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PREFACE

The Croatian Society of Mechanics is an association with the objective of promoting education, 
research and application in the field of fluid and solid mechanics. Within the framework of this 
Society, scientific gatherings have been organised in order to make an environment for the 
exchange of new ideas and achievements in mechanical sciences. The most prominent scientific 
events are the International Congresses of the Croatian Society of Mechanics. The five previous 
congresses took place in Pula in 1994, Supetar in 1997, Cavtat, in 2000, Bizovac in 2003, and Seget 
in 2006. It has always been the intention to hold the conference in an attractive environment. 
Therefore, the place of the 6th International Congress of the Croatian Society of Mechanics (6th ICCSM) is 
Dubrovnik, a “town-monument”, a UNESCO world heritage site, and a favourite tourist destination 
on the Croatian Adriatic Coast. The Congress has been organised under the auspices of the Central 
European Association for Computational Mechanics and the University of Zagreb. The organisation 
has also been supported by the Faculty of Mechanical Engineering and Naval Architecture, 
University of Zagreb.

The scientific programme of the 6th ICCSM consists of 7 plenary lectures and 123 regular lectures 
divided into 14 sessions. In the plenary lectures, prominent researches have addressed the state-
of-the-art advances in the mechanical sciences. In the regular contributions, the scientists from all 
over the world have provided an international forum for the presentation and discussion of recent 
advances in various fields of theoretical and applied mechanics. Special attention is directed to the 
development of modern numerical formulations. This scientific gathering is also an opportunity 
for valuable interactions between junior and senior researchers that may result in new ideas as well 
as new in prospective research directions.

This book contains the abstracts of the five plenary contributions and the abstracts of all 123 
regular presentations. The abstracts have been accepted after having been carefully reviewed by 
the members of the Scientific Committee and the Organising Committee. All contributions are 
printed from camera-ready copies submitted by the authors. Therefore, the editors do not assume 
liability for possible errors or inconsistencies. The complete versions of the presentations are 
published on CD-ROM.

We gratefully acknowledge the valuable contribution of the plenary speakers who gladly accepted 
our invitations, as well as all the authors of the contributed papers. Furthermore, we express our 
gratitude to the members of the Scientific Committee who promoted our Congress worldwide. 
We are also very thankful to Professor Nenad Bićanić, co-chairman of the Congress, for his 
valuable assistance. Many thanks go to the colleagues who made effort to review the abstracts. 
In addition, we would like to thank our sponsors, especially the University of Zagreb supporting 
the accommodation at the Congress venue, as well as to the Ministry of Science, Education and 
Sports of the Republic of Croatia. Special thanks go to the research assistants of the Institute of 
Applied Mechanics at the Faculty of Mechanical Engineering and Naval Architecture Jasna Leder 
and Eduard Marenić for their invaluable help at various stages of the Congress preparation. Special 
mention must be made of Jasna Biondić, our administrative secretary, who also contributed to 
the success of the Congress. Finally, we would like to thank everyone who helped in any way in 
organising this scientific event. 

Ivica Smojver
  Jurica Sorić
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Quasibrittle Fracture and Scale Transitions: 
Problems, Progress, Practice 

Zden�k P. BAŽANT,  Jia-Liang LE, Qiang YU,  
Christian G. HOOVER and Ferhun C. CANER 

Northwestern University, Evanston, Illino  is 60208 

Abstract 
Three types of fracture mechanics may be distinguished. In classical linear elastic fracture 
mechanics (LEFM), the fracture process zone (FPZ), can be treated as a point. In ductile fracture 
of metals, there is a large nonlinear plastic zone, but the FPZ is still small. In quasibrittle fracture, 
which is typical of brittle heterogeneous materials, briefly termed quasibrittle, there is virtually 
no plasticity and the FPZ, which exhibits progressive softening due to distributed cracking and 
frictional slip, occupies essentially the entire nonlinear zone and possibly the entire cross section. 
The effective length and widths of the FPZ represent two material characteristic lengths which 
cause the nominal strength of geometrically similar structures to scale as a transition between two 
power laws, with significant geometry effects. An aperçu of the problems, progress and practice 
of quasibrittle fracture mechanics and its scaling is presented. The historical origins in concrete 
structures are pointed out and attention is focused on unidirectional, woven and braided fiber-
polymer composites, sandwich shells and metal-composite joints. Sea ice, rocks, foams and 
tough ceramics are also discussed. After mentioning the tensorial and microplane material 
models for softening damage, the strong and weak forms of nonlocal computer simulation are 
briefly appraised, and some limitations of multiscale approaches to failure analysis are pointed 
out. The size effect is emphasized as a salient feature of all quasibrittle fracture, and the uses of 
simple size effect laws obtained by asymptotic matching are outlined. The statistical size effect 
of Weibull type, the only type known before 1984, is contrasted with the subsequently discovered 
energetic size effect caused by stress redistribution due to large stable crack or large FPZ. The 
necessity of using a finite, rather than infinite, weakest link model and a zero strength threshold 
is explained and supported by the theory of activation of atomic lattice cracks, which serves as 
the basis for computing loads of extremely small failure probability, important for setting 
rationally the safety factors. The quasibrittle nature of failure of metallic thin films and 
micrometer scale size effects are pointed out. In closing, various practical implications for safe 
and efficient design of fiber composite parts of large modern aircraft and ships and for 
lightweight energy-efficient cars are summarized..  

References 
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Multiscale computational homogenization 
 in solid mechanics 

Marc GEERS, Varvara KOUZNETSOVA, Izzet ÖZDEMIR,  
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Abstract

In recent years considerable progress had been made in bridging the mechanics of 
materials to other disciplines, e.g. downscaling to the field of materials science or 
upscaling to the field of structural engineering. The steady progress essentially results 
from the research efforts invested in multi-scale modeling in general, whereby a focus 
on multi-disciplinary aspects naturally arises. Among the various multi-scale techniques 
proposed, a computational homogenization scheme is probably one of the most accurate 
techniques in upscaling the nonlinear behaviour of a well-characterized microstructure. 
This method is essentially based on the construction of a micro-scale boundary value 
problem, which is used to determine the local governing behaviour at the macro scale. 
Though computationally expensive, the procedures developed allow to assess the 
macroscopic influence of microstructural parameters in a rather straightforward manner. 
The first-order technique is by now well-established and widely used in the scientific 
and engineering community. Departing from this case, this presentation briefly focuses 
on some recent trends and development in the past years on computational 
homogenization techniques and applications. Within this context, several topics are 
addressed:

� first-order computational homogenization: historical overview and key principles 
� second-order computational homogenization: how to incorporate the size of the 

underlying microstructure?  Questions, solutions, comments and reflection  
� continuous-discontinuous multi-scale approach for localization problems: the 

problem and the solution inspired by embedded localization bands 
� multi-physics and coupled  problems: the heat conduction problem and thermo-

mechanically coupled computational homogenization 
� thin structures: shells and beams, how to handle flat structures with a complex 

through-thickness architecture? 
� computational homogenization towards cohesive zones. 

The most important issues are commented for each of the topics addressed, with a 
particular emphasis on the applicability, and possible limitations of each. The 
presentation concludes with some general remarks on the added value of computational 
homogenization techniques as stand-alone tools or in development of alternative multi-
scale methods. Finally, some open issues and challenges are summarized. 
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Abstract 
Biomechanical modeling at the molecular, cellular and tissue levels is increasing our 
ability to address multi-disciplinary problems of academic, industrial, and clinical 
importance [1]. An appropriately developed finite element model, for example, may 
help to better predict mechanobiological processes pertaining to the human body and 
therapeutical procedures such as balloon angioplasty which is the most frequently used 
procedure worldwide to reduce the severity of atherosclerotic stenoses. This purely 
mechanical procedure frequently leads to tissue dissection within arterial layers, in 
particular to the dissection of the middle layer of the artery. The mechanical properties 
of the middle layer are controlled by a complex 3D network of elastin, collagen fibrils 
and smooth muscle cells. These constituents are combined within thin layers that are 
arranged in repeating lamellar units. The related mechanical response suggests that a 
constitutive model should be formulated within the framework of nonlinear anisotropic 
elasticity, while the lamellar structure of the tissue favors a dissection type of failure. 

The plenary lecture shows very recent investigations of the dissection properties of 
human arteries (carotid bifurcation and aorta) by means of direct tension and peeling 
tests [2,3]. The direct tension test demonstrates the strength of a tissue layer in the radial 
direction, while the peeling test allows a steady-state investigation of the dissection 
propagation. The related model uses the concept of strong discontinuities in conjunction 
with the application of the theory of cohesive zones in order to capture the 
experimentally observed dissection phenomena [4]. The required material parameters 
are determined from experimental data obtained in the author’s laboratory.  
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Abstract

In the last 30 years, Solar Updraft Power Plants came more and more into discussion for 
cheap electricity generation from solar radiation. These power plants consist first of a 
glass-covered collector of very large size, up to 6 km in diameter, in which air is heated 
by solar radiation. By construction of the collector roof, the heated air is streaming 
towards the collector center, where a huge solar chimney, up to more than 1200 m in 
height, releases this air into the upper environment. On the chimney base, a series of 
turbo-generators create electricity. Such power plants are in the mentioned sizes 
completely futuristic, although it is clear from theoretical studies, that these power 
plants - once built - will generate the cheapest electricity at all. Clearly, such power 
plants can only be built in nearly unpopulated deserts with high solar radiation, located 
around the world between the 35th latitudes. 

The central solar chimneys of such Solar Updraft Power Plants suffer enormous stresses 
from dead load and environmental loads, mainly from storm actions. The proposed 
conference contribution will first briefly explain the working principles of such 
electricity generation devices. I then will turn to severe mechanical problems of the solar 
chimneys, such as the nonlinear behavior due to quasi-static wind actions as well as to 
their vibration problems. Since these chimneys are extremely thin shell structures, 
stability is an important issue, and the stability safety including the effects of random 
imperfections requires intensive future research. Finally, the seismic safety of solar 
towers will be discussed with interesting results due to its vibration characteristics. 
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Abstract 

The derivation of macroscopic constitutive equations can be obtained using two 
different techniques. The first method identifies the parameters and constitutive relations 
by appropriate experiments. Generally this approach leads to fast results in a   
straightforward manner. However the physical origin of the observed results can easily 
be misinterpreted. The behaviour on micro-scale remains unknown and the 
interconnections of different effects cannot be investigated. Therefore multi-scale 
methods have the advantage that they provide insight also on micro-scales and hence 
constitutive equations can be developed based on the physical observations including all 
scales. 

The finite element method enables investigations of the contact behaviour of rough 
surfaces on micro-mechanical level. Two different approaches for multi-scale contact 
problems are presented in this work. First the frictional behaviour of an elastomer 
sample sliding over a rough rigid surface is examined. The focus lies on hysteretic 
effects due to the surface asperities on different scales. A macroscopic friction resistance 
results only from energy dissipation in the elastomer. In consideration of the extensive 
range of both viscoelastic properties of the material and roughness scales of the surface, 
computations over several scales are inevitable. 

Another interesting multi-scale contact problem arises when third bodies reside between 
the rubber block and the surface.  In a more general context, there are many similar 
problems including biomechanical cases such as wear induced particles trapped in the 
knee joint in association with osteoarthritis  and tire mechanics where the interaction of 
a solid body with a layer of sand is of concern. Due to the typically high number of 
particles that should be considered in the analysis of the overall system, in addition to 
their contact with the encapsulating surfaces, it is usually advantageous to derive 
macroscopic constitutive formulations that effectively replace the particulate media with 
an interface constitutive formulation. The developed micromechanical testing procedure 
is implemented in a micro-macro simulation methodology whereby a macro-scale 
contact problem is analyzed by referring to embedded micro-scale contact simulations 
rather than constructing an explicit macro-scale contact constitute formulation. 
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Abstract 

Various procedures for the elimination of locking phenomena in the meshless shell 
and plate analysis using the MLPG method [1] are presented. In contrast to the available 
MLPG shell formulations such as [2], here all derived algorithms are based on the 
concept of a three dimensional solid and discretization is carried out by the nodes 
located on the upper and lower surfaces of a structure. The governing equations are 
derived from the local weak form (LWF) of the 3-D equilibrium equations, which are 
written over the local sub-domains surrounding the nodes. 

In the fully displacement approach only the displacements are approximated. 
Poisson’s thickness locking is avoided by adopting the hierarchical quadratic 
interpolation for the transversal displacement component [3] and shear locking in case 
of thin structures is alleviated by applying a sufficiently high order of the in-plane 
approximation functions [3].  

In the mixed strategy appropriate strain and stress components in the LWF are 
approximated independently from the displacement field, according to [4]. The nodal 
strain and stress values are then expressed in terms of displacements and a global system 
of equations with only the unknown nodal displacement variables is obtained. In plate 
analysis, thickness locking is eliminated by modifying the nodal values of the normal 
transversal strain component [5], while in case of shell structures the transversal normal 
stress is approximated instead of the transversal normal strain. In a thin structural limit, 
shear locking is efficiently overcome by interpolation of the strain components.  

Efficiency of the proposed algorithms will be demonstrated by numerical examples. 
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Abstract 

Thin-walled structures play important role as the elements of modern marine mechanical 
constructions which have to meet higher standards of reliability due to extreme working 
conditions. The knowledge of stresses and strains in these structures that consist of 
shells and plates is very important for their construction and exploitation. This work 
presents comparative stress analysis in a conical element of directly operated relief valve 
used in the high pressure ships hydraulic system.  Performed analytical solution is based 
on the moment theory of thin shells of revolution and theory of thin plates. Analytical 
model of valve element, that consists of conical shell and circular plate is supported and 
pressurized in coordination with conditions in the most disadvantageous working 
positions. The parts of the element are analyzed separately and put together provided 
that boundary conditions on the point of connection are the same. Differential equations 
and their solutions which give the stresses in meridional and circular directions of shell 
and in radial and circular directions of plate are presented. Experimental solution was 
founded by using the 3D photoelastic frozen stress method. Experimental model of 
analyzed element was made of Araldite B. After an appropriate temperature-
polymerization cycle, the model is machined and warmed to a temperature of 150 0C in 
order to remove the residual stresses. In an especially designed device, the model was 
supported and loaded in coordination with required conditions. After being heated in 
oven up to the freezing temperature of 150 0C, which has been maintained for 2 hours, 
the model is cooled under load at rate of 5 0C per hour to room temperature. Afterwards 
the model was cut into slices in radial, meridional and circular directions, and they are 
analyzed in circularly polarized light. The maximum values of stresses are determined. 
On the basis of analytical and experimental solution, the curves of stresses on the inner 
surface of the valve element were comparatively drawn. The stresses are presented in 
non-dimensional form. The similarities of given curves are evident except for the points 
of connection between the shell and plate. At this point the analytical values of radial, 
meridional and circular stresses are higher than the experimental ones. The extreme 
value of experimental radial stress is lower than analytical value, while the extreme 
analytical and experimental values of circular stress are the same. The experience and 
engineering practice shows that at small distance from the point of connection, other 
approximate solutions based on theory of thin shells and plates give almost exact values, 
which are confirmed also for the performed solution by the experimental results in this 
case. The experimental frozen stress method gives very clear picture of stresses and that 
using this method can perform reliable stress analysis in thin-walled elements of marine 
mechanical constructions.  
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Abstract 
 
The stiffened panel is a fundamental structural component of various types of thin-
walled structures. The stiffeners usually have open cross-sections with symmetrical or 
asymmetrical contours. In this work, stiffeners with non-symmetric cross-sections, i.e. 
with non-symmetric flanges, under plating lateral pressure are considered. The 
stiffeners, as thin-walled beams of open cross-section, will be subjected to bending and, 
in addition, to torsion due to cross-section asymmetry. Similarly to the concept of 
effective breadth of stiffener attached plating, the effective breadth of the stiffener 
flanges is defined. The effective flange breadth is assumed as a breadth with the 
uniformly distributed normal stresses equal to the maximum normal stress of the linearly 
distributed stresses due to bending and torsion by assuming the equal flange normal 
forces both for the uniform and linear distribution. The stiffener with attached plating, as 
a thin-walled beam of open cross-section, is subjected to bending with respect to the 
centroid axis parallel to the panel plating and to torsion with respect to the forced pole 
(the forced shear centre) in the panel plating, i.e. that the cross-section contour rotates as 
a rigid contour with respect to the forced pole. The comparison with results of the finite 
element analysis is provided. 
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Abstract 

Foreign object damage (FOD) is still one of the main concerns in design and 
maintenance of modern aircraft structures. A particularly hazardous form of high 
velocity FOD is bird impact damage. Most bird strike incidents occur during the takeoff 
and landing phases in which the flaps are deployed and exposed to bird impacts. The 
numerical birds strike damage prediction procedure has been applied on a very detailed 
large airplane inboard flap structure consisting of sandwich, composite and metallic 
structural items. ABAQUS /Explicit has been applied in the numerical analysis in order 
to use its large library of elements and material models. The finite element model of the 
inboard flap consists of a combination of one-dimensional beam, two-dimensional shell 
and three-dimensional continuum shell and solid elements, whereby shell-to-solid and 
tie kinematic coupling constraints have been used in order to efficiently capture the 
structural behaviour of the complete model. Damage of composite materials has been 
modeled using Hashin's failure initiation criterion and an energy based damage 
evolution model with element removal. Sandwich structures, which posses specific 
behaviour when subjected to impact loading [1], were modeled with an elastic - 
perfectly plastic material model. To model honeycomb core crushing behavior, a shear 
failure criterion has been used to remove failed elements form the mesh. The finite 
element bird strike simulation approach of replacing the bird with an equivalent mass of 
water has been adopted modeling it using 3-D elements with viscous hourglass control 
and distortion control to oppose excessive element distortion, while EOS materials have 
been used to simulate the hydrodynamic response of bird replacements [2,3]. Impacts 
have been applied to the flap leading edge which is usually exposed to bird impact due 
to the complicated airflow around the flap.  
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Abstract 

In recent years the interest for textiles as structural material is becoming stronger, 
mainly due to the various technical applications of textile, and also in the attempts of 
engineering analyses of clothes and other textile products. The relation between the 
fabric structure and its mechanical properties has received some attention both in the 
past and more recently [1].  In our recent work, a discrete model of woven fabric has 
shown a considerable ability of realistic description of nonlinear response of fabric in 
tension [3]. In the model, the shape of the yarn in woven fabric is simplified into the 
series of tensile elements interconnected in elastic nodes, thus simulating simultaneous 
tensile and flexural deformation in global extension. Mathematical description of the 
model reduces to three parameters - tensile and flexural resistance of the yarn and the 
angle of initial position of the yarn in basic cell, and the corresponding set of internal 
variables. The geometry changes in the deformation of basic cell are considered as the 
only source of the global nonlinearity. Tangent stiffness is derived from the incremental 
form of the geometric, equilibrium and elasticity equations written in general deformed 
configuration, and the tracing of nonlinear tensile response is performed in incremental 
fashion. 

In this work, an attempt is made to generalize the mentioned tensile model for the case 
of biaxial tension. For the case of biaxial tensile loading in warp and weft directions, 
static and geometric equations are written for a basic cell in general deformed 
configuration. Relations among the increments and values of static, geometric and 
deformation variables are obtained by differentiation of basic equations. Starting from a 
specified initial state, the nonlinear response is traced incrementally. Computational 
procedure involves the solution of algebraic equation system for unknown variable 
increments and update of all variables in each incremental step. An example indicates 
realistic simulation of a non-proportional sequence of biaxial loading. 
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Abstract

The organ of Corti (OC) is located along the inner ear, the so called cochlea, on top of 
the basilar membrane. The OC functions as an electro-mechanical sound transducer, 
which transforms sound pressure waves into electrical nerve stimulation. It is a highly 
complex organ featuring various cells specialized to their function with in the OC, 
which is either supporting and/or sensory.  
Some supporting cells in the OC namely pillar cells and Deiter's cells contain bundles of 
microtubuli in their cytoskeleton. Microtubuli are mechanically stable structures with a 
persistance up to a length in the range of millimeters and they appear in a regular order, 
thus forming a three-dimensional anisotropic material. The displacement responses of 
these cells depend on both the loading condition and assumptions regarding anisotropy. 
To understand the role of supporting cells in the vibration response of the OC we have 
developed a finite-element model of the cells. To take into account the cells 
microstructure we used the method of homogenization to calculate effectively 
anisotropic material parameters. This method makes use of the equality of the intrinsic 
strain energy of a periodical representative volume to calculate anisotropic material 
parameters for an effective, homogenous material from basic strain states.  
We idealize the outer pillar cells as a cylinder with z-axis in the axial direction and 
calculate material parameters close to transversal isotropy Ez=523MPa, Ex=Ey=0.24MPa,
Gxy=0.59MPa, Gxz=Gyz=0.12MPa, nuxy=0.92 and nuxz=nuyz=0.32, where E are the 
Young's-moduli, G the shear-moduli and nu the Poisson ratios, respectively. 
We tested our model by showing that it yields stiffness values that are in the range of 
those measured by Tolomeo and Holley [1]. 
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Abstract

In this contribution sensory strategy of a biological sensor organ is transformed into a 
technical implementation of interactive sensor periphery in consideration of sensor 
integration. The aim is the development of a complaint more-layered sensor matrix in 
such way that by surface pressure not only normal force, but also accompanied 
tangential force components can be accepted and detected. Implementation of the 
functional components in the system with mechanical distinct layers is inspired by 
biological inspiration concerning the components of human skin [1]. 
The detection of mechanical stimuli is influenced by types and distribution of tactile 
receptors, by tissue properties as well as by the 3-dimensional geometry of the boarding 
surfaces of skin layers (Papillae). Shape and quantity of Papillae depend on the local 
mechanical requirements. The pressure on the skin surface produces a deformation on 
the flank surfaces of the cone-like Papillae, which supported the perception. The 
decomposition of the force vector, which acts on the skin surface and the value of the 
deformation and strain distribution on the flanks, can be determined with the help of 
finite element analysis. At first, the functional models are parameterized under 
different loading (normal and tangential forces) and with variable mechanical 
parameters like Young’s Modulus, geometry of boundary surface and flank angle 
of papillae. 
From the results of analysis the force distribution on the boundary surface between both 
layers and the resulting deformation can be estimate. This information will be used for 
building of first model as two-layer-system with optimal boundary structure, different 
stiffness of the layers and the effective arrangement of the sensors in the 3-dimensional 
system. Compliance and adaptivity of this system allow broad application both in 
biomedical engineering and in robotics. 
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Abstract

The rate at which adhesive micro-bonds develop strength within bio-composite 
materials during their industrial heated compaction (hot pressing) critically influences 
product structure and properties. Physical mechanisms that interact during composite 
pressing are, however, highly linked; they interact in three space dimensions and time as 
the porous composite is compacted and gains integrity. Mechanisms include: 1) heat and 
moisture transfer with phase change and within-void vapour convection and diffusion, 
2) hygro-thermo-viscoelastic micro-stress relaxation and associated macro-scale 
densification, and 3) thermally driven adhesive polymerization leading to inter-particle 
bond strength development. The mechanisms’ interaction has been modelled 
deterministically. Lab-based material property measurements (input data) include fluid 
permeability and tortuosity as a function of material compaction (affecting pore size 
distribution), and non-linear high strain viscoelasticity (with micro-fracture) as functions 
of sorbed moisture content and temperature (along with thermal conductivity and 
sorptive characteristics). This paper summarizes the above-mentioned mechanisms and 
the associated deterministic models before considering adhesion mechanisms in more 
detail.

Adhesion kinetics data have been measured and incorporated within the simulation 
models, and thermally driven 3-D distributions of localised micro-structural bond 
strength have been predicted during the pressing of a natural fibre composite. The ABES 
(Automated Bonding Evaluation System) technique was used to provide input data for 
such predictions by quantifying the effect of temperature on strength development rates 
of miniature test bonds formed and dynamically tested under highly controlled thermal 
and stress conditions. The kinetics of thermal damage and glass transitions (Tg) were 
also quantified. 

The reported input data and simulation results will be used to demonstrate how the 
process models are being used to aid in optimizing existing products but also in laying 
the foundations for the synthesis of new high performance engineered components. Such 
objects have consolidation-induced spatial property gradients and external shape that are 
optimized for highly specific in-service performance demands. 
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Abstract

In the present contribution a thermodynamically consistent anisotropic inelastic 
model is proposed in order to describe both softening and stiffening phenomena 
of soft collagenous tissues. The model is based on a polyconvex and coercive 
strain energy function so that the material stability and the existence of a global 
minimizer of the total elastic energy are guaranteed in the elastic domain. Due to 
the generalized series form the model is applicable to a wide variety of 
anisotropic materials at large strains and demonstrates excellent agreement with 
experimental data on the passive response of soft biological tissues [1], [2]. The 
inelastic anisotropic behavior is considered by internal variables governing both 
the stiffness and stress free configuration of the material. 

In the case of softening, evolution equations for these variables are formulated 
and anisotropic conditions for the onset of softening are defined. In numerical 
examples, this model is applied to simulate the preconditioning behavior of soft 
biological tissues subject to cyclic loading. The general characteristics of 
preconditioning with different upper load limits are well captured, including 
hysteresis and residual deformations. A model for the well-known Mullins effect 
first observed in filled elastomers results as a special case [3].

The model is also suitable to describe active materials such as muscle tissue. 
Indeed, associating the internal variables with activation, tissue contraction, 
active stress response and increasing tissue stiffness are included in a 
straightforward manner.  
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Abstract 

Growth and remodelling (G&R) of arteries can be described via the turnover of different 
constituents possessing different natural configurations and mechanical properties and 
exhibiting different rates of turnover that can change with mechanical stimuli [1]. Thus, 
in addition to complex instantaneous nonlinear mechanical behaviors, time varying 
changes in composition resulting from mass turnover are important determinants of 
arterial biomechanics. Furthermore, in a healthy individual, a delicate balance between 
vasoconstriction and vasodilation is maintained by endothelin-1 (ET-1) and other 
vasoconstrictors on the one hand and nitric oxide (NO) and other vasodilators on the 
other. Mechanisms of diffusion of NO and ET-1 through the artery wall control the 
active response of smooth muscle cells (SMC) as well as possibly the development of 
hypertension [2]. 

The developed model is restricted to elastostatics but is able to describe 3D behaviours 
of arteries. From in vivo data for an artery, residual stresses in a traction-free excised 
configuration as well as an opening angle in a radially-cut, nearly stress-free 
configuration can be determined [3]. Furthermore, the stress-free configuration can be 
used as reference for describing arterial G&R via the different rates of turnover of 
individual structurally significant constituents, elastin, collagen (4-fibre family), smooth 
muscle cells, which can posses different natural configurations [1]. Diffusion of 
produced NO and ET-1 in endothelial cells through the wall is described using a one-
dimensional radial model and reaction of NO with guanylate cyclase [3]. Obtained 
radial concentrations of NO and ET-1 influence the activity reaction of SMC. Using a 
cylindrical geometry (carotid artery), key features of the developed model are examined 
prior to implementation in finite element models. 
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Abstract 

Research is being undertaken in University College Dublin to investigate the effect of 
blast trauma to human lungs. Specifically the research is aimed at developing a material 
to act as surrogate lung tissue [1], thus allowing for simulation of damage to be 
examined without conducting tests on live animals. This surrogate lung material consists 
of a closed-cell polymeric foam mixed with microcapsules. Microcapsules are made of 
gelatine filled with Barium Sulphate solution (LipoTechnologies Inc., Ohio, US) and 
used to simulate the damage of the alveoli in blast tests. Hence, microcapsule 
mechanical properties and the bursting pressure as a function of loading rate is of great 
importance. Various techniques on testing microcapsules have been reported such as 
pipette aspiration [2], compression test [3], and Atomic Force Microscopy (AFM) [4]. 

In this research, a combined numerical/experimental approach was used to achieve this 
aim. To date, a series of low rate compression tests was carried out. A single 
microcapsule was compressed between two rigid parallel plates at a constant rate of 
200μm/min until burst. The load-displacement curve and the profile of the deforming 
microcapsule were recorded via a 10N load cell and a camera attached to a microscope. 
The tests were simulated numerically using a Finite Volume based solver incorporating 
a fully-coupled fluid-solid interaction formulation [5]. The material properties were 
iterated until the prediction for both the load-displacement curve and the profile of the 
deforming microcapsule were in good agreement with the experiments. High rate 
compression tests are currently in progress. Here, drop-weight tests are conducted on 
stationary microcapsule, and the loading rate is varied by varying the drop height. 

References 
[1] Khalili Parsa, H., Ivankovic, A., Karac, A., Mechanical properties of surrogate lung material 

under compression. Journal of Biomechanics, 4: S353, 2008. 
[2]  Jay, A. W. L., Edwards, M. A., Mechanical properties of semipermeable microcapsules. 

Canadian Journal of Physiology and Pharmacology, 46: 731-737, 1968. 
[3] Liu, K. K., Williams, D. R., Briscoe, B. J., Compressive deformation of a single microcapsule. 

Physical Review E, 54: 6673-6680, 1996. 
[4] Dubreuil, F., Elsner, N., Fery, A., Elastic properties of polyelectrolyte capsules studied by 

atomic-force microscopy and RICM. European Physical Journal E-Soft Matter, 12: 215-221, 
2003. 

[5] Karac, A., Ivankovic, A., Modelling the drop impact behaviour of fluid-filled polyethylene 
containers. Fracture of Polymers, Composite, and Adhesives II, Eds. B. R. K. Blackman, A. 
Pavan, J. G. Williams, ESIS Publication, Elsevier Ltd., 32: 253-264, 2003. 

  

24



On Numerical Modelling of Nonlinear Behaviour 
of Cortical Bone  

Martina LOVRENI�-JUGOVI�, Zdenko TONKOVI�, Ivica SKOZRIT, 
Dragan PUSTAI� 

Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb 
E-mails: {martina.lovrenic, ztonkov, ivica.skozrit, dragan.pustaic}@fsb.hr

Abstract 

Damage accumulation is a critical component of the fracture process in a bone under 
monotonic, creep and fatigue load conditions. In recent years, it has been accepted that 
the damage mechanics approach using finite element method is a potential tool to 
analyse the strength and stiffness of the bone material as well as its adaptation due to 
microdamage. The presented research is motivated by the experimental data and the 
constitutive model for viscoelastic-damage response of human cortical bone reported by 
Parsamian [1]. As shown, the bone behaves as a linear viscoelastic material for stress 
levels below some threshold value of stress, and it behaves as a viscoelastic damaging 
material beyond the threshold. The derived model is based on ideas and approaches 
from Abdel-Tawab and Weitsman [2], developed for the swirl-mat composites. The 
bone behaviour is modelled by using the theory of viscoelasticity and non-linear effects 
within the theory of continuum damage mechanics. 

In the present paper, the computational algorithm for the integration of the Parsamian’s 
viscoelastic-damage constitutive model at the material point level is derived. Small 
strains are assumed where the total strain is decomposed into time-dependent 
viscoelastic and non-linear damage components. It was assumed that the time-dependent 
stress and damage influence the viscoelastic strain through the time-dependent effective 
stress. The derived algorithm is implemented in the finite element code ABAQUS [3] by 
using a user subroutine CREEP. Additionally, for the implicit integration algorithm the 
Jacobian matrix is derived and applied thereby. The computational strategy is based on 
the time hardening integration approach. The accuracy of the computational procedure is 
tested by comparing the computed results with the real experimental data ([1], [4]). 
Thereby, creep deformation processes in cortical bone under different loading levels are 
considered.

References 
[1] Parsamian, G.P. Damage mechanics of human cortical bone. PhD thesis, West Virginia 

University, 2001. 
[2] Abdel-Tawab, K., Weitsman, Y.J. A strain-based formulation for the coupled 

viscoelastic/damage behavior. Contract technical report, The University of Tennessee, 1997. 
[3] ABAQUS/Standard, User’s guide and theoretical manual, Version 6.7, Hibbitt, Karlsson & 

Serensen, Inc, 2007. 
[4] Natali, A.N., Carniel, E.L., Pavan, P.G. Constitutive modeling of inelastic behavior of 

cortical bone. Medical Engineering & Physics, 30: 905-912, 2008.  

25



  

Numerical Modelling of Viscoelastic Response of 
Biofilm to Fluid Flow Stress 

Ashkan SAFARI*, Alojz IVANKOVIC*, Zeljko TUKOVIC*

*School of Electrical and Mechanical Engineering, University College Dublin, Ireland 
E-mails: {ashkan.safari, alojz.ivankovic, zeljko.tukovic}@ucd.ie 

Abstract

Biofilms are formed when bacterial cells attach to submerged solid surfaces and 
accumulate to form a multilayered cellular structure. In flowing systems, the bacterial 
cell clusters may detach from a biofilm or the whole biofilm may detach from the 
substrate. The process of biofilm deformation and failure are largely determined by the 
stresses applied by the fluid dynamics and the mechanical properties of the biofilm 
itself. Previous efforts showed that biofilm can be modelled as a viscoelastic solid [1, 2]. 
In this study, a Finite Volume Method based Fluid-Structure Interaction partitioned 
solver implemented in OpenFOAM framework [3, 4] is applied. Dynamic interaction is 
simulated between an incompressible Newtonian fluid in laminar flow region and a 
bacterial biofilm modelled as a linear viscoelastic solid. Automatic vertex-based mesh 
motion solver is used to accommodate the fluid mesh to the fluid-structure interface 
deformation [5]. Biofilm stress history is related to the strain history via the hereditary 
integral form of the constitutive relation [6] while the relaxation modulus is expressed 
by the Prony series as which is fitted through the creep test experimental data applying 
the collocation method. Numerical simulations show that highly stressed area at the 
velocity driven inlet flow region may be a potentional site for biofilm detachment. 
Currently, experimental work is in progress to measure cohesive/adhesive strength 
parameters for Cohesive Zone Model to allow numerical modelling of the cell cluster 
detachment from the biofilm and detachment of the biofilm itself from the substrate.  
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Abstract

Biopolymer networks such as the cytoskeleton, are dynamic composite structures 
assembled from filamentous biopolymers and filament cross-linking proteins. The 
predominant cellular filament is the semi-flexible biopolymer actin (F-actin). Depending 
on the type and concentration of the cross-linking protein, F-actin can be organized into 
various higher order structures of rather different mechanical properties. Short and stiff 
cross-links (like -actinin, scruin) are mostly responsible for bundling the F-actins into a 
thicker fibers, while flexible and long cross-links (like filamin) favor isotropic and 
orthogonal network-like arrangements. Isotropic F-actin networks are important for the 
cell, since they are the origin of many mechanical properties of the cell, but also they are 
an intriguing engineering material. Recent rheological shear experiments of in vitro F-
actin/filamin networks showed that the network's nonlinear response and ability to strain 
stiffen up to several order of magnitudes reflects the mechanics of the cross-links  
Furthermore, the cross-linking proteins like filamin, when mechanically stretched, poses 
the ability to unfold their domains and therefore relax their stresses. 
 Here we will present a discrete 3D model of F-actin networks with rigid (RCL) 
and with flexible cross-link elements. The model of flexible cross-links, based on the 
human filamin A protein (hsFLNa), is implemented as a special-purpose finite element 
that shows a highly nonlinear response to stretching with the ability to switch to a softer 
response that characterizes domain unfolding. Shear simulations showed that the initial 
stiffness of F-actin/RCL networks is up to two orders of magnitude larger than the initial 
stiffness of F-actin/hsFLNa networks. F-actin/RCL networks strain stiffen much faster 
than the F-actin/hsFLNa networks. For F-actin/hsFLNa networks we observe that their 
response is completely dominated by the behavior of the cross-links. Moreover, the 
force-induced unfolding of the hsFLNa elements relaxes the stresses in the actin 
filaments, thus allowing for large network strains (up to 0.8) without any actin damage. 
In contrary, shearing of the F-actin/RCL networks results in a large number of actin 
filaments stressed way beyond their breaking limit. While the F-actin/RCL networks 
monotonously stiffen, the F-actin/hsFLNa networks show distinct stiffening maxima 
that depend on the axial stiffness of the hsFLNa cross-links. The calculated initial 
modulus of both network types are found to be in agreement with experimental 
measurements. 

27



28



Composites and Other Advanced Materials



30



Analyzing the Structure of Real Metal Foam 
Matej BOROVINŠEK*, Matej VESENJAK*, Jožef MATELA+,  

Zoran REN*, Lovre KRSTULOVI�-OPARA° 
* University of Maribor, Faculty of Mechanical Engineering 

E-mails: {matej.borovinsek, m.vesenjak, ren}@uni-mb.si

+University Clinical Centre Maribor, Department of Radiology 
E-mail: matela@ukc-mb.si

°University of Split, Faculty of Electrical Engineering, Mechanical Engineering and 
Naval Architecture 

E-mail: lovre.krstulovic-opara@fesb.hr

Abstract 

Mechanical properties of metal open-cell foams depend on properties of the base 
material and on the foam geometrical structure. The effects of the base material are well 
researched and many empirical relations exist in this respect [1]. However, the effects of 
foam geometrical structure on mechanical properties are well understood only for foams 
with regular structures, while the research of foams with irregular structures is still in 
progress. The research of irregular cell structures started with research of soap froths 
(liquid foams) by Plateau [2] in 1873 and many structure-properties relations were 
developed following from this pioneering research. But the structure of solid foams 
differs from the structure of liquid foams since there is a large difference in production 
processes and foremost properties of the base materials. In order to better understand the 
structure of real solid open-cell foams new research of foam structure is needed. 
The paper presents a procedure for analysis of geometrical features of real metal open-
cell foams by means of computer tomography and modelling. A sample of open-cell 
metal foam was scanned using a computer tomography process and the resulting data 
were used to create a 3D foam model from voxels. Image processing technique called 
"volume thinning" was used to extract the foam skeleton model, of which structure was 
later automatically analyzed. 5735 struts, 2963 windows and 179 cells were detected. 
When compared with existing results the measurements show that the structure of real 
metal foam significantly differs from the theoretical equilibrium models and models 
based on research of liquid foams. The structure of real metal foam is much more 
complex as observed in liquid foams and the distributions of real foam base elements are 
far richer and more diverse. 
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Abstract

A block of polyurethane foam subject to uniaxial compression does not deform 
homogeneously. On the contrary, the experiments show a progressive strain localization 
[1, 2]. In the model proposed by the authors in [3], the strain localization is attributed to 
the non-convexity of the strain energy density. The response provided by the model is in 
a good qualitative agreement with the experiments. 

There are, however, some details in the observed response which cannot be 
reproduced by a purely elastic model. For example, a local loading-unloading process 
does not follow a single line in the stress-strain plane, but rather it describes a small 
hysteresis loop. In large loading-unloading cycles, the response is similar to that 
observed in [4, 5] for filled rubbery polymers: the level of the loading curve decreases 
with the number of cycles, while the unloading curves are approximately the same. 

While the small-cycle response can be attributed to a viscous effect, the large-cycle 
response seems to be due to a combination of viscosity and damage. But the recovery in 
time of the loading curve, observed in experiments made by the authors, suggests that a 
long-memory effect should be more effective than damage in explaining the observed 
response.

In the proposed communication the non-convex elastic model described in [3] is 
completed with the addition of a viscous term. Numerical simulations show that a model 
without a damage variable satisfactorily reproduces the observed behaviour. 
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Abstract

The knowledge of interlaminar stresses in thin composite laminates is essential for the 
design of highly loaded light weight structures. The present theory is based on a three-
field variational formulation considering a Reissner-Mindlin kinematic with independent 
displacements, rotations, stress resultants and shell strains. The associated Euler-
Lagrange equations are the static field equations in terms of stress resultants, the 
geometric field equations and the constitutive equations [1]. In extension to a previous 
publication [2] we add the equilibrium of the stresses within the Euler-Lagrange 
equations. Introducing an ansatz in product form with hierarchic shape functions in 
thickness direction of each layer the variational form of the boundary value problem is 
derived. Here, some orthogonality conditions for the hierarchic functions must be 
fulfilled. The interpolation of the independent tensorial fields within the four node 
element corresponds to the approach in [2].  Static condensation of stress and strain 
parameters on element level yields a nonlinear mixed hybrid shell element with 6 nodal 
degrees of freedom which is able to predict the shape of the transverse shear stresses and 
thickness normal stresses through the thickness of a laminated shell. For linear problems 
the interlaminar stresses are evaluated continuously at the layer boundaries. The element 
formulation allows consideration of shell intersections.          

The developed element is tested within several applications. We compute the 
interlaminar stresses for various layer sequences in plates and folded plate structures. 
The results of linear computations are compared with solutions obtained with brick 
elements and alternative formulations [3].  
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Abstract

In linear elasticity, homogenization methods are well-established for predicting the 
macroscopic behavior of micro-heterogeneous materials [1]. Compared to the widely 
used Voigt and Reuss bounds which often lead to a broad range of feasible material 
behavior, improved estimates, as, e.g., the self-consistent scheme [2], are known to 
provide very good results. Due to these experiences, it is obvious to try to extend the 
self-consistent framework to nonlinearity by incrementally linearizing the structural 
behavior. In contrast to the classical incremental self-consistent approaches which use 
continuum tangent or secant operators (e.g., [3]), we use the algorithmic consistent 
tangent operator of the composite for defining the linear comparison material in each 
time step. This choice is obvious, since time discretization of the deformation process 
implies already a certain linearization. In this contribution, we apply the incremental 
self-consistent method in combination with the finite element method for predicting the 
nonlinear material behavior of metal matrix composites (MMCs). The self-consistent 
method is implemented by a user subroutine UMAT into the commercial finite element 
software ABAQUS, so as to apply a homogenization procedure at each integration point 
of a macroscopic finite element model for solving a given boundary value problem. As a 
result, the microstructure can be taken into account in macroscopic simulations. 
Compared to the FE²-approach, where a separate full field simulation is carried out on 
the microscale, the large memory requirements and the computational effort can be 
avoided by using the self-consistent scheme.  
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Abstract 

Open cell cellular structures are used as energy absorption members in engineering 
structures, e.g. transportation, light-weight structures, car bumpers, absorbers of impact 
energy, packing of goods, etc. To deeply investigate the phenomena of influence of filler 
materials, we have focused our research on regular open cell cellular structures, showing 
the benefit of elastic filler material on the energy absorption increase. [1, 2]. Numerical 
modeling of such complex structures involves enormous numerical models, which 
generally can be used to model only a smaller portion of the material. Homogenization 
of a representative volume element of an open cell structure can be applied as long as 
instabilities or localization phenomena do not occur within the microstructure. Using the 
effective stress-strain behavior obtained for the RVE, the material parameters of a 
nonlinear effective material model for the open cell structure can be calculated on a 
meso-scale level and used for macro-scale computation of the whole structure. Such a 
general multi-scale approach in modeling of complex inhomogeneous structures enables 
a numerical simulation of real irregular open cell structures under realistic mechanical 
loading conditions. 
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Abstract

Ferroelectric materials are characterized by highly nonlinear coupled electromechanical 
behavior. The nonlinear coupling phenomena are in general formulated in terms of a 
phenomenological material law that represents the main characteristics of the poly-
crystalline ferroelectric material. However, when it is desired to capture a wider range of 
mesoscopic effects, a phenomenological description on the macroscale is often no 
longer applicable or at least not sufficient. To offer the opportunity of incorporating 
mesoscopic effects directly into the model, numerical approaches will be presented that 
are able to connect the mesoscopic structure to the macroscopic model. For the domains 
on the mesoscale a transversely isotropic material model is used, see [1] and [2]. 
The first approach uses orientation distribution functions that represent the domain 
orientations and are installed in every material point of the macroscopic model [3]. In 
this context a thermodynamically consistent formulation for the description of the 
polycrystalline behavior of the ferroelectric material will be derived and several 
applications will show the efficiency of the proposed formulation. 
The second approach is based on an FE2-formulation and accounts for a discrete 
representation of the mesoscopic scale [4]. The mesoscopic scale is thereby represented 
by representative volume elements and connected to the macroscopic scale by use of 
boundary integrals. The thermodynamically consistent formulation is able to integrate 
arbitrary mesoscopic setups into the macroscopic model and therewith to generate the 
individual macroscopic material response without usage of a macroscopic material law. 
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Abstract 

Use of composite materials in aerospace structures is in continuous increase due to their 
strength to weight ratio, cost effective manufacture, ease of production of complex 
geometries, etc. The main weakness of composites is low impact resistance and 
significant reduction of compressive strength caused by impact related damage. 
Furthermore, the properties of composites are dependent on loading rates and material 
orientation especially under dynamic loading and in presence of shock waves [1]-[3][2]. 
To aid design of composite structures it is important to be able to accurately simulate 
behaviour of composite materials.   

A material model capable of simulating dynamic deformation and failure of composite 
materials was developed for nonlinear explicit transient large deformation computer 
codes – hydrocodes. The model comprises constitutive relationship for modelling shock 
wave propagation based on the accurate separation of material volumetric compression 
effects, equation of state (EOS), and deviatoric strain effects including damage [1]. 
Damage model was developed within the framework of thermodynamics of irreversible 
processes. The model was implemented into the Lawrence Livermore National 
Laboratory (LLNL) code DYNA3D [4].   

The model was validated against experimental results for high velocity impact on 
composite plates.  The experiments were performed at the Cranfield University.  
The obtained simulation results showed a good agreement with the experimental 
data.   
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Abstract

Carbon-Carbon plain weave fabric composites belong to an important class of 
high-temperature material systems. An exceptional thermal stability together with high 
resistance to thermal shocks or fracture due to rapid and strong changes in temperature 
have made these materials almost indispensable in a variety of engineering spheres 
including aeronautics, space and automobile industry. While their appealing thermal 
properties such as low coefficients of thermal expansion and high thermal conductivities 
are known, their prediction from the properties supplied by the manufacturer for 
individual constituents is far from being trivial since these systems are generally highly 
complicated. 

To provide estimates of the effective thermal conductivities of porous carbon-carbon 
textile composites the finite element (FE) based homogenization procedure is adopted in 
this paper. The main interest is targeted to the level of yarns (meso-scale) and the level 
of laminate (macro-scale). To that end, a two-layer statistically equivalent periodic unit 
cell (SEPUC) is constructed exploiting binary images of a real composite. The effect of 
porosity is also taken into account when deriving the respective geometrical model. The 
results of this approach are then compared with those provided by the Mori-Tanaka 
mean field theory [2] as well as with experimental measurements.  
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Abstract

 This paper presents an approach for the simulation of stringer-stiffened composite 
panels under axial compression based on the finite element method. Layered shear-
elastic shell elements allowing for an arbitrary stacking sequence and a variable position 
of the reference plane along the thickness are used to model the pre- and postbuckling 
response of the composite structure within arc-length as well as dynamic solution 
algorithms. Different ply discount models (Tsai-Wu, extended Hashin, Puck) with 
constant knock-down factors are employed to account for ply failure which can occur as 
fiber fracture, matrix cracking, or fiber-matrix shear failure. Furthermore simultaneously 

delamination, and particularly debonding of 
the stiffeners from the skin of the panels 
occur and is modeled with a cohesive zone 
approach in 2D- or 3D-interface elements. A 
special history-dependent cohesive law is 
employed taking also into account the contact 
behavior, especially the interpenetration of 
the crack faces [1]. Numerical validation 
examples with experimental evidence 
highlight the performance and applicability of 
the proposed models. As an example, Fig.1 
shows the development of skin-stringer 
debonding at certain stages of an axially 
compressed pre-damaged test panel.  
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Fig. 1 Skin-stringer debonding in an axial-
ly loaded test panel  
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Abstract 

There is a large number of old sacral buildings in Croatia built by excellent craftsmen in 
past centuries. Some of these buildings still stand without major and visible 
shortcomings while others were seriously structurally damaged.  
A masonry structure is usually very complex. Seismic damages inflicted upon these 
buildings are not to be compared to typical  seismic damages. 
The behaviour of a typical structural element – the dome, was examined. 
The stress analysis of brick masonry dome has been carried out. Dome diameter is 11,00 
meters. 
The effects of permanent and earthquake loading on stress condition of the structure 
have been analysed. In the analysis of this structure, two approaches were applied. First, 
according to elasticity theory analytical expressions, and other, with finite elements. In 
the second approach, a space structural model has been developed.  
In both approaches, the effects of permanent loading and permanent plus earthquake 
loading have been analysed. Results are presented through stresses and displacements.  
The critical cross sections have been determined by the comparison of the stress 
magnitude with the known strength of such structure. 
Safety values for the dome concerning compression and tensile stresses  have been 
determined for the chosen loading cases. 
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Abstract 

This paper presents the influence of space curvature of prestressing tendon in the 
nonlinear analysis of PC structures. The nonlinear behaviour of prestressed tendons 
was described by the one dimensional elasto-viscoplastic model. The tendon element 
geometry is described by the second order space function which is determined by its 
projections. These elements make it possible to model arbitrarily curved reinforcing 
bars and prestressing tendons in space, thus they can be determined independently of 
the 3D finite element mesh. This is very important in the case when the prestressing 
tendon can not be located in a plane, Figure 1. The transfer of prestressing force on the 
concrete was modelled numerically. The developed model makes it possible to 
compute prestressing structures in phases: before prestressing, during prestressing and 
after prestressing. The described models are implemented in the computer programme 
for a 3D analysis of the prestressed concrete structures where the structures are 
discretized by three-dimensional finite elements with an embedded one-dimensional 
element of reinforcing bars and/or prestressed tendons. The programme was tested on a 
few examples and compared with the known numerical and experimental results. The 
obtained results show good agreement with the published ones. 
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Figure 1. Space curvature of prestressing tendon 
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Abstract 

The paper presents the modelling of composite timber - Liapor concrete bridge structure 
by finite element method with the use of ABAQUS and COSMOSM software. The basic 
girder is a T-cross section, with the ridge made of glulam, and belt made of lightweight 
Liapor concrete. Lightweight Liapor concrete has been chosen due to its low volume 
weight, which in addition to low volume weight of timber provides an ideal lightweight 
bridge girder, replaceable at the spot if required. 
Such girders are easier to transport and install and, being much lighter than standard 
reinforced concrete girders, they are subject to lower seismic forces. 
Lower corrosion of reinforcement installed in Liapor concrete is also a positive feature 
for the selection of such girders. Also a lightweight carriageway board is obtained with 
lower values of anti-corrosion protection layer. 
Girders will be examined in experiments at the Laboratory of the Technical Mechanics 
Institute, Faculty of Civil Engineering University of Zagreb. The aim of this research is 
to design better and more cost-effective bridge girders with durability of approximately 
30 years, easily replaceable on the spot, where traffic would be closed only for short 
time for the maintenance of the bearing structure.  
The objective of these numerical analyses is to define optimum dimensions of the cross 
section of the main girder, and the best options of composing of timber and Liapor 
concrete. The aim is also to determine the behaviour and potential uses of such a bridge 
for road transport.  
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Abstract

Textile Reinforced Concrete, which is a composite of a fine-grained concrete matrix 
and a reinforcement of textiles made of multi-filament yarns, shows strain-hardening 
behaviour similar to steel-reinforced concrete. This effect is primarily controlled by the 
stress redistribution via bond from the matrix to the reinforcement in the case of matrix 
cracking. Although the fracture energy of the fine-grained concrete matrix is, because of 
the small grain sizes (max. 1 mm), considerably lower compared to a normal concrete, 
the post-cracking resistance of the matrix also affects the composite’s tensile behaviour. 

For the simulations, a reduced two-dimensional finite element model [1] is used, 
which contains two types of elements. The axial properties of the matrix and the 
reinforcement, which can be subdivided up to the desired resolution, e.g. whole yarn or 
single filaments, are represented by one-dimensional bar elements. The load transfer 
between matrix and reinforcement as well as inside the reinforcement is modelled with 
zero-thickness bond elements. Both element types contain physical nonlinearities. For 
the bar elements representing the matrix, a tension softening law is applied formulated 
by means of an exponential function by [2] combined with unloading corresponding to 
the concept of damage mechanics. This is the main improvement in the model compared 
to [1]. The bar elements representing the reinforcement are assumed to fail brittle. The 
bond elements act according to a nonlinear bond law formulated by means of the PCHIP 
approach [3] including unloading according to the concept of plasticity. 

Based on this model, the effect of matrix tension softening on the structural 
behaviour of Textile Reinforced Concrete is studied. Furthermore, it is shown how the 
matrix post-cracking behaviour influences the development of matrix cracks. Although 
this model is applied to Textile Reinforced Concrete in this contribution, it could also be 
used to simulate the behaviour of concrete reinforced with steel bars or FRP bars. 
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Abstract

The increase of concrete strength under high strain rates is important for extraordinary 
design situations, e.g., impact of vehicles and airplanes or blast waves from explosions 
or contact detonations upon concrete structures like bridges, offshore structures, tanks, 
chemical factories, power plants. In this contribution, a novel approach to model the 
influence of high strain rates on the behavior of quasi-brittle materials like concrete is 
discussed. 

This approach is based on gradient continuum damage, where the non-local damage 
field D  serves as an independent variable on the system level like the displacement 
field x. In analogy to the acceleration of the displacement field, the damage field may be 
assigned with a second time derivative or damage acceleration. Furthermore, this 
damage acceleration is connected with an inertial property or damage inertia parameter 
mD respectively. Finally, it is introduced as an additional part in the gradient damage 
differential equation like 

( ) ( ) ( ) ( )Dm D D c D D� � � �x x x x��  (1) 

with a local damage field D and a length scale c. This causes a retardation of damage in 
high speed loading situations. It can be physically motivated by the phenomenon that 
micro-cracks cannot spread out arbitrarily fast [1]. The damage inertia parameter is 
assumed to be a material constant in a first approach.  

This approach is discretized with the finite element method and the application is 
demonstrated with computations for the uniaxial tensile wave propagation and for a 
plain concrete beam under impact loading [2]. Increasing strain rates lead to an 
expansion of the static stress-strain behavior with stresses exceeding the quasi-static 
material strength in the uniaxial wave propagation case. Furthermore, parametric studies 
on the concrete beam show that considerably higher loads are sustained if a retarded 
damage is considered. 
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Abstract  
 

Round-off errors are an unavoidable part of any numerical calculation and a result of 
finite arithmetic applied in the computer architecture. It is fairly known that numerical 
modelling processes begin with proper selection of mathematical models for real 
structures, which although correct, always induce large errors. Experience and 
experimental results suggest that the difference between real and approximate results 
varies by 10 to 30 % [2]. If we wish to avoid a further increase of the already 
undoubtedly large error, the numerical calculation accuracy should be at least one order 
of magnitude higher than the expected result accuracy. Rigorous treatment of round-off 
errors is a part of numerical analyses known as round-off and perturbation theories. 
According to [1], the upper bound of round-off errors generated during solving large 
systems of linear equations is given by a linear inequality,   
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connecting the relative error of the solution with the assumedly small error in input data: 
the system matrix K and the right hand side vector r. Such relation has been determined 
by the condition number �(K) which according to [3] for the standard civil engineering 
problems solved by the finite element method approximately amounts to 106−107. It 
should be mentioned that for most authors this number is considered to be too 
pessimistic. However, should we wish to provide a more accurate estimate, we have to 
know the analytical solution of the problem, which is rarely possible for practical 
problems. This paper defines a systematic collection of examples with known analytical 
solutions, given in the form of rational (or possibly whole) numbers. Examples are then 
numerically solved through the use of standard (double) arithmetic precision. Finally, 
the differences between analytical and numerical solutions are then defined and exact 
round-off errors are determined for all examples.   
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Abstract

Concrete is one of the dominating construction materials in various fields of civil 
engineering. An efficient application of the material requires an appropriate 
specification of the complex multi-axial concrete behavior as a basis for realistic 
simulations of supporting structures. A main issue of such simulations is the accurate 
formulation of constitutive laws. 

In this contribution, a novel formulation based on continuum damage mechanics is 
proposed, which allows the simulation of predominantly tensile loaded plain concrete 
structures. The approach extends the strain-based isotropic damage model presented in 
[1] for the case of load-induced anisotropy. For that purpose a second-order tensor 
according to the framework by [2] is chosen as the internal damage variable, which 
permits the realization of an orthotropic material behavior. Scalar-valued damage 
evolution laws based on a Weibull distribution of microscopic defects are assigned to 
each direction of orthotropy in order to establish the evolution equations for the 
components of the tensorial damage variable. The material directions of orthotropy may 
be assumed to coincide either with the principal axes of strains or with those of strain 
increments. Depending on this choice, differences follow regarding the formulation of 
the tangential stiffness tensor required for the incremental stress-strain relation.  

The constitutive law is implemented in the finite element method. Mesh objectivity is 
obtained by means of the fracture energy-based regularization. Simulations of well-
documented experiments on concrete specimens subjected to tensile or combined 
tensile/shear loading, respectively, prove the applicability of the proposed model. In this 
connection, problems with respect to the realistic implementation of the experimental 
setups with their mostly complex boundary conditions and load applications are 
discussed. Their oversimplifications may lead to numerical results, which inadequately 
describe the test data or even partially contradict them.  
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Abstract 

Reinforced concrete structures, which are exposed to aggressive environmental 

conditions, such as structures that are close to the sea or highway bridges and garages 

exposed to de-icing salts, often exhibit damage due to corrosion [1]. This damage is 

usually manifested in the form of cracking and spalling of concrete cover caused by 

expansion of corrosion products around the reinforcement. The reparation of corroded 

concrete structure is always related with relatively high direct and indirect costs. 

Therefore, it is of great importance to have a mathematical model, which is able to 

realistically predict influence of corrosion on the safety of RC structures. In the present 

paper the 3D chemo-hygro-thermo-mechanical model for concrete is presented. In the 

model the interaction between the non-mechanical properties [2] (distribution of 

temperature, humidity, oxygen and chloride) with the mechanical properties of concrete 

(damage), which is modelled by the microplane model [3], is accounted for. The 

formulation, strong and weak form, and the implementation into a 3D finite element 

code are discussed. The application of the model is illustrated on numerical example in 

which is the transient 3D FE analysis of RC beam carried out in order to investigate the 

influence of damage of concrete on the corrosion of reinforcement. In the analysis the 

unloaded and loaded RC beams are exposed to the aggressive influence of chloride. It is 

shown that damage due to the loading significantly accelerates processes that are 

relevant for the depasivation of reinforcement. Moreover, corrosion rate of loaded beam 

after depasivation of reinforcement is very high and there is a strong degradation of 

mechanical properties of RC beam. The numerical results show good agreement with 

the experimental evidence.  
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Abstract 

It is well known that the loading rate has a significant influence on the structural 
response. The response depends on the loading rate through the influence of three 
different effects: (i) through the creep of the bulk material between the cracks, (ii) 
through the rate dependency of the growing micro-cracks and (iii) through the influence 
of the structural inertia forces. Depending on the material and the loading rate, it 
dominates the first, the second or the third effect. For quasi-brittle materials, such as 
concrete, which exhibit cracking and damage phenomena, the second and the third 
effects dominate for very high loading rates (impact loading). However, for lower 
loading rates the first effect is more important. In the present study the model, which is 
based on the rate process theory of bond rupture is used for modeling of the rate effect 
[1]. The model is applicable over a many orders of magnitude of the strain rate. It is 
coupled with the microplane model for concrete [2], implemented into a 3D finite 
element (FE) code and calibrated based on the available experimental data. The FE code 
is then used in fracture studies of plain concrete beams loaded by impact load. The 
effect of creep is not taken into account, i.e., only relatively high loading rates are 
considered. Both, static and dynamic analyses are carried out. The static analysis is 
carried out by employing an implicit algorithm based on the secant stiffness method 
whereas in dynamic analysis explicit direct integration method is employed [3]. It is 
shown that with increasing loading rate the failure mode changes from mode-I fracture 
(bending) to mode-II fracture (shear failure). Moreover, with the increasing loading rate 
the resistance of the beam increases as well. To verify the numerical model, the results 
of the study are compared with the results of experimental tests. The comparison shows 
that the numerical prediction agrees god with the experimental results. 
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Abstract 

The concrete mechanical properties, such as strength, elasticity modulus and fracture 
energy, are at high temperatures rather different than for the concrete at normal 
temperature [1]. At high temperature large temperature gradients lead in concrete 
structures to temperature-induced stresses, which cause damage. Furthermore, creep and 
relaxation of concrete that is due to high temperature play also an important role. The 
main reason for the complexity of the behavior of concrete at high temperature is due to 
the fact that concrete contains water, which at high temperature changes its aggregate 
state and can generate significant pore pressure. In the present paper a three-dimensional 
(3D) model, which is based on the thermo-hygro-mechanical coupling between thermo 
(temperature), hygro (moisture and pore pressure) and mechanical properties of concrete 
is discussed. The model is formulated in the framework of continuum mechanics under 
the assumption of validity of irreversible thermodynamics [2]. The response of the 
model is controlled by the following variables: temperature, pore pressure, stresses and 
strains. Temperature, moisture and pore pressure are coupled with stresses and strains, 
i.e., thermo-hygro part of the model depends on damage of concrete. Moreover, the 
relevant mechanical properties of concrete (tensile strength, compressive strength and 
fracture energy) are temperature dependent. In the mechanical part of the temperature 
dependent microplane model [3] is used. The proposed thermo-hygro-mechanical model 
is used to study explosive spalling of concrete cover at high temperature. In the 
numerical analysis a concrete slab is heated locally at a free surface and it is studied the 
influence of the hygro-thermo-mechanical properties on spalling of concrete cover. 
Tensile strength, initial porosity, permeability and moister content are varied. The 
results indicate that the pore pressure, which is mainly influenced by the permeability of 
concrete, have the strongest influence on the explosive spalling of concrete cover.  
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Abstract 

The paper presents the model for the numerical analysis of prestressed concrete 
plates and shells. Cases for instantaneous static load and long-term static load are 
included. The model simulates the influence of material and geometric system 
nonlinearity. It is possible to include the dominant nonlinear effects of concrete: the 
creep, shrinkage and aging of concrete, the development of concrete cracks in tension 
and yielding of the concrete in compression, the changes in the tensile and shear 
stiffness of cracking concrete. A concise description of assumed non-linear reinforcing 
steel model is given. Reinforcing steel is modelled as a separate layer with anisotropic 
material properties i.e. with a possibility to transfer the stresses in the reinforcement bars 
direction only. Prestressing steel is simulated by 1-D curved elements embedded in the 
shells finite elements. The numerical procedures, which describe the prestressing 
contributions and time-dependent analyses, are discussed. The numerical model 
simulates the prestressing losses that occur during and immediately after the prestressing 
operation. A distinction has to be made between pre-tensioned and post-tensioned 
structures in order to take into consideration the immediate losses. The numerical 
examples are verified by comparison with the results of experimental tests for the 
analysis of reinforced concrete slabs and prestressed concrete shells. 
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Abstract

In the present paper the three-dimensional finite element code for the modeling of 
impact and penetration problems of two or more solids is presented. The code is used in 
the numerical study of the penetration of a steel anchor into a concrete block. The 
objective is to find the optimal shape of the anchor, such that the required energy needed 
for the push-in of the anchor into a concrete block is minimal. Moreover, the size of 
damaged volume of concrete close to the penetration zone is required to be possibly 
small. The finite element code is written in the update Lagrangian formulation. As a 
strain measure Green-Lagrangian strain tensor is used. To adopt the finite element mesh 
on the change of the geometry, the strategy that is based on the combination between re-
meshing and mesh refinement is employed. The element distortion indicator is adopted 
as the criteria for re-meshing and mesh refinement, respectively. To model impact 
between anchor and concrete block, dynamic analysis is carried out using explicit 
integration scheme. The problem of contact between the anchor, which is assumed to be 
linear elastic, and the concrete block is solved using the Lagrange multiplier method. 
The friction between master (concrete block) and slave (anchor) is assumed to be of 
kinematic type, i.e., Mohr-Coulomb friction law is used. As a constitutive law for 
concrete, the rate dependent microplane model is employed (co-rotational formulation). 
In the model two contributions control the rate dependent response: (i) the rate 
dependent crack growth and (ii) the structural inertia forces. The first contribution is 
accounted for based on the energy activation theory and the second contribution comes 
automatically from dynamic finite element analysis. Since in the code the re-meshing 
strategy has to be used, the mapping of damage variables is performed by interpolation 
of their nodal values. The finite element model is calibrated based on the available 
experimental data. Subsequently, parametric study is carried out in which the shape of 
the penetrating anchor is varied. The numerical study qualitatively confirm the 
experimental results, however, further work is needed to improve the model and to make 
the finite element code more robust.  
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Abstract

In stiffened panels of aged aircraft and ship structures, under a variety of loading and 
environmental conditions, fatigue cracks may initiate at sites of stress concentration due 
to geometrical discontinuities. So-called multiple site damage (MSD) is generated when 
cracks initiate at several adjacent stiffeners. For damage tolerance design it is important 
to determine fatigue crack growth life of structural parts with damage cracks [1]. Fatigue 
crack propagation in stiffened panels has been investigated experimentally and by 
numerical simulation employing an introduced crack growth simulation procedure for 
multiple propagating cracks [2].  
When stiffened panels undergo tensile loading, bending occurs due to the cut stiffeners. 
The influence of bending stresses on crack propagation life of stiffened panels under 
cyclic tensile loading has been investigated in this paper. An incremental crack growth 
simulation procedure based on integration of Paris' equation, which takes into account 
interaction of several propagating cracks, was introduced. Mode I stress intensity factors 
(SIF), KI, were calculated by a FEM program using shell elements and assuming plane 
stress conditions [3]. FE analysis for stiffened panel specimens showed high bending 
stresses in the intact ligament, which should be taken into account in the crack growth 
simulation. Therefore, the SIF values calculated from nodal displacements of singular 
shell elements in a post processing FE procedure were scaled by a factor which depends 
on the ratio of bending and membrane stress component in the crack tip region. Using 
the introduced simulation procedure crack propagation lives were simulated and 
compared with the results of fatigue tests on stiffened panel specimens with a single and 
with three collinear cracks. 
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Abstract

It is well known that post-seismic damage observations on buildings are interrelated 
with the seismic intensity parameters. In addition, the seismic response of buildings is 
directly depended on the ground excitation. Consequently, the seismic response of 
buildings is directly depended on the used accelerogram and its intensity parameters. 
The focus is on the overall damage indices because they summarize the post-earthquake 
status of buildings on a single value, which can be easily handled. Intervals for the 
values of the damage indices are defined to classify the damage degree in low, medium, 
large and total. This paper provides fuzzy logic [1] and neural network [2] based 
methodologies to classify damage degree based on the intensity parameters of the 
accelerograms. The first methodology represents the accelerogram by appropriate 
inherent intensity parameters (I1, I2, …, In). The classification process involves a 
fuzzyfication step of the damage indices and a conclusion step that selects the correct 
class based on the results of the fuzzyfication. After applying the membership functions 
to the indices of an unknown signal, the result is a set of four memberships for each 
index. The membership values define the similarity of the index of the unknown signal 
to each one of the four classes. Each one of the values f1,i , f2,i , f3,i , and f4,i  indicates the 
similarity of index Ii , i=1,…,n, to the low damage class (class 1), medium damage class 
(class 2), large damage class (class 3) and total damage class (class 4) in a scale of 0 to 
1. Furthermore, artificial neural networks have been used. The proposed model produces 
more effective classification results, avoiding complex analytical mathematical 
processes. A third approach uses a neuro-fuzzy inference system. A neuro-fuzzy system 
is a system that uses neural network learning algorithm and fuzzy reasoning to map 
inputs into outputs. All techniques produce effective classification rates over 95%. 

References 
[1] Kuncheva, L.I. Studies in Fuzziness and Soft Computing: Fuzzy Classifier Design, Physica – 

Verlag, Heidelberg, 2000. 
[2] Fausett, L. Fundamentals of Neural Networks Architectures, Algorithms and Applications,

Prentice Hall International, London, 1994. 

58



Homogenization of Debonding Composites: 
An Engineering FETI-based Algorithm 

Pavel GRUBER*, Jan ZEMAN* 
* Department of Mechanics, Faculty of Civil Engineering, Czech Technical University in 

Prague, Thákurova 7; 166 29 Prague 6 
E-mails: pavel.gruber@centrum.cz, zemanj@cml.fsv.cvut.cz 

Abstract 

Failure in fiber-reinforced composites is often initiated at the fiber-matrix interface and 
therefore the load-induced debonding phenomenon is of crucial importance when 
assessing the overall behavior of composite structures. Numerical modeling of 
interfacial behavior within the framework of displacement-based (primal) Finite 
Element method is usually based on interfacial elements allowing for appearance of a 
strong displacement discontinuity at the fiber/matrix interface. Specific material 
behavior is accounted for by using an appropriate traction-separation law, relating the 
displacement jump to the interfacial tractions via an interfacial stiffness. When 
describing the perfect bonding between phases, however, a large penalty-like interfacial 
stiffness leads to an ill-conditioned FEM problem resulting in critical numerics-induced 
traction oscillations, see e.g. [1] for an recent survey on this topic. To overcome such 
intrinsic limitation, in the current contribution we investigate an applicability of duality-
based solvers to the homogenization of composites with imperfect interfacial bonding. 
The basic theoretical framework is provided by the first-order strain-based 
homogenization theories and the Finite Element Tearing and Interconnecting (FETI) 
method, see [2] for a review. A specific piecewise-linear form of the interface traction-
separation law is considered to allow for a seamless combination of the initially-rigid 
connection, monotone traction-separation relations due to Kruis and Bittnar [3], non-
interpenetration condition and a limit combination of normal and tangential 
displacements. In addition, the preconditioning step and the orthogonalization of the 
FETI constraints are implemented to achieve an efficient and scalable solver. The 
performance of the resulting algorithm is demonstrated by a case study of multi-particle 
unit cell representing a cross-section of unidirectional fiber-reinforced composite. 
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Abstract 

Quasi-brittle fracture is nowadays one of the hottest topics in fracture mechanics. 
Specially, the relationship between the energy dissipative mechanisms in the fracture 
process zone [1] and the macroscopical-mechanical behavior of the quasi-brittle 
materials is not yet fully understood. This type of quasi-brittle fracture can be found in 
several types of ceramics, rock, ice, polymers [2] concrete and some metals under 
certain conditions. 

In this work, a study of the mechanical behavior of a series of model materials has been 
presented with the objective of improving the knowledge of the fracture process zone of 
concrete. To this purpose, model materials, materials, were used. 

The measurements of the displacement field around the crack, permitting the 
visualization and measurement of the strain field associated with fracture. Moreover, 
these measurements have allowed us to investigate the validity of the fictitious crack 
model [3] at the meso-scale, to postulate a relationship between the parameters and 
softening curve utilized, and to purpose a method to infer these parameters from 
experimental observations.       

The Fictitious crack model used in this study is particularly successful and allows to 
inspect and measuring the whole process zone.  
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Abstract

Wood is a cellular material with hollow tubes oriented in the stem direction. The cell 
walls are built up by stiff cellulose fibrils, which are embedded in a soft polymer matrix 
composed of hemicellulose, lignin, extractives, and water. The constituents of the wood 
cell wall exhibit tissue-independent stiffness and strength properties and, thus, are 
elementary components of wood. 
The relation between (macroscopic) elastic material properties of wood and physical 
quantities at lower length scales was expressed by the authors in the framework of 
continuum micromechanics [1]. In this contribution we focus on the application of this 
method to the investigation of tissue-specific anisotropic elastic limit states. 
Experimental investigations showed that (macroscopic) failure of wood is initiated by 
shear failure of lignin in the wood cell wall [2]. Macroscopic elastic limit states are 
governed by strain peaks in the material microstructure, which can be suitably 
characterized by quadratic strain averages over material phases, being effective for 
material phase failure [3]. This leads to a relation between the local strain at failure of 
lignin and the corresponding macroscopic strain, depending on the chemical 
composition and on 'universal' morphological patterns. This allows for estimation of the 
elastic limit for arbitrary macroscopic loading states. The micromechanical model needs 
only species-dependent volume fractions of the universal constituents and tissue-
dependent porosity as input, which are easily accessible.  
Tissue-dependent elastic limit states predicted by the micromechanics model ('model 
output') on the basis of tissue-independent stiffness and strength properties of the 
universal constituents of wood for tissue-specific composition data ('model input') are 
compared to corresponding experimentally determined stiffness and strength values. 
Macroscopic stress states estimated from local shear failure of lignin agree very well 
with corresponding experimental data. This expresses the paramount role of lignin as 
strength-determining component in wood. 
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Abstract

In the paper there are shown the results of fatigue crack propagation in the 
microstructure of material and the dependence da/dN - �Kapl by finite – element 
software ADINA. These results are confronted with the results of fatigue tests. The aim 
was to elaborate on the crack initiation and growth in the microstructure containing 
a stress concentrator and redistribution of stress during propagation.  
ADINA is thus fully capable of solving fracture mechanics problems in general with 
large amount of options in stack under various loading conditions or thermal conditions 
utilizing wide variety of material models. Also there is the ability to model rupture 
criteria and thus it is possible to model material damage caused by cavities or impurities 
and its progression under cyclical load or under creep conditions [1, 2]. 
As the experimental material there has been used magnesium alloy AZ 91D, after heat 
treatment T4, which is the most used magnesium alloy and its application has found, 
first of all, in automobile industry. Soft low-carbon cast steel STN 41 1373 without heat 
treatment is used for building transport machinery and devices, for chosen mechanical 
parts, parts of constructions, frames and suspension of rail vehicles and other transport 
vehicles.
The FEM software ADINA enables us to observe growth of fatigue damage and crack 
propagation in a model as well as observe the distribution of stress fields. It enables us 
to elaborate on stress state inside of the material, based on which it is possible to predict 
the direction of crack propagation. According to comparison of these two results, it is 
possible to state a good correlation between the experimental measurement and 
numerical simulation. However, variance in results is strongly dependent on fineness of 
the mesh in the crack propagation area and also on material model [3]. 
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Abstract

In the present work, the mode-mixity of an adhesively bonded composite joint was 
examined. Two aerospace grade materials were used; a thermoset carbon-fibre 
composite prepreg and a dual temperature cure thermoset film adhesive. From these 
materials, it was possible to fabricate three distinct composite joint systems. The first 
was a co-cured joint in which the prepreg and adhesive were cured together at 180 ºC. 
The second was a secondary bonded composite joint were the prepreg was first cured at 
180 ºC to produce a composite laminate. Two laminates were then bonded together by 
curing the film adhesive at 180 ºC. The third system was similar to the second except the 
adhesive was cured at 120 ºC. 

The fracture toughness, GC, of the composite joints was evaluated using a fracture 
mechanics approach. Three linear elastic fracture mechanics (LEFM) based tests were 
used: a mode-I double cantilever beam (DCB) test, a mode-II end-loaded split (ELS) test 
and a mixed-mode asymmetric DCB test (ADCB). The ADCB test can be 
asymmetrically cracked to produce various mode-mixities. Three mode-mixities were 
examined in the present work. 

Typical results are shown in Fig. 1, where the fracture toughness was found to vary 
strongly with mode mixity. The mechanics of the test configurations will be reviewed 
and the most appropriate mixed-mode failure criterion will be determined for each joint 
system. Further physical insight will be gained into the nature of the fracture toughness 
in each case through the use of optical and scanning electron microscopy. 

Figure 1: Failure envelope for 
co-cured joints [CC180] and 
secondary bonded joints cured at 
120 ºC [SB120] & 180 ºC 
[SB180] 
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Abstract 

Classic bevel gear teeth ends are limited by back and front cones, located at right angles 
to the pitch cone. At contemporary constant height of spiral teeth side surface in gear 
axial section is rectangular. In case of octoid gearing contact pattern is elliptic, 
eliminating contact in corner zones of the rectangle, and covers part of teeth length. 
Novikov-Wildhaber (NW) gearing contact pattern spreads like two parallel belts in full 
length of teeth, including corners. Spiral bevel gears with classic teeth ends are 
unsuitable for NW gearing. Exterior teeth ends, loaded on the concave side and interior 
teeth ends, loaded on the convex side breaks off. One of the methods developed for 
strengthening of teeth ends is conversion of rectangular gear crown section into 
trapezium with extended root width and cut off addendum corners [1].The sufficient 
back and front cone angles for NW gearing are calculated to obtain full normal tooth 
thickness at the end contact points and depends on pitch cone, profile and spiral angles 
at these points. The sufficient back cone angle may be positive, zero or negative. To 
simplify the outside form of the gear and for additional strengthening of exterior teeth 
ends, the positive back cone angle is rounded down up to zero and cone is replaced by 
cylinder. The sufficient front cone angle may be less, equal or more than 90o.Front 
cones less than 90o are replaced by flat surface. Affirmative experience with NW 
gearing was transferred to octoid gearing [2], considering that teeth addendum corner 
zones are not important and additional strengthening of teeth ends by extension of root 
width goes in parallel with simplification of teeth ends geometry. As rule the octoid 
crown gear outside form is cylinder equal to pitch diameter, the pinion front surface is 
flat. The opposit ends of the teeth are combined of two surfaces: flat or cylindrical ring 
and cone with rounded angle. Long-term experience with such bevel and hypoid gears 
has shown a number of advantages, as: increased strength of teeth end under unexpected 
contact pattern deviation, smaller crown gear outside diameter, more suitable geometry 
for blanc machining due to inclusion of chamfer type surfaces in basic design, easier 
protection of crown gear exterior teeth ends against damages in production process etc. 
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Abstract 

Polycrystalline cubic boron nitride (PCBN) tools are widely used in machining ferrous 
materials such as hardened steel components over the range 45 to 70HRc and grey cast 
irons. An advantage of PCBN is that its structure and composition can be engineered to 
have properties tailored to specific applications and operations. 
 
In order to understand and be able to predict the behaviour and structural integrity of the 
PCBN cutting tools, it is first necessary to study the behaviour of this material as a 
function of loading rate and temperature. A limited knowledge of material and fracture 
properties under static loading rates and room temperature conditions is of little value 
when analyzing the transient behaviour of the cutting tool under typical operating 
conditions encountered during the drilling of an oil well. 

For this purpose, tests on SENB specimens, prepared in accordance with ASTM 
standard, are conducted in this study. Tests are performed on a standard screw-driven 
tensile testing machine and an instrumented drop-weight impact tester, at different 
temperatures and loading rates. Set of three specimens was tested at each loading rate 
and temperature. Analytical and numerical analyses are then performed on each sample 
to determine its fracture and mechanical properties. It was found that both rate and 
temperature have marked effects on the mechanical and fracture properties of PCBN. 
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Abstract

Presented paper contains results of fracture analysis of brittle composite materials with a 
random distribution of grains. The composite structure has been modeled as an isotropic 
matrix that surrounds circular grains with random diameters and space position. 
Analyses were preformed for the rectangular finite element models. These models were 
generated using the author’s computer program RandomGrain.
Fracture analyses were accomplished with the authors' computer program CrackPath2
executing the "fine mesh window" technique. Calculations were preformed in 2D space 
assuming the plane stress state. Current efforts focus on brittle geo-materials such as 
rocks or concrete. 
The CrackPath2 computer code is using the new criterion for prediction of the crack 
propagation direction which is simpler than suggested for polycrystalline materials by 
Sukumar and Srolovitz [1]. The new strategy consists in exploiting the condition of the 
minimum energy of cracking material calculated on the basis of the author's failure 
criterion for brittle materials [2, 3] 
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Abstract

Fracture and crack propagation make often a key problem in practical engineering 
analysis. A path of the crack development can decide whether the final fracture causes 
damage of the whole structure or only eliminates its small part without total failure. The 
main difficulty of this analysis is a large variety of possible development paths 
depending on an orientation and position of the initiation crack. Therefore, it is 
important to possibly decrease the time of a single calculation in a searching loop.  
Usually, the field near the crack tip is modelled with increased accuracy, which in case 
of the finite element method involves considerable remeshing in this area. The most 
efficient way to deal with such a problem seems to be the introduction of an analytical 
solution in the vicinity of the crack tip – the Trefftz approach. Applications of the 
Trefftz-type finite elements and also a method of so-called moving pentagon were 
described in [1]. 
The modification of a mesh made of rather large polygon elements needs the automatic 
modelling while investigating the crack propagation. Unfortunately, the automatic 
generation of such kind of mesh meets some difficulties. An obvious advantage is that 
the large elements decrease their total number but on the other hand the rough mesh 
quickly achieves a boundary of an analyzed object during this process. It requires 
permanent adjustment of the element shape to the boundary and therefore typical mesh 
generators cannot be used here. Author presents a special algorithm and a computer 
code automatically generating the mesh made of pentagons as well as of quadrilateral 
and triangular elements. The program creates polygons of optimal shapes and 
dimensions conforming the boundary and also the crack of given position, length and 
orientation. It enables simulations of the crack propagations for different initial 
parameters and carries out an investigation of their effect on the structure integrity.  
Author performed several numerical examples of such analyses concerning plate 
junctions, ribs, weld joints, spline shaft connections, ratchet-wheels and others using the 
described tools. The examples proved the feasibility of the "moving pentagon" concept, 
which facilitated observation of the crack propagation cases. 
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Abstract 

The increasing application of polymeric materials, especially of polyethylene, as 
structural materials demands new methodologies for assessing the material capability to 
withstand loads. The use of medium density polyethylene (MDPE) pipes for water and 
gas distribution is one of the most common examples. An accurate modelling of fracture 
and viscoelastic material responses of such structures represents a key to the prediction 
of structural integrity. 

Since polyethylene structures are mostly subjected to creep loadings, the present 
paper is concerned with the numerical modelling of creep fracture mechanisms by slow 
crack growth in MDPE [1]. The failure assessment philosophy for polymers is similar to 
philosophies for metals. Moreover, the J-integral equations can be used in principle to 
estimate the C*-integral by replacing the strain with the strain rate [2]. 

Based on the experimental data by Ben Hadj Hamouda et al. [3] and an analogy 
between plasticity and creep, the paper discusses a method used to develop an efficient 
computational strategy for modelling creep fracture mechanisms by slow crack growth 
in MDPE pipes. The derived algorithm is applied to the material point level of the 
available finite elements in the code ABAQUS [4] by using the user subroutine CREEP. 
The computational strategy is based on the time hardening integration approach. 

In order to check the accuracy of the derived algorithm, the creep simulation is 
performed on an axisymmetrically cracked specimen denoted as a full notched crack 
tensile (FNCT) specimen. A realistic material model of a FNCT specimen and a thick-
walled MDPE pipe with an external axial surface crack subjected to internal pressure is 
employed for the calculation and estimation of the C*-integral. 
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Abstract

This paper presents a unilateral damage model coupled with an orthotropic elastic 
behaviour, to analyse the closure/opening effect on the behaviour of a representative 
elementary volume. Indeed, the oriented nature of the cracks along the fibres and the 
unilateral contact of the cracks lips (according to the opening or closure of cracks) lead 
to complex anisotropic behaviour. The anisotropic nature of the damage is reported 
through a scalar variable D acting on different ways according to the active stress 
components. The closure/opening effect of damage is recorded in two steps. The sign of 
the normal stress component to the fibre direction, defines the crack state (opened or 
closed). It acts firstly, on the damage kinetic and secondly on the softening of the stress 
components due to damage. If the crack is open, the damage effect is applied on all the 
stress components. If the crack is closed, the virgin elastic behaviour is recovered in the 
direction normal to the crack and a friction coefficient is then used to detect if the closed 
crack lips are stick or able to slide, according to the relative absolute value of the normal 
and the shear stresses. If the two lips are stick the behaviour is considered as virgin for 
shearing as well, otherwise, the shear behaviour is damaged. The damage can increase if 
the crack is either opened or closed and sliding or stick. This analyse could easily be 
extended to a non linear anisotropic behaviour (including plasticity and viscoplasticty) 
through the concept of effective stress [1], [2]. Some numerical results are presented to 
illustrate the different situations. 
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Abstract 

In this contribution, we present an overview of numerical results related to a specific 
global (i.e. non-local) rate-independent isotropic damage model. The major difference of 
the current work and the existing approaches is that the reported numerical simulations 
are supported by a rigorous mathematical results obtained recently in [1,2]. The 
common theoretical framework is provided by recent advances in the mathematical 
theory of rate-independent processes, where the time evolution of the system is 
governed by the incremental global energy minimization. The numerical treatment 
builds on the spatial discretization using the conforming finite elements. The 
incremental time problem then transforms into a non-convex large-scale optimization 
program. Following [2], the special structure of the objective function allows to apply a 
sequential optimization procedure converging to a critical point. A simple time back-
tracking algorithm introduced in [3], based on two-sided energetic estimates, is adopted 
to increase the chance of locating the global optimum. The performance of the algorithm 
is demonstrated by analyzing basic engineering benchmark problems. 

References 
[1] G. Bouchitté, A. Mielke, T. Roubí�ek. A complete-damage problem at small strains. 

Zeitschrift für Angewandte Mathematik und Physik, online first, doi: 10.1007/s00033-007-
7064-0, 2007. 

[2] B. Bourdin. Numerical implementation of the variational formulation for quasi-static brittle 
fracture. Interfaces and Free Boundaries, 9: 411—430, 2007. 

[3] A. Mielke, T. Roubí�ek, J. Zeman. Complete damage in elastic and viscoelastic media and 
its energetics, WIAS Preprint no. 1285, 2007 
URL: http://www.wias-berlin.de/publications/preprints/1285/wias_preprints_1285.pdf 

70



Dynamics



72



Non Smooth Contact Dynamics Approach to 
Graphite Cores Safety Assessment 

Nenad BI�ANI�, Tomasz KOZIARA 
 

Department of Civil Engineering 
University of Glasgow, Rankine Building 

Oakfield Avenue, Glasgow, G12 8LT 
E-mails: bicanic@civil.gla.ac.uk

Abstract 

Particulate or blocky assemblies are frequently not adequately modelled by a 
homogenised, continuum description and the discrete nature of the inherent or evolving 
discontinuities needs to be accounted for. In such analyses, ‘the whole’ is treated as an 
‘assembly of its parts’, comprising multiple bodies, blocks or particles of arbitrary 
shapes (rigid or deformable), staying or potentially coming into contact as the solution 
progresses. This is particularly relevant for the safety critical blocky assemblies, like the 
graphite core in AGR plants. 

The NSCD method comprises distinct differences with respect to the more traditional 
DEM frameworks, as the unilateral Signorini condition and the dry Coulomb friction 
condition are accounted for without resorting to the regularisation of the non smooth 
contact conditions. Without regularisation, due to the infinitely steep ‘normal force-gap’ 
graph associated with the Signorini condition, the solution for the actual normal contact 
force is defined as the minimal normal force required to avoid penetration (volume 
exclusion requirement). Similarly, the friction force before sliding is non unique, as 
illustrated by the infinitely steep ‘friction force-sliding velocity’ graph of the Coulomb 
law and is additionally defined as the minimum friction force needed to prevent sliding 
at the contact. In the context of multiple bodies contact there are discontinuities in the 
velocities field. The NSCD framework recasts the entire problem in terms of differential 
measures or distributions, i.e. without the need to define the acceleration as a usual 
derivative of velocity. Instead of using the regularised form of dynamic equations of 
equilibrium, the ‘non smooth’ time discretised form of dynamic equations is obtained by 
integrating the dynamic equation, so that the velocities become the primary unknowns 

Validation of the Non-smooth contact dynamics (NSCD) framework on a series of 
benchmark problems is considered, including simulations of the GCORE box-kite 
experiments. Potential of simulation methodology for the safety critical assessment of 
whole graphite core behaviour is further explored. 
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Abstract

It is well known that residual stresses influence the stability and the vibration behavior 
of structures [1]. Residual stresses for improving the dynamic behavior of plates are 
typically introduced by local plastic deformations [2,3]. – In contrast to this rather 
“classical” approach, it is shown in the present paper how proper heating by laser can 
lead to residual stress distributions which are beneficial with respect to the increase of  
both the fundamental frequency and the buckling loads. The considerations are 
performed both by theoretical analyses and by experimental investigations. 
The analyses were performed by using finite element methods in combination with 
algorithms simulating the heat-input from continuously and intermittingly moving laser 
beams, respectively, onto the surface of the considered plate. The coupled temperature 
and deformation analysis comprises material and geometrical non-linearities. Due to the 
one-sided heat input at the plates’ upper surfaces [3] a temperature moment is induced 
leading to distortions, which represent imperfections that influence the buckling 
behavior of the plates during and after cooling-down. A number of different shapes of 
laser-tracks are investigated, and it is shown that reasonably good results regarding 
relatively small residual distortions and significant increase of fundamental frequencies 
and buckling loads can be achieved by introducing the laser heat input in a raster of 
points properly distributed over the plate’s surface. 
An experimental set-up was designed for performing experiments that demonstrate the 
feasibility of improving the dynamic and the stability behavior of plates by selective 
laser heating. 
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Abstract 

The paper focuses on inclusion of thermal effect in the dynamical model of flexible 
beams undergoing large overall motions. The thermal effects are important in real 
working conditions.   In [1] thermal effects are analyzed using absolute nodal approach 
and nonlinear beam deformations models.  
In this paper a co-rotational approach is used because of its well known advantages 
when dealing with multibody systems [2, 3]. It is based on velocity formulation and 
differs form other approaches that typically use positional formulations. This enables 
use of Bond Graphs [4], a unified multi-physics modeling approach capable of dealing 
with complex engineering problems. Following [3] a beam finite element bond graph 
component model with included thermal effects is developed. It is used for building 
models of flexible manipulator links.  
The resulting model has form of index 2 semi-explicit differential algebraic equations 
that can be directly solved using BDF method. Examples of mechanisms undertaking 
large motions and thermal effects are analyzed in order to assess the performance of 
method developed. Obtained results are compared with those from the literature and 
show excellent agreement.  
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Abstract 

Static approaches are almost always used in the analysis of beam buckling, and 
dynamics of this process has not been widely researched. In the analysis of buckling and 
post-buckling of beams, axial load is commonly assumed as a dead load, and axial 
deformation of a beam is neglected [1]. In practice, axial force applied to a beam may 
depend on the post-buckling displacement. While the assumption that it can be treated as 
a dead load is reasonable in its critical value calculation, axial deformation and load 
change must be taken into account when analyzing the post-buckling behaviour [2]. 

This paper presents a numerical analysis of the post-buckling vibration of a beam 
under displacement-dependent axial force. It is assumed that the force is a result of 
compression of a spring with known axial stiffness. The beam is first compressed in the 
straight-line position, and afterwards it is allowed to buckle. Buckling causes departure 
from the initial position and vibrations around the buckled configuration. Axial force 
remains constant in direction, but its magnitude changes during beam buckling. 
Numerical analysis is done using the finite elements method. The beam is modelled by 
the two nodes Bernoulli finite elements. Derived non-linear equation of motion takes 
into account up to the third order deformation terms. Numerical results are obtained by 
direct integration of equation of motion and show appearance of large accelerations, 
which are non-symmetric around time axes, while velocity and displacements remains 
relatively small. The dependency of a vibration parameters on axial force is established. 
Using the assumption that the beam buckles in the shape of the buckling eigenmode, a 
simplified equation of motion is derived [3]. Simplified equation yields results that are 
in close agreement with those obtained using the original equation of motion. 
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Abstract 

Knowledge and experience of track vehicle operation have shown that maximum 
adjusted speed does not depend, in many causes, on engine output and parameters of 
gearbox but on the quality of springing system. Driving through uneven and rough roads 
is accompanied by impact of beam on movement limiter. Because of it this road with 
low and short bumpiness is accompanied by vibrations. To reduce these inconvenient 
phenomenon and consequences the driver has to slow down [1, 2]. 

Simulation process 
After definition of inputs it was necessary to accomplish analysis of individual forces 
and moments. Portrayal functions as depiction of individual components affecting on 
whole track vehicle. 
 
Design of motion equations was following process step. Result equations create motion 
equations system where number of equations is set by degree of freedom system what is 
in our case 8 degrees of freedom. Method of Runge Kutta of the 4. order was used to 
solve motion equations. It is significant to realize that we have worked only with left 
hand side of vehicle consequently weight has to be half. It is necessary to consider 
making it easier, for instance passive resistance influence [3, 4]. 
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Abstract 

This paper presents a novel technique for optimizing steady-state vibrations of a 
mechanical system modeled by linear time-invariant second-order system 
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where matrices SDM ,,  are mass, damping and stiffness matrices, )(tx  is node 
displacement vector, )(tf  is vector of excitation forces, )(ty  is system output and 

21,CC  and 2B  are output and input matrices, respectively. Matrices SDM ,,  are affine 
functions of finite number of optimization variables, i.e. 

�
�

��
n

k
kk MmMM

1
0 , (2) 

where kiMi ,,0, ��  are constant matrices and kimi ,,1, ��  are optimization 
variables with additional interval constraints kimmm iii ,,1,max,min, ���� . In the 
same fashion damping and stiffness matrices depend on the optimization variables 

lidi ,,1, ��  and nisi ,,1, �� , respectively. After rewriting the system (1) as a first-
order generalized state-space system, an optimization criterion is derived from a linear 
matrix inequality condition for �H  norm of such system [1]. By doing so, the problem 
of minimizing steady-state vibrations is posed as an optimization problem with linear 
objective function subject to bilinear matrix inequality constraints. It is solved by 
generalized penalty/barrier and augmented Lagrangian method [2]. The paper includes a 
numerical example which clearly illustrates the efficiency of the proposed technique. 
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Abstract 

The applicability of neural networks, trained on compiled experimental database, for 
prediction of the seismic behavior and capacity of reinforced - concrete infilled frames 
is explored. The work was motivated due to a great deal of uncertainty in the estimation 
of the seismic capacity of infilled frames and evaluation of complex infill effect.. 
Despite a big number of experimental studies on infilled frames there is still a lack of 
understanding between the behavior and the geometric parameters such as ratio of 
height to length of frame, reinforcement ratio of frame elements, material properties of 
frame ( reinforced - concrete ) and infill ( masonry ), loading histories, etc.  
An experimental database used in this study has been compiled from the available 
literature and includes data from the laboratory test carried out on one story, one bay 
reinforced - concrete frames infilled with unreinforced masonry infill.  
Neural networks simulate human's brain ability to classify patterns or to make 
predictions or decisions based upon past experience using data sets. The network 
consists of input layer, hidden neurons and output layer. The inputs of the created neural 
networks are geometrical and material properties of frame and infill, reinforcement 
ratios of frame elements and loading. Output variables, which have an important role in 
performance evaluation, are deformation capacity in terms of drift, shear strength and 
failure modes of infilled frames. 
The main goal of this paper is to make a contribution towards the quantitative 
determination of the performance capability of specific structural elements – 
reinforced/concrete infilled frames, whose behavior depends on many variables and is 
often unpredictable. Their performance, expressed in terms of shear strength and 
deformation capacity is of vital importance for the evaluation of the seismic 
performance of existing buildings as well as for the design of earthquake resistant 
reinforced concrete buildings.  
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Abstract 

The paper presents a novel numerical approach for approximate solution of eigenvalue 
problem and investigates its suitability for modal analysis of structures. The approach is 
based on transformation of the matrix equation into frequency domain and subsequent 
removal of potentialy less significant frequencies. The procedure results in a much 
reduced problem that is used in eigenvalue calculation. After calculation eigenvectors 
are expanded and transformed back into time domain. The principles are presented in 
Jeri�evi� [1]. The original eigenvalue problem 

 i i iBq q��  (1) 

is transformed into frequency domain 

 � �� � � �1
i i iFBF Fq Fq�� �  (2) 

In equation (2) Fourier transform has been performed using the Fourier 
transformation matrix F. If certain portions of F are removed according to established 
principles the resulting problem is reduced in size. 

The proposed method has been succesfuly applied on modal analysis of engineering 
structures with one main difficulty. In structural analysis boundary conditions are the 
most important information that characterizes the structure that is not preserved in the 
pruneing process in the frequency domain. In order to keep the boundary conditions 
present throughtout the frequency domain the original method of approximate solution 
of linear systems using Fourier transforms (see Jeri�evi� [1]) has been modified. 
Lagrangian multipliers have been introduced to enforce the boundary condition 
infromation in the eigenvalue problem of structural analysis. 

Numerical examples demonstrate the applicability of the proposed method in modal 
analysis of structures. 
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Abstract 

Many dynamical systems have clearances involved by their function, such as within 
gears, bearings, clutches, etc. Vibration of systems with clearances can result in relative 
motion across the clearance space and impacting between the components. Repeated 
impacts (vibro-impacts) may lead to excessive noise and large changes in the dynamic 
stiffness. 
Vibro-impacts can be separated into three different regimes: a no-impact regime, a 
single-sided impact and a two-sided impact. A no-impact case occurs whenever the 
displacement is entirely outside the clearance space. A single-sided impact or a two-
sided impact will occur when the displacement exceeds the clearance space at one or 
both sides, respectively [1]. 
A two-degree-of-freedom system with clearances can be viewed as two coupled 
nonlinear oscillators. Each oscillator may undergo any of the impact regimes, so the 
system may operate in 3 x 3 = 9 different impact regimes. Furthermore, in dynamically 
coupled oscillators, the type of impact regime in one oscillator will depend on the 
impact regime experienced by the other. 
The objective of this paper is to find the frequency range whether a given impact regime 
exists and to investigate the motivation for its transition. 
The describing function method and the time finite element method [2] are used for 
obtaining approximate analytical and numerical frequency responses. The stability of 
numerical solutions is examined using Poincare` map [3]. Considering the obtained 
responses, the amplitude ranges of different impact regimes can be determined, as well 
as, the frequencies at which the transition between impact regimes will occur. 
Close agreement is found between the transition frequencies resulting from both 
approaches.  
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Abstract 

In civil engineering the viscoelastic dampers are succesfuly used to reduce vibrations 
caused by winds and earthquakes. It was found that incorporation of viscoelastic 
dampers in the structure leads to significant reduction of unwanted vibrations [1]. In the 
past, several rheological models were proposed to describe the dynamic behaviour of 
viscoelastic materials and dampers. Both the classical and the so-called fractional 
models of dampers are available. Descriptions of these models are given in [2 – 5].  

In this note, the frame structures with viscoelastic dampers mounted on it are 
considered. Viscoelastic dampers are modeled using the three parameters, fractional 
rheological model. The structures are treated as the elastic linear systems. The equation 
of motion of the whole systems (structure with dampers) is written in terms of state-
space variables. The resulting matrix equation of motion is the fractional differential 
equation. Both, the symmetric and non-symmetric versions of the equation of motion are 
presented and theirs advantages and disadvantages are discussed.  

Moreover, the paper is devoted to determination of the dynamics characteristics of 
considered structures. The nonlinear eigenvalue problem is formulated from which the 
dynamics characteristics of system can be determined. The Newton method is used to 
solve the mentioned above nonlinear eigenvalue problem.  

The results of example calculation will be also presented and briefly discussed. In 
particular, the influence of the key parameter, which describes the order of fractional 
derivative, on the dynamic characteristics of frame with visoelastic dampers is shown.  

References 
[1] Soong T.T., Spencer B.F. Supplemental energy dissipation: state-of-the-art and state-of-the-

practice, Engineering Structures, 24, 243-259, 2002. 
[2] S.W. Park. Analytical modeling of viscoelastic dampers for structural and vibration control, 

International Journal of Solids and Structures, 38, 8065 – 8092, 2001. 
[3] Palmeri A., Ricciardelli F., De Luca A., Muscolino G. State space formulation for linear 

viscoelastic dynamic systems with memory, ASCE Journal of Engineering Mechanics, 129,
715 – 724, 2003. 

[4] Adhikari S. Dynamics of non-viscously damped linear systems, ASCE Journal of 
Engineering Mechanics, 128, 328 – 339, 2002. 

[5] Makris N., Constantinou M.C. Fractional-derivative Maxwell model for viscous dampers, 
ASCE Journal of Structural Engineering, 117, 2708 – 2724, 1991. 

82



  

High-frequency Vibration Analysis of Planet 
Gears of Two-stage Planetary Gearmotor 

Dmitry LITVINOV*, Janis RUDZITIS*

*Riga Technical University, 1 Kalku Street, Riga, PDP, LV-1658, Latvia 
E-mails: dmitrijs.litvinovs@rtu.lv  arminius@inbox.lv    

Abstract

  Due to the specific mechanical peculiarities, planetary reduction gearmotors Fig.1, 
were and remain the most progressive types of reduction gearboxes for industry 
application. Compactness, small specific gravity and, simultaneously, possibility to pass 
the advanced loading – here what planetary reduction gearmotors are attractive for 
developers and customers.  

 

 
Figure1: Planetary reduction gearmotors. 

Because of planetary reduction gearmotors big amount applying in industry, increases 
the requirements in their diagnostics. For this purpose the most effective diagnostics is 
vibration diagnostics. In this article the analysis of high frequency vibration of planet 
gears and the analysis of the most effective mounting schemes of vibration sensors at 
vibration diagnostics of planetary reduction gearmotor are made. In the end of the article 
conclusions are done about advantages and faults of high-frequency vibration analysis 
application for finding out defects in the planet gears of two-stage planetary reduction 
gearmotors. 
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Abstract

A systematic approach in the case analysis of the modal extraction parameter has been 
implemented. The Mathematical models have been used to generate time response and 
random generator to generate noise. The number of modal parameter extraction 
techniques has been compared for different noise levels in simulated data. The 
sensitivity of modal parameters extraction techniques has been tested on the simple 
numerical examples.  

The similar procedure has bee applied to physical models. The measurements of the 
system response have been measured controlling the boundaries as better as we could 
and then noise level has been artificially increased. 

Generally, it is assumed that a transducer registers the motion Xp at location p. Motion 
Xp is caused by numerous excitation sources. These sources can be internal forces Sq, as 
well as external forces. The external forces are broken into two subgroups, those that are 
due to external sources and are represented by Fq and those that are due to the presence 
of boundary and are represented by Bq. Then, if linear input-output frequency domain 
representation Hpq is used, frequency domain output motion can be expressed as 
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General vibration test is implemented in order to determine structure's dynamic 
characteristics.  
In this paper experimental beam vibration test is completed and various modal 
parameters extraction methods are compared. The sensitivity of implemented techniques 
to structural changes that involves change in mass and stiffness has been egzaminated.  
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Abstract 

Need to analyze effects of eccentricity on the girder arise when we consider bridge with 
deep begins or when we want to show influence of beams on the slab stiffness. In most 
cases of practical interest the effect of eccentricity is neglected or influence of beams to 
the slab is described by increase of moment of inertia. However, when establishing 
dynamic parameters for a bridge where the height of girders is much larger than the slab 
thickness, the effect of increased stiffness plays an important role. 
In the work we have presented experience based on dynamic measurements taken on a 
real road bridge. Simple measurements of eigenfrequencies and displacements ''by the 
book" showed inconsistencies with design data that was based oil static analysis. 
Agreement of the first eigenfrequency was also poor. 
It came to authors notice that design was based on analysis of the bridge as a slab and 
deep girders that are present were modeled as simple beams passing axially through the 
plate while in reality they were eccentrically placed. Additional structural models have 
been devised and the one that takes beam eccentricity into consideration demonstrated 
good agreement with measured data. 
The paper investigates reasons for good or bad agreement of design structural 
parameters with on-site measured data and instances when such an agreement is of 
importance and should be taken into account. It is demonstrated that dynamic 
parameters are more sensitive than static ones.   
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Abstract 

This paper presents response spectrum for Jugo, a strong wind blowing from the south-
eastern quadrant over the Adriatic Sea region. The response spectrum is constructed on 
the basis of classical elastic and resonant response spectra of a single-degree-of-freedom 
system (SDOF), which are calculated from the data of the wind force measured at the 
location near Split. The spectra are constructed for different intensities of the dynamic 
wind force, i.e., for a wind with different average velocities. 

The elastic response spectra are calculated using standard dynamic methods [1]. The 
resonant response spectra are calculated using wavelet transform [2]. When a 
rectangular impulse function is chosen for the wavelet transform, then the 
transformation of the wind force gives the constant component of the wind action. If the 
harmonious type of function is chosen for the wavelet transform, for example, the 
sinusoidal form, the wavelet transform of the wind force extracts the fluctuating 
component of wind action which shows the possible resonant effect on the SDOF with 
the period being equal to the period of the chosen sinusoidal function. The combination 
of the effects of the constant and fluctuating components gives resonant response 
spectrum.  

A non-dimensional shape of the response spectrum for the observed wind named Jugo is 
constructed by a non-dimensional comparison based on the envelopes of the averaging 
values. The paper also presents a practical method for the determination of the scale of a 
non-dimensional spectrum, based on the wind data for a newly specified location. 

A practical possibility for constructing the response spectrum of an arbitrary SDOF, 
using an analogy of EC1 part 2-4 [3], is shown for the SDOF with different geometric 
properties in relation to the SDOF analyzed in this paper. 

Response spectrum of Jugo wind is compared with the response spectrum of north-
eastern Bura wind measured at the same location [4]. 
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Abstract 

Active differentials represent a viable solution toward improving vehicle traction control 
and yaw stability control performance [1,2]. By providing a controlled torque 
distribution to the wheels by means of wet clutches and appropriate gearing, active 
differentials can enhance the control performance without being intrusive for the driver. 
The Active Limited Slip Differential (ALSD) may be regarded as a semi-active 
differential that can shift the torque to slower wheel only. The Torque Vectoring 
Differentials (TVD) can transfer the torque to both slower and faster wheel. 
 
For the purpose of driveline analysis and vehicle dynamics control system design, it is 
necessary to develop active differential driveline dynamics models [3,4]. The core of 
these models are submodels of active differential kinematics, which are developed in [5] 
for typical ALSD and TVD kinematic structures. This paper presents kinematic models 
of four alternative TVD concepts from [2]. The bond graph method [6] is used to 
transform the TVD kinematic structure into a bond graph representation, which is then 
used to derive mathematical model in a straightforward way. Based on the derived 
models, a comparative analysis of active differential operating modes and performance 
is conducted. An example of bond graph modeling of active differential dynamics is 
presented, as well. 
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Abstract 

The paper offers a design approach for earthquake resistant structures whose aim is to 
reduce seismic action by dynamic modifications of structures without modifying 
structural stiffness. Dynamic properties of structures can be modified by supplemental 
damping systems that dissipate seismic energy and/or systems designed to limit the 
transmission of seismic energy to the main structure by isolation of the main structural 
elements [1]. An energy concept is introduced in order to explain dynamic modifications 
in structures. Main damping mechanisms used in energy dissipation are viscous and 
hysteretic damping. Hysteretic damping is a very important damping mechanism which 
appears under plastic deformation. Viscous damping is a result of material viscosity and 
it is proportional to velocity and frequency. The model of viscous damping is often used 
to replace other damping mechanisms by using equivalent viscous damping [2]. 
Viscoelastic dampers develop a restoring force as well as a damping force so both types 
of damping mechanisms are present. Supplemental damping systems can be divided into 
three categories: passive, active and semi-active systems. Passive energy dissipating 
systems can be displacement-activated, velocity-activated and motion-activated devices. 
Active systems are more complex than passive systems because they require a 
continuous external power source and additional maintenance to operate properly.   
Base isolation decouples the structure from the horizontal components of the ground 
motion by interposing structural elements with low horizontal stiffness under the 
superstructure. It enables a period shift towards large values and gives the structure a 
fundamental frequency that is much lower than both its fixed-base frequency and the 
predominant frequency of the ground motion [3]. The paper includes passive 
supplemental damping systems and not base isolation. 
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Abstract 

Active magnetic bearings (AMB) represent a modern technology used for active control 
of dynamic characteristics of rotating machines and vibration reduction. Because of their 
inherent instability, continuous active position control with the aim of their behavior 
stabilization is required. For this purpose, linear PID controllers are often applied. 
However, in extreme conditions dynamic response of a rotor can become very nonlinear, 
i.e. the rotor may exhibit quasi-periodic or chaotic motion. In such cases a nonlinear 
control strategy is required. In this paper, fuzzy logic control is applied in an active 
magnetic bearing system for the purpose of the continuous position observation and 
tuning of gains of a conventional PID controller. The response of the rotor supported on 
AMB was obtained from closed-loop AMB model simulation in MATLAB/Simulink. 
Comparison of the responses for the two mentioned strategies showed that the fuzzy 
logic approach ensures better rotor response when subjected to unbalance forces then the 
solely PID control applied to the same model. 
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Abstract 

Usual engineering practice in analysis of structures supported by the ground and under 
the influence of a moving loading is to use Winkler model neglecting the fact that it 
does not allow propagation of transversal waves but through the structure.  

This paper describes models developed for dynamic analysis of long structures 
subjected to the moving load and lying on the ground having endless boundary 
conditions (no reflection of transversal waves). Ground has been modeled as Pasternak 
foundation that takes the shear stiffness into account. The models allow propagation of 
the transversal waves also through the ground with the advantage that the same model is 
applicable in both static and dynamic analysis. Structural modeling adopts two 
approaches : i) beam model based on quarter point beam elements, supported by the 
Pasternak ground model, ii) finite strip model with equal boundary conditions.  

Moving loading is described as moving force or moving mass enabling the comparison 
between them. The later one requires more effort and the newly developed Impulse 
Acceleration Method has been adopted [1].  

Several numerical examples enable insight into quality of the results obtained and 
provide comparison between the various assumptions.  
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Abstract 
The methods of structural dynamic modification, especially those with their roots in finite 
element models, have often been described as reanalysis. The present paper deals with the 
problem of improving of dynamic characteristics some structures. New dynamic modification 
procedure is given as using.distribution of potential and kinetic energy in every finite element is 
used for analysis. The need for structural dynamic modification arises because of the demands on 
higher performance capabilities of complex mechanical and structural systems, like machine 
tools, automobiles, rail vehicles, aerospace systems and high speed rotating systems, which 
require sound dynamic design, i.e. desired dynamic characteristics like vibration levels/response, 
resonances/eigenvalues, dynamic stability and mode shapes.  

Keywords: Structural dynamic modification, Reanalysis, Eigenvalues, Design variables 
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Abstract

Functionally graded materials (FGMs) are a novel class of macroscopically 
inhomogeneous composites with spatially continuous material properties and 
have attracted considerable research efforts over the past few years due to their 
increasing applications in many engineering sectors. This paper investigates the 
nonlinear vibration of a simply supported functionally graded rectangular plate 
with an edge crack subjected to transversal excitation. It is assumed that 
materials properties of the plate are graded in the thickness direction according to 
an exponential distribution. The cracked section is modeled as a linear rotational 
spring whose bending stiffness related to flexibility introduced by the crack is 
determined through linear fracture mechanics in terms of stress intensity factor 
[1]. The nonlinear governing equations of motion for the FGM rectangular plate 
are derived by using the Hamilton’s principle and Reddy’s third-order shear 
deformation plate theory [2]. Since the present study focuses on transverse 
nonlinear oscillations of the FGMs plate, the governing equations of motion can 
be reduced into a two-degree-of-freedom nonlinear system under the external 
excitations by using the Galerkin’s method. The harmonic balance method is 
then used to solve the nonlinear vibration frequency. A detailed parametric study 
is conducted. Numerical results are presented to show the influences of the 
location and depth of the crack, material property gradient, and plate aspect ratio 
on the natural frequency, nonlinear to linear frequency ratio and dynamic 
responses of the nonlinear vibration of the FGM plate with an edge crack.
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Abstract 

The time interval torsional vibration measurement technique, when used in low cost 
application together with gear or zebra tape encoder, can posses problems regarding 
non-uniform encoder segments geometry. Such a problem is usually manifested as high-
level order content in frequency spectrum. To prevent mentioned problem an in-situ 
segment compensation method is proposed that creates a time reference array 
representative of actual angular segments geometry. To test the compensation method 
capability a simulation of torsional vibration as well as actual measurement of torsional 
vibration on a laboratory test rig are presented. The measurements were performed with 
a non-contact eddy current sensor and toothed wheel together with National Instruments 
PCI card at the sampling frequency of 10 kHz. The test results show good capabilities in 
high level order reduction at near constant running speed as well as at slowly changing 
running speed. 
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Abstract 

Response of structural steel ASTM A709 Gr50 at lowered and elevated temperatures 
was considered. In that way, mechanical properties, like ultimate tensile strength and 0.2 
offset yield strength at some levels for both mentioned temperatures were 
experimentally obtained and presented as engineering diagrams [1].  Also, curves 
dependences  of ultimate tensile strength and 0.2 offset yield strength versus lowered 
and elevated temperatures were presented. Also, specimens elongation curve 
dependences versus both of mentioned temperatures are given [2]. All of mentioned 
experimentally obtained data are given in tabulated lists. Short-time creep tests for 
selected constant stress at selected temperatures were carried out. Experimental tests 
were performed according to the appropriate standards. Based on rheological model, 
uniaxial creep responses for some creep tests were modeled using the finite element 
procedure [3]. The numerically obtained results were compared with experimentally 
ones. All of experimental investigations were performed using modern computer 
directed experimental system in Laboratory for Structural Strength Testing of 
Department of Engineering Mechanics of Faculty of Engineering, Rijeka.   
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Abstract 

In the field of textile and clothing technologies, fabrics, threads, parts and whole 
clothing are investigated. These products can be characterized as nonhomogenous, 
anisotropic, nonlinear, flexible, and are difficult to describe because mathematical 
equations and appropriate measuring systems aren't sufficiently established [1]. Because 
of very complex behaviour of textiles, determination of deformation on fabrics, textiles 
or part of clothes is necessary for further engineering planning and designing of quality 
fabrics and clothing [2]. For this purpose, for measuring of surface deformation on 
fabrics and parts of clothing, optical measuring system ARAMIS is applied. In this 
paper deformation in vicinity of straight buttonholes which appear during tensile test 
with constant loading rate are investigated. The samples of straight buttonholes are 
prepared at the University of Zagreb, Faculty of Textile Technology, Department of 
Clothing Technology on Brother sewing automata. At the University of Zagreb, Faculty 
of Mechanical Engineering and Naval Architecture, Department of Engineering 
Mechanics, deformation of fabrics with buttonhole is measured during the tensile 
loading. Based on investigations, the results of deformation which is measured on two 
cross-sections on samples in 4 phases of loading are obtained. It is obtained that 
deformation for buttonhole with radial reinforcement is the smallest and deformations 
for all investigated reinforcements in second cross-section are lower [3]. With this 
method exact results of deformation with graphical presentation of distribution are 
obtained and these prove that the method can be applied in investigation of textiles and 
clothes.
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Abstract

There are many soldering parts in electron devices.  But the lead of solder is considered 
to be one factor of environmental pollution.  Joining material free from lead is expected 
for electronic devices.  Conductive adhesive is one material for the expecting. Several 
conductive adhesives are available for electronic equipment.  But there is few case of   
applying conductive adhesives to joining part in electron devices.  The dimension of 
joining parts of electron devices is less than 1mm.  If such small joining part is damaged, 
the device function is shut down and the equipment used the device dose not operate.  
Therefore the mechanical properties of micro-bonded joint with conductive adhesive is 
important for the reliability of electron system. 

This paper presents the experimental results of mechanical and electronic properties of 
micro-bonded joints using with conductive adhesives under combined tension and 
torsion.  A new testing machine is constructed to examine the properties of the micro-
bonded joints under combined tension and torsion.  The specimens of the micro-joints 
are prepared by bonding two printed wiring boards with conductive adhesives.  Mixing 
silver filler in the adhesive resin produces the electronic conductivity of the adhesive.  
The shapes of the filler are flake and sphere. 

The joint strength for both tension and torsion decreases with increase of the content of 
flake particle.  The conductive adhesive with flake particle realizes higher joint strength 
than with sphere particle.  The filler with the mixture of flake and sphere particles 
reduces the joint strength comparing with only the flake particle. The stress locus of 
joint strength under combined tension and torsion approaches to Mises condition with 
increase of the content of flake particle.  The similar tendency is observed in the case of 
the mixed filler with flake and sphere particles. The effect of the flake filler on the joint 
strength is remarkable for torsional strength. With increase of the content of the flake 
filler, the shear strength is reduced more promptly than the tensile strength.   
The electronic resistance changes gradually with increase of elastic and plastic 
deformation. The remarkable increase is found before the fracture of the joint. 
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Abstract 

The evaluation of basic material properties, such as the engineering stress diagram or the 
Poisson's ratio, is dependable upon specimen's geometry. The engineering stress and 
strain are generally evaluated from the experimental data (force, displacement), together 
with the initial specimen's cross-section area. In case the cross-section is not circular or 
rectangular, it cannot be precisely determined. The 3D scanning approach presented in 
this study is used to evaluate the initial cross-section by averaging the group of scanned 
cross-section areas (Fig. 1, left). Another issue addressed herein is the evaluation of the 
Poisson's ratio from the volumetric changes of compression specimens for soft materials 
[1]. For soft deformable materials the compression specimens are, due to the large 
deformations, loosing its original shape. Therefore, the specimen's geometry is difficult 
to obtain. Because of the affordable price and its precision, the 3D scanning technique 
has a great potential in common experimental testing environment. As engineering 
stress-strain diagram and Poisson's ratio define the basic material properties, the 
presented approach is proposing new possibilities in experimental mechanics. 

   
Figure 1. The cross-sectional area and the volumetric changes of cylindrical specimen. 
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Abstract 

The aim of this work is to determine, as close as possible, the mechanical properties of 
the masonry bricks and mortar produced and used in Croatia for regular masonry 
buildings. In order to investigate the mechanical properties, bricks have been separated 
into categories and an experimental test setup prescribed by the prENV 1996-1-1:2004, 
has been used. The experimental methods and results of the preformed tests are 
presented for four different brick elements: block, thermo-block, concrete block and 
aerated-autoclaved concrete blocks. The mortar used is a mixed concrete-lime mortar 
M5. Tests performed are typically used for determination of the brick group, 
compressive strength of a brick, shear strength of the wall segments, compressive 
strength of the wall segments, modulus of elasticity and shear-modulus of the wall 
segment. The performed tests create the main input data for any further analysis of the 
masonry buildings and they could be used as good reference for designers, brick 
industry and masonry builders in Croatia.  
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Abstract 

The paper present methods for measuring of the creep of cement paste and results of 
measuring of creep of cement paste with water-cement ratio 0,5.  

Basic creep is one of major value used for computer simulation of the creep of cement 
paste. Incremental linear optoelectronic probe is used for long time measuring of change 
of specimen length under constant load. Displacements from measuring are possible get 
by 3 probes. Small specimens made from cement paste are tested in the loading 
equipment for compression. Specimen is cylinder with diameter 10mm and height 
70mm. 3 probes are placed between loading plates for measuring of the axial 
deformation of the specimen. Specimen is loaded by stationary load during time of the 
test. Length of the test is probably 1month. Changes of displacement from 3 probes are 
continuously storage into the computer. Deformation of the specimen is average value 
from probes. On the specimens are measured deformations in the time for dried 
specimens and for full water saturated specimens, too. Data from measuring are used for 
computational simulation of material. 

For the mathematical simulations are important material properties of cement paste. 
Strengths of cement pastes are tested in compression tests in the MTS Alliance RT 30 
equipment. Modulus of Elasticity is tested in MTS equipment too. For compression tests 
are used specimen with diameter 1cm (made into same forms like a specimens for 
measuring of the creep). Height of the specimen for compression test is 2cm.  

Creep of the cement specimens is measured in lever mechanisms. In the lever 
mechanism is placed one specimen, creep is measured by 3 optoelectronic probes with 
accuracy 0,001mm [1]. Signals from probes are on the “other side” firstly transfer by 
receivers RS422 to the level TTL. After then are signals processed by 32bit 
programmable squaring counter. Measured data are imported by RS 232 to computer, 
where are archived.  

At the end of the paper there are summarized the results of measuring of the creep and 
material properties of cement paste with 0,4 w/c ratio.  
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Abstract 

This work presents a methodology for determining of curving resistance contributions of 
locomotive’s axles. A scaled locomotive model EMD GP 18 in HO standard 1:87 ratio 
with variable distribution of wheel arrangements is used. The experimental part of the 
work is conducted by recording the locomotive model during motion by a digital 
camera. The locomotive speed during experiment is then obtained by computational 
analysis of the recorded movie. A heuristic method is used for determining of curving 
resistance contributions of locomotive’s axles. This methodology defines a procedure 
for calculation of curving resistance contributions of locomotive’s axles for a defined 
radius of curved sections of a track. We also establish logic of the dependence of the 
curving resistance distribution along the locomotive’s axles and bogies with respect to 
the track curve radius is established. 
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Abstract 

The phenomenon of aircraft flutter is still one of the important research topics in 
aeroelasticity, especially for transonic speeds. The direct simulation of fluid – structure 
coupling in the time domain, adopting the most precise modeling techniques for 
computation of fluid loads, needs extremely high computational effort. As the main 
effort is needed for the part of computing unsteady aerodynamic loads, more efficient 
methods have been developed for the task of predicting only the flutter boundary, which 
is the state of equilibrium between dynamic structural forces and induced aerodynamic 
forces. The aerodynamic part of the solution procedure then comprises the computation 
of unsteady aerodynamic flows around the aircraft structures performing oscillatory 
dynamic motions in different known elastic geometrical modes and with different 
frequencies. For this purpose the doublet-lattice method is still present in actual design 
analysis because of low computer time consumption and simple setting procedure of 
computational problem. One of the method lacks is inability of capturing strong shocks 
in transonic flows. RANS simulation for flutter analysis gives much more accurate 
results, but it uses large amount of computational time. Between these two extremes, 
viscous-inviscid interaction methods such as Euler with viscous boundary layer 
correction is a good compromise. Euler methods are capable of resolving strong shocks 
and with boundary layer coupling they are good balance between flow model and 
computational efficiency. We developed coupled method of Euler and boundary layer 
equations. Boundary layer model is described with integral equations and coupled with 
unsteady Euler through transpiration velocity. Unsteady Euler solution is calculated 
applying Van Leer flux-vector splitting method in generalized coordinates. 

The viscous-inviscid interaction method gives results comparable to RANS solvers, 
but computer time is several times smaller and this gives appreciable advantage for fast 
flutter analysis in design process. 

References 
[1] Drela M, Giles MB. Viscous-Inviscid Analysis of Transonic and Low Reynolds Number 

Airfoils. AIAA Journal, 25(10): 1347-1355, 1987. 
[2] Anderson WK, Thomas JL, Van Leer B. Comparison of Finite Volume Flux Vector 

Splittings for the Euler Equations. AIAA Journal, 24(9): 1453-1460, 1986. 

105



  

3-D Numerical Investigation of Flow Past a 
Rectangular Cylinder  

Claudio MANNINI*, Ante ŠODA+, Keith WEINMAN†, Günter SCHEWE‡

*CRIACIV-Department of Civil and Environmental Engineering, University of Florence, 
Via S. Marta 3, 50139 – Florence, Italy 
E-mail: claudio.mannini@dicea.unifi.it 

+Faculty of Mechanical and Naval Engineering, University of Zagreb, 
Ivana Lucica 5, HR-10000 Zagreb, Croatia 

E-mail: ante.soda@fsb.hr 

†Institute of Aerodynamics and Flow Technology, German Aerospace Center (DLR), 
Bunsenstra�e 10, 37073 Göttingen, Germany 

E-mail: Keith.Weinman@dlr.de 

‡Institute of Aeroelasticity, German Aerospace Center (DLR), 
Bunsenstra�e 10, 37073 Göttingen, Germany 

E-mail: Guenter.Schewe@dlr.de 

Abstract

This paper deals with the numerical simulation of the unsteady flow field around 
a 1:5 rectangular cylinder at zero flow incidence, low Mach number and high 
Reynolds number. Three-dimensional Detached-Eddy Simulation technique 
associated with the one-equation turbulence model of Spalart and Allmaras  
(SA-DES) is employed [1]. Numerical results are validated against experimental 
data available in literature and in particular considering the results obtained in 
the DLR high-pressure wind-tunnel by one of the authors [2]. A previous paper 
[3] has shown the improvement in the numerical results obtainable with 3-D 
DES over both 2-D and 3-D URANS approaches. Here the influence on the 
solution of a few numerical parameters and of the spanwise extension of the 
computational domain is investigated.    

References 
[1] P.R. Spalart, W.-H. Jou, M. Kh. Strelets and S.R. Allmaras. Comments on the feasibility of 

LES for wings, and on a hybrid RANS/LES approach. In: C. Liu, Z. Liu, eds., Advances in 
DNS/LES, 137-147. Greyden Press, Columbus, OH, 1997. 

[2] G. Schewe. Influence of the Reynolds-number on flow-induced vibrations of generic bridge 
sections. In: J. Radi�, ed., Proceedings of the International Conference on Bridges, SECON 
HDGK, 351-358. Dubrovnik, Croatia, 2006.  

[3] C. Mannini, A. Šoda, G. Schewe and K. Weinman. Detached-Eddy Simulation of flow 
around a 1:5 rectangular cylinder. In: Proceedings of the 6th Colloquium on Bluff Body 
Aerodynamics and Application. Milan, Italy, 2008. 

106



Application of the 3D NS Equations for Axis-
symmetrical Viscous Turbulent Flow 

Jaroslav PELANT*, Karel ADÁMEK+, Martin KYNCL*

*VZLU Praha a.s., Beranovych 130, CZ-19905 Praha, Czech Republic 
E-mails: {pelant,kyncl}@vzlu.cz

+VUTS Liberec a.s., U jezu 4, CZ-46119 Liberec 
Czech Republic 

E-mail: karel.adamek@vuts.cz

Abstract

 We show the transformation of the  Navier-Stokes equations for 3D viscous turbulent 
flow with standard k-omega turbulent model into the cylindric system. We use this new 
system of the equations to simulate gas flow through a symmetrical three dimensional 
channel. We describe combination of various inlet and outlet boundary conditions. At 
boundary, the classical Riemann problem is modified to yield physically relevant 
boundary conditions, with the aim to keep conservation laws. Two-state initial condition 
forming the classical Riemann problem is partially replaced by the suitably chosen 
boundary condition, and we get unique (entropy weak) local state vector. This results in 
the acceleration of the numerical method itself. Suggested procedures were 
programmed, and used on examples. The finite volume method with explicit time 
marching was used. Higher accuracy in space was achieved using Van Leer or Van 
Albada scheme. Modification of the Riemann’s solver was used to evaulate boundary 
state vector. All state values were normed to critical terms at the inlet. Described method 
can be used for flow simulation in symmetrical channels of arbitrary apparatuses. 
Acknowledgment: This work was supported  by the Grant MSM 0001066902 of the Ministry of 
Education, Youth and Sports of the Czech Republic. The authors acknowledge this support. 
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Abstract 

Slide contact vane/profiled stator in vane pump with double effect is described via its 
characteristic traits. The complete mathematical description of one such contact in the 
present paper was possible through the application of the following expressions and 
equations: continuity equation, clearance geometry, deformation equation, energy 
equation and expression for physical characteristics of working fluid. In the paper, a 
sufficiently accurate model has been carried out for elastohydrodynamic line contact [2]. 
For forming the mathematical model, the following assumptions were introduced: only 
the  two-dimensional case was observed, parameters don’t depend on time, the working 
medium is newton fluid, inertia forces were disregarded in comparison to friction force, 
viscosity and thickness of working medium depend only on pressure and temperature, 
surfaces of parts in contact are ideally smooth, the working medium sticks to the surface, 
the surfaces of parts in contact become deformed  elastically in semi-space, deformations 
caused by temperature change are disregarded and heat flux (flow) comes and is applied 
directly onto the surfaces of parts in contact [1]. By applying the mathematical model in 
original simulation program KRILP, developed for  prototype of vane pump with double 
effect type 641–4300, by PPT Trstenik company, Serbia, it is possible to analyze mutual 
influence of the following parameters on the pump’s work: pressure, clearances, 
temperatures, viscosity in slide pair vane/profiled stator. Analysis may yield a completely 
new construction of prototype or entire family of vane pumps [3]. 
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Abstract

Preventing failure and maintaining availability of structures is one of the greatest 
challenges in structural engineering. To date, numerous nondestructive damage 
detection methods have been proposed and developed using various experimental and 
theoretical techniques. Some of the well known experimental techniques include 
ultrasonics, radiography, magnetic particle, dye penetrate and eddy current. These 
techniques have been applied to small scale systems and a specific portion of large scale 
structures. However, since these "local" methods can only be applied to the detection of 
structural changes on a local scale, the so called global nondestructive damage detection 
methods are necessary. Two established global methods include thermography and 
acoustic emission. However in the past twenty years global methods using the dynamic 
response of the structure have been developed. The basic idea behind these vibration 
based methods is that changes in physical properties of structures alter the dynamic 
response of the structures [4]. 

In this paper, damage detection method which uses measured frequencies and mode 
shapes is presented. For this method it is essential accurately to obtain natural 
frequencies and mode shapes from healthy structures and from damaged structures. 
Also, finite element model of structures in its healthy state is necessary, i.e. mass and 
stiffness matrices. Residual force concept is applied to identify where structures changes 
occurred. Quantities of structural changes are determined using two modification factors 
applied to the element stiffness and mass matrices. 
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Abstract

This paper deals with the numerical simulation of unsteady flow field around a 2-D 
rectangular cylinder with different length/height cross-sections: 0.2 (flat plate 
perpendicular to the oncoming flow), 1.0 (square cross-section) and 5.0 (benchmark test 
case for bluff-body aerodynamics). The flow conditions are zero angle of incidence, low 
Mach number and high Reynolds number. The aim of the current work is to assess the 
capability of computationally efficient calculations, based on the solution of the 
unsteady Reynolds-Averaged Navier-Stokes (URANS), to predict basic features of 
complex massively separated flows. In the work the influence of different simulation 
parameters is analysed, such as spatial and temporal refinement, and turbulence 
modelling [1, 2]. Successive refinement of grid quality is performed in order to attain 
solutions reasonably independent of computational grid quality. Despite the limits 
imposed by URANS approach and the efficient two-dimensional computations, good 
agreement is found with the experimentally measured forces and pressures. The 
capability of the numerical approach to capture complex Reynolds number effects is 
discussed and interesting effects of Reynolds number on the mechanism of vortex 
shedding are suggested by the simulations. At the end some limits in accuracy are 
highlighted, which one can hope to overcome only by adopting more advanced and 
expensive approaches, such as 3-D Detached-Eddy Simulation [3]. 
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Abstract 

The adaptation of a pump impeller diameter by impeller trimming and its subsequent 
installation in the existing casing is a practice commonly performed by pump 
manufacturers and users. After the pump impeller has been trimmed, neither geometric 
nor kinematical similarity is strictly preserved, so the pump characteristics do not satisfy 
the affinity low. The question is how much the characteristics of trimmed impeller pump 
differ from the characteristics of fully similar pump? To answer this question a series of 
experimental tests has been made. A low specific speed centrifugal pump is choosen 
(the specific speed was nsp=19,745 r.p.m. m0.75 s-0.5). Specific speed is defined as 
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where n is the rotation speed, Q is the discharge and H is the pump head. The initial 
impeller diameter was 190 mm and it was trimmed six times - successively diminishing 
it by a 10 mm step. 

From the experimental results for this pump follows that the influence of geometric 
dissimilarity can be estimated at �3,94% for the pump head and at �5,24% for the 
power, both at 95% statistical certainty. 
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Abstract 

The critical part of any computer simulation tool is the numerical solver, which has to 
maintain its stability and provide accurate solution of given equation system regardless 
of the possible perturbations and sudden changes a system can experience. Occurrence 
of sharp gradients is common in transient hydraulic and hydro-mechanical systems, such 
as fuel injection systems. These systems often exhibit shock waves, mechanical impacts 
and phase transition caused by rapid valve opening and closing at very high pressure 
levels (up to 2000 bar). Such systems are governed by stiff ordinary and differential 
equations (ODE), combined with partial differential equations (PDE) for pressure 
waves. The paper investigates the applicability of Backward Difference Formula (BDF) 
methods for the solution of such type of ODEs. Furthermore, it compares BDF-methods 
with an explicit Runge-Kutta integration method. For this purpose, several types of fuel 
injection systems are modeled with AVL Hydsim software and solved using Dasslrt and 
VODE solvers based on BDF-methods. Both Dasslrt and VODE solvers have a variable 
step size and possess such options as step size limitation, relative and absolute tolerance 
definition and internally-generated or user-supplied Jacobian. Explicit Runge-Kutta-Gill 
integration scheme is a standard ODE solver from AVL Hydsim software. The result 
comparison focuses on the calculation time and accuracy. Analytical solution is used as 
a benchmark where possible. The goal of the work is to evaluate the applicability and 
efficiency of the two BDF-based methods for the solution of ODEs described above and 
to identify the characteristic problems which may challenge stability of these solvers. 
The efficiency of the solvers is measured by the following criteria: 

- required calculation time 
- number of integration steps 
- number of Jacobian evaluations 
- existence and level of numerical oscillations (noise) 

For the Runge-Kutta-Gill solver the Jacobian evaluation is excluded, of course. Based 
on the above criteria, the best solver will be implemented into the AVL Hydsim 
software for the more efficient solution of high pressure fuel injection and other hydro-
mechanical systems.  
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Abstract 

The phenomenon of aircraft flutter, which has to be investigated for each new aircraft design or 
structural modification of existing aircraft, is still one of the current important research topics in 
aeroelasticity, especially for transonic speed flights. A precise prediction requires highly 
sophisticated CFD simulations for the flow around dynamically oscillating aircraft structures. 
The validation of CFD methods esp. in transonic and partly separated flow is mainly performed 
by comparison with windtunnel tests for generic models with reduced complexity (2D airfoils 
and 3D wings). While simplified model geometries reduce the validation effort, the test section 
itself introduces additional problems. These have to be accounted for, esp. if the required 
accuracy of the validation is in the order of a few percent. 

In some windtunnels like the TWG at Göttingen these problems are partly eliminated by use of 
solid walls, the shape of which is adapted to the streamlines, thus approaching free flight 
conditions. This is sufficient for steady but not for unsteady flows. The latter are influenced by 
reflections of unsteady disturbances from the walls. Adaptation is usually only performed for 
upper and lower walls. It is difficult for sidewalls, because the adaptation procedure applies 2D 
numerical algorithms and because model mounting and excitation are performed through the 
sidewalls, and because sidewall boundary layers interact with the flow close to the model surface. 

In this paper the role of sidewalls is investigated by numerical simulation for a closed windtunnel 
test section. The boundary layer development starts 20 wing model chord lengths upstream of the 
model. The models are two rectangular wings with conventional and supercritical section shape 
extending over the full span of the tunnel. In addition a 3D model typical for a modern civil 
aircraft wing is investigated. For this wing it is shown that results applying sidewall boundary-
layer simulation yield an improved agreement with experimental results. 

Simulations are performed by solution of the RANS (Reynolds Averaged Navier-Stokes) 
equations together with the 1-equation turbulence model of Spalart-Almaras. Results show 
clearly the effect of sidewall boundary layers by comparing with corresponding simulations 
applying Euler boundary conditions at the sidewalls. In several cases local flow separation 
appears in the corners between sidewalls and model surface. This and the displacement effect of 
the boundary layer yield also that for the rectangular wing models flow is not 2 dimensional, and 
even in the center section flow is different from a pure 2D simulation. 
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Abstract

The composites with particles in a metallic matrix have some advantages when used 
as a structural material as their high strength and good conformability. However, their 
mechanical properties depend on the particles size, distribution and volumetric ratio, 
besides the matrix microstructure itself. The properties of composites with long fibers 
are based on the fiber resistance theory. When the composite material is made with 
particles it is very difficult to obtain a mathematical model relating its strength with the 
particles distribution, in particular the one with Aluminum matrix reinforced with SiC 
particles. In a previous work, from one of the authors (Boari), an analytical methodology 
was developed to predict the stress level in this kind of material. The Eshelby method, 
dislocation mechanisms and the Maxwell-Boltzmann distribution were employed to 
predict the thermal stress distribution in the material due to the fabrication process – 
from 600 oC to 20 oC. All the analytical work was based on elastic behavior of the 
materials. To verify the analytical results several numerical analyses were performed 
based on the finite element method and considering random distributions of particles 
and linear material properties. To have a statistical relevant set of results about 30 
analyses were performed and to stick with the analytical hypothesis particles with round 
geometry were considered. To obtain the most probable stress level in the material the 
numerical stress distributions were analyzed with an image analyzer. A statistical 
procedure was applied to obtain the most probable stress level in the material. The 
analytical and numerical results compared very well.  

As the plasticity behavior can alter significantly the stress field in the composite 
material, in this work several numerical analyses were preformed considering the non-
linear behavior in the aluminum matrix. Firstly, to allow a direct comparison with the 
previous work, the same particle form (rounded), size and distribution used previously 
were adopted in these new analyses. A second set of analyses using quadrilateral 
particles were also performed to allow a less simplified modeling. An algorithm in 
Matlab language was developed to analyze the new results. Some details of it will be 
shown along with the new numerical results in terms of the non-linear stress distribution 
as well as the ‘new’ most probable stress level in the aluminum matrix obtained using a
statistical procedure. The comparison of the obtained results with the previous ones 
shows the strong influence of the aluminum elastic-plastic behavior on the composite 
thermal stress distribution due to its manufacture process.  
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Abstract

Paper treats the control of nonstationary oscillations of the pressure which arise in the 
combustion plane of  process of a Rijke tube. One-DOF and multi-DOF control models 
of a nonstationary combustion process in a Rijke tube are considered, which are studied 
by means of  the Extended Lindstedt-Poincare method with multiple time scales. The 
control of the combustion is analyzed by applying the corresponding one-DOF and 
coupled multi-DOF van der Pol oscillator models. By applying the EL-P method, it is 
ascertained, that nonstationary oscillations are almost periodic with amplitude and 
phase, which are functions of the slow time scale. Without control of the fuel influx, the 
combustion process is unstable leading to the self excited oscillations, which tend to 
approach the limit cycle. By applying the fuel control, the quenching of the self excited 
oscillations is studied to reach the asimptotic stable state.
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Abstract 

Thermal stress can cause problems while designing power plants, especially steam 
boilers. The standards for calculation of the boiler pressure parts mostly determine only 
the calculation procedure for overpressure load. Other load influences, including the 
influence of thermal dilatation on the stress values in the boiler structure, should be dealt 
by the designer. The aim of this work is to present the whole procedure of stress / strain 
calculation in the steam boiler pipe. The stressed state in the pipe is the result of thermal 
dilatation differences. The analytical calculation for linear-elastic behaviour of the 
material was created, together with numerical one, where bilinear yield law of the 
material was supposed [1]. Portion of the material yielding in the critical cross-section 
of the connecting pipe during bending has been calculated and the structural integrity of 
such performed pipe in the exploitation has been assessed. 
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Abstract 

We consider a cooling process of resting sphere at initial uniform temperature s,0T
immersed in unbounded fluid at uniform initial temperature 0T . The fluid is initially at 
rest and due to temperature difference between the sphere and fluid natural convection 
develops.
The problem of cooling sphere has been solved by using the following approaches: 

1) Full approach with heat conduction in the sphere and laminar natural convection 
in the fluid. For this purpose the FLUENT software was used. 

2) Lumped model approach, by using Churchill’s heat transfer correlation 
function. The obtained mathematical model is solved by Runge-Kutta method. 

We examine the cooling process of a sphere for ranges of: Rayleigh number from 105 to 
109; Biot number from 0.0001 to 1 and Prandtl number from 0.1 to 10. From the 
comparison of results of the two approaches we have concluded that in case of small 
Biot number the lumped parameter model results in a fast and accurate method for 
predicting cooling process (of course if the appropriate heat transfer correlation is 
available).
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Abstract 

Classical solving of the boundary-initial value problems is reduced to the time 
integration of the ordinary differential equations. This approach enforces the same time 
step for all spatial locations and does not provide any control over the global error in 
time. Another approach means the solving of the PDE’s simultaneously in the space-
time domain. There were few attempts with classic finite element Galerkin formulation 
[1] and with new adaptive procedures using adaptive wavelet collocation methods [2]. 
In this paper we use Fup basis functions which are one type of atomic basis functions. 
All previous existing algorithms with wavelets and splines as well as recent form of the 
Adaptive Fup Collocation Method (AFCM) [3], [4] used localized basis functions only 
to obtain efficient adaptive strategy, but the PDE is solved by finite difference method 
on non-uniform adaptive grid. In this paper, we present novel form of the AFCM with 
only Fup basis functions at each level using the collocation framework in space-time 
domain. Each non-zero level solves only residual of the PDE from all previous levels 
and gives particular solution correction. Adaptive criterion adds new collocation points 
in the next level only in the space-time zones where solution correction is greater than 
the prescribed threshold. Numerical experiments with known analytic solutions show 
that solution correction on some level is greater than the difference between the analytic 
solution and overall solution up to that level. It means that an adaptive criterion directly 
estimates accuracy of the solution. This approach controls the global error in time. 
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Abstract 

Fibres are the most effective reinforcing material. Outstanding mechanical, thermal and 
electro-mechanical properties of Carbon Nano-Tubes (CNT), carbon fibres and some 
other fibres are well known. Composites Reinforced by Short Fibres/tubes (CRSF) are 
often defined to be materials of future with excellent electro-thermo-mechanical (ETM) 
properties. Understanding the behaviour of such composite materials is essential for 
structural design. Computational simulations play important role in this process. 
Strength, stiffness, thermal and electrical conduction of fibres are usually much larger 
than those of the matrix material. Very large is also the aspect ratio of the short fibres. 
Because of these properties very large gradients are localized in all ETM fields along the 
fibres and in the matrix. The fields define the interaction of the fibres with the matrix, 
with the other fibres, with the boundaries of the domain/structure. Accurate 
computational simulation of the fields is important for correct assessment of the material 
behaviour. Thousands or millions of fibres are often contained in a micro-dimension of 
such composite and its micro-structural properties are substituted by equivalent 
homogeneous continuum for macro dimensional simulations. In the simulations domain-
type, boundary-type, mesh-free methodologies, or some combinations of different type 
methodologies can be used. The most effective method is the method which enables to 
obtain good accuracy with smallest computational effort. 

In this presentation the Method of Continuous Source Functions (MCSF), which was 
first applied to linear elasticity, will be documented for simulation of stationary 
problems of heat conduction. It is assumed that the thermal conductivity of fibres is by 
several orders larger than that of matrix material. Heat sources and dipoles (which are a 
heat source and a heat sink acting at the same point by approaching each other in some 
coordinate direction and mathematically it is a derivative of heat source in 
corresponding direction) 1D-continuously distributed along the fibre axis are used to 
simulate the interactions of fibres with the matrix and with other fibres. Additional 
discrete source functions are used to enhance the accuracy of the model in the end parts 
of fibres. The models enable considerable reduction of the problem comparing to all 
other (FEM, BEM and meshless) methods.  
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Abstract

Within the semi-analytical solution of the finite element model, the results of the 
analysis are expressed as a function of one or several parameters of the problem. The 
use of semi-analytical solution can be beneficial whenever a large number of finite 
element simulations are required as a part of broader numerical procedure.  The most 
important applications are optimization, stochastic analysis and multi-scale analysis as 
the most recent field of applications. Construction of the semi-analytical solution closely 
relates to the response-surface approach however, while response-surface approach 
requires a large number of primal analyses to construct the response function, the semi-
analytical solution constructs response function within a single primal analysis. For this 
purpose, one can use symbolic software (e.g. Mathematica) to get closed-form solution 
of the finite element model. While this looks simple to perform, the whole procedure in 
general leads to severe growth of the size of expressions. Depending on the number of 
input parameters left in symbolic form and the complexity of the finite element 
formulation involved, the procedure can be directly applied only on the small size 
problems. One of solutions to the problem of expression growth, followed also in this 
paper, is to construct an approximated symbolic solution of the finite element model in a 
form of multivariate series expansion. In order to obtain the semi-analytical solution of 
the large-scale nonlinear problems, the presented approach combines the build-in power 
series manipulations capabilities of Mathematica at a single finite element level (during 
the assembly of the residual and the tangent matrix) and a newly developed method for 
the multivariate power series expansion of the solution to the system of linear equations. 
The advantages of the symbolic-numeric approach to the solution of general large-scale 
nonlinear finite element problems will be presented on several examples. 
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Abstract

Introducing new advanced materials into many fields of engineering it is increasingly 
growing the necessity to solve boundary value problems in anisotropic and continuously 
nonhomogeneous solids. Functionally graded materials are multi-phase materials with 
the phase volume fractions varying gradually in space, in a pre-determined profile. This 
results in continuously graded thermo-mechanical properties at the (macroscopic) 
structural scale. Often, these spatial gradients in material behaviour render FGMs as 
superior to conventional composites. Recent progress in the development and research 
of FGMs has also enhanced interests in the development of numerical methods for the 
solution of heat conduction problems in continuously non-homogeneous solids. The 
literature on heat conduction problems in FGM materials has focused mainly on 
problems with exponential variations of thermal properties, formulated in Cartesian 
coordinates and under steady-state boundary conditions. Transient heat transfer in 
FGMs with the exponential spatial variation has also been examined, but to a lesser 
extent and only for 2-D problems.  
Transient heat conduction analysis in FGM demands accurate and efficient numerical 
methods. Meshless formulations are becoming popular due to their high adaptivity and a 
low cost to prepare input data for numerical analyses. In conventional discretization 
methods, there is a discontinuity of secondary fields (gradients of primary fields) at the 
interface of elements. For modeling continuously non-homogeneous solids, the 
approach based on piecewise continuous elements will introduce some inaccuracies. 
Therefore, modeling based on C1 continuity, such as using meshless methods, is 
expected to be more accurate than conventional discretization techniques. The meshless 
local Petrov-Galerkin (MLPG) method is a fundamental base for the derivation of many 
meshless formulations, since the trial and the test functions can be chosen from different 
functional spaces. In this paper, the MLPG method is applied to transient heat 
conduction problems in 3D solids with continuously non-homogeneous and anisotropic 
material properties. The Laplace transform technique is applied to eliminate the time 
variable in the differential equation. Small spherical subdomains surrounding the nodes 
are randomly distributed over the analyzed domain. A unit step function is chosen as the 
test function to derive local integral equations on boundaries of the chosen subdomains. 
For transient heat conduction problem the local integral equations (LIE) have a 
boundary-domain integral form. Spatial variation of the Laplace transforms and the heat 
flux on the subdomain are approximated by means of the moving least-squares (MLS) 
method. Several quasi-static boundary value problems are solved for various values of 
the Laplace transform parameter. The Stehfest numerical inversion method is applied to 
obtain the time-dependent solutions.  
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Abstract

The formulation elements of a new meshless solution procedure for calculation of one-
domain coupled macroscopic heat, mass, momentum and species transfer problems 
(laminar and turbulent) as well as phase-field and cellular automata concepts for 
mutiphase systems are described in this paper. The solution procedure is defined on the 
macro, mezzo, and micro levels by a set of nodes which can be non-uniformly 
distributed. The domain and boundary of interest are divided into overlapping influence 
areas. On each of them, the fields are represented by the radial basis functions 
collocation on a related sub-set of nodes. The time-stepping is performed in an explicit 
way. All governing equations are solved in their strong form, i.e. no integrations are 
performed. The polygonisation is not present and the formulation of the method is 
practically independent of the problem dimension. The solution can be easily and 
efficiently adapted in node redistribution and/or refinement sense, which is of utmost 
importance when coping with fields exhibiting sharp gradients. Numerical examples 
represent benchmarking of the method for a wide spectrum of solidification problems on 
different length scales. 

References 
[1] Šarler, B. From Global to Local Radial Basis Function Collocation Method for Transport 

Phenomena, In: Leitao, V.M.A. Alves, C.J.S. Armando-Duarte, C. eds., Advances in 
Meshfree Techniques, 257-282. (Computational Methods in Applied Sciences, Vol.5), 
Springer Verlag, Dordrecht, 2007. 

[2] Kosec, G. Šarler, B. Local Radial Basis Function Collocation Method for Darcy Flow, 
CMC: Computer Modeling in Engineering & Sciences, 25: 197-207, 2008. 

[3] Kova�evi�, I. Šarler, B. Solution of a Phase Field Model for Dissolution of Primary Particles 
in Binary Aluminium Alloys by an r-Adaptive Mesh-Free Method, Materials Science and 
Engineering, 414: 423-428, 2005. 

[4] Lorbiecka, A.Z. Vertnik, R. Gjerkeš, H. Manojlovi�, G., Sen�i�, B. Cesar, J. Numerical 
Modeling of Grain Structure in Continuous Casting of Steel, CMC: Computers, Materials, 
& Continua, (2008) - in print. 

127



Simulation of Compressible Thermoacoustic 
Waves by Boundary Element Method 

Leopold ŠKERGET*, Jure RAVNIK*

*Faculty of Mechanical Engineering, University of Maribor, Slovenia 
E-mails: {leo,jure.ravnik}@uni-mb.si 

Abstract

The problem of unsteady compressible fluid flow in an enclosure induced by 
thermoacoustic waves is studied numerically [1]. Full compressible set of Navier–
Stokes equations are considered and numerically solved by boundary-domain integral 
equations approach [2] coupled with wavelet compression [3] and domain 
decomposition to achieve numerical efficiency. The thermal energy equation is written 
in its most general form including the Rayleigh and reversible expansion rate terms. 
Both linear and nonlinear constitutive models for momentum and heat diffusion are 
considered. Namely, the influence of Maxwell and Newton viscous constitutive model 
and Fourier heat flux model and wave heat diffusion model are investigated and 
compared.  

The velocity–vorticity formulation of the governing Navier–Stokes equations is 
employed, while the pressure field is evaluated from the corresponding pressure Poisson 
equation. Material properties are taken to be for the perfect gas, and assumed to be 
pressure and temperature dependent. 

The discrete numerical model is based on continuous approximation of field functions 
and discontinuous approximation of field fluxes over each subdomain. This results in an 
over-determined system of linear equations, which is solved in a least squares manner.  

Due to demanding nonlinearity of the considered physical model, we studied the 
efficiency of the numerical algorithm for solving extremely nonlinear phenomena by 
comparing convergence rates and under-relaxation parameters. 
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Abstract 

We investigated accuracy of element-free Galerkin (EFG) ([1], [2]) solutions for 
incompressible fluid flow when parameters used in the EFG model are varied. The test 
example for the accuracy assessment was 2D Poiseuille flow. The focus of our 
investigation was on the number of free points within a space cell used for integration 
over the domain of interest. Other parameters varied in the model refer to those 
appearing in the expression for the weight function:
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where � �2I k
Iw d  is the weight function for a spatial point  from which the distance of a 

free point ‘I’ is Id ; k and c are the parameters; and max Id  is the distance at which the 
weight function vanishes.   
We found that solution accuracy is strongly dependent on the number of integration 
points, and this number increases with the number of free points within a cell. Also, we 
found that use of the EFG cell as the domain of influence around the integration point is 
favorable with respect to a circular domain usually employed in the EFG method.  
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Abstract 

This paper deals with a structural model of a carbon nanotube in a thermally variable 
environment. There are two mainstreams in the carbon nanotube modeling today. 
Molecular dynamics is perhaps the more frequently employed approach. Although such 
procedure can give superior results, calculations can be very expensive. On the other 
side, finite element method is also used in the carbon nanotubes modeling [1, 2]. Such 
approach can yield a reliable model with rather low calculation costs. 

A single walled carbon nanotube (SWNT) can be analyzed as a frame-like structure, 
consisting from atoms bonded by the covalent bonds, with typical bond length and bond 
angle. The first and most important task is to find a correlation between molecular 
mechanics and structural mechanics. The problem is solved by the substitution of a 
covalent carbon – carbon bond with an equivalent beam finite element, while carbon 
atoms will be represented by nodes.  

The mutual interaction between carbon atoms can be described by the means of force 
field, which is generated by the electron – nucleus and nucleus – nucleus interactions. 
Force field can be expressed in the form of potential energy. This potential energy is 
compared to the energies of a beam in bending, torsion and axial deformation and an 
adequate beam model of a covalent bond is developed. 

Especially interesting is the influence of thermal effects on the mechanical behavior of a 
carbon nanotube. In the above mentioned finite element nanotube model such effects are 
introduced and accuracy of the model is verified by the means of an example. 
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Abstract 

Coupled problems arise because certain aspects of some system have previously been 
modelled separately, assuming (implicitly) an uncoupled behaviour. More often then 
not, computational approaches and mature software have been developed for each of 
these aspects in isolation. 

If one has to consider now the coupled problem, it would be advantageous if this 
previous work could be put to good use. This, in particular, concerns the developed 
software. In this presentation we will analyse the requirements for this to be achieved, 
and outline some of the prossible solutions. 

Several tasks have to be accomplished: Non-matching spatial grids and geometric 
representations have to be joined, fulfilling certain consistency requirements. Similarly 
non-matching time-stepping schemes have to be combined. After outlining a possible 
mathematical formulation for the coupling, the joining of the software will be 
considered. We view the original software which is modelling some aspect as a 
software-engineering component, and we describe a component-based approach to 
achieve a consistently coupled and (if so desired) distributed computational simulation. 
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Abstract 

Evaluation of the effective or macroscopic parameters under coupled heat and moisture 
transfer is presented. The paper gives a detailed summary on the mesotructural solution 
of coupled transport under steady state conditions. The principles of the method rely on 
a two-scale computational homogenization approach, which was successfully applied to 
numerical analysis of Charles Bridge in Prague.  

Computational homogenization is presented here in the framework of a multi-scale 
analysis in which the material response is obtained from the underlying mesostructure 
by solving a given boundary value problem defined on a periodic unit cell (PUC), see 
[1]. Two distinct levels are considered. The first scale, on the order of decimeters, is 
mesostructural, which serves to provide effective material properties of a heterogeneous 
material. The second scale (macrostructural), on the order of meters, is identified as 
typical scale of structures mostly analyzed using three dimensional models. Solving a 
set of problem equations on meso-scale (a composition of bricks and mortar) provides a 
up-scaled macroscopic equations. They include a number of effective (macroscopic) 
transport parameters, which are necessary for a detailed analysis of the state of a 
structure as a whole, see [2]. A reliable methodology of the prediction of these quantities 
is one of the goals of our contribution.  
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Abstract 

This paper gives an overview of the optimization process for deflector shape design. The 
task was to lower the water level in the S-shaped outflow channel of HPP Vinodol by 
steadying the flow and reducing energy losses. Parameterized designs of ten deflectors 
were optimized using a genetic algorithm that evaluated each setup by running a 2D 
fluid flow simulation. After analyzing total pressure losses in channel segments, optimal 
designs were chosen according to total pressure loss and flow uniformity throughout the 
channel. The resulting best case design set showed a 37% reduction in energy losses 
over the worst-case representation of the actual channel. This provides a solid basis for 
further simulations using a 3D fluid flow numerical model of the channel. The 3D 
simulation based on the best 2D case design set showed a significant decrease in spillage 
through the channel ceiling into the above engineering room. 
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Abstract 

The paper describes the development of multifunctional low floor vehicle (GVW 
6000 kg) steering system, for the front steering axel with an independent 
suspension with a McPherson strut and a bottom transverse link. The axel capacity 
is 3600 kg. During development the priority was to fit the steering system in the 
available space, while achieving better ground clearance at the same time. 
Furthermore, in order for the vehicle to have better manoeuvring ability in narrow 
streets, it was required for the maximal steer angle of the inner wheel to reach 50°. 
From the aspect of production efficiency, already manufactured components 
available on the market were to be used as much as possible. In those conditions 
the aim was to develop a steering system with rotating levers and totally straight 
rods (if possible), driven by a standard hydraulic steering gear. For these demands 
possible steering system configurations were selected and analyzed, and the most 
suitable one was chosen.  

Further development of the chosen steering system included the elaboration of its 
kinematics. In case of the steering system combined with the independent 
suspension, vertical motion of the wheel affects the position of the steering system 
rods. It is important that the steering rods follow steer angle, in order to avoid 
possible unwanted steer angle changes due to the upward and downward deflections 
of the wheel. The positions of vehicle suspension joints on the transverse vertical 
plain through the front axel defines the positions of steering system joints on the 
same plain. By implementing the virtual centre procedure the positions of steering 
system joints on the transverse vertical plain of the front axel were determined. 

Although the position of the joints on the horizontal plain is generally defined by 
the design of the vehicle's front axel and the steering system itself, their optimal 
positions are determined by implementing the flexible polyhedron method. 
Optimization is carried out using the criteria of minimal differences between the 
actual steer angle curve and the Ackermann's curve. 

That determines the positions of joints of the steering system, in accordance with 
the given geometrical limits. Diagrams are used to show differences between the 
actual steer angle curve and the Ackermann's curve before and after the optimi-
zation process.  
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Abstract 

Optimum design can be seen as an inverse problem of synthesis of geometric shape for 
user-defined objective functions defining excellence criteria (weight, cost, net-present-
value- NPV) satisfying given or user-defined constraints. Usage of evolutionary 
optimization algorithms provides for multi- objective and/or combined topological- 
shape optimization, including Pareto-set generation with a-posteriory decision making.  
Appropriate parameterization defines the optimization variables necessary for the 
representation of the shape which evolves as the excellence criteria and design 
constraints steer the evolution-like procedure. Shape optimization, viewed as design 
synthesis, consists of many subsequent evaluations of objective functions and design 
constraints implemented as calls of the simulation/ analysis numerical tools. Therefore, 
numerical tools for geometric modeling, engineering analysis (eg. FEA) and 
optimization should be harmonized by synchronization, mutual communication 
(exchange of data) and coordination of execution. The respective applications need to be 
linked by data mining as well as sequential, parallel and branched execution.  

In this paper, different programs needed during evolutionary shape optimization are 
embedded in a workflow which includes MATLAB- based optimizers, ADINA finite 
element analysis, and VB and C- language control and synchronization procedures that 
orchestrate other applications and coordinate data- flow between the applications. The 
workflow sequence is implemented via calls to the operating system from within 
individual applications, which send remote commands to each other. Coordination and 
synchronization are ensured by verifying the respective output files of the slave 
applications including wait periods, and dismissing the unsuccessful instances of the 
slave applications. The workflow is verified on the case of windturbine blades. 
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Abstract

NiTi shape memory alloys show a pronounced time dependent behavior during loading 
and reverse loading even if the surrounding temperature of the specimen is kept constant 
[1, 2]. It is, however, still an open question whether this dependency is due to the 
material itself or, alternatively, a consequence of heat production during phase 
transformation and the transfer of this heat to the surrounding medium. To answer this 
question different uniaxial and bi-axial tests on tubular specimens have been performed. 
The specimens consist of an equiatomic NiTi alloy exhibiting pseudoelastic behavior at 
room temperature. A novel device to measure and control axial and torsional strains 
within a well defined gage section of the specimen was developed. This device, based 
on inductive transducers, uses the same reference points for both twist and elongation 
measurements allowing for an accurate determination of large displacements and angles 
as well. Isothermal and temperature varying thermomechanical loading paths are applied 
by means of an active temperature control in order to characterize the path dependence 
of pseudoelasticity and the multiaxial one-way effect [3, 4].  
The main focus is twofold: First, the decoupling of thermal and viscous effects on the 
transformation stress is demonstrated as the specimen material is subject to heating and 
cooling due to latent heat generation and absorption during phase transition. Second, the 
dependence of the loading sequence, the related non-linearity of the material and the 
combined material interaction are discussed, e.g., referring to reorientation processes for 
complex loading paths with respect to pseudoelasticity and the one-way effect. In 
addition to uniaxial testing, two-dimensional tension/torsion experiments are conducted 
in order to generalize the uniaxial findings. It is concluded from these experiments that 
the material under consideration is independent of the rate of deformation for the 
applied temperature range. 
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Abstract 

The paper describes numerical analysis of the forging process of steering mechanisms’ 
case, which is used in almost every motor vehicle.   
The analyzed component is manufactured with the hot drop forging process. The forging 
process on an eccentric mechanical press can be divided into three phases: the bending 
and part draw-out phase, the intermediate phase and the final phase. The complete 
forging tool consists of three die pairs, since every phase is forged separately. The entry 
material (raw product) is prepared by the roll forging. The forged parts have to be 
trimmed, pierced and calibrated.  
Preparation of numerical models used in computer simulations is described. Description 
includes the structure of numerical models, material parameters and boundary 
conditions as well. The forging process analysis was performed with computer 
simulations using the computer code Deform 3D, which is based on the finite element 
method (FEM). This computer code efficiently uses the explicit iteration method for 
solving the governing equations, which considerably shortens the computational time.  
The influences of the material hardening at high temperatures, heat transfer and 
workpiece temperature increase due to the plastic deformation and the influence of 
friction between the workpiece and the tool were all considered in performed 
computational simulations. 
The conducted parametric simulations allowed for determination of optimal geometry of 
the raw product, which completely fills the die impression during the forging phase. The 
results of computational simulations in relation to die impression filling and necessary 
forging force predictions are in agreement with expectations and practical experiences. 
Results of the analysis show that by using computer simulations of the forging process it 
is possible to save a significant amount of raw material. It is also possible to provide 
very good estimate of the maximum forming force. The computed forming force is very 
similar to theoretical predictions, which in turn validates the results of computational 
simulations. 
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Abstract 

The paper deals with the implementation of elasto-plastic constitutive models, which 
consist from a yield condition (algebraic constraint) and evolution equations (differential 
equations), into the finite element programs. The implementation is unavoidable in 
simulations when a user wants to use a newly developed or an existing constitutive 
model, which is not available in the FEM program. In this case a user subroutine, which 
is in fact a programmed numerical integration scheme for the implemented constitutive 
model, is required. Since accurate integration of the nonlinear constitutive laws over the 
strain path is essential for a precise solution of any nonlinear boundary value problem in 
continuum mechanics, it is of great importance that the applied numerical scheme is 
accurate and stable. Nowadays, most commonly used schemes for integration of elasto–
plastic constitutive laws can be classified into the categories of explicit and implicit 
schemes. It is broadly accepted that implicit schemes are much more accurate than 
explicit schemes, but, explicit schemes are still in use because they are simple, agile and 
consume less CPU time for one stress update increment. One of most popular of implicit 
schemes is the backward–Euler scheme, which is nowadays employed in commercial 
codes for finite element analyses [1]. This paper presents a newly developed effective 
explicit scheme for integration of constitutive equations, which basically uses the same 
principles as the backward–Euler scheme, but expressions of this scheme are almost the 
same as in case of the forward (explicit) Euler scheme. In addition, some examples are 
studied using Abaqus/EXPLICIT and results are compared with results, obtained with 
backward–Euler scheme and forward–Euler scheme. According to the presented theory 
and elaborated numerical examples it can be concluded, that the presented approach, 
despite being much simpler, reaches the same level of accuracy as the well known 
backward–Euler scheme, and it demands less computational operations and consumes 
less CPU time for one stress update operation. 
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Abstract

The experiments with submicrosecond loading and discovered unexpected phenomena 
have renewed the interest to yield limit. In the present research we did attempt to explain 
this problem in the base of Einstein-Debye theory of fluctuations. We suppose maximal 
simplification of problem and calculate the probability of plastic deformation absence. 
In result we have got the correspondence between parameters: time of loading, level of 
loading and temperature of experiments. 
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Abstract 

In many cases in systems with inelastic materials some details are not precisely known. 
They are termed as uncertainty and arise from different sources: loading of the material, 
incompletely known parameters etc. Material parameters describing both the elastic, as 
well as inelastic behavior are modeled as spatial random fields. In our studies we focus 
ourselves on the elastic perfectly plastic material with linear isotropic and kinematic 
hardening in the region of small deformations.  

While the reversible behaviour has been addressed in the stochastic setting already 
numerous times, for the inelastic behaviour there are only few attempts based on 
perturbation methods or theory of probability distribution.  We give stochastic evolution 
laws for the internal variables, complementing the stochastic description of the elastic 
behaviour using the Karhunen-Loève expansion and sparse tensor product 
representations in order to employ as few random variables as possible [2]. Additionally, 
we use polynomial chaos expansion à la Wiener, the truncation of which finally gives a 
completely discretised formulation which may be implemented on a computer.  

To reduce the costs of polynomial chaos method a stochastic collocation method [1] is 
introduced. The method consists in a Galerkin approximation in space and a collocation 
in the zeros of suitable tensor product orthogonal polynomials (Gauss points) in the 
probability space. It leads to uncoupled deterministic problems as in the Monte Carlo 
approach. The assumption of isotropic elasto-plasticity is not suitable when we speak 
about heterogeneous materials. Thus, we obtain possibility to model non-homogeneous 
anisotropic plastic media using non-parametric probabilistic approach [3]. 
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Abstract 

The main goal of this contribution is to discuss a modified least-squares finite element 
method with applications to rate-independent plasticity at small strains. By dint of 
residuals of the given first-order system of differential equations it is possible to 
construct a least-squares functional in terms of the L2-norm. The resulting approach is a 
two-field formulation in the displacements and the stresses, see e.g. [1]. In order to 
approximate the stresses, shape functions related to the faces are introduced. These 
vector-valued functions, that are used for the approximation of the rows of the stress 
tensor, belong to a Raviart-Thomas space, which guarantees a conforming discretization 
of the required space H(div,�). A characteristic attribute of functions v  in H(div,�) is 
given by its definition 

 2 2 2( , ) : {v ( ) :  v ( )H div L div L� � � � � � } (1) 

Furthermore, standard Lagrange polynomials, which are associated with the vertices of 
the tetrahedron, are used for the continuous approximation of the displacements. 
Unfortunately, in the case of rate-independent elastoplasticity the constitutive equation 
leads to kink-like points in the functional, which could result in minimization problems 
with a standard Newton method and requires additional solution strategies, see e.g. [2], 
[3], [4]. A main focus of the presentation lies on a new approach, namely the extension 
of an asymmetric least-squares formulation for elasticity to rate-independent 
elastoplasticity. All governing equations of the considered formulation for the least-
squares mixed finite elements are derived and some numerical examples are presented.  
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Abstract 

Solid slugs and centre-hole slugs made of pure aluminium are used for the production of 
aluminium packaging tubes with or without membrane and for aerosol cans. Slugs are 
rundles, with or without a hole, surface treatment is tumbled or sandblasted, they can be 
flat or domed. Once punched, the slugs must go through an annealing process [1]. Slugs 
are produced using high speed production press BRUDERER BSTA-125SL. While 
press can produce slugs at very high speed, special tool design is required to maintain 
the required quality of production.  
The paper presents a procedure of computer aided analysis of punching tools for 
aluminium slugs. The computational analysis of punching tools behaviour during the 
production process was based on the finite element numerical method. Dynamics of the 
process was analysed first to determine the cutting knife speed, which was required to 
calculate the tool pressure. Determined loading conditions were then applied to original 
tool design and the results of computational analysis were compared to measured results 
and analysis proved to be in good agreement with measurement. The same loading 
conditions were then used to analyse the alternative tool designs to determine which is 
the best. The optimization techniques used for the solutions and present optimality 
conditions were used for this purpose [2]. Benefits and drawbacks of different designs 
are discussed in the conclusion. It was shown that based on measurement of current tool, 
various designs can be numerically analysed enabling selection of the best design for 
specified requirements. 
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Abstract 

Since nowadays the sheet metal forming processes are more complex, that they were in 
the past, the role of the corresponding computer simulations, based on physical, 
mathematical and numerical modelling of those processes, has become very important. 
In the present contribution we bring some further developments to this field in general. 
We present first some new experimental results, which gave us a basis for upgrading of 
existing constitutive models, further, we address some issues regarding proper material 
modelling, and finally, we establish some new computational approaches for the 
integration of the developed constitutive equations.  
The material anisotropy, stiffness degradation as a function of plastic strains, damage 
evolution, and also response of the material under shear and biaxial stress state are the 
sheet metal properties under consideration. In order to measure such properties, a 
deliberately developed experimental device and the particular designed specimens are 
used. In this work stainless steel EN1.4301 is the studied subject. 
After a short review of the state of the art, a procedure that is followed for the building 
of anisotropic constitutive model, capable to consider measured response of the 
material, is presented. The developed constitutive model is then implemented into 
Abaqus, a general purpose finite element software via new, simple and accurate explicit 
scheme, which is also the contribution of this article. After inverse identification of 
parameters of constitutive model [1], the presented approach is validated on a 
springback test, which is described in [2] in details. Based on the comparison it can be 
concluded, that the computation and experiments are in good agreement.  
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Abstract 

This work deals with the practical use of harmonic finite elements [1] in structural 
mechanics. The case of mechanical shafts is considered. In particular it can be noticed 
that the most usual loading condition, characterized by the presence of an axial, a 
torsional and a bending load, can be obtained by over imposing an axial symmetric, an 
“axial antisymmetric” and an harmonic load corresponding to the first non constant term 
of the Fourier series. A plane model can thus be efficiently used. A practical case is 
presented (see. Fig.1) and the advantages with respect to the tridimensional case in term 
of computational time and accuracy for stress and displacement evaluation is shown. 

 

Fig. 1  Example of mechanical shaft: 3D and 2D harmonic models  
 

In this work a plane finite element approach for torsion of axisymmetric structures, is 
also developed as an alternative to that proposed in [2] [3]. 
Finally , the common case where localized geometrical non-axialsimmetries (keyseats, 
lubrication holes, etc.) are present , is also discussed. 
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Abstract 

From the invention of turning machine some engineers are trying to increase the turning 
productivity. The increase of productivity is following after the breakout in instrumental 
area, such as the hard alloy instrument and resistance to wear cutting surfaces [1]. The 
potential of cutting speed has a certain limit. New steel marks and cutting surfaces types 
allows significantly increase cutting and turning speeds, but with this increase from the 
recommended by 20 % the solidity of the instrument decreases by 50 %. For the most 
operation types the productivity increase begins from the feeding increase. On the 
average feeding increase by 20 %, the self cost decreases by 15 % when manufacturing 
the detail in large numbers [2, 3]. When increasing feeding it is necessary to remember, 
that from it depends detail’s surface roughness. The dependence of the Rt- maximum 
total height of the profile, feeding ( f ) and cutting edge radius ( r ) is describing with 
formula (1) and Ra- average roughness, arithmetic mean deviation of the profile, 
the area between the roughness profile and it’s mean line with formula ( 2 ). 
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The new generation of turning inserts use Wiper geometry have two advantages. 
The first one if increase feeding twice, the surface roughness will stay the same 
as for the standard turning inserts with standard feeding. And the second 
advantage is if leave feeding the same, the surface roughness will become twice 
better. The main idea of this turning insert is that it has two rounding radiuses at 
the cutting tip, second radius, which is bigger, cut cleaner after first radius. 
Turning result is better when working with cylindrical and frontal surfaces. 
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Abstract 

Nowadays structural analyses of buildings are mostly performed by using the finite 
element method. The modelling is getting more and more detailed and the element and 
material formulations are reaching upper levels. On the other hand there is generally an 
oversimplification of the soil within the structural model. Designing the soil with 
springs means reduction of all soil characteristics within one constant. That can’t be 
adequate thinking of e.g. the stress dependent behaviour. In practice this condition is 
rudimentary dealt with an iterative calculation between soil-expert and structural 
engineer. Thus, it is still problematic to transfer the high quality of each modelling 
lossless at the interface. Hence the aim is to develop a holistic numerical model which 
realistically reflects the nonlinear characteristics of the structure while taking the 
stiffness conditions of the soil half-space into consideration. Such a self-contained 
model should serve the study of relocation effects and ultimately allow for an 
economical design. 

The structure can comprehensively be modelled using the program FEMAS 2000. Based 
on the modelling of a layered soil by means of finite and infinite elements within a 
holistic numerical model [1] the identification of suitable material laws is the aim of the 
present research work. Thereby the examination of the practical application of the 
material law formulations is of main interest. The relevant parameters of these laws shall 
be determined by online-monitoring of a large-sized power plant foundation. After 
presenting results of settlement and stress analyses of extensively founded structures 
with different elastic formulations the paper will give an outlook on analyses with 
elasto-plastic and hypoplastic formulations. 
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                                                               Abstract  
 
This paper represents the origin orthogonal system of coordinates the plane which is 
called the elliptical-polar system of coordinates. It is constructed on the base of the laws 
evolute and involutes. The ellipse is elementary curve; the tangents on the evolute of the 
ellipse are the first family and the evolvents of the evolute are the second family of these 
coordinates.  
         The position of the point P can be noted in the form 
 
                                  x = f (�) + l cos �,        y = g (�) + l sin �.                                     (1)     
 
The position of the corresponding point P’, on the ellipse, is given by 
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a
b  < 1. The parameter � is the angle between the tangent to 

the evolute of the ellipse and the x axis. The radius r = r (�) a curvature of the ellipse is 
obtained in the form  
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         The elliptical-polar system of coordinates is like the polar systems of coordinates, 
because, when the ellipse degenerates in the circle the elliptical-polar system it is 
transformed to the polar systems of coordinates. It is applicable to problems where the 
boundaries are the ellipses because on these boundaries stresses and strains are 
dependent of one only coordinate.                 
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Abstract 

Various forms of a configuration-dependent interpolation may be used in non-linear 3D 
beam theory with rotational degrees of freedom [1], which provide a result invariant to 
the choice of the beam reference axis [2] or invariant to a rigid-body rotation [3]. For 2D 
beam elements, the latter is trivially satisfied owing to inherent linearity of the solution 
space, and for this reason such a model problem is far more suitable for studying 
possible applications of the concept to higher-order elements. 

The configuration-dependent interpolation leading to the results invariant to the choice 
of the beam reference axis considerably contributes to accuracy of the solution and 
completely eliminates the problem of shear locking. In spite of it being configuration-
dependent, this interpolation inherits the completeness properties of the standard 
Lagrangian interpolation and in linear analysis it leads to the theoretical solution for the 
Timoshenko beam element. Nevertheless, all of this has been proven for two-noded 
beam elements only [2] and the question naturally arises as to how this idea can be 
generalised to higher-order elements.  

In this work, we build on from the approach proposed in [2], where the so-called fixed-
pole strain measures of certain polynomial order are presumed and taken as a basis for 
derivation of the kinematically-consistent distribution of the displacement and rotation 
fields. We constrain this methodology to 2D problems only but, in addition to the 
constant fixed-pole strain measures of [2], we also apply it to higher-order fixed-pole 
strain distribution. Additionally, we make sure that the resulting interpolations for the 
field variables are such that in linear analysis they produce the exact Timoshenko beam 
solution of certain order [4]. 
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Abstract 

In this paper a family of higher-order linked interpolation functions for the Reissner-
Mindlin plate elements is derived and the performance of the new elements is assessed 
against the results from the literature. Design of this family of interpolation functions is 
motivated by the corresponding results for the exact field-consistent interpolation in 
Timoshenko beam elements of constant cross section [1], which are achieved by solving 
the ordinary differential equation of the problem and expressing it in terms of the nodal 
values for the displacements and rotations. As the homogeneous part of the Timoshenko 
beam ordinary differential equation is given in terms of a finite number of polynomial 
functions, a finite element of appropriate order can fully reproduce the exact solution 
provided the loading is also described by polynomials [2].  

The Reissner-Mindlin plate theory shares a number of properties with the Timoshenko 
beam theory, including the interdependence between the out-of-plane displacement and 
the rotation fields as well as the well-known shear locking anomaly if these fields are 
interpolated independently and without resorting to selective integration. An answer to 
this may not be sought in the above beam methodology, though, since owing to a more 
complex structure of the partial differential equation of the problem, the solution cannot 
be expressed in terms of a finite number of parameters. Nevertheless, the field-
consistent 1D Timoshenko beam interpolation can be generalised to 2D plate elements 
by analogy [3,4,5] and in this paper we present this approach, apply it to higher-order 
plate elements, and examine the performance of the ensuing elements including their 
accuracy and sensitivity to shear-locking in detail. 
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Abstract 

Torsion bar springs are dynamically loaded machine elements which can be broken due 
to fatigue. The spring’s quality is determined by its service life and torsion stress size. It 
is accepted that the enlargement of a torsion spring’s life is achieved by cold rolling of 
it’s surface. Properly performed pre-stress of the torsion bar spring usually leads to a 
higher elastic loading angle of the spring, than a spring bar without pre-stressing. In 
addition, in order to enlarge the angle of elastic working, the springs are torsion 
deformed into plastic areas during manufacturing and, in such a way, are hardened. 
Unpredictable failure of the spring can be caused by a short transversal surface crack. It 
can lead to unexpected destruction of a machine part, or machine destruction itself. 
Alternatively, there is the possibility of manufacturing a torsion hollow spring which in 
the case of defect, still functions and is less sensitive to surface irregularities. Steel bar is 
inserted into the hollow spring with a screw joint on each side, and with its help it is 
possible to form a pressure force in the axial direction for the hollow torsion spring pre-
stressing. The breaking behaviour character of the torsion hollow spring being pre-
stressed thus shows a more favourable distribution of stress in the spring material and 
longer continued growth of fatigue cracks, in comparison with the full torsion bar spring 
which is suddenly broken even at the smallest initial fatigue crack. The pre-stressed rod 
in the middle, exposed to tension load, prevents the spring from break up into two 
pieces, which is very favourable from the point of view of safety. When a fatigue crack 
in the hollow torsion spring grows to such an extent that the torsion characteristic of the 
spring becomes inappropriate, the spring has to be replaced.  
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Abstract

Structural Health Monitoring (SHM) generally aims at prediction and prevention of 
structural failure. Material overloading and material failure can be successfully 
monitored by measurements of local strains or stresses at critical points. In contrast, 
stability failure results from a global loss of equilibrium and thus cannot be monitored 
by conventional techniques focusing on local strains. Suitable reference values in this 
case are displacements or imperfections. However, a successful monitoring of stability 
failures requires comprehensive stability analysis on computer models including 
imperfections and sensitivities.  

The crucial point of stability monitoring is the choice of the reference displacement 
values to be monitored and a specification of their critical ranges accounting for diverse 
uncertainties. The aim of the monitoring system is to give a warning signal, when the 
structure approaches to a critical state. This warning shall be easily instrumented, at best 
remotely and visually.  

The present work specifies basic requirements of such a monitoring system and then 
develops appropriate methods for special computer analyses as a part of SHM. First, a 
stochastic sensitivity analysis is necessary to define probable failure modes as well as 
locations of displacements, which exhibit high sensitivity and sharpness with respect to 
instability. At that, the geometry, material and loading properties are modeled as random 
variables or random fields. The efficiency of such a time-consuming stochastic analysis 
is increased by use of the modern Monte-Carlo techniques such as the Latin Hypercube 
Sampling.  

The choice of a displacement set with a small dimension and a high information density 
is a challenge for optimization. Then, the instability bounds are defined in a state 
domain of these selected, representative displacement functions according to a certain 
acceptable risk of stability failure. It is done in such a way that any combination of the 
state variables within these domains corresponds to a safe state and vice versa.  

The proposed approach is applied to stability behaviour of a shallow metal arch. The 
obtained numerical results are then proved by experiment.  
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Abstract 

Ball and roller bearings or rolling bearings, are commonly used machine elements. With 
regarding internal loading distribution in statically loaded rolling bearings, several 
researchers have studied the subject, as for example, [1] to [5]. There are many works 
describing the parameters variation models, but few show such variations in practice, 
maybe due to the inherent difficulties of the numerical procedures that, in general, deal 
with the solution of two or three non-linear algebraic equations that must to be solved 
simultaneously. In an attempt to cover this gap studies are being developed [6], [7]. In 
this paper, a new, rapidly convergent, numerical procedure for internal loading 
distribution computation in statically loaded, single-row, angular-contact ball bearings, 
subjected to a known combined radial and thrust load, which must be applied so that to 
avoid tilting between inner and outer rings, is introduced. The numerical procedure 
requires the iterative solution of Z + 2 simultaneous nonlinear equations - where Z is the 
number of balls - to yield exact solution for axial and radial deflections, and contact 
angles. Numerical results for a 218 angular-contact ball bearing have been compared 
with those from the literature and show significant differences in the magnitudes of ball 
loads, contact angles and extend of the loading zone. 
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Abstract 

This paper presents the exact curved beam finite element with six degrees of freedom 
for linear static analysis of the plane arch structures with constant curvature and cross – 
section. Introducing expressions for internal forces into equilibrium equations of the 
differential part of the arch element, the system of three differential equations of the 
second order was obtained [1]: 
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 (1)  

The system of three differential equilibrium equations of the second order (1) was 
transformed into the one equivalent differential equation expressed through only one 
component of the displacement. Three shape functions are related to each unit support 
displacements. In this way the full set of 18 algebraic-trigonometric shape functions per 
one finite element is derived. These shape functions include the coupled influences of 
bending, shear and axial forces. By this formulation, negative influences of the shear 
and membrane locking effects [2] and [3] are completely eliminated. Presented curved 
element is exact in the sense that for the arch with constant curvature and loading placed 
in nodes yields the exact results for any mesh density. Using the exact curved beam 
finite elements numerical model was created. The presented numerical model is 
illustrated by examples of the arch structures for various cases of loading and boundary 
conditions. 
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Abstract 

Thin-walled Z-section beams restrained with trapezoidal steel sheeting, subjected to 
uplift loading action, are presented in Fig. 1.a, b.  The model of the thin-walled beam, 
laterally restrained with trapezoidal steel sheeting according to Eurocode 3, is presented 
in Fig. 1.c.  The thin-walled beam without the lateral restraint is presented in Fig. 1.d.

               a)                                         b)                                           c)                            d)
           Fig 1. Thin-walled Z-section beam laterally restrained with trapezoidal steel sheeting 

Differential equations of equilibrium for beam presented in Figure 1.c are formed as 
follows:
                                          IV

y v HE I q cos q sin� � �� � � � � �                                           (1) 

                                         IV
z v HE I q sin q cos� � �� � � � � �                                            (2) 

                                IV
t D H v

hE I G I C q q a
2� � � ���� � � � � � � � � � �                                   (3) 

For the Z-section beam 200/60/15/2, l =2,75m, laterally restrained with trapezoidal steel 
sheeting T 53/162,5/1, under uplift load qV = 4,28kN/m, the value��x�max = 113,92MPa, 
�max=18,13MPa, and the deflection is f=3,26 mm. For the unrestrained beam, 
��x�max=248,13 MPa, �max = 41,61 MPa, and f = 7,52 mm. 
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Abstract 

Framed structures of different configurations and cross-sectional shapes are extensively 
used in engineering practice, both in stand-alone forms and as stiffeners for plate- or 
shell-like structures. Unfortunately, such weight-optimized structural components, 
especially those with open profiles, are commonly susceptive to buckling failure. 
Nonlinear analysis of such structures is frequently carried out under the assumption of 
an idealized structural connections behaviour, in which fully rigid of ideally pinned 
connections are assumed to occur, [1] and [2]. In contrary, real connections may exhibit 
the significantly different behaviour under exploitation, having characteristics 
somewhere in-between those ideal cases. Such a semi-rigid behaviour is a result of 
complex interaction between various components of the connection construction itself. 
Therefore, conventional nonlinear analysis procedures must be broadened by 
incorporating real connection characteristics and improving the accuracy of structural 
analysis. This paper presents a two-nodded beam element for the numerical simulation 
of large-displacement quasi-static responses of flexibly connected framed structures 
composed of the straight and prismatic beam members. Within the framework of 
updated Lagrangian formulation, the nonlinear displacement field of cross-sections, 
which accounts for second-order displacement terms due to large rotations, the 
equations of equilibrium are firstly derived of a straight beam element. Internal 
moments are represented as the stress resultants calculated by the engineering theories. 
The influence of connection behavior is introduced in the numerical model by 
transforming stiffness matrices of a conventional beam element. For this purpose a 
special transformation matrix is derived [3]. The effectiveness of the numerical 
algorithm discussed is validated through test problems. 
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