatible strain components 62:2,
1

3 L 1

e000,1) ££9(0,-1)], o5 =3

5 (L0 £ (-1,0)], 95 =¢2(0,0)

) Y14 =

3. Enhanced and mixed formulations

In some sense, the formulation is complementary to the enhanced assumed strain approach of
Andelfinger & Ramm [4]. Translated to the concept of skew coordinates, their enhanced strain field
reads

EE ) =, & + 0 182
3) EELE) = 4y & + s £182
5§;)(517§2) =038 + a2 + a5 8182

Together, (1) and (3) constitute complete bilinear polynomials. Consequently, for linear problems
and regular meshes, both approaches yield coincident results. In the nonlinear regime, substantial

!Skew coordinates have been introduced in the context of hybrid stress membrane elements [3].
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improvements can be achieved employing a modified mixed approach. That is, the assumed strain
field (1) is supplemented by an assumed stress field

o7 (€,8) =B+ B, &
“) 0% (€',€%) = B + 55 €

017 (€,€%) = 5
According to the Pian-Sumihara approach [5], stress parameters (3,, are obtained from a coupled equi-
librium condition deriving from the Hellinger-Reissner variational principle. Conventional mixed
formulations make use of equilibrium conditions deriving from the Hu-Washizu principle to calculate
stress (0,) and strain parameters (7,,) in turn of the equilibrium iteration, see [6] and [7] and refer-

enced therein. In contrast, we calculate -, directly from (2) which appears to be computationally
significantly more efficient.

4. Results

Numerical results are obtained from a total Lagrangian shell element implementation oriented at
[7] and applied to a common set of benchmark examples involving smooth and non-smooth membrane
and bending dominated problems with regular and distorted meshes. The in-plane components of the
Green-Lagrange strain tensor are treated according to the assumed centrical strain (ACS) scheme (1),
the enhanced assumed strain (EAS) scheme (3), the mixed approach of reference [7], and the modified
mixed approach. The increased accuracy of the skew coordinates approach with respect to in-plane
deformations of distorted meshes has already been reported in [6] and is reproduced here. For regular
and moderately distorted meshes, ACS and EAS elements yield virtually coincident results and a
similar convergence behavior. The computational efficiency of mixed formulations in geometrically
nonlinear problems is demonstrated in [7]. That is, mixed elements tolerate significantly larger load
steps compared to enhanced and assumed strain elements and exhibit a superior convergence behavior.
However, due to the large number of internal parameters (14 stress and 14 strain parameters are used
in [7]), each single equilibrium iteration is time and memory consuming. This is in contrast with the
modified mixed formulation. Its simplest implementation involves just 5 stress parameters.
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VIBRATIONS OF PERIODICALLY STRATIFIED UNBOUNDED THICK PLATES

Cz WozZniak, J. Jedrysiak, B. Michalak
Department of Sructural Mechanics, Technical Univesity of Lodz, £odk, Poland

1. Introduction

In this note the main objeds under consideration are periodicdly layered thick plates. It is
asaumed that every layer is made of two various comporents being li nea-elastic homogeneous and
isotropic materias, cf. Figure 1.

stratified plate
X2

\/

%

X=X
1 v

Figure 1. A fragment of a periodicdly stratified thick plate.

Let us asume that the plate under considerationis described in the coordinate system OxiXoXs.
Denate: the time coordinate t; X=x1; 04=0/0Xq, 0=2, 3; 0=0/0X; X=(X2,X3). Let H be the constant plate
thickness along the x-axis. It is assumed that the plate is unboundd along the xy-axes. The plate
occupies the region Q=(0,H)xR?. The plate under consideration consists of p layers, 1/p<<1, with
thicknesses |. Every layer is made of two homogeneous, isotropic materials, which have material
properties (Eg, Ggr, pr) for a reinforcement and (Ey, Gu, pm) for a matrix. The thickness of the
reinforcement part of the layer is described by Iz and of the matrix part — by |y, cf. Figure 2. Hence,
dencte parameters dr=lr/l, =/l

The main aim of this contribution is to consider a problem of longtudina vibrations along
Oxq-axis of the periodicdly stratified thick plates under consideration. Hence, our considerations
are restricted only to the displacement along x=x;-axis, denated by w. Governing equetions of a
proposed model are PDEs with constant coefficients. This modd is formulated under assumptions
of the tolerance modelli ng developed for periodic or/and functionall y graded laminates, (cf. [1,2,3]).

2. Modelling concepts and assumptions

In the modelli ng some introductory concepts as: a slowly varying function (SV{([0,H]) ), an
averaging operation (<->), shape functions, are used.
To arrive at equations having constant coefficients, we introducethe foll owing assumptions.
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The micro-macro decomposition is the first modelli ng assumption, in which it is assumed that
displacements of the plate can be decomposed by

Q w(x,t) =u(xt) +g(x)v(xt), (xt)OR?,

where the new basic unknovns u and v are cdled the macrodisplacements and the fluctuation
amplitudes, respedively, and satisfy the condtion u(1),v((1) OSVH([O,H]) .
Let usintroducearesidual field for the above decompasition r =9,/ K(d,u+9,(gv))] —pd,(u+gv).

AR 2 g

Figure 2. A periodicity cdl of the plate with adiagram of shape functiong.

The tolerance averaging assumption is the second modelling assumption, in which some
condtions onthis residual field are formulated:

) <r>; (%) =0, <rg> (¥=0,
forae xOR and tOR.

3. Model equations

Using the aforementioned concepts and asaumptions, after some manipulations and dencting
KO{E,G}, K ({Er,Ggr}, Ky O{E\,Gy} , the foll owing averaged equations are obtained:

3 <K >0,,u+(Ky —Kg)dv=<p>0d,u,
) L12<K >0y - (S + S0y 4 (K, ~Ke)ou=312<p>d,v.

These equations stand with condtions (1) the tolerance model of vibrations for periodically
stratified thick plates under consideration. It can be observed that negleaing the underlined termsin
equation (3), we obtain governing equations of the asymptotic model.

4. Remarks

Using the proposed modelling method the governing equations of vibrations of the plates
under consideration with non-corntinuous periodic coefficients can be replacal by the equations of
the tolerance model (3) with constant coefficients.

Applicaions of this model equations will be shown separately.
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A MODEL OF A THICK FUNCTIONALLY GRADED LAMINATED PLATEWITH
INTERLAMINAR DEFECTS

Cz. Wozniak', M. Wagrowska® and O. Szachetka®
Y Technical University of Léd?, Lodz, Poland
2 \Warsaw University of Life Sciences, Warsaw, Poland

The objed of andysisis athick functiondly graded laminatel plate mack of two mateials.
Theschene d the pldaeis shown in k. 1.

~-H/2

| [ |
| |
P | ® |
| |
| |
|| ||

S H/2

x!

Fig. 1. A crosssection of athick functiondly graded laminate plate

The plateoccupiesregion (—ggij in three spae ox’x?x3, where E its midplane It is

assuned that H is amallerwhen compaked to he smallest claracteristic length dimension of= .
From the formal point of view the plate can be divided into thin layers with a consent

thickness| = %1 %<< 1. Each layer has a ymmetry planexl =X, =0+nl, n=0£t1+p.
+

In order to desaibe a distribution of componentmateials (matrix and reinforcemen) we

introdue@ two smodh even fradion fundiond coeficients, q)ReCqu;'l;D’
H H istributi
lee(—z,Zj (pR(Xl)e(O,l) and I‘apr(xl]«l, and ¢y =1-¢r. The distibution of

componentsri then-th layer is given by gr(X,), om (%), N=0+1...p.

For the s&e of simplicity al subgquent consideitions will be restricted to the heat
condudion pioblem.

The heat condudion coefficients for both reinforcementand matix mateials are assuned to
be orthotropic. Ther principd vaues being denoted by k&, kg in reinforcement and matrix
mateial respedively, « =1,2,3.

The contact between adjacent laminas is assumed to be nonperfect. In contrast to the
approahes desaibed in [1] and in a large number of the related papers, we shall deal with a
continuous détribuion o interlaminar defects.

The defects between adjacent laminaswill be modelel by a very thin interlamina layers with
thickness 6 madeof a certain isotropic mateial different then the lamina mateials. Neither the
unilateral contad between adjacent lamina andyzed in [3], nor mateial failure effeds [2] are
consdered. Term “very thin” has to be undestood,in the asymptotic sense it meansthat unde the
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formal asymptotic limit passaje | — 0 and also § — 0 quotient Ié_w’ where v is assuned to be

postive (v>0) and suchthat v << inlﬁ y {@R(Xl),wM (xl)}. Obvioudy constnt v represents the
Xt

e — =

fradion ofthe intelamina maerial.

The am of this contribuion is twofold. First setting aside the effect of interlaminar defeds,
we proposean asymptotic approah to the modeling of functiondly graded thick laminatel plates
introdudng the concept of thelocal layer. In this casewe arrive at the heat condudion moddl of a
laminatal plate in the form of PDEs with smaoth functiond codficients depading on smodh
fradiond coeficients pg(-), op (-). Secondly we introduce the effect of interlaminar defects by a
homogenization of the reinforcement mateia with an interlamina defed mateial. The similar
procedure is aso applied to homogenization of the matrix mateial with an interlaminar defect
mateial.

On this way we obtaina new laminatel strudure which is functiondly graded and consitsof
new reinforcementand matrix mateial, propeaties of which are modified by an inretlaminar defect
mateial.

The last stepfor the moddling procedure is the sane as thatin the procedure outlined above
andleads b the modkof afundiondly graded maerial without defects.

On this way we arrive findly to the PDEs with fundiond smodh coefficientsdepending on

argument Xt e (—ggj These codficientsrepresent thelocal effedive moduks for a laminaed

thick platewhich is fundionally graded and tales into account the effed of defects.
It has to be emphasized thattheresuting smodh funciond coefficientswhich can bereferred
to as locheffedive modiules dpend on

(1) Hea condudion orthotropic coefficients kg, kg in reinforcement and matrix mateial,
a =123, specific heats cg, ¢y, in reinforcement and méix mateial, respetively.

(2) Fraction mefficients goR(Xl), oM (xl) xle[f%,%)

(3) Heat condudion isotropic coefficient k, in interlaminar defects and specific hest ¢, in
interlaminar defeds.

(4) Consent fradion coefficient v of the interlaminar defeds.
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PIEZOELECTRIC ACTUATION OF A PNEUMATIC ADAPTIVE SHOCK ABSORBER

G. Mikutowski, R. Wiszowaty and J. Holnicki-Szulc
Ingtitute of Fundamental Techndogical Research, Warsaw, Poland

1. Introduction

The recent material techndogy devel opments provide to the market a number of new types of
materials per yea, which encourage designers and constructors to utili ze them in a broad variety of
engineaing branches. One of the more interesting group d materials, which are under extensive de-
velopment, are functional materials. The functional materials are defined as having couging between
the mechanicd properties and nonmechanicd fieldsi.e. eledricd field, magnetic field, thermal field.
Examples of such materials are: eledrorheologicd fluids, magnetrheologicd fluids, magnetostrictive
materials, shape memory all oys. This caegory contains also piezoeledric caamics, which is utili zed
for several decales for high frequency aduation in medicine, eledronics and military industries [1].
One of relatively new, and still under intensive study; topic is using the piezo-ceramics as mechanicd
aduators in the range of low frequencies (upto 25 kHz) characderistic for structural dynamics range.

The piezo material has svera advantagesthat make it very useful in the context of aduation o
medanicd structures (highforces, wide frequency range) but also it has some drawbadks (diminutive
stroke, high vdtage requirements) that must be caefully analysed when a system isto be designed.

At the beginning the piezo ceramic was offered by the manufadurers as mondithic material
able to convert mechanicd energy into eledricd and vice versa (straight and counter piezo-eledric
effed) which was charaderised by requirement for voltage in range of 2 kV [1]. During the past
two decales the progressin the techndogy o piezo materials all owed to fabricae multil ayer piezo
aduators where the piezo material isin the shape of thin layersisolated from ead other by layers of
isolating materid i.e. polymer or conventional ceramic [2]. The main advantage of these materialsis
the dedricd suppy level li mited to 200V. This voltage range dl owed to consider the materia as an
aduator for engineeing appli cationsthat might be safe for potential users.

2. Scope of the work

In this paper a development of an piezo aduated gas shock-absorber is presented. The main
ideais to disdpate the kinetic energy of impad in the way that incorporates compressng ggs in the
absorber. Therefore, the energy is converted into internal energy of the gas. Andthe secndstep isto
convert the acwmulated energy into an irreversible form by releasing the presaure of the compressed
gas. In order to make the devicereusable, the presaurised gasistransferred to a chamber inside of the
absorber, instead of releasing the gas out of the system. Ancther mode of operation o the deviceis
preserving the presaure diff erence between bah sides of the piston ona predefined level and in this
way to provide ashock absorber with a controll able readion force[3], realy to be implemented as a
part of a semi-adive suspension of awhed vehicle or an air vehicle.

3. Conducted research

Thisresearch program consisted of the foll owing stages: 1. development of the concept of the
pneumatic shock absorber and numericd analysis, 2. design and tests of the piezo adivated valve
dedicated to the considered applicaion, 3. design and fabricaion o the pneumatic shock absorber,
4. design and implementation o a control modue 5. testing o the shock absorber under periodic
kinematic excitation, 6. testing of the ebsorber under impad loading.
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4. Development of the piezo eledric valve

Thepiez eledric valve [ 3] was designed in acmrdanceto the requirements defined onthe stage
of the numericd analysisof the case. The analysisof the valvewas condwcted inthefield of dynamics
and thermodynamics of compressblefluid with the assumption of one dimensional flow in stationary
condtions. Figure 1 depicts the massflow rate of the gas throughthe valve in the domain of inlet
presaure and the presaure drop onthe valve. The value defined onthe conceptual stage was demanded
asthe design parameter on the numericd stage and acomplished in the experiment.

5. Control system and operation of the absorber under periodic excitation

The oontrol system for the shock absorber redized the "on-off” algorithm where the reference
signal was presaure of the gasin the asorber’s chambers [4]. The control algorithm was exeauted in
red-time. Figure 2 depicts the results of the asorber’'s operation acquired during periodic tests.

6. Concluding remarks

This paper described the results of a pneumatic adaptive shock absorber development. The
presented data auired duringtests of the piezo aduated valve and test of the gbsorber under periodic
excitation can be treaed as proof of the amncept.
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MODELING OF A SANDWICH BEAM WITH UNDERPRESURE GRANULAR
STRUCTURE

J. M. Bajkowski, R. Zalewski?, M. Pyrz?
! Institute of Vehicles, ? Institute of Machine Design Fundamentals, Warsaw, Poland

1. Introduction

Degspite the prevalence of granular materias in the nature and in the industry, the physics of
buk materials till fails to explain many phenomena conreded with their seaningly simple
behaviour. The potential fields of applicaion of their unique properties till remain highly
unexplored.

The propaosed construction of a sandwich bean incorporates granular structure, that all ows to
change the damping charaderistics of the beam, by varying the negative presare value inside the
structure (Fig. 1). An elastic sleeve fill ed with granules that covers the sted bean, alows to trigger
the so-cdled jammed state of the material, by controlling the value of the partia vacuum. The
intensified effed of the interlocking leads to forming the force chains and increase in an overall
rigidity and hardness of the structure [2]. The distinctive feaure of such a beam is the ahility to
control the disdpation energy value by varying the control signal, hence it enables for vibrations
reduction.

ranular_material OO QLOO L0
(solld 45 and combini4) &{‘/\m%"/ rf\% ﬂ??ﬂ
O

2014 =

steel beam (solid45) zoﬁ\j p=0MPa \{Z
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Fig. 1 Model of the bean with granular structure and it’s behaviour for diff erent presaures

2. Experiments and model

The paper presents experimental and simulation results of the concerned beam. The model is
intended for utili zing the control algorithms of vibrations. The influence of the underpresaire value
onthe behaviour of the granular material was extensively examined during experiments.

Granular beam free vibrations tests were additionaly suppated by uniaxial experiments
caried out on spedaly performed cylindricd samples [3]. Basing on experimentaly aayuired
hardening curves, Younds moduus vaues were estimated for various values of generated
underpresaures. It is worth mentioning that spedal granular structures behave diff erent acording to
the applied loading diredion. Such phenomenon additionally complicates controlli ng processes of
damping properties.

Typicd experimental charaderistic describing variations of the Y oungs moduus values for
different underpresaures is depicted in Fig. 2. Basing on the depicted data we can observe
reasonable passbiliti es of controlli ng the elastic range deformations of considered spedal granular
structure. Similar phenomenonwas a so observed in theinelastic range [3].

The beam model was simplified to 3 layers: sted core (solid45), upper and lower granular
structure covered with sleeve (solid45with additional combinl4elements).
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Fig. 2. ABS spedal granular sructure Youngs nodulus vaiation for diff erent undepresaure values

As a preliminary approad to the problem it was assumed that the granular layers will be
simulated as nonlinea, elastic material subjeded to defledions,resulting in a stresss greder then
the yield drength. The multilinea stressstrain relationship alows to more acairately modd the
plastic deformation of the material [1]. The tip displacement results for different values of
undepresaures and examined bean's lengths ae presented in Fig. 3.
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Fig. 3. Dsplacement of thetip of the bean and logarithmic deaement vaue.

3. Summary

Utilizing the propeaties of the undepresaured bulk materias, mainly the possbility of
adopting any shgpe depending on the boundaies, we can build a low-cog, efficient dampers of
different shapes. The proposd finite element modd is condstent with the modified mathematicd
modd of the bean freevibrations, overed bythe equaion

0 y(x,1) 2°y(x.1) PAX)  9%y(x.t) _
@) P (P) ax“ot +\/Ez(p)Jz(x) PO

where internd damping p(p) and resultant Young modulus E,(p) are the fundions of the
undepresare vaue.
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HIGH PERFORMANCE VALVE
FOR ADAPTIVE PNEUMATIC IM PACT ABSORBERS

J. Holnicki-Szulc?, C. Graczykowski', P. Pawlowski* and | . Ario?
! Institute of Fundarental Technological Research, Warsaw, Poland
2 Department of Civil and Emironmental Engineeing, Hiroshima Uniersity

Dissipaion of the energy in medanicd systems is a vitaly important engineeaing and
scientific problem Current stringent sdety requirementsenforce subséntia change of methodsof
strudurd design and application of new soluions and tedhnologes which ensure strucdural
integrity.

Currently applied passive sdety systemsare typicdly not equippedwith control devices.
Their dynamic characteristics remainsundtered and thusit is well adjusid to a narrow range of
adual loadings. In case of impact loading it is highly advantageousto apply systemsof Adaptive
Impect Absomption (AIA) [1], which are cgpable of fast change of the dynamic characteristics.
Recant fast devdopment of the mateial technologesand, in paticular, developmentin thefield of
functiond (smat) materials and eledronic meaurenent and control systems had created new
possbilities ofprecticd applicdions of theAlA systems.

During the adaptation pocess he choiceof opgimal mntrol stategy is followed by adjusimen:
of the dynamic charaderistics of adgptive elements of the absorbe. These elements can entirely
madeof functiond mateials (as e.g. shapemenory aloys) or, dternaively, they can be equipped
with controllable devices, so-cdled strudurd fuses,which provide controlled responseof the
element. Depending on type of applied control, the changes of strudural paramete's occur only
once (usually before impaa) or they are controlled in real time during the impat process.

The systemsof Adaptive Impad Absoption can be effedively used to increase the levd of
sdety during the adion of the impact loading. In paticular, very promising results are obtained
with the use of adaptive inflatable structures [2]. However, the possbilities of ther pradicd
applicaionsare limiteddueto thelack methodsallowing for the efficient and fast control of the gas
flow duringimpact.

The presented work focuseson the pneumatic adaptive impact absorbirg system equippec
with a novd (paent applicaion), high peformance valve, which utilizes bistable snapthrough
effed. Sngp-through effeds are mainly the subed of theokticd anaysisand they do notfind mary
pradicd engineering applicaions. The classicd example of sngp-throudh behaviour is the two-bar
von Mises truss The extensionof the above effed to multilayered structure (multifolding system
c.f. Fig. 1) providing multiple folding sequences and equilibrium paths, which could be potentially
applied in anait pneum&c strudures, was a subject of earlier investations preented eg. in [3].

Load_(x10liN)
e Galee)

1
Vertical disp. of the top point(m)

Fig.1. Themulti-folding system &d its equilibrium paths
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The controllable valve which utilizes bistable snapthrough effect is equipped with two
independent elastic shell elements with two stabk configurations, which are aligned in the initia
configuration suchthatthe flow of the gas is totally closed Opening of the valve is performed by
controllable snapthrough (e.g. evoked by athe useof piezodedric fibers) of thefir st shelllement
which createsthe flow channd. Closing of the valve is peformed by controllable snapthrough of
the second shell element which causesalignmentof the both shellsand blocks the gas flow. The
examples of the preliminary andyses of the sng-through effed of shell dements are depicted in
Fig.2.

Fig. 2. Sableconfigurations obéined & a esult of thesnapthrough of shdl dement shapd as part
of the cylinde or hyperbolic paraboloid.

The above concept can be aso usedto design a multi-stag valve in the form of matrix of
elastic shell elements, which are aligned in the initial configuration suchthat they totaly block the
gas flow (Fig.3). Control of the valve opening is peformed by the sequentialy controlled snap
throudh of chosenshell elements which alowsfor opening or closing of the appropriate numberof
flow channds. Remvering theinitial configuration is conduded by controllable snapback of shel
elements orrotation of the vave assmbly.

Fig. 3. General view: ab®rber equipped with bistablevave, thevave composedof amattix of
shell éements

The proposedsolutionis characterized by large mass flow iete of thegas, smalltotal mass an
inertia of the device providing the possbility of fast opening and closing, which is required for
reali zation ofthe optina control stategy for the pneumatic dosorkers.
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MAGNETORHEOLOGICAL COMPOSITESBASED ON THERMOPLASTIC
MATRICES. MANUFACTURE, MODELL ING, EXPERIMENT

J. Kaleta, D. Lewandowski, M. Krélewicz, M. Przybylski, P. Zajqc
Ingtitute of Materials Scienceand Applied Medharics, Wroctaw University of Techndogy,
Mariana Smoluchowskiego 25, 50-370Wroctaw, Poland

1. Introduction

Magnetorheologicd elastomers, aso known as solid matrix-based magnetorheologicd
compasites, are arelatively new groupof SMART materials. They are charaderized by areversible
change of sdleded mechanicd and rheologicd properties under the influence of an external
magnetic field, a phenomenon cdled magnetorheologicd effed. These materials are particularly
predisposed to applicaions conreded with vibration damping and cortrolled energy disdpation.
Recantly, magnetorheologicd elastomers are often used as adive vibration dampers [1]. If such an
applicaionisto be effedive, one shoud develop a constitutive model which describes the relations
between mechanicd and magnetic quantities. The most popuar and simultaneously the simplest
model used to describe MR elastomers is the Kelvin-Voigt model for a viscoelastic body[1]. The
dependence on magnetic field is achieved by defining function of seleded parameters (viscosity and
stiffnesg. The authors propased such amodel and performed its identificaion.

2. Material and sample manufacture

The authors focused on examining the properties of a seleded magnetorheologicd compaosite.
MR compasites belong to the material group which is vast and diverse becaise there are various
posshiliti es of chocsing the matrix material, the ferromagnetic fill er and additives. The material
presented in this paper is based on the thermoplastic polymer matrix and the ferromagnetic fill er in
the form of iron powder (several dozen micrometresin size). The componrents are mixed together in
controll ed condti ons and the resulting material is shaped into plates which serve as the basis for test
samples. The procedure is described in greaer detail in the authors' previous works[2].

3. Test stand

The investigations of mechanicd and magnetic properties of the seleded magnetorheologicd
elastomer were performed on a dedicaed test stand. The test stand made it possble to load the
samples in the way which can be described (approximated) as uniaxia pure shea (Figure 1.)

AT N - “

Figure 1. A scheme of the test spedmen. The Figure 2. Kelvin-Voight mode.
diredions of forces and magnetic field are visible.
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4. Results of experiments —comparison with model

The samples were subjeded to cyclic sheaing at various magnetic field values, for a constant
frequency of 1Hz and strain amplitude y;=0.025. The results were registered in the form of
hysteresis loopsin the t-y system (Figure 3).
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Figure 3. Comparison of the hysteresis loops Figure 4. The graph showing how n and
obtained from the experiment and from the G parameters change as a function
Kelvin-Voigt model. of magnetic field.

The experimental results were used to identify the viscoelastic body model (Kelvin-Voigt modd -
Figure 2). The model parameters were identified as G — elasticity and n — viscosity, these values
depend on the magnetic field intensity. The identificaion results are shown in Figure 4. The
comparison of the hysteresis loops obtained from experiments and cdculated using the chosen
model are presented in Figure 3.

5. Summary

The primary goa of the work was to analyse the magnetomechanicd properties of
magnetorheologicd elastomers, paying speda attention to the posshility of their description using
simple viscoelastic body model. The parameters of this model depended on the magnetic field
strength H. It was proved that for the applied range of strain amplitude change y, and magnetic field
intensities H, the Kelvin-Voigt model — with parameters dependent on the magnetic field —
corresponds well to the results of experimental investigations.
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OPTIM AL PIEZOELECTRIC LOCATIO N FOR COMPOSIT E STRUCTURES

P. Kedziora, A. Muc
Institute of Machine Design, Gracow Uniwersity of Technology Cracow, Poland

1. Intr oduction

Elasticwaves are generated by an aduata (one of the grid piezodedric transduers (PZT))
and recorded using the remaining PZT transdicers (from the same grid - Figure 1). The shapeof
systemof PZT transdicers, shag and numberof PZT influence on the qudity (sensitivity) and
acairacy of detedion of defects in the testof composte strudures. An additiond issue istte control
and deedion offail ure sensors, whib is dscussd anongothe in theworks [1, 2].

EII:IEIEIPZTEIEIEIEIPZTEIEIEIEIPZTDDD
Dooo O = O =l El/m
OoOoao m| O o " o 0O
ODooao Dooo ODooao oo

Figure 1. Examples of g/stems of 2T transdicers.

2. Detection of damage

Figure 2 showsa compaison of the wave signd for the structure without any damage and
disturbane in the propagation of thewave induced by delamination.Thelocdion of this damage is
defined &s follows:

1) Je VAT
2

where vq is the velocity of wave propagation, AT is the diff erence between the signa of theincident
wave and the wave disturbed by the damage.

The correlation coefficient between the original and distorted signals was cdculated for
individual sensingpahsin the time domainto get the perception to damagenear the sensing paths.
Thedamage index (D) is defned &: D=1-p_,

3. Optimization problems

Optimization problemsded with the andysis of strudures with somerespmse(denotedby R)
requirements.In genera strudures with aduatois can be optimized using three computtiondly
diff erent strategies. In the fir st, the mostcommon optimization problemthe objedive function to be
minimized is theresponse ofhe gstem, ie.:

) ,
Msln R(s)

Thevector s denotes these of design variables.
The responsetuning is the second problem. It can be treated as the aternative or sometimes
equivalent opimization problem to the &ove
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©) _
Min[R(9)-R.(9]1=23...

In addition, as the third problem volume or weight minimization of a strudure has been
considered here, in which:

4 ,
MSI nV(s)

The problem of shap optimization of piezdedric transduers has been discussd amonc
othes in hework [3, 4]

Optimal locaion of sensorsconaerns thebest location of sensorsand their required number
To solvethis problem, the optimizaion procedures havebeen applied. In addition, the information
of compodte strudures and wave propagation in the mateial has keen usal.

Simple methodshavebeen usedto find the best configuration of transdwcers. This is doneby
adding or removing one or more sensorsand evaluated the relationshp beween the transduers,
signd qudity and acairacy of fault locaion in order to find the best comhbination. Development of
methodsof combinatorial optimizaion based on biologica and physicd andogy al ows the use of
suchgeneic adgorithms, naural networks, simulated annedling, etc.

Optimal locaion of sengrs andactuators ove a structurecan bedifferent for different criteria
based upon: maximization of modalforces/momentsapplied by the PZT aduator, maximization of
deflection of the hoststructure, minimal change in hoststrudurd dynamics, desired hoststrudural
dynamics, minimization of control effort/maxmizing energy disdpated, minimizaion of hod
vibrations, naximization of degree of controllability/obsevability of modes of interest, etc

b)

a

Amplitude ~
Amplitude

Time Time

Figure 2. The determination of damage location.
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DEFECT DETECTION AND SIZING IN PIPESUSING TORSIONAL GUIDED WAVES

M. Kharrat, M.N. Ichchou, O. Bareille and W. Zhou
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1. Theinspedion system

Long ppelines are often used in petro-chemicd indwstry for transporting liquid and gaseous
substances. These pipes need to be regularly monitored and inspeded for both safety reasons and
environmental impad control. Guided waves have been increasingly used in noncestructive evalu-
ations. Many reseachers have been interested in the goplicaion o ultrasonic guided waves for the
nondestructive inspedion o pipes[1, 2, 3]. Axisymmetric modes are preferred for the detedion o
defedsin pipes. Amongthese waves, the torsional one T(0,1) isthe only one whase velocity remains
constant with frequency. All the others auffer speed variations as the frequency changes which is
a mgjor disadvantage for wave generators that could orly generate longtudinal or flexural waves.
Besides, it kegys its geed constant and it propagates through ppes filled with liquid without much
leckage.

In thiswork, an inspedion system has been designed and developed to excite the pipe under test
with well -defined waves that propagate dongthe structure; and also to recave refleded signals from
feaures and damages encourtered. The torsional mode was chosen to be generated by the system.
The generation o torsional wavesis operated by using anumber of piezoeledric transducers clamped
aroundthe drcumference of the pipe. The design processof the torsional waves inspedion system
is presented. Time resporses were examined for intad and damaged pipes. Then, experimental
tests have been performed ontwo pipes with different materials: PVC and sted. Some defeds have
been madhined onthese pipes. Their interadion with torsional waves has been proven by analyzing
experimental time resporses. Subsequently, the Wave Finite Element Method (WFEM) has been
used to construct a database of refledion coefficients from a redanguar defed with variable aial,
circumferential and thicknessextents. Cdculations was made depending onthe excitation frequency
with the torsional mode T(0,1) as incident wave. This aims to approximate defed sizes that were
aready deteded.

2. Experimental tests

The aduator and the sensor are mourted on a straight 3 m-long 5 mmtthick, 140 mm outer
diameter PV C pipe without any defed. The aduator is attached at one end o the pipe; the sensor is
placa at 1 meter from the aduator. Fig. 1(a) shows the time record for a pipe with a defed. This
defed isasinge 60 mmradial cut. Itislocaed half way from both ends of the pipe. When a3m-long
sted pipeis used, the wave can travel badk and forth, refledingitself several times at eat end o the
pipe. Thiseffed isvisible onFig. 1(b), with the same kind o pulse & for the previous example.

3. Defed sizing by WFEM

The Wave Finite Element Method (WFEM), which is a simple spedra method kased on the
standard finite d ement (FE) formulation, can be gopli ed to examine thewave interadionwith theloca
defeds and the structural feaures[4, 5]. To approximate the size of the defed, theideawasto buld a
digital database mntaining the diff erent probabiliti es of defed sizes that could exist while assuming
that it was modeled with aform simil ar to that shown in Figure 2. The parametersthat charaderizethe
defed are’a, b, ¢’, which are axial extent, depth, and circumferential extent respedively. Cdculations
was made by varying these threeparameters. The aia extent sweegps the interval [4-20] mmin steps
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Figure 1. Time signalrecaded :(a) from damagedPVC pipe and(b) from damagedsteel pipe

of 4 mm. The drcumference ¢ the ppewas dividedto 44 demerts, the arcumferertial extert was
varied by diminaing an éement in evay step. Knowing tha the gpe dameter is of 168 mm, eact
element measures 12 mm in the drcumferertial diredion. Findly, the deph of the ddéed varies from
2 mm with astep d 3 mm until thewhade pipethicknesswhichis 11 mm. Rdl edion co# cien
cdculation was made depenidig onthe frequencyin the range[5-15] kHz. This latter corresponds
pradicdly to thesignd frequency awhich the gpe unde test was exdted The torsion modewas
corsideredin the caculation process

Figure 2. Damaged pipewith defect dmensions.
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NUMERICAL MODELING OF HARDENING AND COOLING OF CONCRETE
STRUCTURES

G. Knor, J. Holnicki-Szulc
Institute of Fundamental Technological Research, Warsaw, Poland

1. Introduction

A numerical and experimental investigation on thermal behavior of young concrete is
presented. The proposed model of temperature distribution in hardening concrete is based on the
non-linear IHTP (inverse heat transfer problem) solution. Changes in properties of concrete during
setting and hardening are included in the model. The proposed approach consists of several stages.
First the temperature measurements in a one-dimensional form are performed and method of lines is
used to solve one dimensional heat equation. This data and solution are treated as an input to IHTP.
Next IHTP, which is used for determination of thermal properties: specific heat capacity, thermal
conductivity and heat of hardening, is solved. To solve this problem pattern search method is used,
which does not require the calculation of the gradient of the objective function. At the third step
direct heat conduction problem is solved. Own, based on finite element method, software TMC
(Thermal & Mechanical modeling of Concrete, [1]) to predict the temperature field is used.
Additionally the heat equation in the concrete can be coupled with a heat equation for the water
temperature in cooling pipes, which are used to remove hydration heat from concrete blocks during
its hardening. The obtained numerical results are compared with measured temperatures in the
experiment. The advantage of proposed method is that it can be used for any type of concrete (e.g.
with calcium fly ash, blast-furnace slag etc.), because it does not assume anything about the
composition.

2. Governing equations

The equation describing heat transfer in concrete can be written in the following form [2]:
oT _ oT\, & oT\, ¢ oT
t =k (t ) — 1=k (t)—HF|k_ (t)—pHSt
o105 =2 rle) ZE e 2, (1) e [0S o)
where p. — density, c. — specific heat capacity of concrete, T'— temperature of concrete, ¢ — time, k..,

ke k- — thermal conductivity in direction x, y, z, respectively, S — heat source (heat of hydration)
and ¢, is an equivalent age which is defined as:

T
t():J‘()eR 293 (T+273) dt,
and E/R (activation energy / gas constant):

4000

L T>20°C
E K

4000+ 175(20—T) {%} T<20°C

Similarly, for water in the pipes heat transfer equation can be written as:

p(g—?+ u-ve):kw Ve

where the index w denotes coefficients for water, 6 is a temperature of water and u# denotes water
velocity.
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The interaction between the two media takes place at the boundary, where the cooling
condition is fulfilled [3]:

K, 99 . =H(T|. -6)
Or ="

where 7 is a radius, 7. is the pipe radius and H (heat transfer coefficient ) depends on type of the
pipe.

As mentioned before to develop individual parameters for a particular concrete mixture an
inverse heat trasfer problem must be solved. To solve this problem the following objective function
E (given by the ordinary least squares norm) is formulated [4]:

E=(T-1"'(T°~T")= ZWIZH ¢ ~T" Y

where T° is measured temperature and 7" is estimated temperature. M denotes number of sensors and
1 is a number of samples.

3. Results

Figures 1 and 2 show the sample result of the numerical simulations. Solid line shown in
Fig. 1 denotes simulated target heat generation function and squares indicate estimated by IHTP
values. Fig. 2 shows comparison between measured concrete temperature and modeled value for
three sensors in selected concrete construction.
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Figure 1: Result of an inverse problem. Figure 2: Measured concrete temperature

compared to the modeled values.
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TiNi SMA SUBJECTED TO COMPRESSION - THERMOMECHANICAL EFFECTS
INVESTIGATED WITH IR TECHNIQUE

K. Kulasinski*, E.A. Pieczyska, H. Tobwshi® and K. Takedd
! Institute of Fundarental Technological Research, Warsaw, Poland
2 Department ofVlechanical Enginesring, Aichi Institute of Technology, Tgota-city, Japan

1. Introduction

Supeaelastic popeties and transfomationbands are often studied recently in shag memogy
alloys (SMA) unde tensiontest. There are dso some studis on SMA in compression, however the
acompanyng temperature changes wee seldom éken into account [1]. In this research, quaigatic
compressin tests wie caried out in room onditions a srrall bar speimens, in the vimity of the
Ar tempeature, bang very close toambient one The medanical characteristics and the average
spedmen tempeature variation wae measued in a @ntad-less manne by a sensitive infrared
canera. An influence of the strin rate and related temperature danges on the SMA
themomechania loading-unloadirg behaviour including “cooling” stage is discussed.

2. Experimental results - mechanical and temperature characteristics

An exemplary stress strain and tempeeture depexdence for a TiNi SMA speémen
compressedwith 10°s” stradn rate is shownin Fig. 1. One can infer looking a the medanical and
tempeature loops (left) that both the stressand the spe@men average tempeiture increase & the
mateial is load&, which is directly caused by the martensitic forward transformatior
(reorientation) beng exothermic. As the strén rate increases,one can notice awidening of the
stress range and an inarease in the pe&k temperature. Moreover, higher stran rate makes the
tempeature loops narrower, in sucha way thatin the case of the highest stran rate applied not
shownhere (107's™), the both sections aimost ovelaps. During the unloading, the stess and the
tempeature obvioudy decrease, & theresult of the endothemic reverse transformation.

SMA compression SMA compression
e=10"2s"! (isolated) =105 (solated) )
900 T " T T T 2 900 T T . 125
— e ‘ ‘ ‘ S B
BOOH . Age [ b sooH ..
2 o {26
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300 5

o T 7 3 r 5 7 3
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Fig. 1. TiNi SMA in conpression cycle with 10%s® strain rate.
Stressand enpemture vs. grain (left) ard ime dependene (right).

Anothe pat of the experiment was the TiNi SMA compression withcooling down to the
ambient tempeature imposed b&ween loading and unloading The god was toinvestigate the run
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of the reverseransformation, independeyntof the themodyramical influenceof the fomward
transformation An exemplary medwanicalloog coupled with the spetien tempeaturevariation
obtained for thesame strain rate gual to 10°s* is shownin Fig. 2. Once the loadig ends, th
spedémen is kept in the machine witloeseint strain and after 5 min. the spaen is unloaded.
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Fig. 2. TiNi SMA in conpressbn cycle with 10°s™ strain rate, @oled atmaximal stain.
Mechancal (left) andtime (right) characteristics.

3. Discussion.

During the experiment, the surrounding’s temperature remained very close to the As which
results in the mechanical loop’s profile (Fig. 1,2). Namely, the specimen shape recovery is not
perfect and thereforezhat we do encounter is eombination of superelastigit(SE) and shap
memoryeffect(SME). The strain rate has a stromgpacton SESME superposition; i.e., theighet
the strain rate, the better the shape regoaed thegreater participation o8E in favour of SME
was obsered. If we ompae the residual stia in Fig. 1 andFig. 2 we can sathat the ooling
strongl influences the shape recoydseing in this casemuch smakr due to the theromechanice
coupling The tempeature profile tells us also that, despitenstint strain rate, the martens
transfomation does not develop in thersa manner: itslows downat the advaced stage ofhe
forward transformation, which is particukarVisible in the casef lower strain rates. The fin
tempeature is differat (usualy smalkr) than that at thebeginning of the pocess whib is
enhanced if the ampression is perfoened wih ooling before unloding. This difference i
probaly caused by the fact that the heat of fward and reverse tngformationis compaable but
the heat outflux related to the elasticloadingand the gponentialtempeature drop durig the
cooling needs to be taken into accouon [2]. The discussed thetomechanical behaviour crea
a new oppdunity for shapememoryalloysto beimplemented as radiater

ACKNOWLEDGMENTS: This work waspatially sugported by the MNiSW project50122®@37, andthe NCN
project 2011/01M/ST8/07754 Assstance of L.Urbangi and J.Lucknerin obtaning expemmental dag is
appreciaed. The infrared meaurermrent were peformed by M.Maj to whom the authos wish to expresstheir
grattude.

4. References

[1] E.A. Pieczyska,J. Dutkiewicz, F. Masdel, J. Luckner, R. Madak (2011). Investigation c
themomechanical properties of f@magetic NiFeGa shapememory alloy subgcted ©
pseudelastic ompression testArchives of Metallurgyand Materials, 56, 401408.

[2] E.A.Pieczyska, Activity of stressinduced martensite transformation in TiNi shapemory
alloy studied ly infrared tebnique Journal of Moden Optics 57, 18, 1700-1707, 2010.



292 38th Solid Mechanics Conference, Warsaw, Aug. 27-312 20

INFLUENCE OF NITROGEN ION IMPLANTATION ON DEFORMATION
AND FATIGUE PROPERTIES OF TiNi SHAPE-MEMORY ALLOY WIRE

K. Mitsui', K. Takeda!, H. Tobushi, N. Levintant-Zayonts? and S. Kucharski?
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1. Introduction

Shapememoy al oy (SMA) is expectedto be applied as intelligent mateials sinceit showsthe
unique charaderistics of the shapememay effect (SME) and supeeladicity (SE). Most SMA
elementswith using thes characteristics perform cyclic motions. In thes cases, fatigue of SMA is
one of the important propertiesin view of evaluating functiond charaderistics as SMA elements
Fatigue properties of SME and SE are complex since they depend onstress, stran, tempeature and
timewhich are related to the martensitic transfamation(MT). If SMA is implanted by high energy
ions, thethemomedhanica propeaties may change, resulting in long fatiguelife. In the present pape;,
the nitrogen ion implanttion was applied to modify TiNi SMA wire suiface and the influence of
implantaion treatment on thetensike deformation and bending fatigue properties is nvestigated.

2. Transformation temperature

TheTiNi SMA wire of a diameer of 0.5 mm was implantal from two opposite directionsby
nitrogen ion beam with accéeration energy of 50keV (SeedirectionsC; in Fig. 4). Thetotal doses of
implanted ion were 5 x 10'® Jcn? and 1 x 10'® Jcm?. The DSCthemogramsfor three kindsof wires
with nonimplanted surface implanted with 5 x 10" Jcn? doseand implanted with 1 x 108 Jcn?
doseare shownin Fig. 1. If the doseof ion implantation increases, the reverse tranformation
tempeatures Asand A incresse

3. Tensiledeformation property

Thestressstrain curves of three kindsof wires obtainedby thetensiontestat roomtempeature
are shownin Fig. 2. The stressstran curve with nonimplantal draws a hysteresis curve during
loadingand unloadirg, showingthe SE. The curve with 5 x 10'® Jcn? doseshowsthepartial SE. The
curve with 1 x 10'® Jen? doseshowsthe SME. As obseved in Fig. 1, if higherdoseof implantdion
is applied, the reverse transfomation temgeratures incresse Both uppe and lower yield stresse:
therefore decreaseand the SME appears in plae of the SE.

4. Bending fatigue property

Therelationships etween the maimum bending stran and thenumberof cycles to fal ure for
three kinds of wires obtained by the aternating-plane bending fatigue testat room tempeature are
shownin Fig. 3. The larger the maximum bending stran, the shorte the fatigue life is. If the
maximumbendingstran is 4 %, thefatiguelives of all mateials are almostthesame.If themaxmum
bendingstrain is small the ftiguelife becomeslonger in the caseof higher doseimplantdion.

5. Fatigue fracture surface

Figure 4 shows amicrosmpephotogrgh of afradure surfaceof awire obtanedby the fatigue
test.In Fig. 4, C denotesthe center of ion implantdion and the point of the maxmum bendingstran.
F. denotesthe initiation point of the fatigue crack. The crack nudeatesat a certain point F¢ on the
surfaceof the wire and propagates towards the center in a sinuaus radial patern. Although small
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cracks are obseved in both sidesof the wire, onesinde crack grows preferentialy. Following the
appearance of fatigue aack with a fan-shamd surface, unseble fracture finally occurs. For
nonrimplantal samples, the poi F. coincides withthe pointC; and the &tigue life is short.
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ACTIVE VIBROACOUSTIC CONTROL OF BEAMS AND PLATES WITH GENERAL
BOUNDARY CONDITIONS

L. Nowak and T. G. Zieliriski
Institute of Fundamental Technological Research, Warsaw, Poland

1. Introduction

Active vibroacoustic control of beam and plate structures with arbitrary boundary conditions is
considered. The goal is to develop a method of minimizing sound radiation efficiency of such struc-
tures. Primary sound field arise as a result of vibrations, due to external disturbances. It is assumed
that the control system is compact - it does not contain any additional, ambient microphones. Piezo-
electric transducers, mounted on the surface of the controled object, are used as sensors and actuators.
Accurate numerical model of the considered structure is needed to determine optimal parameters of
the control system. Theoretical background and the results of numerical and experimental research
are briefly introduced.

Due to the fact that it is not possible to give an analytical solution of such problem in general
case, it is solved numerically. Eigenfrequencies and the corresponding mode shapes are found using
the finite element method. Basing on the derived results and the actuator/sensor equations, the piezo-
transducers locations that ensure optimal sensing/actuating abilities for specific vibration modes of
the structure are determined. The modes are selected taking into account fact that the main purpose
of the described study is to minimise acoustic field generated by the vibrating element. It is assumed,
that the piezotransducers are rectangle-shaped and their dimensions are given. The resultant radiation
efficiency of controlled, vibrating structure is estimated using the Rayleigh integral, assuming that the
element is placed in an infinite rigid baffle. Similar analysis is carried out for the beam structures,
but, instead of using FEM for modal analysis, one dimensional analytical solutions are applied.

2. Acoustic radiation of vibrating beam and plate structures

Due to the undertaken assumptions, classical thin beam and thin plate theories are used for mod-
elling. It is assumed, that vibrations of the structures are caused by external disturbances, that consist
of finite number of harmonic forces with different spatial distribution. The response of the structure
can be written as a sum of equivalent frequency components, each of which shape is modelled as a
finite sum of the eigenmodes. Radiated sound power is calculated independently for each frequency.
According to the initial assumptions described in the previous section, the Rayleigh integral is used to
calculate the far-field acoustic pressure distribution. Taking into account decomposition of the spatial
velocity distribution on the surface of the considered structure into the eigenmode vectors, following
expression for the radiated sound power at frequency f = 5~ may be written:

P, wz N 2m g N . . . . .
_ Po Z / / Wn (// ¢n€—]kz51n¢cost‘)e—]ky31n¢31n0ds> sin ¢d¢d9
n=1 0 0 S
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where p, and ¢y are the density and the speed of sound of surrounding medium (air), respectively,
S denotes the area of considered structure in x and y coordinates, IV is the number of considered
structural modes and the W, is complex amplitude of mode n whereas ¢,, denotes its normalized
shape function.

In the considered low-frequency range and for plate dimensions much lower than the acous-
tic wavenelgth in air, radiation patterns of structural modes (considered separately) are quite regular,
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Figure 1. Normalized amplitude of electic charge induced on a a) rectangle-shaped piezosensor, as a function
of its location on the surface of cantilevered beam for the first four vibration modes b) point sensor on a plate
surface for an example single vibration mode

close to monopole or dipole source patterns. The ,,dipole” modes are found to be very weak acous-
tic radiators. Those observations are important while developing the optimal strategy for the active
control system.

3. Determining the optimal parameters of the control system and experimental verification

To minimize radiation efficiency of the controlled structure the following steps need to be exe-
cuted. First, the parameters of the primary disturbance have to be estimated. Piezosensors are used to
determine the frequency components and corresponding complex amplitudes of their decomposition
into the structure eigenmodes. Then, the optimal feedback gain factors need to be computed for all
piezoactuators. The goal is to minimize the total radiated sound power, given by the Eq. (1).

The location of the piezoelectric components on the surface of the controlled structure deter-
mines the ability of the active control system to sense and control specific structural modes. For
that reason it is very important to properly choose positions of sensors and actuators, while develop-
ing system geometry. Results of an example analysis of sensitivity of different located piezoelectric
sensors to specific vibration modes is presented on Figure 1.

Different beam and plate structures with piezoelectric elements mounted on the surfaces were
used to verify experimentally conclusions obtained with theoretical and numerical investigations.
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CREEP BEHAVIOR UNDER STRESS-CONTROLLED SUBLOOP LOADING
IN TINI SHAPE MEMORY ALLOY
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1. Introduction

Shape memory alloys (SMAs) are remarkable materials characterized by the thermomechanical
properties of shape memory and superelasticity. The functional properties of an SMA appear based
on the martensitic transformation (MT), and since the MT is sensitive to variations in temperature and
stress and to their hysteresis, the deformation properties due to the MT are complex. Research up to
now in this area has been mainly concerned with a full loop (or perfect loop) of the MT completion.
But in practical applications, temperature and stress are likely to vary in various ranges. If SMA
elements are subjected to loads with a subloop (or partial loop, internal loop) in which temperature or
stress varies in an incomplete MT range, the conditions for the start and finish of the MT as in a full
loop are not satisfied. It can be recognized from this that the subloop deformation behaviour of an
SMA is of great importance for an accurate evaluation of the functional properties of SMA elements
and for the design of such elements for practical applications. The present study investigates
superelastic deformation behavior of TiNi alloy, in subloop loading test, in particular the
characteristics of transformation-induced creep deformation in the stress plateau region under
constant stress. Variations in the stress-induced martensitic transformation (SIMT) bands during
deformation are observed using a microscope, and a thermograph is used to identify the temperature
distributions on the surface of the tape specimen. The subloop creep deformation behavior is
discussed in terms of the local deformations due to the SIMT.

2. Transformation-induced creep deformation

Figure 1 shows the stress-strain curve obtained from the creep test under a constant stress rate of
0.5 MPa/s up to a strain of 2 % at the upper stress plateau, followed by a constant stress. In Fig. 1, the
SIMT starts at a strain of 1.3 % (point A) in the loading process, under a constant stress rate. If stress
is controlled so as to remain constant at its level for 2 % (point B), it initially fluctuates slightly before
settling down to a constant 438 MPa at a strain of 3.5 % (point C). Strain then continues to increase to
about 8 % (point D). This phenomenon of strain increase under constant stress is similar to what is
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Fig. 1 Stress-strain curve under stress rate of do/ds = 0.5 MPa/s Fig. 2 Variation in strain with passing of time in creep test
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found with normal creep deformation. The explanation in this case would be that the SIMT causes the
temperature to increase during loading up to a strain of 2 %, after which it decreases under a constant
stress. Conditions are therefore satisfied for the SIMT to progress and strain increases.

The relationship between strain and time is shown in Fig. 2. As can be seen in Figs. 1 and 2, the
rate of increase in the strain rises sharply at the level of 1.3 %, following the start of the SIMT. Stress
fluctuates slightly between strain levels 2 % and 3.5 % while strain increases rapidly. After a strain of
3.5 % is reached, stress settles down to be constant and strain increases at an almost constant rate of
6.5x107 s™'. Strain goes on increasing to about 8% before finally becoming constant.

3. Progress of creep strain

Figure 3 shows thermograms of the temperature distributions on the surface of a specimen, and
Fig. 4 shows photographs of the SIMT bands.

As can be seen from the temperature distributions, the SIMT process due to the exothermic
reaction first appears at the two ends during loading at a strain level of 2 %, and then spreads toward
the center where the bands combine into one, completing the SIMT. When the stress is held constant
at the level reached for 2 % strain, the SIMT bands spread due to a decrease in temperature.
Transformation heat is generated at each new point of advance in the SIMT process, which leads to a
chain reaction in the SIMT, resulting in creep deformation.

In Fig. 4, the SIMT bands in the photographs are tinted blue to enhance the visibility of the
propagation progress. After first appearing at the two ends, the bands spread toward the center as
stress is held constant. All of the SIMT bands photographed in Fig. 4 also appear in the same positions
on the reverse surface of the specimen and can be considered as continuing throughout the cross
section of the tape. This means that the area fraction occupied by the M-phase on each surface must
be equivalent to the volume fraction occupied in the body as a whole. In this way, the volume fraction
of the M-phase can be estimated from the measured area fraction of the SIMT bands. The relationship
between the volume fraction of the M-phase and strain is shown in Fig. 5. The volume fraction of the
M-phase increases in proportion to an increase in strain.
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STOCHASTIC MODEL REDUCTION TECHNIQUES
APPLIED TO INVERSE PROBLEMS IN STRUCTURAL ENGINEERING

T. Garbowski, A. Knitter-Piatkowska and D. Jaskowska
Institute of Structural Engineering, Poznan, Poland

1. Introduction

In the present paper the stochastic programming technique based on Gaussian Processes [1, 2] applied
to inverse problems in structural engineering, e.g. material parameters characterization and damage
detection is presented. The inverse analysis often uses a numerical model as an counterpart of exper-
iment in order to build the discrepancy function between experimentally measured and numerically
computed quantities, such as displacements, reaction forces, strains, accelerations, etc. If the numer-
ical model is complex the iterative minimization procedure becomes very expensive, therefore not
attractive from practical point of view or when the test has to be performed ’in situ’ (i.e. without a
computer which can handle heavy computations). The alternative is to use a surrogate which approx-
imates the behavior of the numerical model but is much simpler thus less expensive. The surrogate is
usually constructed as a *black box’ where for the approximation the following methods, among oth-
ers, are commonly used: Radial Basis Functions (RBFs), Polynomials, Proper Orthogonal Decompo-
sition (POD) combined with RBFs, Artificial Neural Networks (ANNs) or Gaussian Processes (GP).

All listed here approximation techniques require the numerically computed responses (i.e. train-
ing samples) in order to build a smooth and accurate analytical approximation of the sought solution.
Ideally would be to use a method which need the smallest possible number of ’training’ points and
in the same time is precise and robust. The approximation method based on GP satisfies all above
mentioned requirements: it gives very good results when the number of training examples is limited.
Another important feature of GP is that it gives not only the approximation of the mean value of
sought parameter but also its standard deviation. This feature gives a possibility of automatic and
systematic improvement of the solution, because the computed standard deviation of the model pre-
diction provides a localization where the approximation is weak, (and therefore it points out where,
in the parameter space, the additional experimental or numerical data are necessary to improve the
approximation).

An important problem during the construction of the surrogate is usually a big number of data,
i.e. control parameters (e.g. material, geometrical features) and state parameters (measurable quanti-
ties). The probable correlations between the control variables as well as between the state variables
can be computed, and consequently used to reduce the number of model parameters, by the appli-
cation of Principal Component Analysis (which is a part of the proposed method). The presented
stochastic algorithm is formulated within Bayesian framework thus provides additional information
about the magnitude of correlation between state and control variables, i.e. the relevance of input-
output correlation. This is very important if one would like to exclude from the model the parameters
which not influence the measurable quantities (i.e. the measurable quantities are not sensitive to those
parameters).

The stochastic model reduction techniques based on GP have, however, one significant disad-
vantage, namely the Gaussian Processes are usually parameterized in terms of their covariance func-
tions. This makes it difficult to deal with multiple outputs, because ensuring that the covariance matrix
is positive definite is problematic. An alternative formulation is to treat Gaussian processes as white
noise sources convolved with smoothing kernels, and to parameterize the kernel instead (see [3]).
Using this approach, one can extend Gaussian Processes to handle multiple, coupled outputs.
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2. Application

In the present communication two examples are used to show the application of above described
model reduction techniques. The first example shows the application of multi-output GP to damage
detection in the structural elements (as beams and plates) through Wavelet Transformation [4, 5]
and Inverse Analysis. The second application shows the use of GP as numerical model surrogate in
characterization of glass and foil parameters in SGP and PVP laminated glasses [6, 7] through Digital
Image Correlation and Inverse Analysis [8].

In both examples GP based approximation serves as a surrogate of numerical model, which
in combination with iterative minimization algorithm (e.g. trust-region algorithm) gives very fast
and accurate results, both in damage detection and material model parameters identification. By
iterative comparing of experimental data to data obtained from the multi-output GP approximation
model the discrepancy is minimized and sought parameters (i.e. damage localization and size, as
well as material constants in laminated glass) can be vary fast identified, provided the surrogate is
appropriate constructed.

3. Summary

The GP approximation model which serve as a numerical model reduction is used here in com-
bination with Inverse Analysis to solve structural engineering problems, e.g. damage detection and
constitutive models identification. The work is mainly focus on the proper construction of the GP
model, namely on: (1) training process based on minimal number of training samples, by making use
of automatic samples selection through computed standard deviation of model prediction; (2) control
and state parameters compression based on PCA techniques; (3) control parameters reduction based
on input-output correlation; (4) proper construction of multi-output GP.
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CELLULAR AUTOMATA ASEFFICIENT GENERATOR OF OPTIMAL TOPOLOGIES

B. Bochenek,K. Tajs-Zielihska
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1. Introduction

Heuristicevolutionarymethodsaregainingnowvadaysvidespreaghopularityamongresearche|
becausehey areeasyfor numericalimplementationgo notrequiregradientinformation,and onecar
easilycombinethis type of algorithmwith ary finite elementstructuralanalysiscode. Among suct
techniquesare also CellularAutomata. Cellular Automata(CA) are mathematicaldealizationof
a physical systemsn which the designdomainis dividedinto a lattice of cells, statesof which are
updatedsynchronouslyn discreteime stepsaccordingo somelocalrules. Theprincipleof theCA is
thatglobalbehaior of thesystenis governedby cellsthatonly interactwith theirneighbors CA have
attractedesearcherfom variousdisciplines.This concepthasbeenfound attractive alsoin optimal
designbecausef its simplicity and versatility and since CA methodologycan be adoptedboth to
optimal sizing andtopology optimization. The aim of this paperis to presenta novel CA approac!
which canbe usedin topologyoptimization. The new efficient local updaterulesare proposedanc
the performancef the numericalalgorithmbasedon the presentedoncepis discussed.

2. Local design rulesfor topology optimization

The ideaof Cellular Automatais to replacea complex problemby a sequencef relatively
simple decisionmaking. In engineeringmplementatiorthis leadsto decompositiorof considere
domaininto a setof cells which build an uniform lattice. The particularcell togetherwith cells
to which it is connectedorm neighborhoodandit is assumedhat the interactionbetweencells
takes placeonly within the neighborhood. The speciallocal rules are selectedn orderto control
evolution of eachneighborhoodstate. The rulesareidenticalfor all neighborhoodsndare appliec
simultaneouslyto eachof them. The rules operateover a large numberof cells that carry on only
localinformation.By applyingtherulesrepetitively to locally updatedphysicalquantitiegheproces
convergesto adescriptiorof theglobalbehaior of thesystem.In topologyoptimizationonesearche
for adistribution of materialwithin adesigndomainthatis optimalin somesenseThedesignproces
consistsn redistritution of amaterialandpartsthatarenotnecessarfrom objective pointof view are
selectvely removed. Topologyoptimizationusuallyendsup in finding materialvoid distribution thai
is visualizedby black andwhite regionsover the designdomain. The power law approactdefining
solid isotropicmaterialwith penalization(SIMP) proposedor exampleby Bendsod1] caneasilybe
adaptecherewith designvariablesbeingrelative densitieof a material. The elasticmodulusof eact
cell elemenis modelledasafunctionof relative densityd; usingpowerlaw: E; = d¥ Ey, dpi, < d; <
1. Thispowerp penalizesntermediatelensitiesanddrivesdesignto ablack-and-whitestructure.One
of theproposediesignrulesincludesinformationgatheredwithin anindividual cell neighborhoodas
well ascarriesadditionalsupplementarinformationinfluencedby all neighborhoods:

77(t) 77(t)
a0+ o (4 JUi — pU
7 (3 U(t)

In theabove Uﬁt) representsiveragevalueof strainenegy densityfound for cell neighborhoodanc

7" standsfor the global average. By modifying values oftuning parametersy, 5 it is possible
to weigh thesetwo items of information, hencecontrol and modify performanceof the numerica
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algorithm. It is worth noting that someotherlocal rules proposalshave beenpresentedn formetr
authors’papers.g.[2].

3. Optimal topologies

SelectedCellular Automataoptimal topologiesobtainedwithin the framework of this pape
illustratethe proposectonceptsTwo examplesarepresentedbelow: in the Figurel a cantilever with
square-shapéihe supportanda spatialchairlik e structurein the Figure2.

ia :a ‘
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! &
»a d
t P
Pz%a%

Figure 1. 128x40 cells (lmmx1mm), P=100N, a=40mm. lteration40, compliancel52.1Nmm, volume

fraction0.25 a,
Ny 4a
p
3a
4a
5a -

Figure 2. 5x20x 15+25x 20x 20 cells (Lmmx Immx 1mm),a=5mm, p=100N/mn?. Iteration33, complianc
119.6Nmm, volumefraction0.18

4. Closing remarks

Themainadwantageof the developedCA algorithmis thatit is a fastcornvergenttechniqueanc
usuallyrequiresfar lessiterationsascomparedo otherapproacheso achiese the solution. Whatis
alsoimportantit doesnot requireary additionaldensityfiltering. Therearenot mary parameterso
adjust,andit is very easyto implementparallelcomputationsn Cellular Automataalgorithms. Fi-
nally, for topologyoptimizationproblemschangingmeshdensitydoesnotinfluenceresultingtopolo-
giesandsolutionsarefreefrom checlerboardeffect.
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SHAKEDOWN LIMIT LOADS FOR PERIODIC HETEROGENEOUS
STRUCTURAL ELEMENTS

M. Chen, A. Hachemi and D. Weichert
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Dired methods, namely shakedown and limit analysis, are used effedively for the prediction
of structure fail ure behavior under variable loads with unknonvn evolution in time. The extension of
the classcd shakedown theorems to thermal loadings are mainly applied in homogeneous materials
[1]. In this work, a numericd method is presented to determine the shakedown and limit loads of
periodicdly heterogeneous structures under thermal and structural loading.

Shakedown analysis of heterogeneous materials generally concerns two scdes [2, 3]. On
microscopic scde, the Melan's lower-bound shakedown theorem is applied to representative
volume element (RVE). The difficulty here lies on the implementation of periodic boundry
condtions. According to the type of the prescribed loading condition, either a strain approach or a
stress approach can be adopted for structural loading [4]. By thermal loading, periodic couding
boundry condtions of RVE must be considered and the quadratic yield condtion of von Mises
type, hasto be satisfied [5]

F(ao® +p,oy(8)) <0 inV

It means that shakedown may happen if there exist a safety fador ¢ and a time-independent and
periodic residud stressfield p in the RVE, so that the total stressfield ag® + g does nat violates
theyield condtion at associated temperature field 9.

On the maaoscopic scae, the globa resporse of the composites is investigated. The link
between locd stress field in RVE and global admissble stress field is made by means of
homogenizaion theory [6]. In the shakedown theory for composite materials with periodic
microstructure, the maaoscopic stressis decompaosed as foll ows

z—lf( E+_)dV—1J Edv+1f pdV with 1] pdvV =0
_VV aa P —VVaa va w1l VVP =

The effedive properties of the compasite are determined from geometricd and material data
available from the study of a RVE. For periodic compasites, these data are completely spedfied
from geometricd and medhanicd properties of aunit cdl which generates by periodic repetition the
whole microstructure of the composite.

The use of Mean's shakedown theorem in composites leads to a norinea convex
optimizaion problems, which is charaderized by large number of variables and constraints. The
numericd implementation mainly involves two tods: finite element method and large scde
norlinea optimization method In term with principle of virtual work, the discretizaion is caried
out for the purely elastic stress field ¢ and the residual stress field p. The use of solid non
conforming elements, constructed from bili nea shape functions and enriched by internal second
order paynomials, may nat only increase the basic acaracy of shakedown and limit analysis of
compasites, but aso reduce the scde of optimizaion problem [7]. For the solution of such large
scde convex mathematicd programming, an interior-point-algorithm based optimization software
padage is adopted [8], which is proved to be reliable and efficient [1].
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In this paper, this methoddogy is illustrated by the applicaion to a structure made of

compasites under variable presaure and temperature loads. The proposed method provides a direa
numericd approach to evaluate the maaoscopic properties of heterogeneous materials with periodic
micro- or meso-structure as a useful tod for the design of structures.
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1. Introduction

This paper proposes a Substructure Isolation Method (SIM) for online locd hedth monitoring
a the substructural level. The SIM [1] includes two key steps: isolation of the substructure, and its
locd identification. Isolated substructure is an independent virtual structure, which is isolated from
the global structure with virtual suppats placed in the interfaceDOFs. Its resporseis constructed by
such a linea combination of time series of measured locd resporses that the desired boundry
condtions are satisfied and dl outside influences are removed. Given the combined resporse, the
substructure is locdly identified using any of the standard methods aimed originaly at global
analysis. Thisisunlike other substructuring methods, seee.g. [2,3], which require dedicaed methods
in order to ded simultaneously with structural damages and generalized interfaceforces.

The SIM has been originaly [1] used in off-line analysis and required zero initial conditions.
Here, it is used for locd online monitoring by a repeaed applicaion to successvely extraded
measurement time series. Non-zero initial condtions are allowed; they are refleded in a free
vibration comporent of the constructed resporses of the isolated substructure.

2. Sensors, excitations and measurement time series

The substructure is virtuall y isolated from the global structure by pladngvirtua suppatsin all
its interface DOFs. These suppats are implemented by physicd interfacesensors x;, i=1,...,lg, and
used for the purpase of isolation only. Besides, there are Is internal sensorsy;, i=1,...,ls, which are
placal inside the substructure in order to measure its resporse. The isolation process consists of
ateringthe readings y; of the internal sensors (using the reading of the interfacesensors x;) in such a
way that the result equals their reading as if they were placead in aphysicdly isolated substructure.

Here, nointentionall y appli ed excitations of the substructure are considered. That is, the sensors
measure only its freeresporse to operational excitations occurring in the outside structure, such as
wind, traffic, modal hammer, running engines, etc.

For the purpose of online monitoring, it is asaumed that the resporses x; and y; are measured
cortinuously. The time series measured this way {xi(t)} « and {yi(td)} k are divided into N successve
and possbly overlapping time sedions ead of length K, X" ={x"(t)},= « and y! ={y"(t )} « -
where k indexes the time steps anew within ead sedion, n is the number of the time sedion and
' <t <t for al n. In eat time sedion, the readings of al the interfacesensors x!, i=1,...,lg,
are combined into asing e interfaceresporse vedor X". Therealings of al theinterna sensors y!',
i=1,...,ls, are combined into asing e interna resporse vedor Y", too.

3. The combined response and isolation

Assime that the measurement vedors X" and Y" for n=1, ..., N+1 are extraded from the
measured time series and avail able. Consider the foll owing combined resporse vedors:

(1) Ce =X"4+3" g, X" = X"+ Xa, Cy =Y"+3" g ¥ =YY" +Ya
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where the vedor a colleds is combination coefficients a,,, and X and Y are matrices composed of
column veaors X" and Y". If the substructure is asumed to be linea, the combined response vedors
Cx and Cy areitsvalid responses (solutionsto its equation of motion), and they can be thus used for
monitoring. Moreover, if the combination coefficients are seleded in such away that the combined
interfaceresponse vanishes,

2 C, =X"+Xa =0, a=-X"XN
then the correspondng combined internal resporse vedor Cy,
(3) C, =YV -yxyN,

is the resporse of the isolated substructure (the adual substructure, as if it was physicdly isolated
from the outside structure).

4. Onlinelocal structural health monitoring

The resporse Cy of the isolated substructure can be used with any genera SHM approach
aimed originally at global monitoring[4]. Online monitoringis possble by repetitive (1) updating of
the set of N time sedions used to construct X" and Y" with new measurements, (2) applicaion of the
SIM to the upcated set, and (3) applicaion of an SHM methodto the constructed resporse.

5. Numerical and experimental examples

The isolation approach was verified experimentally using an aluminum cantil ever beam and a
virtual pinned suppat, which was implemented by a transverse velocity sensor and a strain sensor.
The damage was identified by fitting the natural frequencies of the modeled substructure [5] to the
identified frequencies of the isolated substructure [6]. Due the spaceconstraints of this abstrad, the
results will be presented during the conference.
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Instrumaetedindentdion techniquesat micro or nano-scales havebecome more popularfor
determining mechanical propeties from small samples of mateial [1]. These techniquescan be
usednot only to obtainand to interpret the hardnessof the mateial but also to provide informatior
about the near surface medanica propeties and deformation behaviour of bulk solids and/or
codting films. In particular, various approahes [1, 2] havebeen proposel to evaluate the elastic
plastc propeties of powea-law mateials from the experimertal loadingunloadingcurves. In order
to obtainauniquese of dastic-plastc propeaties, mary reseachers haveproposel to usemorethar
oneset ofloading-unloadng curves obtainel from different indenters 3, 4.

A combined Finite Element (FE) analysis and optimisaion approah [5] devdoped by the
authors, ugig threetypes of (sinde) indener (Conicd, Berkovich and Vickers), for detemining the
elasticplastc mateial propaties, using oneset of ‘simulated’ target FE loading-unloadirg curves
and one sd of red-life experimertal loadingunloading curves, will be desaibed. The results
obtainel havedemongrated that excdl ent convergency can be achieved with the ‘simulated’ target
FE loading-unloadirg curve, but less acairate results have been obtained with the red-life
experimental loadingunloadingcurve. This combined technique has been extendel to detemrmine
the elastic and visco-pladic mateial propetiesusing only a single indentation ‘simulated’ loading
unloadingcurve based on atwo-layer viscoplasttity model[6].

A combined dimensionandysis and optimisaion approah [7] has been devdopedand usec
to deemine the elastic-plastc mateaial propeties from loading-unloading curves with single and
dud indentes. The dimensionfunctionshavebeen establshedbased on the parametric study using
FE anayses and theloadng and linearised unloadng portionsof theindenttion curves. It has been
demongrated that the elastic-plastic mataial properties cannot be uniqudy determined by the ted
curves of a single indentr, and the uniqueor more acairate results can be obtainel usingthe tes
curves fromdud indenters.

Since the charaderistic loading-unloadingresponss of indenters can be approxmated by
the results of dimensioral andysis a simplified approah [8] has been usedto obtainthe elastic
plastc medanical properties from loading-unloading curves, using a similar optimisaion
procedure. It is assuned thatthe loading-unloading portionsof the curves are empiricdly related to
someof mateial propaties, which avoids the need for time consuning FE andysis in evaluating
theload-deformation relationshp in the optimizaion process. This approach showsthattheissue
of uniguensshavebeen raisedby usinga sinde indente and more acairate estimationof mateial
propeaties with dud indentes can be obtainal by reducing the bound range of mechanical
paametes.

This pape highlights some recent development of optimization techniques,for use in
determining elasticplasic and visco-plastic properties from instrumented indentation loading-
unloadingcurves. The optimization approahes based on FE andysis, dimension andysis and a
simplified empirical method are briefly desaibed. The general performane and the applicability of
those techniquesare evaluated and someof limitations and areas that need to be exploited in the
future are briefly addressed.
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STRUCTURAL DAMAGE DETECTION
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1. Introduction

Damage identification belongs to the field of problems connected with structural health mon-
itoring and safety assessment. Safety of the structure can be decreased by defects evolving in the
structure which may take the form of cracks, voids, decohesions etc. It is expected that various
methods of damage identification provide information whether damage exists or not. Among a large
number of non-destructive testing one can propose for example X rays, vibration, acoustic emission,
heat transfer, etc. These methods of inspection allow to identify the position of damage and possibly
also its form and magnitude. In this work methods of damage identification based on measurement
of structural response to the actual actions or actions specially planned and applied to the existing
defective structure are proposed. Different types of structural response namely displacements, veloc-
ities or accelerations can be monitored. By the comparison of the response of the existing structure
with the response of its computer model containing expected damage parameters one can construct
the discrepancy function. Minimization of the differences between measurable quantities computed
by the numerical model and recorded on the real defective structure allows to obtain the information
on the defects. Recently alternative approaches have been developed where data processing tech-
niques are applied to the response signal of the damaged structure only, therefore the time-consuming
optimization procedures can be avoided. At present the great potential is assigned to methods of ar-
tificial intelligence e.g. Artificial Neural Networks (ANNSs) [1] or methods of signal processing e.g.
Fast Fourier Transform (FFT) and Wavelet Transform (WT) in continuous (CWT) or discrete (DWT)
form.

In this work the attention is focused on Wavelet Transformation in its discrete form. The most
fundamental challenge is the fact that damage is typically local phenomenon and may not significantly
influence the global response of structures. Signal decomposition using WT allows to detect and
localize the damage [2] because wavelets demonstrate strong disturbance in a place where the damage
is localized. To assess the magnitude of the damage Lipschitz exponent for example can be used.
However, data processing of the structural response signal using WT proved to be rather ineffective
in identification of the type or shape of a defect. Therefore, the possibility of using a new approach of
more precise damage identification based on Artificial Neural Networks is studied. Here the attention
is focused on Radial Basis Function Networks (RBFNs).

2. Description of the proposed method

The proposed method uses both Discrete Wavelet Transformation and Artificial Neural Net-
works as a damage detection tools which, in combination, gives possibility to detect not only the
localization of damage [3] but also its shape and/or size. All geometrical features of defect together
with its localization in the structure form a vector of parameters x to be identified. In order to ver-
ify if such identification can be done in the real experiment, it is commonly accepted to build first a
computer model which mimic the examined structure and perform on it the numerical identification
procedure. Usually a pseudo-experimental validation analysis consist of two steps: (1) first a refer-
ence model with a-priori chosen parameters x* is computed and all necessary signals are stored; (2)
later the numerous of identification procedures are performed starting from different values of x; # x*
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in order to check if convergence to known solution x* can be obtained. Alternative to (2) is to use,
instead of iterative solver, the ANN for x* prediction. ANNs provides a very fast identification tool
which can be used ’in situ’ on a portable computer without any time-consuming computations nor so-
phisticated software. However ANN s require to be trained, which, in general, is an expensive process
if many training examples need to be generated, yet the training is done once-for-all in the prelimi-
nary phase (i.e. not during the identification phase). Here the training samples are computed by the
Finite Element (FE) model, which for various damage parameter vectors X; computes the response
signals (displacement and acceleration fields). Then the signal is transformed through DWT and the
wavelet coefficients are computed; all coefficients form a vector ¢, and together with corresponding
damage parameters gathered in x, are used as training data for ANNs (each training sample consists
of damage parameter vector x as ANNs’ output and wavelet transformation coefficient vector ¢ as an
input).

In the first step of validation the different types of damage (e.g. inclusions, voids, stiffness or
cross-section reduction, etc.) are employed in the numerical model in order to check which defect
type perturbs the most the measurable signals and therefore the sensitivity of the signal with respect
to damage parameters. The recorded signals are the deformations and accelerations of various points
in the structure (here beams and plates are investigated). In beams defect is modeled as a step-wise
reduction of cross-section on a small area and/or stiffness reduction whereas in plate structures defects
have the form of voids or inclusions (also reduction of cross-section and stiffness is checked).

In the later stage the attention is focus on proper training techniques of ANNs and reduction
of input data (wavelet transformation coefficients vector c) through principal component analysis.
The minimum number of ANNSs training samples (i.e. the number of damage scenarios) necessary in
appropriate construction of model approximation is also studied here in order to reduce the number
of experiments to be performed.
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1. Introduction and motivation

In order to creade madine tods for small-scde gpli caions, compliant mechanisms have be-
come quite popuar in recent yeas as an aternative to rigid bodysystems conreaed by conventional
pin joints. Compliant mechanisms are flexible, mondit hic structures whase overall motionis aresult
of the dastic deformation of certain comporents, so cdled flexural hinges. Compliant mechanisms
are patentially more acarate, have superior scdability, are deaner, lessnoisy and, most important,
lessexpensive to manufadure and maintain than conventional devices.

However, designing compliant mechanisms is difficult and nonintuitive due to their inherent
complex overal deformation. Therefore, atopdogy ogimizaion agorithm based ona continuum
design damain is applied to maximize the motion ona user-spedfied ouput path. Fatigue efeds on
the flexural hinges can leal to premature fail ure of the entire CM under dynamic loading conditions.

To describe the mechanicd behavior of afeal unt in an acarate way, very large and sparse
finite dement models arise. Thus, the numericd simulationsrequire an uracceptable anourt of time
and memory space This fad and the need for efficient control algorithms motivate the introduction
and applicaion o model order reduction methods.

2. Topology optimization for compliant mechanisms

A topdogy ogimization procedureis used for the design of |arge-displacanent, path-foll owing
compli ant mechanismsposesdng ogtimized flexure hinges. It isbased ona ntinuum design danain
isappli ed to maximizethe motionu,,: (x) onauser-spedfied ouput path u: s, as hownin the upper
box o Fig. 1. Non-linea geometric eff eds are taken into acourt to ensure proper modelling o large
displacements occurring in compliant mechanisms. A robust and efficient staggered optimization
scheme, based on ogimality criteria methodand gobally convergent method d moving asymptotes,

isimplemented to solve the optimizaion groblem P written as
minimize f(x) = —||uous(x)]]

= |[Uous(x) — (S)ll);tec | —e<0

=z, — 2P <0,i=1,.

subjed to g1(x

AA

P =

with x; as the design variables (i.e. densities of n elements), x**<¢ asits edfied maximum value,
and K(u), u andf asthe stiffnessmatrix, displaceanent vedor and external |oad vedor, respedively.
The obtained final topdogy o the compliant medhanism is able to foll ow the spedfied motion path
within the given predsion limit e.

This procedure yields final topdogies of compliant mecdhanism that include the positions of
artificial (flexure) hingesbut not their optimal shapeleaving doultsonthe physicd meaningaswell as
an urcertainty in the manufaduring process To overcomethisdrawbad, artificial hingesarereplaceal
by red flexure hinges meding the performance spedficaions given by the compliant mechanism’s
kinematics and/or by the intended appli cation. Diff erent flexure hinges were investigated beforehand
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Structural Optimization of path-following Compliant Mechanisms

- number of - motion path Ugy
life cycles ! | - within precision
- deflection \ limit € of specified

range motion path ughs®

implemM Niemfy

Optimally designed flexure hinges Hinge performance

? deSIQn - fatigue limit
- maximum elastic deflection
ana|yze - bending stiffness

- precision

Rectangular Circular Parabolic Optlmum

Figure 1. Scheme of the optimization procedure for compli ant mechanisms

in terms of relevant performance aiteria such as maximum defledionrange, bending stiff ness natural
frequency and, most importantly, fatigue life. Explicit analyticd expressons are derived for common
redanguar and circular as well as customizable parabadlic hinge geometries for static and dyramic
loading conditions and are vali dated by experimental data (cf. [1]).

3. Modd order reduction for compliant mechanisms

Model order reductionis an establi shed methodin many technicd fields for the gpproximation
of large-scde linea time-invariant dynamicd systems described by ardinary differential equations.
Based on system theory, underlying representations of the dynamicd system are introduced from
which the general reduced order mode is derived by projedion. During the last yeas, humerous
new procedures were pullished and investigated appropriate to simulation, optimizaion and control.
Singuar value decompositi on, condensation-based and Krylov subspacemethods representing three
order reduction methods are reviewed and their advantages and dsadvantages are outlined with re-
sped to compliant mechanisms. Moreover, the requested attributes for order reduction as a future
reseach diredion medingthe charaderistics of compli ant mecdhanisms are mommented.
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THE OPTIMAL DESIGN OF BOLTED CONNECTIONSBY APPLYING FINITE
ELEMENT METHOD

F. Lisowski
Faculty of Mecharical Engineaing, Cracow University of Techndogy, Poland

1. Introduction

The paper presents an approach to the optimal design of balted joints using the finite element
method It was discused how to creae the parametric models of such conredions. Particular
attention was paid to their pradicd use for stressanaysis invaving optimization procedure. For the
optimization process where the number of iterations is not known in advance reducing
computational time for ead set of optimizaionisundouliedly beneficial.

Besides, the paper takes up the question of how to form the mesh within the notch areadue to
reducing computational time of optimization process The author aso pays attention to the way of
acceting the objedive function depending on the geometry of studied element. Pradicd
applicaion of the isales raised in the article is presented on the example of the stressanalysis and
geometric optimization for two types of nuts. These are the nut with suppating ring and the nut
with undercut.

2. Parametric models of bolted connections

To perform the optimization problem two-dimensional axysymetric finite element models of
bdted connedions were used. Such models are sufficient for stressanalysis and optimizaion due to
obtaining the minimum of stresson the threal of balt [1],[2]. Geometry of studied nuts and their

design variables for geometricd optimizaion are showninthe Fig.1 and Fig.2.
Tr 130x6 Tr 130x6

S

pd5

pp6
ppS

F A

« ‘—WTJ \
ppd3 ’Q ‘—%'—

pp3

Fig. 1. Design variables and dimensions for parametric Fig. 2. Design variables and dimensions for parametric

model of nut with suppatingring model of nut with undercut

3. Modeling theradius of notch fillet by using proper size of finite element

In bdted conredions the threal is a structure consisted of serial notches. Fill et radius at the
root of thread has at best few milli meters. Therefore to obtain the sufficiently approximated outline
of curvature, it is necessary to use very fine mesh within the notch area This in turn results in a
rapid increase in the number of finite elements and elongates the computational time. Optional way
to obtain corred solution may be modelli ng the notch radius as a sharp notch and accepting the size
of finite element within the notch areaso that obtained result will be convergent. According to [2]
deaease in the finite eement number for axisymetric model of trapezoidal thread Tr100x12can
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read 82% (2-D, 8-Node element) while the percentage relative error of maximum stressis less
than 1% (compare fig.1 and fig.2). Applying of this method for modeling the radius of naotch fill et
can significantly reduce the computational time for optimization set. However, it requires choosing
the proper size of finite element depending on angle and radius of the notch.

3.295 164.943
154.119

163.633 244.844
53.027 214.238 275.449

Fig. 1. Orn stressmap of 2-D axisymmetric model of  Fig 2, gy stressmap of 2-D axisymmetric model of
bolted joint Tr100x12vith rounced notches bolted joint Tr100x12with sharp notches

4. Acceptance of the objective function

For studied nuts, it was assumed that the height H and the outer diameter pd3pp3 are
constant. In that case for nut with suppating ring the mass is aso constant, so the objedive
function was accepted as a Huber-Mises-Hencky reduced stresson the thread of bolt. Whereas for
nut with undercut, the objedive function can be formulated as given by equation 1. Such a
formulation of the objedive function alows to take into acmurn stressand area (masg criterions
simultaneously. Significance of masscriterion can be controlled by f and n fadors.

(1) o™ ET ASETJ”
Qo = 2ty | AL
¥ i (AN

HMH

UFT,\E;XHB & _ maximum Opun Stressin the thread of balt for starting point [MPa], O',T,?,,XHB T _ maximum (o
stressin the thread of balt for current optimizaion set [MPa], ANSP— surface area of nut for starting point [mn?],

Af,ET — surfaceareaof nut for current optimization set [mnt]
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NUMERICAL MODEL OF ALN-BASED BULK ACOUSTIC HIGH-FREQUENCY
RESONATORS
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1. Introduction

Thinfilm bulk acoustic resonators (TFBAR) have been adopted as alternativesto high-frequency
SAW resonators, due to their inherent advantages, such as low insertion loss low cost, high pover
handing cgpahility and small size TFBAR consists of apiezeledric layer sandwiched between two
metal eledrodes. The dedric field of the signal acossthe dedrodes sts the piezoeledric film into
vibration. For example, they are analysed in [1]. The aystallographic orientation of the piezelec
tric film (c-axis oriented narmal to the film surface is such that the device work in the fundamental
thickness-extensional mode. Vibrations propagatesin thethin SisN, membrane mechanicaly couped
to the battom eledrode. The resonancefrequency is mainly determined by the thicknessof the piezo-
eledric layer (several 100 mm) and they are suitable for mobile communicaion systems operatingin
the 1 to 10GHz range.

2. Numerical model

The TFBARs are redized on a SizN, membrane, 200 rm thick, chemicdly etched ona Si
substrate. The AIN film is grown onametal (Al or Pt) bottom eledrode previously sputtered onthe
Si3N, diaphragm; then an Al or Pt metal top eledrode is depasited onthe AIN freesurface beingthe
adive aeaof the devicein the range from 500x500to 500x200m?.

@ (b)
Fig. 1. Theresonator, top view (&), crosssedion (b)

Theimportant modesfor theresonator are the thicknessmodes. Thethicknessmodeisevaluated
on sample of AIN. The test example is prepared for 1000x1000x1000 m cube (Fig. 2a) with the
sliding boundry condtions aongthe 4 walls of the aube. The aube was discretized with 1000 8
nodes brick elements. We have obtained the thicknessmode & mode 9 and the correspondng netural
frequency 5.55GHz which matches the analyticd solutionfor Masons resonator [2].

@
Fig. 2. Test example (a), adive part, thicknessmode (b)

(b)
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Itis shownthe analysisof the thicknessmode of thefoll owingresonator Al(100rm)/ AIN(1000i
Al(100rm)/ SIN(200rm) and the adive aeaof 0.5x0.5 mm. The correspondng thicknessmode is
shownin Fig. 2b.

- @ (b)

4
FEM calculaﬂon?‘ Al'electrodes, ——
“Experimental, Al electrodes”

des ——

Al electrod?
Platinum electrodes

Frequency (GHz)

T 15 2 25 3 35 4 25 T 15 2 3 35 4 15
AIN thickness (micrometer) Al ickne ss (mi

Fig. 3. Numericd results and experimental results for Al eledrodes (a), “numericd results for Al and
Pt eledrodes (b)

The thicknessmode is identified as 4222 with the correspondng frequency of 3.889 GHz. Further,
the analysis of different AIN resonators of the thicknesses between 1.0 and 50 ymiscaried ou and
compared with the experiment. The results are shown in Fig. 3alt has been foundthat the diff erence
between the experiment and the numericd resultsisin therange of 3% up 10%. The higher diff erence
appeas for thinner layers of AIN. The results of the analysis of the resonators with Pt eledrodes is
giveninFig. 3b

@
Fig. 4. Considered void (a), imperfed mode (b)

(b)

We oonsider an imperfed system with void, Fig. 4a. The system withou void vibrates in thickness
mode. Thisisin contrast to the imperfed one, Fig. 4b. First of al, the general mode is skewed and
we ca see abulge ontop. We may nate, that the FEA is useful to capture the dfed of tiny voids and
impuriti es.
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